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The development of an adult organism from a single cell
is an unparalleled example of integrated cell behavior. The
single cell divides many times to produce the trillions of
cells of the organism, which form structures as complex and
varied as the eyes, limbs, heart, or the brain. This amazing
achievement raises a multitude of questions: How are the
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body's tissues and organs are formed? How do the different
patterns torm in the embryo that tell different parts what
to become? How do individual cells become committed to
particular development fates? Increased knowledge in developmental biology comes from the understanding of how
genes direct those developmental processes. In fact, developmental biology is one of the most exciting and fast-growing
fields of biology, and has become essential for understanding
many other areas of biology and medicine.
Embryology at the level of gross anatomy and microscopic anatomy is fairly well described. Manipulation of
experimental animals, mainly the chick and mouse, have
provided insights into the relationship of tissues involved in
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normal growth and differentiation. Molecular mechanisms
underlying developmental events are being discovered. An
integration of the approaches of genetics, molecular biology,
developmental biology, and evolutionary biology is taking
place, resulting in an explosion in understanding of the importance of individual genes and interactions of cells and
tissues in specifying development of complex organisms
from single cells. One of the major reasons for the synthesis
and complementariness of these varying disciplines is the
existence of homology, both within organisms and between
species. Genes and their gene products are often very similar
in structure and function in fruit flies, chickens, mice, and
men. For example, HOX genes, which convey body/plan
positional information, are conserved among species, and
are similar in structure and function, i.e., homologous. In
complex organisms, the same gene is often used at different
times in development, and in different areas of the body,
to perform similar functions.
The picture is as yet fragmented. Genes and gene products
are being identified as important for development through
the timing and location of their activation, rhe effects of their
ectopic expression, and the consequences of their inactivation. However, "upstream" and "downstream" causes and
effects of gene activiry are often complex and may be key to
manipulating biology in the service of disease and disorder
prevention and correction. The mechanisms of gene actions
and tissue interactions, which truly regulate and direct development, will be clearer in the coming several decades.
This chapter describes the early stages of embryonic development, followed by the descriptive anatomy of limb
development and the formation of the vertebral column. It
also examines bone formation and growth, and emphasizes
progress in the understanding of the cellular and molecular
mechanisms involved in these aspects of development. Concluding each section are observations that relate developmental anatomy to the clinical problems faced byorthopaedic surgeons.

pattern to produce a ball of much smaller cells, called a
blastula. This stans the production of a multicellular organism. Cleavage is a very well-coordinated process under genetic regulation. The specific type of cleavage depends upon
the evolutionary history of the species and on the mechanism used to suppon the nutritional requirements to the
embryo. The pattern and symmetry of cell cleavage particular to a species is determined by the amount and distribution
of the cytoplasm (yolk), and by those factors in the cytoplasm influencing the angle of the mitotic spindle and the
timing of its formation. In most species (mammals being
the exception), the rate of cell division and the placement
of the bJastomeres with respect to one another is completely
under the control of proteins and mRNA stored in the
mother oocyte. The zygote DNA is not used in early cleavage embryos. In addition, the differential cellular cleavage
provides the embryo with axis information, dividing the cell
into an animal pole (where the nucleus is frequently found)
and a vegetal pole.
In mammals, the protected uterine environment permits
an unusual sryle of early development. It does not have the
same need as the embryos of most other species to complete
the early stages rapidly. Moreover, the development of the
placenta provides for nutrition from the mother, so that the
zygote does not have to contain large stores of material such
as yolk. Thus, cleavage has several specific characteristics.
First, it is a relatively slow process. Each division is approximately 12 to 24 hours apart. A frog egg, for example, can
divide into 37,000 cells in just 43 hours. Second, there is
a unique otientation of the cells with relation to one another. The first cleavage is a meridional division, but in the
second division, one pair of cells divides meridionally and
the other eguatorially (Fig. 1-1). This type of cleavage is
called rotational cleavage (1). Third, there is an asynchrony
in the early divisions. Cells do not divide at the same time.
Therefore, embryos do not increase evenly from 2- to 4- to
8-cell stages, but frequently contain an odd number of cells.
Fourth, the zygotic genome is activated early during cleav-

DEVELOPMENTAL ANATOMY OF EARLY
EMBRYOGENESIS AND ORGANOGENESIS
Embryogenesis has been traditionally divided into the embryonic period and the fetal period. The embryonic period
is considered the time from fenilization to the end of the
eighth week. During this period, the body plan is completed
and all major otgans are established. The stages of the embryonic period include fecundation, cleavage, gastrulation,
neurulation, and organogenesis. By the eighth week ofgestation, the organism's shape is fully formed, and the remaining of the gestation will involve the growth and the maturation of the organ functions.

Cleavage: Creating Multicellularity
The first stage of development after fertilization is a series of
cleavage divisions in which the zygote divides in an ordered

Cleavage
plane IT

A

Cleavage
plane!

Cleavage
plane ITA

Cleavage
plane!

Cleavage
planeIIB B

FIGURE 1-1. Comparison of early cleavage divisions in the sea

urchin and in mammals. A: The plane of cell division in the sea
urchin is perpendicular to cells. In mammals (B, rabbit) in the
second division, one of the two blastomeres divides meridionally
and the other divides equatorially. Early cell division in mammals
is asynchronous-not all cells divide at the same time. (From ref.
2, with permission.)
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FIGURE 1-2. The cleavage of a mouse embryo, up to blastocyst. A: Early a-cell stage with loose
cell arrangement. B: Compacted a-cell stage. During the process of compaction, cells suddenly
huddle together, maximizing their contacts. Tight junctions, sealing off the inside of the sphere,
stabilize outside cells. The inner cells develop gap junctions, which enables the passing of small
molecules and ions. C: Morula with differentiation between the external cells and the inner cell
mass. D: Blastocyst before implantation. (From ref. 2, with permission.)

age divisions to produce the proteins needed for the process
to occur (3). Finally, the most crucial difference from other
species is the phenomenon of compaction. At the 8-cell
stage, blastomeres form a loose arrangement of cells, but
after the third division, the cells duster together and form
a compact ball, with the outside cells srabilized by tight
junctions and the inner cells developing gap junctions that
enable the passing of small molecules and ions (Fig. 1-2).
Up to the 8-cell stage, the embryo is remarkably adaptable,
and each of its cells can form any part of the later embryo or
adult. One example is seen in the development of a pair of
identical twins from a single fertilized egg. Similarly, this embryonic cell potential can be demonstrated experimentally by
using chimeras. These are animals made by combining individual cells from early embryos ofgenetically differen t strains
of animals, then the reaggregated cells are implanted in foster
mothers. Analysis of the genetic composition of the tissues of
the developed animal shows that the single cells from the 4cell stage can participate in forming many different parts of
the animal; they are said to be totipotent (4,5).
In mammals, the next stage in development is the generation of the cells that will form the placenta and the membranes that surround the developing embryo. The cells of
the compacted embryo divide to produce a 16-cell morula.
This morula consists of a small group (l or 2) of internal
cells surrounded by a larger group of external cells (Fig. 12C) (6). The position of a cell at this stage determines
whether it will form extraembryonic structures or concribute
to the embryo proper. Inner cells will form the embryo and
most of the external cells will form the trophoblast. This
structure will enable the embryo to get oxygen and nourishment from the mother, and will secrete hormones and regulators of the immune response so that the mother will not
reject the embryo. Experimentally, this separation of cell
activities also has been shown with chimeras. Cells from
different strains of mouse can be arranged so that the cells
of one strain surround the cells of the other strain. The

development of such cell-aggregates shows that only the
cells on rhe inside contribute to mouse developmenc (7).
By the 64-cell stage, the inner cell mass and the trophoblast
have become separate cell layers, neither of which contributes cells to the other group. Thus, the distinction between
these two cell types represents the first differentiation event
in mammalian development.

Implantation and Gastrulation:
Organizing the Embryonic Cells to Form
Tissues and Organs
In human beings, implantation begins 1 or 2 days after the
blastocyst enters the uterus, approximately on day 7 (Fig. 13A). At the time of implantation, the exposed surface of the
uterine lining, the endometrium, is a single-layered epithelial
sheet, which forms numerous tubular glands. Having adhered to the epithelium, the trophoblastic cells penetrate it
and erode it (Fig. 1-3B). The endometrium responds by a
dramatic increase in vascularity and capillary permeability,
the so-called "decidual reaction" (Fig. 1-4). These processes
are apparen tly mediated by estrogens produced by the blastocyst and estrogen receptors in the wall of the uterus. In addition, the trophoblast initiates the secretion of human chorionic gonadotropin, which will maintain the production of
progesterone by the ovaries, essential for the maintenance of
the pregnancy. Human chorionic gonadotropin is detectable
in the blood and urine, and serves as the basis of pregnancy
tests.
The next phase of development-gastrulation-involves a remarkable process in which the ball of cells of
the blastula turns itself into a multilayered structure and
rearranges to form the three embryonic tissue layers known
as endoderm, ectoderm, and mesoderm. In addition, during
gastrulation, the body plan of the organism is also established. Gastrulation thus involves dramatic changes in the
overall structure of the embryo, converting it into a complex
three-dimensional structure.

Chapter 1: EmbryoLogy and DeveLopment of the MuscuLoskeLetaL Sptem
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FIGURE 1-3. A: Development of human embryo from fecundation to implantation (blastocyst at 7 days). B: Tissue formation of human embryo between days 7 and 8. The inner cell
mass will give rise to the embryo proper, and the trophoblast
to the placenta. The distinction between those two groups
of cells represents the first differentiation event in embryonic
development. (From ref. 2, with permission.)
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FIGURE 1-4. Placenta development in the human embryo at the end
of the third week of gestation. The trophoblast cells forming the placenta are coming into contact with the blood vessels of the uterus.
The endometrium responds by a dramatic increase in vascularity and
capillary permeability, the so-called decidual reaction. The trophoblast
divides into the cytotrophoblast, which will form the villi, and the syncytiotrophoblast, which will ingress into the uterine cavity. The actual embryo forms from the cells of the epiblast. (From ref. 11, with permission.)
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The mechanics of gastrulation in mammals are not well
understood. In sea urchins and insects, the phenomenon of
gastrulation can be compared to what happens if a ball is
punctured, then kicked: the ball collapses and the inner surface on one side makes contact with the other side, making a
large dimple. In the embryo, a large area ofcells on the outside
ofthe embryo is brought to lie inside it by a complicated invagination. Subsequent development depends on the interactions of the outer ectoderm, middle mesoderm. and inner endoderm Jayers of cells. The ectoderm will give rise to the
epidermis of the skin and to the nervous system; the mesoderm will give rise to connective tissues, including the bones,
muscle, and blood; and the endoderm will give rise to the lung
and the lining of the gut and associated organs.
In addition, during gastrulation, the cells are positioned
according to the body plan appropriate to the species, and
there is a process of differentiation of the functional characteristics required of each parr of the body plan. Specification
of the axes in mammals does not involve any maternal component. The dorsoventral axis is established by the interaction between the inner cell mass and the trophectoderm,
whereas the anteroposterior axis may be set only at implantation. The generation of the Jeft-right asymmetry is under
genetic control. This verrebrate body plan will be maintained thereafter as the embryo grows.
The movements of gastrulation involve the entire embryo. Cell migration in one parr of the emblYo must be
intimately coordinated with other cell movements occurring
simultaneously elsewhere. However, gastrulation depends
on a relatively simple repetition of basic cell activities. Cells
can change their shape by extending or contracting. They
can group or separate by forming or breal<.ing their adhesions to neighboring cells or to the extracellular matrix.

5

They can secrete extracellular matrix that constrains or
guides their location or movement. These aCtiVItieS, together with cell proliferation, underlie almost all morphogenetic activities during gastrulation. The special problem
posed in early embryonic development is to understand how
these and other elementary cell activities are coordinated in
space and time.
Recent experiments have suggested that the maternal and
paternal genomes (imprinting) have different roles duting
mammalian gastrulation. Mouse zygotes can be created that
have only sperm-derived or oocyte-derived chromosomes.
The male-derived emblYos die without emblYo proper structures, butwith well-formed chorionic structures. Conversely,
the female-derived embryos develop normally, but without
chorionic structures (8,9). This observation also has been
confirmed using mouse chimeras (l 0). Therefore, the maternal and paternal genomic information may have distinct
functions during early development.

Early Organogenesis in Vertebrate
Development: Neurulation and
Mesoderm Segmentation
During gastrulation, the germ layers (ectoderm, mesoderm,
and endoderm) move to the positions in which they develop
into the structures of the adult organism. The anteroposterior body axis of the verrebrate embryo emetges, with the
head at one end and the future tail at the othet. During
the next stage of development, the main organs of the body
begin to emerge gradually (11). A major set of interactions
takes place between the mesodermal cells and the ectoderm
in the dorsal midline (Hensen's node) so that the ectoderm
cell layer will form the nervous system (Fig. 1-5). At the

Anterior

Notochordal

Presumptive

Hensen's node
Plane of section
in (B)

")--......

Hypoblast

A

Posterior
FIGURE 1-5. Cell movements during the gastrulation stage. A: Surface view of cells migrating
through Hensen's node which travel anteriorly to form the notochord. Cells traveling through
the primitive streak will become the precursors of mesoderm and endoderm. B: Transverse section
of the embryo. (From ref. 11, with permission.)

Yolk sac
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Neural fold

l
FIGURE 1-6. Scanning electron microscopy showing the neural
tube and the well-formed somites with paraxial mesoderm that
has not yet separated into distinct somites. (Courtesy of K. W.
Tosney.)

same time, the mesoderm on ei ther side of the middle breaks
up into blocks of cells to form the somites, a series of repeated segments along the axis of the embryo (Fig. 1-6)
(12). The interactions between the dorsal mesoderm and
its overlying ectoderm are one of the most important of all
development. The action by which the flat layer of ectodermal cells is transformed into a hollow tube is called neurulation (Fig. 1-7). The first indication of neurulation is a
change in cell shape in the ectoderm. Midline ectodermal
cells become elongated, whereas cells destined to form the
epidermis become flattened. The elongation of the cells
causes this region to rise above the surrounding ectoderm,
thus creating the neural plate. Shortly thereafter, the edges
of the neural plate thicken and move upward to form the
neural folds, which subsequently will fuse to form the neural
tube beneath the overlying ectoderm. The formation of the
neural tube does not occur all at once. It starts near the
anterior end of the embryo and proceeds anteriorly and
posteriorly. The twO open ends are called anterior and posterior neuropores (Fig. 1-8). In mammals, failure to close the
anterior neuropore results in anencephalia, and the posteriot
neuropore in spina bifida. Neural tube defects can be detected during pregnancy by ultrasonography and chemical
analysis of the amniotic fluid.
The process of neurulation is intimately linked to
changes in cell shape generated by the cytoskeleton (microtubules and microfilaments). Differential cell division seen
in different regions of the neural plate would also contribute

Epidermis

FIGURE 1-7. Diagrammatic representation of neural tube formation. The ectoderm folds in at the most dorsal point, forming a
neural tube that is connected by neural crest cells, and an outer
epidermis. (From ref. 11, with permission.)

to the size and shape of this region. In addition, those cells
directly adjacent to the notochord and those cells at the
hinges of the neural groove will also help to mold the neural
tube. Separation of the neural tube from the ectoderm that
will form the skin requires changes in cell adhesiveness.
Although molecules that can induce neural tissue, such as
noggin protein, have been identified, induction of neurulation is due to inhibition of bone morphogenetic protein
(BMP) activity. Positional identity of cells along the anteroposterior axis is encoded by the combinatorial expression
of genes of the four HOX complexes.
The cells at the dorsal most portion of the neural tube
become the neural crest. These cells will migrate through
the embryo, and will give rise to several cell populations.

Developmental Anatomy of EarLy Embryogenesis and Organogenesis
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FIGURE 1-8. Neural tube formation in human embryos does not occur simultaneously throughout
the ectoderm. A: At the initial stages, both anterior and posterior neuropores are open. B: Closing
of the neural tube proceeds both cranially and caudally. Failure to close the posterior neuropore
at day 27 results in spina bifida, the severity of which depends upon how much of the spinal cord
remains open. Failure to close the anterior neuropore results in lethal anencephaly. (From ref.
11, with permission.)

Although derived from the ectoderm, the neural crest has
sometimes been called the fourth germ layer because of its
importance. It gives rise to the neurons and supponing glial
cells of the sensory, sympathetic, and parasympathetic nervous systems; the melanocytes of the epidermis; and the
cartilage and connective tissue components of the head. Although not well understood, the mechanisms of neural crest
migration are not random but rather follow precise pathways specified by the extracellular matrix. Differences in
adhesiveness between the anterior and posterior halves of
the somites result in the neural crest being prevented from
migrating over the posterior halves. Thus, presumptive dorsal ganglia cells colleer adjacent [Q anterior halves, giving
them a segmental arrangement.
The formarion of mesodermal structures does not occur
subsequent to that of the neural tube, but simultaneously.
The brain and spinal cord must develop in the correct relationship with other body structures, particularly the mesoderm. Five regions of mesoderm can be identified at the
neurula-stage embryo (Fig. 1-9): the chordamesoderm,
which will generate the notochord, a transient organ whose
functions include inducing neural tube formation and establishing the body axis; the dorsal (somitic) mesoderm,
which will produce many of the connective tissues of the
body; the intermediate mesoderm, which will form the urinary system and genital ducts; the lateral plate mesoderm,
which will give rise to the heart, blood vessels and blood

cells, and the body lining cavities; and lastly, the head mesoderm, which will contribute to the connective tissues and
muscles of the face.
At the neural Stage, the body plan has been established
and the regions of the embryo that will form limbs, eyes,
heart, and the other organs have been determined. But although the positions of various organs are fixed, there is no
overt sign yet of differentiation. The potential to form a
given organ is now confined to specific regions. Each region
has, however, considerable capacity for regulation, so that,
if a part of the region is removed, a normal structure can
still form. In later sections, limb and axial skeleton formation will be discussed in more detail.

Conceptual Insights of Embryogenesis
and Early Organogenesis
Development is essentially the emergence of organized and
specialized structures from an initially very simple group of
cells. Thus, the cells of the body, as a rule, are genetically
alike (they all have the same DNA content) but phenotypically different-some are specialized as muscle, others as
neurons, and so on. During development, differences are
generated between cells in the embryo that lead to spatial
organization, changes in form, and the generation of different cell types. All these features are ultimately determined

8
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FIGURE 1-9. Mesoderm formation in human embryo. Diagram of a transverse section through
the trunk of an early 4-week (A) and late 4-week embryo (B). Sclerotome cells migrate from the
somite, and these cells ultimately become chondrocytes. The remaining dermatome cells will form
the dermis. The myotome will give rise to the striated muscle of both the back and limbs. (From
ref. 11, with permission.)

by the DNA sequence of the genome. Each cell must an
according to the same genetic instructions, but it must interpret them with regard [Q time and space.
Multicellular organisms are very complex, but they are
generated by a limited repertoire of cell activities. In the
same way that an artist moves from one part of a sculpture
to another to achieve first the overall figure's shape, then
the specific anatomic features, using a selected number of
instruments over and over again, nature also displays a comparable economy in choosing processes and molecular tools.
The key to understanding development lies in cell biology,
in the processes of signal transduction, and in the control
of gene expression that results in changes of cell state, movement, and growth. The single most important fan in development is based on the surprising finding that the developmental control genes are maintained through evolution.
Thus, for many genes discovered in the invertebrate systems,
homologue genes have been identified in vertebrares. These
have similar developmental roles in species ranging from
the fruit fly to fish to mouse to human.
It is convenient to distinguish three main developmental
processes, even though they considerably overlap with, and
influence, one another. These are the emergence of pattern,
cell differentiation, and change in form or morphogenesis.

Pattern Formation
Pattern formation is the process by which spatial and temporal arrangements of cell activities are organized within the
embryo, so that a well-defined structure develops. Pattern

formation is critical for the proper development of every
pan of the organism. In the developing limb, for example,
patrern formation enables the cells to know whether to make
the upper arm or the fingers, and where the muscles should
form.
Pattern formation in many animals is based on a mechanism in which the cells first acquire a positional identiry,
which determines their future behavior. The abiliry of
cells to sense their relative positions within a limited
population of cells, and to differentiate according to this
position, has been the subject of intense research. Pattern
formation in many systems has similar principles, and,
more striking, similar genes. Many of the so-called homeotic genes that determine segment identity in Drosophila
have turned lip in vertebrates, and appear to play similar
roles in segmentation of structures such as the brain or
the vertebral column.
Homeotic genes are like embryonic switches, analogous
to switches of railroad yards that direct trains into one path
rather than another. Homeotic genes are involved in specifying regional identiry along the anteroposterior axis. The
name comes from the fact that mutations in some of these
genes result in what is called a homeotic transformation, in
which one body structure replaces another. For example, in
mice in whom HOXDII is mutated, anterior sacral vertebrae are transformed into lumbar vertebrae. Homeotic genes
in all systems work similarly: They code for proteins called
transcription factors, which control gene expression. In vertebrates and Drosophila, the order of homeotic genes on
the chromosome corresponds to their temporal and spatial
expression on the anteroposterior axis of the embryo.

Developmental Anatomy of the Limb

Cell Differentiation
Cell differentiation is the process in which cells become
structurally and functionally different from each other, ending up as distinct types, such as muscle, bone, or cartilage.
Because each cell of the organism has the same genetic material, the achievement and persistence of the differentiation
state depends on a series of signals that ultimately control
the transcription of specific genes. In humans, the zygote
gives rise to about 250 clearly distinguishable types of cells.
One of the major goals of developmental biology is to discover how these differences emerge from the fertilized oocyte.
In any organism, differentiation leads to the production
of a finite number of discrete kinds of cells, each with its
peculiar repertory of biochemical activities and possible
morphological configurations. When cells achieve a distinctive state of differentiation, they do not transform into ceJls
of another type. Differentiation leads to a stable, irreversible
set of cellular activities. At the organ level, once an embtyonic part is capable of realizing its prospective fate in the
absence of the conditions that established that capability,
it is said to be determined. Determination is thus a step
that limits the subsequent development of the part to a
specific rissue and cellular differentiation.
Pattern formation and ceJl differentiation are very closely
interrelated, as can be seen by considering the difference
between the upper and lower extremities. Both contain the
same tissues-muscle, cartilage, bone, and so on-yet the
patterns in which they are arranged are different. It is essentially pattern formation that makes human beings different
from rabbits or chimpanzees.

Morphogenesis
Although vertebrate morphogenesis-change in form-is
far from completely understood, developmental biology
supportS the findings that the same family of molecules and
pathways that guide the earliest stages of embryogenesis,
setting up such basic elements of body pattern as the headto-tail and dorsoventral axis, also help out in morphogenesis. What is more, these molecules and pathways have been
conserved over the course of evolution. Morphogenesis relies on a rather restricted number of cellular activities and
encompasses the formation of all tissues and organs from
the first embryonic tissue layers to the finished limb, spine,
or brain. However, before any tissue or organ can form,
earlier steps must occur, steps rhat tell cells who they are
and what tissues they should form. Those early steps take
place in the "control room" for development, and morphogenesis is then what happens on rhe "factory floor" -the
actual assembly of the tissues and organs that make up the
organism. In addition, spatial patterns of cell proliferation,
folding of ceJl groups, rearrangement of cells, and cell migration make important contributions to morphogenesis, the
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process that shapes the embryo. Finally, as the embryo develops, cells become different, and this process culminates in
the specialization of cells for particular functions. Therefore,
during development, morphogenesis gives rise to structures
appropriate to their position within the embryo, and, within
these structures, the differentiation of individual cells and
their interactions are spatially ordered.

Clinical Significance
Broadly defined, birth defects or congenital abnormalities
occur in 6% of all live births. Twenty percent of infant
deaths are due to congenital anomalies. Approximately 3%
of newborns have significant structural abnormalities. At
present, the cause of approximately 50 to 60% of birth
defects is unknown: chromosomal abnormalities cause 6 to
7%, specific gene mutations cause 7 to 8%, environmental
teratogens are responsible for 7 to 10% of defects, and combined genetic predisposition with environmental factors
cause the remaining 20 to 25% of congenital abnormalities.
Starting from a single cell, the embryo can spawn all the
new cells and tissues needed to provide an organism with
its correct complement of organs. Many of the molecules
and pathways known to control cell differentiation and
growth during organ formation in the embryo do not become obsolete in the adult. They do help maintain and
repair tissues and regulate their response to external environment signals. Some of these proteins are or will soon be in
clinical use, such as erythropoietin, which triggers red blood
cell production; platelet-derived growth factor (PDGF) for
diabetic skin ulcers; and BMP for bone and cartilage regeneration. Finally, in malignant disease, the control of cell
activities, such as proliferation, differentiation, and migration, appears to break down. An understanding of the way
in which cell behavior is coordinated in embryos could
therefore give insights into bone and cartilage regeneration
and cancer biology.

DEVELOPMENTAL ANATOMY OF THE LIMB
At 26 days after fertilization, the upper limb is evident as
a slight elevation on the ventrolateral body wall at the level
of the pericardial swelling. The lower limb elevation appears
2 days later, just caudal to the level of the umbilical cord,
and develops similarly, but slightly later than the upper limb
(Fig. 1-10). At this time, the neural tube is closed, all somites
are present, and the anlage of the vertebrae and intervertebral discs is present. The limb bud initially consists of loose
mesenchymal tissue enclosed in an epithelial ectodermal
sheath. The limb bud is formed from mesenchymal cells of
the lateral plate, then augmented by cells from the adjacent
somites. The skeletal elements and tendons develop from
the lateral plate mesenchyme, whereas limb muscle arises
from somitic mesenchymal ceJls that migrate into the limb
bud.
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Initial Appearance of Various Features of the Limbs
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FIGURE 1-10. Timing of the appearance of limb features. (From ref. 83, with permission.)

This mesenchymal swelling is covered by ectOderm, the
tip of which thickens and becomes the apical ectOdermal
ridge (AER) (Fig. 1-11). Underlying the AER are rapidly
proliferating, undifferentiated mesenchymal cells that are
called the progress zone (PZ). Proliferation of these cells
causes limb outgrowth. Cells begin to differentiate only after
leaving the PZ. The interaction between the AER and the
undifferentiated mesenchymal cells underlying it is crucial
for limb development. Experimental procedures on chick
embryos reveal the following about the limb bud mesenchyme: (i) if removed, no limb develops; (ii) when grafted
under the ectoderm at a location other than the normal
limb area, an AER is induced and a limb will develop; (iii)
lower limb mesoderm will induce leg formation when
placed under an upper limb AER. Grafting experiments
with the AER reveal that: (i) AER removal aborts further
limb development. The later in limb development the AER
is removed, the less severe is the resulting limb truncation
(limb elements develop from proximal to distal); (ii) an extra
AER will induce a limb bud to form supernumeraIy limb
structures; (iii) nonlimb mesenchymal cells placed beneath
the AER will not result in limb development, and the AER
withers (13).

The implications of these experiments are that the AER
is necessary for the growth and development of the limb,
whereas the limb bud mesenchyme induces, sustains, and
instructs the AER. In addition to biochemical influence on
the PZ, the tightly packed columnar cells of the AER perform a mechanical function, directing limb shape by containing these undifferentiated cells in a dorsoventrally flattened shape. The length of the AER controls the width of
the limb, as well. When all limb elements have differentiated, the AER disappears.
The three axes of limbs-anteroposterior (AP: thumb
to small finger), dorsoventral (OY: back of hand to palm),
and proximal-distal (PO)-are specified very early in limb
development. The AP and DV axes are fixed before morphological differentiation of limb components occurs. The
PD axis is determined as the limb grows out. The AP axis
is set first, followed by the DV axis, rhen the PO axis. This
has been shown by rotation of rransplanted limb buds from
their normal position and finding, at different stages.
whether the limb bud retained the axis orientation of its
original limb position or developed the orientation of the
host bud (I 0, 14, 15).
AP axis determinarion is under the control of an area of
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FIGURE 1-11. Scanning electron photomicrograph of an early
chick forelimb bud, with the apical ectodermal ridge at the tip
of the limb bud. (Courtesy of K. W. Tosney.)

tissue in the posterior aspect of the limb bud called the zone
of polarizing activity (ZPA) , or polarizing region. If this
tissue is grafted onto the anterior aspect of a limb bud, a
duplication of digits in a mirror image to the normally present digits occurs (16). Cells for the new digits are recruited
from the underlying mesoderm, and the distal part of the
limb widens, as does the AER. Ifless tissue from the polarizing region is grafted, fewer new digits develop (17). This
and Q[her experiments suggest that a morphogenic gradient
of a diffusible signal originating from the ZPA determines
AP axis. This is discussed in the section on the molecular
biology of limb development.
The OV axis is under the control of both the mesoderm
and ectoderm of the limb bud at different stages of development. The mesoderm specifies the axis initially, but, very
early afrer limb bud formation, the ectodermal orientation
becomes preeminent. If the ectoderm of a right limb bud
is transplanted onro the mesenchyme of a left limb bud,
the distal limb that develops will be that of a right limb,
with respect to muscle pattern and joint orientation (14,15).
The PO axis seems to be determined by the length of
time a mesodermal cell remains at the tip of the limb bud
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in the progress zone under the influence of the AER. Once
a cell leaves the tip, its position in the limb is fixed. Young
tips grafted onto older limb buds will duplicate existing
limb elements, whereas older tips grafted on young buds
will only form distal elements. The best hypothesis as to
how this information is passed is that the number of rounds
of cell division that occur while under the influence of the
AER determines the PO fate of a cell. Support for this
hypothesis comes from experiments in which the limb bud
is irradiated. The surviving cells of the irradiated tip have
to undergo several extra rounds of mitosis before they can
escape the influence of the AER and thereby gain positional
determination. In these experiments, intermediate limb elements are not formed, only the preexisting proximal elements and newly formed distal elements (18).
Cellular differentiation of the homogenous, undifferentiated-appearing mesenchymal cells in the limb bud results
from signals different than those conveying the axis/positional information as described above. The center of the
limb bud develops a condensation of cells that prefigures
the skeletal elements-the chondrogenic core, which begins
at the body waH and progresses distally with limb elongation. A rich vascular bed surrounds the chondrogenic core.
Immediately adjacen t to the vascular bed is a thick avascular
zone that extends to the ectodermal sheath of the limb bud.
Although the signaling mechanism has not been discovered,
the ectoderm appears to control initial mesodermal differentiation by maintaining the adjacent mesenchymal cells in a
flattened configuration, which prevents differentiation into
chondrogenic cells. The central mesenchymal cells assume
a rounded shape and form the chondrogenic core (17,19).
This process of differentiation occurs from proximal to distal. Early in the 7th week, cartilage anlage of the entire
upper limb skeletal elements, with the exception of the distal
phalanges, is present. Paddle-shaped hand plates have
formed by the end of the 6th week, and condensations of
cells have formed identifiable digital rays in the hand. The
same is true of the foot I week later. The cells berween the
digital rays are a loose mesenchyme that undergoes programmed cell death (apoptosis) to create the separated fingers and toes.
After the chondrogenic anlagen of the future skeletal
structures and the vascular bed develop, the ingrowth of
nerves develops, followed immediately by the development
of muscle tissue. All bones are prefigured in mesenchyme,
followed by cartilage, then bone. Actual bone appears toward the end the embryonic period, first in the clavicle,
mandible, and maxilla, between the 6th and 7th weeks.
Ossific centers appear soon after in the humerus, radius,
femur, tibia, and ulna, in that order. Just prior to birth,
ossific centers appear in the calcaneus, talus, cuboid, distal
femoral epiphysis, and proximal tibial epiphysis.
The mechanisms controlling the development and patterning of the vasculature are not well worked out. Vascular
cells are believed to have an intrinsic capacity to form vessels
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and to branch, which is controlled by inhibitory signals
extrinsic to the angiorrophic tissues. Well-developed veins
develop on the postaxial border of the limb buds and persist
as the fibular and saphenous veins, permitting identification
of the embryonic postaxial border, even in mature organisms. The early preaxial veins, the cephalic and great saphenous veins, develop secondarily. The initial arterial supply
to the limb bud organizes into a single axial artery. In the
arm, this artery becomes the subclavian, axillary, brachial,
and anterior interosseous arteries. In the leg, the axial artery
comes from the umbilical artery and becomes the inferior
gluteal, sciatic, proximal popliteal, and distal peroneal arteries. The femoral and tibial arteries develop secondarily.
The brachial and lumbosacral plexuses and the major
peripheral nerves are presem by the 5th week. They progressively invade their target tissues, and by the 7th week have
innervated the muscles and cutaneous tissues in the adult
pattern. Each dermatome represencs a single dorsal root's
sensory fibers. From cranial to caudal, the dermatomes of
the limbs descend along the preaxial border and ascend
along the postaxial border of the limb. Overlapping and
variability among individuals make assessment of dermatomal sensation nonspecific for single nelves (Fig. 1-12).
Mesenchymal cells that are to become limb muscles migrate from the somatic layer of the lateral mesoderm during
the 5th week, and surround the chondrogenic core of the
limb bud. They develop into dorsal and ventral groups from
an undifferentiated mass and individual muscles gradually
become distinct, again in a proximal/distal sequence. Most
anatomically distinct adult muscles are identifiable in the

preaxial

eighth week. Mesenchymal cells develop into myoblasts (activation of a single gene, MyoD1, is sufficient to turn a
fibroblast into a myoblast phenotype in tissue culture),
which then elongate, form parallel bundles, and fuse into
myotubes. Muscle-specific contractile proteins, actin and
myosin, are synthesized, and the myorubes form sarcomeres.
By the 8th week, both myotube development and innervation are sufficiently advanced for movement to begin. By
12 weeks the cross-striations of the myofibrils are apparent
in myotube cytoplasm. Most muscle cells are formed prior
to birth, with the remaining cells developing in the first
year of life. Enlargement of muscles results from an increase
in diameter with the creation of more myofilaments and
elongation with the growth of the skeleton. Ultimate muscle
size results from genetic programming, exercise, and the
hormonal milieu.
Development of the synovial joints commences in the
6th week of development. A condensation of cells in which
the joint develops is called the interzone. The interzone
cells differentiate into chondrogenic cells, synovial ceLls, and
central cells. The chondrogenic cells are adjacent to the mesenchymal cells, and form the articular cartilage. The central
cells form the intraarticular structures. The synovial cells
differentiate into both the tough fibrous capsule and the
loose, vascular synovium. Programmed cell death (apoptosis) results in cavitation that produces the joint per se.
Motion is necessary for normal joint development, as the
host of conditions causing anhrogryposis demonstrate, as
well as animal experiments that create joint anomalies by
paralyzing the developing fetus.
During the embryonic period, all four limbs are similar,
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FIGURE 1-12. Development of the dermatome pattern in the limb. A and D: Diagram of the
segmental arrangement of dermatomes in the 5th embryonic week. Band E: The pattern is shown
one week later as the limb bud grows. C and F: The mature dermatome pattern is shown. The
original ventral surface becomes posterior in the mature leg and anterior in the mature arm, due
to the normal rotation of the limbs. (From ref. 20, with permission.)
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FIGURE 1-13. Normal limb rotation is depicted. A: 48 days, the hand and foot plates face each
other. B: 51 days, elbows are bent laterally. C: 54 days, the sales of the feet face each other. D:
lateral rotation of the arms and medial rotation of the legs result in caudally facing elbows and
cranially facing knees. (From ref. 20, with permission.)

with parallel axes. The preaxial borders are cephalad and
the postaxial borders are caudad. The thumb and hallux are
preaxial; the radius/tibia and ulna/fibula are homologous
bones occupying the same positions in the limb bud. The
longitudinal axis at this stage passes through rhe long finger
and the second toe. During the fetal period, the upper limb
rotates 90 degrees externally (laterally), and the lower limb
rotates 90 degrees internally (medially). The forearm flexors
come to lie medially and the forearm extensors, laterally.
The leg extensors lie ventrally, and the leg flexors lie dorsally
(Fig. 1-13).
Thus, by the 8th week, tne task of tissue differentiation
is largely completed and growth is the major task ahead.

Molecular Insights of Limb Development
The explosion in molecular biology and molecular genetic
techniques has revealed much about how an individual
gene's activation at specific moments in development can
cause the events that create complex organisms from single
cells. The story is incomplete, and this section highlights
presently known or suspected molecular mechanisms that
underlie development. The development of organs employs
mechanisms of cell growth, differentiation, and patterning
similar to those that occur in earlier development of the
basic body plan. The mechanisms for diffetentiation and
patterning are remarkably conserved from fruit flies to
chicks to mice and to humans.
The limb is one of the best-studied body structures and
much information is available from the study of nonhuman
animals, especially chicks, mice, and fruit flies. Much
knowledge is inferred from the observations that certain
genes and gene products are present at crucial moments in
development. Often, many different genes and molecules
are expressed simultaneously or in a closely overlapping sequence, and the complex interactions that concrol development are not fully worked out. The information presented
in this section is based on study of limb development in
the chick, except where noted. Most other information

comes from gene "knock out" experiments in mice, wherein
a specific gene is rendered nonfunctional and the effects on
development are noted.

Limb Bud Outgrowth and Proximal-distal
Patterning (Fig. 1-14)

As discussed previously, the AER is required for limb bud
outgrowth. The AER is a band of cells at the limb bud
tip, lying between the dorsal and ventral limb ectOderm.
Although the stimulus for AER formation, which resides in
the mesoderm, is unknown, some of the molecular signals
that are important in specifying the location of the AER
have been identified. Engrailed-1 (En-i) is a homeoboxcontaining transcription factor whose exptession is limited
to the ventral limb ectoderm (21). Radical fringe (r-Fng) is
a secreted factor that modulates signaling that is expressed
only in the dorsal ectoderm (22). Radical fringe is a homolog
of the Drosophila gene fringe, which helps specify dorsal-ventral boundaries in the fruit fly (23,24).
Excision of the AER results in truncation of the limb.
The earlier the excision, the more proximal is the truncation. Limb bud outgrowth can be sustained after excision
of the AER, by insertion of beads carrying fibroblast growth
factors (FGF). Fibroblast growth factors are a group of similar proteins that affect cell proliferation, differentiation, and
motility. During development, they have in common a role
in mediating mesenchymal-epithelial tissue interaction. To
obtain the most normal limb development, two FGFsoaked beads must be placed so that the polarizing region
is mimicked, as well as the AER (25). The absence of the
mechanical flattening of the limb bud by the AER results
in a bulbous limb bud and bunching of the digits. Nevertheless, fully differentiated limb skeletal structures can be produced.
FGF2, -4, and -8 are expressed in the AER, and each is
able by itself to sustain limb bud outgrowth (probably because of the abiliry of different FGFs to activate the same
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FIGURE 1-14. A diagram of the tip of the limb bud showing the apical ectodermal ridge and
progress zone (A) and some of the molecules that are expressed in these tissues (8). (Adapted
from ref. 83, with permission.)

receptors) (26-28). In vivo FGF-8 is found in the entire
AER, whereas FGF-4 expression is limited to the posterior
portion of the AER. FGF-IO and 8 are the critical FGFs
expressed during the initiation of limb bud outgrowth.
FGF-IO is expressed first in the lateral plate mesoderm at
the site of the future limb bud. FGF-IO induces FGF-8
expression in ectodermal cells that will become the AER.
Some experiments suggest that FGF-8 and FGF-IO act in
a positive feedback loop; that is, the expression of each supports and promotes the expression of the other. Mice in
whom FGF-IO function is eliminated develop normally,
except for the complete absence of limbs and failure of normal pulmonary development (29).
Proximal-distal positional information is engraved upon
individual cells in the progress zone based on the length of
time (number of mitoses?) the cell spends in the progress
zone as discussed in the section Developmental Anatomy
of the Limb in this chapter (30,31). Some experimenral
work suggests that transforming growth factor f3 (TGF-f3)
acts in a gradient from the AER to increase cell adhesion
by activating integrins, which are mediators of cell adhesion.
Perhaps the longer a cell is in the progress zone, the more
TGF-f3 it sees, and the more integrins are activated, the
greater the cell adhesion, and ultimately, the more distal is
the limb positional information programmed into the cell.

Anterior-Posterior Axis Determination/Zone of
Polarizing Activity (Fig. 1-15)
The abiliry of a small piece of tissue excised from the posterior and proximal limb bud to induce duplication of digits,
when grafted to an anterior position on another limb bud,

suggested that this tegion of polarizing activity synthesized
a morphogen, acting by a gradient to specify anterior-posterior limb elements (16). If acting through a morphogenic
gradient, the zone of polarizing activity should give different
digit patterns when transplanted to different areas of the
limb bud, which it does (32). Furthermore, if a physical
barrier is placed bet\veen the anterior and posterior parts of
the limb bud, a normal number and order of digits is formed
in the posterior portion of the limb bud, and no digits are
formed anteriorly (33).
By serendipity, retinoic acid was found to cause reduplication of limbs in ampmated salamanders (34). Subsequently, retinoic acid was identified in the limb bud, with
a high concentration posteriorly and a low concentration
anteriorly. Retinoic acid on filter paper, placed anreriorly,
induces mirror-image digits to those formed from the natural posterior gradient (35). Nevertheless, retinoic acid is not
a simple morphogen acting through a gradient. Bathing an
enrire limb bud in retinoic acid should eliminate the gradient, but instead mirror-image reduplication occurs. Also,
when retinoic acid concentration is at a minimum, the zone
of polarizing activiry is at a maximum. The action of retinoic
acid is complex and includes several classes of nuclear retinoic acid receptors and retinoic-binding proteins in the cytoplasm. These differenr receptors and binding proteins are
present in different amounrs in various parts of the developing limb, suggesting a very complex role for retinoic acid.
If retinoic acid synthesis is blocked, limb bud outgrowth
does not occur or is severely stunted. At present, it appears
that retinoic acid acts by regulating the cells that can express
a protein called sonic hedgehog (shh) (36). It is likely that
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The two diagrams of the tip of the limb bud illustrate some of the molecules
involved in the interaction between the polarizing region and mesenchyme of the progress zone
that specify the anteroposterior axis of the limb. On the left, the arrow shows the direction of
the decreasing concentration of retinoic acid. Retinoic acid acts by regulating cell production of
sonic hedgehog (shh). shh, in turn, stimulates bone morphogenetic protein2 (BMP2) which is a
homologue of a Drosophila segment polarity-specifying gene. BMP4 expression overlaps that of
BMP2, and is, therefore, probably involved in anteroposterior axis determination, as well. The
diagram on the right shows the feedback loop between shh and fibroblast growth factor-4 (FGF4),
an ectodermally expressed protein, that appears to maintain the apical ectodermal ridge.
(Adapted from ref. 83, with permission.)
FIGURE 1-15.

an HOX gene is an intermediate that is stimulated by retinoic acid and the HOX gene expression specifies the shhexpressing cells. If retinoic acid receptors are blocked after
shh expression has been established, limb malformations
still occur, suggesting some additional role in limb patterning, perhaps through its effect on HOX genes (36). Retinoic
acid is interesting and important, not only for its role in
normal development, but because it is a powerful teratogen.
Various retinoids, which are derivatives of vitamin A, have
been used in pharmacological doses, mainly to treat dermatologic conditions, such as types of acne, psoriasis, exfoliative dermatitis, and disorders of keratinization. The retinoids have been associated in animals and humans with
multiple different birth defects. Because of the prolonged
elimination half-life of systemic retinoids, pregnancy is not
recommended for 2 years after discontinuing their usage
(37).
Liver and central nervous system toxicity, as welJ as anemia and hyperlipidemia, may occur with systemic retinoid
use. These problems usually resolve with discontinuation
of retinoid therapy. Rheumatologic complications of retinoid use include hyperostosis, arthritis, myopathy, vasculitis, and a condition mimicking seronegative spondyloarthropathy (38).
The shh gene is expressed in the zone of polarizing activ-

ity. Activation of this gene through cell transfection in
anomalous locations in the limb bud, will cause digit duplication in the same manner as transplantation of the zone
of polarizing activity tissue (39). It appears that shh stimulates the gene for bone morphogenic protein 2 (BMP2)
(40). The gene activation of both occurs in the same cells,
with shh preceding that of BMP2. The bone morphogenic
proteins are members of the TGF-,B superfamily, and BMP2
is, specifically, a homolog of a fruit fly gene that specifies
segment polarity, making it a good candidate for an axisdetermining gene. BMP2 is secreted from cells, and, therefore, its action extends over a larger area than just the cells
in which it is produced. BMP4 expression overlaps that of
BMP2, and it is probably involved in anteroposterior axis
specification as well. shh in the mesenchyme also appears
to participate in a positive feedback loop with FGF-4 in
the ectoderm, which may be important in maintaining the
AER and supporting continued limb outgrowth and patterning (41). BMP2 and BMP4 also function in regulating
the size and shape of long bones. Overexpression of these
genes appears to cause an increase in the quantity of mesenchymal cells that differentiate into the chondrogenic precursors of the skeleton.
It appears that BMP2 and BMP4 are involved as well in
the molecular mechanisms of joint formation. If noggin, a
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BMP inhibitor, is not present, joints do not form. Present
evidence suggests that members of the HOXA and HOXD
families are regulators of BMP and growth and differentiation factor 5 (GDF-5). GDF-5 (a BMP-related protein) is
expressed specifically in the prospective joint region. If noggin is not present, GDF-5 is not expressed and BMP2 and
BMP4 are not inhibited, resulting in a continuous, jointless
skeleton. A balance of activating and inhibiting signals
seems to be necessary for normal joint cavitation (42,43).
Some experimental work suggests that ceU-extracellular
matrix interactions are involved in the mechanism of joint
cavitation. SpecificaUy, CD44s, an isoform of a cell surface
receptor that interacts with hyaluronan, is found in a single
layer of ceUs outlying the presumptive joint caviry in rats
(44). One hypothesis is that the creation of a hyaluronanrich, but proteoglycan- and collagen II-poor extracellular
matrix results in a loss of ceU adhesion and allows joint
cavity formation (44).

Dorsal-ventral Axis Patterning/Ectodermally
Controlled Patterning
Experiments in which limb bud ectoderm is transplanted
onto mesoderm, with reversal of its dorsal-ventral axis, reveal that digits, muscles, and tendons conform to the axis
of the overlying ectoderm (14). Several genes involved in
dorsal-ventral specification have been identified. Evidence
suggests that W nt-7A, a secreted signaling protein, confers
the dorsal character to the ectoderm and stimulates Lmx-]
(45). Lmx-] is a homeobox-gene that encodes a transcription factor that dorsalizes mesoderm. The ventral limb expresses the homeobox-containing transcription factor engraded (En-1). En-1 appears to suppress Wnt-7A
expression, thereby limiting the activity of Lmx-1 to the
dotsal mesenchyme (46).
The actions ofseveral genes are important in determining
more than a single axis. For example, Wnt-7A expression
is necessary for normal anteroposterior digit formation and
shh is necessary for limb outgrowth, proximal-distal, in addition to anteroposterior patterning. The coordinated developmen.t of all three axes is believed to be regulated by interactions of several signaling genes. Wnt-7A, shh, and FGF4 are promising candidates for this role (47,48).
Both the AER and the ZPA activate HOXA and HOXD
genes. HOX genes are the vertebrate homologs of the fruit
fly homeogenes, which specify body segment identiry.
HOXD genes are expressed in an overlapping, nested fashion
in the anteroposterior axis of the developing limb (49) (Fig.
1-]6). HOXD genes can also be activated by shh alone.
HOXA genes have an overlapping expression along the dorsal axis, suggesting a role in specifying limb components.
HOX genes have specifically been shown to affect the growth
of cartilage and precartilaginous condensations (50,51).
They may be important in determining the length, segmentation, and branching of limb elements. HOX genes are not
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FIGURE 1-16. The pattern of expression of the HOXD genes is
shown. The overall HOXD expression is sequential from the anterior to posterior aspect of the limb buds; however several individual HOXD genes have clustered expression patterns. The pattern
of HOXD gene expression can be altered by polarizing signals,
implicating the Hoxd genes in limb pattern determination. (From
ref. 83, with permission.)

expressed strictly along AP or DV axes, and their position
of expression differs in various areas of the limb. Human
limb malformations caused by mutations in HOX genes
have been identified, and will be discussed in the section
on clinical significance. The activity of HOX genes overlaps,
and is sufficiently redundant that a mutation of a single
HOX gene generally results in a minor limb anomaly.
The specific signals and mechanisms that control muscle,
ligament, and tendon development have not been identified. Exploration of these mechanisms may ultimately be
of great clinical lHiJity.

Clinical Significance
Limbs are extremely susceptible to anomalies, probably because of their complex developmental biology and their exposed position outside of the body wall. Nearly aU teratogens and chromosomal anomalies have iU effects on limb
development. A large number of single gene mutations disturb the normal development of limbs, as well. Rapid advances in molecular genetics are resulting in the identification of the gene(s) responsible for many Mendelian
disorders. Developmental molecular biologists are identifying genes that create limb deformities in animals, whose
homologous human genes may be responsible for other specific limb defects.
Limb deficiencies occur in 3 to 8 of 1,000 live births
(52). One-half of limb deficiencies occur as isolated defects
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and the other half occur with associated malformations (52).
Associated malformations may be life-threatening. The
most common associared malformations are musculoskeletal, head and neck, cardiovascular, gastrointestinal, and genltoUtlnary.
As discussed previously, destrucrion of the AER or the
progress zone, or failure of expression of critical signaling
molecules, can result in truncation or absence of limb development. Although specific defects have not been identified
in humans, there are several inherited disorders with limb
deficiencies that may well have a mutation in a specific
signaling molecule. These include Roberts syndrome with
phocomelia, acheiropodia (Brazil type) with absent hands
and feet, Burriens distal limb deficiencies syndrome, and
CHILD syndrome with variable transverse and longitudinal
deficiencies. A mouse mutant with a single digit has been
found to have a mutation in the HOXA-13 gene (53).
Human split-hand/split-foor deformity (lobster claw deformity) is characterized by a failure of central ray formation,
and at least one causative gene has been localized, but not
yet identified (54).
Vascular anomalies or accidents probably cause some
limb deficiencies by prohibiting limb outgrowth or by causing necrosis of already differentiated limbs (55,56). Amniotic bands result in amputation by interfering with vascular
supply (52).
Intercalary limb deficiencies, with absence of proximal
structures, may result from a temporary injury to the
progress zone as discussed in the section Developmental
Anatomy of the Limb.
Synostoses are failures of joint formation or separation
of adjacent bone, such as the radius and ulna, with a single
exception. That exception is distal syndactyly, which is
caused by amniotic bands (57). The vast majority of synostoses are inherited, but only a few of the mutated genes
have been identified. Identification of the causative genes
is likely in the near future, and will shed much light on the
mechanisms of normal joint formation and of normal bone
modeling from the mass of undifferentiated mesenchymal
cells that prefigure the skeletal elements. Nearly 100 disorders have synostosis as a feature (see ref. 52, pp. 721-724).
The mouse mutant-limb deformity gives a flavor for the
kind of causation of these deformities. Limb-deformity mice
are characterized by fusion of adjacent bones, such as the
radius and ulna. The limb bud is narrow and' the AER is
patchy (58). A decrease in shh expression and an absence
of Fgf-4 expression have been found (59).
Teracagens, such as thalidomide and alcohol, can cause
synostoses in humans. Retinoic acid creates synostoses in
animals when applied during chondrogenesis of developing
limbs (60).
Failure of programmed cell death may be an important
faccar in causing some disorders with synostosis as a feature.
A failure of aphotic cell death in the interdigital mesenchyme is presumed to be the cause of some syndactyly.
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Excessive partitioning of skeletal elements are usualJy inherited conditions. Triphalangeal thumb is the most common of these disorders. The abnormality has been linked
to a region on chromosome 7 in several affected families,
but the gene has not been identified (61,62). Other families
do not link to this locus, implying that more than one gene
mutation causes triphalangeal thumb.
Polydactyly, whether isolated or associated with other
anomalies, is usuaJly an inherited condition. Given the complex interactions that occur in limb pattern specification, it
is not surprising that a number of causes of this condition
are being found.
Grieg cephalopolysyndactyly is an autosomal dominant
disorder characterized by postaxial polysyndactyly of the
hands and preaxial polysyndactyly of the feel' and dysmorphic facies. A DNA-binding transcription factor, named
GLI 3, is the cause of this disorder (63). The expression of
GLI 3 is restricted to the inrerdigital mesenchyme and joinrforming regions of the digits. A mouse mutant with a defect
in the homologous gene has ectopic expression of both shh
and FGF-4 in the anterior limb bud (64). Another mutation
causing human polydactyly is in the HOXD cluster of homeobox genes that has been implicated in digit specification. Synpolydactyly is caused by a mutation of HOXD13 (65). Smith-Lemli-Opitz syndrome is characterized by
a variety of birth defects, including postaxial polydactyly
and brachydactyly. Cholesterol synthesis is defective in children with this syndrome and shh utilizes cholesterol as a
transport molecule. It is possible that the limb anomalies
in this syndrome result from a distortion of the normal shh
gradient due to cholesterol insufficiency.
Skeletal dysplasias are a heterogeneous group of disorders
whose genetic causes are rapidly being discovered, giving
insight into the mechanisms of normal and disordered skeletal development (see Chapter 8).
Many single and group congenital anomalies that occur
sporadically are believed to result from vascular disturbances
in the embryo or fetus. The best-developed of the vascular
causation hypotheses is the subclavian artery disruption sequence, which seeks to explain Klippel-Feil syndrome, Poland anomaly, Mobius syndrome, absence of the pectoralis
major, terminal transverse limb deficiencies, and Sprengel
deformity. A disruption occurs when a normal embryo suffers a destructive process with cascading consequences. Because all the tissues affected in these various disorders receive
their major blood supply from the subclavian artery, it is
hypothesized that a defect of arterial formation or an injury
to existing arteries causes these defects. The location and
extent of tissue abnormality is determined by the extenr,
location, and timing of the interruption of normal blood
supply. The observation underlying this hypothesis is that
the disorders listed above often occur together in various
combinations.
Possible mechanisms resulting in arterial ischemia include vessel occlusion from edema, thrombus, or embolus;
extrinsic vessel compression caused by surrounding tissue
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edema, hemorrhage, cervical ribs, aberrant muscles, amniotic bands, or uterine compression; abnormal embryologic
events, including delayed or abnormal vessel formation and
disruption of newly formed vessels; and environmental factors such as infection, hyperthermia, hypoxia, vasculitis, or
drug effects. It is possible that some fetuses suffer ischemia
due to normal embryologic events that are idiosyncratically
not well tolerated, such as the rapid descent of the heart
and great vessels.
The vascular accident hypothesis is attractive in explaining combinations of congenital anomalies and their usuaJly
sporadic occurrence. However, there are often combinations
of anomalies that are difficult to relate to a single vascular
event, and the question of whether the anomalies resulted
in, rather than being caused by, vascular abnormalities is
not easily resolved.
Amniotic bands or constriction rings cause a large portion of nonhereditary congenital limb anomalies. Constriction rings are diagnosed by the occurrence of a soft tissue
depression encircling a limb or by injury from amputations
or disruptions. Constriction rings are commonly multiple
and may be broad or narrow. The depth of the ring determines whether the limb distal to the ring is normal, hypoplastic, engorged (from venous or lymphatic obstruction),
or amputated (from vascular insufficiency). Syndactyly,
clubfoot, and clubhand have also been associated with conStflctJOn rmgs.
The origin of constriction rings is uncertain. The mechanisms by which amniotic strands might form are disputed
(66-69). One hypothesis holds that amnion adheres to areas
of preoccurring hemorrhage and by themselves are not pathogenic (70). Nonetheless, the syndrome is common, affecting one in 5,000 to 15,000 births. Recurrence risks of this
syndrome are low (52).

DEVELOPMENTAL ANATOMY OF THE
VERTEBRAL COLUMN
The vertebral column, be it cartilage or bone, defines the
species of the subphylum of vertebrates. Evolution of a vertebral column to replace the notochord allows a strength,
flexibility, and protection to the neural rube that conferred
many advantages to vertebrate species. Minor and even
major anomalies of the vertebral column are compatible
with life and good function. Vertebral column development
depends on the appropriate prior development of the notochord and somites.
While the mesoderm is forming during gastrulation, a
mass of ectodermal cells proliferates and forms the archenteron, a tube that migrates cranially in the midline between
the ectoderm and the endoderm. The floor of the archenteron forms the notochordal plate. For a short time, there
is a direct connection between the primitive gut and the
amniotic cavity, since the endodermal floor is not continu-

ous and the blastopore (the opening of the archenteron)
communicates with the amniotic cavity. This connection is
obliterated by the end of the 3rd week and remnants of this
connection are presumed to be responsible for diastematomyelia.
The notochord arises from cells in the primitive streak,
which come from the ingress of cells from the epiblast during gastrulation and, later, from the caudal eminence. This
ingress of cells forms the endoderm as well as the notochord
and the paraxial mesoderm (segmental plate). The notochord develops from cranial to caudal by adding cells as it
develops. It is initially a solid rod in which a small central
canal develops. The notochord induces the formation of the
neural groove, which gradually closes to form a rube with
a central canal. By the 23rd day, the neural groove is closed,
except at its most cranial and caudal ends. These openings
are termed the neuropores, which close by the end of the
4th week. Closure of the neural tube progresses cranially to
caudaJly. Failure to close properly is hypothesized to be the
cause of neural tube defects such as myelomeningocele.
The somites also develop from cells that are internalized
through the primitive streak. These cells form the paraxial
mesoderm that will become the somites, and ultimately become the vertebrae. Presomitic cells cluster by increased
adhesion into distinct balls of epithelial cells surrounding
mesenchymal cells, giving the embtyo its first segmental
organization. Positional infotmation is programmed into
the somites by the time they are morphologically distinct.
For example, a thoracic somite will still form a rib when
transplanted into the cervical region. The positional information is imparted during gastrulation (69,70). Somites do
not depend on interaction with the neural tube or notochord for developmenr and fated cells will develop into somites in vitro.
Four occipital, 8 cervical, 12 thoracic, 5 lumbar, 5 sacral,
and 4 or 5 coccygeal pairs of so mites will develop. The first
somites are evidenr at 3 ~ weeks and 30 pairs are present at
4 ~ weeks. Not all of the somites are visible simultaneously.
Somites develop a complex inrernal organization. The somite begins as a ball of pseudostratifled epithelium surrounding a central cavity, the somitocoel. The cenrral cavity
becomes filled with mesenchymal cells. Some of these cells,
along with cells in the medioventral portion of the somite,
become the sclerotome. Cells from the sclerotOme will form
the vertebral bodies and vertebral arche and emerge without
the epithelial portion of the sclerotome to surround the
neural rube. In addition to contributing to the sclerotome,
cells from the central cavity migrate to become the inrervertebral discs and contribute to rib formation. The dorsolateral wall of the somite is called rhe dermomyotOme. It separates into the dermatOme laterally and the myotome lying
between the dermatOme and rhe sclerotome. The dermatome gives rise to the dermis of the skin, and the myotome supplies cells for muscle, tendons, and fascia (Fig. 117).
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FIGURE 1-17. The progressive differentiation of the vertebral column is illustrated in A-E. The
dark areas in 0 and E demonstrate the portion of the sclerotome that develops into the neural
arch, the vertebral body, rib anlage, and the intervertebral disc. (Adapted from ref. 83, with
permission.)
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FIGURE 1-18. A: Transverse section through a 4-week embryo. The top arrow shows the direction
of the growth of the neural tube, and the side arrow shows the dorsolateral growth of the somite
remnant. B: Coronal section of the same-stage embryo, showing the condensation of sclerotomal
cells around the notochord, with loosely packed cells cranially and densely packed cells caudally.
(; A transverse section through a 5-week embryo, depicting the condensation of sclerotome cells
around the notochord and neural tube. 0: Coronal section illustrating the formation of the vertebral body from cranial and caudal halves of adjacent sclerotomes, resulting in the segmental
arteries crossing the bodies of the vertebrae and the spinal nerves lying between the vertebrae.
(From ref. 20, with permission.)

The sclerotomal cells from the paired somites migrate
medially, meeting around the notochord and separating it
from the dorsal neural tube and the ventral gut. The continuous perichordal sheath is distinct from the more lateral,
segmented scleroromes. Between the adjacent somites lies
the transverse intersegmental arteries. The segmental spinal
nerves originally exit at the midportion of the somitic scleroromal mass. Resegmentation of the sclerotomic tissues occurs at 4'l2 weeks (Fig. 1-18). This process of resegmentation
occurs by variable-rate mitosis, which resulrs in each somitic
sclerotome's thinning cranially and condensing caudally.
The transverse intersegmental arteries and spinal nerves traverse the cellularly loose cranial portion of the sclerotome.
The dense caudal portion of each sclerotome unites with
the cranial, less-condensed part of the next sclerotome, to
form the primordium of the vertebrae. Thus, the skeletal
portions of the somites no longer correspond to the original
segmentation. The segmental spinal nerves that originally
were in midsomite now lie at the level of the disc. The
intersegmental arteries located between somiees come to lie

at ehe mid portion of ehe vertebral bodies, and the myotomes
bridge the vertebrae. The densely cellular, caudal portion of
ehe sclerotome gives rise to the vertebral arch. The initially
continuous notochordal sheath segments into loosely cellular cranial, and densely cellulae caudal, portions. The cranial
portion becomes the vertebral centrum, and the dense, caudal portion becomes the intervertebral disc. The vertebral
centrum surrounds the notochord and forms the vertebral
body. Notochordal cells in the vertebral centrum degenerate, although some remnants of the notochord may remain.
Rests of notochordal cells persisting in the sacral or cervical
areas may give rise to chordomas in later life. The neural
arches develop from ventral to dorsal, enclosing the neural
tube, and unite in the fetal period. The spinal nelyeS and
the dorsal roOt ganglia arise at the level of the somite and
enter the myotome at the beginning of the 6th week. The
presence of ganglia are necessary for normal neural arch
segmentation. Although somites form from cranial to caudal, resegmentation progresses from midspine cranially and
caudally.
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Neural cresr cells (a specialized region of neuroectoderm)
accumulate just before closure of the neural rube cranially,
and are situated berween the neural rube and somites. These
cells become the peripheral nervous system sensory cells and
nerve fibers, as well as the Schwann cells and melan.ocytes.
Peripheral nerve afferents and preganglionic fibers of the
autonomic nervous system develop from the neural tube,
as do the brain and spinal cord. At each cervical, thoracic,
and lumbar somite, a corresponding ganglion develops.

Molecular Insights of Vertebral Column
Development
HOX genes are expressed in an overlapping fashion in the
developing spinal column, and evidence suggests that they
specify individual vertebrae's morphology (73). Transgenic
mice, with out-of-sequence activation of certain HOX genes,
can be created that transform the atlas into a cervical vertebra with a body, and lumbar vertebrae can become like
thoracic vertebrae with rib formation (74,75). Conversely,
HOX gene inactivation can transform the axis into an arlasappearing vertebra (76). Overlapping, redundant expression
of HOX genes occurs and inactivation of more than one
adjacent HOX gene has been found necessary to alter vertebral morphology in some regions of the vertebral column
(77). Retinoic acid application can alter the normal expression patterns of HOX genes, and it can create varying morphologic abnormalities, depending on the timing and location of its application. A particular retinoic acid receptor
(the gamma receptor) is expressed only in prebone tissue,
and its inactivation causes transformation of the axis to an
arias and C7 to C6 (78).
PAX genes are a family of genes containing a DNA-binding domain, and are expressed in. the sclerotome at high
levels during sclerotome condensation. Some evidence suggests that a defect in specific PAX genes, or genes they modify, may result in failure of formation of vertebral elements
(79). The homeobox gene MSX2 is necessary for spinous
process development in mice (80). Clearly, the interactions
of genes and tissues involved in vertebral column formation
are complex.

Clinical Significance
The vertebral column represents the central characteristic
skeletal structure of vertebrates, and it is remarkable how
even severe vertebral abnormalities are so well tolerated by
the organisms. Because vertebral column development has
been highly conserved durin.g evolution, most if not all the
vertebral abnormalities seen in vertebrates can also be found
in humans. In fact, mouse genetics had led to the identification of probably all types ofvertebral abnormalities (81,82).
Defects at different stages of embryo development will
result in different vertebral malformations. In general, the
earlier the disruption in the developmental process, the
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more severe will be the phenotype. The developmental processes that can be affected include mesoderm formation during gastrulation, axial patterning, notochordal mesoderm
induction, somite formation, sclerotome condensation,
neural rube closure, and axial identity specification. Although disorders in pattern formation result in specific prevertebral phenotypes, general disorders of mesenchyme condensation, cartilage, or bone formation affect composition,
and therefore morphology, of the skeleton. Misspecifications of vertebral identity, called homeotic transformations,
are characterized by the presence of all vertebral components, but with shapes characteristic of usually the adjacent
vertebra.
Disruption of the allocation of the mesodermal cells during gastrulation leads to a block in the whole vertebral column formation. Because gastrulation also generates the
other rwo germ layers, the embryo will have multiple congenital abnormalities and will not sUlvive (83). Defects during sclerotome formation are compatible with life and typically result in segmental vertebral agenesis. Because
sclerotome formation depends on the inductive activity of
the notochord, it is mainly notochord mutants that are
foun.d within this category. In the affected region, somite
ventralization is hindered, and the corresponding vertebrae
appear to be deleted.
Although disruptions of gastrulation and sclerotome formation lead to absence, truncation, or interruption of vertebral column formation, disorders of somatogenesis are compatible with vertebral development. However, multiple
vertebral components can be lacking or fused. Variations
on number, shape, and position of vertebrae are common
developmental anomalies. Most columns have 24 segments,
including 7 cervical, 12 thoracic, and 5 lumbar vertebrae.
However, columns with 23 or 25 elements are commonly
seen, and they are most likely related to differences in the
number of elements of the lumbar spine. This number difference may be due to the last lumbar vertebra being incorporated into the sacrum (sacralization.) or the first sacral
vertebra being freed (lumbarization).
Developmental anomalies that affect vertebral shape are
varied. The most common conditions are spina bifida, hemivertebra and wedge vertebrae, and vertebral bars. Spina bifida occulta is a failure in the completion of the neural arch,
but without neurological compromise. Failure of the neural
arch to fuse in the cervical spine, and sometimes in the
upper thoracic spine, is seen shortly after birth, but spina
bifida is most commonly seen at the level of the lumbosacral
spine. This is a normal finding in children at 2 years of age,
in 50% at 10 years, and in approximately 20% of adults.
Neural tube defects (NTDs) can be subdivided into four
subgroups. The first, a meningocele, is a cyst that involves
only the meninges but not the neural elements. The second,
a myelomeningocele, includes the neural elements as part
of the sac. The third, a lipomeningocele, is a deformity in
which there is a sac containing a lipoma that is intimately
involved with the sacral nerves. The fourth, rachischisis, is
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a complete absence of skin and sac, with exposure of the
muscle and dysplastic spinal cord.
Closure of the neural tube progresses cranially to caudally. Failure ro close properly is widely believed to be the
cause of most cases of myelomeningocele (84). This hypothesis is supported by observations of early fetuses with myelomenjngocele and is consistent with animal models of neutal
tube defects (85). The competing hypothesis, championed
by Gardner, suggests that overdistension and rupture of a
closed neural tube causes NTDs (86,87). Myelomeningocele has multiple causes, resulting in a common phenotype.
An inherited predisposition ro NTDs appears ro be present
in some cases, based on an increased incidence of NTDs
in some families and a variation in prevalence in different
ethnic groups (86). Furthermore, a mouse model of NTD
has been shown to result from a mutation in the gene Pax3. Pax-3 is a homeobox gene that has been shown to be
involved in the fusion of the dorsal neural tube, as well as
in neutral crest cell migration and dermomyotOme development (85). Environmental factors are responsible for some
proportion of NTDs, and multiple terarogens have been
identified that interfere with neurulation. Examples include
vinblastine, which disrupts actin microfilaments, and calcium channel blockers, which interfere with micro filament
contraction (88,90). Retinoic acid, hydroxyurea, and mitomycin C interfere with the timing of neuroepithelial development and cause NTDs in animal models (91). Folate
supplements taken during pregnancy decrease the risk of
NTD in subsequent children when a prior child has been
affected, as well as decreasing the incidence of NTDs in
pregnancies without a prior history of NTD (84). The
mechanism of the effect of folate on NTDs is unknown.
The interaction of genes and environment that act to cause
myelomeningoceles, as well as the molecular pathology, is
under active investigation (85).
Defects of vertebrae formation or segmentation include
hemivertebra and vertebral bars. Hemivertebra appears as a
wedge, usually situated laterally between two other vertebrae. As a consequence, a lateral curvature of the spine develops. Vertebral bars are due to localized defects in segmentation and are observed most frequently in the posterolateral
side of the column, resulting in absence of growth in that
side. The outcome is a progressive lordosis and scoliosis.
When located anteriorly, vertebral bars lead to progressive
kyphosis. Klippel-Feil sequence is regarded as a defect in
cervical segmentation. Clinically, there is a short, broad
neck, low hairline, limited range of motion of the head and
neck, and multiple vertebral abnormalities.
Finally, other congenital abnormalities may be observed.
DiastematOmyelia is a longitudinal splitting of the spinal
cord associated with a bony or fibrocartilaginous spicule or
septum arising from the vertebral body, which is believed
to result from remnants of the early connection between
the primitive gut or the amniotic cavity. It is commonly
associated with skin changes and abnormalities of the lower
extremities. A chordoma is a neoplasm that arises from noro-

chordal rests, and is found especially in the sacrococcygeal
region. Sacrococcygeal teratoma is a neoplasm composed
of mulriple embryonic tissues rhar can undergo malignant
transformation.

DEVELOPMENTAL ANATOMY OF THE
NERVOUS SYSTEM
The neural rube is pivotal in development, and has been
discussed in the secrion Developmental Anatomy of the
Vertebral Column. The neural tube becomes the central
nervous sysrem (the brain and spinal cord), and the neural
crest develops into most of the peripheral nervous system.
The spinal cord develops from the portion of the neural
tube that is caudal to the four occipital somites. The neural
tube forms from the folding of the neural groove and begins
at the brain/spinal cord junction. As the neural groove fuses,
so does the neural fold. Neural crest cells begin their migration from neural-fold tissue, just after neural tube closure
occurs in the spinal regions. Neural crest cells migrate either
beneath the surface ecroderm or between the neural tube
and the somite. Migration occurs through extracellular matrix along relatively cell-free paths. Neural crest cells form
the pia mater, the spinal ganglia, and the sympathetic trunks
and ganglia.
As the neural tube closes, the dorsal region, called the
alar laminae, is separated from the ventral basal laminae by
a shallow groove-the sulcus limitans. A thin bridge of
tissue persists ro connect the two halves of the alar and basal
laminae, named the roof and floor plates. The alar plate
develops into the sensory pathways (dorsal columns), and
the basal plate develops into the motor pathways (ventral
horns). The notochord is necessary for floor plate induction,
and the floor plate appears to specify the dorsoventral organization of cell types in the developing spinal cord.
The ventral horn neurons develop axons that form the
ventral roots. The dorsal root ganglia develop from neural
crest cells. The axons of the ganglion cells form central processes, which become the dorsal roots and peripheral processes that end in sensory organelles.
Spinal cord development proceeds in a rostral-caudal direction, and motor neurons develop neural capabilities before sensory nerves. Autonomic nerve function is established
last (44). Movement is visible by ultrasound 5 ~ weeks postfertilization. The spinal cord extends the entire length of
the vertebral column during the embryonic period. During
fetal development, the vertebral column grows more rapidly
than the spinal cord. Coupled with some loss of caudal
spinal cord tissue, the caudal tip of the spinal cord ends at
the 2nd or 3rd lumbar vertebra in newborns. In the adult,
the spinal cord terminates at the inferior portion of the first
lumbar vertebra. Thus, the lumbar and sacral nerve roots
have an oblique course below the conus medulJaris, before
their exit from their intervertebral foraminae, resulting in
the formation of the cauda equina (Fig. 1-19).

Bone Formation and Growth
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FIGURE 1-19. Illustration of the position of the spinal cord and meninges in relation to the
vertebral column at 8 weeks (A), 24 weeks (8), birth (C), and adult (0). (From ref. 20, with permission.)

Myelination of peripheral nerve axons begins in the fetal
period and continues during the first year after birth.
Schwann cells myelinate peripheral nerves, whereas ligodendrocytes myelinate the axons within the spinal cord.

Molecular Insights of Nervous System
Development
The molecular basis of nervous system formation is not well
understood, but probably will be in the next decade. There
is an intimate relationship between the notochord and the
neural plate and tube, which is necessary for differentiation
of the floor plate or the spinal cord, and for specification of
ventral structures in the developing spinal cord. Hepatocyte
nuclear factor-3 appears to regulate shh (an important axisspecifying gene in the limb as well), which can induce ventral structures (92). PAX genes have dorsoventrally restricted
expression in the developing spinal cord. Dorsal structures
can develop without the notochord, but specific molecules
may be necessary for complete dorsal specification. For example, dorsalin-1, a TGF-,8 family member, can induce
neural crest cell differentiation (93). The transcription factor genes, Pax-3 and Gti-3, are necessary for neural tube
closure (94). The large number ofNTDs suggests that neural tube closure does not have a large redundancy in it developmental regulation.

Clinical Significance
Multiple anomalies of the brain occur and have orthopaedic
implications because of disordered control of limbs, but
will not be discussed here. Failure of closure of the caudal
neuropore may result in myelomeningocele. Other evidence
suggests that increased cerebral spinal fluid pressure causes
rupture of an already closed neural tube at its weakest
point-where it closed last. At least ten genes have been
identified in mutant animals that result in NTD. Multiple
teratogens, such as valproic acid and vitamin A, or exposure
to hypothermia, can cause NTD. Although the mechanism
is unknown, perifertilization folic acid decreases the incidence of NTD in humans.
Myeloschisis is a rare condition in which the neural
groove fails to form a neural tube. Myelomeningocele has
uncovered neural tissue that has herniated into the dysraphic area of the spine. Meningocele, in which the neural
elements remain in their normal location, is probably a primary defect of the vertebral column development, rather
than a primary neural defect. Ten percent of people have
spina bifida occulta in which the vertebral neural arch fails
to fully develop and fuse, usually at L5 or S1.

BONE FORMATION AND GROWTH
An examination of the human skeleton reveals the numerous sizes and shapes of bones, which have precise functions
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of locomotion and protection of vital organs, are major sites
for hematopoiesis, and participate in calcium hemostasis
and storage of phosphate, magnesium, potassium, and bicarbonate. The molecular composition of the bone is remarkably constant. Regardless of the animal species or the
bone considered, bone is always a two-phase composite substance made up of two very different materials. The two
major components of bone are the organic matrix, or osteoid, and the inorganic matrix. Various calcium salts, primarily hydroxyapatite, are deposited in crystals within and between the matrix. These inorganic crystals give bone its
rigidity, hardness, and strength to compression.
Connective tissue, cartilage, and bone all differentiate
from that type of diffuse mesoderm known as mesenchyme.
Mesenchyme arises primarily from the primitive streak and
secondarily from mesodermal segments and the lateral somatic and splanchnic mesodermal layers (see Fig. 1-9). In
early embryos, rhe mesenchyme acts as an unspecialized
"packing" material, but soon differentiates into various tissues and organs.
There are two mechanisms of bone formation (osteogenesis), and both involve the transformation of a preexisting connective tissue into bone tissue. The transformation
of fibrous primitive connective tissue into bone is called
intramembranous ossification. The replacement of cartilage
by bone is called "endochondral ossification." Except for
the clavicle and the flat bones of the skull, all bones of
the appendicular and axial skeleton form by endochondral
ossification.

Intramembranous Ossification
Intramembranous ossification occurs by mesenchymal cells
derived from the neural crest that interact with the extracellular matrix secreted by the epithelia cells arising from the
head. If the mesenchymal celts do not contact this matrix,
no bone will be developed (95,%). The mechanism responsible for the conversion of mesenchymal cells to bone is
still unknown. However, bone morphogenetic proreins may
playa significant role in this process.
During intramembranous ossification, the mesenchymal
cells proliferate and condense into packed nodules. Some
of these cells differentiate into capillaries and others change
their shape to become osteoblasts. These cells are capable
of secreting osteoid, the organic extracellular matrix that
subsequently will become mineralized. High levels of alkaline phosphatase and the appearance of matrix vesicles mark
the commencement of ossification. The cells will eventually
be surrounded by calcified matrix and become osteocytes.

Endochondral Ossification
By far the most common mechanism of ossification is cartilaginous (or endochondral). The process begins with the
formation of a cartilage precursor or template. Mesenchyme
cells condense and proliferate, but, instead of turning into

osteoblasts, as in intramembranous ossification, they become chondroblasts. These cells will then secrete the cartilage extracellular matrix. Soon after the cartilaginous model
is formed, the cells in the center become hypertrophic and
secrete a matrix that will subsequently be invaded by capillaries. As this matrix is degraded and the chondrocytes die,
osteoblasts carried by the blood vessels begin to secrete bone
matrix. Eventually, all cartilage is replaced by bone (Fig. 120). This process appears to be dependent on the mineralization of the extracellular matrix. A special, condensed mesenchymal tissue, the perichondrium, surrounds the cartilage
model. This tissue is essentially the same as that surrounding
the intramembranous centers of ossification, but in the perichondrium, the osteoprogenitor celts remain dormant for
a time, while the cartilage model is enlarged by the chondrocytes.
Ossification begins at the primary center, within the
shaft, and proceeds outward from the medullary cavity and
inward from the periosteum, in a repetitive sequence. As the
cartilage model is replaced by bone, extensive remodeling
occurs. First, the medullary cavity is created and enlarged
by resorption of the bony Struts and spicules. Second, the
developing bone continues to enlarge by both interstitial
and appositional growth. The same repetitive sequence of
events occurs in the epiphyseal centers of ossification. Once
the shaft and epiphyses are ossified, leaving the cartilage
physeal plates between them, each skeletal segment increases
in size until maturity. The initiation of the endochondral
ossification process, as well as the highly ordered progression
of the chondrocytes through the growth plate, must be
under strict spatial and temporal control. In view of the
complexity of the process, it is remarkable that the human
bones in the limbs can grow for some 15 years independently of each other, and yet eventually match to an accuracy of 0.2 percent.

Growth Plate Structure and Development
Growth of the different parts of the body is not uniform,
and different bones grow at different rates. Patterning of
the embryo occurs while the organs are still very small. For
example, the limb has its basic structure established when
its size is approximately 1 cm long. Yet, it will grow to be
hundreds of times longer. How is this growth controlled?
Most of the evidence suggests that the cartilaginous elements in the limb have their own individual growth programs. These growth programs are specified when the elements are initially patterned and involve both cell
proliferation and exrracellular matrix secretion. An understanding of the processes of bone formation, growth, and
remodeling is fundamental in pediatric orthopaedics.
The process of endochondral ossification, which occurs
in all growth plates, is unique co the immature skeleton.
Once the growth plates have been formed, longitudinal
growth of the bones occurs by appositional growth of cells

Bone Formation and Growth
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FIGURE 1-20. A: Formation of the primary ossification center of a phalanx. Note the central
location with bone and bone marrow formation. B: Delayed ossification center formation in a
case of digital duplication. (From ref. 97, with permission.)

and extracellular matrix from within the growth plate, and
new bone formation on the metaphyseal side. The rate of
increase in the length of a long bone is equal to the rate of
new cell producrion per column multiplied by the mean
height of the enlarged cell. The rate of proliferation depends
on the time the cells take to complete a cell cycle in the
proliferative zone, and the size of this zone. Generally, the
greater the number of chondrocytes and the higher the plate,
the faster the growth rate of the bone (Fig. 1-21). In addition, total longitudinal growth for the life span of the
growth plate depends on the total number of progenitor
cell divisions and the number of divisions of each daughter
cell. The number of cell divisions is genetically determined,
but the rate is influenced by hormonal and metabolic factors.
The function of the growth plate is related to its structure
as an organ, which depends on the integrated function of
three disrinct components. The first component is the physeal cartilage, which is divided into three histologically recognizable zones: resting, proliferative, and hypertrophic.
The second component is the metaphysis, which is the region in which calcified cartilage is replaced by bone. The
third component is the circumferential structures known as
the perichondrial ring of LaCroix and the groove of Ranvier.
Each of these components has its unique cellular architecture and extraceJlular matrix biochemistry; their integrated
functioning results in longitudinal and latitudinal bone
growth. Interestingly, although cartilage lacks blood vessels,
to a large extent the metabolic activity of each zone depends
on the blood supply system around the physis.

Physeal Cartilage

Resting Zone. The resting zone, located just below the secondaty center of ossification, contains chondrocytes that are
widely dispersed in an abundant matrix. The cells contain
abundant endoplasmic reticulum characteristic of protein
synthesis, but low intracellular and ionized calcium contene.
The function of these cells is not well understood, but data
indicate that the resting zone is relatively inactive in cell
or matrix turnover, although it may be a source for the
continuous supply of chondrocytes to the proliferative zone.
Proliferative Zone. The proliferative zone is characterized
histologically by longitudinal columns of flattened cells parallel to the long axis of the bone. The cells contain glycogen
stores and significant amounts of endoplasmic reticulum.
The total calcium is similar to the resting zone, but the
ionized calcium is significantly greater. The oxygen tension
is high in rhis zone (57 mm Hg), and, together with the
presence of glycogen, suggests an aerobic metabolism. Of
the three zones, it has the highest rate of extracellular matrix
synthesis and turnover.

Hypertrophic Zone. The hypertrophic zone is characterized by enlargement of the cells to five to seven times their
original size in the proliferative zone. Electron microscopy
studies suggest that these cells maintain cellular morphology
compatible with acrive metabolic activity. Biochemical
studies have demonstrated that mitochondria of the hypertrophic chondrocyte are used primarily to accumulate and
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release calcium, rather than for ATP production. In addition, the cells have the highest concentration of glycolytic
enzymes and synthesize alkaline phosphatase, neutral proteases, and eype X collagen, thereby parricipating in mineralization. Because the growth plate is radially constrained by
the ring of LaCroix, its volume changes are expressed primarily in the longitudinal direction. In the last parr of this
zone there is a provisional calcification of the cartilage.

FIGURE 1-21. Variations on growth plate morphology.
A: Limited column formation in a slow-growing physis.
B: Elongated cell columns in a fast-growing physis (distal femur). C: Some physis form c1usterlike groups divided by longitudinal cartilaginous columns. (From ref.
97, with permission.)

C

bringing with them osteoblasts that begin the synthesis of
bone. The osteoblasts progressively lay down bone on the
cartilage template. Subsequently, the initial woven bone and
cartilage of the primary trabeculae are resorbed by osteoblasts and replaced by lamellar bone to produce the secondary spongIOsa.

Perichondral Ring of Lacroix and Groove of
Ranvier
Metaphysis
The metaphysis functions in the removal of the mineralized
cartilage of the hyperrrophic zone, and in the formation
of the primary spongiosa. Bone formation begins with the
invasion of the hypertrophic lacunae by vascular loops,

Surrounding the periphery of the physis there is a wedgeshape structure, the groove of Ranvier, and a ring of fibrous
tissue, the ring of LaCroix. The groove of Ranvier has active
proliferative cells that contribute to the increase in diameter,
or latitudinal increase, of the growth plate. The ring of
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HEMISPHERIZATION
- - - Interstitial Cartilage Growth
Epiphyseal Endochondrial Growth

ELONGATION
Cell Proliferation

CYLINDERIZATION

FIGURE 1-23. Diagrammatic representation of the remodeling
process of bone during growth. Bone resorption and deposition
result in longitudinal growth and shape changes of the epiphysis,
metaphysis, and diaphysis. (From ref. 98, with permission.)

FIGURE 1-22. Photomicrograph of the zone of Ranvier, demonstrating the demarcation between the cells of the growth plate
and the mesenchymal cells of the zone of Ranvier. (From ref. 97,
with permission.)

LaCroix contains a thin extension of the metaphyseal cortex
and fibrous portion of the groove of Ranvier, and periosteum that provides it with a peripheral supporting girdle
around the growth plate (Fig. 1-22).

the diaphysis. The epiphysis also grows in circumference by
a process called hemispheration, which is a process similar
to that occurring in the growth plate. Thus, the bone acquires its final shape by a combination of intramembranous
ossification, at the diaphyseal level, and endochondral ossification, at the epiphysis and growth plate, with process of
elongation, funnelization, hemispherization, and cylinderization (Fig. 1-23).

Glossary
Vascular Anatomy of the Growth Plate
There are three major vascular systems that supply the
growth plate. The epiphyseal arteries enter the secondary
ossification center, and the terminal branches pass through
the resting zone and terminate at the uppermost cell of
the proliferative cells. The nutrient artery of the diaphysis
supplies the extensive capillary loop network at the junction
of the metaphysis and growth plate. Finally, the perichondral arteries supply the ring of LaCroix and the groove of
Ranvier. Capillaries from this system communicate with
the epiphyseal and metaphyseal systems, in addition to the
vessels of the joint capsule.
Bone grows in thickness in addition to length. Because
the metaphysis is larger than the diaphysis, some of it must
be trimmed during the process of remodeling. This process
is called funnelization. In the area termed the cur-back zone,
osteoclasts resorb the peripheral bone of the metaphysis. In
this way, the metaphysis gradually narrows to the width of

Allele A particular form of a gene. One allele is inherited
from each parent in diploid organisms (thus, two alleles
of each gene are present), which mayor may not be the
same.
Apical ectodermal ridge A ridgelike thickening of the
ectoderm at the tip of the developing limb bud in chicks
and mammals. This structure interacts with the underlying mesoderm of the progress zone in the development
of the limb bud.
Apoptosis Programmed cell death. This type of cell death
is unlike necrotic cell death in that no damage to surrounding tissue occurs. It is characterized by fragmentation of the DNA and shrinkage of the cell, and occurs
widely during development.

Blastocyst Stage of mammalian development that corresponds to the blastula stage of other animal embryos. It
is the stage at which the embryo implants in the uterine
wall.
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Blastula Hollow ball of cells, composed of an epithelial
layer of small cells enclosing a fluid-filled cavity-the
blastocoel.
Body plan Describes the overall organization of an organism, and, in most animals, is organized around two main
axes, the anteroposterior axis and the dorsoventral axis,
with a plane of bilateral symmetry, where it exists.
Cell differentiation Process by which cells become strLlCturally and functionally different from one another and
become distinct cell types, e.g., muscle, bone, cartilage
cells.
Cell motility The ability of cells to change shape and
move.
Chimera An organism made up of cells from two or more
different species.
Cleavage Stage in development that occurs after fertilization, and consists of a series of rapid cell divisions without
growth, which divides the embryo into a ball of much
smaller cells called a blastula. This stage is the beginning
of a multicellular organism.
Compaction Process in which the blastomeres undergo
a change in behavior and maximize their contact to form
a compact ball of cells. Perhaps the most crucial difference between mammalian cleavage and all other types of
animal cleavage.
Dermatome The region of the somite that gives rise to
the dermis.
Dermomyotome The region of the somite that gives rise
to both muscle and dermis.
Determination A stable change in the internal state of a
cell, such that its eventual cell type (or group of cell
types) is fixed. A determined cell will not alter its eventual
cell type, even when grafted into other regions of the
embryo.
Embryonic stem cells (ES cells) Cells derived from the
inner cell mass of a mammalian embryo that can be indefinitely maintained in culture.
Epiblast Group of cells within the blastocyst (mouse) or
blastoderm (chicken), which gives rise to the embryo
proper. In the mouse, it develops from cells of the inner
cell mass.
Gastrulation Process in which the blastula turns itself
into a multilayered structure and rearranges to form the
three embryonic germ layers. In addition, during gastrulation, the body plan of the organism is also established.
Gene knock-out The inactivation of a specific gene in a
transgenic organism.
Genotype The exact genetic make-up of a cell or organism in terms of the alleles it possesses for any given
gene(s).

Germ layers Regions of the early animal embryo that will
give rise to distinct types of tissue. Most animals have
three germ layers-ectoderm, mesoderm, and endoderm.
Haploid Cells containing only one set of chromosomes
(half the diploid number of chromosomes), and thus
containing only one copy of each gene. In most animals,
the only haploid cells are the gametes-the sperm or
egg.
Hensen node Condensation of cells at the anterior end
of the primitive streak that will give rise to the notochord.
It corresponds to the Spemann organizer in amphibians.
Homeobox A region of DNA in a homeoric gene, encoding a DNA-binding domain called the homeodomain.
The homeodomain is present in a large number of tran~
scription factors that are important in development, and
are conserved-present with relatively minor variations-in a large number of species of animals from fruit
flies to mice to humans.
Homeotic gene A type of gene that was originally identified in Drosophila (fruit fly), which is important in specifying body-segment identity during development, for example, specifying thorax vs. abdomen.
Homologous genes Genes in different animals that share
a significant similarity in their nucleotide sequence and
are derived from a common ancestral gene, often, but
not always, with similarity in function.
HOX genes A group or "family" of homeobox-containing genes that are present in all animals, and are involved
in patterning the anteroposterior axis.
Induction A process whereby one group of cells signals
(or induces) another group of cells to develop in a particular way.
Inner cell mass Group of cells in the early mammalian
embryo, derived from the inner cells of the morula,
which form a discrete mass of cells in rhe blastocyst.
Some of the cells of the inner cell mass give rise to the
embryo proper.
Invagination Local inward movement of a sheet of embryonic epithelial cells to form a bulgelike structure, as
in early gastrulation.
Lateral plate mesoderm In vertebrate development, a
group of cells that lies lateral and ventral to the somites,
and gives rise to the tissues of the he,m, kidney, gonads,
and blood.
Mesenchyme Term describing loose connective tissue,
usually of mesodermal origin, whose cells are capable of
migration. Some epithelia of ectodermal origin, such as
the neural crest, undergo an epithelial to mesenchymal
transition.
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Mesoderm Germ layer that gives rise ro the skeletomuscular system, connective tissues, the blood, and internal
organs, such as the kidney and heart.
Morphogen A substance that effects pattern formation
based on its local concentration-often a gradient or
threshold effect.
Morula Solid ball of cells in the very early stage in mammalian development, resulting from the process of
cleavage.
Myotome The part of the somite that gives rise to muscle.
Neural crest cells Cells derived from the edge of the neural plate that migrate to different regions of the body and
give rise to the autonomic nervous system, the sensory
nervous system, melanocytes, and some cartilage of the
head.
Neurulation The process in which the neural plate develops folds and forms the neural tube, which becomes the
brain and spinal cord.
Notochord A rodlike structure of mesodermal origin that
runs from head to tail, and lies beneath the future central
nervous system.

Stem cell Cell type found in certain adult tissues that is
both self-renewing and also gives rise to differentiated
cell types.
Transcription factor A protein that initiates or otherwise
regulates transcription of a gene into RNA by binding
to specific regions of the DNA.
Transgenic An organism that has been genetically altered
by the artificial introduction or removal of a gene or
genes.
Zone of polarizing activity An area at the posterior margin of the limb bud that has been identified in mice and
chicks, and is critical in specifying the anteroposterior
axis in the developing limb.
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BASIC CONCEPTS

It is growth [hat distinguishes adult from pediatric orthopaedics. It is this ongoing 17-year adventure, punctuated
by upheavals and accidents along the way, and jolted by
seismic shocks, that gives this discipline its originality and

A. Dimeglio: Service d'Orthopedie Pediatrique, H6pital Lape)'ronie.
34295 Montpellier Cedex 5. France.

makes it so interesting. Growth analysis is the evaluation
of the effects of time in the growing child. Growth is a
complex and well-synchronized phenomenon with a hierarchical pattern that organizes the different types and rates of
growth in various tissues, in various organs, and in various
individuals through time (1).
Growth can be considered as "microgrowth," which is
mainly growth at the cellular level, e.g., in the growth plate.
Even though [he histological structure is the same, each
growth plate has irs own characteristics and dynamics (1).
The study of height, weight, and body proportions may
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be considered as the study of "macrogrowth." This is the
culmination of all of the effects of microgrowth on the individual: the meeting point of growth of the lower limbs,
growth of the rrunk, growth of the upper limbs, increase
in weight, etc. (2-5). It is this latter form of growth that
this chapter deals with.
The scope of this process called growth, and the changes
it brings, are made more palpable by some facts. From birth
onward, height will increase by 350% and weighr will increase 20-fold; the femur and tibia will triple in length and
the spine will double in length (2,G,7). This requires an
enormous amount of energy.
The energy requirements in the first 3 years of life are
much greater than those of the adult: calories, 110 versus
40 calories per kilogram per day; protein, 2 versus 1 grams
per kilogram per day; water, 150 versus 5 milliliters per
kilogram per day. Skeletal mineralization alone requires
storage of 1 kg of calcium between birth and adulthood (8).
In pediatric orthopaedics, the effects of various diseases,
disorders, and injuries are best analyzed on the basis of past
growth, whereas treatments often are planned mostly based
on assumptions about future or remaining growth of various
pans of the body. Growth is an essential element in the
natural history of any orthopaedic disorder in the growing
child (9). It would be a mistake to assume that only growth
in height is important. It is equally important to consider
the manner in which the skeletal system develops, i.e., the
timing of growth in various parts of the body and the changing proportions of various body segments (5,8,10). In addition, the orthopaedist must not lose sight of other aspects
of growth, such as growth of the nervous system.
The orthopaedist will need to know the normal values
for many parameters and how to measure them (11-15).
He or she will need to know the significance of these values,
e.g., the significance of bone age on the growth of the lower
limb in a girl with a bone age of 13 years, or the effect of
a ten-level spinal fusion in a boy with a bone age of 10 years.
Bone age, Tanner classification of the stages of puberty, and
measurement of the upper and lower portions of the body
are all parameters that may need to be considered in the
analysis of any particular case (2,1 G).
Knowledge of the synchronization of the various events
in growth will also allow the orthopaedist to anticipate certain events, e.g., the onset of the increase in growth velocity
in a girl with early breast development. However, these values vary with the individual, and average values may not
apply to a particular individual. What is most important is
the pattern and rate of growth for the particular individual.
It is the rate of growth that will influence orthopaedic decisions, more than the final height. Likewise, a change in
direction, of one of the parameters, which alters its synchronization with other parameters, may signal an abnormality,
a return to normal, or the onset of a normal phase of growth.
For this reason, a sequence of measurements of the important parameters is far superior to a single measurement.
The problem often raised about growth data is that such

data are ethnically specific, and that it is difficult to transfer
parameters from one population to another. For example,
bone age atlases are not transferable between populations,
nor are growth curves transferable from one country to another. Comparing data from children in England (13-15),
Switzerland (17), France (18), and the United States
(12,16,19) reveals no significant differences in final heights,
bone ages, or other parameters of growth. Looking beyond
racial diversity, there are growth constants, i.e., stages
through which every child must pass, regardless of age, that
are the same in all ethnic groups.
A few simple tools are tequired at the time of (he consultation: a height gauge, scales, a metric tape, and a bone age
atlas. With these tools, the specialist will be able to perfotm
rapid mental arithmetic and reach a reasonable decision.
A few simple questions will guide the orthopaedist to the
information that is required (2).
How tall is the child?
What is the child's sitting height?
How long is the subischial leg length?
What is the child's chronological age? What is the bone
age?
How much has the child grown in a single year?
How much growth does the child have left in the trunk
and in the lower limbs?
Exactly what point has the child reached on his or her
developmental path?
Where is the child in relation to puberty?
Are the child's proportions within normal limits?
How much does the child weigh?

BIOMETRIC MEASUREMENTS
There is not much useful data that can be obtained from
a single measurement. A single measurement can be an
error, two measurements constiture an indication, and three
measurements define a tendency.
In any child with a dismrbance of growth, whether generalized or localized to a particular part of the body, measurements of growth should be raken at regular intervals
(3.11-15,20,21). Examples would be children with skeletal
dysplasia (22), spinal deformity (23), limb-length discrepancy (24), or paralytic conditions (25-27). Birthdays are a
convenient reminder for annual evaluations such as measurements of growth. At every cJinic, the first response must
be to measure the different anthropometric parameters.
Checking the child every 6 months, preferably once around
his or her birthday, allows an easy assessment of the growth
velocity of the child and the different body segments (2).
These measurements provide a real-time image of growth,
and, carefully recorded in a continually updated "growth
notebook," they provide charts that mal<e decisions easier
(2,7). Growth velocity is an excellent example, because it
provides the best indicator of the beginning of puberty, on
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which so many decisions rest. The firsr sign of puberry is
rhe increase in growrh to more than 0.5 cm per month or
6 cm per year.
The orrhopaedic surgeon must be familiar with rhe measurement of rhese parameters. He or she should be able to
perform these measurements and teach the correct method
to others. It is often useful and possible to instrucr the family
or the primary physician how to obrain necessary data.

Standing Height
The height gauge is ro the orrhopaedic specialisr whar rhe
srerhoscope is to the cardiologist (2). In children younger
than 5 years of age, sranding height is measured wirh the
child lying down, because in this age group it is both easier
and more reliable (15).

Between birrh and maturity, the body will grow approximately 1.20, or even 1.30, meters. Growth is brisk before
rhe age of 5 years. Afrer rhat, it slows considerably until the
onset of puberty, which is around 11 years in girls and 13
years in boys. Ar 5 years of age, standing heighr is 60% of
the adult height; it reaches 80% of rhe final height by rhe
age of 9 years. At puberty, sranding height increases more
rapidly.
Standing height is a global marker, and it is composed of
twO more specific measurements known as subischial height
(the growth of the lower limbs) and sitting height (the
growth of rhe rrunk) (7,15). These two different regions
often grow at different rates at different rimes, which is
valuable information for decisions in orrhopaedics. Values
for rhe standing heights of girls and boys at various ages are
given in Tables 2-1 and 2-2. The percentages of standing

TABLE 2-1. STANDING HEIGHTS OF GIRLS AT VARIOUS AGES

Age (yr)

3rd

10th

25th

50th

75th

90th

97th

SD

50th Centile as
Percentage of
Adult Height

0.08
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0

49.2
54.9
61.1
65.5
69.1
72.2
74.9
77.2
79.4
78.4
82.2
85.7
89.2
92.3
95.4
98.2
101.0
103.8
106.4
109.1
111.7
114.2
116.7
119.3
121.9
124.5
127.1
129.5
132.0
135.0
139.0
142.6
145.4
147.6
149.4
150.3
150.6
150.9

50.4
56.2
62.5
67.0
70.8
739
76.7
79.1
81.3
80.3
84.3
88.1
91.6
94.9
98.1
101.1
104.0
106.8
1096
112.4
115.0
117.6
120.3
122.9
125.6
128.3
131.1
133.7
136.5
139.6
143.3
146.7
149.4
151.4
153.1
153.9
154.2
154.5

51.6
57.5
63.9
68.6
72.4
75.7
78.5
81.1
83.4
82.4
86.5
90.4
94.1
97.5
100.8
104.0
107.0
110.0
112.8
115.7
118.4
121.1
123.8
126.6
129.3
132.1
135.0
138.0
141.0
144.2
147.7
150.9
153.4
155.3
156.9
157.6
157.9
158.2

53.0
59.0
65.5
70.2
74.2
77.6
80.5
83.2
85.6
84.6
88.9
93.0
96.8
100.4
103.8
107.2
110.3
113.4
116.4
119.3
122.2
125.0
127.8
130.6
133.5
136.4
139.5
142.7
146.1
149.3
152.5
155.5
157.9
159.6
161.1
161.7
162.0
162.2

54.4
60.5
67.1
72.0
76.0
79.5
82.6
85.3
87.8
86.8
91.3
95.6
99.6
103.3
106.9
110.3
113.7
116.9
120.0
123.0
126.0
128.9
131.8
134.6
137.6
140.6
143.9
147.4
151.1
154.4
157.4
160.2
162.3
163.9
165.3
165.8
166.1
166.2

55.6
61.8
68.5
73.5
77.7
81.2
84.4
87.2
89.8
88.8
93.5
97.9
102.0
105.9
109.7
113.2
116.7
120.0
123.2
126.3
129.4
132.4
135.3
138.3
141.3
144.5
147.9
151.6
155.6
159.1
161.8
164.4
166.3
167.8
169.0
169.5
169.7
169.9

56.8
63.1
69.9
74.9
79.3
82.9
86.2
89.1
91.8
90.8
95.6
100.2
104.5
108.5
112.4
116.1
119.6
123.1
126.4
129.6
132.8
135.8
138.8
141.9
145.0
148.3
151.8
155.8
160.1
163.6
166.1
168.5
170.3
171.6
172.7
173.2
173.4
173.5

2.00
2.16
2.34
2.52
2.69
2.85
3.01
3.15
3.30
3.30
3.57
3.83
4.07
4.30
4.52
4.74
4.94
5.14
5.31
5.46
5.60
5.75
5.87
6.00
6.14
6.31
6.56
6.97
7.47
7.61
7.21
6.90
6.61
6.38
6.20
6.09
6.04
6.00

32.7
36.4
40.4
43.3
45.7
47.8
49.7
51.3
52.8
52.1
54.8
57.3
59.7
61.9
64.0
66.1
68.0
69.9
71.8
73.6
75.3
77.1
78.8
80.5
82.3
84.2
86.1
88.1
90.1
92.0
94.0
95.9
97.3
98.4
99.3
99.8
99.9
100.0

Height (em)

(From ref. 15, with permission.)
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TABLE 2-2. STANDING HEIGHTS OF BOYS AT VARIOUS AGES

Age (yr)

3rd

10th

25th

50th

75th

90th

97th

SD

50th Centile as
Percentage of
Adult Height

0.08
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.0
2.5
3.0
35
4.0
4.5
5.0
5.5
6.0
65
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0

50.2
56.6
63.8
67.9
71.2
74.0
76.5
78.7
80.7
79.7
83.5
87.0
90.4
93.5
96.5
99.4
102.2
104.9
107.6
110.3
112.9
115.4
117.9
120.4
122.8
125.1
127.2
129.4
131.7
133.7
136.3
138.7
141.5
145.0
148.4
152.3
155.9
158.9
160.7
161.7
162.0
162.2

51.4
57.9
65.2
69.4
72.8
75.7
78.3
80.6
82.7
81.7
85.6
89.3
92.8
96.1
99.2
102.2
105.2
108.0
110.8
113.5
116.2
118.8
121.4
124.0
126.5
128.8
131.0
133.3
135.8
138.0
140.7
143.4
146.4
150.0
153.4
157.1
160.4
163.1
164.8
165.7
166.0
166.2

52.7
59.2
666
71.0
74.5
77.4
80.1
82.5
84.7
83.7
87.8
91.6
95.3
98.7
102.0
105.1
108.2
111.1
114.0
116.8
119.6
122.3
125.0
127.6
130.2
132.6
135.0
137.4
140.0
142.4
145.3
148.2
151.3
155.0
158.4
161.9
165.0
167.4
168.9
169.8
170.0
170.2

54.0
60.7
68.2
72.7
76.3
79.4
82.1
84.6
86.9
85.9
90.2
94.2
98.0
101.6
105.0
108.3
111.5
114.6
117.6
120.5
123.4
126.2
128.9
131.6
134.3
136.8
139.3
141.9
144.7
147.3
150.3
153.4
156.8
160.7
164.0
167.3
170.1
172.2
173.5
174.3
174.5
174.7

55.4
62.1
69.7
74.4
78.1
81.3
84.2
86.7
89.1
88.1
92.6
96.8
100.8
104.5
108.1
111.5
114.8
118.1
121.2
124.2
127.2
130.0
132.9
135.7
138.4
141.0
143.6
146.4
149.4
152.2
155.4
158.7
162.3
1663
169.6
172.7
175.2
177.0
178.0
178.8
179.0
179.2

56.6
63.4
71.2
75.9
79.7
83.0
86.0
88.7
91.1
90.1
94.8
99.1
103.2
107.1
110.8
114.4
117.8
121.2
124.4
127.5
130.6
133.5
136.4
139.3
142.1
144.8
147.6
150.4
153.6
156.6
159.9
163.5
167.2
171.3
174.6
177.6
179.8
181.3
182.1
182.8
183.0
183.2

57.8
64.7
72.6
77.4
81.4
84.7
87.8
90.5
93.1
92.1
96.9
101.4
105.7
109.7
113.5
117.2
120.8
124.3
127.6
130.8
133.9
137.0
139.9
142.9
145.8
148.5
151.4
154.4
157.8
160.9
164.4
168.2
172.0
176.2
179.6
182.4
184.3
185.5
186.2
186.8
187.0
187.2

2.00
216
2.34
2.52
2.69
2.85
3.01
3.15
3.30
3.30
3.57
3.83
4.07
4.30
4.52
4.74
4.94
5.14
5.31
5.46
5.60
5.73
5.85
5.98
6.10
6.24
6.44
6.67
6.95
7.24
7.48
7.82
8.11
8.31
8.30
8.00
7.55
7.08
6.77
6.67
6.66
6.65

30.9
34.7
39.0
41.6
43.7
45.4
47.0
48.4
49.8
49.2
51.6
53.9
56.1
58.2
60.1
62.0
63.8
65.6
67.3
69.0
70.6
72.2
73.8
75.4
76.9
78.3
79.8
81.3
82.7
84.1
85.5
87.1
89.1
92.0
94.6
96.6
97.9
98.8
99.4
99.8
99.9
100.0

Height (cm)

(From ref. 15, with permission.)

and sitting heights attained for various ages are given in
Table 2-3. Values for sitting heights and subischial lengths
for girls and boys are given in Figures 2-1 and 2-2.

Sitting Height
In children younger than 2 years of age, sitting height is
measured with the child lying down, for the same reasons
that standing height is measured supine in this age group
(7,15) (Fig. 2-3). After age 2 years, the child should be
placed on a stool or table at a convenient height. The most

important consideration of all is that the child should always
be measured under the same conditions using the same measuring instruments. The sitting height averages 34 em at
birth and averages 88 em for girls and 92 em for boys at
the end of growth.
In patiems with scoliosis, it can be instructive to follow
the sitting height rather than the standing height (7,28). If
one is treating a girl at age 6 years with juvenile scoliosis,
her sitting height will be approximately 64 em, and will
grow to about 88 em. Thus, one will have to control the
curve while her trunk grows 24 em. The measurement of
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Biometric Measurements
TABLE 2-3. PERCENT OF STANDING AND SITTING HEIGHT ATTAINED EACH YEAR

Age (yr)

Girls' Standing
Height (%)

Girls' Sitting
Height (%)

Girls'
Subischial
Leg Length
(%)

31
46
52
57
62
66
70
73

37
53
58
63
67
70
73
76
78
81
84
87
90
95
98
99
100
100
100

25
37
44
50
56
61
66
70
75
79
83
89
94
98
100
100
100
100
100

0
1
2
3
4
5
6
7
8
9
10
11
12

77
80
84
88
92
96
98
100
100
100
100

13
14
15
16
17
18

Boys' Standing
Height (%)

Boys' Sitting
Height (%)

29
43
50
54
58
64
65
69

35
50
55
59
63
66
69
67
74
76
78
81
83
86
90
95
98
99
100

72
75
78
81
84
87
92
96
98
99
100

Boys'
Subischial
Leg Length
(%)
23
35
41
47
52
57
61
65
69

73
77
81
84
89
93
98
100
100
100

(From ref. 15, with permission.)
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FIGURE 2-1. Normal values for sitting height and subischial leg
length (stature minus sitting height) in girls. (Adapted from ref.
15, with permission.)

FIGURE 2-2. Normal values for sitting height and subischial leg
length (stature minus sitting height) in boys. (Adapted from ref.
15, with permission.)
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Arm Span

A

B
FIGURE 2-3. A: Measurement of sitting height. B: Once the child
is able to sit reliably, measurement with a sitting height gauge
can be accurately accomplished by sitting the patient on a firm
table or stool at a convenient height.

The arm span provides an indirect way to control the standing height. Combining these two measurementS avoids virtuallyall errors. To measure the arm span, the patient simply
raises the arms to a horizontal position, and the distance
betvveen the tips of the middle fingers is measured with a
tape measure (30,31). There is an excellent correlation between the arm span and the standing height. The standing
height is about 97% of the arm span (30). In 77% of normal
children, the arm span will be 0 to 5 em greater than the
standing height; in 22%, it will be 5 to 10 em greater; and
in 1%, it will be 10 em or more greater. This relationship
remains throughom puberty, wirh the arm span tending to
be slightly greater in proportion to standing height in boys
than in girls. If the trunk is normal, i.e., without deformity,
its length will equal about 52% of the arm span, and the
lower limbs will be equal to about 48%, or the same as
their proportions in the standing height (2).
The relationship of arm span to standing height is useful
in determining what would be the normal height of a child
who is in a wheelchair; this allows calculation of the normal
height and weight (25-27,30). It is routinely used for any
child who has a spine deformity, e.g., scoliosis, to calculate
the normal values for pulmonary function. This relationship
also is useful in diagnosing certain disorders characterized
by a disproportion between the limbs and the trunk, e.g.,
Marfan syndrome, in which the arm span is usually 5 em
greater than the standing height. In children with spinal
deformity, the arm span is a good estimate of what the
standing height would be if there were no scoliosis.

Weight

sitting height can also be useful in anticipating the onset of
puberty (7). In an average population, puberty starts at
about 75 em sitting height in girls and 78 em in boys. At
84 em sitting height, 80% of girls have menarche (2,7,29).

Subischial Limb Length
The segment of the body made up of the legs is measured
to determine the subischial leg length. As implied by the
name, it is measured by subtracting the sitting height from
the standing height (15).
At birth, the subischialleg length averages 18 em. At the
completion of growth, it will average 81 em in boys and
74.5 em in girls. This 63 em of growth in boys and 56.5
em of growth in girls contributes a far greater percentage
of growth in height than does the trunk (15). This accounts
for the changing proportions of the body during growth
(Fig. 2-4).

Weight must always be brought into the equation when
making a surgical decision, whether one is dealing with a
case of idiopathic scoliosis, paralytic scoliosis, or lower limb
osteotomy. Children should always be weighed at consultations (2,12,13). There may be striking morphological
changes from one year to the next. If weight evaluation
becomes an integral part of each consultation, changes will
become obvious, and can be incorporated into the orthopaedic specialist's deliberations. A simple rule for a boy's weight
is: 18 to 20 kg at age 5 years; 30 kg at age 10 years; and
60 kg at age 17 years (2). Note that weight doubles between
10 and 17 years of age. At age 5 years, the weight has reached
32% of the final normal weight (2,15).
Weight that is greater than 10% of normal for the patient
may be part of the reason that a scoliosis brace is no longer
correcting the curve as it did before or may account for the
fact that a hip deformed by Perthes disease is now symptomatic, or that the child cannot walk or run as far. Weight
can explain delayed menarche, because girls generally need
to reach 40 kg for menarche to occur. If the patient's weight
(obesity) becomes a problem that aggravates the orthopaedic
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Fetus

Fetus

Newborn

2 years

6 years

12 years

39

25 years

FIGURE 2-4. The proportions of the body as they change during growth. The head and trunk
together constitute the sitting height. The segment below is the subischial leg length. (Adapted
from ref. 8, with permission.)

condition, it is useful to have objective measurements to
document the problem for the patient and his or her parents. A generally accepted estimate of body fat is expressed
in Quetelet's body mass index: weight (kg)/height (m 2 )
(31). In this index, 20 to 25 kg/m 2 is normal; 25 to 30 kg/
m 2 is moderate obesity; 30 to 40 kg/m 2 is major obesity;
and more than 40 kg/m 2 is morbid obesity.

CHRONOLOGY

Intrauterine Development
Growth does not start at birth. During the first trimester
of gestation, the systems are busy organizing themselves,
and are developing at a brisk pace (32-35). During rhis
period, the fetus makes daily progress, reaching a weight six
million times greater than that of the egg by the time the
infant is born. By the second month of life, sitting height
is increasing at a rate of 1 mm daily, which subsequently
increases to 1.5 mm per day. Were this rate of growth to
continue until the age of 10 years, the child would stand
6 m tall (2).
From the third month onward, the embtyo becomes a
fetus, and turns into a miniature adult. At the end of the
second trimester of gestation, the fetus has reached 70% of
its size, measuring 30 em, but has achieved no more than
20% of birth weight (approximately 800 g). It is during the
third trimester that the fetus gains weight at the highest rate
(700 g per month). This means that various stages of growth
do not occur simultaneously during intrauterine life. Length
increases steadily and tapidly during the first 6 months in
utero, whereas weight gain is most rapid during the final 3
months of gestation.
Today, with high-resolution ultrasonography, it is possible to follow the growth of the fetus and to detect the slight-

est abnormality. Several good references are available regarding these measurements (36,37). It can be anticipated that
many orthopaedic conditions characterized by disproportionate or abnormal growth will be diagnosed prenatally.
After birth, not only does the overall rate of growth vary
at different ages, but the rates at which various segments of
the body grow differ, as well. For example, during the first
5 years of life, sitting height and subischial leg length increase at about the same rate; from age 5 years to puberty,
the sitting height accounts for one-third of the gain and the
subischial leg length accounts for two-thirds; from puberty
to maturity, the ratio is reversed, with the sitting height
accounting for two-thirds of the gain in height and the
subischialleg length accounting for one-third (2; Fig. 2-4).
The amounts of increase in sitting height and subischialleg
length for various ages are shown for girls and boys in Figures 2-5 and 2-6.

From Birth to 5 Years
Birth marks a very obvious transition in the growth of the
child. At birth, standing height for the neonate is 30% of
the final height (50 to 54 em). By the age of 5 years, the
standing height has increased to 108 em, which is double
the birth height and 62% of the final height. The first year of
life sees particularly vigorous growth rates, with the infant's
height increasing by 25 em (2). This means that the height
gain during a single year is as great as it is during the entire
surge of puberty. At the age of 1 year, the growth rate starts
to slow down, but remains strong, with the infant growing
another 10 em between 1 and 2 years of age and 7 em
bet\veen 3 and 4 years of age (2).
At birth, the sitting height of the neonate is approximately 34 em, which is roughly two-thirds of the standing
height and 37% of the final sitting height. By the age of
5 years, the sitting height will have increased to 62 em,
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FIGURE 2-5. The growth in sitting height (top bars) and subischial leg length (bottom bars) at various ages in girls. These data
are from our studies, and are in agreement with the figures of
Tanner (15).

approximately 66% of the final sitting neight, with only
about 30 additional centimeters to grow (7,38). This information is useful in anticipating the effects of the deformity
and rhe consequences of arthrodesis in spinal deformity in
young patients.
Increase in rhe subischial leg length follows a pattern
almost identical to that for sitting height. At birth, the lower
limbs are relatively small, compared with the crunk (only
18 cm). By the age of 5 years, the subischiaJ leg length will
have increased by an average of 28 cm, to about 46 cm,
representing more than 50% of the final length. At age 5
years, the subischial leg length will increase by about another
35 cm in boys and 28.5 cm in girls, before growth ceases;
this is a considerable amount of growth, but less than occurred in the first 5 years (2).

t

28

em

~

28

'" . .f--_

Newborn

17 years

FIGURE 2-6. The growth in sitting height (top bars) and subischial leg length (bottom bars) at various ages in boys. These
data are from our studies, and are in agreement with the figures
of Tanner (15).

At birth, the weight is between 3,000 and 3,500 g, 5%
of the final figure. Ar 5 years, the weight averages 18 to. 20
kg, 32% of the final adult weight. In 5 years, the weigl1t
gain is 15 to 17 kg.
During the first 5 years of growth after birth, the proportions change. The cephalic end of the body becomes relatively smaller, whereas the subischial leg length increases
(Fig. 2-4). It is now readily appreciated why any congenital
limb deformity or chondrodystrophy has such a dramatic
onset during this period of rapid growth. Similarly, any
limb paralysis occurring during the first years of life will
usually result in severe shortening, not only because so much
growth remains, but also because its effects are felt when
growth is extremely tapid.
During this period, growth is not only a vertical, but
also a volumetric phenomenon. Birth weight triples in a
single year, and quadruples by the age of 3 years. The circumference of the chest is 32 cm at birth, but increases 25
cm, to reach 57 cm by rhe age of 5 years (2,7,38). Chest
morphology has undergone dtamatic changes. There has
been neurological growth: the head circumference is 35 cm
at birth and increases by 12 em in the first year, reflecting
the growth of the nervous system. Any neurological assault
on the infant during this period can have serious effects on
neurological development. By the time the child has reached
5 years of age, sitting height has approximately 26 to 30
cm of growth left (38). This figure demonstrates how difficult the decisions about the management of scoliosis can
be during childhood (7). The lower limbs have approximately 35 cm of growth left. This indicates a need for great
caution whenever predictions are being made concerning
inequality of length.

From 5 to 10 Years of Age
Between 5 and 10 years of age, there is a marked decelerarion in growth, with standing height increasing at approximately 5.5 cm per year. Two-thirds of this growth (3.5 cm)
occurs in the lower limb, and one-third (2 cm) occurs in
the sitting height (7). The trunk is now growing at a slower
rate, whereas the lower limbs are growing faster than the
trunk, thus changing rhe proportions of the body (Fig. 24). During this 5-year period, standing height will increase
by 26% (almost 28 em), sitting height by 13% (10 cm),
and subischial leg length by 20% (18 cm) (Figs. 2-5 and
2-6).
At the age of 10 years, approximately 38 cm of growth
remains in standing height for boys and 24 em for girls,
made up of 20 em in sitting heighr and 18 em in the lower
limb for boys and 16 cm in sitting height and 10 em in
the lower limb for girls. At the age of 10 years, the average
weighr is 30 kg, which represents an increase of 12 kg from
5 to 10 years of age, or approximarely 2.5 kg per year. The
weight at age 10 years represents only 48% of rhe final
average weighr at maturity. At this age, in conrrast, the
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standing height is 78% of the final standing height for boys
and 83% for girls. Thus, at age 10 years, the child has
attained more than 75% of his or her height, bLlt less than
50% of his or her weight (2,12-14).

Puberty
Although age is a poor indicator of puberty, we may start
anticipating puberty at age 10 years in girls and age 12 years
in boys. Ie is the acceleration in the velocity of growth that
best characterizes the beginning of puberty. From a clinical
viewpoint, puberty wilJ be recognized by a combination of
factors other than growth: sexual development, chronological age, and bone age. After the age of 10 years, the growth
of boys and girls proceeds differently. On average, girls will
experience the onset of puberty at 11 years, boys at 13 years.
Puberty and its accompanying rapid growth is a period of
great importance to the orthopaedic surgeon. Thus, it is
important to recognize the period just before puberty

(2,9,10,12-15,17,28,39-43) .
There are four main characteristics that dominate the
phase of growth called puberty:
• a dramatic increase in starure (2);
• changing of the proportions of the upper and lower body
segments (8,10,31);
• change in overall morphology: biachromial diameter, pelvic diameter, fat distribution, etc. (30); and
• development of sexual characteristics (15,39,40).
The picture during puberty (from 11 to 13 years in girls
and from 13 to 15 yeats in boys) is dominated by a return
to a dramatic increase in the growth rate. However, this
time the growth is far more noticeable in the trunk than
in the lower limbs. During puberty, annual growth rates
fOt the different pans of the body reverse: two-thirds for
sitting height, one-third for subischial leg length.
It is during this period that boys surpass girls in height.
On average, boys are 13 cm taller than girls. This is accounted for by two factors. First, boys have approximately
2 more years of growth than girls. Second, boys have a
slightly greater increase in the rate of growth during puberty
than girls, accounting for approximately 2 cm of additional
height.
During puberty, the standing height increases by approximately 1 cm per month. At the onset of puberty, boys have
14% (± 1%) of their remaining standing height to grow.
This is approximately 22.5 cm (± 1 cm), made up of 13
cm in sitting height and 9.5 cm in subischial leg length.
Girls have 12% (± 1%) of their Standing height to grow.
This is approximately 20.5 cm (± 1 cm), made up of 12
cm in sitting height and 8.5 cm in subischialleg length.
The peak in the growth rate during puberty occurs between 13 and 15 years of bone age in boys and between 11
and 13 years of bone age in girls (2,5,15,31,39,40,42). By
the time girls and boys have passed bone ages of 13 and 15

41

years, respectively, lower limb growth virtuaHy ceases, with
all remaining growth (4.5 em) taking place in sitting height.
This is an extremely important factor to consider in the
treatment of many disorders, especially scoliosis and Iimblength discrepancy.
These figures, ratios, and rates provide only a partial
reflection of the growth phenomenon. Precise evaluation of
the characteristics of puberty, using the Tanner classification, the onset of menstruation, and the Risser sign, is something that needs to be undertaken with a great deal of care.
One of the major problems with using only the onset of
menarche and the Risser sign is that they occur after the
growth of puberty has begun to slow.

Secondary Sexual Characteristics
Secondary sexual characteristics develop throughout the
course of puberty; the first appearance of pubic hair, the
budding of the nipples, and the swelling of the testes are
the first physical signs to signal the onset of puberty
(2,15,39,40). The first physical sign of puberty in boys,
testicular growth in 77% (31), occurs on average 1.7 years
before the peak height velocity and 3.5 years before attaining
adult height. The bone age will be approximately 13 years
at the onset of puberty; the Risser sign is 0, and the triradiate
cartilage is open. At this age, girls have well-developed secondary sexual characteristics, and their rate of growth is
decelerating.
In 93% of girls, the first physical sign of puberty is breast
budding, which occurs about 1 year before peak height velocity (31). This averages 11 years in bone age. The Risser
sign is still 0, and the triradiate cartilage is still open at the
onset of puberty. Menarche occurs about 2 years after breast
budding, and final height is usually achieved 2.5 to 3 years
after menarche. After menarche, girls will gain the final 5%
of their standing height, about 3 to 5 em (7,29,43). The
appearance of axillary hair, although variable, often signals
the peak of the pubertal growth curve.
The secondary sexual characteristics generally develop in
harmony with bone age, but there are discrepancies in 10%
of cases (2,5,7,15,31). In these circumstances, it is best to
believe the bone age. Puberty may be accelerated and growth
can end more quickly than usual, catching the unaware
physician off guard. In fact, it has been demonstrated that
it is not uncommon to see an acceleration of the bone age
during puberty (31).

Pubertal Diagram
Using all of these landmarks, it is possible to draw a diagram
relating the events occurring during puberty (Figs. 2-7 and
2-8). Even if one indicawr is missing or does not match
the other, it is still possible to have a good idea of where
the child is on his or her own way through puberty (2,7).
By plotting the gains in standing height and sitting height
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apophysis, on the descending limb of the growth curve,
when the rate of growth is slowing. This is usually becween
bone ages of 13 and 13.5 years, and corresponds to Risser
I on the iliac apophysis (28,29,44-46). At this stage, the
average girl will gain an additional 4 cm of sitting height
and 0.6 em of subischialleg length. The menarche is noc
as precise as many other indicators during puberty. Fortycwo percent of girls experience menarche before Risser 1,
31 % at Risser I, 13% at Risser II, 8% ac Risser III, and 5%
at Risser IV (7).
The first phase of the pubertal growth spurt is the ascending phase, which corresponds to the acceleration in the velocity of growth. This phase lases 2 years, from approximacely 11 to 13 years of bone age in girls and from 13 to
15 years of bone age in boys. The gain in standing height
for girls during chis phase is about 14.5 cm, made up of
7.5 cm in sitting height and 7 cm in subischialleg length.
The gain in standing height for boys during this phase is
about 16.5 em, made up of 8.5 em in sitting height and 8
em in subischial leg length. During this first phase of the
pubertal growth spurt, the sitting height contributes 53%
and the subischialleg length contributes 47%. Thus, more

5

FIGURE 2-7. Top: The pubertal growth curve in girls, illustrating
the relationship between the various landmarks. Bottom: The corresponding clinical Tanner stages. (Adapted from ref. 7, with permission.)
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every 6 months, a picture of the period of puberty is developed. It is also easy to divide this into cwo parts. The first
phase, i.e., the ascending limb of the growth curve, is characterized by an increase in the velocity of growth, and is the
major ponion of the pubertal growth spurt. The second
phase, i.e., the descending limb of the growth curve, is characterized by a slowing of the rate of growth (2,7).
Although the peal< of this curve is fleeting, it can be
roughly identified by accurate assessmenc of certain skeletal
markers at 6-month intervals. Triradiate cartilage closure
occurs about halfway up the ascending limb of the pubertal
curve. This closure corresponds to an approximate bone age
of 12 years for girls and 14 years for boys. After closure of
the triradiate cartilage, there is still a significant amount of
growth remaining: greater than 12 cm of standing height
for girls and more than 14 cm for boys.
The closure of the olecranon apophysis in the elbow is a
very good skeletal marker for the peak of the growth spun
(7). The closing of the growth centers of rhe elbow (discussed
below) divides the ascending and descending phases of puberty, and, as such, is useful in assessing funher growth. It is
especially useful, because this is a period when there are few
changes occurring in the bones of the hand and wrist, as used
in the Greulich and Pyle arias (G&P) (16).
Menarche usually occurs after closure of the olecranon
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FIGURE 2-8. Top: The pubertal growth curve in boys, illustrating
the relationship between the various landmarks. Bottom: The corresponding clinical Tanner stages. (Adapted from ref. 7, with permission.)

Radiological Study

growth comes from the trunk than from the legs during
this phase of growth (7).
The second phase of the pubertal growth spurt is a period
of deceleration in the rate of growth. This phase lasts 2.5
years, from 13 to 15.5 years of bone age in girls and from
15 to 17.5 years of bone age in boys. During this phase,
boys and girls will gain about 6 em in standing height, with
4.5 em coming from an increase in sitting height and 1.5
em coming from an increase in subischialleg length. During
this phase, the increase in sitting height contributes 80%
of the gain in the standing height (7).
At skeletal maturity, the average weight for boys is 63
kg, with a standing height of 174 cm (± 1 cm), and the
average weight for girls is 56 kg, with a standing height of
166 cm (± 1 cm). From 10 to 20 years of age, the gain in
weight averages 33 kg in boys and 26 kg in girls. During
the growth spurt of puberty, the average gain in weight each
year is 5 kg (2).

RADIOLOGICAL STUDY
In pediatric orthopaedics, chronological age is of no significance. Everything turns on bone age. Personal data indicate
that about 50% of children have a bone age that is significantly different from their chronological age. In some disorders, this is characteristic: delayed bone age in Perthes disease (47,48), slipped capital femoral epiphysis (49-51),
severe cerebral palsy, and rickets with nephropathy.
Whether it is a case of Legg-Calve-Perthes disease, limblength discrepancy, or chondrodystrophy, all reasoning,
analysis, forecasting, and decision-making must be based
on bone age.
Accurate assessment of bone age is not easy (7,52-56).
The younger the child, especially before puberty, the more
difficult it is to determine future growth, making errors
more likely. In addition, children are often bone age mosaics. Bone age determinations for the hands, elbows, pelvis,
and knees will not always agree with one another (2,7).
Often, the bone age determination is made too quickly
and with too little information. The standard deviations for
determining bone age must be understood, as well as the
nuances of what to look for in the interpretation of the
radiograph. When using a particular method, e.g., the Greulich and Pyle atlas (16), it is important to read the entire
book to understand what to look for and to know the standard error, and not simply to compare radiographs. If there
is a major decision to be made, it is better to have two
interpretations of the child's bone age, and to enlist the
support of pediatric radiologists with experience in bone
age determination (55,56).
Cundy and colleagues (56) demonstrated that four radiologists' interpretations of skeletal age differed by more
than 2 years in 10% of patients. Carpenter and Lester (54)
evaluated bone age in children younger than 10 years of
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age. It was shown that separate readings of the distal radius
and ulna, the carpal bones, the metacarpals, and the phalanxes could magnify these errors, and that the age of the
carpal bones and the distal radius and ulna often lagged
behind the age of the metacarpals and phalanxes. In LeggCalve-Perthes disease, discrepancy in maturation between
carpal bone and metacarpal bone is frequent (48). This
means that excessive haste in reading the bone age can result
in fatal strategic errors.
There are several different methods to evaluate bone age.
Knowledge of these methods and their limitations is important to the orthopaedist, especially in difficult cases
(16,57-59). Like the goniometer, the Greulich and Pyle
atlas (16) forms an essential part of the tool kit for the
orthopaedic specialist. Our use of this atlas enabled us to
compare it with its French counterpart, the Serope and
Pavia atlas (18). We learned that there is no major significant difference between these two atlases. The Tanner and
Whitehouse method, although accurate, is very time-consuming and difficult, making it impractical for daily use
(58). Therefore, the Greulich and Pyle atlas is sufficient for
clinical decision-making in orthopaedic practice, when used
by physicians knowledgeable in the method.
One of the weaknesses of the Greulich and Pyle atlas is
that there are few changes in the hand during the critical
time of puberty. For this reason, the author has found the
Sauvegrain method (59) to be of enormous value during
puberty (Fig. 2-9). This method evaluates the anteroposterior and lateral views of the elbow, assigning a value to the
epiphyses, which is then plotted on a chart to give the bone
age. It is reliable and based on the skeletal maturation of
the elbow, which occurs during a 2-year period corresponding with the ascending limb of the growth velocity curve.
Thus, it is extremely helpful in boys aged 13 to 15 years
and in girls aged 11 to 13 years, a period in which many
of the clinical decisions involving future growth are made.
In addition, it shows good correlation with the Greulich
and Pyle atlas but is much easier to use.
At the beginning of puberty, the growth centers of the
elbow are wide open, but 2 years later, when the peak velocity of the pubertal growth spurt is reached and growth begins to slow, they are all completely closed. This complete
closure occurs 6 months before Risser I. There is great value
in analysis of olecranon ossification (7). At the start of puberty, at bone age 11 years for girls and 13 years for boys,
two ossification centers appear (Fig. 2-10). Six months later
(bone age 11.5 years for girls and 13.5 years for boys), they
merge to form a half-moon shape. By bone age 12 years
for girls and 14 years for boys, the olecranon apophysis has
a rectangular appearance. Six months later (bone age 12.5
years for girls and 14.5 years for boys), the olecranon apophysis begins to fuse with the ulna, a process that takes another
6 months, being completed by the bone age of 13 years in
girls and 15 years in boys. The radiographic appearance of
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FIGURE 2-9. The Sauvegrain method of assessing skeletal age uses anteroposterior and lateral
radiographs of the elbow. It is useful only in boys at ages 11 to 15 years and in girls at ages 9 to
13 years. The condyle and epicondyle, the trochlea, the olecranon, and the head of the radius
are compared with the drawings, and each part is assigned the corresponding coefficient marked
on the drawing, which represents the radiograph. Next, the overall summed value is plotted on
the y axis ofthe chart. A horizontal line through this point intersects the line of the curve for either
boys or girls, thus giving the corresponding bone age. (Adapted from ref. 59, with permission.)
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FIGURE 2-10. A simplification of the Sauvegrain method using
only the stages of closure of the olecranon apophysis and its relationship to the pubertal growth curve and the Risser sign. I: 11
years in girls; 13 years in boys; double ossific nucleus. II: 11 years,
6 months in girls; 13 years, 6 months in boys; semi-moon shape.
III: 12 years in girls; 14 years in boys; quadrangular shape. IV: 12
years, 6 months in girls; 14 years, 6 months in boys; beginning of
fusion. V: 13 years in girls; 15 years in boys; complete fusion.

the hand and elbow at the peak of the pubertal growth curve
is shown in Figure 2-1l.
The Risser sign is one of the most commonly used markers of skeletal maturation, especially in the treatment of
scoliosis (7,28,60-62). It appears on the radiograph of the
pelvis, which is often seen in the assessment of this disorder,
thus obviating the need for an additional radiograph. The
duration of excursion of the Risser sign is also variable, and
may range from 1 to 3 years (44.45). However, the value
of this sign for accurate decision making has been questioned. Little and Sussman (63) concluded that, all things
considered, it is better to rely on chronological age. AJ-
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though this author does not agree with their conclusions,
when important decisions are made the Risser sign should
be augmented with the bone age, as determined by the
method of Greulich and Pyle (16). Figures 2-12 and 2-13
show theses correlations.
There are several useful relationships between the events
of puberry and the Risser sign. What is important to understand, first, is that the Risser sign is 0 for the first twothirds of the pubertal growth spurt. This period of Risser
o is important in the decision-making for many conditions;
thus, it is necessary to have more precise markers of the
stage of puberry (growth) during this period. Ideally, Risser
owould be a sign of the period corresponding to the ascending limb of the growth-acceleration curve, but rhe child is
Risser 0 for years before the onset of puberry. Therefore,
Risser 0 gives little information other than to indicate that
the peak of the growth velociry curve has not been reached.
The author has recommended dividing this period of the
ascending limb of the pubertal growth curve, characterized
by Risser 0, into three periods, based on the triradiate cartilage and the closure of the olecranon apophysis: triradiate
cartilage open, rriradiate cartilage closed but olecranon
open, and olecranon closed (7) (Fig. 2-12).
Risser I heralds the beginning of the descending slope
of the pubertal growth peak. It generally appears after the
olecranon apophysis is united to the ulna (Fig. 2-12), and
when the epiphyses of the distal phalanges (II, III, IV, V)
of the hand fuse (Fig. 2-13). The rate of growth in sitting
height and standing height decreases abruptly. Axillary hair
generally appears during this period (Figs. 2-7 and 2-8).
At Risser II, the greater trochanteric apophysis unites to
the femur. This corresponds to a bone age of 14 years in
girls and 16 years in boys (Fig. 2-12). There is approximately
3 em left to grow in sitting height. The proximal phalangeal
epiphyses fuse in the hand (Fig. 2-13). At Risser II, there
is still a 30% risk of progression (5 degrees or more) for a
30-degree curve and a 2% risk for a 20-degree curve (64).
At Risser III, there is 1 year of growth remaining. This
corresponds to bone ages of 14.5 years for girls and 16.5
years for boys. Sitting height will increase about 2 em. The
phalangeal epiphyses of Pl-2 fuse during this period (Figs.
2-12 and 2-13). At this point, there is a 12% risk of a curve
of 20 degrees or gteater progressing 5 degrees or more (7).
Risser IV corresponds to a bone age of 15 years for girls
and 17 years for boys. The distal epiphysis of the ulna is
united to the shaft. The trunk still has to grow 1 em, and
the risk of the progression of scoliosis is markedly decreased,
although, for boys, a slight risk remains (65).
Risser V is very much like Risser 0: it is a long period
that does not provide much information to the clinician.
The distal radial epiphysis generally unites around the time
of Risser V. The iliac apophysis may fuse at age 22 or 23
years, but in some cases it never fuses. Thus, it would be
futile, if not naive, to wait until the iliac crest is completely
ossified, before discontinuing the treatment ofscoliosis (53).
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FIGURE 2-11. Radiographs of the elbow and hand in children, around the time of puberty,
illustrate the appearance at various bone ages. These figures can be used to compare the method
of Sauvegrain (Fig. 2-9), the simpler method of Dimeglio, using only the olecranon apophysis (Fig.
2-10), and the Greulich and Pyle atlas (16). A-C: Girls 10 years, 9 months; boys 12 years, 9 months
(3 months before puberty). D-F: Girls 11 years; boys 13 years (beginning of puberty).
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H,I

K,L
FIGURE 2-11. (continued) G-I: Girls 11 years, 6 months; boys 13 years, 6 months. J-L: Girls 12
years; boys 14 years.
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FIGURE 2-11. (continued) M-O: Girls 12 years, 6 months; boys 14 years, 6 months. P-R: Girls 12
years, 9 months; boys 14 years, 9 months.
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T,U
FIGURE 2-11. (continued) $-U: Girls 13 years, 6 months; boys 15 years, 6 months (elbow closure
and fusion of the distal phalanx of the thumb).

Elbow closure
Fusion of distal phalanx thumb
fusion distal phalanges II, III, and IV
Risser II fusion proximal phalanges
fusion greater trochanter
Risser III fusion middle phalanges
Risser IV fusion ulna
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FIGURE 2-12. The relationship between the closure of the olecranon apophysis, the Risser sign,
and the bone age, from the Greulich and Pyle
atlas (16). The closure of the olecranon apophysis
occurs before Risser I at the peak of the pubertal
growth curve, and, at the same time, there is fusion of the distal phalanx of the thumb.
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FIGURE 2-13. The correlation between the closure of the physes
in the hand and the Risser sign that occurs in 80% of adolescents.
The thumb is a special zone. The distal phalanx of the thumb
fuses just as the olecranon apophysis closes, or at a Sauvegrain
score of 27. This is bone age 13 years in girls and 15 years in
boys. The Risser sign will still be O. The sesamoid ossifies at the
beginning of puberty.

dorsal region, which forms a hub from which it radiates to
the cranial and caudal patts of the spine. The process of
ossification is extremely slow, and does not finish umil the
25th year of life.
The lumbosacral vertebrae are relatively smaJler at birth
than the thoracic and cervical vertebrae. However, during
the first years of growth, they grow more rapidly. Between
3 and 15 years of age, the lumbar vertebrae and their disks
increase about 2 mm per year, whereas the thoracic vertebrae
and their disks increase 1 mm. The disks account for approximately 30% of the height of the spinal segmem at
birth. At maturity, this figure will decrease to 25%, with
the disks constituting 22% of the cervical spine, 18% of
the thoracic spine, and 35% of the lumbar spine (6,7).
The anterior and posterior portions of the vertebrae do
not grow at the same rate. In the thoracic region, the posterior components grow at a faster pace rhan their anterior
counterparts. The reverse occurs in the lumbar region.
Growth potential thus varies from one level to the next,
differing from anterior to posterior. Also, as the vertebrae
develop, there is a constant remodeling of the anatomic
organization of the spine, e.g., the articular apophyses
change in both morphology and direction (7,23,24).
The height of the spine will nearly triple from birth to
adulthood. The average adult spine is approximately 70 em
long in men, with the cervical spine measuring 12 em, the
thoracic spine 28 em, the lumbar spine 18 cm, and the
sacrum 12 cm. The average female spine is approximately
65 cm long at maturity. At birth, the verrebral column is
approximately 24 cm long. In the newborn, only 30% of
the spine is ossified, and, as mentioned above, there is little
significant difference in morphology from one vertebra to
another. The height of a thoracic vertebra is about 7.6 mm,
and a lumbar vertebra is about 8 mm in height (6,7).
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Cervical Spine
Growth un the Spinal Column
Measuremem of sitting height provides an indirect reflection of spinal growth. The spine mal<es up 60% of the
sitting height, whereas the head represems 20%, and the
pelvis represems 20% (6,7,66). If we accept the fact that
there are at least three growth zones per vertebra (sometimes
four), the resulting morphology of the spinal column is the
product of 100 growth plates. The pattern of growth in
the posterior arch, where closure is linked in particular to
the presence of the neural stem, differs from that seen in
the body of the vertebrae, which behaves like a long bone
(6,7,23).
If you held any of the vertebrae of a newborn in your
hand, you would find very litrle morphological variation
between them. The process by which cervical, thoracic, and
lumbar vertebrae acquire their individual identities is gradual. In the vertebral body, ossification first appears in the

At birth, the cervical spine measures 3.7 cm; it will grow
about 9 em, to reach the adult length of 12 to 13 em. The
length of the celvicaJ spine will nearly double by 6 years of
age, and will gain an additional 3.5 cm during the pubertal
growth Spurt. The cervical spine represents 22% of the C151 segment and 15 to 16% of the sitting height (6,7).
The diameter of the cervical spinal canal varies with location, typically decreasing in width from Cl ro C7 or From
Cl to C3, then widening slightly. These differences are
important in the clinical setting, because the room available
for the spinal cord can be very consequential. It should he
remembered that, regardless of the size of the child, e.g., in
dwarfing conditions, the spinal cord will attain the usual
adult diameter. The average width of the cervical cord is
13.2 mm, and the average anteroposterior depth is 7.7 mm
(6,7). Therefore, the transverse and sagittal diameters of the
cervical canal are important. In the adult, at C-3, the normal
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transverse diameter is 27 mm and the average sagitta! diameter is approximately 19 mm (6,7).

T1-S1 Segment
The Tl-Sl segment is very important, because the most
frequent disorders of the spine during growth will originate
in this segment. The Tl-S 1 segment measures about 19 em
at birth and 45 em at the end of growth in the average
man and 42 to 43 em in the average woman (6,7,66). This
segment makes up 49% of the sitting height at maturity.
Knowledge of the effects of arthrodesis on this segment of
the spine require precise knowledge of the growth remaining
at various ages (7) (Figs. 2-14 and 2-15).

FIGURE 2-14. Growth remaining in the spine
for both thoracic spine (top bars) and lumbar
spine (bottom bars) segments in girls at various ages. (Adapted from ref. 7, with permission.)

Thoracic Spine (T1-12)
The thoracic spine is about 11 em long at birth, and will
reach a length of about 28 em in boys and 26 em in girls
at the end of growth. Its length more than doubles from
birth to the end of the growth period. The growth of the
thoracic segment has a rapid phase from birth to 5 years of
age (7 em), a slower phase from 5 to 10 years of age (4
em), and rapid growth through puberty (7 em) (6,7).
The T 1-12 segment represents 30% of the sitting height,
so a single thoracic vertebra and its disc represents 2.5% of
the sitting height. By knowing the amount of growth that
each vertebra contributes to the final height, the effect of
a circumferential arthrodesis, which stopS all growth in the
vertebrae and discs, can be calculated (Figs. 2-14 to 2-17).
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FIGURE 2-15. Growth remaining in the
spine for both thoracic spine (top bars) and
lumbar spine (bottom bars) segments in boys
at various ages. (Adapted from ref. 7, with
permission.)
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If you perform a circumferentiaJ arthrodesis of six thoracic
vertebrae in a 10-year-old boy, you will lose about 3 em of
sitting height:

31 em

20 em

the remaining growth in sitting height is about 20 em
the remaining growth from T 1 to S 1 is about 10 em
the remaining growth of Tl-12 is 30% of the sitting
height: (20 em X 30)/100 = 6 em
for six thoracic vertebrae, 6 X 2.5% = 15%: (20 em
X 15)/100 = 3 cm
On the other hand, posterior arthrodesis results in only onethird of this deficit (2.5% of sitting height for each thoracic
vertebra), about 0.8% of final sitting height.
The thoracic spinal canal is narrower than either the
lumbar or the cervical canaL The fifth finger may be intro-

12 em
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17
years

FIGURE 2-17. From this table, the effect of a circumferential fusion of the spine in boys can be calculated. The numbers at the
top of the vertical lines represent the remaining sitting heights
at various ages. The numbers on the horizontal lines represent
the amount of growth remaining in each spinal segment during
various periods of growth. To determine the effect of circumferential arthrodesis on five thoracic vertebrae at age 7 years, divide
9.3 cm by 12 thoracic vertebrae, and multiply the answer by 5.
For a posterior arthrodesis, divide values by 3. (Adapted from ref.
7, with permission.)
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duced into this canal at age 5 years, when it has attained
its maximum volume. The average transverse and anteroposterior diameter at T7 is about 15 mm .
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FIGURE 2-16. From this table, the effect of a circumferential fu-

sion of the spine in girls can be calculated. The numbers at the
top of the vertical lines represent the remaining sitting heights
at various ages. The numbers on the horizontal lines represent
the amount of growth remaining in each spinal segment during
various periods of growth. To determine the effect of circumferential arthrodesis on five thoracic vertebrae at age 7 years, divide
7.8 cm by 12 thoracic vertebrae, and multiply the answer by 5.
For a posterior arthrodesis, divide values by 3. (Adapted from ref.
7, with permission.)

lumbar Spine (l1-S)
The U-5 lumbar spine is approximately 7 em in length at
birth, and ir grows to approximately 16 em in maJes and
15.5 em in females. As in the thoracic spine, growth is not
linear: there is rapid growth from 0 to 5 years of age (gain
of about 3 em); slow growth from 5 to 10 years of age (gain
of about 2 em); and rapid growth again from 10 to 18 years
of age (gain of about 3 em). The heighr of the lumbar spine
doubles from bil"th to maturiry (6,7).
The lumbar spine represents 18% of the sitting height,

Growth of Trunk and Thorax

and a single lumbar vertebra and its disc account for 3.5%
of the sitting height. Values for the remaining growth of
the lumbar segment at various ages are given in Figures 214 and 2-15. A circumferential arthrodesis, stopping all the
growth of one lumbar vertebra ar 10 years of age, results in
a 3.5% deficit in the final sirring height. On the other hand,
a posterior vertebral arthrodesis results in a deficit only onethird this grear, a bit more than 1% of the final sitting
height (6,7).
At the skeletal age of 10 years, the lumbar spine has
reached 90% of its final height, but only 60% of its final
volume. The medullar canal in the lumbar spine is wider
rhan that in the thoracic spine. The forefinger can be introduced. At birth, the spinal cord ends ar L3, and at maturity,
it ends between Ll and L2.

Thoracic Perimeter
The growth of rhe thorax represents the fourth dimension
of the spine (7). The thotacic circumference is a rough bur
valuable indicator of this fourth dimension ofspinal growth.
The thorax has a circumference of 32 cm ar birth, and it
will grow 56 cm in boys and 53 cm in girls, to almost
three times its size ar birth. The rhoracic circumference is
approximately 96% of the sitting height (7).
In boys, the thoracic circumference is 36% of its final
size at birth, 63% at age 5 years, 73% at 10 years, 91 % at
15 years, and 100% at 18 years. From birth to 5 years, the
thoracic circumference grows exponentially and increases
by 24 cm. From age 5 to 10 years, the increase is slower,
and the thoracic perimeter is 66 cm at 10 years, which
means that it grew only 10 cm in 5 years. It then is at 73%
of irs final value. Another accelerarion occurs from age 10
to 18 years, parricularly during puberty. The thoracic circumference rhen increases by 23 cm, i.e., as much as from
birth to 5 years.
The thoracic circumference equals 96% of sitting height.
These do not grow simultaneously, especially during puberty. At age 10 years, the rhoracic circumference is at 74%
of its final size, whereas sirting height is almost at 80% of
irs value at the end of growth. The transverse and anteroposterior diamerers, which can be measured with obstetrical
calipers, are two more parameters to assess the growth of
the thorax. At the end of growrh, the thorax has an anteroposterior diameter of abou t 21 cm and a transverse diamerer
of 28 cm in boys. In girls, the respective values are 17 cm
and 24 cm. Thus, rhe transverse diameter has increased by
14 cm and the anteroposterior diameter has increased by 9
cm since birth. The addition of the values for the transverse
and anteroposterior diameters of the thorax should equal
50% or more of the sitting heighr (7).
Ir is easy to note in all of these growrh dara the nonparallel but well-synchronized growth of the various parts of the
body.
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Scoliosis and Puberty
The sitting height plays an essential part in the treatment of
scoliosis (7); unfortunately, it is not recorded often enough.
Gain in sitting height always needs ro be compared with
angular development (7,9). This relationship is all that is
needed for the proper assessment of treatment efficacy. If
the increase in sitting height is accompanied by stable angulation, rhe treatment is definitely working well (7,9,67). If,
on rhe orher hand, it is accompanied by dereriorarion of
angularion, the treatment needs ro be reconsidered.
When we neat scoliosis, we must also think of growrh.
In congenital scoliosis, the intrauterine growth, and rhar
occurring in the first few years of life, can reveal a grear
deal about the future behavior of the curve. In idiopathic
infanrile and juvenile scoliosis, the growth during the first
10 years of life can be vety imporranr, and may give clues
to the behavior of the curve during the pubertal growth
spurt (7,67). However, in adolescent idiopathic scoliosis,
the most common form of scoliosis, there is no information
before the curve begins in puberty. The ultimate outcome
of rhe curve will be determined during rhe puberral growrh
spurt. Thus, monitoring rhe behavior of a curve during this
short and decisive period gives rhe only clues to the natural
history of the curve. To detect rhese clues, ir is necessary
to know the onset of puberry (7).
The natural history of the curve can be judged during
the first 7-cm increase of sitting height in girls and during
the first 8-cm increase in boys, JUSt after rhe start of the
increased velocity of growth that marks the onset of puberty.
Any curve increasing by 1 degree each month (12 degrees
per year) during the ascending phase of rhe pubertal peak
is likely ro be a progressive curve that will require treatment.
Any curve increasing by 0.5 degree each month during rhis
phase musr be monitored closely. Any curve gaining less
than 0.5 degree each month during this phase can be considered mild (7). This observation of rhe natural history of the
curve during the early part of puberty gives information
about the behavior of the curve during the last phase of
puberty, as growth is slowing, and thus can give guidance
regarding the frequency offollow-up visits and the duration
of bracing.
However imprecise and approximare rhe Risser sign may
be, it is widely used as a deciding factor in many reports of
brace rrearmenr or surgery, and can be very useful if its
limitations are understood. The data of Lonstein and Carlson (64), relaring Risser sign and curve magnirude, have
been discussed. As was pointed out above, because tworhirds of the pubertal growrh spurt occurs before the appearance of Risser L and because of its often ambiguous relationship to bone age, its value in borh clinical decision-making
and research should be questioned. Bone age, the growth
rare, and secondary sexual characteristics are the most reliable parameters. Risser stages musr not be regarded as a firstchoice indicator; they must always be compared with bone
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age, especially when making decisions that will have major
consequences, such as ordering or removing a brace or
scheduling vertebral fusion (7).
Evaluation of the vertebral ring apophyses has been recommended by Blount (68) and G. Duval-Beaupere (personal communication), as another way to judge the remaining growth of the spine and thus the risk of progression
of the curve. Although there may be some value in this
radiological sign, it is important to know that in some patients these apophyses may not close until after 20 years of
age (53).
A frequent question asked by parents, and considered by
physicians, is how much will a spinal fusion for scoliosis
decrease the final height of the child. To determine the
answer to this question, the surgeon needs to know the
remaining growth in sitting height and the contribution to
that height made by the vertebrae that will be fused (7,69).
After a bone age of 13 years in girls, when there is only 4
em of future growth in sitting height, and a bone age of
15 years in boys, when there is only 5 em of remaining
growth in sitting height, there is little need for concern
about final height. Figures 2-14 and 2-15 show the growth
remaining in the spine at various ages, and Figures 2-16
and 2-17 show the effects of arthrodesis at various ages.
However, arthrodesis for deformity is often required before these ages. Faced with deformity in a developing spine,
the specialist may be best advised to carry out a vertebral
arthrodesis to prevent progression of a severe deformity
(70). It may be better to have a short spine that is straight
than to have a longer but crooked spine with the same
sitting height (69). In addition, the vertebrae in many cases
of congenital scoliosis will not grow normally, and thus
arthrodesis of these vertebrae does not alter the height as
much as it would in a normal spine. Arthrodesis of five
vertebral bodies, at the age of 3 years, will result in an approximately 12-cm deficit in sitting height. Other examples
are discussed above.
The crankshaft effect on the spine, after arthrodesis for
scoliosis, was described by Dubousset and colleagues in
1989 (71). The crankshaft phenomenon occurs when there
is a solid posterior arthrodesis with sufficient anterior
growth remaining to produce a rotation of the spine and
trunk with progression of the curve. Thus, it is very important for the surgeon to consider the state of skeletal maturity
and the amount of growth remaining in the portion of the
spine that is to be fused (72,73).
Roberto et al. (74) reviewed 86 immature patients who
undelwent posterior arthrodesis at Risser 0 or 1. They found
that 72% of the patients progressed less than 10 degrees,
21 % progressed 11 to 15 degrees, and seven patients progressed more than 16 degrees. Patients in Tanner stage I,
with open triradiate cartilage, had the greatest increase in
the curve, and the crankshaft phenomenon decreased with
greater maturity. There was no correlation berween the
amount of curve progression and subjective patient satisfaction.

Sanders and colleagues (75) performed a retrospective
study of posterior spinal instrumentation with fusion in 43
patients with idiopathic scoliosis, who were at Risser 0 at
the time of surgery. The triradiate cartilage was open in 23
patients and closed in 20 patients. The crankshaft effect
was observed in 10 of the 23 patients with open triradiate
cartilage, and in 1 patient with a closed triradiate cartilage.
These studies emphasize the problem with using only
one factor in determining the remaining growth of the
spine, which is difficult at best. They also emphasize the
fact that, for much of the decision-maleing required in the
treatment of scoliosis, the Risser sign is not useful, because
so much of the spinal growth occurs before Risser 1. The
last spurt of puberty predominantly involves the growth of
the thorax, which may completely change the evolution of
idiopathic scoliosis (7,72). The growth of the thorax, a
largely ignored factor, can explain some surgical results. In
addition, the greater the residual curve, the greater the
chance of significant crankshaft development (7,72).
In paralytic scoliosis, in which the curve is severe or rapidly progressive, circumferential fusion with segmental instrumentation is the best strategy to avoid the crankshaft
phenomenon. The greater the magnitude of the curve, the
more complex and hazardous is the surgery, and the more
unlikely it is to correct the curve to 0 degrees. In such cases,
there is no reason to wait for the pubertal spurt (7). Puberty
can only worsen the situation. The deficit in sitting height
caused by such eady fusion is largely compensated by the
correction of the curve. A loss of sitting height by early
arthrodesis at 10 years of age is not significant for the patient
who will live, at least most of the time, in a wheelchair. At
age 5 years, the spinal canal has grown to 95% of its definitive size; therefore, circumferential arthrodesis will have no
influence on the size of the spinal canal (7).
In congenital scoliosis, the first 5 years of life are the
golden period to perform hemiepiphysiodesis (38,76,77).
A gain in angulation of 10 to 15 degrees for each vertebral
segment can be obtained.

LOWER LIMB GROWTH
The lower limb grows more than the trunk. The femur
and tibia combined grow about 55 em in girls and 63 em
in boys from birth to the end of growth. The cycle of
growth in the lower limb is very regular: a strong increase
in growth during the first 5 years of life, a steady and slower
growth from 5 years of age to the beginning of puberty, a
slight growth spurt during the accelerated velocity of growth
at the beginning of puberty, and early cessation after the
velocity peale (78-81). The femur grows more than the
tibia.
The relation berween the femur and the tibia is constant
throughout growth. The proportions are set as early as age
5 years. The difference in length berween the rwo bones is
2 em at birth and 10 em at the end of growth. The length
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proximal femoral growth plates grow roughly 1 cm and 0.7
cm, respectively, each year. At puberty, this rate of growth
increases to approximately 1.2 cm for the distal femur and
0.8 cm for the proximal femur.
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FIGURE 2-18. A diagrammatic illustration of the contributions
of the various growth plates to the length of the lower limb and
its individual bones as a percentage, and in centimeters, of
growth per year. The numbers in parentheses represent the increased growth seen during the first year of puberty in the
growth plates. All other numbers are averages for the remaining
period of growth.

of the tibia is 80% that of me femur. This is a useful ratio
to remember when balancing lower limb lengthening. The
relation between the tibia and the fibula is also constant.
The length of the fibula is 98% that of the tibia, i.e., there
is no significant difference. The contributions of the various
growth plates to the length of the lower limb and its individual bones are shown in Figure 2-18.

Femoral Growth
The femur is approximately 9 cm long at birth and will
undergo a fivefold increase in length, to 45 cm by the time
growth has finished. Growth is particularly vigorous during
the first 5 years of life, with the femur doubling in length
by 4 years of age, and reaching 60% of the final length by
5 years of age (79).
Between birth and 5 years of age, the femur grows 15
em (± 1 em). From 5 years of age until puberty, femoral
growth slows to a steady rate of less than 2 cm per year,
increasing to more than 2.5 cm during puberty. The proximal femoral physis of the femur accounts for 30% of the
femoral growth, or approximately 10 em. The distal and

The tibia is 7 em long at birth, and grows at a slower rate
than the femur. By the time it has stopped growing, it will
be 35 cm long, having also increased practically fivefold in
length. By the age of 4 years, the tibia will have nearly
doubled its length, and it will have attained 50% of its final
length by age 5 years. The tibial and femoral growth profiles
are almost identical, with vigorous growth during the first
5 years of life, which then slows to about 1.3 cm each year
until puberty, when growth increases to 1.6 cm per year.
The proximal tibial physis accounts for about 60% of
the length of the tibia, or about 15 em. This occurs at a
rate of roughly 0.9 em per year. The distal tibial physis
grows slower, and accounts for about 40% of growth potential, equivalent to 10 cm. The proximal physis grows about
0.7 em each year from age 5 years until puberty, when it
increases to 0.9 cm per year. The distal physis grows about
0.5 cm from age 5 years until puberty, when it increases to
0.7 em per year (78-81).
The growth of the tibia and the fibula is interdependent,
and perfect harmony is necessary. Excessive growth in the
fibula, which happens in cases of achondroplasia, may lead
to genu varum. Similarly, resection of the fibula during
growth may result in ankle valgus. These clinical examples
demonstrate how important it is to restore continuity,
length, and growth to either bone if deformity is to be
avoided.

Knee Growth
Consideration of the growth of the distal femur and the
proximal tibia together illustrates the importance of injury
to both of these growth centers. Any serious injulY to the
growth centers around the knee during the early years of
life is likely to result in severe shortening of the lower limb.
The knee undergoes the greatest growth of all. From birth
to maturity, the knee grows about 40 cm in boys (25 cm
for the femur and 15 cm for the tibia) and 35 cm in girls
(22 em for the femur and 13 cm for the tibia). The knee
accounts for two-thirds of growth (65%) in the lower limb
(37% for the femur and 28% for the tibia) (78-81).
Stated another way, the knee grows about 2 cm per year
from age 5 years onward, with slightly more than 1 cm (1.2
cm) of growth in the femur and slightly less than 1 cm (0.8
cm) in the tibia. The ratio between the length of the femur
and the length of tibia is 1.04, and this remains constant
after 5 years of age. When the growth of the femur and rhe
tibia are combined, total growth in the lower limb averages
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around 3.5 em per year, with the femur accounring for 54%
of growth and the tibia accounring for 46%.

14.6 years in boys, the growth of the limbs decreases rapidly
(43,83). The following examples give some idea of the timing of epiphysiodesis for different amounts of correction.

Foot Growth

5 to 6 em. Both tibia and femur at the beginning of
puberty. Bone age 11 years in girls and 13 years in boys.
4 cm. Bmh tibia and femur 6 months after the onset of
puberty. The elbow is useful for this determination.
3 cm. Only femur at the beginning of puberty or both
tibia and femur at bone age 12 years in girls and 14 years
in boys.
2 cm. Only femur at bone age 12 years in girls and 14
years in boys.

When the sizes of the fetal foot and the lower limb are
compared, the ratio is 1.41 at 8 weeks, 0.9 at birth, and
0.6 in adults. This means rhat the length of the foot is
relatively great during inrrautetine life and decreases
throughout growth. At birrh, the foot is about 7.5 cm long,
i.e., 40% of its final size. At age 10 yeats, a girl's foot will
grow about 3.5 cm and a boy's foot will grow about 5.5
cm. At that age, a girl's foot has attained about 91 % of its
final length and a boy's foot has attained about 85% of its
final length (5,82).
The foot is the first organ of the musculoskeletal system
rhat begins to grow at puberty (5). The growrh spurr of the
foot occurs a few monrhs before the starr of puberry, i.e.,
at the time of the increase in size of the testes and the
appearance of the sesamoid bone in the rhumb. Although
it is the first to start growing during puberty, the foot is
also the first musculoskeletal structure that stops growing.
Growth of the foot stops at bone age 12 years in girls, i.e.,
3 years before the end of growth, and ar bone age 14 years
in boys (82).
This makes the foot unique among the musculoskeletal
structures in that its rate of growth mostly declines during
puberty. When puberty begins, at approximately bone age
II years in girls. rhe foot is already 22 cm long, and has
only 1.6 cm or 2% of its growth left. When puberty starts
in boys, around age 13 years, the foot is about 24 cm long,
and has 2 cm or 2.5% of its growth remaining. Thus, arthrodesis at the beginning of puberty will have no significant
impact on the length of the foot.
The foot represents 15% of the sranding height in both
girls and boys at skeletal maturity. This illustrares the importance of using clinical measures of limb-length discrepancy,
along with the scanogram data, in decision-making. Conditions that affect the size of the foot can affect the total limb
length, and this additional amount will not be reflected on
rhe scanogram.

Growth and Limb-length Discrepancy
Although there are many methods for prediction, an understanding of rhe growrh of rhe limbs gives the physician
important information. both in predicting limb-length discrepancy and in more accurately applying the information
from the various methods, e.g., the Moseley straight-line
graft (80).
Contrary to widespread belief, rhere is more growth in
the trunk or in sitting height during puberry than there is
in the suhischial length or growth of the limbs (2). The
growth spurt in the lower limbs occurs during the first year
of puberty, and, after bone age of 12.6 years in girls and

When performing an epiphysiodesis at the beginning of
puberty or later, the risk of overcorrection is relatively small.
The risk of undercorrection is greater, bur, because the discrepancy is decreased if not totally corrected, the patient is
often happy with the result. The growth of the limbs is
complete at Risser I, or at bone age 13.6 years in girls and
15.6 years in boys (43,83). In the Greulich and Pyle atlas
(16), this corresponds to fusion of the distal phalangeal physis of the index and middle fingers. The amounts of growrh
remaining at the various growth plates in the lower extremity are given in Figures 2-19 and 2-20.
With knowledge of the growth of the lower limbs (expressed as a percentage), it is easy to make a quick prediction
of limb inequality at skeletal maturity (79). It can be assumed that the leg discrepancy at age 3 years will double
for girls and at age 4 years for boys, if the inhibition of
growth remains constant. Thus, a boy with a 4-cm discrepancy at age 4 years will have an 8-cm difference at the end
of growth. At 9 years. the lower limb still has an average
of 20% of its growth to attain in girls, and 27% of its
growth to attain in boys. So a 4-cm discrepancy at that age
will increase ro 4.8 cm in girls and 5.08 cm in boys. At the
onset of puberty. 10% average of the growth of the lower
limb remains, so the final length discrepancy will be arouTid
4.4 cm (2,79). A general rule for a quick prediction oflimblength discrepancy, for a problem such as congenital shorr
femur. is to multiply the discrepancy at cerrain ages by a
facror, e.g., multiply the discrepancy by 3 at age 1 year, by
2 at 4 years. by 1.8 at 5 years, by 1.4 at 9 years for boys
and by 1.2 at 9 years for girls, and by 1.1 at ehe beginning
of puberty for both boys and girls.
Such predictions are general, and should be used with
caution. For rhe final decision in complex cases, jt is bes[ to
use all of the information possible-standing height, sitting
height, Hechard-Carlioz charr (84), Moseley charr (80). and
Lefort residual coefficient (85)-while considering the bone
age to lessen the margin of error. The younger the patient,
the higher the risk of inaccurate prediction (86).
Thanks to the Green and Anderson tables (78) and to the
Moseley, Hechard-CarJioz, and Leforr charts, Jimb-Iength
discrepancy can be predicred. These forecases do not need
to be interpreted with mathematical strictness, because rhere
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is a reasonable margin for error (2,86). Furthermore, these
forecasts are best suited to cases of malformation and injlllY
in which the difference in the rate of growth between the
two limbs remains constant. Other causes of limb-length
discrepancy, such as poliomyelitis, vascular malformation,
and chronic arthritis, may not follow a constant curve and
are more difficult to evaluate (87).
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FIGURE 2-19. The remaining growth in
the lower limbs of girls at the four
growth plates, between the ages of 5
and 17 years. (Adapted from ref. 79, with
permission.)

A decision for lengthening versus epiphysiodesis often
depends on the final height of the child. Predicting the final
height before puberty is inexact (20). Approximately 80%
of children will remain in the same percentile for height
after age 5 years. Tables to make these predictions from
bone age are found in the Greulich and Pyle atlas (16). The
timing of epiphysiodesis remains a controversial subject.
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FIGURE 2·20. The remaining growth in
the lower limbs of boys at the four growth
plates, between the ages of 5 and 17
years. (Adapted from ref. 79, with permis-
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stay of orthopaedic practice, magnetic resonance (MR) imaging and ultrasonography now allow visualization of cartilaginous structures and, more recently, their blood supply.
Various techniques to investigate the biochemical and
metabolic composition of the cartilage are being developed,
and may soon be clinically useful. The revolution in image
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The evolutionary forces that engendered life's emergence
from the primordial slime, and subsequent domination of
the local environment, greatly favored organisms wirh the
ability ro move from one spot to another. Locomotion
evolved from reptilian slithering to advanced quadrupedal
and bipedal gait. Quadrupedal locomotion is greatly favored
in the animal kingdom, because it promotes stability and
speed (1). The center of mass of a quadruped is located
between the front and hindlimbs, which form a stable base
of support. Speed is enhanced by the use of the trunk musculature ro augment stride length and power. Ventral flexion of the trunk allows the animal to bring the flexed hind-
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limbs forward beyond the planted forelimbs. After weight
has been transferred to the hindlimbs, the hips, shoulders,
and trunk extend in synchrony ro advance the forelimbs
fotward ro complete a single cycle (1).
Bipedal gait sacrifices stability and speed to free the upper
extremities for prehensile functions, imparting a tremendous evolutionary advantage. An upright position requires
the center of mass ro be balanced above the base of support,
which is an inherently less stable and energy-efflcient alignment (2-6). The diminished ability to use the trunk musculature ro advance the swing limb limits stride length and
power, compromising the speed of ambulation.
The early human fascination with normal gait and its
deviations is revealed in the primitive cave paintings that
illustrate hunters pursuing their prey. The modern era of
motion analysis began with artists and mathematicians who
were primarily interested in anatomy, aesthetics, and body
segment motion (2,7,8). Eadward Muybridge, a British
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Many orthopaedic conditions are associated with genetic
anomalies that produce congenital, developmental, metabolic, immunologic, and neoplastic disorders. Identification
of the genes responsible for many of these conditions has
resulted in more precise diagnoses and yielded insights into
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the pathogenesis. classification, prognosis, and treatment of
the disorders. Further advances are likely to influence the
orthopaedic care of families with genetic disorders of the
musculoskeletal system. This chapter summarizes the principles of genetics as they apply to orthopaedic conditions,
and highlights the advances in knowledge in this field. The
information provided, however, will need to be updated
periodically, because genetic knowledge is rapidly advancing. The World Wide Web site http://www3.ncbi.nlm.nih
.gov:8010miml provides easy access to chronological ac-
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Metabolic bone disease includes systemic disorders of calcium and phosphorus that affect osseous tissue. The immature skeleton forms bone through turnover, which is affected by all the disorders considered to be metabolic bone
disease, and bone is formed at the interface between vascular
tissue and proliferating cartilage, which can be affected by
genetic and endocrine disturbances that interfere with
growth (1-3).
The advances in molecular biology tend to blur traditional disciplines (4,5). Pediatric patients with metabolic
and endocrine abnormalities are usually under the care of
pediatric endocrinologists, nephrologists, or gastroen terologists, in addition to a primary pediatrician. The pediatric

orthopaedic surgeon is presented with children with alterations in morphology. He or she may have to participate in
the diagnosis and needs to understand the basic science for
an intelligent approach to treatment. This chapter describes
the physiology and pathophysiology of the formation of
bone and cartilage in the immature skeleton as the basis for
pediatric orthopaedic care. Certain aspects of the clinical
entities described are most completely understood when the
reader also refers to information in Chapter I, "Embryology
and Development of the Musculoskeletal System"; Chapter
6, "Genetic Aspects of Orthopaedic Conditions"; Chapter
8, "The Skeletal Dysplasias"; and Chapter 9, "Syndromes
of Orthopaedic Importance."
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Genetic, metabolic, endocrine, and physical factors interact
to produce the shape of the immature skeleton (4,5). Em-
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This chaprer focuses on rhe congeniral, developmenral or
acquired disorders rhat affect localized or regional areas of
the pediatric musculoskeletal system. These entities often
share a common clinical presentation and underlying pathologic process, yet are not confined to anyone part of the
skeleton nor are caused by a recognized systemic abnormality.

CONGENITAL AND DEVELOPMENTAL
DISORDERS

Vascular Tumors and Malformations
Vascular anomalies are seen commonly in orthopaedic pracrice. Mosr are of no clinicaJ imporrance, but, occasionally
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these anomaJies can be deforming or life threatening and
require interdisciplinary management. These anomalies
may be solitary or the organizing features of various syndromes (1).
The term "vascular anomalies" is used here to describe
pediatric vascular disorders with primarily dermatologic or
visceral manifestations, excluding abnormaliries of the heart
and great vessels. The rerm "hemangioma" has been traditionally used for every type of vascular anomaly, bur Mulliken et al. have recently devised a classification system to
better clarify rhese lesions based on their endothelial characteristics (2-4). Two main groups of disorders have been
identified; the hemangiomas of infancy, vascular rumors
with an early proliferative and later involuting stage; and
vascular malformations, a heterogeneous group of vascular
lessons comprised of dysplasric vessels, which can be capillary, venous, arteria]' lymphatic, or a combination.

Vascular Tumors
Hemangiomas may be cutaneous, subcutaneous, intramuscular, or visceral. The location is most commonly in the
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The hematopoietic system includes the citculating blood,
the bone marrow, the spleen, the lymph nodes, and reticuloendothelial cells scattered throughout the body. The multiple cells that compose the hematopoietic system lead to a
large number and variety of disorders. This chapter focuses
on pediatric disorders of the hematopoietic system that affect the musculoskeletal system

BONE MARROW FAILURE SYNDROMES
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Erythrocytes, granulocytes, and platelets develop in the
bone marrow, and bone marrow failure syndromes are characterized by failure of the bone marrow to produce these
cells (1). Some of these disorders cause a pancytopenia, and
some syndromes affect only one or two of the bone marrow
cell lines. Fanconi anemia, Diamond-Blackfan anemia,
Schwachman-Diamond syndrome, cartilage-hair hypoplasia, and thrombocytopenia with absent radius syndrome are
the five inherited bone marrow failure syndromes that have
a significant association with congenital skeletal abnormalities (2). It is important for the orthopaedic surgeon to un-
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OVERVIEW OF PEDIATRIC RHEUMATIC
DISEASE ENCOUNTERED BY THE
PEDIATRIC ORTHOPAEDIC SURGEON
Pain is a common complaint in childhood. Each year, as
many as I % of all children will have pains severe enough
to be evaluared (I). Approximarely 15% of healrhy children
reported episodes of musculoskeletal pain on a health quesrionnaire (2). Healthy children in daycare centers have approximarely one painful episode every 3 h, relared to play,
discipline, or interaction wirh peers (3). The orrhopaedic
surgeon is often the first specialisr to encounter the child
wirh joinr, limb, or back pain. They musr be able to idenrify
rhe mosr likely cause of the pain and initiate treatmenr or
referral to an appropriate medical specialist.
Juvenile arrhritis is rhe most common rheumatic disease
of childhood. It is one of rhe most common chronic illnesses
occurring in children. The annual incidence ranges from
10 to 14 per 100,000, wirh an overall prevalence of 1 w 2
per 1,000 (4,5). Although only 1 in 100 children evaluared
by a physician for joint pain will ultimately be diagnosed
wirh arrhritis, the frequency of arthriris presenting to the
orrhopaedic specialist is surely higher.
The purpose of this chapter is to provide the orthopaedic
surgeon with an in-deprh undersranding of rhe presenrarion,
differenriaJ diagnosis, and managemenr of children wirh arrhritis. Wirh this framework, rhe orrhopaedic specialisr
should be able to idenrify children with juvenile arthri tis, and
to differentiate arrhritis from benign pains ofchildhood, psychogenic pain syndromes, infection, malignancy, or orher
systemic auroimrnune diseases (lupus, dermaromyosiris, and
vasculiris). Infection and malignancies, as well as congeniral,
mechanical, or traumatic causes oflimb or joinr pain, are preseored only as a conrrast ro juvenile arrhriris, because detailed
presentations on these subjects are found elsewhere in this
texr.

CLASSIFICATION AND DIAGNOSIS OF
JUVENILE IDIOPATHIC ARTHRITIS
The cause(s) of juvenile arthritis is nor known. Wirh the
grear hererogeneiry of presentation and course, there will
likely be mulriple iniriaring facwrs in rhe se[[ing of a suscep-

Physical and Occuparional Therapy 451
Surgical Inrervenrions for Complicarions of JIA 451
Synovecromy 452
Sofr Tissue Release 452
Arthrodesis 452
Osreotomy 452
Epiphysiodesis 452
Taral Joinr Arrhroplasry 452

tible host. There is no laboratory rest thar will make a definitive diagnosis of arthritis. A diagnosis of juvenile arthritis
is made by taking a thorough histOly, performing a skiJled
and comprehensive physical examination, utilizing ditected
laboratory tests and imaging procedures, and following the
child over time.
There have been cwo major sets of criteria for the diagnosis and classification for juvenile arthritis. The diagnostic
crireria for juvenile chronic arthritis OCA) were defined by
the European League Against Rheumatism (EULAR) (6)
(Table 12-1). In the EULAR criteria, lCA is differentia red
into onset rypes of pauciarticular, polyarticular, juvenile
rheumaroid (positive rheumamid factor [RFJ), systemic, juvenile ankylosing spondylitis, and juvenile psoriatic arthriris. In North America, rhe most frequently used criteria
have been those by the American College of Rheumatology
(ACR) for juvenile rheumatoid arthritis ORA) (7) (Table
12-1). These criteria define the subrypes of JRA to be oligoarticular (pauciarricular), polyarticular, and systemic.
They exclude other causes of juvenile arthritis, including
spondyloarthropathies (juvenile ankylosing spondylitis, inflammatory bowel disease-associated arthritis, and rdared
diseases), juvenile psoriatic arthritis, arthritis associated with
other systemic inflammatory diseases (systemic lupus erythematosus, dermatomyositis, sarcoidosis, etc.) and infectious or neoplastic disorders.
These criteria, although similar, do not idemify identical
populations or spectra of disease, but have often been used
interchangeably. This has led to confusion in interpretation
of studies of the epidemiology, rrearmenr, and outcome of
juvenile arthritis. Recently, the International League of Associations of Rheumarologisrs (lLAR) has proposed (8) and
revised (9) criteria for rhe diagnosis and classification of
juvenile anhritis, or "Durban Criteria" (Table 12-2). The
term "juvenile idiopathic arthritis" OIA) has been proposed ro
replace both lRA and lCA, and will encompass all juvenile
arthritides lasting greater than 6 weeks that are of unknown
cause. This imernational compromise will allow uniform
interpretation of clinical and therapeutic data. Although
these crireria are not definitive, and some children will fit
into either no category or cwo or more categories, they
should be thought of as a work in progress. As techniques
become available to better define the genetic risk facmrs
and specific triggers of juvenile arthritis, uniform modiflca-
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BONE AND JOINT INFECTION
Bone and joint sepsis is a relatively common disorder in the
pediatric popularion. This makes it likely rhar all orrhopaedic surgeons will be faced wirh rhe problems inherent in
the diagnosis and rrearment of these disorders. If diagnosis
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was always easy this would be of little concern, but bone
and joinr sepsis in childhood is characrerized by protean
manifestations. The infant may only appear to be septic.
The cause of rhe limp may not be obvious. The bone
changes may resemble a tumor. The joint swelling may be
due to an acute onset of juvenile rheumatoid arthriris ORA).
AIrer diagnosis, other problems remain. Whar antibiotic
is correct for use before culture results are known? What
should be done if the culrures are negative? What is the best
way to adminisrer rhe antibiotic, and for how long? When
is surgelY indica red? The diversiry of organisms, the variety
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Primary bone and soft tissue rumors in the pediatric age
group are uncommon and when they occur, usually benign.
There are rwo primary malignant rumors of bone, osreosarcoma and Ewing sarcoma/peripheral (or primitive) neuroectodermal rumor (PNET), and one soft tissue sarcoma,
rhabdomyosarcoma, which occur predominantly in the pediau'ic parient. The orthopaedist must remain alerr because
the malignant rumor is an unexpecred event, and its infrequency can result in improper or delayed initial management. The orthopaedist who sees pediatric patients, but is
not prepared to manage a malignant or aggressive benign
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musculoskeletal tumor, must be comforrable with evaluaring patients with musculoskeletal tumors, and know whom
to refer and whom to manage. This chapter reviews the
common bone and soft tissue rumors of childhood; it discusses how the patients present, whar physical findings to
expect, and how the plain radiographs should look; and it
suggesrs additional diagnostic and staging evaluations and
treatment. This chapter is nor intended to be a definirive
text of musculoskeletal pathology, and includes only rhe
more common tumors of childhood.

MOLECULAR BIOLOGY OF TUMORS
D. S. Springfield: Leni and Percr W. May Departmcnr of Orthopacdics.
Mount Sinai School of Medicine; Department of Orthopaedics. Mount Sinai
Hospiral. New York. New York 10029.
M. C. Gebhardt: Department of Orrhopaedic Surgery. Harvard Medical
School. Boston. Massachusem 02115: Orthopaedic Service. Massachuserrs
General Hospiral. Bosran. Massachusetrs 02114.

Dramatic improvements in rhe survival of children wirh
previously lethal sarcomas have occurred in the lasr 30 years
from the use of adjuvant chemorherapy. One of the inrriguing aspecrs abour childhood sarcomas is that despite similar
histologies, stages, and prognostic factors, some pariencs re-
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Cerebral palsy is a generic term used to describe certain
clinical syndromes whose common feature is the abnormal
control of motor function by the brain. The abnormal control results in a nonprogressive disorder of movemenr and/
or posture, but the manifestations can change with growth,
development, and maturation. Often, sensory and other
brain functions are involved.
The etiologic agents of cerebral palsy afflict the immature
brain to produce neuropathologic lesions rhat do not
worsen. Although some parts of brain development con-
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tinue throughout childhood, Gage has defined the "immature brain" as being younger than age 2 years. Accepting
this definition, one may classify and code a brain lesion
occurring thereafter as producing static encephalopathy,
with a specific cause, instead of cerebral palsy, which may
be coded without a known causative agent (1). lngeneral,
this differentiation does not affect the prognosis, and most
clinicians refer to both as cerebral palsy.

BASIC BRAIN DEVELOPMENT

An excellent overview of brain development has been proT. S. Renshaw: Department of Orthopaedic Surgery, Yale University,
New Haven, Connecricut 06520; Department of Orthopaedic Surgery,
Yale-New Haven Hospiral, New Haven, Connecticut 06510.

vided by Goldberg (2). During the first trimester of embryonic life, the brain differentiates into a grossly recognizable
cerebrum, cerebellum, and other structures. An insult dur-
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Myelomeningocele is the most complex treatable congenital
malformation of the central nervous sysrem. Its effect on
rhe child, the parents, and the medical community may be
devastating. The inirial treatment, which consisrs of closure
of the meningocele and insertion of a ventriculoperitoneal
shunt, is straightforward and well within the capability of
most neurosurgeons. The child is then referred to the orthopaedist for rehabilitation.
The orthopaedic care of these patients is strongly influenced by factors beyond an orthopaedist's control, including
changes in the neurologic system, urologic abnormalities,
societal pressures, educarion, and the availability of medical
resources. Ir is almost impossible to carry out the necessary
treatment program without a coordinated interdisciplinary
ream consisting of a neurosurgeon, an orthopaedist, a urolo-
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gist, a social worker, physical and occupational rherapists,
educators, a pediatrician, and a nurse specialist. If these
services cannot be provided, the child should be referred to
a clinic thar can provide them.

CLASSIFICATION AND PATHOLOGY
The pathologic description of spina bifida and associated
neurologic abnormaliries was made by von Recklinghausen
in 1886 (l). His observarions remain current, and only recently have we begun to understand the pathologic processes
rhat lead w the formation of myelomeningocele and other
associated diseases.
Neural tube defects are grouped wgether under the generic terms "myelodysplasia," "spinal dysraphia," and "spina
bifida apena." These arenotto be confused with "spina bifida
occulta," which is a common radiographic finding of a lack
offusion ofthe spinous process ofthe lower lumbar and sacral
spine wirhout neurologic abnormalities. Neural rube defects
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Neuromuscular disorders other rhan cerebral palsy and myelodysplasia are less common, but neverrheless appear in
pediatric orthopaedic and neuromuscular clinics. These
disorders include the muscular dystrophies and congenital
myopathies, spinal muscular atrophy, Friedreich ataxia, hereditary motor sensory neuropathies (HMSN), and poliomyelitis. It is i:nportanr that an accurate diagnosis be established so that an effective treatment program can be planned
and initiated. Delaying the diagnosis may lead to inappropriate treatment and perhaps further pregnancies with involved children in the presence of genetic diseases (l). Accurate diagnosis requires a careful history, physical
examination, and appropriate diagnostic studies (2).

HISTORY
The history should include the details of pregnancy, delivery, and growth and development of the involved child.
Questions regarding in utero activity, complications of delivery, birth weight, Apgar score, problems during the neonatal period, age at achievement of developmental motor
milestones, age at onset of the current symptoms, and information regarding whether the condition is static or progressive should be asked. Systemic symptoms, such as cardiac
disease, cataracts, seizures, or other abnormalities, should
also be ascertained.
The family history is important in diagnosis because
these disorders, with the exception of poliomyelitis, are genetic in origin. Family members of an involved child or
adolescent may need to be examined for subtle expressions
of the same disorder. These same family members may also
require hematologic or other studies to arrive at an accurate
diagnosis.

PHYSICAL EXAMINATION
Most children who presenr for evaluation of a suspected
neuromuscular disorder have either a delay in developmenral milestones, abnormal gait, or foot deformiry. There
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usually is a history of progression. Physical examination consists of a thorough musculoskeletal and neurologic evaluation. Observing the child walking and performing simple
tasks, such as arising from a sitting position on the floor,
can be beneficial. Observing the gait may reveal decreased
arm swing, circumduction of the legs, scissoring, or short
cadence. Standing posture may reveal increased lumbar lordosis or wide base position for balance. Also, in the standing
position the appearance of the feet shouLd be observed. Pes
cavus or cavovarus deformities are common physical findings in many of these disorders. Having the child walk on
the heels and toes gives a gross assessment of motor strength,
whereas having the child run may reveal an increase in muscle tone or ataxia.
Inspection of the skin should be performed for evidence
of skin rashes or other abnormalities. Typical facies of the
patient with spinal muscular atrophy and congenital myotonic dystrophy should become familiar to orrhopaedic surgeons. The tongue should be examined to detect evidence
of fasciculation suggestive of anterior horn cell diseases. Excessive drooling is common in both cerebral palsy and congenital myotonic dystrophy. In the Latter, nasal speech may
also be present. A thorough ophthalmologic examination
is necessary ro elicit external ophthalmoplegia or retinitis
pigmentosa. Cataracts may develop during adolescence in
myotonic dystrophy.
Muscle testing shouLd be carefully performed. Generally,
myopathic disorders selectively affect proximal limb muscles
before distaL muscles. They also demonstrate proportionally
greater weakness than the degree of atrophy early in the
disease process. The converse is true in neuropathies.
A careful neurologic evaluation usually completes the
musculoskeletal examination. Sensory responses must be
checked individually and recorded. Decreased vibratory sensation may be present in HMSN, such as Charcot-MarieTooth disease. In spinal muscular atrophy the deep tendon
teHexes may be absent, but they are increased in cerebral
palsy. A positive Babinski sign confirms upper motor neuron disease. Abnormalities in the Romberg test and rapid
alternating movements may indicate cerebellar involvement. Mental function evaluation may be necessary, because
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CHILDHOOD AND ADOLESCENT SCOLIOSIS
"Idiopathic scoliosis" defines a common and potentially severe musculoskeletal disorder of unknown etiology, the diagnosis and treatment of which have been central in the
development of orthopaedic surgery as a specialty. In its
milder forms scoliosis may produce only trunk shape
change, but when severe, can be markedly disfiguring as
well as producing cardiac and pulmonaty compromise (Fig.
18-1). The goal of this chaptet is to present the key elements
in diagnosis, natural history, and treatment of both idiopathic and congenital scoliosis.
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The etiology of typical adolescent scoliosis remains unknown; thus, the term "idiopathic" remains appropriate.
Scoliosis can also be classified based on associated conditions, since it occurs in many neuromusculat disorders (cerebral palsy, muscular dystrophy, and others) as well as in
association with generalized diseases and syndromes (neurofibromatosis, Marfan syndrome, and bone dysplasia). Congenital scoliosis, caused by failure in vertebral formation or
segmentation, causes a more mechanically understandable
type of scoliosis.
The etiology of a scoliotic deformity (idiopathic, neuromuscular, syndrome related, and congenital) largely dictates
its natural histOly, including the risk for and rate of curve
progression, as well as the effect the curve will have on
the cardiopuJmonalY function, mobility, and appearance.
Although scoliosis includes both sagittal plane and torsional
malalignment of the spinal column, the deformity is most
readily noted as frontal plane deformity. Better understand-
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Kyphosis is a curvature of the spine in the sagittal plane,
in which the convexity of the curve is directed posteriorly.
Lordosis is a curvature of the spine in the sagittal plane, in
which the convexity of the curve is directed anteriorly. The

thoracic spine and the sacrum normally are kyphotic, and
the cervical spine and the lumbar spine normally are lordotic
(1). Although several authors have tried to define normal
kyphosis of the thoracic spine and normal lordosis of the
lumbar spine, these studies have shown much variability in
what is considered normal (2-8). The ranges of normal
kyphosis and lordosis change with increasing age, and vary
according to gender and the area of the spine involved
(2-5). The degree of kyphosis or lordosis that is considered
normal or abnormal depends on the location of the curva-

W. C. Warner, Jr.: Department of Orthopaedics, University of Tennes
see, Memphis, Tennessee 38163; Campbell Clinic, Germantown, Tennessee
38138.
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ture and the age of the patient. For example, 30 degrees of
kyphosis is normal in the thoracic spine, but abnormal at
the thoracolumbar junction.

For the purposes of this chapter, the guidelines estab
lished by the Scoliosis Research Society for normal thoracic
kyphosis and lordosis are used. The normal range of thoracic

kyphosis is defined as 20 to 40 degrees, and that of lumbar
lordosis as 30 to 60 degrees (9). The thoracolumbar junction
should have no kyphosis or lordosis (10). Lumbar lordosis
begins at L1-L2 and increases gradually until the L3-L4

disc space. The apex of normal thoracic kyphosis is the T6T7 disc space (10,11).

Initially during fetal and intrauterine development the
entire spine is kyphotic. During the neonatal period the
thoracic, lumbar, and sacral portions of the spine remain

in a kyphotic posture. Cervical lordosis begins to develop
when a child starts holding the head up. When an upright
posture is assumed, the primary and secondary curves begin

FIGURE 19-2. Forces that contribute to kyphotic deformity of

to develop. The primary curves are thoracic and sacral ky

the thoracic spine. The anterior vertebral bodies are in compres

phosis, and the secondary or compensatory curves in the
sagittal plane are cervical and lumbar lordosis. These curves

sion, and the posterior vertebral elements are in tension. (From
ref. 17, with permission.)

balance each other so that the head is centered over the
pelvis (2,12,13).
Cutler et al. (14) and Fon et al. (15) showed that the
ranges of normal thoracic kyphosis and lumbar lordosis are

dynamic, progressing gradually with growth. During the
juvenile and adolescent growth periods thoracic kyphosis
and lumbar lordosis become more pronounced and take on
a more adult appearance. Differences also exist between
male and female spines (6). Thoracic kyphosis and spine
mobility are different in boys and girls. Mellin and others

(3,11) have shown that during the juvenile and adolescent
periods (ages 8 to 16 years) girls have less thoracic kyphosis
and thoracic spinal mobility than do boys of the same age.
Thoracic kyphosis also tends to progress with age. Fon et

al. (15) showed that from 30 to 70 years of age women
have a progressive increase in kyphosis, from a mean of 25
to 40 degrees. Men also show a definite progression with
age, but at a lower rate.
Normal sagittal balance is defined as a plumb line drop
ping from C7 and intersecting the posterosuperior corner

of the SI vertebral body (Fig. 19-1). Positive sagittal balance
occurs when rhe plumb line falls in front of the sacrum,

and negative sagittal balance occurs when the plumb line
falls behind the sacrum (16).
Different forces are exerted on the spine, depending on
the presence of kyphosis or lordosis. In the upright position

9
FIGURE 19-1. A plumb line is made from the middle of the C7
vertebral body to the posterosuperior corner of the S1 vertebral
body. (From ref. 16, with permission.)

the spine is subjected to the forces of gravity, and several
structures maintain its stability: the disc complex (nucleus
pulposus and annulus), the ligaments (anterior longitudinal
ligament, posterior longitudinal ligament, ligamentum flavum, apophyseal joint ligaments, and interspinous liga
ment), and the muscles (the long spinal muscles, the short
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FIGURE 19-3. The two spinal curvatures represented by these drawings are different in magni

tude; however, using Cobb's method to measure the deformities, the degrees of curvature are
identical. The differences in the curves are more accurately reflected when the length of the
curves (£.) and their respective widths (I/I/and I/I/1) are taken into consideration. (From ref 19

with permission.)

intrinsic spinal muscles, and the abdominal muscles). Alter
ation in function resulting from paralysis, surgery, tumor,
or infection, or alteration in growth potentials, can cause a
progressive kyphotic deformity in a child (17). Both compressive and tensile forces are produced by the action of
gravity on an upright spine (Fig. 19-2). With normal tho

racic kyphosis, the compressive forces borne by the anterior

element are balanced by the tensile forces borne by the pos
terior element. In a lordotic spine, the compressive forces
are posterior and the tensile forces are anterior. These forces

of compression and tension on the spinal physes can cause
changes in normal growth, and a growth deformity can be
added to a biomechanical deformity to cause a pathologic
kyphosis (17,18).
Voutsinas and MacEwen (19) believe that relative differ
ences in forces applied to the spine are reflected more accu
rately by the length and width of a kyphotic curve than by
just the degree of the curve. For example, curves that are

longer and wider (farther from the center of gravity) are
more likely to cause deformity in an immature spine (Fig.
19-3). Winter and Hall (20) classified disorders that result
in kyphosis of the spine. Only the more common causes
are presented in this chapter; the other causes are discussed
elsewhere in this text (Table 19-1).

TABLE 19-1. DISORDERS AFFECTING THE SPINE
THAT RESULT IN KYPHOSIS
I. Postural disorders

II. Scheuermann kyphosis
III. Congenital disorders

a. Defect of formation

b. Defect of segmentation
IV. Paralytic disorders
a. Poliomyelitis
b. Anterior horn cell disease

V. Myelomeningocele
VI. Posttraumatic
a.

Acute

b. Chronic
c. With or without cord damage
VII. Inflammatory

a. Tuberculosis
b. Other infection
VIII. Postsurgical

a. Postlaminectomy

b. Post-body (tumor) excision
(continued)
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TABLE 19-1. (continued)
IX. Inadequate fusion
a. Too short
b. Pseudoarthrosis
X. Postirradiation
a. Neuroblastoma

b. Wilms tumor

XI. Metabolic
a. Osteoporosis

1. Senile
2. Juvenile
b. Osteogenesis imperfecta
XII. Developmental
a. Achondroplasia
b.

Mucopolysaccharidosis

c. Other

XIII. Collagen disease (e.g., Marie-Strumpell)
XIV. Tumor

a.

Benign

b.

Malignant

XV. Neurofibromatosis

(From ref. 20, with permission.)

POSTURAL KYPHOSIS

Postural kyphosis is a flexible deformity of the spine, and
is a common complaint of juvenile and adolescent patients.

Usually, the parents are more concerned about the postural

B

FIGURE 19-4. A: Lateral view of normal spinal contour on for

ward bending. B: Lateral view of a patient with Scheuermann
disease on forward bending. Note the break in the normal con
tour of the spine. (Courtesy of Robert Winter, M.D., Minneapolis.)

roundback deformity than the adolescent is, and these pa

rental concerns typically are what bring the patient to the
physician's office. The physician's role in this situation is to

rule out more serious causes of kyphosis. Postural kyphosis
should be differentiated from pathologic types of kyphosis,
such as Scheuermann disease or congenital kyphosis. When
observed from the side, patients with postural roundback
have a gentle rounding of the back while bending forward
(Fig. 19-4). Patients with Scheuermann disease and congen
ital kyphosis have a sharp angular kyphosis or gibbus on
forward bending when observed from the side. Radiographs
usually are necessary to rule out pathologic types of kypho
sis. Patients with postural kyphosis do not have radiographic
vertebral body changes, and the deformity is completely
correctable by changes in position or posture. This defor
mity is common in patients who are taller than their peers,

and in young adolescent girls undergoing early breast devel
opment who tend to stoop because they are self-conscious
about their bodies (21).
No active medical treatment is necessary. Bracing is not

indicated. Exercises have been suggested and may help
maintain better posture, but adherence to such a therapy
program is difficult for juveniles and young adolescents.
This problem is treated best by patient and, more impor
tant, parent education and observation (22).

CONGENITAL KYPHOSIS

Congenital kyphosis is an uncommon deformity, but de

spite its rare occurrence, neurologic deficits as a result of
this deformity are frequent.

Congenital kyphosis occurs because of abnormal devel
opment of the vertebrae, including a failure of developing
segments of the spine to form or to separate properly (23).
The spine can be stable or unstable, or it can become un
stable with growth (24). Spinal deformity in congenital ky

phosis usually progresses with growth, and the amount of
progression is directly proportional to the number of verte
brae involved, the type of involvement, and the amount of
remaining normal growth in the affected vertebrae (24,25).
Van Schrick in 1932 (26) and Lombard and LeGenissel
in 1938 (27) initially described two basic types of congenital
kyphosis: a failure of formation of part or all of the vertebral
body, and a failure of segmentation of part or all of the
vertebral body. Winter and associates (23,28) developed the
most useful classification of congenital kyphosis, which di
vides the deformity into three types (Table 19-2). Type I
is failure of formation of all or part of the vertebral body

Congenital Kyphosis
TABLE 19-2. WINTER'S CLASSIFICATION OF
CONGENITAL DEFORMITY

Type I

Failure of formation of all or part of the vertebral
body

Type II

Failure of segmentation of one or multiple

Type III

Mixed form, with elements of both failure of
formation and failure of segmentation

vertebral levels

(Fig. 19-5A); type II is failure of segmentation of one or
multiple vertebral levels (Fig. 19-5B); and type III is a mixed

form, with elements of both failure of formation and failure

of segmentation.

Dubousset and Zeller et al. (29,30) also classified con
genital kyphosis. Their classification is similar to that of
Winter, except that their type III includes rotary dislocation

of the spine. Shapiro and Herring (31) also described a type

III congenital kyphosis, but further divided the displace
ment into type A (sagittal plane only) and type B (rotary,
transverse, and sagittal plane). Either classification can be

subdivided further into deformities with and without neu
rologic compromise. Both classifications and the presence
or absence of neurologic compromise are useful for making
treatment decisions, because each type of congenital kypho
sis has a distinct natural history and risk of progression. The
presence of neurologic compromise also affects the type of
treatment recommended.

Most vertebral malformations that cause spinal defor
mity occur between the twentieth and thirtieth days of fetal
development (24,28,32). The somatic mesoderm, which is
devoted to the formation of the vertebral column and rib
cage, undergoes segmentation into discrete, bilateral, 38 to
44 paired somites. Formation of a vertebra depends on con
tributions of cells from two separate and successive pairs of

FIGURE 19-5. A: Congenital kyphosis caused by failure of forma
tion of the vertebral body (type I). B: Congenital kyphosis caused
by failure of segmentation (type II). (Courtesy of Robert Winter,
M.D., Minneapolis.)
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sclerotomes. This condensation of the paired sclerotomes
occurs around 5 weeks of gestation. If one side of the pair

of sclerotomes fails to develop, this will cause a hemivertebra
to be formed, and result in congenital scoliosis (33,34).

Tsou (35) concluded that congenital kyphosis and congeni
tal scoliosis occur during different periods of spinal develop
ment. He divided the development of the spine into an
embryonic period (the first 56 days) and a fetal period (from
57 days to birth). During the embryonic period, hemiverte
bra formation from aplasia of part of the vertebrae, and
failure of segmentation, caused scoliosis.
Tsou (35) believes that the causes of congenital kyphosis
occur in the fetal period, during the cartilaginous phase of
development. Failure of formation occurs in this cartilagi
nous phase when the cartilaginous centrum of the vertebral
body forms a functionally inadequate growth cartilage.
Failure of formation varies from complete aplasia, which
involves the pars and the facet joints, and makes the spine
unstable to involvement of only the anterior one-third to
one-half of the vertebral body. This abnormal development
is thought to be the result of inadequate vascularization
of the vertebral body during the fetal period, leading to
hypoplasia or aplasia of the anterior vertebral body. If one
side of the vertebra is involved more than the other side,
scoliosis also may occur (Fig. 19-6). Unlike hemivertebral
anomalies that occur in the embryonic period as a result of
maldevelopment of corresponding pairs of somites, causing
congenital scoliosis, posterior arch anomalies are almost uni
versally absent in pure congenital kyphosis.

FIGURE 19-6. The five most common patterns of congenital ver
tebral hypoplasia and aplasia are illustrated in lateral and trans
verse views. Types B and E tend to produce pure congenital ky
phosis. (From ref. 35, with permission.)
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Failure of segmentation is believed by Tsou (35) to be
an osseous metaplasia of the annulus fibrosus (35,36), which
acts as a tether against normal growth and causes spinal
deformity. The height of the vertebral bodies is relatively
normal, but the depth of the ossification of the annulus
fibrosus varies. Ossification also may be delayed, with a
period of normal growth followed by spontaneous ossifica
tion. Morin et al. (37) believes that kyphosis caused by a
"segmentation defect" represents a developmental defect of
the perivertebral structures (the annulus fibrosis, the ring
apophysis, and the anterior longitudinal ligament), rather
than a true intervertebral bar.

The natural history of congenital kyphosis is well known,
and based on the type of congenital kyphosis: failure of
formation (type I), or failure of segmentation (type II). The
natural history of type III congenital kyphosis is less well
understood. Both type I and type II deformities tend to be
progressive, with the greatest rate of progression occurring
during the adolescent growth spurt. Failure of formation

(type I deformity) produces a much more malignant kypho
sis, with a rate of progression that averages 7 degrees a year

(28). Type I deformities have a much higher incidence of
neurologic involvement and paraplegia than do type II de
formities (28). Neurologic problems are increased in pa
tients with these types of deformity because they tend to
have an acute angular kyphosis over a short segment, which
places the spinal cord at high risk for compression at the
level of acute angulation. Type II deformities generally
progress an average of 5 degrees per year and rarely result
in neurologic problems because involvement of several seg
ments produces a more gradual kyphosis, and vertebral body
height usually is maintained with little or no vertebral body
wedging. The most frequent location of congenital kyphosis

Patient Presentation

The diagnosis of a congenital spine problem usually is made
by a pediatrician before the patient is seen by an orthopae
dist. The deformity may be detected before birth on prenatal
ultrasonography (42), or noted as a clinical deformity in
the newborn nursery. If the deformity is mild, congenital
kyphosis can be overlooked until a rapid growth spurt makes
the condition more obvious. Some mild deformities are

found by chance on radiographs that are obtained for other
reasons. Physical examination usually reveals a kyphotic de
formity at the thoracolumbar junction or in the lower tho
racic spine. An attempt should be made to determine the
rigidity of the deformity by flexion and extension of the
spine. A detailed neurologic examination should be done,
looking for any subtle signs of neurologic compromise. As

sociated musculoskeletal and nonmusculoskeletal anomalies
should be sought on physical examination.

High-quality, detailed anteroposterior and lateral radio

graphs provide the most information in the evaluation of
congenital kyphosis (Fig. 19-7). Failure of segmentation and
the true extent of failure of formation may be difficult to
detect on early films because of incomplete ossification.

is from T10 to LI (28).

Patients with congenital kyphosis can have other anoma
lies. Intraspinal abnormalities have been reported to occur
in 5 to 18% of patients with congenital kyphosis and con

genital scoliosis (38). A study by Bradford et al. (39) indi
cates that this incidence may be greater. They found that
six of eight patients with congenital kyphosis had spinal
cord abnormalities visible on magnetic resonance imaging

(MRI). Even though the proposed time of development of
deformity may be different from that of congenital scoliosis
other nonskeletal anomalies, such as cardiac, pulmonary,
renal, and auditory disorders, or Klippel-Feil syndrome
(40,41) can be associated with congenital kyphosis. Dubousset (29) has suggested that certain forms of type II
congenital kyphosis (failure of segmentation) may be inher
ited. The patients have a failure of segmentation, with de
layed fusion of the anterior vertebral elements, which is not
visible on radiographs until 8 or 10 years of age. Dubousset
(29) described one family in which three individuals had
delayed ossification and congenital kyphosis, and another
family in which the grandmother, mother, and two sisters
had the deformity. Progression of congenital kyphosis can
be significant during the adolescent growth spurt.

FIGURE 19-7. A 2-year-old child with type I congenital kyphosis
measuring 40 degrees. Radiograph demonstrates failure of for
mation of the anterior portion of the first lumbar vertebra.

Congenital Kyphosi.
osis

Flexion and extension lateral radiographs are helpful to de

termine the rigidity of the kyphosis and possible instability

of the spine. Computed tomographic (CT) scans with threedimensional reconstructions have replaced tomography in

most cases, and can identify the amount of vertebral body

involvement as well as determine whether more kyphosis
or scoliosis might be expected. CT scans can only identify
the nature of the bony deformity and the size cartilage anlage. They do not show the amount of growth potential in
the cartilage anlage, and therefore only an estimate of possi
ble progression can be made. MRI should be obtained in
most cases because of the significant incidence of intraspinal
abnormalities. In addition, the location of the spinal cord
and any areas of spinal cord compression caused by the
kyphosis can be seen on MRI. The cartilage anlage will be
well defined by MRI in patients with failure of formation
(Fig. 19-8); however, as with CT scans and plain radio
graphs, MRI cannot reveal how much growth potential is
present in the cartilage anlage, and can only help to estimate
the probability of a progressive deformity.

Ultrasonography has been used in the early prenatal (20
weeks of gestation) diagnosis of this condition, and is help-
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ful for evaluating the renal system for any occult abnormali
ties (42). Myelograms have been used to document spinal
cord compression, but have been mostly replaced by MRI.
If myelography is used, images should be taken in the prone
and supine positions. Myelograms obtained in only the
prone position may miss information about spinal cord
compression because of pooling of dye around the apex of

the deformity. Myelography can be used in conjunction
with CT scanning to add to the diagnostic information
obtained.

Treatment

Because the natural history of this condition is continued
progression with an increased risk of neurologic compro
mise, surgery usually is the preferred method of treatment

(23). If the deformity is mild or if the diagnosis is uncertain
close observation may be a treatment option. However, ob
servation of a congenital kyphotic deformity must be used
with caution, and the physician must not be lulled into a
false sense of security if the deformity progresses only 3 to
5 degrees over a 6-month period. If the deformity is ob
served over 2 to 3 years, it will have progressed 20 to 30
degrees and cannot be easily corrected. Bracing has no role
in the treatment of congenital kyphosis, unless compensa
tory curves are being treated above or below the congenital

kyphosis (23,40,43). Bracing a rigid structural deformity,
such as congenital kyphosis, neither corrects the deformity
nor stops the progression of kyphosis.

Surgery is the recommended treatment for congenital
kyphosis. The type of surgery depends on the type of defor
mity, the size of the deformity, the age of the patient, and
the presence of neurologic deficits. Procedures can include
posterior fusion, anterior fusion, both anterior and posterior
fusions, and anterior osteotomy and posterior fusion. Fu
sion can be performed with or without instrumentation.

Treatment of Type I Deformities
Treatment of type I deformities can be divided into three
stages: early with mild deformity, late with moderate or
severe deformity, and late with severe deformity and spinal
cord compression.

Early Treatment ofMild Deformities. For type I deformi
ties, with a known average progression rate of 7 degrees a
year, the best treatment is early posterior fusion. If the defor
mity is less than 50 or 55 degrees and the patient is younger
than 5 years of age, posterior fusion alone, extending from
one level above the kyphotic deformity to one level below,
FIGURE 19-8. Magnetic resonance image of type I congenital

kyphosis. Failure of formation of the anterior vertebral body is
demonstrated, but the growth potential of the involved vertebra
cannot be determined. Note the pressure on the dural sac.

is recommended (23,28,40,44). Winter and Moe (44,45)
recommend that a hyperextension cast be worn for 6
months. At 6 months from the initial fusion a second proce
dure with exploration of the fusion mass and a possible
second fusion may be needed, followed by another 6 months
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of casting. Winter and Moe (44,45) found that this predict
ably controlled the progressive kyphotic deformity and that
the deformity improved, with growth in many cases. The
improvement seen with growth probably is due to normal
growth from the anterior end plates of the vertebrae one
level above and below the congenital kyphotic vertebrae that
are included in the posterior fusion. Anterior and posterior

fusion predictably halts the progression of the kyphotic de
formity, but does not allow for the possibility of some cor
rection of the deformity with growth because of ablation
of the anterior physes. (30,44).

Late Treatment of Moderate to Severe Deformities. In
older patients with type I kyphotic deformities posterior

arthrodesis alone may be successful if the kyphosis is less
than 50 to 55 degrees (28,46). If the deformity is more
than 55 degrees (which usually is the case in deformities
detected late), anterior and posterior fusion produces more
reliable results (28,46). Anterior arthrodesis alone will not
correct the deformity. Any correction of the deformity re

quires anterior strut grafting with temporary distraction and
posterior fusion, with or without posterior compression in
strumentation. The posterior instrumentation should be re
garded more as an internal stabilizer than as a correction

device (23). Correction by instrumentation should be
avoided in rigid, angular curves because of the high inci
dence of neurologic complications. If anterior strut grafting
is performed the strut graft should be placed anteriorly
under compression. When an associated scoliosis is present

the kyphosis should be approached from the concave side
of the scoliosis to place the strut grafts under compression.

If no correction is attempted and the goal of surgery is
just to stop progression of the kyphosis, a simple anterior

interbody fusion combined with a posterior fusion can be
performed. The use of skeletal traction (halo-pelvic, halofemoral, or halo-gravity) to correct the deformity is tempt
ing but is not recommended because of the risk of paraplegia
(47). In a patient with a rigid gibbus deformity traction
pulls the spinal cord against the apex of the rigid kyphosis,
which can result in neurologic compromise (Fig. 19-9).
Late Treatment of Severe Deformities with Cord
Compression. Late treatment of a severe congenital ky
photic deformity with spinal cord compression is difficult.
If congenital kyphosis causes spinal cord compression, ante

rior decompression is indicated. The compression is created
by bone or disc material pressing into the front of the spinal
cord, and this can be decompressed only by an anterior,

procedure; laminectomy has no role in the treatment of this
condition (20). For associated scoliosis the anterior ap

proach should be on the concavity of the scoliosis, to allow
the spinal cord to move both forward and into the midline
after decompression 0»2.12]. After adequate decompression
has been achieved the involved vertebrae are fused with
an anterior strut graft. This is followed by a posterior fu
sion, with or without posterior stabilizing, instrumenta

tion. Postoperative support with a cast, brace, or halo cast,
usually is required.

Treatment of Type II Deformities

Treatment of type II deformities can be divided into early
treatment of mild deformities and late treatment of severe

FIGURE 19-9. The effect of traction on a rigid congenital
kyphosis. A: The apical area does not change with trac
tion, but the adjacent spine is lengthened. B: The spine,
and thus the spinal cord, lengthen, producing increased
tension in the spinal cord and aggravation of any neuro
logic deficits. (From ref. 262, with permission.)

Progressive Anterior Vertebral Fusion

deformities as outlined by Mayfield et al. (48). If a type II
kyphosis is mild and detected early, posterior fusion with
compression instrumentation can be performed. The ky

phosis must be less than 50 degrees for a posterior fusion
alone to have a good chance of success. The posterior fusion
should include all the involved vertebrae, plus one vertebra
above and one vertebra below the congenital kyphosis.

Compression instrumentation can be used more safely
in type II deformities because the kyphosis is more rounded
and over several segments, instead of sharply angular, as in
type I deformities [*2.13, 2.14]. If the deformity is severe
and detected late correction can be obtained only by per
forming anterior osteotomies and fusion, followed by pos
terior fusion and compression instrumentation (48).

Complications of Treatment
Some of the more frequent complications of treatment of
congenital kyphosis are pseudarthrosis, progression of ky

phosis, and paralysis. Pseudarthrosis and progression of the
kyphotic deformity can be minimized by performing ante
rior and posterior fusions for deformities of more than 50
degrees. The posterior fusion should extend from one level
above to one level below the involved vertebrae. This may
allow for some correction with growth.
Paralysis is perhaps the most feared complication of
spinal surgery. The risk of this complication can be lessened
by not attempting to correct the deformity with instrumen
tation. Instrumentation should just be used for stabilization

of rigid deformities. The use of halo traction in rigid con

genital kyphotic deformities, has been associated with an
increased risk of neurologic compromise (47). Another
long-term problem is low back pain that occurs in 38% of
patients, because of increased lumbar lordosis which is
needed to compensate for the kyphotic deformity (49).
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central junctions, where growth occurs. No pedicles or spinous or transverse processes are present at this level. Anterior

to the bony ring is a fat-filled space. The distal bony anat
omy and spinal canal usually are normal, although spina

bifida has been noted in a few cases (52). Neurologic func

tion can range from normal to complete paraplegia. Associ
ated anomalies are common, and there is a high incidence
of a neurogenic bladder.

The etiology of segmental spinal dysgenesis is unknown.
The diagnosis can be made on the basis of plain radiographs,

but MRI and CT scans and three-dimensional reconstruc

tions usually are needed to fully show the extent of this
condition. A progressive kyphosis will occur with this condi
tion. Progressive neurologic deterioration has been noted
by Flynn et al. (53) and Faciszewski et al. (51). Early anterior
and posterior fusion, with or without decompression, is rec
ommended. The use of spinal instrumentation is controver
sial because of the small size of the patient. Hughes et al.
(52) believe that treatment should be directed toward the
establishment and maintenance of spinal stability first, and
toward decompression of the cord secondarily.

SACRAL AGENESIS

Sacral agenesis consists of a complete or partial absence of
the sacrum (54-57). Rarely is it associated with absence of
the most caudal segment of the lumbar spine. The associa
tion with maternal diabetes has been well documented

(54-57). Kyphosis may occur with this condition, although

it is usually not progressive and does not require treatment
(58,59).

PROGRESSIVE ANTERIOR VERTEBRAL
FUSION

SEGMENTAL SPINAL DYSGENESIS
Segmental spinal dysgenesis is a congenital anomaly of the
lumbar or thoracolumbar spine, consisting of focal agenesis
or dysgenesis of the spine that results in severe spinal stenosis
and instability (50). A progressive kyphosis occurs at the
site of segmental spinal dysgenesis. This condition often is
confused with other spinal anomalies, such as type I congen
ital kyphosis, sacral agenesis, lumbosacral agenesis, or lum
bar agenesis. Faciszewski et al. (51) have described detailed

Progressive anterior vertebral fusion (PAVF) is rare and an
uncommon cause of kyphosis in pediatric patients; however,

if discovered late it may be confused with type II congenital
kyphosis. Knutsson (60), in 1949, was the first to describe
PAVF in the English literature, and a total of 80 cases have

since been reported. This condition is distinguishable from
type II congenital kyphosis because the disc spaces and ver

tebral bodies are normal at birth and later become affected
with an anterior fusion. Although the etiology is unknown,

nosis of the spinal canal at the involved segment, and is

PAVF is probably a distinct clinical condition, even though
consideration has been given to the possibility that it may
represent a delayed type II congenital kyphosis. Kharrat and
Dubousset (61) found this condition to be familial in 6 of

absence of adjacent nerve roots. At the involved level, a ring
of bone encircles the posteriorly positioned spinal canal,

anomalies in 46% of 15 patients, including heart defects,
tibial agenesis, foot deformities, Klippel-Feil syndrome, Ito

radiographic and clinical definitions of this condition. Seg
mental spinal dysgenesis is characterized by severe focal ste

associated with significant narrowing of the thecal sac and

causing stenosis. The spinal canal has limited potential for

enlargement with growth because of the absence of neuro-

15 patients, and Van Buskirk et al. (62) reported associated

syndrome, pulmonary artery stenosis, and hemisacralization
ofL5.
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Neurologic deficits usually are not seen in PAVF, but
Smith (63) reported one case of spinal cord compression
resulting from an acutely angled kyphosis. Van Buskirk et

al. (62) and Dubousett (24,29) described five stages of
PAVF: stage 1 is disc space narrowing, which occurs to a

greater extent anteriorly than posteriorly; stage 2 is increased
sclerosis of the vertebral end plates of the anterior and mid
dle columns; stage 3 is fragmentation of the anterior verte
bral end plates; stage 4 is fusion of the anterior and some
times the middle columns; and stage 5 is development of
a kyphotic deformity.

Kyphosis is the last stage in PAVF, and is caused by the
anterior disc space fusing while part of the posterior disc
space remains open, allowing for continued growth in the
posterior disc space and the posterior column. Bollini et al.
(64) found that patients with thoracic PAVF had a relatively
good prognosis, while those with lumbar involvement had
a poor prognosis. Involvement of the thoracic spine is better
tolerated by patients than is involvement of the lumbar area
because of the normal kyphotic posture of the thoracic
spine. Therefore, nonoperative treatment for most thoracic
PAVF deformities is recommended. For PAVF in the lum
bar spine a posterior spinal fusion is indicated in stages 1,
2, and 3. In stages 4 and 5 lumbar PAVF, the kyphotic
deformity has already occurred in a normally lordotic lum
bar spine. Posterior fusion will only stop progression of ky
photic deformity. If normal sagittal alignment is to be ob
tained an anterior osteotomy, followed by posterior fusion
and instrumentation, is recommended (60—67).
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FIGURE 19-10. Lateral radiograph of a patient with Scheuer
mann disease and an 81-degree kyphotic deformity. Note the nar
rowing of the intervertebral disc spaces and the irregularity of
the vertebral end plates. There is an associated increase in lumbar
lordosis below the kyphotic deformity.

Scheuermann disease is a common cause of structural ky
phosis in the thoracic, thoracolumbar, and lumbar spine.

Scheuermann originally described this rigid juvenile kypho

acterized by vertebral end plate changes, disc space narrow

sis in 1920; it is characterized by vertebral body wedging

ing, and anterior Schmorl nodes, but does not necessarily
fulfill Sorenson's criteria of three consecutively wedged ver

that is believed to be caused by a growth disturbance of the

tebrae of 5 degrees. Thoracic Scheurmann is the most com

vertebral end plates (68,69) (Fig. 19-10).

mon form, with the atypical form less frequently seen.

Classification

Epidemiology

Scheuermann disease can be divided into two distinct

Typical Scheuermann disease consists of a rigid thoracic

groups: a typical form and an atypical form. These two types
are determined by the location and natural history of the

kyphosis in a juvenile or adolescent spine. The apex of ky
phosis is located between T7 and T9 (10). The reported

kyphosis, including symptoms occurring during adoles

incidence of Scheuermann deformities in the general popu

cence and after growth is completed. Typical Scheuermann
disease usually involves the thoracic spine, with a well-estab
lished natural history during adolescence and after skeletal

lation ranges from 0.4 to 8.3% (71-74). Reported male-to-

female ratios vary in the literature. Scheuermann originally
reported a male preponderance of 88% (68). Most reports

maturity (70). This classic form of Scheuermann kyphosis

in the literature note either a slight male preponderance or

will have three or more consecutive vertebrae, each wedged

an equal male-to-female ratio (34,73-77). Bradford et al.

5 degrees or more, producing a structural kyphosis. In con
trast, atypical Scheuermann disease usually is located in the

of Scheuermann disease in women.

thoracolumbar junction or in the lumbar spine, and its natu
ral history is less well understood. The atypical type is char-

(72) has been the only one to report an increased incidence

The age at onset of Scheuermann kyphosis is difficult to
establish. Sorensen (74) described a Scheuermann pro-
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drome in patients who have a lax, asthenic posture from
the age of approximately 4 to 8 years, and in whom, within
a few years, a fixed kyphosis developed. The clinical detec
tion of Scheuermann disease occurs at about 10-12 years
of age. Radiographic evidence of Scheuermann disease usu
ally is not detectable in patients younger than 10 years of
age because the ring apophysis is not yet ossified. Until the
ring apophysis ossifies, vertebral body wedging and irregu

larity of the end plate are difficult to measure on radio
graphs.

Etiology

Many possible etiologies have been suggested for Scheuer
mann disease, but the true cause remains unknown. Etiologic factors that have been suggested as causes of Scheuer
mann kyphosis include genetic, vascular, hormonal,
metabolic, and mechanical. Sorensen (74) noted a high fa
milial predilection, and Halal et al. (78), in a study of 5

families, and McKenzie and Sillence (79), in a study of 12
families, suggested that the disease may be inherited in an
autosomal dominant fashion with a high degree of penetrance. Additional support for a genetic basis for this condi
tion is provided in a report by Carr et al. (80,81) of Scheuer
mann disease occurring in identical twins. Halal et al. (78),
McKenzie et al. (79), and Carr et al. (81) have reported on
possible autosomal dominant inheritance of Scheuermann
kyphosis.

Scheuermann believed that the kyphosis was caused by
a form of avascular necrosis of the ring apophysis, which
led to a growth disturbance resulting in a progressive kypho
sis with growth (68,69). The problem with this theory is

that the ring apophysis contributes little to the longitudinal

growth of the vertebrae (81,82). Bick and Copel (83) dem
onstrated that the ring apophysis lies outside the true cartila
ginous physis and contributes nothing to the longitudinal
growth of the vertebral body. Therefore, a disturbance in

the ring apophysis should not affect growth of the vertebrae

or cause vertebral wedging.

Schmorl (84) described a herniation of disc material

through the cartilaginous end plate, known as Schmorl
nodes. He believed that the herniation of disc material oc
curred because of a weakened end plate. The disc herniation
was thought to damage the anterior end plate, resulting in
abnormal growth, which in turn caused the kyphosis. There
is a definite increased incidence of Schmorl nodes in patients
with Scheuermann kyphosis, but the problem with this the

ory is that Schmorl nodes were found outside the area of

kyphosis, and in patients who had asymptomatic normal
spines and did not have a kyphotic deformity.
Ferguson (85) suggested that persistence of an anterior

vascular groove altered the anterior growth of the vertebral
body, but Aufdermaur and Spycher (86,87) and Ippolito
and Ponseti (88) were unable to document growth distur
bances around the anterior vascular groove, and concluded
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that persistence of an anterior vascular groove was a sign of
immaturity of the spine. Lambrinudi (89) postulated that

Scheuermann disease resulted from upright posture and a
tight anterior longitudinal ligament. The fact that no cases
of Scheuermann disease have been found in quadruped ani
mals lends support to this theory (90). This has led to the
more popular belief that the anterior end plate changes are

caused by mechanical forces in response to Wolffs law or
the Heuter-Volkmann principle. Compression forces in the
anterior growth plate cause a decrease in growth in the area

of kyphosis. Indirect support for this argument can be found
in the changes in the wedging of the involved vertebral
bodies and the reversal of these changes when bracing or
casting is used in the immature spine. Scoles et al. (90) also

support this theory by demonstrating disorganized endochondral ossification in involved vertebrae, similar to that
seen in Blount disease. They conclude that the changes in
endochondral ossification are the result of increased pressure
on the vertebral growth plate.

Ascani et al. (91,92) found that patients with Scheuer
mann disease tended to be taller than normal for their

chronologic and skeletal ages, and that their bone age tended
to be more advanced than their chronologic age. Because
they found increased growth hormone levels in these pa
tients they suggested that the increased height and the ad
vanced skeletal age could be caused by the increased growth
hormone (91,92). The increased height and more rapid
growth may make the vertebral end plates more susceptible
to increased pressure and result in the changes seen in

Scheuermann disease. The increased growth hormone levels
noted by Ascani et al. also may lead to a relative osteoporosis
of the spine, which may predispose the spine to the develop
ment of Scheuermann disease.

Bradford et al. (71,93), Burner et al. (94), and Lopez et
al. (95) reported that Scheuermann kyphosis may be caused
by a form of juvenile osteoporosis. Lopez et al. noted a
similar association between osteoporosis and Scheuermann
disease, on dual photon absorptiometry (95). Gilsanz et al.
(96), on quantitative CT scans, found no evidence of osteo
porosis in patients with Scheuermann kyphosis, when com

pared to normal research subjects. They suggested that the
differences in his report, and reports showing osteoporosis,
could be related to the technique used to determine osteopo
rosis. Scoles et al. (90), on single-photon absorptiometric
analysis, in a study of cadaver vertebrae from patients with

Scheuermann kyphosis, also found no evidence of osteopo
rosis.

What is shown by the histologic studies of Ascani et al.
(91), Ippolito et al. (88,97), and Scoles et al. (90) is that
an alteration in endochondral ossification occurs. Whether
this altered endochondral ossification is the cause or the
result of kyphosis is not known. Ippolito and Ponseti (88)
found a decrease in the number of collagen fibers and an
increase in proteoglycan content, and the collagen fibers
were thinner than normal. Some areas of the altered end
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plate showed direct bone formation from cartilage instead

of the normal growth plate sequences for ossification. These
studies help support the belief that Scheuermann kyphosis
is an underlying growth problem of the anterior vertebral
end plates, which results in kyphosis.
Natural History

Many early studies suggested a poor natural history for
Scheuermann disease, and recommended early treatment to
prevent severe deformity, pain, impaired social functioning,
embarrassment about physical appearance, myelopathy, de
generation of the disc spaces, spondylolisthesis, and cardiopulmonary failure. Despite these reports, few long-term

follow-up studies of Scheuermann disease were performed
until that of Murray et al. (73). Findings by Travaglini and

Conti (34,98), Murray et al. (73), and Lowe (99) suggest
that the natural history of the disease tends to be benign.
The kyphotic deformity progresses rapidly during the
adolescent growth spurt. Bradford et al. (100) noted that
more than half of his patients who required brace treatment
had progression of their deformities during this growth
spurt before brace treatment was begun. Little is known
about progression of the kyphosis after growth is completed,
and whether it is similar to that in scoliosis. Whether the
kyphosis will continue to progress during adulthood, after

a certain degree of kyphosis has been reached, is not well
documented. Tragvaglini and Conte (34) found that the
kyphosis did progress during adulthood, but few patients
developed severe deformities. What is known is that patients
with Scheuermann kyphosis have more intense back pain,
jobs that require relatively little physical activity, less range
of motion of the trunk in extension, and different localiza
tion of back pain than the general population that does not
have Scheuermann kyphosis (73). Even with these findings,
when compared with normal individuals patients with
Scheuermann kyphosis have no significant differences in

self-esteem, social limitations, or level of recreational activi
ties. The number of days they miss from work because of
back pain also is similar. The data regarding the natural
history of Scheuermann disease suggest that, although pa
tients may have some functional limitations, their lives are

not seriously restricted, and they have few clinical or func
tional problems. Pulmonary function actually increases in
these patients, probably because of the increased diameter
of the chest cavity, until their kyphosis is more than 100
degrees. Patients with kyphosis of more than 100 degrees
had restrictive pulmonary function. Another finding in pa
tients with Scheuermann kyphosis was that disc degenera
tion was five times more likely to be seen on MRI in patients
with Scheuermann, compared with controls (101). The

clinical significance of this finding is not known (73).
Associated Conditions

Mild to moderate scoliosis is present in about one-third of
patients with Scheuermann disease (99), but the curves tend

to be small, about 10 to 20 degrees. Scoliosis associated
with Scheuermann disease usually has a benign natural his
tory. The scoliotic curve rarely is progressive, and usually
does not require treatment. Deacon et al. (102,103) divided
scoliotic curves found in patients with Scheuermann disease
into two types, based on the location of the curve and the
rotation of the vertebrae into or away from the concavity
of the scoliotic curve. In the first type of curves, the apices
of scoliosis and kyphosis are the same, and the curve is

rotated toward the convexity. The rotation of the scoliotic
curve is opposite that normally seen in idiopathic scoliosis.
Deacon et al. (102,103) suggested that the difference in
direction of rotation is caused by scoliosis occurring in a
kyphotic spine, instead of the hypokyphotic or lordotic

spine that is common in idiopathic scoliosis. In the second
type of curves, the apex of scoliosis is above or below the
apex of kyphosis, and the scoliotic curve is rotated into the
concavity of the scoliosis, more like idiopathic scoliosis. This
type of scoliosis seen with Scheuermann kyphosis is the
most common, and rarely progresses or requires treatment.

Lumbar spondylolysis is a frequent associated finding in
Scheuermann kyphosis. The suggested reason for the in
creased incidence of spondylolysis is that increased stress is

placed on the pars interarticularis as a result of the associated
compensatory hyperlordosis of the lumbar spine in Scheuer
mann disease. This increased stress causes a fatigue fracture
at the pars interarticularis, resulting in spondylolysis. Ogilvie and Sherman (104) found a 50% incidence of spondylo
lysis in the 18 patients he reviewed. Stoddard and Osborn
reported a 54% incidence of spondylolysis in their patients
with Scheuermann kyphosis (105).
Other conditions reported in patients with Scheuermann
disease include endocrine abnormalities (106), hypovita-

minosis (107), inflammatory disorders (105,106), and dural
cysts (90,108).

Clinical Presentation

Clinical signs of Scheuermann disease occur around the
time of puberty. The clinical feature that distinguishes pos
tural kyphosis from Scheuermann kyphosis is rigidity.
Often, mild Scheuermann disease is believed to be postural
because the kyphosis may be more flexible in the early stages
than in later stages. Usually the patient seeks treatment be
cause of a parent's concern about poor posture. Sometimes,
the poor posture has been present for several months or
longer, or the parents may have noticed a recent change
during a growth spurt. Attributing kyphotic deformity in
a child to poor posture often causes a delay in diagnosis
and treatment.

Pain may be the predominant clinical complaint rather
than deformity. The pain generally is located over the area
of the kyphotic deformity, but also occurs in the lower lum
bar spine if compensatory lumbar lordosis is severe. Back
pain usually is aggravated by standing, sitting, or physical
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activity. The distribution and intensity of the pain vaiy ac

cording to the age of the patient, the stage of the disease,
the site of the kyphosis, and the severity of the deformity.
Pain usually subsides with the cessation of growth, although
pain in the thoracic spine can sometimes continue, even
though the patient is skeletally mature (73,109). More com
monly, after growth is completed patients complain of low
back pain caused by the compensatory or exaggerated lum
bar lordosis.

Most symptoms related to Scheuermann disease occur
during the rapid growth phase. During the growth spurt,
pain is reported by 22% of patients, but as the end of the

adolescent growth spurt approaches, this figure reaches
60%. Some authors believe that when growth is complete
the pain recedes completely, except for well-circumscribed
perispinal discomfort (110-112). In adult patients with
Scheuermann disease, pain may be located in and around
the posterior iliac crest. This pain is thought to result from
arthritic changes at Til and T12, because the posterior
crest is supplied by this dermatome. Stagnara (113) believes

that the mobile areas above and below the rigid segment
are the source of pain.

Symptoms also depend on the apex of kyphosis. Murray
et al. (73) noted that if the apex of kyphosis was in the
upper thoracic spine patients had more pain with everyday
activities. The degree of kyphosis also has been correlated
with symptoms. It seems logical that the larger the kyphosis,
the more likely it is to be symptomatic, but Murray et al.
(73) found that curves between 65 and 85 degrees produced
the most symptoms, whereas curves of more than 85 degrees
and less than 65 degrees produced fewer symptoms. How
ever, in patients with thoracolumbar or lumbar kyphosis

(atypical Scheuermann disease), activity decreased as the de
gree of kyphosis increased.
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from a lateral position and is asked to bend forward. Nor
mally, the back exhibits a gradual rounding with forward
bending, but in patients with Scheuermann disease an acute
increase in the kyphosis of the thoracic spine, or at the thora

columbar junction, is evident. Stagnara et al. (115) found
cutaneous pigmentation to be common at the most protrud

ing spinous process at the apex of the kyphosis, probably
the result of friction exerted by the backs of chairs and
clothing. Compensatory lumbar and cervical lordosis, with
forward protrusion of the head, further increases the ante
rior flexion of the trunk. Associated hamstring and hip
flexor muscle tightness often are present.
The kyphotic deformity has some form of rigidity, and
will not correct completely with hyperextension. Larger de
grees of kyphosis are not necessarily more rigid, and the
amount of rigidity will vary with the age of the patient (73).
The neurologic evaluation usually is normal, but must
not be overlooked. Spinal cord compression has been re
ported occasionally in patients with Scheuermann disease
(116-120). Three types of neural compression have been
reported: ruptured thoracic disc (121), intraspinal extradural cyst, and mechanical cord compression at the apex of
kyphosis. However, spinal cord compression and neurologic
compromise are rare (122). Bouchez et al. (66) found that

only 1 % of patients with a paralyzing disc herniation had
Scheuermann disease. In patients with spinal cord compres
sion caused by the kyphosis alone, Ryan and Taylor (119)
suggest that the factors influencing the onset of cord
compression are the angle of kyphosis, the number of seg
ments involved, and the rate of change of the angle of ky

phosis. This may be why neurologic findings are rare in
Scheuermann kyphosis—the kyphosis occurs gradually over
several segments, without acute angulation.

Lumbar Scheuermann

Radiographic Examination

Patients with lumbar Scheuermann disease differ from those
with thoracic deformity. These patients usually have low
back pain, but, unlike patients with the more common form
of Scheuermann disease, their kyphotic deformity is not as
noticeable. Pain is associated with spinal movement. Lum
bar Scheuermann is especially common in males involved
in competitive sports, and in farm laborers, suggesting that
this may be an injury to the vertebral physes from repeated

The most important radiographic views are standing antero-

trauma (114).

Physical Examination
In a patient with Scheuermann disease, a thorough examina
tion of the back and a complete neurologic evaluation are
essential. With the patient standing the shoulders appear to
be rounded and the head protrudes forward. The anterior
bowing of the shoulders is caused by tight pectoralis mus
cles. Angular kyphosis is seen best when the patient is viewed

posterior and lateral views of the spine. The amount of

kyphosis present is determined by the Cobb method on a
lateral radiograph of the spine. This is accomplished by
selecting the cranial- and caudal-most tilted vertebrae in the
kyphotic deformity. A line is drawn along the superior end
plate of the most cranial vertebra and the inferior end plate
of the most caudal vertebra. Lines are drawn perpendicular
to the lines along the end plates, and the angle they form
is the degree of kyphosis (123). Normal kyphosis is between
20 and 40 degrees (9).

The criterion for diagnosis of Scheuermann disease on
a lateral radiograph is more than 5 degrees of wedging of
at least three adjacent vertebrae (74). The degree of wedging
is determined by drawing one line parallel to the superior
end plate and another line parallel to the inferior end plate
of the vertebra, and measuring the angle formed by their
intersection. Bradford believes that three wedged vertebrae
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of the spine should be obtained to look for associated scoliosis or vertebral anomalies. The patient's skeletal maturity
can be estimated from a radiograph of the left hand and
wrist, or from the Risser sign on the anteroposterior radio
graph of the spine.

Treatment

The indications for the treatment of patients with Scheuer
mann kyphosis can be grouped into five general categories:
pain, progression of deformity, neurologic compromise, car-

diopulmonary compromise, and cosmesis.
Treatment options include observation, nonoperative

methods, and surgery. Observation is an active form of
treatment. If the deformity is mild and nonprogressive, the
kyphosis can be observed every 6 months with lateral radio
graphs. The parents and patient must understand the need
for regular follow-up visits. If the deformity begins to
progress another form of treatment, such as bracing, casting,

or surgery, may be indicated.
Nonoperative methods include exercise, physical ther
apy, electrical stimulation, bracing, and casting. Exercise
FIGURE 19-11. Lateral radiograph of a patient with Scheuermann disease demonstrates the kyphotic deformity seen in this

disorder. Note the irregularity of the vertebral end plates and

the anterior vertebral wedging.

are not necessary for the diagnosis, but rather an abnor
mal, rigid kyphosis is indicative of Scheuermann disease
(124).

The vertebral end plates are irregular, and the disc spaces

are narrowed. The anteroposterior diameter of the apical
vertebra frequently is increased (90) (Fig. 19-11). Associated
Schmorl nodes often are seen in the vertebrae in the kypho
sis. Flexibility is determined by taking a lateral radiograph
with the patient lying over a bolster placed at the apex of
the deformity, to hyperextend the spine. The bolster should
be placed at the apex of the deformity to maximize the
amount of correction seen on a hyperextension radiograph.
On the lateral radiographs, most patients will be in negative
sagittal balance (125). Sagittal balance is measured radiographically by dropping a plumb line from the center of
the C7 vertebral body and measuring the distance from

this line to the sacral promontory, with a positive value
indicating the plumb line lies anterior to the promontory
of the sacrum. Normal sagittal balance values are ± 2 cm

to the sacral promontory. On a lateral radiograph of lumbar
Scheuermann kyphosis irregular end plates, Schmorl nodes,
and disc-space narrowing will be seen, but rarely vertebralbody wedging. MRI and CT scans are necessary only if
the patient has unusual symptoms or positive neurologic
findings. An anteroposterior or posteroanterior radiograph

and physical therapy alone will not permanently improve
kyphosis that is caused by skeletal changes. The improve
ment seen with these methods is due to improved muscle
tone and correction of bad posture. The goals of physical
therapy are to increase flexibility of the spine, correct lumbar
hyperlordosis, strengthen extensor muscles of the spine, and
stretch tight hamstring and pectoralis muscles. The efficacy
of this treatment method has not been proven, and although
it may improve the postural component of Scheuermann
disease, its effect on a rigid kyphosis is questionable.
Although electrical stimulation has been reported in a
small number of patients with scoliosis or kyphosis, (126).
its use has not been reported in patients with Scheuermann
disease. The general consensus at this time is that electrical
stimulation is of no benefit in these patients (99).
Other nonoperative treatment methods can be divided
into active correction systems (braces) and passive correction
systems (casts). For either a brace or a cast to be effective,
the kyphotic curve must be flexible enough to allow correc
tion of at least 40% (92,127).

The Milwaukee brace is the brace recommended for the
treatment of Scheuermann disease (128) (Fig. 19-12). The
Milwaukee brace functions as a dynamic three-point ortho-

sis that promotes extension of the thoracic spine. The neck
ring maintains proper alignment of the upper thoracic spine,
and the padded poster uprights apply pressure over the apex
of the kyphosis. The pelvic girdle stabilizes the lumbar spine
by flattening the lumbar lordosis. A low-profile brace, with
out a chin ring and with anterior shoulder pads, can be
used for curves, with an apex at the level of T9 or lower.
The indications for brace treatment are spine immaturity
and kyphosis of 50 to 70 degrees, with radiologic evidence
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of Scheuermann disease. The brace initially is worn fulltime for an average of 12 to 18 months. If the curve is
stabilized and no progression is noted after this time, a parttime brace program can be started. If no progression is noted
with part-time bracing, a nighttime bracing program is used
until skeletal maturity is reached. However, Gutowski and
Renshaw (129) reported that part-time bracing (16 h/day)
is as effective as full-time bracing, and is associated with
improved patient compliance. In this study, a Boston lum
bar kyphosis orthosis was used. The rationale for correction
in this orthosis was reduction of the lumbar lordosis, which
caused the patient to dynamically straighten the thoracic
kyphosis to maintain an upright posture. This presupposes
a flexible thoracic kyphosis, a normal neurovestibular axis,
and the absence of hip flexion contractures.
Despite initial improvement, several authors have noted
a significant loss of correction after the discontinuation of
brace treatment (46,130). Montgomery and Erwin (77) be
lieve that if permanent correction of kyphosis is possible, a
change in vertebral body wedging should be seen before
bracing is discontinued. Even though some loss of correc
tion can occur after bracing is discontinued, it still is effec
tive in obtaining some correction of the kyphosis, and possi
bly reversing vertebral body wedging, or at least preventing
any progression of the kyphotic deformity (77) (Fig. 19-

13). Poor brace results were noted by Bradford in patients
in whom the kyphosis exceeded 75 degrees, the wedging of
the vertebral bodies was more than 10 degrees, or the patient
was near or past skeletal maturity (124).

De Mauroy and Stagnara (131) developed a therapeutic
regimen for patients with Scheuermann disease that uses
serial casts for correction. This method consists of three
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FIGURE 19-12. A: Patient with Scheuermann kyphosis has tho
racic kyphosis, compensatory lumbar lordosis, anterior protrusion
of the head, and rotation of the pelvis. B: Patient with Scheuer
mann kyphosis in a Milwaukee brace. The placement of the pelvic
girdle, posterior thoracic pads, occipital pads, and neck ring en
courage correction of the kyphosis. C: Correction of kyphosis after
Milwaukee brace treatment. (Courtesy of Robert Winter, M.D.,
Minneapolis.)

stages. First, a physical therapy program is started in prepa

ration for the casts. Next, three antigravity casts are applied
on separate occasions. The casts are changed at 45-day inter

vals, to obtain gradual correction of the deformity at each
cast change. The third stage involves the use of a plastic
maintenance brace that is worn until skeletal maturity is
reached. Although the reported results of this method of

treatment have been good (131), the Milwaukee brace is
still the preferred nonoperative treatment method in North
America.

Surgical correction of kyphosis may be a posterior ap
proach, an anterior approach, or a combined anterior and
posterior approach. The combined anterior and posterior
approach is the most frequently recommended and reliable
procedure for surgical correction of kyphosis (132-135)
(Fig. 19-14). A posterior procedure alone can be considered

if the kyphosis can be corrected to, and maintained at, less
than 50 degrees, while a posterior fusion occurs (136-138).
The spine can be instrumented with Harrington compres
sion rods (73,139) or a posterior Cotrel-Dubousset type of
instrumentation system (140). If Harrington compression

rods are used for posterior instrumentation, the '4-inch rods
are used. Even when J^-inch Harrington compression rods
are used, a brace or cast should be applied after surgery
to prevent rod breakage until a solid fusion is obtained.
Prolonged immobilization is necessary, however, and there
are potential complications. When a Cotrel-Dubousset or
similar type of instrumentation system is used, postoperative
immobilization may not be required. Anterior instrumenta
tion for Scheuermann disease has been reported by Kostuik
(141), consisting of an anterior interbody fusion and ante
rior instrumentation, with a Harrington distraction system
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FIGURE 19-13. A: A 15-year-old girl with a 64-degree thoracic kyphosis secondary to Scheuermann disease. B: Lateral radiograph of the patient in a Milwaukee brace with the kyphotic defor
mity improved to 39 degrees. C: Lateral radiograph obtained after the patient completed brace
treatment; the kyphotic deformity has improved to 33 degrees.

augmented by postoperative bracing. A single rod and mul
tiple bone screws, available in the present-day spine instru
mentation systems, may be used instead of the Harrington
distraction system. Although Kostuik has reported good re

below the apex of the kyphosis. The fusion and instrumenta

tion should include the proximal vertebra in the measured
kyphotic deformity and the first lordotic disc distally. If the

sults with this technique, the anterior instrumentation ap

fusion and instrumentation end in the kyphotic deformity,
a junctional kyphosis at the end of the instrumentation is

proach for treatment of Scheuermann kyphosis is not widely

likely to develop.

used (141).

When anterior and posterior surgery is performed for
Scheuermann disease, the anterior release and fusion are
performed first, followed by the posterior fusion and instru
mentation. The posterior fusion and instrumentation can

be done on the same day as the anterior release and fusion,
or they can be done as a staged procedure. Harrington
compression rods can be used for posterior instrumentation,

but usually rods with multiple hooks are used. Lowe (134)
and Coscia et al. (142) have reported a high complication
rate after using Luque rods and wires for posterior fixation,
because this system does not allow for any compression.

The posterior instrumentation should include at least three

sets of hooks above the apex and at least two sets of hooks

Lowe emphasized that overcorrection of the deformity
should be avoided to prevent proximal junctional kyphosis

(134). He recommended that no more than 50% of the
preoperative kyphosis be corrected, and that the final ky
phosis should never be less than 40 degrees. He aJso found
that patients with Scheuermann disease tend to be in nega
tive sagittal balance and become further negatively balanced
after surgery, which may predispose them to the develop
ment of junctional kyphosis. Reinhardt and Bassett (143)
recommended fusion to the first square vertebra distally if
the end vertebra distally was wedged to prevent junctional
kyphosis. The type of instrumentation used will determine
whether postoperative immobilization is needed. This im
mobilization can consist of a brace or a Risser body cast.
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FIGURE 19-14. A: A 19-year-old man with a 70-degree lower thoracic Scheuermann kyphosis was
treated by anterior ligament release and interbody fusion, followed by posterior instrumentation
and fusion. B: Two years after surgery the kyphosis is 37 degrees. C: Standing photographs before
and 2 years after surgery. D: Forward-bending photographs before and 2 years after surgery
(Courtesy of Robert Winter, M.D., Minneapolis.)
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POSTLAMINECTOMY KYPHOSIS

A laminectomy or multiple laminectomies are needed most
often in children for the diagnosis and treatment of spinal
cord tumors, but also may be needed for other conditions,
such as neurofibromatosis, Arnold Chiari malformation,

and syringomyelia (144,145). Although deformity after
laminectomy is unusual in adults, it is common in children
because of the unique and dynamic nature of the growing
spine (121,146-150). Postlaminectomy deformities usually

result in kyphotic deformity, but a scoliotic deformity also
may occur (147).

The pathophysiology of postlaminectomy kyphotic de
formity can be multifactorial. Deformity of the spine after
multiple laminectomies can be caused by (i) skeletal defi
ciencies (anterior column, facet joint, laminae), (ii) ligamentous deficiencies, (iii) neuromuscular imbalance, (iv) effects
of gravity, and (v) progressive osseous deformity resulting
from growth disturbances (144,151). Panjabi and colleagues
(152) showed that with loss of posterior stabilizing struc
tures caused by removal of the interspinous ligaments, spinous processes, and laminae, the normal flexion forces

placed on the spine will produce kyphosis. Gravity places
a flexion moment on the spine, producing compression

force on the anterior vertebrae and discs, and a tensile force
on the remaining posterior structures. This may explain why
postlaminectomy deformities occur most often in the cervi
cal and thoracic spine, and rarely in the lumbar spine. Grav
ity tends to cause a kyphosis in the cervical and thoracic

spine, whereas it accentuates the usual lordosis of the lumbar
spine.

Skeletal deficiencies also can produce deformity. The
most important factor noted to influence the development
of postlaminectomy deformity is the integrity of the facet
joint (147,152-154). If the facet joint is removed or dam
aged during surgery, deformity is likely to develop. In addi
tion, any secondary involvement of the anterior column, by
tumor or surgical resection, adds to the risk of instability and
deformity after laminectomy. Also, multiple laminectomies

increase the risk of deformity (155).
Paralysis of muscles that help stabilize the spine also can
add to a postlaminectomy deformity, because these muscles
are unable to resist the normal flexion forces placed on the

spine by gravity and by the normal flexor muscles of the
spine. Yasuoka et al. (156) noted increased wedging of the

vertebrae and excessive motion after laminectomy in chil
dren, but not in adults. This increased wedging is caused
by increased pressure on the cartilaginous end plates of the
vertebral bodies. With time the increased pressure will cause
a decrease in growth of the anterior portion of the vertebrae,
according to the Heuter-Volkman principle (Fig. 19-15).
Excessive spinal motion in children after laminectomy can
be attributed to the facet joint anatomy in the cervical spine

and the increased ligamentous laxity of growing children.
Orientation of the cervical joint in a child is more horizontal

B

FIGURE 19-15. Drawings of the thoracic spine before and after
repeated laminectomy demonstrate the effects on growth of the
vertebral bodies. A: Before laminectomy, the anterior vertebral
bodies are rectangular in configuration. B: The spine that has had
multiple laminectomies will have increased compression anteri
orly because of loss of posterior supporting structures. This
compression results in less growth in the anterior potion of the
vertebral body than in the posterior portion. In time, this will
result in wedging of the vertebral bodies, causing a kyphotic de
formity. (From ref. 157, with permission.)

than that seen in an adult. This horizontal orientation offers
less resistance to forces that tend to cause kyphosis in the
cervical spine.

Kyphosis is the most common deformity, although scoliosis also can occur, either as the primary deformity or in
association with kyphosis. The incidence of postlaminec
tomy kyphotic deformity ranges from 33 to 100% (157),
and depends on the age of the patient and the level of the
laminectomy. Generally, the deformity is more likely in
younger patients, and after more cephalad laminectomy.
For example, Yasuoka et al. (156) found that spinal defor

mity occurred in 46% of patients younger than 15 years of
age, but in only 6% of patients 15 to 24 years of age. All the
patients between 15 and 24 years of age in whom deformity
developed were 18 years of age or younger. Yasuoka et al.
(156) and Fraser et al. (158) found that higher levels of
laminectomy were associated with a greater chance of defor
mity. Deformity occurred after 100% of cervical spine lami

nectomies, in 36% of thoracic laminectomies, and in none
of the lumbar laminectomies, in their study.

Kyphosis in the cervical and thoracic spine is the most
common postlaminectomy deformity. The lumbar spine is
normally in lordosis, and this may protect the lumbar spine
from developing kyphosis after multiple lumbar laminecto
mies. Papagelopoulos et al. (159) reported that hyperlordosis occurred in children who had lumbar laminecto

mies for intraspinal tumors. If the laminectomies extended

Postlaminectomy Kyphosis

into the thoracolumbar junction, kyphosis at the thoracolumbar junction occurred in 33% of his patients. Peter et
al. (160) found that most of his patient did not develop a
significant deformity after multiple lumbar laminectomies
for selective posterior dorsal root rhizotomy, but he did find
that 9% developed spondylolysis. This may be the result of
increased lordosis in this patient population (161).

Postlaminectomy deformity can occur early in the post
operative period or gradually over time. Kyphotic deformi

ties have been reported to occur as late as 6 years after
surgery (146,161). Progression also can be sudden or grad

ual, or the deformity may progress significantly only during

the adolescent growth spurt.

759

The natural history of postlaminectomy spinal deformity
is varied, and depends on the age of the patient at the time
of surgery, the location of the laminectomy or laminecto
mies, and the integrity of the facet joint. Three types of

postlaminectomy kyphosis have been described in children:
(i) instability after facetectomy, (ii) hypermobility between
vertebral bodies associated with gradual rounding of the
spine, and (iii) wedging ofvertebral bodies caused by growth
disturbances (157).
Kyphosis from instability after facetectomy tends to be

sharp and angular, and usually occurs in the immediate or
early postoperative period, causing associated loss of neuro
logic function (Fig. 19-16). Gradual rounding of the ky-

FIGURE 19-16. Radiographs of a 13year-old girl treated for a low-grade astrocytoma. She underwent resection of

the tumor and a portion of the occiput
and the laminae of C1-C4, followed by ra
diotherapy of 5400 cGy. A: A progressive
cervical kyphosis developed. Note wedg
ing of the anterior vertebral body. B: Ra

diograph in halo traction demonstrates

partial reduction of the kyphosis. C: Post
operative radiograph after anterior and
posterior fusion.
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photic deformity is seen more often when the facet joints are
preserved. Kyphosis increases gradually over time because of

the stress placed on the remaining posterior structures. If
the spine is immature when the laminectomy is performed,
the resulting kyphosis can inhibit the growth of the anterior

growth plates of the involved vertebrae. Unequal growth
results in wedging of the vertebrae and a progressive kyphotic deformity that is accelerated during the adolescent
growth spurt.

Other associated conditions also can add to or cause kyphotic deformities, including persistence of spinal cord tu
mors, neurologic deficits, intraspinal pathology (hydromyelia), and radiation therapy (162,163).
Evaluation

The evaluation of a postlaminectomy deformity should
focus on (i) the flexibility of the deformity, (ii) loss of spinal
structures, and (iii) determination of future deformity with
growth. The flexibility of a deformity can be estimated by
flexion and extension lateral radiographs. If these cannot be
obtained then a lateral traction film can be used. CT scans
and three-dimensional reconstruction views may better de
lineate which bony elements are missing. MRI may be used,
but gives more information about the spinal cord, disc, and
surrounding soft tissue. To aid in preoperative planning,
Lonstein recommends drawing the spine preoperatively
(144). The lines should represent the spinous processes and
intact laminae and facet joints. This may aid in predicting
progression of a postlaminectomy deformity.

Treatment

Treatment of postlaminectomy kyphosis is difficult, and it

is best to prevent the deformity from occurring (164). The
facet joints should be preserved whenever possible during
laminectomy. Localized fusion at the time of facetectomy or

laminectomy may help prevent progressive deformity (165).
Because of the loss of bone mass posteriorly, however, local
ized fusion may not produce a large enough fusion mass to
prevent kyphosis. Even so, this approach is advocated, be
cause it may produce enough bone mass posteriorly to stabi
lize what otherwise would be a severe progressive deformity.
After surgery in which the laminae have been removed,
bracing has been suggested to prevent deformity (166,167),
although no studies have documented the efficacy of this

form of treatment. After the deformity has occurred and
started to progress, bracing is ineffective in preventing fur
ther progression (144,147).

For progressive or marked deformity, spinal fusion is
recommended, although the patient's long-term prognosis
should be considered before making definitive treatment

plans. If the prognosis for survival is poor, spinal fusion
may not be appropriate. However, given the availability of
effective treatment protocols for tumors and the improved

survival rates, fusion usually is indicated for progressive de
formity. Combined anterior and posterior spinal fusion is
preferred in most patients, because of the frequency of
pseudarthrosis after either procedure alone.
Lonstein (144) reported pseudarthrosis in 57% of pa
tients after posterior fusion, and in 15% of patients after
anterior fusion. Anterior and posterior fusion can be per
formed on the same day, or as staged procedures. When
the anterior procedure is performed, care must be taken to
remove all the physes back to the posterior longitudinal
ligament. Leaving some of the physes in the vertebral body
can cause an increase in the deformity. When the posterior

procedure is performed, instrumentation of the involved
spine is desirable, but not always possible, because of the
absence of posterior elements. The development of pedicle
screw fixation has been helpful in allowing the use of poste
rior instrumentation for postlaminectomy kyphosis |>2.8,

2.9]. When it can be performed safely, this procedure pro
vides secure fixation while the spinal fusion is maturing.

Torpey et al. recommend a posterior fusion, using tita
nium rod instrumentation at the time of laminectomy.

The instrumentation provides stability postoperatively,
and the titanium rods allow for postoperative MRI to

evaluate spinal cord tumors. In certain cases, anterior in

strumentation with rod and bone screws or plates may be
used to obtain stability and correction of the deformity
(168). If the deformity is severe or long-standing, anterior
release, followed by halo traction or a halo cast with an
Ilizarov device, can be used to obtain gradual correction
(169,170).

A technique known as "laminoplasty" may lessen the
chance of progressive deformity. This approach involves su
turing the laminae back in place after removal, or removing
just one side of the laminae and allowing them to hinge
open like a book to expose the spinal cord, then suturing
that side of the laminae back in place (171-173). This may
provide only a fibrous tether connecting the laminae to the
spine, but reported results have been promising (174,175).

Another technique is to hinge the laminae open in a lateral
direction, after dividing the laminae in the midline. This
provides a lateral trough for the placement of bone graft
for a lateral fusion (176). Hopefully, the use of these tech
niques will decrease the incidence of postlaminectomy de
formity.

RADIATION KYPHOSIS

The relative radiosensitivity of growing cartilage was discov
ered by investigators during the 1940s. Animal studies by
Engel (177,178), Gall et al. (179), Hinkel (180), Barr et
al. (181), and Reidy et al. (182) documented radiationinduced growth inhibition in growing cartilage and bone.
The longitudinal growth of a vertebral body takes place
through normal endochondral ossification, similar to the
longitudinal growth of the metaphyses of long bones. Bick

Radiation Kyphosis

and Copel (82,83) demonstrated this on histologic sections
in fresh autopsy specimens of vertebral bodies, taken from
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use and effectiveness of chemotherapeutic regimens that re

at the physeal growth plate is radiosensitive (82,83,177,

duce the need for large doses of radiation. Early reports
showed an increased incidence of scoliotic deformities with
the use of asymmetric fields, but the incidence of kyphotic
postirradiation deformities has increased with the use of

178,180,182,183). Engel (177,178) and Arkifi and Simon

symmetric radiation fields (201).

research subjects ranging in age from 14 weeks of fetal devel
opment to 23 years of age. This endochondral ossification

(184) were able to produce spinal deformities in experimen
tal animals, using radiation. Arkin et al. (185) were the first
to report a case of spinal deformity caused by radiation in

humans. Since these reports, it has become clear that expos
ing an immature spine to radiation can produce spinal de

formity, including scoliosis, kyphoscoliosis, lordoscoliosis,
and kyphosis.

The three most common solid tumors of childhood in
which radiation therapy is part of the treatment regimen,
and in which the vertebral column is included in the radia
tion fields, are neuroblastoma, Wilms tumor, and medulloblastoma. Early in the histoiy of radiation therapy, sur
vival rates were poor and spinal deformities were not as
prevalent. With improved treatment protocols and survival
rates, the incidence of spinal deformities has increased. The
degree of growth inhibition of the spine is related to the
accumulated radiation dose and the age of the child when
the spine is irradiated. Progression is directly dependent on
the remaining growth potential in the irradiated vertebrae.
The younger the child and the greater the accumulated
radiation dose, the greater the chance of deformity
(186-191). The most severe growth changes occur in pa
tients who are 2 years of age or younger at the time of
irradiation. Initial vertebral changes usually occur 6 months
to 2 years after radiation exposure (192), but the deformity

may not become apparent until years later, after a period
of growth (187,190).
Reports of radiation involving the spinal column show
that an accumulated dose less than 1,000 cGy does not
produce a detectable inhibition of vertebral growth, whereas
a dose of 1,000 to 2,000 cGy causes a temporary inhibiting
effect on growth. Sometimes, this is manifested as a trans
verse growth arrest line in the vertebra, which gives the
appearance of a bone within a bone. A dose of radiation
between 2,000 and 3,000 cGy causes irregularity or scal
loping of vertebral end plates, diminishing axial height, and
sometimes leads to a flattened, beaked vertebra (187,

188,190,192-195). Adose of 5,000 cGy causes bone necro
sis (188). The effect that radiation has on soft tissue also

affects the progression of spinal deformity. The soft tissue
anterior to the spine and the abdominal muscle can become
fibrotic and act as a tether with growth, adding to the defor
mity of the spine as the child grows (196).

The incidence of spinal deformity after irradiation of
the spine has been reported to range from 10 to 100%
(187,190,191,193,197-200). These rates are decreasing be
cause of shielding of growth centers, symmetric field selec
tion, and decreased total accumulated radiation doses. The
last of these changes has resulted from an increase in the

Any child who has received irradiation to the spine
should be observed carefully for the development of spinal
deformity. Because the development of deformity is related
to the amount of disordered growth in the vertebral bodies
that were affected by irradiation, it depends to a large extent
on the amount of growth left in the spine, when irradiation
was started, and the amount of damage to the physes caused
by irradiation, which correlates directly with the accumu
lated radiation dose. If the dose of radiation is large enough
to cause permanent damage to the physes the deformity will

be progressive. Postirradiation scoliosis and kyphosis both
progress more rapidly during the adolescent growth period

(190,191,194,201). Before the adolescent growth spurt, the
deformity may remain relatively stable or progress at a steady
rate. Severe curves can continue to progress even after skele
tal maturity, and these patients may require continued ob
servation.

Radiographic evaluation of a postirradiation deformity
should include standard posteroanterior and lateral radio
graphs of the spine. Occasionally, tomograms or CT scans
with sagittal or coronal reconstruction, are needed for better
delineation of the vertebral body deformities. The spinal
cord is evaluated best with MRI. Neuhauser et al. (188)
described the roentgenographic changes seen in irradiated
spines. The earliest changes were alterations in the vertebral

bodies within the irradiated section of the spine, caused by
impairment of endochondral growth at the vertebral end
plates. Growth arrest lines produced a bone-within-a-bone
picture. This occurred in 28% of the 81 patients in the
study by Riseborough et al. (190). Other radiographic
changes were end plate irregularity with an altered trabecular pattern, and decreased vertebral body height. This pat
tern was the most common radiographic change reported
by Riseborough et al. (83%) (190). Contour abnormalities,
causing anterior narrowing and beaking of the vertebral
bodies, much like those seen in patients with conditions that
affect endochondral ossification (e.g., Morquio syndrome,
achondroplasia), were the third type of radiographic change
noted by Neuhauser et al. (188).
Treatment

Milwaukee brace treatment has been recommended for pro
gressive curves, but generally has been ineffective for post
irradiation kyphosis (190,201), especially in patients with
soft tissue contractures contributing to the deformity. The
irradiated skin also may be of poor quality, making longterm brace wear difficult. If progression occurs, spinal fusion
with or without instrumentation should be performed, re-
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FIGURE 19-17. A and B: Anteroposterior (AP) and lateral radiographs of a 16-year-old child with
a suprasellar germinoma treated with resection and 3400 cGy of radiation to the base of the skull
and the entire spine. Radiographs demonstrate a 67-degree kyphosis with associated scoliosis. C:
The kyphosis progressed to 85 degrees over 18 months despite bracing. D and E: AP and lateral
radiographs after anterior and posterior fusion with posterior instrumentation. The kyphosis has
been corrected to 46 degrees.

Miscellaneous Causes of Kyphotic Deformities

gardless of the age of the patient. Because bone quality is
poor, fusion can be difficult to obtain after a single attempt.
Anterior and posterior fusion are recommended, and should
extend at least one or two levels above and below the end
of the kyphosis (157,190,201-204). The posterior fusion
mass may require reexploration and repeated bone grafting

at 6 months, and cast immobilization may need to be pro

longed for 6 to 12 months. Posterior instrumentation
should be used whenever feasible because it adds increased
stability while the fusion mass is maturing, and may allow
for some limited correction of the kyphotic deformity (Fig.
19-17) [w-2.13, 2.14]. Although anterior instrumentation
can be used in certain cases, as a result of the radiation
the vertebral bodies usually remain in an infantile form,
and instrumentation with bone screws may be difficult.
Correction of postirradiation kyphosis is difficult. Typi
cally, these curves are rigid, and soft tissue scarring and
contractures often further hamper correction. Healing can

be prolonged and pseudarthrosis is common. Infection is
a frequent complication in these patients because of poor
vascularity of the irradiated tissue (190). Riseborough et al.

(190) reported a pseudarthrosis rate of 37% and an infection
rate of 23% in his patients after surgery. King and Stowe
(201) also reported a high complication rate in patients who
were treated surgically. Because viscera also can be damaged

by irradiation, bowel obstruction, perforation, and fistula
formation may occur after spinal fusion. This can be diffi
cult to differentiate from postoperative cast syndrome, and
the treating physician should be aware of this complication
(205). Radiation myelopathy also can occur in this patient
population (206). King and Stowe (201) reported postoper
ative paraplegia in 2 of 7 patients after radiation treatment
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Achondroplasia
Treatment of spinal problems is required most often in pa
tients with achondroplasia. The most common sagittal
plane deformity in achondroplastic dwarfs is thoracolumbar

kyphosis (209,210,213). The kyphosis usually is detected
at birth, and is accentuated when the child is sitting, because
of the associated hypotonia in these infants (211). Ambulation is delayed until about 18 months of age, but after ambulation begins, the thoracolumbar kyphosis tends to im
prove.

According

to

Lonstein

(212),

thoracolumbar

kyphosis resolves in 70% of achondroplastic dwarfs, and
persists in 30%. One-third of these patients, or 10% of

achondroplastic dwatfs with thoracolumbar kyphosis, have
progressive kyphosis (212) (Fig. 19-18).

A lateral radiograph of the thoracolumbar spine during
infancy shows anterior wedging of the vertebrae at the apex
of the kyphosis (213). In patients whose thoracolumbar ky
phosis resolves, the anterior vertebral body wedging also
improves. When the kyphosis is progressive, anterior verte
bral body wedging persists.

If no improvement in the thoracolumbar kyphosis is evi
dent by 3 years of age, a thoracolumbosacral orthosis
(TLSO) is recommended, to try to prevent progression of
the kyphosis (214-217). Early treatment to prevent the de
velopment of a progressive kyphosis has been recommended
by Pauli et al. (218). They developed an algorithm for treat
ment in the young achondroplastic patient, first counseling
the parents against unsupported sitting and for close followup. If kyphosis develops, and is less than 30 degrees, TLSO
bracing is begun and continued until the child is walking
independently and there is evidence of improvement of ver
tebral body wedging and kyphosis. Using this form of early

for neuroblastoma and correction of their kyphotic spine
deformity. They believed that these two patients had a sub-

intervention, Pauli et al. (218) reported no occurrences of

clinical form of radiation myelopathy, and with spinal cotrection what little vascular supply was present to the cord
was compromised. Therefore, the surgeon should be aware
of this possibility and try to avoid overcorrection.

Indications for surgery are documented progression of a
kyphotic deformity, kyphosis of more than 40 degrees in a
child older than 5 or 6 years of age, or neurologic deficits
related to the spinal deformity (210,211,219). Distinguish
ing between neurologic deficits that result from a kyphotic
deformity and those associated with lumbar stenosis, which
is common in achondroplastic dwarfs, can be difficult. A
thorough physical examination and diagnostic studies, such
as myelography, CT, and MRI, are necessary to determine

MISCELLANEOUS CAUSES OF KYPHOTIC
DEFORMITIES

Spinal deformity in the sagittal plane can occur in patients
with skeletal dysplasia (207,208). The natural history of
spinal deformity varies with the type of deformity and the

type of dysplasia. Some sagittal plane deformities that ap

progressive kyphosis.

appropriate treatment. Most patients with progressive tho
racolumbar kyphosis require combined anterior and poste

rior fusion. Instrumentation is not recommended in these
patients because of the small size of the spinal canal and the

lack of epidural fat, which make instrumentation hazardous.

pear severe at birth or in infancy improve spontaneously

with growth, whereas others continue to progress and even
tually can cause paraplegia. A knowledge of the various skel
etal dysplasias and the natural history of sagittal plane de
formities in each is necessary to prevent overtreatment and
undertreatment.

Pseudoachondroplasia
Kyphotic deformities also can occur in children with pseu
doachondroplasia, and are caused by multiple vertebral
body wedging in the thoracolumbar and thoracic spine. The
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FIGURE 19-18. Achondroplastic dwarf with progressive thoracolumbar kyphosis. A: Lateral radio
graph at 1 year of age shows a 55-degree thoracolumbar kyphosis. B: Anteroposterior radiograph
at 5 years of age shows narrowing of the lumbar interpedicular distance characteristic of achondro-

plasia. C: Lateral radiograph at 5 years of age reveals a 64-degree kyphosis. D: Lateral radiograph
at 9 years of age shows an 84-degree thoracolumbar kyphotic deformity.

Miscellaneous Causes of Kyphotic Deformities

kyphotic deformity in patients with pseudoachondroplasia
differs from that in patients with achondroplasia. In patients
with pseudoachondroplasia, the kyphosis involves multiple
levels, and is less acutely angular than the deformity in pa
tients with achondroplasia, which involves only one or two
levels. Bracing may prevent progression of this deformity,
but surgery is indicated if progression occurs. Spinal fusion
with instrumentation can be performed safely in patients
with pseudoachondroplasia, because there is no associated
stenosis of the spinal canal as in patients with achondropla
sia (211,220,221).

Spondyloepiphyseal Dysplasia Congenita
Thoracolumbar kyphotic deformities in patients with spon
dyloepiphyseal dysplasia congenita usually are mild and
nonprogressive, and seldom require treatment (211,221).

Diastrophic Dwarfism

Midcervical kyphosis frequently occurs in patients with dia
strophic dwarfism. Progressive cervical kyphosis can be sta
bilized with a spinal fusion (211,221,222). There are in
sufficient data to recommend posterior fusion alone or com
bined anterior and posterior fusion. If a posterior fusion is
performed, the increased incidence of cervical spina bifida in
diastrophic dwarfism must be considered during dissection.
Mucopolysaccharidosis
Patients with any of the mucopolysaccharidoses can develop
kyphotic spine deformities at the thoracolumbar junction.
In patients with Hurler syndrome (type I), the vertebral
bodies have an anterior beaking at the level of the kyphotic
deformity. This kyphosis usually is not progressive and
rarely requires treatment, because most children with Hurler
syndrome die before 10 years of age. Kyphotic deformities
in patients with Hunter syndrome (type II) also rarely re
quire treatment, because the kyphosis rarely is progressive,

and patients do not often survive past 20 years of age (223).
Thoracolumbar kyphosis in patients with Morquio syn
drome (type IV) is associated with anterior vertebral body
defects in the form of anterior beaking of the vertebrae.
This kyphosis remains constant with growth, and rarely pro
gresses. Patients with Maroteaux-Lamy syndrome (type VI)

have a longer life span, and can develop progressive kypho
sis, which should be treated with bracing. If progression is

not halted with bracing, anterior and posterior fusion may
be indicated (211,221).

Marfan Syndrome
Marfan syndrome is a generalized disorder of connective
tissue that affects the supporting structures of the body,
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especially those in the musculoskeletal system. This syn
drome is caused by mutations in coding of the genes for
the glycoprotein fibrillin (224,225). Spinal deformity is the
most common skeletal abnormality in Marfan syndrome,
and scoliosis is the most common spinal deformity in pa
tients with Marfan syndrome (112,226-231). Thoracic lordosis has been traditionally reported as the most common
sagittal plane deformity (232,233). In some patients, the
thoracic lordosis becomes severe enough to compromise res
piration. With the lordotic posture of the thoracic spine,
an associated kyphosis or relative kyphosis may develop in
the lumbar spine. A third common spinal deformity associ
ated with Marfan syndrome is thoracolumbar kyphosis,
which affects about 10% of patients (Fig. 19-19). These
spinal deformities usually occur during the juvenile growth
period, before the adolescent growth spurt (233). Sponseller
et al. found that 41% of his patients with Marfan syndrome
had a kyphotic deformity of more than 50 degrees, with a
tendency for longer kyphoses extending through the thora
columbar junction (234).
Brace treatment has been recommended to try to halt

the progression of spinal deformity, but Birch and Herring
(235) found this approach to be ineffective in their patients.
Correction of kyphotic deformities requires anterior and
posterior spinal fusion with segmental instrumentation
(235). Thoracic lordosis is corrected by posterior segmental
instrumentation to correct the lordotic deformity, followed

by posterior fusion (236). Complications are more frequent
after surgical correction of spinal deformity in patients with
Marfan syndrome than after spinal surgery in other patients
(235).

Cervical spinal abnormalities also are common in pa
tients with Marfan syndrome, but clinical problems from

these abnormalities are rare. Basilar impression and focal
cervical kyphosis are the most frequently reported cervical
spine abnormalities. Focal cervical kyphosis usually is associ
ated with a lordotic thoracic spine (237).
Because of the increased incidence of cervical spine ab
normalities, Hobbs et al. (237) has recommended that pa
tients with Marfan syndrome avoid sports with risks of highimpact loading of the cervical spine.
Larsen Syndrome

Larsen et al. (238), in 1950, described a congenital malfor
mation syndrome (239) consisting of facial dysmorphism
and hyperelasticity of the joints, with congenital dislocation
of the knees and frequent dislocation of the hips and elbows
(112,240—243). Equinovarus or valgus foot deformities and
ancillary calcaneal nuclei also are characteristic features of
this syndrome. Abnormalities of the cervical spine, specifi
cally cervical kyphosis, were not emphasized in the original
description, and often this life-threatening finding is over
looked (169,240,244). Johnston et al. (239) reported cervi
cal kyphosis and vertebral body anomalies in 5 of 9 patients
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FIGURE 19-19. A and B: Lateral radiographs of a 17-year-old child with Marian syndrome and
a 40-degree progressive thoracolumbar kyphosis. C: Lateral radiograph of the same patient 3
years later shows that the thoracolumbar kyphosis has progressed to 110 degrees.

with Larsen syndrome. The apex of the kyphosis usually
occurs at the fourth or fifth cervical vertebra, with marked
hypoplasia of one or two of the vertebral bodies (Fig. 1920). Cervical kyphosis is present in infants with Larsen syn
drome. Developmental delay may be attributed to hypotonia and dislocation of the knees or hips, but the underlying
cause for developmental delay may be a chronic myelopathy
from the cervical kyphosis. Cervical kyphosis and vertebral
hypoplasia are easily demonstrated on lateral C-spine radio
graphs. Flexion and extension views usually are not needed,
and may be difficult to obtain safely in an infant. MRI scans
will demonstrate spinal cord compression or compromise.
Treatment recommendations for cervical kyphosis in

Larsen syndrome is an early posterior arthrodesis to stabilize
the spine. An in situ posterior arthrodesis, with autogenous
iliac crest bone graft, followed by immobilization in either
a halo or Minerva cast or custom orthosis, is recommended.
The only reduction of the kyphosis is that obtained in the
postoperative halo or Minerva cast or orthosis. Johnston et
al. (239) found that over time, after a solid posterior arthro
desis a gradual correction of the kyphosis occurs because
of continued anterior vertebral body growth. Because the
posterior

arthrodesis

is

performed

at

a

young

age,

the patient must be followed for potential complications

from continued anterior growth, resulting in lordosis. John

ston and Schoenecker (245) reported a patient who devel
oped neurologic symptoms from this growth-related lor
dosis.

Posttraumatic Deformities

Kyphosis can occur as a direct result of trauma to the spinal
column or the spinal cord. Deformity can occur at the frac
ture site, or as a result of paralysis after spinal cord injury
or anterior growth arrest at the fracture site (246—250).
Kyphosis at the fracture site is acute and spans a short seg
ment of vertebrae. Paralytic kyphosis is a long, C-shaped
deformity that spans many vertebral segments.
Kyphosis at a fracture site requires surgical intervention
for correction. Anterior, posterior, and combined anterior

and posterior procedures have been described for correction

of posttraumatic kyphosis (251-255). Brace treatment has
been ineffective for progressive paralytic kyphosis (246), and
surgery is indicated for paralytic kyphosis of more than 60

degrees. If the kyphosis is flexible, and can be reduced to
less than 50 degrees, posterior fusion with segmental instru
mentation can be performed. If the kyphosis is rigid and
cannot be reduced to less than 50 degrees on preoperative

bending x-ray films, anterior release and fusion should be

Miscellaneous Causes of Kyphotic Deformities

767

FIGURE 19-20. Larsen syndrome. A: Lateral radiograph of a 10-month-old patient showing ky
phosis of 65 degrees, with correction to only 48 degrees in extension. B: Lateral radiograph imme

diately after posterior arthrodesis, showing patient with orthosis and correction of kyphosis to
39 degrees. C: T2-weighted magnetic resonance image 15 months postoperatively shows severe
impingement on spinal cord. Kyphosis had progressed to 110 degrees, and patient was quadri
plegic after a fall. (From ref. 239, with permission.)

followed by posterior fusion and segmental instrumentation
(246,250).

Neurofibromatosis
Kyphoscoliosis is common in patients with neurofibro
matosis, although kyphosis may be the predominant defor

mity (256). Funasaki et al. (257) found that 50% of their
patients with neurofibromatosis and spinal deformity had

an abnormal sagittal curve. The vertebral bodies frequently
are deformed and attenuated at the apex of the kyphosis.
Dystrophic vertebral body changes may develop over time
(258,259). Crawford (258) described this as modulation of
the deformity, from a nondystrophic curve to a dystrophic
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curve. The kyphosis typically is sharp and angular over a

relatively small number of vertebral segments. Severely an
gular kyphosis can cause neurologic compromise (260,261).
Lonstein et al. (262) found cord compression, due to spinal
curvature from neurofibromatosis, to be second only to con
genital kyphosis as a cause of spinal cord compression. The
kyphosis in patients with neurofibromatosis typically in
volves the thoracic spine or upper thoracic spine. Involve
ment of the cervical and cervicothoracic vertebrae also have
been reported (260,263-267).

Kyphotic deformities with dystrophic changes tend to
be progressive, and more commonly lead to neurologic com
promise.

Treatment of kyphoscoliosis in patients with neurofibro

matosis begins with a thorough physical examination for
neurologic abnormalities. MRI scans should be obtained to
demonstrate any intraspinal lesions, such as pseudomeningocele, dural ectasia, or neurofibroma, which may cause

impingement on the spinal cord (268). Any intraspinal le

sions should be treated as necessary before spinal fusion and

instrumentation are undertaken. Because posterior fusion
alone has resulted in a high rate of pseudarthrosis (65%)
(269), anterior and posterior spinal fusion, combined with
posterior instrumentation, is recommended. Abundant au
togenous bone graft and prolonged immobilization may be
required to obtain a solid fusion in these patients, and re
peated bone grafting 6 months after the initial surgery may

be required. Vascularized fibular or rib grafts also may be
used for anterior fusion and structural support (93,258,
263,266,270-272).

Tuberculosis

Spinal tuberculosis is the most dangerous form of skeletal
tuberculosis, because of its ability to cause bone destruction,
deformity, and paraplegia. In childhood spinal tuberculosis,
the extent and degree of abscess formation is greater than
that seen in adult tuberculosis, but paraplegia is less com
mon in children than adults with spinal tuberculosis (273).
The most frequent site of spinal tuberculosis in children
is the thoracolumbar junction and its adjacent segments.
Tuberculosis infection usually destroys the anterior ele

ments of the spine, and results in a significant angular ky
phosis at the infected site. With differential growth of the
intact posterior elements, kyphosis may increase with

ent surgical approaches have been used in the treatment
of spinal tuberculosis (275-279). The surgery with most
consistent long-term results is anterior debridement and
strut grafting, with or without a posterior fusion and instru
mentation (274,280-291). Some correction of the kyphosis
may be obtained at the time of surgery. Kyphosis also can
be a problem in patients with healed spinal tuberculosis

(292). The infected area of the anterior spine usually fuses,
and continued growth posteriorly causes progressive kypho
sis that can result in paraplegia. The presence of neurologic
symptoms is an indication for anterior decompression and
fusion, which can be followed by posterior fusion and in
strumentation.

Juvenile Osteoporosis
Idiopathic juvenile osteoporosis is an acquired systemic con
dition that consists of generalized osteoporosis in otherwise
normal prepubertal children (293). Although idiopathic ju

venile osteoporosis is uncommon, associated kyphosis and
back pain are common in patients with this condition.
Schippers (294) first described this condition in 1939,

and since that time, other authors have described its clinical
findings and natural history (134,295-301). The etiology
of idiopathic juvenile osteoporosis is unknown. Laboratory
values of serum calcium, phosphorus, alkaline phosphatase,
parathyroid hormone, and osteocalcin are normal. The col
lagen type and ratios from skin biopsy samples also are nor

mal. There have been some reports of a slight decrease in
1,25-dihydroxyvitamin D (299,302,303), but the signifi
cance of this finding is not known. Low serum calcitonin
levels also have been reported, but treatment with calcitonin
has not proven to be beneficial (297,304). In contrast, Saggese et al. (300) noted normal serum calcitonin levels in
their patients. Green (305) believes that a mild deficiency
of 1,25-dihydroxyvitamin D can explain most of the find
ings in idiopathic juvenile osteoporosis. During rapid
growth phases the deficiency is discovered because growth
requirements cannot keep pace, causing a relative osteopo
rosis. When puberty occurs, the increase in sex hormone
overcomes the deficit in 1,25-dihydroxyvitamin D, and the
relative osteoporosis improves. This theory has yet to be
proved.

Clinically, these patients complain of insidious onset of
low back pain (306), lower-extremity pain or fractures, and
difficulty walking (63,224,307,308). Difficulty walking

growth (273).

may sometimes be the only finding. This condition occurs

complete course of chemotherapy. First-line drugs are strep
tomycin, isoniazid, and rifampicin, and second-line drugs

in boys than girls. Vertebral collapse or wedging, with result
ing kyphosis, is common. Brenton and Dent (304) classified
idiopathic juvenile osteoporosis into mild, moderate, and
severe types. Patients with the mild type had only back pain

All forms of active spinal tuberculosis are treated with a

are ethambutol and pyrazinamide (274). Even with ade
quate medical treatment of spinal tuberculosis, problems
arising from bone destruction, such as spinal deformity or
paraplegia, must be treated surgically. Chemotherapy alone

can be used when there is little bone destruction or risk of
deformity, or in medically high-risk patients. Several differ

during the prepubertal period, and is slightly more common

and vertebral fractures; those with the moderate type had

back and lower-extremity pain and fractures, with some
limitation of activities, but eventual return to normal func
tion; and those with the severe form had back and lower-
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Associated kyphosis tends to improve after the onset of pu
berty.

Treatment of idiopathic juvenile osteoporosis involves

modification of activities, possible calcium supplementation
and vitamin D supplementation, and supportive treatment
of spinal deformities. A balance must be obtained between
restriction of activities to prevent fractures and excessive
restriction of activities that will increase osteoporosis. If a

significant progressive kyphosis develops, the Milwaukee
brace is the treatment of choice (298). The brace is worn
until there is evidence of improvement of the osteoporosis.
Operative therapy for this condition has been associated
with a high complication rate, because the poor bone quality
makes instrumentation and fusion difficult (309).
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"Spondylolysis" is the term used to refer to a defect in the

CLASSIFICATION

pars interarticularis of the vertebra, being most common at

L5 in the child or adolescent. The term is from the Greek
spondylos, or vertebra, and lysis, or break or defect. Spondylo
listhesis is from the Greek words spondylos, or vertebra, and
olisthesis, meaning "movement" or "slipping," and refers to
the slipping forward of one vertebra on the next caudal
vertebra, being first described by a Belgium obstetrician,

Herbiniaux, in 1782 (1). Because the defect is most com
mon at L5, the resultant slip is most common at this level,
with L5 slipping forward on S1.

The most well-known classification of spondylolisthesis is
that of Wiltse, who divided it into five types (2):
Type I—Dysplastic or congenital. This type of spondy

lolisthesis is due to a congenital abnormality of the L5-S1

facet joints, consisting of a more transverse orientation of
the facets than normal. This allows forward slipping of the

vertebrae with the intact neural arch.

Type II—Isthmic. There is a defect of the pars interartic
ularis that permits the forward slippage, the articular facets
being normal. There are three subtypes that describe the
nature of the defect in the pars:

J. E. Lonstein: Department of Orthopaedic Surgery, University of Minneta, Minneapolis, Minnestoa 55455; Twin Cities Spine Center, Minneapolis,

sot;

Minnesota 55404.

1. Lytic fracture of the pars
2. Elongated but intact pars
3. Acute pars fracture
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FIGURE 20-1. In type I, or dysplastic spondyiolisthesis, there is a congenital deficiency of the L5-

S1 facet joints that allows forward slippage of L5 on S1 (A). In type II, or isthmic spondyiolisthesis,
there is a lesion of the pars interarticularis that permits the forward slippage. This condition is

divided into three groups: (B) a lytic lesion of the pars, (C) an elongated but intact pars, or (D)
an acute fracture of the pars.

Etiology

Type III—Degenerative. Degenerative arthritis of the
facet joints, as well as degeneration of the disc.
Type IV—Traumatic. An acute fracture in an area of

the vertebra other than the pars.

Type V—Pathologic. A lesion of the pars or pedicle due
to generalized bone disease that allows forward slippage.
Only two of these types, Types I and II, occur in children
and adolescents, and these are discussed in this chapter (Fie

20-1).

F

g"

NATURAL HISTORY

With one exception (3), a defect in the pars has never been
found at birth (4-8). The incidence of spondylolysis is
4.4% at age 6 years, rising to the adult rate of 5.5 to 6%
by the age of 14 years (4,9). There have been cases reported
in the first year of life with scattered cases reported under

age 2 years (6,7,10). The incidence is higher in males, with

a lower incidence in blacks (4,11). The highest incidence
is in Alaskan Eskimos, with a rate of 26%, with the highest
rate being in Eskimos from north of the Yukon River (12).

Of the two types of spondylolisthesis seen in children and
adolescents, dysplastic or congenital is the least common.
This type of spondylolisthesis has a 2:1 female: male ratio
(13,14) and makes up between 14 and 21% of the cases in
various series (13,15). Most do not progress beyond 50%

slippage because of the severe symptoms produced by the in
tact neural arch impinging on the neural elements. These
children are at higher risk for neurologic injury, e.g., cauda
equina syndrome, than those with isthmic spondylolisthesis.
Isthmic spondylolisthesis is much more common, and
although most authors mix both types of spondylolisthesis
with spondylolysis in their reports, most of the data in the
literature refer to this type of spondylolisthesis. The percent
age of cases with spondylolysis that develop spondylolis
thesis is documented in only one longitudinal study, that
of Fredrickson et al. (4). In a radiographic study of school
children, they reported the incidence of spondylolysis to be
4.4% at 6 years of age, increasing to 6% in adulthood. This
agrees with other studies (9-11). They also found that 68%

of the 5-year-old children had an associated slip or
spondylolisthesis, increasing slightly to 74% in adulthood
(4). This would indicate that the number of children with
spondylolysis who will develop spondylolisthesis after 6

years of age is small.

Saraste, in her 20-year follow-up review of 255 patients

with spondylolysis and spondylolisthesis, reported that 40%

of adults showed no progression of the slip, 40% slipped
an additional 1 to 5 mm, and 15% 11 to 15 mm (16). Her
data also suggest that spondylolisthesis is more common
than spondylolysis, with approximately 22% of patients
having only spondylolysis at initial presentation.
Osterman et al. noted in their report the following sever
ity of slipping in those with spondylolisthesis: grade I, 79%;
grade II, 20%; grade III, 1% (17). Others report a slightly
higher incidence of more severe slips (18).
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Rowe and Roche report a difference in the incidence of
spondylolisthesis between the races and sexes: 6.4% in white
males, 2.8% in black males, 2.3% in white females, and
1.1% in black females (11). The difference in natural history

between the sexes is illustrated by the fact that, although
the incidence is twice as high in males, high-grade slips are

four more times as common in females.
There are two questions related to the natural history of
spondylolysis and spondylolisthesis, the answers to which

have a major impact on clinical decision-making: How fre
quently does the slip in spondylolisthesis progress? and How
often does pain or other symptoms become a problem?
Progression

Progression occurs in a low percentage of cases, occurring

in 4% of Frennered et al.'s series, and 5% of Saraste's cases
(16,19). In the series of Fredrickson et al. it appeared that
progression was unlikely after adolescence (4), whereas other

authors reported progression in adolescence, often related
to disc degeneration (20-22). In adolescence, progression

is most likely to occur during the growth spurt, and is more
common in females, and in dysplastic spondylolisthesis (4).
Some radiographic features have related to a greater
chance of progression. The degree of slip on presentation

has been found to be associated with chance of progression
by some authors (9,23,24), and not by others (16,19). The

amount of lumbosacral kyphosis, or the slip angle, especially

when severe, is associated with progression in the growing
child. Other changes are found with high-grade slips, e.g.,
dome-shaped sacrum and trapezoidal L5, these being sec
ondary to the slip, and not prognostic for slip progression
(19).
Pain

Because pain is the most common presenting symptom, are
there any prognostic features for this? Saraste found that
there were radiographic features that correlated with low
back symptoms. These were a slip of greater than 25%, L4
spondylolysis or spondylolisthesis, or early disc degeneration

at the level of the slip (16).

ETIOLOGY

The exact etiology of this condition is unknown, theories
being related to hereditary factors, a congenital predisposi
tion, trauma, posture, growth, and biomechanical factors.

Hereditary Factors

Family studies have shown a high incidence of spondylolysis
and spondylolisthesis in first-degree relatives of children
with these conditions, the incidence varying from 19 to
69% (7,25-28). Wynne-Davies and Scott noted an in-
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creased incidence of dysplastic lesions in affected relatives,
in addition to a higher incidence of spina bifida of SI (28).

Trauma

Trauma is considered to be a factor in etiology of spondy
lolysis and spondylolisthesis. Acute trauma is obviously the
cause of the acute traumatic type of spondylolysis. In addi
tion, many cases present after a traumatic episode. Is the
trauma the cause of the lesion, or does it make an asympto
matic defect symptomatic? Wiltse et al. theorized that spon
dylolysis is a stress fracture in the pars, so that repetitive

microtrauma or microstresses are generally considered to be
the factor in the etiology (29). Repetitive hyperextension

motion, in which the caudal edge of the inferior articular
facet makes contact with the pars interarticularis, is consid
ered to be the causative trauma. This is confirmed by the
higher incidence of spondylolysis in certain sports (female
gymnasts [30], college football linemen [31,32], weight lift
ers [33]), and in Scheuermann disease (34). In addition,
spondylolysis has not been reported in adults who have
never walked (35), pointing to the mechanical effects of the
upright posture.

Growth

Growth definitely plays a role in the etiology of spondylol
ysis, as evidenced by the fact that defects do not occur in
the newborn, and reach an incidence of 4% at age 6 years,
rising to the adult incidence by age 14 years. This increase
is more marked during the adolescent growth spurt (4).
The etiology is thus multifactorial, with an inherited pre
disposition that leads to the defect occurring with repeated
microtrauma. This predisposition may be an inherent weak
ening of the pars itself, or may result in a certain structure

of the facets that creates the stress fracture with repetitive

hyperextension. The dysplastic variety, with an elongated
pars, has a strong familial pattern with abnormal facet orien
tation and spina bifida of S1.

PATIENT EVALUATION

dull, aching, low back discomfort, either localized to the low
back, or with some radiation into the buttock and posterior

thighs. This pain is probably due to the instability due to
the pars defect. Radicular pain is unusual in the adolescent
and more common in the adult, and is usually in the L5
distribution due to nerve compression by the hypertrophic
callus at the pars defect, or due to the foraminal stenosis
accompanying the spondylolisthesis.

The child can present with parents noting a change in
posture or gait, with or without accompanying pain. This is
usually with spondylolisthesis, especially with more marked
degrees of slip. The postural changes noted are a flattening
of the buttocks, increased lumbar lordosis, and gait altera
tions, described as a waddling gait.

Occasionally, these cases present with scoliosis. This can
be as adolescent idiopathic scoliosis, with the spondylolysis
or spondylolisthesis detected incidentally on radiographic
assessment of the scoliosis. On the other hand, the curve
pattern may be atypical, and may be spasm scoliosis associ
ated with the spondylolisthesis or an olisthetic curve due to
asymmetric slip at the lumbosacral area.

Physical Examination

The physical findings depend on whether pain is part of
the presenting symptoms, as well as on the degree of slip
in spondylolisthesis. Back and gait examination may be
completely normal with no hamstring tightness. With spon
dylolisthesis there is usually some degree of hamstring tight

ness with restriction of forward bending. The cause of this
hamstring tightness is unknown. It usually resolves with a
solid fusion. When it does not, decompression of the roots
and sacroplasty may also be curative (36).
With spondylolisthesis and associated pain, there is usu
ally a restriction of spine motion in addition to restriction
of forward bending. With greater degrees of slip there is

shortening of the waistline, with a flattening of the buttocks.
In addition, a step-off at the lumbosacral area may be visible
as well as palpable (Fig. 20-2). A localized area of tenderness
to deep palpation may also be elicited in the lumbosacral
area. In addition, in these severe slips the child stands with
hips and knees flexed due to the anterior rotation of the
pelvis, and the gait is one of short steps due to inability to
extend the hips.

Straight-leg raising is severely restricted due to the tight

History

hamstrings. Neurologic examination is usually completely

Spondylolysis and spondylolisthesis, when asymptomatic,

normal, but may show diminished or absent ankle deeptendon reflex, and weakness of the extensor hallucis longus.

are usually detected as an incidental finding on a pelvis or
spine radiograph. However, they are frequently found as
the cause of low back pain in children and adolescents. The
most common time for this is the adolescent growth spurt,
ages 10 to 15 years. The pain may be of a chronic nature,
generally being exacerbated by sports or other physical activ
ity, and relieved by rest or restriction of activities. The pain
may also follow an acute traumatic episode, often involving
hyperextension during sports participation. The pain is a

Sphincter dysfunction is very rare.

Scoliosis may be a part of the presentation, either a typi

cal idiopathic type, or with more decompensation and
spasm, indicative of a spasm or olisthetic scoliosis. It is im

portant to recognize that the pain complaints and/or the

neurologic findings may be due to some pathology other
than the spondylolysis or spondylolisthesis, e.g., bone,
spinal cord, conus or cauda tumor, disc herniation, or disc-

Radiologic Evaluation
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FIGURE 20-2. The typical findings of spondylolisthesis include
flattening of the buttocks, lumbosacral kyphosis, a step-off in the
lower lumbar area, and the lumbar lordosis.

space infection. It is thus incumbent on the physician to
rule out other causes of the back pain with a detailed history,

physical examination, radiographs, and adjunctive tests.
RADIOLOGIC EVALUATION
Routine Views

The initial radiographic evaluation consists of standing
posteroanterior and lateral lumbosacral spine films. Full-

length views are taken in addition in the presence of scoliosis, and a full-length lateral is taken with larger degrees
of slip to evaluate the sagittal spine alignment. The spot
lateral film usually shows the defect, especially with bilateral
pars defects, and the degree of slip in spondylolisthesis is

appreciated. It is important to recognize that the degree of
slip differs in the supine and standing position, and that

the standing view shows a greater slip, and should always
be taken (37). In cases of a unilateral defect there may be
sclerosis of the facet, lamina, or pars on the intact side oppo

site the defect.

To better visualize the pars defect oblique views of the

lumbosacral area are often necessary. The view is an oblique
of the lumbosacral area and not of the lumbosacral spine,

FIGURE 20-3. Oblique lumbosacral radiograph showing the
"Scotty dog," which is made up of the following anatomic struc
tures: the nose is the transverse process (A), the eye is the pedicle
(S), the ear is the superior articular process (C), the neck is the
pars (D), the back is the lamina (£), and the front leg is the inferior
articular process (F). At L5, there is a "collar" on the dog (arrows),

which is the isthmic defect in the pars.

so the central x-ray beam must be in the lumbosacral area
and not in the midlumbar spine. The defect is seen as the
well known "collar" on the "Scotty dog" (Fig. 20-3). In
cases in which the defect is strongly suspected but is not seen
on the oblique views, a CT scan may be used to visualize the

defect.

Supine flexion and extension views are useful in demon
strating the mobility of the spondylolisthesis—both of the
amount of slip and of the reduction of the lumbosacral

kyphosis. This is useful information for assessing the insta
bility and in planning treatment.

Bone Scan

A bone scan is used in cases with a recent onset of pain or
with a distinct history of trauma, to detect an acute fracture
of the pars or exclude a bony tumor. This is best performed
using single photon emission computed tomography
(SPECT) scan because of the greater detail.
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CT or MRI Scan
Additional imaging is occasionally necessary. A CT scan is

the method of choice when a defect in the pars is strongly

suspected on clinical grounds, but cannot be identified on
the oblique radiographs. This should be done with fine cuts

usually accompanied by rotation of L5 on Si into lumbo
sacral kyphosis. The degrees of slip, kyphosis, and other

changes in the lumbosacral anatomy are evaluated on the
standing spot lateral of the lumbosacral area (38).

1.5-mm apart. When there is a neurologic deficit, or the

Slip Percentage

symptoms suggest a diagnosis other than spondylolysis or

The amount of anterior translation is most commonly de

spondylolisthesis, imaging of the neural elements should be
performed. Today this is best done with an MRI, although
special circumstances may call for CT myelography. The
area assessed must extend from the lower thoracic area to
the sacrum. Cases with spondylolisthesis and a neurologic
deficit due to a tumor of the conus or cauda equina have
occurred. In these cases elimination of this possibility, with
imaging studies of the spinal canal, is essential.
MRI done for low back pain should be carefully assessed
for changes of spondylolysis or spondylolisthesis.
Measurement

scribed using the Meyerding grading system (39). This classi

fies the slip into five grades: grade I is a slip of 1 to 25%, grade
II a slip of 26 to 50%, grade III a slip of 51 to 75%, grade IV
a slip of76 to 100%, and grade V, orspondyloptosis, slippage
past the anterior border of the sacrum.

The slip can be expressed as a percentage following the
description of Talliard (40). A line is drawn along the poste
rior border of the sacrum, and a perpendicular line is drawn
at the upper end of the sacrum. The displacement of the
posteroinferior corner of L5 from the line along the poste
rior border of the sacrum is measured. The width of SI
forms the denominator of the calculation, the slip being

The deformity in spondylolisthesis, usually at the lumbo

expressed as a percentage (Fig. 20-4A). In many cases the

sacral junction, consists of forward slippage of L5 on SI,

upper end of the sacrum is rounded, and the measurement

FIGURE 20-4. Measurement of spondylolisthesis. A: Measurement of the amount of forward

displacement (a) and of the sagittal diameter of S1 (a') allows calculation of the percent slip. B:
Measurement of the slip angle (b), which is the kyphosis at the area of the slip (i.e., the L5-51
kyphosis). As the slip increases, there is a growth inhibition of the anterior lip of S1 and the
posterior lip of l_5. Because of this, the vertebra becomes trapezoidal, and using the bottom of
L5 does not accurately measure the angular deformity. C: Measurement of the sagittal rotation
angle (c), which also represents the L5-S1 kyphosis and equals the slip angle. D: Measurement of
the sacral inclination (d).

Treatment

of the width of S1 is inaccurate, so the anteroposterior width

of L5 is used instead.
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age, growth potential, and physical findings, especially neu

rologic signs and the amount of displacement and slip (slip

percentage and slip angle). The different treatment choices

Slip Angle

The slip angle measures the amount oflumbosacral kyphosis

or sagittal rotation. The kyphosis is measured using the

in spondylolysis and spondylolisthesis are discussed, along
with the indications for each treatment method.
Spondylolysis

relationship of L5 to Si. A perpendicular to the line at
the back of the sacrum, as drawn above, forms the sacral

Nonoperative

of L5, and the angle formed by these two lines is the slip
angle, which normally is in lordosis and expressed by a nega

are asymptomatic. The follow-up depends on the child's

measuring line. A line is drawn along the upper end plate

tive sign (38) (Fig. 20-4B). Boxall et al. (15) have used the

line along the inferior edge of L5 for their measurement,
but this edge is often difficult to visualize accurately. In
addition, with more marked slips L5 is often trapezoidal in
shape, and using the lower edge gives the additive measure
ment of the kyphosis and the wedging of L5.
Sagital Rotation

The amount of sagittal rotation can also be measured as the
angle between the lines drawn along the back of the sacrum

and along the back of L5. This sagittal rotation angle (SRA)
should equal the slip angle measured above (Fig. 20-4C).

In larger degrees of slip (either translation or angulation),
it is seen that L4 shows retrolisthesis on L5. In these severe
slips (more than 50%), the slip angle of L4, in relation to

the sacrum is also measured, because, after an L4-to-sacrum
fusion this is the effective lumbosacral slip angle.
Sacral Inclination

The inclination of the sacrum to the vertical is measured
by the angle of a line along the posterior edge of the sacrum
and the vertical (a line drawn parallel to the edge of the

x-ray film) (Fig. 20-4D).
Anatomic Changes

There are changes in the shape of L5 and SI that are
noted. The contour of SI is altered, in that it is rounded
and dome-shaped. The fifth lumbar vertebra becomes trape
zoidal in shape, being narrower posteriorly and wider anteri
orly.

TREATMENT

There are a large number of treatment choices for the child
with spondylolysis or spondylolisthesis. These include doing
nothing, observation, limitation of activities, exercises, brac
ing, casting, repair of a pars defect, fusion, decompression,

and reduction of the slip. The problem is selecting the spe
cific treatment for the child. In making this choice, the
following factors are considered: the presenting complaint,

Observation. As noted above, many cases of spondylolysis
growth potential. In a child who has completed growth no
follow-up is necessary. In the growing child, on the other
hand, regular annual visits with radiographs taken are neces
sary until the end of growth. The child is allowed to partici
pate in all sports without restriction (Fig. 20-5).

Bracing. When the child presents with pain the question
is whether the symptoms are of recent origin, following an
acute injury, or whether they are chronic and of long dura
tion. In the cases with pain following a definite injury a
SPECT bone scan is performed to determine whether the
pars defect is of recent origin, and is an acute fracture. In
cases in which the scan is positive, immobilization in a cast
or brace is used to aid in healing of the pars defect. The

best method to immobilize this area is with a body cast with
a leg extension. Healing of the defect has been described
with varying success, with healing taking 3 to 4 months,
and being documented with oblique views or repeat bone
scans, but seldom with CT scans (41-44) (Fig. 20-6).
Following healing of the defect, or when the child be
comes asymptomatic with immobilization, even with a per

sistent pars defect, resumption of all activities is allowed.

This includes participation in all sporting or athletic activi
ties with no restriction.

Reduction ofActivities. In general, when symptomatic the
child with spondylolysis presents with a long history of pain
with activity. These cases are treated with restriction of ac
tivity and abdominal and spinal muscle-strengthening exer
cises, with rest being used in the rare case that is very symp
tomatic. This restriction continues until the child is
asymptomatic, at which time gradual resumption of activi

ties is initiated. This treatment plan is also used in the case

of spondylolysis with a history of a recent injury in which

the bone scan is negative or cold.
If there is no relief with reduction of activities, the use

of an orthosis may be suggested to the child and family.
Only a very symptomatic child may agree to this treatment
alternative. In cases that do not respond to nonoperative
treatment, surgery should be offered as an alternative.

Operative

Arthrodesis. A one-level L5 to SI posterolateral lumbo
sacral arthrodesis is performed for cases not responsive to

784

Chapter 20: Spondylolysis and Spondylolisthesis

FIGURE 20-5. A: This 7-year-old boy was
seen for lordosis. He was completely
asymptomatic,
and
the
radiograph
showed a pars defect. He was treated with
periodic observation. B: At 15 years of age,
he was still asymptomatic, and was an out
standing high school athlete.

FIGURE 20-6. A: This high school soccer player was seen for mild, generalized low back pain.
Physical examination and radiographs, including this oblique view, were normal. B: Two months
later, 10 days after an acute back injury suffered during a soccer game, a pars defect at L3 is
clearly visible. C: The patient was placed in an orthosis for 3 months, and 1 month later the lesion
had healed, the symptoms had resolved, and the patient had returned to playing sports. (From
ref. 45, with permission.)

Treatment

785

FIGURE 20-7. A patient was seen at the age of 13 years 3 months, with a 1-year history of low
back pain. She was a competitive figure skater, and initially reduction in the amount of time
spent skating reduced her symptoms. On this presentation, however, the pain interfered with
her daily life. A: The spot lateral lumbosacral radiograph showed an L5 spondylolysis. B: The
patient underwent a one-level posterolateral lumbosacral arthrodesis, with postoperative immo
bilization in a one-leg spica cast for 3 months. One year later, she was free of pain and had
returned to figure skating, and the radiograph showed a solid posterolateral fusion.

nonoperative treatment. This is performed through a mid-

line skin incision with approach to the transverse process
and sacral ala via a muscle-splitting incision, as described
by Wiltse and Jackson (14) [*• 2.15], with the addition of
autologous iliac bone graft. Postoperative immobilization

(54). Several techniques have been described (55-58).
These authors emphasize the careful selection of patients
and the learning curve associated with this procedure. The
defect is first cleaned of all soft tissue and, if necessary, the
nerve root is decompressed with a laminotomy. Then the

may or may not be used depending on the surgeon's prefer
ence and the patient's symptomatology. Many reports rec
ommend spica casting for 3 months based on their results
(15,36,46-50). Others report good results with no immo

defect is grafted, and some form of fixation is used to com
press the proximal pedicle portion of the pars to the caudal

bilization (44), immobilization in a corset (51), or immo
bilization in a Boston brace (52). I prefer immobilizing
these children with a thoracolumbosacral orthosis (TLSO)
or body cast with a leg extension, the latter being used in
the more painful case, or when the child is very active (Fig.
20-7). Although the rate of success for fusion in spondylolisthesis is superior when a cast with a leg extension is used,

scribed by Bradford and Iza, who reported good or excellent
results in 17 of 21 patients using the Scott technique (59).

no such data exist for fusion for spondylolysis.

Repair of Defect. In cases in which the pars defect is at

L4 or higher the preferred technique is direct repair of the
pars defect to maintain normal lumbar motion. This tech
nique is used only in those cases of spondylolysis without
any slippage. This technique was first described by Buck
(53) and popularized by Scott, Johnson and Thompson

laminar portion (Fig. 20-8).

Good results, with healing in all cases, have been de

Others have reported similar results, but follow-up for most
patients is short and a large number of these procedures
were done for L5 spondylolysis (60-62).

Spondylolisthesis
Nonoperative

Nonoperative treatment is indicated for slips of less than
30 to 50% in the growing child, and for some larger slips
in the mature adolescent.

Observation. An asymptomatic slip of less than 30 to 50%
in an actively growing child is observed for progression with
standing lateral lumbosacral radiographs. This is also the
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FIGURE 20-8. A 14-year-old girl was seen for chronic low back pain. She had bilateral pars frac
tures at L4, as seen on (A) lateral and (B) oblique radiographs {arrow, pars defect). The patient
underwent bone grafting, with wiring of the defect with a spinous process transverse process

wire. The wire position is seen on the posteroanterior view (C), and the solid fusion is seen on
the oblique view (D). She was rendered free of pain and returned to full activity.

treatment of an asymptomatic mature adolescent with a slip
of less than 50%. If there is no change in the slip angle or
the amount of the slip, the observation continues. With
an increase in the spondylolisthesis, surgical stabilization is

Bracing. If with restricting the activities the pain does not

resolve, the use of a TLSO may be beneficial (43,63,64).
This usually requires a period of 6 to 12 weeks in a brace.
Once the symptoms are relieved, gradual resumption of ac

indicated.

tivities occurs.

Reduction of Activities. A growing child who presents
with low back pain and a slip of less than 30 to 50% is

Operative Treatment

advised to limit exercise and sporting activities. After the
symptoms subside these activities are resumed.

Surgical stabilization of the spondylolisthesis should be con

sidered for the symptomatic child who does not respond

Treatment

to nonoperative management, and the pain prevents full

participation in normal activities. In addition, the growing

child with a slip of more than 30 to 50%, or the mature
adolescent with a slip of more than 75%, should be treated
surgically even if there are no symptoms.
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fibrocartilaginous tissue at the pars defect. In rare cases with
a more marked slip the nerve root can be trapped between

the transverse process of L5 and the sacral ala. These cases
with true root compression are an indication for nerve root
decompression. Tight hamstrings are not a sign of root
compression, and no correlation has been found between

Arthrodesis. The surgical procedure used to treat spondylolisthesis is a posterolateral arthrodesis. The approach is
with a midline skin incision, and a midline or paramedian
approach to the spine. The midline approach is used when
decompression is performed |W 2.15]. When no decompres
sion is necessary the approach is paraspinal, with an inci
sion through the fascia midway between the posterior iliac
crest and the midline. The transverse processes and sacral
ala are approached either through or around the paraspinal
musculature. Iliac bone graft is placed in this prepared bed
on the decorticated transverse process and adjacent lateral
aspect of the superior articular process, and on the decorti
cated sacral ala. In decorticating the sacral ala, it has been
found best to create a cavity in the ala to place the strips
of cancellous graft in this cavity, as described by Hensinger
et al. (48). This places the bone graft more vertically, and
there is a larger surface area for fusion to the sacrum.
Decision-making. In the surgical treatment of spondylolisthesis, decisions have to be made regarding the levels to
be fused, the role of decompression, the role of reduction,

the need for an anterior fusion, the use of instrumentation,
and decisions regarding immobilization and bed rest. These

decisions depend on the degree of the deformity (slip per
centage and kyphosis), neurologic symptoms and signs, and
on the mobility of the spondylolisthesis shown on flexion
and extension radiographs.
Levels to Be Fused. The basic procedure is a posterolateral
one-level L5-S1 fusion. The fusion is extended to L4 with
greater degrees of slip (i.e., more than 50%) for two reasons.

With this degree of slip the transverse process of L5 is dis
placed anterior to the sacral ala, and it is impossible to
expose the transverse process of L5 without exposing the
L4 transverse process. In addition, bone graft placed from
L5 to the ala will be horizontal and under shear forces,
whereas graft from the ala to the L4 transverse process will
lie more vertically. A two-level arthrodesis will be necessary
in a slip of less than 50%, where the transverse process of
L5 is very small, and thus provides an insufficient bed for
the fusion.

tight hamstrings and the objective neurologic findings of
weakness, sensory deficit, or reflex changes (15). Cases with
tight hamstrings alone require a fusion without decompres
sion, and after the fusion is solid the tightness resolves with
time in the majority of cases.

The basis of decompression is the Gill procedure, with
removal of the loose lamina (65). This alone does not de
compress the nerve root, additional dissection and a formal
root decompression being necessary. Nerve root decompres
sion alone is contraindicated in the growing child and
should always be accompanied by a spinal fusion (65,66).

Wiltse believes that root decompression is rarely necessary,
and that tight hamstrings, abnormal reflexes, and motor
weakness recover after a posterior fusion alone (14). The

author believes that a formal decompression of the nerve
gives the nerve the best chance of recovery. This must be
weighed against the chance of increased slip, which follows
a decompression and fusion (see below).
Reduction. When treating spondylolisthesis the question

of reduction is always brought up. Reasons given for reduc
tion, rather than in situ fusion, are reduced pseudarthrosis

rate, elimination of the risk for postoperative slip progres
sion, saved motion segments, and reduced clinical defor
mity. A large number of articles have been written about
different techniques for reduction, without in fact demon
strating that the results in these areas are improved following
reduction; the majority of these articles include adolescents
as well as adults. Muschik et al. compared anterior fusion
with anterior and posterior fusion, and reduction with transpedicular screws in 59 children (67). In addition to the
expected radiographic improvement, they reported a lower
rate of pseudarthrosis (7 versus 24%). However, the compli
cation rate was the same, and there was no difference subjec
tively for the patient or objectively on clinical examination.
This highlights the dilemma for the surgeon in recommend
ing a bigger operation.

Many different techniques have been described to reduce

spondylolisthesis, following the initial description ofJenkins
in 1936 (68). The techniques include halo-femoral traction

(6,40,69), cast reduction (70), instrumentation (71,72), and
the combined anterior and posterior approach (33,73—75).
Distraction instrumentation across the lumbar spine has

Decompression. True nerve root compression is evidenced

by motor weakness and a sensory deficit, and is confirmed

been shown to be bad because it reduces the lumbar lordosis

possible causes of the neurologic changes, e.g., a spinal cord

and has a major deleterious effect on sagittal balance. Of
the two deformities in spondylolisthesis (translation and ky
phosis), the kyphosis is the more important problem and

or cauda tumor. Usually the L5 root is involved, being com

should be focused on. In addition, the degree of instability

pressed at the foraminal level by the proximal part of the
pars as it slips forward with the vertebral body, or by the

as the magnitude of the symptoms.

with further imaging studies, which also eliminate other

as shown on flexion/extension x-rays is important, as well
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FIGURE 20-9. A patient was seen at the
age of 14 years 6 months with chronic

low back pain. A: The lateral lumbosacral

view showed spondylolisthesis with a

30% slip and a -25-degree slip angle.
An L4-to-sacrum fusion was performed,
followed by postoperative immobiliza
tion in a cast. B: Four years after opera
tion, a radiograph shows a solid fusion
with no alteration in displacement or

slip: a fusion in situ. The patient had com
:J

Minor degrees of slip (less than 25%) are treated with
fusion in situ, unless there is instability on flexion/extension

views [>» 2.15] (Fig. 20-9). In those with demonstrated in
stability, in larger degrees of slip translation, or with kyphosis, cast reduction can be used. The cast is a single leg
spica that is applied 5 to 7 days postoperatively on a Risser

frame, with the child in traction and a support under the
sacrum, and the thigh (and pelvis) in extension (70) (Fig.
20-10). In these greater degrees of slip, even with slips over
75%, the relationship of L4 to the sacrum is important as

the fusion extends to L4. This includes the sagittal relation
ship, and slip angle of L4 to the sacrum, because this be
comes the effective lumbosacral joint after fusion (77).
With more marked deformity, especially increased lum
bosacral kyphosis and spondyloptosis, some degree of reduc
tion may be necessaiy to realign the lumbar spine over the
sacrum in a position to achieve a solid fusion. Closed reduc
tion with halo-femoral traction or spinous process wiring

can result in some reduction, with the reduction held with
a posterior fusion; and some authors describe the addition
of an anterior fusion (73,74,78-80). An L5 vertebral body
resection, or vertebrectomy, has been described for spondy
loptosis. This shortens the lumbar spine, allowing reduction
of L4 onto the sacrum, where it is fused (81,82). All these
more complex reduction techniques have as a complication
a significant incidence of radiculopathy, which must be
borne in mind in the decision-making process (79,83-85).
The role of the combined techniques for the treatment
of these severe grades of spondylolisthesis is small, as the
majority of cases of spondylolisthesis in children and adoles

cents are of lesser grades, and can be adequately treated with
a posterior fusion and cast reduction alone. The posture in
children with severe slips is due in part to the spasm associ
ated with the slip and to pain. When the fusion is solid,
the pain disappears and the posture improves.

plete pain relief.

The need to resort to more complex reduction techniques
with instrumentation in children and adolescents is thus
rare. In those children in whom it is necessary to reduce
the kyphosis or the amount of slipping to restore the balance
of L3 over the sacrum, combined anterior and posterior
arthrodesis with instrumentation may be necessary. How
ever, it remains controversial as to whether this approach
improves the ultimate clinical outcome.

Anterior Fusion. The role of an anterior fusion in the treat
ment of spondylolisthesis is reserved for the more severe

grades. This can be part of a two-staged approach, with
the anterior fusion being via the trans- or retroperitoneal
approach (86-89). A useful method of anterior arthrodesis,
which is becoming more popular for in situ fusion of severe
or partially reduced slips, is with a fibular graft inserted
posteriorly through the sacrum into the body of L5 (90,91)
[*■ 2.16]. This technique requires mobilization of the thecal
sac so that the graft can be inserted from the midline, and
thus some neurologic complications, usually temporary,
can be expected (92).

Instrumentation. The initial use of instrumentation in the
treatment of spondylolisthesis was with Harrington distrac
tion instrumentation to reduce the slip. This use has disap
peared due to the effect of distraction on reducing the lum
bar lordosis. Transpedicular fixation is commonly used in
the lumbar spine in adults for lumbar fusions for various
conditions, including spondylolisthesis [w- 2.8 & 2.9]. The
use in adolescents can be for stabilization of the lumbosa
cral spine, taking the place of the spica cast. Reduction of
the spondylolisthesis is possible with positioning on the
operative table, and the lumbosacral relationship being
maintained internally with the instrumentation (93) (Fig.
20-11). The use of transpedicular instrumentation to
maintain the reduced position is becoming more com-

Treatment

FIGURE 20-10. A patient was seen at the age of 13 years 7 months with severe low back and
leg pain and inability to bend forward. A: The spot lateral lumbosacral view showed a 70%
spondylolisthesis with an L5 slip angle of 15 degrees, but an L4 slip angle of -15 degrees. He
underwent a posterolateral L4-to-sacrum fusion, and 5 days after operation had reduction on a
Risser frame, and was placed in a single-leg spica cast (B). He wore the leg extension for 4 months
and a body cast for an additional 3 months. (From ref. 76, with permission.) C: Five years after
the operation, he was free of pain, and his fusion was solid. D: The lateral view showed reduction

of the displacement and slip angle, with improvement of the L4-to-sacrum slip angle. Note the
retrolisthesis of L4 on L5.
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FIGURE 20-11. A patient presented at the age of 13 years 3 months with increasing lumbosacral
pain that was restricting her activities. A: A standing spot lateral of the lumbosacral area showed a
60% L5-S1spondylolisthesis with an L5 slip angle of +20 degrees and an L4slipangleof +4degrees.

B: An extension radiograph showed that this was very mobile, correcting to a slip angle of L4 of
-21 degrees. C: She was positioned on the operating table with supports under her thighs, which

extended her hips and spine, reducing the L4 slip angle to -26 degrees. D: She underwent a L4
to S1 posterolateral fusion with transpedicuiar instrumentation, and the postoperative radiograph
shows maintenance of the correction with a L4 slip angle of - 23 degrees.

Treatment
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monly used because it replaces a spica cast and is more

patient is ambulatory in a body cast or brace without a

acceptable to adolescents.

ative reduction of spondylolisthesis using the instrumenta

leg extension. After fusion with instrumentation the author
prefers to use a body brace (TLSO) with a thigh extension
and hinge hip joint for 3 to 4 months until the fusion is

tion on grades I to IV. This is time-consuming, has a high

solid.

Amundson et al. have described a technique of intraoper-

incidence of radiculopathy, and the need for these complete
reductions has never been proven (83).
Immobilization and Bed Rest. The possible immobiliza

Scoliosis Associated with Spondylolisthesis

tion following fusion varies from no immobilization (8,94)

Scoliosis may be associated with spondylolisthesis in two

or a brace, to a single or bilateral spica cast (7,48), with the

scenarios—it may be spondylolisthesis with adolescent idio-

patient ambulatory or on a period of bed rest postopera-

pathic scoliosis, two common conditions that may coexist,

tively. As fusion is performed for symptoms, the author

or the scoliosis may be due to the spondylolisthesis. The

prefers to use some immobilization postoperatively, both to

latter may be a spasm curve or may be due to an asymmetric

slow the patient down and to improve the fusion rate. For

slip, the so-called olisthetic scoliosis. In a study of 500 con

a routine fusion there is usually cast reduction, with the

secutive cases with adolescent idiopathic scoliosis, Fisk et

patient ambulatory in a single leg spica cast, and immobili

al. found the incidence of pars defects was 6.2%, the same

zation being continued for 4 months. The patient who is

as the incidence in the general population (95). In this case,

in a great deal of pain, with marked spasm, or who has a

the scoliosis and the spondylolysis or spondylolisthesis are

larger degree of slip (more than 50 to 75%) with significant

assessed separately and treated independently. If the scoliosis

kyphosis, requires a period of bed rest following the fusion,

needs fusion it should be treated accordingly; the same holds

which is usually performed posteriorly, or may be used with

true for the spondylolisthesis. There is no current evidence

a combined approach. Five to seven days after the fusion,

that a long fusion to \A results in increased stress on spondy

a spica cast is applied with cast reduction, with the patient
being nonambulatory for 3 to 4 months. After this, the

lolisthesis with an increase in the slip. Whenever possible,
the caudal extent of the fusion should be to L3 to preserve

FIGURE 20-12. A patient was seen at the age of 12 years 3 months with a "spasm" scoliosis,
lumbosacral pain, and sciatica. B: The lateral standing radiograph showed a relatively vertical
sacrum, 67% displacement, a 26-degree slip angle, and total lordosis from T1 to L5. Note how
the torso is displaced forward in relation to the pelvis, (continued)
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FIGURE 20-12. (continued) C: The spot lateral lumbosacral view shows an elongated pars of L5,
with a pars defect near the pedicle. D: The patient was treated by nerve root decompression, L4S1 transverse process fusion, and partial reduction by double pantaloon cast application in a
hyperextended position. The percentage of slip was reduced from 67 to 53%, but, more impor
tantly, the slip angle was reduced from 23 to 6 degrees. The patient was nonambulatory for 3
months, then was ambulatory in a body cast for an additional 3 months. E: At a 2-year followup visit the patient's fusion was solid, she was free of pain, and there was no loss of correction.
Fi An anteroposterior view 3 years after surgery shows the solid lumbosacral fusion and total
disappearance of the scoliosis.

Complications

motion segments, even though no concrete scientific evi

dence exists for possible problems with a fusion to L4. Care
ful observation of the spondylolisthesis below a fusion is
necessary till the end of growth. The possible occurrence

of scoliosis requiring fusion to L4 and an asymptomatic slip
requiring fusion to L4 is very rare, and the author knows
of no such occurrence. If this does occur all attempts must
be made to fuse the scoliosis to the upper lumbar spine,
with an anterior fusion and instrumentation for the lumbar
curve, and a posterior fusion for both curves and the spon
dylolisthesis.

A spasm scoliosis consists of a long, sweeping curve with
a curve pattern atypical for adolescent idiopathic scoliosis.
It is usually due to spasm, or rarely due to an unequal slip

with rotation at the lumbosacral junction. The curve re
duces or disappears when the patient is supine. These cases
benefit from a period of being supine in a cast postoperatively, and the curve disappears with a solid fusion (Fig. 2012).

793

15%, with the higher rate attributed to severe spondylolis
thesis (15). Most of the studies in the literature are small,
and no statistical correlation was found between the degree
of slip and the pseudarthrosis rate, although the studies sug
gest a higher pseudarthrosis rate with higher grades of slip.
Increased Slippage
Increased slip, as measured by the amount of displacement
or kyphosis, can increase in the presence of a solid fusion
(14,15,23,47,49,96). However, it should be noted that
these fusions were assessed with radiographs, and not CT

scans, which may demonstrate that at least some cases of
increased slipping are due to the fact that the fusion was not
solid. This further slip following surgery is more common
following a posterior dissection, especially after decompres
sion, all tending to remove the midline-stabilizing structures
and thus increase lumbosacral instability. This is also more
common with higher degrees of spondylolisthesis, with

more displacement or kyphosis (Fig. 20-13). Burkus et al.
have shown that slippage is less common following cast
reduction, compared to the cases with lesser immobilization

COMPLICATIONS

postoperatively (46).

Pseudarthrosis

Neurologic Complications

The pseudarthrosis rate in the literature varies from 0 to

Radiculopathy has been described following the reduction

25% (15,18,36,46,48,96,97), the majority being under

of spondylolisthesis, and this complication must be appreci-

78% slip
26° S.A.

M.N

9-4-75
17

100% slip
32° S.A.
FIGURE 20-13. A: A patient was seen at the age of 16 years with low back pain and sciatica. A:
The spot lateral lumbosacral radiograph showed a 78% displacement and a slip angle of 26 de
grees. The patient was treated with decompression and L4-to-S1 posterolateral fusion, and after
operation was ambulatory in a brace. B: Two months later, a standing radiograph in the brace
showed an increase in the displacement to 100% and a slight increase in the slip angle to 32
degrees, (continued)
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M.N.

7-13-78
100% slip
36° S.A.

3 yrs. p.o.
100% Slip

36° S A
20-13. (continued) C: Three years after operation the fusion was solid, the patient was

free of pain and the lumbosacral relation was unchanged. D: Nineteen years after operation the
patient remains free of pain, without a single degree of change detectable in her radiographs.

ated if this treatment plan is used (79,83-85). This is usu
ally an L5 lesion with varying recovery rates.

In addition, acute postoperative cauda equina syndrome
has been reported after a simple posterolateral fusion, with
out decompression or reduction (98,99). All but three of
the patients in the multicenter report of Schoenecker et al.
had severe slips of grade III or IV, and preoperative neuro

logic symptoms or signs implicating the L5 root or cauda.
This complication can occur through a midline or lateral
muscle-splitting incision, and with the patient prone or lat

eral (36,99). The cause of this significant complication is
not definitely known.

It has been found that in these severe slips the MRI scan
shows a lumbosacral disc that is split, with the posterior

half indenting the dural sac. The occurrence of the cauda
equina syndrome is thus probably due to acute neural

compression due to this disc segment in a patient with a
marked slip and neural elements that are already com

pressed, and thus at risk. During anesthesia, with the relaxa
tion of muscle tone, an acute change occurs in the lumbosa
cral relationship with acute cauda equina compression. This
may explain at least some of the cases that develop cauda
equina syndrome, and suggests that MRI should be per
formed on all severe slips prior to surgery. It must be noted

Even with immediate decompression in these cases, per

manent neurologic deficits may still remain. If possible, this
complication should be prevented. Any neurologic deficit
in a case of spondylolisthesis should be investigated with

further imaging studies. Any root compression in a case of

severe spondylolisthesis should be decompressed; any of
these cases may be an ideal indication for stabilization with
pedicle fixation. Careful neurologic follow-up is essential in
all cases postoperatively, and prompt evaluation and appro
priate decompression following imaging studies, follow.
Only with knowledge and vigilance can this rare complica
tion be minimized.
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Many of the diseases and congenital anomalies affecting the
pediatric cervical spine are simply a reflection of aberrant
growth and developmental processes. This chapter discusses
these diseases and anomalies in this framework. A basic
knowledge of the normal embryology, growth, and develop
ment of the pediatric cervical spine is helpful to understand
these conditions. Most of the anomalies and diseases involv
ing the pediatric cervical spine are easily divided into those of
the upper (occiput, Cl, C2) and lower (C3-C7) segments.

NORMAL EMBRYOLOGY, GROWTH, AND
DEVELOPMENT

Embryology

Occipitoaxioatlas Complex
The occiput is formed from at least four or five somites.

All definitive vertebrae develop from the caudal sclerotome
half of one segment and the cranial sclerotome half of the
succeeding segment (1). These areas of primitive mesenchyme separate from each other during fetal growth, then

R. T. Loder: Department of Orthopaedics, University ofMinnesota, Min
neapolis, Minnesota 55455; Shriners Hospital, Minneapolis, Minnesota
55414.

undergo chondrification and subsequent ossification. This
chondrification and ossification is a passive process that fol
lows the blueprint laid down by the mesenchymal anlage.

800

Chapter 21: The Cervical Spine

Because of this sequencing the cranial half of the first cervi

Axis

cal sclerotome remains as a half segment between the occipi

The odontoid develops two primary ossification centers that
usually coalesce within the first 3 months of life; these cen
ters are separated from the C2 centrum by the dentocentral
synchondrosis (5,6). This synchondrosis is below the level
of the C1-C2 facets, and contributes to the overall height

tal and atlantal rudiments, and is known as the proatlas.
The primitive centrum of this proatlas becomes the tip of
the odontoid process, whereas its arch rudiments assist in

the formation of the occipital condyles (2). The vertebral
arch of the atlas separates from its respective centrum, be
coming the ring of Cl; the separated centrum fuses with
the proatlas above and the centrum of C2 below, to become

the odontoid process and body of C2. The axis forms from
the second definitive cervical vertebral mesenchymal seg

ment. The odontoid process is the fusion of the primitive
centra of the atlas and the proatlas half segment. The poste
rior arches of C2 form from only the second definitive cervi
cal segment.

Thus, the atlas is made up of three main components:

the body and the two neural arches. The axis is made up
of four main components: the body, the two neural arches,
and the odontoid (or five components, if the proatlas rudi
ment is considered).

of the odontoid, as well as to the body of C2. It is continu

ous with the vertebral body and facets, and it coalesces with
the anterior neurocentral synchondroses. These syn
chondroses progressively close, starting first in the regions

of the facets, next at the neurocentral synchondroses, and
finally at the dentocentral synchondrosis. This closure oc
curs between 3 and 6 years of age. The tip of the dens is
composed of a cartilaginous region similar to an epiphysis,
the chondrum terminale, which develops an ossification
center between 5 and 8 years of age, becoming the ossiculum

terminale. The ossiculum terminale fuses to the remainder
of the odontoid between 10 and 13 years of age.

The posterior neural arches are partially ossified at birth,
joined by the posterior synchondrosis. By 3 months of age
these arches, growing more posteriorly, form the rudimen
tary spinous process. By 1 year of age, ossification fills the

Vertebrae C3-C7

spinous process, and by 3 years of age, the posterior syn

These vertebrae follow the normal formation scheme of all
vertebrae (3). A portion of the mesenchyme from the sclero-

chondrosis has fused. Thus, both the posterior and the ante
rior synchondroses are closed by 6 years of age, and there
is no further increase in spinal canal size after this age.

tomal centrum creates two neural arches that migrate poste

riorly and around the neural tube. This eventually forms
the pedicles, the laminae, the spinous processes, and a very
small portion of the body. The majority of the body is
formed by the centrum. An ossification center develops in
each of the two neural arches and one in the vertebral center,

with a synchondrosis formed by the cartilage between the
ossification centers.

Growth and Development
Atlas

Ossification is present only in the two neural arches at birth
(4). These ossification centers extend posteriorly toward the
rudimentary spinous process to form the posterior syn
chondrosis, and anteriorly into the articular facet region to

form all of the bone present in the facets. Anteromedial to
each facet the neurocentral synchondroses form, joining the
neural arches and the body; this occurs on each side of the
expanding anterior ossification center. The body starts to

ossify between 6 months and 2 years, usually in a single
center. By 4 to 6 years the posterior synchondrosis fuses,
followed by the anterior synchondroses slightly thereafter.
The final internal diameter of the pediatric Cl spinal canal
is determined by 6 to 7 years of age. Further growth is
obtained only by periosteal appositional growth on the ex
ternal surface, which leads to thickening and increased
height, but without changing the size of the spinal canal.

C3-C7

At birth all three ossification centers are present. The ante
rior synchondrosis (i.e., neurocentral synchondrosis) is
slightly anterior to the base of the pedicles; it usually closes
between 3 and 6 years of age. The posterior synchondrosis
is at the junction of the two neural arches; it usually closes
by 2 to 4 years of age. In the neonate and young child the

articular facets are horizontal; they become more vertically
oriented as the child ages and reaches the normal adult
configuration. They are also more horizontal in the upper
cervical spine than in the lower cervical spine. The vertebral

bodies enlarge circumferentially by periosteal appositional
growth, whereas they grow vertically by endochondral ossifi
cation. Secondary ossification centers develop at the tips of
the spinous processes and the cartilaginous ring apophyses

of the bodies around the time of puberty. These ring apoph

yses are involved in the vertical growth of the body. These
secondary ossification centers fuse with the vertebral body
around age 25 years.

Normal Radiographic Parameters

Certain radiographic parameters that indicate pathology of
the cervical spine in adults represent normal developmental
processes in children. These parameters are the atlantooccipital motion and atlanto-dens interval (ADI), pseudosublux-

Normal Embryology, Growth, and Development

ation and pseudoinstability, variations in the curvature of

the cervical spine that may resemble spasm and ligamentous
injury, variations in the presence of skeletal growth and
growth centers that may resemble fractures, and anterior
soft tissue widening. Normal cervical spine motion in chil
dren, is also discussed.

Atlanto-dens Interval and Atlantooccipital
Motion

These intervals are determined on lateral flexion and exten
sion radiographs, which should be made voluntarily with
the patient awake. The ADI is the space between the ante
rior aspect of the dens and the posterior aspect of the ante
rior ring of the atlas (Fig. 21-1). An ADI of more than 5
mm on flexion and extension lateral radiographs indicates
instability (7,8). This is more than the 3-mm adult value

because of the increased cartilage content of the odontoid
and ring of the atlas in children, as well as the increased
ligamentous laxity in children. In extension, overriding of
the anterior arch of the atlas on top of the odontoid also
can be seen in up to 20% of children (9).
A mild increase in the ADI may indicate a subtle disrup
tion of the transverse atlantal ligament. In adults, this liga
ment ruptures around an interval of 5 mm (10). In chronic
atlantoaxial conditions (e.g., rheumatoid arthritis, Down
syndrome, congenital anomalies), the ADI is less useful. In
children with these disorders who are frequently hypermobile but do not have ruptured transverse atlantal liga
ments, the ADI is increased beyond the 3- to 5-mm range.
The complement of the ADI, the space available for the
cord (SAC), is a more useful measure in this situation. This
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space is the distance between the posterior aspect of the
dens and the anterior aspect of the posterior ring of the
atlas or the foramen magnum. A SAC of less than 13 mm
may be associated with neurologic problems (11).
In patients in whom there is an attenuation of the trans
verse atlantal ligament without rupture, the alar ligament
provides some stability. It acts like a checkrein (12), first
tightening up in rotation, then becoming completely taut

as the odontoid process continues to move posteriorly for
a distance equivalent to its full transverse diameter. This
safety zone between the anterior wall of the spinal canal of
the atlas, the axis, and the neural structures is an anatomic
constant equal to the transverse diameter of the odontoid.
This constant defines Steel's rule of thirds: one-third cord,
one-third odontoid, and one-third space (12). This rule re
mains constant throughout the growth of the cervical spine

(13). The cord can move into this space (safe zone) when
the odontoid moves posteriorly because of an attenuated
transverse atlantal ligament. It is here that the alar ligament

becomes taut, acting as a checkrein and secondary restraint,
preventing further movement of the odontoid into the cord.

In the chronic situation, it is important to recognize when
this safe zone has been exceeded and the child enters die
region of impending spinal cord compression. In the case
of trauma, the alar ligament is insufficient to prevent a fatal
cord injury in the event of another neck injury similar to

the one that caused the initial interruption of the transverse
atlantal ligament.

Normal ranges of motion at the atlantooccipital joint are
not well defined. In a series of 40 normal college freshmen,

the tip of the odontoid remained directly below the basion
of the skull in both flexion and extension (14). Thus, the

FIGURE 21-1.

ADI

Lateral view of the at

lantoaxial joint. The atlanto-dens in
terval (ADI) is the distance between
the anterior aspect of the dens and
the posterior aspect of the anterior
portion of the ring of the atlas. The
space available for the cord (SAQ is
the distance between the posterior
aspect of the dens and the anterior
aspect of the posterior portion of the

A,B

ring of the atlas. In children, an ADI
of 5 mm or larger is abnormal. In
teenagers and adults, a SAC of 13 mm
or smaller may be associated with
canal compromise. In younger chil
dren, spinal cord impingement is im
minent if the SAC is equal to or less
than the transverse diameter of the
odontoid. A: The relations in exten
sion. B: The relations in flexion.
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FIGURE 21-2. Lateral flexion (A) and extension (B) radiographs of an 11-year-old boy with Down
syndrome The child presented with loss of hand control when flexing his neck. Using the method
of Tredwell and colleagues (15), the atlantooccipital distance is measured as the distance between
the anterior margin of the condyles at the base of the skull and the sharp contour of the anterior
aspect of the concave joint of the atlas. More than 4 mm of posterior translation is abnormal.

The atlantooccipital distance (arrows) measured 10 mm in extension and 1 mm in flexion. The
atlantodens interval was 1 mm in extension and 6 mm in flexion, for a total of 5 mm of motion
(arrowheads) The space available for the cord was 17 mm in flexion and 20 mm in extension.
Both occipitoatlantal instability (more than 4 mm of posterior translation) and atlantodens hypermobility (5-mm atlantodens interval in flexion) were present.

joint should not allow any horizontal translation during
flexion and extension. Tredwell and colleagues (15) believe
that a posterior subluxation of the atlantooccipital relation
in extension of more than 4 mm indicates instability (Fig.
21-2). This can be measured as the distance between the

anterior margin of the condyles at the base of the skull and
the sharp contour of the anterior aspect of the concave joint
of the atlas anteriorly, or as the distance between the occipi
tal protuberance and the superior arch of the atlas poste

riorly. Another method to measure posterior subluxation of
the atlantooccipital joint is that of Wiesel and Rothman
(16) (Fig. 21-3). With this technique, occiput-Cl transla
tion from maximum flexion to maximum extension should
be no more than 1 mm in normal adults. These norms in
children have not yet been established.
Pseudosubluxation

The C2-C3 interspace, and, to a lesser extent the C3-C4
interspace in children, have a normal physiologic displace

ment. In a study of 161 children (9), marked anterior dis
placement of C2 on C3 was observed in 9% of children be
tween 1 and 7 years old. In some children, the anterior
physiologic displacement of C2 on C3 is so pronounced that
it appears pathologic (pseudosubluxation). To differentiate
this from pathologic subluxation, Swischuk (18) has used the
posterior cervical line (Fig. 21-4) drawn from the anterior
cortex of the posterior arch ofCl to the anterior cortex of the
posterior arch of C3. In physiologic displacement of C2 on
C3, the posterior cervical line may pass through the cortex
of the posterior arch of C2, touch the anterior aspect of the

cortex of the posterior arch of C2, or come within 1 mm of
the anterior cortex of the posterior arch of C2. In pathologic
dislocation of C2 on C3, the posterior cervical line misses
the posterior arch of C2 by 2 mm or more.

The planes of the articular facets change with growth.
The lower cervical spine facets change from 55 to 70 de
grees, whereas the upper facets (i.e., C2-C4) may have initial
angles as low as 30 degrees, which gradually increase to 60

Normal Embryology, Growth, and Development
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this pseudosubiuxation. No treatment is needed for this
normal physiologic subluxation.

Variations in the Curvature and Growth of the

Cervical Spine That Can Resemble Injury
In the classic study of Catell and Filtzer (9), 16% of normal
children showed a marked angulation at a single interspace,
suggestive of injury to the interspinous or posterior longitu
dinal ligament; 14% showed an absence of the normal lordosis in the neutral position; and 16% showed an absence
of the flexion curvature between the second and seventh
cervical vertebrae, which could be erroneously interpreted
as splinting secondaiy to injury.

FIGURE 21-3. The method of measuring atlantooccipital insta
bility, according to Wiesel and Rothman (16). The atlantal line
joins points 7 and 2. A perpendicular line to the atlantal line is
made at the posterior margin of the anterior arch of the atlas.
The distance (x) from the basion (3) to the perpendicular line is
measured in flexion and extension. The difference between flex
ion and extension represents the anteroposterior translation at
the occipitoatlantal joint; in normal adults, this translation should
be no more than 1 mm. (From ref. 17, with permission.)

Spina bifida of the posterior arch, or multiple ossification
centers of the ring of Cl, may mimic fractures. They can
be delineated from fractures by their smooth cortical mar
gins. In some children, the posterior ring of Cl remains
cartilaginous, which is usually of no clinical significance
(20). Spina bifida also may occur at other cervical levels, and
the overlapping lucent areas on anteroposterior radiographs,
when crossing a vertebral body, may mimic a vertical frac
ture of the body.

The dentocentral synchondrosis of C2 begins to close
between 5 to 7 years of age (5). However, it may be visible

in vestigial forms up to 11 years of age (9), and may be
to 70 degrees. This variation in facet angulation, along with

erroneously interpreted as an undisplaced fracture. Simi
larly, the apical odontoid epiphysis (i.e., ossiculum termi-

normal looseness of the soft tissues, intervertebral discs, and

nale) may appear by 5 years of age, although it most typically

the relative increase in the size and weight of the skull com
pared with the trunk, are the major factors responsible for

preted as an odontoid tip fracture.

appears around 8 years of age. This also can be misinter

FIGURE 21-4. A: The posterior line of Swischuk showing the normal limits: passing through or
just behind the anterior cortex of C2 (left); touching the anterior aspect of the cortex of C2
(center); coming within 1 mm of the anterior aspect of the cortex of C2 (right). (From ref. 18,
with permission.) B: Lateral cervical radiograph of a child with pseudosubiuxation at C2-C3, shown

by a stepoff at C2-C3 (dashed line), but with a normal posterior cervical line (asterisk line). Also
note the anterior wedging of the C3 vertebral body. (From ref. 19, with permission.)
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Wedging of the C3 vertebral body is a normal radiographic finding in 7% of younger children (21) (Fig. 21-

vascular compromise, or alterations in cerebrospinal fluid
flow (24).

4B). If k is not known whether the wedging is a normal
variation or a true compression fracture in the face of a
traumatic history, a computed tomography (CT) scan will
demonstrate fracture lines through the body if a fracture is
present. In the lower cervical levels, secondary centers of
ossification of the spinous processes may resemble avulsion

Basilar impression can be primary or secondary. Primary
basilar impression, the most common type, is a congenital

fractures (9).

(25).
Secondary basilar impression is a developmental condi

Normal Lower Cervical Spine Motion

Generally, the interspinous distances increase with increas
ing age, being the smallest at C4-C5 and the largest at
C6-C7, until 15 years of age, when this distance is largest
at C5—C6 (8). The anteroposterior displacement, from hyperflexion to hyperextension, decreases from C2-C3 to
C6-C7. The angular displacement is greatest (15 degrees)
at C3-C4 and C4-C5 for children 3 to 8 years of age; is
greatest (17 degrees) at C4-C5 for children 9 to 11 years
of age; and is greatest (15 degrees) at C5-C6 for children
12 to 15 years of age.

abnormality often associated with other vertebral defects
(e.g., Klippel-Feil syndrome, odontoid abnormalities, atlantooccipital fusion, atlas hypoplasia). The incidence of pri
mary basilar impression in the general population is 1%

tion attributed to softening of the osseous structures at the
base of the skull. Any disorder of osseous softening can lead
to secondary basilar impression. These include metabolic
bone diseases (e.g., Paget disease [26], renal osteodystrophy,
rickets, osteomalacia [27]), bone dysplasias and mesenchy
mal syndromes (e.g., osteogenesis imperfecta [28], achondroplasia [29], hypochondroplasia [30], neurofibromatosis
[31]), and rheumatologic disorders (e.g., rheumatoid arthri
tis, ankylosing spondylitis). The softening allows the odon
toid to migrate cephalad and into the foramen magnum.

These patients typically present with a short neck (78%
in one series) (32). This shortening is only an apparent

deformity because of the basilar impression. Asymmetry of
the skull and face (68%), painful cervical motion (53%),
CONGENITAL AND DEVELOPMENTAL
PROBLEMS

Torticollis

Torticollis is a combined head tilt and rotatory deformity.
Torticollis indicates a problem at C1-C2, because 50% of
the cervical spine rotation occurs at this joint. A head tilt
alone indicates a more generalized problem in the cervical
spine. The differential diagnosis of torticollis is large, and
can be divided into osseous and nonosseous types. In a

recent large series from a tertiaiy care pediatric orthopaedic
center (22), a nonmuscular cause of torticollis was found
in 18% of patients, most frequently the Klippel-Feil syn
drome or a neurologic disorder (ocular pathology, obstetric
palsy, or central nervous system lesion).

and torticollis (15%) can also occur. Neurologic signs and
symptoms are often present (33). Many children will have
acute onset of symptoms precipitated by minor trauma (34).
In cases of isolated basilar impression, the neurologic in
volvement is primarily a pyramidal syndrome associated
with proprioceptive sensory disturbances (motor weakness,
85%; limb paresthesias, 85%). In cases of basilar impression
associated with Arnold-Chiari malformations, the neuro
logic involvement is usually cerebellar, and symptoms in

clude motor incoordination with ataxia, dizziness, and nys

tagmus. In both types the patients may complain of neck
pain and headache in the distribution of the greater occipital

nerve and the involvement of cranial nerves, particularly
those that emerge from the medulla oblongata (trigeminal
[V], glossopharyngeal [IX], vagus [X], and hypoglossal
[XII]). Ataxia is a very common finding in children with
basilar impression (34). Hydrocephalus may develop as a

Osseous Types

result of obstruction of the cerebrospinal fluid flow by ob

Occipitocervical synostosis, basilar impression, and odon
toid anomalies are the most common congenital/de

struction of the foramen magnum from the odontoid.

velopmental malformations of the occipitovertebral junc

tion, with an incidence of 1.4 to 2.5 per 100 children (23).

These lesions arise from a malformation of the mesenchymal

Basilar impression is difficult to assess radiographically.
The most commonly used lines are Chamberlain's (35),
McRae's (36), and McGregor's (37) (Fig. 21-5). McGreg

or's line is the best line for screening because the landmarks

anlages at the occipitovertebral junction.

can be clearly defined at all ages on a routine lateral radio

Basilar Impression. Basilar impression is an indentation

cance of basilar impression because it defines the opening

of the skull floor by the upper cervical spine. The tip of the
dens is more cephalad, and sometimes protrudes into the
opening of the foramen magnum. This may encroach on the

of the foramen magnum; in patients who are symptomatic,
sagittal plane reconstructions can show the osseous relations

brainstem, risking neurologic damage from direct injury,

at the occipitocervical junction more clearly, and magnetic

graph. McRae's line is helpful in assessing the clinical signifi

the odontoid projects above this line. At present, CT with
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cal fusions, may be present. These may be cartilaginous
initially, and not appear on plain radiographs until the child
becomes more mature.)
Clinically, these children resemble those with KlippelFeil syndrome: short, broad necks; restricted neck motion;

FIGURE 21-5. These landmarks on a lateral radiograph of the
skull and upper cervical spine are used to assess basilar impression.
McRae's line defines the opening of the foramen magnum. Cham
berlain's line is drawn from the posterior lip of the foramen mag
num to the dorsal margin of the hard palate. McGregor's line is
drawn from the upper surface of the posterior edge of the hard
palate to the most caudad point of the occipital curve of the skull.
McGregor's line is the best line for screening because of the clarity
of the radiographic landmarks in children of all ages.

resonance imaging (MRI) clearly delineates the neural anat

omy. Occasionally, vertebral angiography is needed (38).
Treatment of basilar impression can be difficult, and re

quires a multidisciplinary approach (orthopaedic, neurosurgical, and neuroradiologic) (39). The symptoms rarely
can be relieved with customized orthoses (40); the primaiy
treatment is surgical. If the symptoms are caused by a hyper-

mobile odontoid, surgical stabilization in extension at the
occipitocervical junction is needed [*-2.i8]. Anterior exci
sion of the odontoid is needed, if it cannot be reduced (41),
but this should be preceded by posterior stabilization and
fusion. If the symptoms are from posterior impingement,
suboccipital decompression and often, upper cervical laminectomy are needed. The dura often needs to be opened

to look for a tight posterior band (32,42). Posterior stabili
zation also should be performed. These are general state
ments, and each case should be considered individually.

low hairline; high scapula; and torticollis (42,43). The skull
may be deformed and shaped like a "tower skull." They also
may have other associated anomalies, including dwarfism,
funnel chest, jaw anomalies, cleft palate, congenital ear de
formities, hypospadias, genitourinary tract defects, and syndactyly. They can present with neurologic symptoms during
childhood, but more symptoms appear between 40 and 50
years of age. These symptoms can be initiated by traumatic
or inflammatory processes, and they progress slowly and
relentlessly. Rarely do they present suddenly or dramatically,
although they have been reported as a cause of sudden death.
The most common signs and symptoms, in decreasing order
of frequency, are neck and occipital pain, vertigo, ataxia,
limb paresis, paresthesias, speech disturbances, hoarseness,
diplopia, syncope, auditory malfunction, and dysphagia
(44,45).
Standard radiographs are difficult to obtain, because of
fixed bony deformities and overlapping shadows from the
mandible, occiput, and foramen magnum. An x-ray beam,
directed 90 degrees perpendicular to the skull (rather than
to the cervical spine), usually gives a satisfactory view of the
occipitocervical junction. The anomaly usually is studied
further with CT. In young children, the head-wag auto-

tomography technique can be quite useful (46). This tech
nique involves side-to-side rotation of the child's head, while
a slow anteroposterior radiographic exposure of the upper
cervical spine is performed. This rotation blurs the overlying
head and mandibular structures, allowing for improved vis
ualization of the occiput—Cl-2 complex.
The position of the odontoid, relative to the opening of
the foramen magnum, has been described by measuring the
distance from the posterior aspect of the odontoid to the
posterior ring of Cl or the posterior lip of the foramen
magnum, whichever is closer (43,47). This should be deter

mined in flexion, because this position maximizes the reduc
tion in the SAC. If this distance is less than 19 mm, a

Atlantooccipital Anomalies. Children with congenital
bony anomalies of the atlantooccipital junction present with
a wide spectrum of deformities. The anterior arch of C1 is
commonly assimilated to the occiput, usually in association
with a hypoplastic ring posteriorly (Fig. 21-6), as well as
condylar hypoplasia. The height of Cl is variably decreased,

neurologic deficit is usually present. Lateral flexion and ex
tension views of the uppet cervical spine often show up to

12 mm of space between the odontoid and the Cl ring
anteriorly (43); associated C1-C2 instability has been re

ported to develop eventually in 50% of these patients.
MRI is used to visualize the neural structures. Flex

allowing the odontoid to project upward into the foramen

ion—extension MRI is often necessary to fully evaluate the

magnum (i.e., the primary basilar impression). More distal

pathology (48). Compression of the brainstem or upper

cervical anomalies can also occur in association with the

cervical cord anteriorly occurs from the backward-project

atlantooccipital anomaly. The odontoid may be misshapen,
or directed posteriorly more than normal. Up to 70% of

toms, depending on the location and degree of compression.

children with this condition have a congenital fusion of C2-

Pyramidal tract signs and symptoms (e.g., spasticity, hyper-

C3 (Fig. 21-6). (Posterior congenital fusion of C2-C3 is a
clue that occiput-Cl anomalies, or other more distal cervi

reflexia, muscle weakness, gait disturbances) are most com

ing odontoid. This produces a range of findings and symp

mon, although signs of cranial nerve involvement (e.g., di-
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FIGURE 21-6. This 3-year, 9-month-old girl had a history of vertex headaches
for 1 year. One month before presentation she developed a painful, left-sided
torticollis. A: Plain lateral radiograph shows fusion of C2-C3 and absence of
the ring of C1 with occipitalization. B: The magnetic resonance image shows
an Arnold-Chiari malformation, with hemiation of the cerebellar tonsils into
the foramen magnum (arrow). Also note the cordal edema (arrowhead). C:

The child underwent occipital decompression and laminectomy to C3, posterior

cervical fusion from the occiput to C4, and halo cast immobilization for 4
months. Flexion and extension lateral radiographs 1 year after treatment show
solid incorporation of the fusion from C2 to C4, with dissolution of the graft
from the occiput to C2. However, there is no atlantooccipital instability. The
child's symptoms resolved.

plopia, tinnitus, dysphagia, auditoiy disturbances) can be
seen. Compression from the posterior lip of the foramen
magnum or dural constricting band can disturb the poste

rior columns, with a loss of proprioception, vibration, and
tactile senses. Nystagmus also occurs frequently as a result

instability progresses with age, and the increased demands
placed on the C1-C2 interval produce gradual spinal cord
or vertebral artery compromise.

Treatment is difficult. Surgery for atlantooccipital anom

alies is more risky than with isolated anomalies of the odon

mittent stiffness and torticollis. Irritation of the greater oc

toid (42,45). For this reason, nonoperative methods should
be attempted, initially. Cervical collars, braces, and traction
often help for persistent complaints of head and neck pain,
especially after minor trauma or infection. Immobilization
may achieve only temporary relief if neurologic deficits are
present. Patients with evidence of a compromised upper
cervical area should take precautions not to expose them

cipital nerve may cause tenderness in the posterior scalp.
The natural history of atlantooccipital anomalies is un
known. The neurologic symptoms may develop so late, and
progress so slowly, because the frequently associated C1-C2

When symptoms and signs of C1-C2 instability are pres
ent, a posterior C1-C2 fusion is indicated [w-2.17]. Prelimi
nary traction to attempt reduction is used if necessary. If

of posterior cerebellar compression. Vascular disturbances

from vertebral artery involvement can result in brainstem

ischemia, manifested by syncope, seizures, vertigo, and un
steady gait. Cerebellar tonsil herniation can occur. The al
tered mechanics of the cervical spine may result in a dull,
aching pain in the posterior occiput and neck, with inter

selves to undue trauma.
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reduction is possible and there are no neurologic signs,
surgery has an improved prognosis (42,44,45). Posterior
signs and symptoms may be an indication for posterior
decompression, depending on the evidence of dural or os
seous compression. Results vary from complete resolution

to increased deficits and death (42,49). In the instance of
no instability but only compressive pathology, the role of
concomitant posterior fusion has not yet been determined.
However, if decompression (whether anterior or posterior)
can destabilize the spine, concomitant posterior fusion
should be considered.

Unilateral Absence ofCl. This congenital malformation
of the first cervical vertebra is, in essence, a hemiatlas or a
congenital scoliosis of Cl. Doubousset (50) has described
17 patients with this absence. No definite population inci

dence is known. The problem often is associated with other
anomalies common to children with congenital spine de
formities (e.g., tracheoesophageal fistula).
Two-thirds of the children present at birth; the others

develop torticollis and are noticed later. A lateral translation
of the head on the trunk, with variable degrees of lateral
tilt and rotation (best appreciated from the back) is the

typical finding. There also may be severe tilting of the eye

line. The sternocleidomastoid muscle is not tight, although

regional aplasia of the muscles in the nuchal concavity of

the tilted side is noted. Neck flexibility is variable and de

creases with age. The condition is not painful. Plagiocephaly
can occur, and increases as the deformity increases. Neuro

logic signs (e.g., headache, vertigo, myelopathy) are present
in about one-fourth of the patients. The natural history is
unknown.

Standard anteroposterior and lateral radiographs rarely
give the diagnosis, although the open-mouth odontoid view
may suggest it. Tomograms or CT scans usually are needed

to visualize the anomaly (Fig. 21-7). The defect can range

FIGURE 21-7. This 2-month-old girl presented with left-sided
torticollis. Physical examination revealed no tightness in the ster
nocleidomastoid muscle, but reduced right lateral extension was
present. A: An anteroposterior radiograph of the cervical spine

demonstrates the head tilt and suggests a hypoplastic lateral mass
on the patient's left at C1 (arrow) compared with that on the
patient's right (arrowhead). B: A computed tomography scan
with frontal reconstruction clearly demonstrates the left hypoplastic lateral mass of C1 (arrow), with a normal right lateral mass
(arrowhead). Further workup of this child demonstrated nearly
complete tracheal stenosis, which required reconstructive sur
gery. The lateral tilt of the neck has been slowly resolving with

gentle physiotherapy and improvement of normal cervical muscle
motor tone.

from a hypoplasia of the lateral mass to a complete hemiatlas

with rotational instability and basilar impression. Occasion
ally the atlas is occipitalized. There are three types of this
disorder. Type I is an isolated hemiatlas. Type II is a partial
or complete aplasia of one hemiatlas, with other associated
anomalies of the cervical spine (e.g., fusion of C3-C4, con
genital bars in the lower cervical vertebrae). Type III is a
partial or complete atlantooccipital fusion and symmetric
or asymmetric hemiatlas aplasia, with or without anomalies
of the odontoid and the lower cervical vertebrae.
Once this malformation is diagnosed entire spinal radio
graphs should be taken to rule out other congenital vertebral
anomalies. Other imaging studies that may be needed are
vertebral angiography and MRI. Angiography should be
performed if operative intervention is undertaken, because
arterial anomalies (e.g., multiple loops, vessels smaller than
normal, abnormal routes between Cl and C2) often are
found on the aplastic side. MRI also should be performed
if operative intervention is undertaken, because many of

these children will have stenosis of the foramen magnum,
and occasionally an Arnold-Chiari malformation.
The deformity should be observed to document the pres
ence or absence of progression. This observation is primarily
clinical (e.g., photographic), because radiographic measure
ments are difficult if not impossible to obtain. Bracing does
not halt the progression of the deformity. Surgical interven
tion is recommended in those patients with severe deformi
ties. A preoperative halo cast is used for gradual traction
correction over 6 to 8 days. An ambulatory method of grad

ual cervical spine deformity correction has been described

using the halo-Ilizarov technique (51). A posterior fusion

from the occiput-C2 or occiput-C3 is then performed,

f-2.18] depending on the extent of the anomaly. De
compression of the spinal canal is necessary when the canal
size is not ample, either at that time or if it is projected
not to be able to fully accommodate the developed spinal
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cord. The ideal age for posterior fusion is between 5 and
8 yeats, corresponding to the age at which the canal size
reaches adult proportions.

Familial Cervical Dysplasia. The epidemiology of this
atlas deformity (52) is not known. Clinical presentation

varies from an incidental finding to a passively correctable

head tilt, suboccipital pain, decreased cervical motion, or a
clunking of the upper cervical spine.
Plain radiographs are difficult to interpret. Various

anomalies of Cl, most commonly a partial absence of the
posterior ring of Cl, typically are seen. Various anomalies
of C2 also commonly exist, e.g., a shallow hypoplastic left
facet. Other dysplasias of the lateral masses, facets, and pos
terior elements, and occasionally spondylolisthesis, are seen.

Occiput-Cl instability is frequently seen; C1-C2 instability
rarely is seen. The delineation of this complex anatomy
often is seen best with a CT scan and three-dimensional
reconstruction (Fig. 21-8). When symptoms of instability
are present, MRI in flexion and extension is recommended
to assess the presence and magnitude of neural compression.
Occipitocervical junction instability attributable to the mal
formation may lead to neural compromise.
Nonsurgical treatment consists of observation every 6 to

12 months to ensure that instability does not develop, either
clinically (e.g., progressive weakness and fatigue or objective
signs of myelopathy) or radiographically, with lateral flexion
and extension radiographs. Surgical intervention is recom

mended for persistent pain, torticollis, and neurologic
symptoms. A posterior fusion from the occiput to C2 usu

ally is required [>~2.18], with gradual preoperative reduction
using an adjustable halo cast (51).

Atlantoaxial Rotary Displacement. Atlantoaxial rotaiy

displacement is one of the most common causes of child
hood torticollis. Rotaiy displacements are characteristically

a pediatric problem, but they may occur in adults. There
are several causes. Because the resultant radiographic find
ings and treatment regimens are the same for all pediatric
causes, they are discussed as a unit, and individual excep
tions are noted where necessary.

The confusing terminology includes rotary dislocation,
rotary deformity, rotational subluxation, rotary fixation,
and spontaneous hyperemic dislocation (53,54). "Atlan

toaxial rotary subluxation" is probably the most accepted
term used in describing the common childhood torticollis.
"Subluxation" is misleading, however, because cases of sub
luxation usually present within the normal range of motion
of the atlantoaxial joint. "Rotary displacement" is a more
appropriate and descriptive term because it includes the en
tire range of pathology, from mild subluxation to complete
dislocation. If the deformity persists, the child presents with
a resistant and unresolving torticollis that is best termed
"atlantoaxial rotary fixation or fixed atlantoaxial displace
ment." Gradations exist between the very mild, easily cor
rectable rotaiy displacement and the rigid fixation. Com

plete atlantoaxial rotary dislocation rarely has been reported
in surviving patients.

The radiographic findings of rotary displacement are dif
ficult to demonstrate (55). With rotary torticollis the lateral
mass of Cl that has rotated anteriorly appears wider and
closer to the midline (medial offset), whereas the opposite

lateral mass is narrower and away from the midline (lateral
offset). The facet joints may be obscured because of appar
ent overlapping. The lateral view shows the wedge-shaped
lateral mass of the atlas lying anteriorly where the oval arch
of the atlas normally lies, and the posterior arches fail to
superimpose because of the head tilt (Fig. 21-9). These find
ings may suggest occipitalization of Cl because with the
neck tilt the skull may obscure Cl. The normal relation
between the occiput and Cl is believed to be maintained
in children with atlantoaxial rotaiy displacement. A lateral
radiograph of the skull may demonstrate the relative posi
tions of Cl and C2 more clearly than a lateral radiograph
of the cervical spine. This is because tilting of the head
also tilts Cl, which creates overlapping shadows and makes
interpretation of a lateral spinal radiograph difficult.
The difficulty with plain radiographs is differentiating
the position of C1-C2 in a child with subluxation from that

in a normal child whose head is rotated, because both give
the same picture. Open-mouth views are difficult to obtain
and interpret, and the lack of cooperation and diminished
motion on the part of the child often make it impossible
to obtain these special views. Cineradiography has been rec
ommended, but the radiation dose is high and patient coop

FIGURE 21-8. A three-dimensional computed tomography scan
of the upper cervical spine in a child with familial cervical dyspla

sia. The left superior facet of C2 is shallow and hypoplastic (ar
rows). (From ref. 52, with permission.)

eration may be difficult because of muscle spasms (55,56).
CT is helpful in this situation if it is done properly (57).
A CT scan, when taken with the head in the torticollic
position, may be interpreted by the casual observer as show
ing rotation of Cl on C2. If the rotation of Cl on C2 is
within the normal range, as it usually is early in this condi-
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FIGURE 21-9. Radiographic findings in atlantoaxial rotary subluxation. A: The lateral cervical spinal radiograph. The posterior
arches fail to superimpose because of the head tilt (arrow). B

and C: Dynamic computed tomography scans in a 9-year-old girl
with a fixed atlantoaxial rotary displacement, with the head

maximally rotated to the left (B), and the head maximally ro
tated to the right (C), which, in this case, does not reach the
midline. The ring of C1 is still in the exact relation to the odon
toid as in B, indicating a fixed displacement.

tion, the observer may attribute this rotation to patient posi
tioning. A dynamic-rotation CT scan is helpful here. Views
with the head maximally rotated to the right, then to the

left, will demonstrate atlantoaxial rotary fixation when there

is a loss of normal rotation (Fig. 21-9).
Rotary displacement can be classified into four types (53)
(Fig. 21-10): type I is a simple rotary displacement without
an anterior shift; type II is rotary displacement with an
anterior shift of 5 mm or less; type III is rotaiy displacement
with an anterior shift greater than 5 mm; and type IV is
rotary displacement with a posterior shift. The amount of
anterior displacement considered to be pathologic is greater
than 3 mm in older children and adults, and greater than

4 mm in younger children (7). Flexion and extension lateral-

stress radiographs are suggested to rule out the possibility
of anterior displacement.

Type I is the most common pediatric type. It is usually
benign and frequently resolves by itself. Type II deformity

is potentially more dangerous. Types III and IV are very

rare, but because of the potential for neurologic involvement
and even instant death, management must be approached

with great caution.

The cause and pathoanatomy are not known completely
(58). Several etiologic mechanisms are possible. Fracture is
a rare cause. More commonly, atlantoaxial rotary displace
ment occurs after minor trauma, after head and neck sur-
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tonsillectomy and adenoidectomy, enhances the passage of
the inflammatory products into the pharyngovertebral
veins. Kawabe and colleagues (60) have demonstrated me
niscus-like synovial folds in the atlantooccipital and lateral
atlantoaxial joints of children, but not in those of adults,

Type II

Type I

and have found that the dens-facet angle of the axis is
steeper in children than in adults. They postulate that exces
sive C1-C2 rotation, caused by the steeper angle, com
pounded by ligament laxity from an underlying hyperemia,

allows the meniscus-like synovial folds to become impinged
in the lateral atlantoaxial joint, leading to rotary fixation.
The predominance of this syndrome in childhood correlates

with the predilection for the adenoids to be maximally hypertrophied and inflamed at this same time, and located in
the area drained by the pharyngovertebral veins.
Most atlantoaxial rotary displacements resolve sponta

\

neously. Rarely, however, the pain subsides and the torticol

Type III

Type IV

FIGURE 21-10. The four types of atlantoaxial rotary displace
ment. (From ref. 53, with permission.)

lis becomes fixed. The duration of symptoms and deformity
dictates the recommended treatment (61).
Patients with rotary subluxation of less than 1 week can
be treated with immobilization in a soft cervical collar and
rest for about 1 week. Close follow-up is mandatory. If
spontaneous reduction does not occur with this initial treat
ment, hospitalization and the use of halter traction, muscle

relaxants (e.g., diazepam), and analgesics are recommended
next. Patients with rotary subluxation of greater than 1 week

geiy, or after an upper respiratory infection. The child pre
sents with a "cocked-robin" torticollis, and resists any

attempt to move the head because of pain. The associated
muscle spasm is noted on the side of the long sternocleido-

mastoid muscle because the muscle is attempting to correct

the deformity, unlike congenital muscular torticollis, in
which the muscle causes the torticollis. If the deformity
becomes fixed, the pain subsides but the torticollis persists,
along with decreased neck motion. In long-standing cases,

plagiocephaly and facial flattening may develop on the side
of the tilt.

Spontaneous atlantoaxial subluxation with inflammation
of adjacent neck tissues, also known as Grisel syndrome, is
commonly seen in children after upper respiratory infec

tions (Fig. 21-11). A direct connection exists between the
pharyngovertebral veins and the periodontal venous plexus
and suboccipital epidural sinuses (59). This may provide a

route for hematogenous transport of peripharyngeal septic
exudates to the upper cervical spine and an anatomic expla
nation for the atlantoaxial hyperemia of Grisel syndrome.
Regional lymphadenitis is known to cause spastic contracture of the cervical muscles. This muscular spasm, in

the presence of abnormally loose ligaments (hypothetically
caused by the hyperemia of the pharyngovertebral vein
drainage), could produce locking of the overlapping lateral
joint edges of the articular facets. This prevents easy reposi

tioning, resulting in atlantoaxial rotary displacement. The
hyperemia after surgery of the oral pharynx, most frequently

FIGURE 21-11. A 5-year-old boy developed an atlantoaxial ro
tary subluxation after an upper respiratory viral infection (Grisel
syndrome). It rapidly resolved after treatment with a soft collar
and mild doses of diazepam.
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but less than 1 month should be hospitalized immediately
fot cervical traction, relaxants, and analgesics. A halo cast
occasionally is needed to achieve reduction. The reduction
is noted clinically and confirmed with a dynamic CT scan.

If no anterior displacement is noted after reduction, cervical

support should be continued only as long as symptoms per
sist. If there is anterior displacement, immobilization should

be continued for 6 weeks to allow ligamentous healing to

occur. In patients with rotary subluxation for more than 1

month cervical traction (usually halo skeletal) can be tried
for up to 3 weeks, but the prognosis is guarded. These chil
dren usually fall into two groups: those whose rotary sublux
ation can be reduced with halo traction but, despite a pro

longed period of immobilization, resubluxate when the
immobilization is stopped, and those whose subluxation

cannot be reduced, and is fixed.

When the deformity is fixed, especially when anterior
Cl displacement is present the transverse atlantal ligament
is compromised, with a potential for catastrophe. In this
situation, posterior C1-C2 fusion should be performed. The
indications for fusion are neurologic involvement, anterior
displacement, failure to achieve and maintain correction, a
deformity that has been present for more than 3 months,
and recurrence of deformity after an adequate trial of con
servative management (at least 6 weeks of immobilization

after reduction). Before surgical fusion halo traction for sev
eral days is used to obtain as much straightening of the head
and neck as possible; a forceful or manipulative reduction
should not be performed. Postoperatively, the child is sim
ply positioned in a halo cast or vest in the straightened

position obtained preoperatively; this usually results in satis

factory alignment. A Gallie-type fusion, with sublaminar
wiring at the ring of Cl and through the spinous process

of C2, is preferred to a Brooks-type fusion in which the
wire is sublaminar at both Cl and C2. This is because of
the decreased SAC at C2 with a higher risk of neurologic
injury. This wiring does not reduce the displacement, but
simply provides some internal stability for the arthrodesis.
The overall results with a Gallie fusion are veiy good (62)

FIGURE 21-12. The child in Figure 21-9 had a fixed deformity

that occurred 6 months earlier, immediately after reconstructive

maxillofacial surgery for Goldenhar syndrome. It did not respond
to traction, including halo traction. She underwent posterior C1-

C2 (Gallie-type) fusion. A solid fusion was present 9 months later;
clinically, the patient achieved 80 degrees of rotation to the left
and 45 degrees of rotation to the right.

compartment syndrome occurring from soft tissue compres

(Fig. 21-12).

sion of the neck at the time of delivery (65). Surgical histopathologic sections suggest venous occlusion of the sterno
cleidomastoid muscle (66). This occlusion may result in a

Nonosseous Types

compartment syndrome, as manifested by edema, degenera

Congenital Muscular Torticollis. Congenital muscular
torticollis, or congenital wry neck, is the most common
cause of torticollis in the infant and young child. The defor
mity is caused by contracture of the sternocleidomastoid

muscle, with the head tilted toward the involved side and

the chin rotated toward the opposite shoulder. A dispropor

tionate number of children with this deformity have a his

tory of a primiparous birth or a breech or difficult delivery.

However, it has been reported in children with normal

births and in children born by cesarean section (63,64).
The exact cause is not known, and there are several theo

ries. Because of the birth history, one theory is that of a

tion of muscle fibers, and muscle fibrosis. This fibrosis is
variable, ranging from small amounts to the entire muscle.
It has been suggested that the clinical deformity is related

to the ratio of fibrosis to remaining functional muscle. If

ample muscle remains the sternocleidomastoid will proba
bly stretch with growth and the child will not develop torti
collis; if fibrosis predominates there is little elastic potential
and torticollis will develop. Another theoiy is in utero
crowding, because three of four children have the lesion on

the right side (67) and up to 20% have developmental hip
dysplasia (68). The fact that this condition can occur in
children with normal birth histories or in children born
by cesarean section challenges the perinatal compartment
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syndrome theoiy, and supports the in utero crowding the

prone, and in this position, it is more comfortable for them

ory. The fact that it can occur in families (supporting a

to lie with the affected side down. The face, therefore, re

genetic predisposition) (69) also raises doubts about the
compartment syndrome theory. A third theory is primarily
neurogenic (70), supported by histopathologic evidence of

reverse modeling of the contralateral skull occurs. In the

denervation and reinnervation. The primary myopathy ini

and ears becomes unequal and can result in considerable

tially may be attributable to trauma, ischemia, or both, and

cosmetic deformity.

models to conform to the bed. If the child sleeps supine
child who is untreated for many years the level of the eyes

unequally involves the two heads of the sternocleidomastoid

Radiographs of the cervical spine should be obtained to

muscle. With continuing fibrosis of the sternal head the

rule out associated congenital anomalies. Plain radiographs

branch of the spinal accessory nerve to the clavicular head

of the cervical spine in children with muscular torticollis

of the muscle can be trapped, leading to a later progressive

are always normal, aside from the head tilt and rotation. If

deformity (70).
The final theory concerns mesenchymal cells remaining

any suspicion exists about the status of the hips appropriate

in the sternocleidomastoid from fetal embryogenesis. Re

formed, depending on the age of the child and the expertise

cent histopathologic studies have demonstrated the presence
of both myoblasts and fibroblasts in the sternocleidomastoid
tumor in varying stages of differentiation and degeneration

(71). The source of these myoblasts and fibroblasts is un
known. After birth environmental changes stimulate these
cells to differentiate, and the sternocleidomastoid tumor de
velops. Hemorrhagic and inflammatory reactions would be
expected if the tumor was a result of perinatal birth trauma
or intrauterine positioning, yet these cells were not seen in
the sternocleidomastoid histopathologic studies. The occur

rence of torticollis depends on the fate of the myoblasts in
the mass. If the myoblasts undergo normal development
and differentiation no persistent torticollis will occur, and
conservative treatment will likely succeed. If the myoblasts

mainly undergo degeneration, the remaining fibroblasts
produce large amounts of collagen, with a scar-like contrac
tion of the sternocleidomastoid muscle and the typical torti

imaging (e.g., ultrasonography, radiography) should be per
of the sonographer.

Research MRI studies demonstrate abnormal signals in
the sternocleidomastoid muscle but no discrete masses

within the muscle (65). The muscle diameter is increased
to two to four times that of the contralateral muscle. In
older patients the signals are consistent with atrophy and
fibrosis, similar to those encountered in compartment syn
dromes of the leg and forearm.
As the deficit in cervical rotation increases the incidence
of a previous sternocleidomastoid tumor and hip dysplasia,
and the likelihood of needing surgery, increase (75). Treat
ment initially consists of conservative measures (63,64,
72,76,77). Good results can be expected with stretching
exercises alone, with one series reporting 90% success (76).
These results also may reflect, in part, the favorable natural
histoiy of many of these children. The exercises are per
formed by the caregivers and guided by the physiotherapist.

collis.
The clinical features of congenital muscular torticollis

The ear opposite the contracted muscle should be posi

depend on the age of the child. It is often discovered in the
first 6 to 8 weeks of life. If the child is examined during

to touch the shoulder on the same side as the contracted

the first 4 weeks of life a mass or "tumor" may be palpable

in the neck (63). Although the mass may be palpable, it is
unrecognized up to 80% of the time (72). Characteristically,
it is a nontender, soft enlargement beneath the skin, and is
located within the sternocleidomastoid muscle belly. This
tumor reaches its maximum size within the first 4 weeks of
life then gradually regresses. After 4 to 6 months of life the
contracture and the torticollis are the only clinical findings.

In some children the deformity is not noticed until after 1
year of life, which raises questions about both the congenital
nature of this entity and the perinatal compartment syn

drome theory. Recent studies (73) indicate that the rate of
associated hip dysplasia in children with congenital muscu

lar torticollis is 8%, lower than the previously cited 20%
(68).

tioned to the shoulder, and the chin should be positioned
muscle. When adequate stretching has occurred in the neu
tral position, the exercises should be graduated up to the
extended position, which achieves maximum stretching and

prevents residual contractures. Treatment measures to be
used along with stretching consist of modifying the child's
toys and crib so that the neck is stretched when the infant

is reaching for or looking at objects of interest. The exact
role of the efficacy of these stretching measures, versus a

natural history of spontaneous resolution, is not known;

there are many anecdotal cases of spontaneous resolution.
Stretching measures are usually unsuccessful after 1 year

of age (77,78), and surgery is recommended. The child's
neck and anatomic structures are larger, making surgery

easier. Established facial deformity or a limitation of more
than 30 degrees of motion usually precludes a good result,

If the deformity is progressive, skull and face deformities

and surgery is required to prevent further facial flattening

can develop (plagiocephaly), often within the first year of

and cosmetic deterioration (77). Asymmetry of the face and

life. The facial flattening occurs on the side of the contracted

skull can improve as long as adequate growth potential re

muscle, and is probably caused by the sleeping position of

mains after the deforming pull of the sternocleidomastoid

the child (74). In the United States children usually sleep

is removed; good but not perfect results can be obtained as
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FIGURE 21-13. TheZ-plasty procedure fortorticollis. A: The

location of the skin incisions. B: The clavicular and mastoid
attachments of the sternocleidomastoid muscle are cut, and
a Z-plasty is performed. Note that the medial aspect of the
sternal attachment is preserved. C: The completed procedure
after release of the proximal muscle insertion. (From ref. 78,

with permission.)

late as 12 years of life (72). The best time for surgical release

is between the ages of 1 and 4 years (63,79).
Surgical treatments include unipolar release at either the
sternoclavicular or the mastoid pole, bipolar release, middle-

third transection, and even complete resection. Bipolar re
lease, combined with Z-plasty of the sternal attachment
(Fig. 21-13), yielded 92% satisfactory results in one series,
whereas only 15% satisfactory results were obtained with
other procedures (78). Middle-third transection has also
been reported to give 90% satisfactory results (80). Z-plasty
lengthening maintains the V contour of the neck and cosmesis, which middle-third transection does not. Structures
that can be injured during surgery are the spinal accessory

nerve, the anterior and external jugular veins, the carotid
vessels and sheath, and the facial nerve. Skin incisions
should never be located directly over the clavicle because of
cosmetically unacceptable scar spreading; rather, they

should be made one finger-breadth proximal to the medial
end of the clavicle and sternal notch, and in line with the
cervical skin creases. The postoperative protocol can vary

from simple stretching exercises to cast immobilization.

Some type of bracing device to maintain alignment of the

head and neck is probably desirable as part of the postopera
tive protocol.

Neurogenic Types

Although rare, these causes should be considered in the

differential diagnosis of any atypical torticollis, especially
when the condition is unresponsive or progressive in the face
of therapy believed to be appropriate. The major neurogenic
causes are central nervous system tumors (i.e., of the poste

rior fossa or spinal cord), syringomyelia with or without
cord tumor, Arnold-Chiari malformation, ocular dysfunc
tion, and paroxysmal torticollis of infancy.
Posterior fossa tumors can present with torticollis (81).

The ophthalmologic literature (82) has described three chil
dren with torticollis, photophobia, and epiphora (tearing).

In all three children the diagnosis was delayed, with an
initial diagnosis of a local ocular inflammatory condition.
The age at presentation ranged from 1 to 23 months. The

delay in diagnosis ranged from 5 months to 4 years. The

neoplastic diagnosis was not considered initially by the
ophthalmologists because the primary signs of posterior
fossa tumors are extraocular muscle paresis, nystagmus, and

papilledema.

Cervical cord tumors can present with torticollis, often
early in their course (83,84). Frequently, the initial diagno
sis is congenital torticollis, obstetric birth palsy, muscular

dystrophy, or cerebral palsy (83). The peculiar, often over
looked signs of the tumor are spinal rigidity, early spinal
deformity, and spontaneous or induced vertebral pain. In

young children pain may be expressed as irritability and
restlessness.

Imaging of a child with a potential central nervous system
tumor should consist of plain radiographs of the skull and
cervical spine, followed by CT and MRI scans. Vertebral
angiography also may be needed, both diagnostically and
in neurosurgical planning.

The Arnold-Chiari malformation (Fig. 21-6) is caudal
displacement of the hindbrain, often with other congenital
deformities of the brainstem and cerebellum (85,86). It may
be associated with myelomeningocele (i.e., type II malfor

mation). The Chiari type I malformation is a downward

displacement of the medulla oblongata with extrusion of
the cerebellar tonsils through the foramen magnum, and is
encountered in older children. Dure and colleagues (85)
described 11 children with Chiari type I malformations;
torticollis was the presenting complaint at 5 years of age in

1 of the 11 children. It also was associated with headaches
and paracervical muscle spasm; the torticollis was left-sided.
As with tumors, the workup of a child with the potential
for a Chiari malformation consists of plain radiographs of
the skull and cervical spine, followed by an MRI scan (85).
The treatment is neurosurgical.

Ocular pathology accounts for up to one-third of chil-
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dren with no obvious orthopaedic cause of torticollis (87).
The torticollis is usually atypical (88). These children typi
cally present around 1 year of age. The face can be turned
about a vertical axis, the head can be tilted to one shoulder
with the frontal plane of the face remaining coronal, the
chin can be elevated or depressed, or a combination of any
of these positions can occur. These abnormal head positions

optimize visual acuity and maintain binocularity. An ocular

cause is likely if the head is tilted but not rotated, or if the

tilt changes when the child is lying versus sitting or standing.
Children with ocular torticollis have a full range of cervical
motion without the fibrotic sternocleidomastoid muscle
seen in congenital muscular torticollis. Ophthalmologic
evaluation is usually positive for paralytic squint or nystag

mus. Detailed tests conducted by an experienced ophthal
mologist are diagnostic. Treatment of ocular torticollis is
usually surgical.

Paroxysmal torticollis of infancy is a rare episodic torti

collis lasting for minutes to days with spontaneous recovery

(89,90). The attacks usually occur in the morning, with a
frequency from less than one episode per month to three
to four episodes per month. The attacks can be associated
with lateral trunk curvature, eye movements or deviations,

and alternating sides of torticollis. The children are usually
girls (71%), the average age of onset is 3 months (range, 1

week to 30 months), and the recovery period is 24 months
(range, 6 months to 5 years). It has been suggested that
paroxysmal torticollis of infancy is equivalent to migraine
headache because of positive family histories for migraines

in 29% of patients, or that it is a forerunner of benign
paroxysmal vertigo of childhood (90). Whatever the cause,
it is usually self-limiting and does not require therapy.
Sandifer Syndrome

This is a syndrome of gastroesophageal reflux, often from
a hiatal hernia, and abnormal posturing of the neck and
trunk, usually torticollis (91,92). The torticollis is likely
an attempt by the child to decrease esophageal discomfort
resulting from the reflux. The abnormal posturing also may
present as opisthotonos or neural tics and often mimics
central nervous system disorders. The majority of patients
present in infancy. The incidence of gastroesophageal reflux

is high (up to 40% of infants) (93), with the principal symp
toms being vomiting, failure to thrive, recurrent respiratory

disease, dysphagia, various neural signs, torticollis, and
respiratory arrest.

The

diagnosis

of symptom-causing

gastroesophageal reflux frequently is overlooked. On
careful examination of these infants the tight and short
sternocleidomastoid muscle or its tumor is not seen, elimi
nating congenital muscular torticollis. Further workup ex
cludes dysplasias and congenital anomalies of the cervical
spine and central nervous system disorders. In these situa
tions, the physician should consider Sandifer syndrome in
the differential diagnosis.

Plain radiographs of the cervical spine eliminate congeni
tal anomalies or dysplasias; contrast studies of the upper
gastrointestinal tract usually demonstrate the hiatal hernia
and gastroesophageal reflux (94). Esophageal pH studies
may be necessary; many children, both asymptomatic and
symptomatic, show evidence of gastroesophageal reflux

(95). Treatment begins with medical therapy. When this
fails, fundoplication can be considered, which is usually cu
rative (96).

Klippel-Feil Syndrome

Klippel-Feil syndrome consists of congenital fusions of the
cervical vertebrae clinically exhibited by the triad of a low
posterior hairline, a short neck, and variably limited neck
motion (97). Its incidence is approximately 0.7% (98).
Other associated anomalies are often present in both the
musculoskeletal and other organ systems. The congenital
fusions result from abnormal embryologic formation of the
cervical vertebral mesenchymal anlages. This unknown em
bryologic insult is not limited to the cervical vertebrae, and
explains the other anomalies associated with Klippel-Feil
syndrome.

Approximately one-third of these children have an asso

ciated Sprengel deformity. Other anomalies associated with
the syndrome are scoliosis (both congenital and idiopathic
like) (97), renal anomalies (99), deafness (100), synkinesis
(mirror movements) (101), pulmonary dysfunction (102),
and congenital heart disease (103). Radiographs demon
strate a wide range of deformity, ranging from simple block
vertebrae to multiple and bizarre anomalies. Associated sco
liosis makes interpretation of the radiographs even more

difficult. Flexion and extension lateral radiographs are used
to assess for instability, and should always be made before
any general anesthetic is administered. Any segment adja
cent to unfused segments may develop hypermobility and
neurologic symptoms (104). A common pattern is fusion
ofCl-C2 andC3-C4, leading to a high risk of instability at
the unfused C2-C3 level (105). If the flexion and extension
radiographs are difficult to interpret, flexion and extension
CT or MRI scans can be useful. CT is especially helpful at
the C1-C2 level in assessing the SAC; sagittal MRI is more
helpful at other levels.

All children with Klippel-Feil syndrome should be fur
ther evaluated for other organ system problems. A general
pediatric evaluation should be undertaken by a qualified
pediatrician to ensure that no congenital cardiac or other
neurologic abnormalities exist. Renal imaging should be
performed in all children; simple renal ultrasonography is
usually adequate for the initial evaluation (106). MRI
should be performed whenever any concern for neurologic
involvement exists on a clinical basis, and before any ortho
paedic spinal procedure (107).

The natural history depends on the presence of renal or

cardiac problems with the potential for organ system failure
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and death. Cervical spine instability (108) can develop with
neurologic involvement, especially in the upper segments
or in segments with iniencephaly (108,109). Degenerative
joint and disc disease develops in patients with lower-seg
ment instabilities. In adulthood, many patients with Klippel-Feil syndrome will complain of headaches, upperextremity weakness, or numbness and tingling. Subtle find
ings on neurologic examination can be seen in up to half

of these adults. Degenerative disc disease, as seen on MRI
scans, occurs in nearly 100% of these patients (110).

Because children with large fusion areas are at high risk

for developing instabilities, strenuous activities should be
avoided, especially contact sports. Other nonsurgical meth
ods of treatment are the use of cervical traction, collars, and
analgesics when mechanical symptoms appear, usually in
the adolescent or adult patient. Arthrodesis is needed for
neurologic symptoms because of instability. Asymptomatic
hypermobile segments pose a dilemma with regard to stabi
lization. Unfortunately, no guidelines exist for this problem.
The need for decompression at the time of stabilization
depends on the exact anatomic circumstance, as will the
need for combined anterior and posterior fusions versus

simple posterior fusion alone. Surgery for cosmesis alone is
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angle can be measured (113). The presence of myelopathy
is highly correlated with a sagittal plane rotation angle of
greater than 20 degrees and an instability index of greater
than 40%.

The neurologic symptoms are caused by cord compres
sion from posterior translation of the os into the cord in
extension or from translation of the odontoid into the cord

in flexion. Hypermobility at the C1-C2 level may cause
vertebral artery occlusion with ischemia of the brainstem
and posterior fossa structures; this will result in seizures,
syncope, vertigo, and visual disturbances.

Patients with local pain or transient myelopathies often
recover with immobilization. Subsequently, only nonstrenuous activities should be allowed, but the curtailment of
activities in the pediatric age group can be difficult. The

risk of a small insult leading to catastrophic quadriplegia
and death must be weighed. The long-term natural history
is unknown.

Surgery is indicated when there is 10 mm or more of
ADI, an SAC of 13 mm or less (11), neurologic involve
ment, progressive instability, or persistent neck pain. Sur

gery should also be strongly considered in asymptomatic

usually unwarranted and risky.

patients with an instability index of greater than 40% and/
or a sagittal plane rotation angle of greater than 20 degrees.

Os Odontoideum

A Gallie fusion is recommended. The surgeon must be care
ful when tightening the wire so that the os is not pulled
back posteriorly into the canal and cord with disastrous

Os odontoideum is a rare anomaly in which the tip of the
odontoid process is divided by a wide transverse gap, leaving
the apical segment without its basilar support (111). The
exact incidence is not known. It most likely represents an
unrecognized fracture at the base of the odontoid, or dam
age to the epiphyseal plate during the first few years of life,

although a congenital cause has also been proposed. Either
of these conditions can compromise the blood supply to
the developing odontoid, resulting in the os odontoideum.
MRI scans have further documented the presence of nuchal

cord changes consistent with trauma (112).
Local neck pain is the usual presentation; transitory epi
sodes of paresis, myelopathy, or cerebral brainstem is

chemia, attributable to vertebral artery compression from
the upper cervical instability, is less common. Sudden death
rarely occurs.

Radiographs demonstrate an oval or round ossicle with
a smooth sclerotic border of variable size, located in the

consequences. In small children the wire may be eliminated.

In all children a Minerva or halo cast or vest also is used
for at least 6 weeks, and often for 12 weeks.

Developmental and Acquired Stenoses

and Instabilities
Down Syndrome

Because of underlying collagen defects in these children,
cervical instabilities can develop at both the occiput-Cl
and C1-C2 levels. The instability may occur at more than
one level, and in more than one plane (e.g., sagittal and
rotary planes). With the advent of the Special Olympics,
there has been much concern regarding the participation of
children with Down syndrome, and much confusion re
garding the appropriate approach to the problem of upper
cervical instability in these children. Outlined below are the

position of the normal odontoid tip. It is occasionally lo
cated near the basioccipital bone in the foramen magnum

most recent recommendations regarding this problem.

area. The base of the dens is usually hypoplastic. The gap

scribed in Down syndrome children. The incidence of occi
put-Cl instability has been reported to be as high as 60%
in children (15) and 69% in adults (114). The vast majority

between the os and the hypoplastic dens is wider than in a
fracture, usually well above the level of the facets. However,

it may be difficult to differentiate an os odontoideum from
nonunion after a fracture. Tomograms and CT scans are

useful to further delineate the bony anatomy, and flexion
and extension lateral radiographs are useful to assess instabil
ity. The instability index and the sagittal plane rotation

Atlantooccipital hypermobility recently has been de

are asymptomatic (115,116). Measurement reproducibility

is poor (117), but a Powers ratio of less than 0.55 is more
likely to be associated with neurologic symptoms (118). No
guidelines exist regarding the frequency of periodic screen
ing or the indications for surgery, with the exception of
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those for atlantooccipital fusion in the symptomatic child.

are even rarer. The reproducibility of radiographic screening

Tredwell and colleagues (15) believe that treatment plans

for atlantoaxial

for these children should depend on the amount of room

(116,117). Furthermore, the radiologic picture can change

available for the cord, rather than on absolute values of

overtime, most frequently from abnormal to normal (121).

and

occipitoatlantal

mobility

is

poor

displacement for both atlantoaxial and atlantooccipital in

Because of all these factors, and the absence of any evidence

stability. This area requires further investigation.

that a screening program is effective in preventing symp

Atlantoaxial instability in children with Down syndrome

tomatic atlantoaxial and occipitoatlantal mobility, lateral

was first reported by Spitzer and colleagues (114) in 1961.

cervical radiographs are of unproven value, and the previous

Subsequently, there have been many reports on this instabil

recommendations for screening radiographs by the Ameri

ity. Despite these reports, there is no documentation of

can Academy of Pediatrics have been retired (120).

the true incidence of atlantoaxial dislocation (in contrast to

The identification of patients with symptoms or signs

instability), and there are no long-term studies regarding

consistent with symptomatic spinal cord injury is thus more

important than radiographs. Neurologic examination is

the natural history of this problem.
The incidence of atlantoaxial instability in children with

often difficult to perform and interpret in these children

Down syndrome has been estimated to range from 9 to 22%

(15). Parental education regarding the early signs of myelop-

(15,119—121). The incidence of symptomatic atlantoaxial

athy is extremely important (e.g., increasing clumsiness and

instability is much less; it was reported to be 2.6% (119)

falling, worsening of upper-extremity function). A thorough

in a series of 236 Down syndrome patients. Progressive

history and neurologic examination are more important be

instability and neurologic deficits are more likely to develop

fore participation in sports than are screening radiographs.

in male patients older than 10 years (121). Children with

However, further research is needed in this confusing mat

Down syndrome have a significantly greater incidence of

ter, and because of persistent concerns, the Special Olympics

syn-

does not plan to remove its requirement that all Down

chondrosis and spina bifida occulta of Cl, than do normal

syndrome athletes have radiographs of the cervical spine

children (122). Also, children with both Down syndrome

before athletic participation.

cervical

skeletal

anomalies,

especially

persistent

and atlantoaxial instability have an increased frequency of

Because of this requirement, spinal radiographs are often

cervical spine anomalies, compared with other Down syn

obtained without neurologic symptoms. When these are

drome children without atlantoaxial instability (122). These

available, they should be reviewed to determine if there are

spinal anomalies may be a contributing factor in the cause

any other associated anomalies, such as persistent syn-

of atlantoaxial instability in these children.

chondrosis of C2, spina bifida occulta of Cl, ossiculum

The majority of children with atlantoaxial or occipitoat-

terminale, os odontoideum, or other less common anoma

lantal hypermobility are asymptomatic. When symptoms

lies. When the plain radiographs indicate atlantoaxial or

occur they are usually pyramidal tract symptoms, such as

atlantooccipital instability of 6 mm or more in an asymp

gait abnormalities, hyperreflexia, easy fatigability, and quad-

tomatic patient, CT and MRI scans in flexion and extension

riparesis. Occasionally, local symptoms exist, such as head

can determine the extent of neural encroachment and cord

tilt, torticollis, neck pain, or limited neck mobility. The

compression.

neurologic deficits are not necessarily attributable to hyper

Once a Down syndrome patient presents with radio-

mobility of the atlantoaxial or occipitoatlantal joints. Neu

graphic instability, what treatment should be instituted?

rologic symptoms in one series of adult Down syndrome

Those with asymptomatic atlantoaxial or occipitoatlantal

patients were equally as common in those with an increased

hypermobility should probably be followed up with repeat

ADI as in those with a normal ADI (123). Further evalua

neurologic examinations; the role of repeat radiographs is

tion with flexion/extension CT or MRI scans to assess for

more clouded, as noted in the previous discussion. Because

cord compression is needed in this situation.
Rarely does sudden catastrophic death occur. Nearly all

with organized sports in Down syndrome children without

the risk of a catastrophic spinal cord injury is extremely low

of the individuals who have experienced catastrophic injury
to the spinal cord have had weeks to years of preceding, less

any neurologic findings, the avoidance of high-risk activities

severe neurologic abnormalities. In a recent review by the

onset or recent progression of neurologic symptoms, imme

American Academy of Pediatrics, 41 cases of symptomatic

diate fusion should be undertaken if appropriate imaging

atlantoaxial instability were compiled. In only 3 of these 41

confirms cord compromise. The most difficult question

children did the initiation or worsening of symptoms of

concerns the patient with upper cervical hypermobility with

atlantoaxial instability occur after trauma during organized

minimal or nonprogressive chronic symptoms. Before em

sports activities (120).

barking on arthrodesis, imaging with flexion/extension MRI

In the past, screening of Down syndrome patients with

must be individualized. For those children with sudden

(48) or CT should be undertaken to confirm cord compres

radiographs was recommended

sion from the hypermobility, and to eliminate other central

(124). However, symptomatic atlantoaxial instability is very

nervous system causes of neurologic symptoms. CT is faster,

rare, and the chances of a sports-related catastrophic injury

reducing the need for sedation, which is potentially danger-

lateral

flexion/extension
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ous in these children. CT also easily visualizes the C1-C2
relationships necessary to measure the SAC. MRI is more
useful for evaluating other central nervous system lesions.
Even if successfully stabilized, patients with chronic symp
toms often show little symptomatic improvement after arthrodesis (125).
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Nontraumatic Occipitoatlantal Instability
Nontraumatic occipitoatlantal instability is rare in the ab

sence of any underlying syndrome (e.g., Down syndrome).

Georgopoulos and colleagues (134) have described pediatric

nontraumatic atlantooccipital instability. Congenital en

ommended surgical treatment. The classic technique for

largement of the occipital condyles may have been the cause
by increasing motion at this joint. The presenting symptoms

posterior C1-C2 fusion uses autogenous iliac crest bone

were severe vertigo in one 14-year-old boy and nausea with

Posterior cervical fusion at the levels involved is the rec

grafting, with wiring and postoperative halo cast immobili

zation. Internal fixation with wiring provides protection
against displacement, shortens the time of postoperative im

mobilization, permits the consideration of using less-rigid
forms of external immobilization, and is reported to aid in
obtaining fusion. However, internal fixation with sublami-

projectile vomiting in one 6-year-old girl. These symptoms
are postulated to be a result ofvertebrobasilar arterial insuffi
ciency resulting from the hypermobility at the occiput-Cl
junction. The diagnosis of instability was suggested by plain

radiographs initially, and confirmed by cineradiography.
Both children were treated with a posterior occiput-Cl

nar wiring poses added risk. If the instability does not reduce
on routine extension films the patient is at high risk for

fusion with resolution of symptoms.

wiring and acute manipulative reduction (126,127). For

Cerebral Palsy

development of iatrogenic quadriplegia with sublaminar

this reason, it has been recommended that preoperative trac

tion be used to effect the reduction. If reduction does not
occur with traction, then only onlay bone grafting should

be performed without sublaminar wiring (126). Sublaminar

wiring at C2 is not recommended, regardless of the success

of reduction, because it was associated with the only death
in a recent series at the author's institution (128). If wiring
is to be performed, pliable, smaller-caliber wires should be
used. Satisfactory results can be obtained with onlay bone

grafting and rigid external immobilization without internal
fixation (129).

The Down syndrome patient is at higher risk for postop

erative complications (neurologic and other) after fusion

(130-132). Neurologic complications can range from com
plete quadriplegia and death to Brown-Sequard syndrome
(128). Another potential cause of neurologic impairment is
overreduction, if an unstable os odontoideum is present
(128). A posterior translation of the ring of Cl and the os

fragment into the SAC can occur from this overreduction.
In a study of the results of surgical fusion in 35 symptomatic

Down syndrome children, 8 made a complete recovery, 14
showed improvement, 7 did not improve, 4 died, and the
outcome for 2 is unknown (119). Patients with long-stand
ing symptoms and marked neural damage showed no or

Cervical radiculopathy and myelopathy in cerebral palsy
(135-138) were first described in the athetoid types, and
subsequently in the spastic types. Athetoid cerebral palsy
patients, compared with the normal population, develop
cervical disc degeneration at a younger age. This degenera
tion progresses more rapidly and involves more levels. Angu
lar and listhetic instabilities also are more frequent and ap
pear at a younger age (139). The combination of disc

degeneration and listhetic instability predisposes these pa

tients to a relatively rapid, progressive neurologic deficit.
The symptoms are brachialgia and weakness of the upper
extremity, with decreased functional use or increased paraparesis or tetraparesis (136-138). In ambulatory patients,

a loss of ambulatory ability is often a sign of presentation.
Occasional loss of bowel and bladder control also occurs.
Radiographic findings (Fig. 21-15) are narrowing of the
spinal canal and premature development of cervical spondylosis; malalignment of the cervical spine with localized

kyphosis, increased lordosis, or both; and instability of the

cervical spine manifested as spondyiolisthesis. Flattening of
the anterosuperior margins of the vertebral bodies and beaklike projections of the anteroinferior margins are radiographic findings of the spondylosis. Myelography demon

little postoperative improvement, whereas patients with

strates stenosis, disc protrusion, osteophyte projection, and

more recent onset of symptoms usually made an excellent
recovery. Other complications are loss of reduction despite

blocks in dye flow, most commonly at the C3-C4 and C4C5 levels.

with a stable fibrous union or unstable nonunion (129,130)

nerve root and cord compression. It is believed that the
exaggerated flexion and extension of the neck in these young

halo cast immobilization, and resorption of the bone graft
(Fig. 21-14).

The long-term results after cervical fusion are not yet
known. Individuals with Down syndrome who undergo
short cervical fusions are at risk for developing instability
above the level of fusion, such as occiput-Cl after a ClC2 fusion, or C1-C2 after lower-level fusions (133). This
later instability occurred in four of five children between 6
months and 7 years after surgery.

The kyphosis, herniated discs, and osteophytes result in
adults with cerebral palsy cause accelerated cervical degener
ation and cervical stenosis earlier than in unaffected people,
who develop stenosis in the late fourth and fifth decades of

life. Exaggerated flexion and extension occur in patients

with athetosis and writhing movements. Difficulty with

head control also can cause exaggerated flexion and exten
sion in the spastic cerebral palsy patient.
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FIGURE 21-14. A: The child in Figure 21-2 under
went posterior cervical fusion from the occiput
to C2 with internal fixation and an autogenous
iliac crest bone graft. Band C: Halo vest immobili
zation was maintained for 4 months postoperatively, and was followed by a Philadelphia collar.
Despite this the boy progressed to nonunion, as
indicated by graft resorption, wire breakage, and
subsidence of the Luque rectangle, although
flexion and extension radiographs 1.5 years postoperatively showed a marked decrease in hypermobility. The atlantooccipital distance was 4 mm,
with only a 1-mm change of the atlanto-dens in
terval; the space available for the cord measured
18 mm in flexion and 19 mm in extension. The
child's neurologic symptoms also disappeared.

Treatment is primarily surgical. Anterior discectomy, re
section of osteophytes, and interbody fusion have been the

patients with developmental cervical stenosis because this

increases the instability.

most effective methods. A halo cast is best and is well toler
ated in some patients with athetosis (137). However, post

operative immobilization can be a problem for some pa

Postlaminectomy Deformity

tients, and thus some authors also recommend posterior

Cervical kyphosis is common after cervical laminectomy in

wiring of the facets to minimize the amount of time that

children (140—146). This phenomenon is more likely in

postoperative immobilization is needed (136). Posterior

immature, growing children. It has been duplicated in ani

laminectomy alone (137) is contraindicated in cerebral palsy

mal models; a C3-C6 laminectomy in growing cats uni-

Congenital and Developmental Problems
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FIGURE 21-15. A 14-year-old girl with spastic quadriparesis showed progressive loss of upperextremity function, with loss of the ability to control her wheelchair and feed herself. She also
complained of some mild neck pain. A: The lateral radiograph shows marked stenosis from C3 to
C6, as indicated by a spinal canal-to-vertebral body ratio (Torg ratio) of less than 0.8. B: The
myelogram shows nearly complete block of the dye column from C3 to C5. This stenosis was
treated by posterior laminectomy from C3 to C7, and posterior cervical fusion from C2 to T1, using
Luque rectangle fixation with spinous process and facet wiring. C: Eight months postoperatively

there is stable fixation and solid facet joint fusion. The girl's upper-extremity strength is improved
and she is able to feed herself. (From ref. 19, with permission.)

formly resulted in kyphosis, whereas normal cervical curves
were maintained in adult cats (147). The natural history of

postlaminectomy kyphosis is unknown; however, the inci
dence of kyphosis when extensive cervical laminectomies
are performed in childhood varies from 33 to 100%, with
an overall average of 70% (145).

Postlaminectomy kyphosis is weakly age-dependent
(mean age at laminectomy of 10.5 years), and is not depen
dent on the total number of levels decompressed or the
location of these levels (145). Posdaminectomy lordosis is
less common and is strongly correlated with a peak age at
decompression of 4 years (145). In one study, 12 of 15

children who had undergone cervical or cervicothoracic
laminectomy before 15 years of age, developed kyphosis
(144). The normal posterior muscular attachments to the

kyphotic in nature, can eventually result in neurologic
symptoms and deficits. The early radiographic appearance

is of a simple kyphosis; later, vertebral body wedging and
anterior translations of one vertebral body on another can

develop. A late, severe deformity is the swan-neck deformity
(143). Neurologic problems result from cord stretching and
compression from the anterior kyphotic vertebral bodies.
MRI is useful to delineate the extent of cord attenuation
and compression.

Nonsurgical treatment starts with frequent radiographic
follow-up studies after laminectomy; the role of prophylac
tic bracing is not yet known. When kyphotic deformities
develop, anterior vertebral body fusion with a halo cast or
vest, or Minerva cast immobilization is recommended (142)

spinous processes and laminae, as well as facet capsules,

(Figs. 21-16 and 21-17). The role of prophylactic posterior
fusion at the time of laminectomy is not yet known (140),
nor is the role of osteoplastic laminotomy, instead of lami

ing structures allows for a progressive deformity, which, if

nectomy (148), although this approach might not always
be amenable to the primary pathology.

the ligamentum nuchae, and the ligamentum flavum, are
violated by the laminectomy. This loss of posterior support
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FIGURE 21-16. A: Lateral cervical spine radiograph of a 9month-old boy with neurofibromatosis. Note the preexisting

cervical kyphosis at C2-C3. At the age of 3 years he underwent
a suboccipital craniectomy and cervical laminectomy from C1
to C4 for resection of neurofibromata. B: By the age of 3 years,
10 months, he had developed a 90-degree kyphosis. C: He un
derwent combined anterior cervical fusion from C2 to C6 with
a fibular strut graft, and posterior cervical fusion from the
occiput to C6 with internal fixation provided by a Luque U-

rod. Three years postoperatively solid fusion, with a residual

70-degree kyphosis, is present.

Other Syndromes

Fetal Alcohol Syndrome

Central nervous system dysfunctions, growth deficiencies,

facial anomalies, and variable major and minor malforma
tions are the characteristics of fetal alcohol syndrome. The
children present with developmental delay, especially in
motor milestones, failure to thrive, mild to moderate retar

dation, mild microcephaly, distinct facies (hypoplasia of the
facial bones and circumoral tissues), and congenital cardio

vascular anomalies. The cervical findings are similar to those
of Klippel-Feil syndrome. Radiographically, congenital fu
sion of two or more cervical vertebrae occurs in approxi

mately one-half of these children, resembling Klippel-Feil
syndrome (149). The major visceral anomaly in KlippelFeil syndrome is in the genitourinary system, whereas in
fetal alcohol syndrome, it is in the cardiovascular system
(149).
The natural history is not known. Radiographic imaging

and treatment recommendations regarding the cervical
spine are the same as those for Klippel-Feil syndrome.

Congenital and Developmental Problems
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FIGURE 21-17. This girl underwent a cervical laminectomy from C2 to C6 for a low-grade astrocytoma of the cervical cord. At 1 year, 7 months of age, she had a postlaminectomy kyphosis that
was 45 degrees in extension (A) and 82 degrees in flexion (B). C: An anterior cervical discectomy

and fusion from C2 to C6 was performed with an autogenous iliac crest strut graft Immediately
after the operation the kyphosis was corrected to 20 degrees. Halo vest immobilization was used
tor 3 months. D: Solid incorporation of the fusion occurred by 6 months postoperatively At 4
years, 7 months of age, flexion (E) and extension (F) lateral radiographs show maintenance of

the correction, solid fusion, and no instability at the remaining levels.

Craniofacial Syndromes
Cleft lip and palate is the most common craniofacial anom

aly. It can be a solitary finding, but more often it is associ
ated with other syndromes and anomalies. Children with
cleft anomalies have a 13% incidence of cervical spinal
anomalies, compared with the 0.8% incidence of children
undergoing orthodontia care for other reasons (150). This
incidence is highest in patients with soft palate and submucous clefts (45%). These anomalies, usually spina bifida and
vertebral body hypoplasia, are predominantly in the upper

cervical spine. The potential for instability is unknown, as is

the natural history. No documented information regarding
treatment is available; however, the clinician should be

aware of this association and make sound clinical judgments

as needed.

Craniosynostosis Syndromes

The craniosynostosis syndromes—Crouzon, Pfeiffer, Apert,
and Goldenhar—exhibit cervical spine fusions, atlantooccipital fusions, and butterfly vertebrae (151-153). Fusions
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are more common in Apert syndrome (71%) than in Crou-

with simple interspinous wiring. Kyphosis requires both an

zon syndrome (38%) (151). Upper cervical fusions are most
common in Crouzon and Pfeiffer syndromes (153), whereas

terior and posterior fusion (Fig. 21-16). Pseudarthroses are

in Apert syndrome the fusions are more likely to be complex

grafts may be necessary to effect fusion in difficult cases

frequent with isolated posterior fusions. Vascularized fibular

and involve C5-C6 (151). However, this syndrome varia

(158,159). If there are no indications for surgical treatment

tion is not accurate enough for syndromic differentiation.

the patient should be followed closely.

Congenital cervicothoracic scoliosis with rib fusions is seen
in Goldenhar syndrome, usually from hemivertebrae

Fibrodysplasia Ossificans Progressive Fibrodysplasia os-

(153,154).

The cervical fusions are progressive with age; in younger
children the vertebrae appear to be separated by interverte-

bral discs, but as the children grow older the vertebrae fuse
together. There are no specific, standard recommendations

for treatment. The author recommends following the same
principles as in Klippel-Feil syndrome. The main concern
is the potential difficulty with intubation in these children.
Odontoid anomalies are rare; however, if any question exists
regarding the stability of the cervical spine, lateral flexion
and extension radiographs should be obtained.

sificans progressiva is an inherited, autosomal dominant dis
order (160) of connective tissue with progressive soft tissue
ossification. The disorder itself is rare; most cases represent

new spontaneous mutations. Eventually all patients with

this disorder develop cervical spine changes (161), often
starting in childhood. These patients usually present with

neck stiffness (162) within the first 5 years of life. No cases
of neurologic compromise have been reported. Other gen
eral clinical features are big-toe malformations, reduction

defects of all digits, deafness, baldness, and mental retarda
tion. Early in the course of the disease small vertebral bodies
and large pedicles are seen radiographically. Occasionally,

Skeletal Dysplasias
Skeletal dysplasias are discussed in detail in Chapter 8.

nuchal musculature ossification also is seen. Later, neural
arch fusions are seen. This factor reflects the progressive
ossification of the cervical spinal musculature, ligament ossi
fication, and spontaneous fusion of the cervical discs and
apophyseal joints. No effective medical treatment is known.

Combined Soft Tissue and Skeletal Dysplasias
Neurofibromatosis. Neurofibromatosis is the most com

Surgical treatment of the cervical spine has not been neces
sary.

mon single-gene disorder in humans. The proportion of

patients with neurofibromatosis and cervical spine involve
ment is difficult to assess: 30% of patients in the series of
Yong-Hing and colleagues (155) and 44% of patients with
scoliosis or kyphosis had cervical spine lesions. The cervical
lesions are often asymptomatic (155). Symptoms, when

TRAUMA

Injuries to the cervical spine are rare in children, and are
more common in boys than in girls. In a recent study the

collis, dysphagia, deformity, and neurologic signs ranging

age- and gender-adjusted incidence was 7.41 per 100,000
population per year (163); this incidence was much less in

from mild pain and weakness to paraparesis and quadripar-

children (younger than 11 years of age, 1.19 per 100,000)

esis (31,156). Neck masses constituted 20% of presenting

than in adolescents (older than 11 years of age, 13.24 per

symptoms in one study of neurofibromatosis patients (157).
Radiographic features of neurofibromatosis in the cervi

a fall, whereas in adolescents it is frequently sports, recrea

they do occur, are diminished or painful neck motion, torti

100,000). The cause of the injury in children is frequently

cal spine are vertebral body deficiencies and dysplasia or

tional activities, or motor vehicle crashes. In general, chil

scalloping (155). This condition often is associated with
kyphosis and foraminal enlargement. Lateral flexion and

dren (younger than 11 years of age) are more likely to sustain

extension radiographs are recommended for all neurofibro

whereas adolescents are more likely to sustain fractures and

matosis patients before general anesthesia or surgery (155).
MRI is helpful for assessing the involvement of neural struc

years the bony cervical spine has reached adult configura

ligamentous injuries and injuries to the upper cervical spine,

injuries to the lower cervical spine (163). By the age of 10

tures and dural ectasia. CT is useful for evaluating the upper

tions, and the injuries it sustains are essentially those of the

cervical spine complex and the bony definition of the neural

adult. Therefore, the author concentrates on those injuries

foramen. The natural history of neurofibromatosis in the

sustained in the first decade of life.

cervical spine is unknown, but patients with severe kyphosis

Most children with potential cervical spine injuries have

often develop neurologic deterioration.

sustained polytrauma, and frequently arrive immobilized on

Surgical indications are cord or nerve root compression,
C1-C2 rotary subluxation, pain, and neurofibroma removal

backboards and wearing cervical collars. If the child is coma
tose or semiconscious, if there are external signs of head

(155,156). A halo cast or vest is usually needed after fusion

injury, or if the child complains of neck pain, cervical spine

with or without internal fixation, and is usually achieved

radiographs are needed. All children involved in motor vehi-

Trauma

cle crashes with head trauma and neck pain, or who have
neurologic signs or symptoms, should have cervical spine
radiographs (164,165). The views recommended for this
initial screening are the cross-table lateral, open-mouth
odontoid, and anteroposterior views. If the child is too criti
cally ill to be positioned for all views, the cross-table lateral
view is adequate until a complete evaluation can be per

formed. Cervical spine precautions must be maintained
until a complete evaluation has demonstrated no injury.

Once a cervical injury has been identified, close scrutiny
must be undertaken to ensure that there are no other injuries
in the remainder of the axial skeleton.

The child arriving in the emergency suite is often on a
standard backboard. Young children have a disproportion
ately large head, and positioning them on a standard back
board leads to a flexed posture of the neck (166) (Fig. 2118A). This flexion can lead to further anterior angulation
or translation of an unstable cervical spine injury, and can
also cause pseudosubluxation, which, in an injured child,
can be difficult to interpret. To prevent this undesirable
cervical flexion in young children during emergency trans
port and radiography, modifications must be made by either
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seen before the actual injury or fracture itself. Malalignment
of the spinous processes on the anteroposterior radiograph
should be regarded as highly suspicious for a jumped facet.
Widening of the posterior interspinous distances should be
regarded as highly suspicious for a posterior ligamentous
injury. In adults, an increase in the retropharyngeal soft
tissue space can indicate a hematoma in the setting of

trauma, and increase the suspicion on the part of the clini
cian that an upper cervical fracture exists. In children, how
ever, the pharyngeal wall is close to the spine in inspiration,
whereas there may be a large increase in this space with
forced expiration, as in a crying child (168). This should

be remembered when considering the significance of prevertebral pharyngeal soft tissue in the cervical spine radiographs

of a frightened, crying child.
CT is useful to further assess the upper cervical spine,
especially the ring of the atlas, and occasionally the odon
toid. As a rule, CT is not recommended for screening, but

to further study suspicious areas on plain radiographs or for
treatment planning. It should be used to study all fractures

of Cl. MRI is useful to assess the spinal cord and discs.

creating a recess for the occiput of the larger head or using

a double mattress to raise the chest (Fig. 21-18B). A simple
clinical guideline is to align the external auditory meatus

with the shoulder.

Flexion and extension lateral radiographs may be neces
sary to determine the stability of the cervical spine; hyperflexion ligamentous injuries may not be seen immediately,
and flexion and extension views a few weeks after the spasm

has subsided may document instability. In one series of chil
dren with ligamentous injuries of the cervical spine 8 of
11 children with lower cervical instability were diagnosed
between 2 weeks and 4 months after the trauma (167).
Secondary signs of spinal injury in children often are

Fractures and Ligamentous Injuries of
the Occipital Complex to the C1-C2
Complex

Atlantooccipital Dislocation
Atlantooccipital dislocation is rare (169), and most of the

children do not survive (170). Deployment of air bags has
been associated recently with this injury in children (171).
With the present rapid response to trauma victims and more
aggressive field care more of these children now survive.

These children are usually polytrauma victims with severe
head injuries, and present with a range of clinical neurologic
pictures (169,170). In the past, those who survived had
incomplete lesions, often demonstrating cranial nerve dys

functions and varying degrees of quadriplegia. Many of the
children have complete loss of neurologic function below
the brainstem, and survive only because of outpatient ventilatory support. Other presentations may include a respon
sive child with hypotension or tachycardia, or a child in
complete cardiac arrest. Occasionally, some patients present
with normal neurologic examinations.

In severe cases the diagnosis is evident; however, some

of the cases do not demonstrate marked radiographic dis

FIGURE 21-18. A: Positioning a young child on a standard back
board forces the neck into a kyphotic position because of the
relatively large head. B: Positioning a young child on a double
mattress, which raises the chest and torso and allows the head

to translate posteriorly, compensates for the relatively large
head. This creates a normal alignment of the cervical spine. (From
ref. 166, with permission.)

placement. In the past, a Powers ratio greater than 1.0 (Fig.
21-19A) was used to indicate the presence of atlantooccipi
tal dislocation (172). This criterion can cause the practi
tioner to miss isolated distraction injuries, anterior atlan
tooccipital dislocations that have spontaneously reduced
after injury, and posterior atlantooccipital injuries (169).
For this reason, the distance between the tip of the dens
and the basion (Fig. 21-19B) has been used, in which a

824

Chapter 21: The Cervical Spine

FIGURE 21-19. The BC: OA ratio (A) and the DB distance (B) are
used to assess for traumatic atlantooccipital dislocation. (From
B

ref. 169, with permission.)

distance of more than 12.5 mm indicates the potential for

Transverse Atlantoaxial Ligament Ruptures

atlantooccipital dislocation.

Transverse atlantoaxial ligament ruptures may occur from
either severe or mild trauma (167). Radiographically the
ADI is increased, usually well beyond the normal 5 mm.

The first obstacle in the treatment of this injury is its

diagnosis. If the suspicion for craniocervical trauma is still
present after inconclusive plain radiography, CT or MRI
can be quite useful (Fig. 21-20). Subarachnoid hemorrhage
at the craniocervical junction will be seen after atlantooccip
ital dislocation (173); CT can also assist in assessing osseous

alignment (174). Once atlantooccipital dislocation is diag
nosed, standard respiratory and other supporting measures

are given. Early definitive immobilization of the dislocation
should be undertaken. The immobilization can be with a
halo cast alone, or with supplemental internal fixation and

posterior fusion (173,175). Traction should be avoided be

Adequate ligamentous healing and stability do not occur
from simple immobilization. The recommended treatment

is reduction in extension, posterior cervical C1-C2 fusion
with autogenous bone graft [»»2.17], and immobilization
with a halo or Minerva cast. A solid arthrodesis is docu
mented on flexion and extension lateral radiographs after
2 to 3 months of immobilization.

cause it can distract the joint and cause further neurologic

Odontoid Fractures

injury. These children must be moved rapidly into an up

Odontoid fractures are a common pediatric cervical spine

right position to maximize pulmonary care. Late neurologic

deterioration may indicate progressive hydrocephalus or retropharyngeal pseudomeningocele (176).

Fractures of the Atlas

The Jefferson fracture is rare in children (177,178). It is
caused by an axial load from the head into the lateral masses.

Unlike in adults, a single fracture through the ring in chil
dren may be isolated, hinging on the synchondrosis (178),
instead of being a double break in the ring. A transverse

atlantal ligament rupture may occur as the lateral masses
separate, resulting in C1-C2 instability.
CT scans are useful in both the diagnosis of this injury
and the assessment of healing. This injury in children is not

commonly seen on plain radiographs, which usually show
only an asymmetry between the odontoid and the lateral
masses. If it is clearly seen on plain radiographs CT should
also be performed to confirm the diagnosis and to rule out a
transverse alar ligament rupture. Treatment is usually simple
immobilization with a Minerva or halo cast. Rarely is sur
gery necessary unless rupture of the transverse alar ligament

occurs, which renders the spine unstable. The timing of
surgery needs to be individualized.

injury (179). They are usually physeal fractures of the dentocentral synchondrosis, usually Salter-Harris type I fractures.
These may occur after major or minor trauma. Neurologic
deficits are rare. These fractures usually displace anteriorly,
with the dens posteriorly angulated (Fig. 21-21). This frac

ture usually is seen only on the lateral view. If there is confu
sion between the mild posterior angulation of the dens and
a dens fracture with posterior angulation, which occurs in

up to 4% of normal children (180), dynamic flexion and
extension CT, with sagittal reconstruction, can be per
formed to evaluate for any motion or instability.
Displaced odontoid fractures in children reduce easily
with mild extension and posterior translation. In most cir
cumstances the simple double-mattress technique is all that
is needed to obtain a reduction. After a few days of recum

bency and early healing the fracture can be immobilized
easily with the use of a Minerva or halo cast. As with all
physeal fractures, healing is rapid, and immobilization usu
ally can be stopped in 6 to 10 weeks. Flexion and extension

lateral radiographs should be taken to confirm union with
stability. These fractures, unlike those in adults, do not have
a significant nonunion rate requiring subsequent C1-C2
fusion. The intact hinge of the anterior periosteum most

Trauma

FIGURE 21-20. This 5-year, 6-month-old girl was hit by a van from behind, and presented with

bilateral palsies of cranial nerve VI. A: The lateral radiograph of the upper cervical spine demon

strates a rotational malalignment. The basion hemishadows fail to overlap, whereas the C1 arches

nearly superimpose on each other, raising the concern for atlantooccipital dislocation. B: A com
puted tomography scan with sagittal reconstruction demonstrates elevation of the periosteum
at the caudal level of the clivus level (arrows) and hemorrhage (arrowheads). C: An axial image
from the magnetic resonance imaging scan demonstrates abnormal fluid accumulation immedi
ately anterior to the atlantooccipital junction (arrow). D: The magnetic resonance imaging scan
sagittal view demonstrates subarachnoid space narrowing at the level of the foramen magnum
and the atlantooccipital joint.
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FIGURE 21-21. This 2-year, 9-month-old boy was brought to the emergency department unable
to move his upper extremities, and withdrew his lower extremities only in response to noxious
stimuli He had a history of falling off a couch. On investigation it became clear that the child
had been battered. A: A lateral radiograph demonstrates the odontoid fracture through the
dentocentral synchondrosis, with anterior angulation and translation. A magnetic resonance im

aging scan did not reveal any abnormalities in the cord. B: Simple positioning with a double
mattress allowed for reduction of the fracture; the child was maintained on a double mattress
for several days to allow for subsidence of cord edema and early healing. He was then placed
into a Minerva cast 10 days after injury. The cast was removed 6 weeks after injury, followed by
immobilization with a soft collar. Flexion (C) and extension (D) radiographs demonstrated no
instability with the healed fracture. E: The child improved remarkably. By 2 months after injury
he was running and walking without difficulty. There were some subtle upper-extremity changes
indicated by a change in hand dominance from right to left. Magnetic resonance imaging showed
signal changes in the cord (arrow), which were interpreted as development of an early posttraumatic syrinx.

Trauma
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likely aids in the ease of reduction and accounts for the
stability of reduction and rapid healing.

Spondylolisthesis of C2

Spondylolisthesis of C2, also known as hangman fracture
in adults, is rare in children. It most likely arises from hyperextension. Pizzutillo and colleagues (181) reported on a se

ries of five cases in children. Care must be taken to not
confuse this fracture with congenital anomalies that may
mimic hangman fracture and lead to overtreatment. These
fractures readily heal with immobilization in either a Min
erva or halo cast after gentle positioning to obtain reduction.
Traction alone, as with most cervical injuries in children,
should be avoided because it overdistracts the spine with

an increased potential for nonunion and more serious neu
rologic injury. Posterior cervical fusion of C1-C3 is indi
cated for the rare case of nonunion or instability.

Fractures and Ligamentous Injuries of
C3-C7

These injuries are more common in older children and ado
lescents than in young children (163,182). The typical pat
terns of fracture usually are compression fractures of the
vertebral body, or facet fractures and dislocations caused by
hyperflexion. These injuries are adult patterns, and standard
adult treatment should be used. Physeal fractures, usually
of the inferior end plates, also can occur (183); these are
caused by hyperextension. In older children they are usually

FIGURE 21-22. This 7-year, 2-month-old girl sustained polytrauma and presented in an agonal state. A lateral radiograph

demonstrates complete separation at the C2-C3 level, along with

an associated C2 hangman fracture. Also note the small fleck of

bone (arrowhead) attached to the base of the C2 body; this likely

represents an avulsion of the superior aspect of the body of C3
with the C2-C3 disc.

ring apophyseal fractures with minimal instability or neuro

logic damage. In younger children they usually involve the
entire end plate. Physeal fractures frequently are not recog
nized in severely injured children, or they may be noted for
the first time at autopsy (183). They have a high incidence
of neurologic damage (Fig. 21-22). In these children, simple

arthritis at long-term follow-up (184). Treatment for a
mild sprain is immobilization for comfort followed by flex
ion and extension radiographs several weeks to a few
months later to ensure that late instability does not occur.

positioning (e.g., double mattresses and rarely, traction fol

lowed by immobilization) is all that is needed for treatment.

Because these are physeal injuries, healing is rapid.
Traumatic ligamentous instability in children also can
occur (167). The pivot point for younger children is in the
upper cervical spine because of their large head size, weak

cervical musculature, incompletely ossified wedge-shaped
vertebrae, physiologic ligamentous laxity, and horizontal
facet joints in this region. The upper cervical spine offers
little resistance to traumatic shear forces, which often result
in ligamentous instability. The goal is to differentiate this
traumatic ligamentous instability from pseudosubluxation,

using the posterior cervical line. In one study of ligamentous
injuries of the cervical spine in children, 7 of 11 injuries
occurred at the C2-C3 level (167). When instability exists,
treatment should consist of posterior cervical fusion with

Minerva or halo immobilization [*2.17] (Fig. 21-23). Chil
dren undergoing cervical arthrodesis for cervical spine in
jury demonstrate decreased mobility and increased osteo-

Spinal Cord Injury without Radiographic

Abnormality

Spinal

cord

injury without radiographic abnormality

(SCIWORA) occurs in 5 to 55% of all pediatric spinal cord

injuries (185). By definition, no disruption, malalignment,
or other abnormalities are seen on plain radiographs. The
immature and elastic pediatric spine is more easily deformed

than that of an adult. Momentary displacement from exter
nal forces endangers the spinal cord without disrupting
bones or ligaments. The four major factors involved in this

injury are hyperextension, flexion, distraction, and spinal
cord ischemia. Ischemia may arise from cord contusion or
direct vascular insult (186).

The neurologic deficit may range from complete cord
transection to partial cord deficits. The physiologic disrup
tion of the spinal cord is not necessarily associated with
anatomic disruption. The majority of deficits (78%) are
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FIGURE 21-23. This 4-year, 9-month-old boy was run over by a snowmobile trailer 2 weeks before
these radiographs were taken. He had complained of some neck pain and had been treated by
chiropractic manipulation during these 2 weeks. The flexion (A) and extension (B) radiographs
demonstrate marked instability at the C3-C4 interspace, which does not completely reduce, even

with extension (arrow). C: He was treated by posterior fusion with an iliac crest bone graft and

interspinous wiring at C3-C4, as shown in this intraoperative radiograph. Halo vest immobilization
was used for 3 months. D and E: One year postoperatively, there was no instability at the C3-C4
level, and there was solid fusion that had extended to C2 and C5, despite meticulous care not to
expose the laminae of C2 and C5 or the interspinous ligaments of C2-C3 and C4-C5.

cervical; patients with upper cervical SCIWORA are more

fourth of these children have late deterioration in neurologic

likely to have severe neurologic lesions than patients with
lower cervical SCIWORA. An MRI is most useful to study
the cord and disc/ligament complexes, and correlates with
clinical outcome (187). The outcome usually is determined
by the presenting neurologic status. Approximately one-

function.

Treatment is controversial. Immobilization in a Guilford
brace for 3 months has been recommended by Pang and
Pollack (185), with complete avoidance of all sports. How

ever, in that series no instability was noted in any of the

Trauma

children at initial evaluation, and only one child later devel
oped instability on flexion and extension radiographs. With
out documented radiographic instability the biomechanical
usefulness of brace immobilization is questionable. Pang
and Pollack, however, denote this as treating "incipient in
stability" (185). Most ligamentous spine injuries, when al
lowed to heal with simple immobilization, do not return
to the stability seen in the preinjury state; fusion usually is
needed. It is atypical for SCIWORA to behave differently
with regard to instability, incipient or otherwise. Regardless
of whether the child is braced, close follow-up of neurologic
function is needed. Flexion and extension radiographs
should be taken after 3 months of bracing; any late develop

ment of instability requires surgical stabilization.
Transient Quadriparesis

Transient quadriparesis is a neuropraxia of the cervical cord
with transient quadriplegia. It is seen most often in colle
giate and professional athletes (188,189), although several
cases in younger athletes have been reported (190). The

incidence in the National Collegiate Athletic Association is
1.3 per 10,000 athletes per season (189).

The anteroposterior diameter of the spinal canal is de
creased in these athletes. The spinal cord is compressed on
forced hyperextension or hyperflexion, causing the transient
quadriparesis. Sensory changes, such as burning pain,
numbness, tingling, and loss of sensation, and motor
changes, ranging from weakness to complete paralysis, are
seen. These episodes are transient, and recovery occurs in
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instability or degenerative changes should be precluded
from participation in contact sports. Odor and colleagues
(192) found that one-third of professional and rookie foot
ball players have a spinal canal ratio of less than 0.8, and
that it is difficult to make continued play decisions based
on this ratio alone. Eismont and colleagues (193), however,
have shown that smaller cervical canals are correlated with
significant neurologic injury in routine trauma. Considering
this finding, and the fact that narrowing of the spinal canal
correlates even more poorly with spinal cord concussion in
children (190), it is prudent to preclude any child who has

had a cervical cord concussion from further contact sports
until further epidemiologic data have been established.

Special Injury Mechanisms

Birth Injuries and Battered Children
Birth trauma is a common cause of pediatric spinal cord
injury, and usually involves the cervical cord (194,195). As
in SCIWORA, the vertebral column is more elastic than

the cord, and during delivery with prolonged distraction it
may be tethered by nerve ends and blood vessels, injuring
the cord but not the chondroosseous structures. Damage
to the vertebral artery with resultant ischemia of the cord
also can occur (196). In battered children, the large head,
poorly supported by the cervical musculature, makes the
upper cervical spine vulnerable to repeated shaking, with
either SCIWORA or fracture.

The diagnosis is difficult, especially with incomplete neu

10 to 15 minutes; neck pain is not present at the time of

rologic injury. Pure transection of the cord itself is rare

injury. Transient quadriparesis needs to be differentiated

(197). Temperature regulation dysfunction can cause fevers,
reflex movements may be mistaken for voluntary move

from a brachial plexus stretch, or "burner." Brachial plexus

stretch presents with monoparesis of the upper extremity
and often with neck pain.

No fractures or dislocations are present. The ratio of the
spinal canal to the vertebral body is decreased, with a value

of 0.8 used to indicate significant developmental cervical
stenosis. Congenital fusions, cervical instability, and inter-

vertebral disc disease also may exist. In children, this spinal
canal-to-vertebral body ratio is not as accurate, and is in
consistent in predicting spinal cord concussion (190). An
MRI may be necessary to assess the presence or absence of
a herniated nucleus pulposus.

Symptom resolution is universal. The only nonsurgical
treatments that are needed are the use of collars, analgesics,

and antispasmodics. The role of fusions for coexistent insta

ments, and respiratory distress can occur from paralyzed
intercostal muscles. These children also may present with
a cerebral palsy-like picture (198) or as victims of sudden
infant death syndrome (199). In one study, the diagnosis
was delayed in three of four children, and the delay averaged

4.4 years from birth (200). Typically, no fractures are seen
radiographically; MRI is often helpful in assessing cord

damage.

Some children without complete transection can im
prove neurologically. Treatment is usually nonsurgical be
cause these are very young infants. Bed rest, respiratory sup
port, and physical therapy, to prevent paralytic contractures,

should be instituted. Older children with bony injuries may
need Minerva casts (Fig. 21-21). Surgical fusion and stabili

bility, discectomy for herniated nucleus pulposus, or de
compression for congenital cervical stenosis is not known.

zation rarely are needed.

tion should continue, and if so, what is the risk of perma
nent quadriplegia developing with a later episode. Torg and

Car Seat Injuries

The major concern is whether or not athletic participa

colleagues (191) believe that athletes with pure develop

mental spinal stenosis are not predisposed to more severe
injuries if they return to sports, and that only those with

Cervical fractures are described with the increased and re
cent use of infant car seats (201). When these devices, which
clearly make automobile travel safer for children, are not
adequately tightened serious and potentially fatal injuries
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INFLAMMATORY AND SEPTIC CONDITIONS
Juvenile Rheumatoid Arthritis

Juvenile rheumatoid arthritis is a chronic synovitis that can
affect the joints of the cervical spine as well. The subtypes
that usually involve the cervical spine are the polyarticular
and systemic onset types; only rarely does the pauciarticular
type affect the cervical spine (204).
Cervical spine involvement usually occurs in the first 1
to 2 years from disease onset and presents with stiffness.
Pain and torticollis are rare, and when they occur in a pa

tient with juvenile rheumatoid arthritis other causes should
be examined, such as fracture, infection, or tumor. Torticol
lis was present in only 4 of 92 children in the series of Fried
and colleagues (205), and in only 1 of 121 children in the
series of Hensinger and colleagues (204). Neurologic find
FIGURE 21-24. Placing a child in a car seat without locking the
crotch strap (arrow) is a dangerous situation, and can allow seri
ous injury in a collision. (From ref. 201, with permission.)

ings are also infrequent in these children.
The radiographic features consist of seven types (204):
1. Anterior erosion of the odontoid process

2. Anteroposterior erosion of the odontoid process (applecore odontoid) (Fig. 21-25)

can occur. The harness must be adjusted periodically to
account for normal growth and seasonal changes in clothing
thickness. Car seat styles that allow the main lock to be
attached to the crotch strap (Fig. 21-24) prevent forward
sliding movements which can apply hyperextension forces
to the head, the neck, and the upper chest.

Gunshot Wounds
Spinal injuries from gunshot wounds (202) are increasing,

and currently account for half of all adolescent spinal cord
injuries (203). One-third of these injuries involve the cervi

cal spine. Various degrees of neurologic loss are noted, with
complete lesions in 75% in one series (202). Other body
areas can be injured as well, which may cause more morbid
ity than the trauma to the neck itself.

Various degrees of fracture and intracanal bullets are seen
radiographically. Other imaging studies, such as arteriogra-

phy and esophagography, often are needed to look for other
injuries. Panendoscopy is useful to assess injury to the tra
chea and esophagus. Spinal decompression is not indicated
in either complete or incomplete lesions. For patients with

complete injuries removal of retained bullet fragments from
the canal does not improve neurologic outcome. Patients
who undergo decompression have a higher risk of meningi

tis and spinal instability without any added benefit. Spinal
instability is rare unless laminectomy is performed. Indica
tions for neck exploration are a positive arteriogram, im

pending airway obstruction, tracheal deviation, widened
mediastinum, expanding hematoma, and appropriate pa

thology on panendoscopy. Routine exploration of the neck
and wound is not advised.

3. Subluxation of Cl on C2

4. Focal soft tissue calcification appearing adjacent to the
ring of Cl anteriorly
5. Ankylosis of the apophyseal joints
6. Growth abnormalities

7. Subluxations between C2 and C7
The most common radiographic features in children

with neck stiffness are soft tissue calcification at the leading
edge of Cl, anterior erosion of the odontoid process, and
apophyseal joint ankylosis. Although there may be mild
hypermobility at C1-C2 with flexion and extension, true

instability or myelopathy is rare. Basilar invagination, which
often occurs in adult rheumatoid arthritis, also is rare in

juvenile rheumatoid arthritis (205). The radiographic find
ings of juvenile rheumatoid arthritis that differ most from
those of adult rheumatoid arthritis are late destruction of
articular cartilage and bone, growth disturbances, spondylitis with associated vertebral subluxation and apophyseal
joint ankylosis, and micrognathia (206). In five patients

who had long-standing disease (average age, 19 years), Hallah and colleagues (207) described a nonreducible head tilt
attributable to collapse of an atlantoaxial lateral mass.
Other imaging studies are needed in the child with juve

nile rheumatoid arthritis and neck pain. A bone scan is used
to pinpoint the exact anatomic location of activity, and the
anatomy is further studied by CT. These studies can be
helpful in looking for occult fractures, infections, and bony
tumors.

Odontoid erosion results from the inflammatory synovi

tis and the pannus of the synovial ring surrounding the
odontoid process. The pannus erodes the odontoid anteri
orly and posteriorly, but leaves the apical and alar ligament

Inflammatory and Septic Conditions
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FIGURE 21-25. A boy with polyarticular juvenile rheumatoid arthritis. At 7 years of age there
was only slight erosion of the anterior part of the odontoid but by 9 years of age there was an
apple-core lesion exhibited by both marked anterior and posterior erosion of the odontoid (From
ref. 204, with permission.)

attachments free, creating the apple-core lesion. This lesion
is more susceptible to fracture, both from erosions and from
vascular compromise to the odontoid, because the blood
supply to the odontoid courses along its side (208), and
may be disturbed by the invading pannus. Ankylosis of the
apophyseal joints is most common in the systemic-onset
subtype. In these young children posterior ankylosis of the
immature spine creates a tether, preventing further anterior
growth. Decreased disc-space height and smaller vertebral

bodies, both longitudinally and circumferentially, result.
The treatment is generally nonsurgical, in conjunction
with good rheumatologic care. Patients rarely develop flex

ion deformities; early in the course of the disease, a cervical
collar may prevent this deformity (205). A cervical collar is
recommended for patients with involvement of the odon
toid process or subaxial subluxation whenever they are in
an automobile or other mode of travel. If these patients need
surgery for any reason intubation can be difficult because

of the micrognathia, flexion deformity, and neck stiffness.
Cervical fusion rarely is needed, and should be reserved for
children with documented instability or progressive neuro

logic deterioration.

Intervertebral Disc Calcification

The first description of pediatric disc calcification appeared

in 1924, and there are now more than 100 cases reported
in the literature (209). It is slightly more common in boys

than in girls (7: 5 ratio), with an average age at presentation
of 8 years (range, 8 days to 13 years). It occurs most often
in the cervical spine, and is especially symptomatic when
located there. The cause is unclear. Theories proposed are
antecedent trauma (present in 30% of patients) and recent
upper respiratory infections (present in 15% of patients,

which may only reflect the normally high incidence of pedi
atric upper-respiratory infections). There is no evidence to
suggest metabolic disorders.

The most common clinical presentation is neck pain,
which occurs in about one-half of the children (209). The
onset of symptoms is abrupt: between 12 and 48 h. Twentythree percent of the children are febrile on presentation.
Torticollis occurs in one-fourth of the children. Decreased
cervical motion and spinal tenderness also can occur. Radicular signs and symptoms rarely may be seen, and they are
never seen without local symptoms. Myelopathy is rare (3

of 127 cases).

Calcified deposits are seen delineating the nucleus pulposus. The number of calcified discs averages 1.7 per child
(Fig. 21-26). No protrusions have been seen in the asymp
tomatic group; 38% of symptomatic children have detecta

ble protrusions. Recent reports have also shown signal

changes in the vertebrae on MRI (210).
Two-thirds of the children are free of symptoms within
3 weeks, and 95% are free of symptoms by 6 months. The

radiographs show regression or disappearance of the calcific
deposits in 90% of patients; about one-half of the radiographic improvement occurs within 6 months. Children
who are asymptomatic may not show radiographic regres
sion, even when followed for long periods. Children with
multiple lesions show different rates of regression at the
different disc levels. In some cases, persistent flattening of
the vertebral bodies is noted into adulthood, and may result

in early degenerative changes (211).

Because of this natural history, treatment is symptomatic
unless there is spinal cord compression. Analgesics, sedation,
and cervical traction can all be used, depending on the sever
ity of symptoms. A short trial of a soft cervical collar also
may be helpful. Contact sports probably should be avoided.
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FIGURE 21-26. A: A 7-year-old boy with symptomatic intervertebral disc calcification at the C6C7 level, as seen on a lateral radiograph. B: He also showed asymptomatic involvement at the
T3-T4, T4-T5, and T5-T6 levels, as seen on an anteroposterior radiograph.

Surgical intervention rarely is needed. Two cases have been

termination of erythrocyte sedimentation rate and blood

reported in which

cultures. Disc and bone cultures are necessary only if the

anterior discectomy was performed

(212,213).

child does not respond to an initial course of rest and antibi
otic treatment.

Pyogenic Osteomyelitis and Discitis
Pyogenic osteomyelitis and discitis is a spectrum of disease
defined as a symptomatic narrowing of the disc space, often
associated with fever and infection-like symptoms and signs.

It affects all pediatric age ranges, and is more common in
boys than in girls. The cause is most likely infectious in

nature; in about one-third of the children an organism can
be isolated, usually Staphylococcus aureus (214,215).
The children present with pain, difficulty in walking and
standing, fever, and malaise. This disorder usually involves
the lumbar spine, with cervical involvement being rare.

Many of these children improve spontaneously without
treatment. The intervertebral disc space reconstitutes to
varying degrees, but never to the normal height before ill
ness. Sometimes spontaneous vertebral body fusion occurs.
Initially nonsurgical treatment is given. This includes rest,

immobilization, and intravenous antistaphylococcal antibi
otics. Surgery is necessary only when there is no response

to nonsurgical management; usually, biopsy and culture to
isolate the infectious agent is all that is needed.

Tuberculosis

Early on, there is a loss of disc-space height; later, end-plate

Mycobacterium tuberculosis infection in the cervical spine is

irregularities on both sides of the disc appear. Bone scans

rare compared with other levels of the spine. There will

are very useful for identifying the presence of discitis and

likely be an increase in North America as a result of the

osteomyelitis in a child with systemic symptoms, when the

increasing number of immigrants from Third World coun

anatomic location cannot be localized on clinical examina

tries, the rise of human immunodeficiency virus infection,

tion. The MRI findings are consistent with vertebral osteo

and the emergence of drug-resistant strains. There have been
two very thorough reviews of this subject (217,218). Four

myelitis (214,216). Other helpful diagnostic studies are de
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of 6 patients with upper cervical spine involvement, and 24
of 40 patients with lower cervical spine involvement, were

The pathoanatomy of these changes in the cervical spine is

children.

Many of these degenerative changes occur earlier than
in the normal population; the natural history of these pre

In cases of upper cervical spine involvement the children

present with neck pain and stiffness; torticollis, headaches,
and constitutional symptoms may also be present. Neuro
logic symptoms vary from none to severe quadriparesis. In
cases of lower cervical spine involvement, the children pres
ent with the same symptoms, and also may have dysphagia,
asphyxia, inspiratory stridor, and kyphosis. In children

not known.

mature changes in the hemophiliac population is not
known. There are no treatment recommendations at present
other than standard hemophiliac precautions.
Benign Tumors

younger than 10 years of age, more diffuse and extensive

The common benign tumors that involve the pediatric cer

involvement is seen, with large abscesses but with a de

vical spine (221,222) are eosinophilic granuloma, osteoid
osteoma and osteoblastoma, osteochondroma, and aneurysmal bone cyst. All can be defined as neoplastic disorders
without the propensity to metastasize. Although pathologi
cally and physiologically benign, they can be clinically ma
lignant if their surgical accessibility or risk of recurrence
places the neural structures at high risk.
The majority of patients with benign cervical vertebral
neoplasms are younger than 20 years of age and present
with local neck pain (222). Radicular pain may occur in up
to one-third of patients (223); gross motor or sensory defi
cits are much less common. Neoplasms can cause torticollis.
Probably the most common neoplasm causing childhood
torticollis is osteoid osteoma. In a recent series from the
author's institution all four children with cervical osteoid
osteomas presented with painful torticollis and decreased
neck motion (224). The incidence in the literature of torti
collis ranges from 10 to 100% in children with cervical
osteoid osteomas (225—227). The pain of osteoid osteoma
classically responds to aspirin or other nonsteroidal antiinflammatory medications.
With osteoid osteoma the typical radiographic feature is
sclerosis (Fig. 21-27), although it is not always evident.

creased incidence of paraplegia and quadriplegia. The neu
rologic symptoms have a gradual onset over a period of 4
to 8 weeks. Sinus formation is not a prominent feature
because of the thick cervical prevertebral fascia that contains
the abscess. Cord compression occurs from the abscess and
the kyphosis. Cultures and biopsies are not always positive.
Because the infection is anterior, most cases will progress
to spinal cord compression and paralysis if left untreated.
Increased width of the retropharyngeal soft tissue space
is seen radiographically, as are osteolytic erosions. Instability
at the C1-C2 level can be seen in some children; rarely is
there a fixed C1-C2 rotatory subluxation. Kyphosis is pres
ent in one-fourth of patients with lower cervical spine in
volvement. Other useful imaging studies are chest radiogra
phy and renal studies.

Treatment involves antituberculous chemotherapy in all
children. Surgery also is recommended for the cervical spine
because it gives rapid resolution of the pain, upper respira
tory obstruction, and spinal cord compression. This is in
contrast to the thoracic and lumbar spine, in which chemo
therapy alone is an established method of treating tubercu
losis (219). Debridement is performed with or without
grafting. For children younger than 2 years of age, grafting
usually is not needed. For children with upper cervical spine
involvement, consideration should be given to anterior
transoral drainage and fusion across the lateral facet joints.
Most children need halo traction with reduction before
drainage, if possible.

HEMATOLOGIC AND ONCOLOGIC
CONDITIONS

The primary hematologic condition affecting the cervical
spine is hemophilia (220). The involvement is usually

asymptomatic, although mild neck discomfort may occur.
Diminished lateral rotation can be noted on physical exami

Bone scans are very helpful to locate the lesion; CT is then

used to further delineate the anatomy. The osteoid osteoma
causes a sclerotic reaction in the surrounding bone, but usu
ally does not invade the epidural space. It is usually located
in the laminae, followed by the pedicle and the body. An
osteoblastoma is usually a mixture of lytic and blastic ele
ments (228). Bone scans are also positive, but usually are
not needed to determine the presence or absence of disease
because most tumors are seen on plain radiographs. CT is
very helpful to further assess the anatomy, especially the
presence or absence of epidural invasion, which is common
in osteoblastoma. Typically, it is located in the posterior
elements. Osteochondromas of the cervical spine (229,230)
have the typical radiographic appearance seen in other parts

of the body: expansile lesions with intact cortices and nor
mal trabecular patterns, absence of calcification, and ab

nation. Radiographic findings, which begin to occur in ado
lescence and early adulthood, consist of cystic changes in

sence of soft tissue masses. Half of patients have multiple

the vertebral bodies or end-plate irregularities. Rarely is Cl C2 instability present. These radiographic changes can

nae or spinous processes, and can be mistaken for osteo-

occur in patients with all degrees of severity of hemophilia.

osteochondromatosis. The majority of those are in the lami

blastomas. Aneurysmal bone cysts are typically expansile
lytic lesions with a thin rim of cortical bone and may involve
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FIGURE 21-27 A 13-year-old boy had a 2-year history of neck pain that did not resolve with
lonq-term chiropractic treatment. A: Plain radiographs show a sclerotic nidus with a surrounding
lucency at the level of the C3 pedicle and the C2-3 foramen. B: Computed tomography scan
confirms the typical appearance of an osteoid osteoma; note the proximity of the lesion to both
the foramen and the nerve root as well as to the vertebral artery.

contiguous vertebral elements (e.g., the posterior elements,
pedicle, and body). CT is useful for determining the exact

extent and the potential involvement and proximity of the
vertebral artery and neural elements. Angiography may be

needed. Aneurysmal bone cysts usually arise in the posterior
elements (231). Eosinophilic granuloma usually exhibits
vertebra plana radiographically (232). The CT or MRI is
useful for determining the potential encroachment on the
neural structures. Eosinophilic granuloma usually arises in

the vertebral body, with varying degrees of involvement and
collapse.

In the cervical spine the main concern is for vertebral
artery and neural element involvement, which can lead to
neurologic dysfunction. The intense inflammatory nature
of osteoid osteoma or osteoblastoma, and its proximity to

the neural elements, causes nerve root irritation. This irrita
tion, pain, and muscle spasm may result in torticollis. Compressive myelopathy also can occur, especially in patients
with epidural compression, such as that seen with aneurys
mal bone cysts (231,233).

The treatment of eosinophilic granuloma in the cervical
spine traditionally has been immobilization (e.g., collars,

Minerva casts) and low-dose irradiation. Immobilization is

continued until early healing has appeared radiographically.
Low-dose irradiation should be reserved for lesions with
neurologic deficits that are not surgically accessible. Multi
ple laminectomies should be avoided. Rarely has immobili
zation alone been used, and one of these children presented
with total collapse of the vertebral body (232). Osteoid osteomas do not undergo malignant transformation. However,

continued torticollis and pain may lead to fixed spinal de
formities. For this reason, the author advocates surgical re

section. Pain relief with complete resection is dramatic. Sig
nificant complaints of postoperative pain resembling the
preoperative pain indicates either incomplete resection or
recurrence. For osteoblastoma and aneuiysmal bone cysts
the primary treatment is surgical, and nonsurgical treatment
is used only as adjunctive therapy. The surgical goal is com

plete primary excision; however, this is often impossible
because of the particular anatomic location of the cysts. In
these situations, adjunctive therapy is useful (e.g., radiother
apy for eosinophilic granuloma, or embolization for aneu
rysmal bone cysts if the nondominant vertebral artery is
involved) (234).

Prophylactic fusion should be performed if the resection
renders the spine unstable. The amount of resection neces-
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This chapter addresses the evaluation and treatment of
the more common upper-limb and hand congenital differ

of this text.

ences, traumatic and posttraumatic conditions, neuro

pathic problems, and growth deformities. The sections
of this chapter examine major diagnostic categories and
anatomic regions. To avoid redundancy in the text as a

whole, the reader will find more information regarding
upper-extremity development (Chapter 2), fractures (Chap-

ter 32), and limb deficiency (Chapter 30) in other chapters

Treatment of any upper limb or hand problem in a child
needs to address the issues of function, growth, cosmetic
deformity, and the emotional concerns of the child and
family. All are important factors in determining a successful
outcome. The means to improve function are to enhance

the ability to place the hand in space; to improve deficiencies
in grasp, release, or pinch function; and to improve skin

P. M. Waters: Orthopaedic Surgery Department, Harvard Medical
School; Hand and Upper Extremity Surgery, Children's Hospital, Boston,
Massachusetts 02115.

mobility and sensibility (1). Treatment of physeal abnor
malities improves growth-related loss of motion, function,
pain, and musculoskeletal deformity. Extensive time and
counseling are important to address the concerns of both
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the child and parents regarding the alteration in self-image

intercalary, with a subclassification into longitudinal or

that can occur with any hand deformity.

transverse deficiencies. The subcategories are as follows: I,
failure of formation of parts; II, failure of differentiation of
parts; III, duplication; IV, overgrowth; V, undergrowth; VI,

constriction band syndrome; and VII, generalized skeletal

CONGENITAL DEFORMITIES

abnormalities.
This chapter focuses on the major anomalies in each

Pathogenesis
In utero, the arm bud appears 26 days after fertilization and

24 hours before the appearance of the leg bud. Growth is
in a proximal-to-distal manner. Development is guided by
the apical ectodermal ridge inducing the mesoderm to con
dense and differentiate (2). The upper limb anlage is initially

continuous and extends to a hand paddle by day 31. The
digital rays develop by day 36 with fissuring of the hand
paddle, initially in the central rays, followed by the border
digits. Mesenchymal differentiation also begins in a proxi

mal-to-distal manner with chondrification, enchondral ossi
fication, joint formation, and muscle and vascular develop
ment.

Joint

formation

and

digital

separation

require

apoptosis, or programmed cell death. The entire process is
complete by 8 weeks after fertilization (3). Other major
organ system development is occurring simultaneously,

which explains the associated cardiac, craniofacial, musculoskeletal, and renal anomalies that can occur with upper limb
malformations.

Homeobox, or HOX, genes regulate the development of
the limb (4). Their genetic expression controls the timing
and extent of growth by regulating mesenchymal cells. At
present, understanding of the genetic control of limb devel

classification group, but presents them by anatomic region.
Care for the child with congenital differences involves more
than surgical skill. From the moment of birth, these children
may potentially be viewed by their parents, family, society,

and, eventually, even themselves as impaired (16,17). It is
critical that the treating surgeon help provide the emotional

support and caring that allows the parents and child to
appropriately grieve the loss of a normal hand (18). It is
helpful to provide them with in-depth knowledge of the

cause and treatment options (19). This process starts with
the initial newborn visit, and continues throughout the
growth and development of the child into an independent,
self-reliant adult (20). Self-help groups, such as Superkids,
are useful for many of these children and their families.

With a normal central nervous system, these childten

will not be impaired. They will merely develop their skills
in a "different" way from their peers. They may need the
help of skilled and caring parents, siblings, therapists, teach
ers, coaches, prosthetists, and surgeons to achieve their goals
and dreams. Being part of helping these children grow into

unique and independent adults is exciting and rewarding
for the surgeon.

opment, and therefore the occurrence of congenital differ
ences, is expanding rapidly (5—10). For example, a mutation
at the H0XD13 site has been identified as a cause of poly-
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syndactyly (11). Further understanding of the genetic con
trol of limb development may revolutionize the treatment
of congenital deficiencies.

Congenital differences occur in approximately 6 to 7%
of live births, with 1% being multiple anomalies. Between
1 in 531 and 1 in 626 live births have been estimated to
involve upper extremity anomalies (12,13). Only 1 to 2%

of these congenital differences are the result of chromosomal
abnormalities. At present, only a minor portion are known
to be secondaiy to defined genetic causes. In the majority

of cases, the cause of the congenital malformation is still
unknown.

Neuromuscular

Cerebral Palsy
Cerebral palsy is a nonprogressive disorder of the central
nervous system. It occurs in 5 of 1,000 live births, and may

be caused by perinatal anoxia, intraventricular hemorrhage,

and congenital cerebral vascular accidents. It occurs most
commonly in premature infants weighing less than 1,500
g (21,22). The resultant hemiplegia or quadriplegia can lead

to significant upper extremity deformities and functional
deficits. In hemiplegia, these individuals predominantly use
the affected extremity as an assist for the unaffected extrem

Classification

ity. In the quadriparetic, both upper limbs will have signifi
cant deformity and deficits. The quality of use of an affected

There is no perfect classification system for congenital dif

extremity is dependent on many factors, including the pres

ferences of the hand and upper limb. The present accepted

ence of contractures, voluntary motor control, discrimina

classification system for congenital differences was proposed

tory sensibility, learning disabilities, and visual deficits

by Swanson (14) and revised by the Congenital Anomalies

(23-27). This section focuses on the deformities and defi

Committee of the International Federation of Societies for

cits related to elbow flexion, forearm pronation, wrist pal

Surgery of the Hand (15). This classification is based on

mar flexion and ulnar deviation, finger flexion, and thumb-

embryologic failure, and defines deficiencies as terminal or

in-palm deformity in these patients.
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Upper-limb Contractures. Nearly three-fourths of pa

system changes, it may be difficult on any one visit to accu

tients with hemiplegia develop a forearm pronation con-

rately define a patient's level of function. This system is

tracture (28). The presence of a significant pronation con-

used with the input of the patient, family, and therapist to

tracture limits the ability to perform bimanual tasks (27,29).
Individuals with greater than 60-degree contractures will

outcome of treatments (30).

either perform activities with one hand or use the dorsum

of the affected hand or forearm to assist the unaffected hand.
These individuals may benefit from surgical correction of
their pronation deformity to improve the assistive function

of that extremity. This often can be performed with simul
taneous procedures to improve thumb-in-palm, wrist pal
mar flexion, or digital flexion deformities (30).
Elbow flexion contractures are often mild in patients
with hemiplegia (28,31). Although nearly 50% of these pa
tients will have a flexion contracture, the vast majority of
these contractures are less than 30 degrees and do not limit

function (32,33). There may be an associated radial head
dislocation in a small number of patients, and this should
be assessed radiographically before operative intervention
(34). Patients with quadriparesis have greater degrees of
elbow flexion contracture. However, these contractures
rarely affect their ability to use their motorized wheelchairs,
computers, or communication boards. In the care-depen

dent, nonfunctional quadriparetic, contractures may be
come severe enough to affect hygiene and care. If skin break
down develops or is imminent, then surgery may be
necessary.

Wrist and hand involvement is common in cerebral
palsy. Limited motor function occurs with (i) poor release
from wrist and finger flexor spasticity and weak digital ex
tension; (ii) inadequate grasp from wrist palmar flexion spas
ticity and weak wrist extension; and (iii) minimal pinch

from thumb-in-palm deformity. Discriminatory sensibility
is deficient in more than 50% of these children. Poor volun
tary control of the upper extremity limits functional place
ment of the hand in space (27,28). In addition, many of

these children have visual and cognitive abnormalities that
further impair hand function. At best, the majority of pa
tients with spasticity have assistive hand function.
These children generally posture into elbow flexion, fore
arm pronation, wrist and palmar flexion, thumb-in-palm,

and interphalangeal swan-neck deformities. These deformi
ties may be a combination of spasticity and contractures.
Pronation deformity and thumb-in-palm contracture seem
to affect function the most (28). The combination of neuro

logic impairment and disuse affect growth in length and
girth of the affected arm and hand (28).
Cerebral palsy upper extremity classification systems

have been used to assess function (34,35) (Fig. 22-1). The

best define a patient's overall status. It is used to assess the

Treatment.

Nonoperative Care. In broad terms, the treatment options
are to observe the patient's growth and development; use
therapy, including splints; consider injections, such as
phenol ot Botox; and perform surgical reconstruction.
Physical therapy, starting in infancy, is the standard treat

ment for children with cerebral palsy. The rationale is that
although the central nervous system deficit is static, the
peripheral manifestations of spasticity and muscle imbal
ance are progressive with growth. By maintaining range of
motion with passive therapy, it is hoped that contractures

will not develop (28,36). However, no prospective informa
tion is available to validate this rationale. At present, formal

therapy is used during the period of infancy. This is most
intense in the first year of life, and progresses to a home
program with less formal supervision. In many states, early
intervention programs end at 3 years of age. Monitoring of

function and range of motion is performed less regularly or
through the school system, thereafter. During growth spurts
that increase spasticity and lessen range of motion, or with
specific activities that the patient finds difficult, brief pe

riods of formal therapy are reinitiated (28).
Aside from passive range of motion and active-use pro
grams, splints are often used. These may be daytime or

nighttime splints. As Manske has observed, it is unclear
whether they are cost-effective and alter long-term outcome

(36). No objective study has been performed. However,
most caretakers use splints in children with developing con
tractures. Daytime splints are recommended only if they

improve function in patients with dynamic contractures.

The success of supplemental electrical stimulation is unclear
at present.

Injection may provide useful information about the out
come of surgical procedures. At present, Botox is the most
common form of neuromuscular injection (30,38), replac
ing xylocaine (39,40) and phenol (41,42). Il is used at an
initial dose of 1 to 2 U/kg of body weight, and should not
exceed 6 U/kg per month. Injection into pronator, flexor
carpi ulnaris, and thumb adductor are most often per

formed. Therapy should be performed aggressively to

stretch agonistic musculotendinous units and strengthen an
tagonists. To date, Botox has been most effective for older

patients with high levels of function and limiting spasticity.
Its role in patients with contractures is limited and less effec

House classification of function has nine levels, extending

tive, even though these patients may be the most involved.

from 0 (does not use) to 8 (complete spontaneous use)
(Table 22-1). In this useful scheme, there are four subgroups

Its effectiveness in young children has not yet been studied
critically. There are several ongoing prospective studies of

of patient function: no use (0), passive assist (1 to 3), active

Botox injections in the upper extremity and hand, so more

assist (4 to 6), and spontaneous use (7 and 8). Because

definitive information should soon be available on the indi
cations and effectiveness of its use in all age groups and at

spasticity changes with stress, growth, and central nervous
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CHILDREN'S HOSPITAL ORTHOPAEDIC HAND SURGERY

MR No.

HEMIPLEGIA EVALUATION

Date

Dale

PI Name

Evaluation Number

Involved Upper Extremity

I

| New Patient I

Parent History
Hand splint ever
Hand splint now
night use

day use
Hx Upper Ext surgery

Green Procedure
Web release
Elbow release
Pronator release

Other UE Surg

(circle one)

Date ol Birth

I Return Visit
No

Yes

□
□
□
□
□
□
□
□
□
□

□
□
□
□
□
□
□
□
□
□

Sex

□
□
□
□

Thumb MCP hyperext.

□

DIP hyperextension

□

Pronator Deformity

Thumb MCP stability
First Web Contracture

Swan Deformity

□

Elbow Flex Deformity

□

Thumb in Palm

□
□

Active Supinator?

(List date of surgeries, procedure, on back ol page)
No

Yes

dk

□

□

□

low

ave

hiqh

Intelligence

□

□

Motivation

□

□

□

Sensation Exam

cos

ast

ind

Function

□

□

□

<6

□

6-10

Two-Point Desc.
Brecog

Obj. Rec» recog

0

□
0

1

□
1

Palm graphesthesia

□

□

Rough

□

□

Proprioception

□

No
No

Motor Exam

Yes

□

2

□
2

□

mm

max

□

□

□

Release

□

□

□

Tip pinch

□
□
□
□

□
□
□
□

Zancolli

□

□

Bleck

□

□

Mowery

□

□

Key pinch

Pulp pinch

O-UL

3

Yes

ADL

nl

□

□

□

□

□

□

□
□

□
□

□
□
□
□
□
□

(1=NU

2=AST

3=lnd)

□ Buttons

□ Hand

□ Screw

□

I

□ Groom

ED Knob

□

□ Zipper

□ Teacup

□ Bottle

□ Utencils

□ Knots

□ Purse

nt

nt

I Pants/Shirt

Voluntary Control

□
a

Tendon

□
□

□
□

THUMB-IN-PALM

Poor

EPB
FPL

□

□

Fair

AbPL

□

□

Good

EPL

nt

□

□

□
□
□
□
□

Hand width

nl

Yes

unable

Grasp reflex

O-MF

□

□

□
□
□
□
□

Distance

□
3

□
□

forearm

□

Grasp

No

arm

□

□

□
□

Circumference

o! tesl

=• 10

Yes

□
□

Size

□

□

M
No

Web Angle (degrees)

type: -

□

(circle one)

Deformities

FCR
FCU
BR
ECRB/L
Functional Classific:ation

Class
0

Does no! use

1

Poor Passive Assil

MC Ad + MCP llexion

Uses as stabilizing weigh! only

2

Fair Passive Assist

Can hold object placed in hand

■Type III

MC Ad + MCP ext/instability

3

Good Passive Assit

Can hold on!o obiec! and stabilize for use in

-Type IV

MC Ad + MCP/IP flexion

4

Poor Active Assit

Can actively grasp object and hold it weakly

5

Fair Active Assist.

Can actively grasp ob|ect and stabilize it well

6

Good Active Assit.

Can actively grasp ob|ecl and manipulate i!

7

Spontaneous use-parlia!

8

Spontaneous use-compli !te

•Type I

MC Adduction

■Type II

Does nol use

other hand

against other hand

Can perform bimanual activities easily and
occasionally uses the hand spontaneously

Uses the hand completely independently
without reference to the o'her hand

FIGURE 22-1. Data sheet for prospective analysis of hemipiegic function used at Children's Hospi
tal, Boston.

all levels of involvement. Complications involve antibody

may be difficult to identify the individual who will have

formation to the Botox.

improved function through surgical reconstruction. As

Smith (22) so aptly pointed out, careful preoperative assess
Operative Care. The broad indications for surgery for pa

ment is necessary to determine and select the appropriate

tients with cerebral palsy include (i) contractures that cause

patients and operations. Video recordings of activities of

hygiene and care problems not solved by therapy, splints,

daily living and validated multiple-task assessment scales,

or casts; (ii) muscle imbalance or contractures that cause

such as the Jebsen scale, can be helpful in defining func

functional deficits that may be improved by tendon trans

tional limitations. A recently completed, but not yet pub

fers, musculotendinous lengthening, and/or joint stabiliza

lished, study by the author found video and House classifi

tion procedures; and (iii) cosmetic concerns (23-27,43). It

cations reliable and useful for surgical planning.
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HOUSE CLASSIFICATION OF UPPER EXTREMITY AND HAND FUNCTION FOR CEREBRAL PALSY

Designation
Does not use

Activity Level
Does not use

1

Poor passive assist

Uses as stabilizing weight only

2

Fair passive assist

Can hold onto object placed in hand

3

Good passive assist

Can hold onto object and stabilize it for use by other hand

4

Poor active assist

Can actively grasp object and hold it weakly

5

Fair active assist

Can actively grasp object and stabilize it well

6

Good active assist

Can actively grasp object and manipulate it against other hand

7

Spontaneous use, partial

Can perform bimanual activities easily and occasionally uses the hand spontaneously

8

Spontaneous use, complete

Uses hand completely independently without reference to the other hand

Surgery has been shown to effectively improve the level

tion (28) in patients with hemiplegia. Patients are forced

of function in all forms of cerebral palsy (30). The best
candidates are patients with hemiplegia and good voluntary

Wrist and finger flexion deformity is commonplace in pa

control, sensibility, and motivation. The principle of sur

tients with hemiplegia. The flexor carpi ulnaris (FCU) is

to use the dorsum of the forearm for two-handed tasks.

gery is to restore muscle imbalance by lengthening or releas

usually the major deforming force at the wrist. Transfer of

ing tight, spastic muscles, and augmenting weak, stretched

procedures to maximize the outcome of tendon reconstruc

the FCU to the wrist extensors alleviates the deformity and
improves the strength of the antagonist [»»1.7]. On occa
sion, the extensor carpi ulnaris (ECU) is the primary de
forming force, as noted by more ulnar deviation than pal

tion. Multiple upper-extremity rebalancing procedures per
formed under one anesthesia seem to be best. This can also
be performed in conjunction with simultaneous lower-

mar flexion at the wrist. In these situations, the ECU is
transferred to the extensor carpi radialis brevis (30). Simul
taneous musculotendinous lengthenings of the finger flex

extremity procedures if the patient and surgeons can tolerate

ors are necessary if the extrinsic finger flexors are tight in
the neutral wrist position (26). Otherwise, the patient will
develop a disabling clenched fist postoperatively. Z-lengthenings, superficialis to profundus flexor tendon transfers,

muscles by tendon transfers and tenodesis procedures. Un
stable joints need to be stabilized by soft tissue or arthrodesis

it. It cannot be stressed enough to the patient and family
that surgery will not achieve a normal hand. Even the best

outcome will result in deficiencies of function, cosmesis,
and sensibility. Patients, families, and surgeons need to be
realistic about the expected results. However, in properly
selected patients, surgery will clearly improve function and
patient satisfaction (30). This is evident in individuals using
the dorsum of the hand or forearm for bimanual tasks.

and bony procedures are reserved for patients with severe

contractures and limited function. In the unusual patient
with passive digital extension, but no active digital exten
sion, the FCU, ECU, or pronator teres (PT) can be trans

ferred into the extensor digitorum communis. This will

However, it is imperative that both the family and the indi
vidual understand that surgery will never create a normal

improve both wrist and digital extension.

limb. The goal must be well defined and specific to the
peripheral manifestation of an incurable, central disorder.
Mital (31) cited excellent results with surgical release of
elbow flexion contractures in hemiplegic patients. He rec
ommended release of the lacertus fibrosus, Z-lengthening
of the biceps tendon, and musculotendinous lengthening
of the brachialis fascia. In mild contractures, release of the

grasp function, and make hygiene difficult in severe con

Thumb-in-palm deformity will limit dynamic pinch and
tractures. Static contractures in the web space are corrected
with web-space Z-plasties and adductor releases [*»1.8].
Hoffer et al. (32a) have shown by dynamic electromyography that release of the transverse adductor alone may lead
to better pinch postoperatively in selected patients. At
times, the static contractures include the flexor pollicis

lacertus fibrosus and musculotendinous lengthening of the
brachialis alone may be sufficient.

longus and brevis, and these need to be appropriately

More extensive elbow contractures are present in severe
quadriparetics. The Z-lengthening of the biceps tendon and
release of the brachialis fascia advocated by Mital (31) is
not sufficient to obtain adequate release in these patients.
In patients with greater than 90-degree contractures and
skin breakdown, extensive release of the muscle origins from
the medial and lateral epicondyles, biceps and brachialis

with tendon transfers to the weak abductors and extensors

tendons, and anterior elbow capsule is necessary to solve
the hygiene and care-related problems that accompany these

the metacarpophalangeal (MCP) joint needs to be stable

conditions.

Forearm hyperpronation significantly limits hand func

lengthened or released. Dynamic rebalancing is performed
of the thumb. The donor muscles used are numerous and

include the palmaris longus, flexor carpi radialis, and
brachioradialis, among others. The recipient tendons in
elude the extensor pollices brevis and longus and the ab
ductor pollicis longus. Each patient must be individualized
to correct his or her deformity and imbalance. Finally,
postoperatively. In most patients, this is achieved by mus
cle rebalancing. On occasion, a capsulodesis or arthrodesis

procedure needs to be performed.
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Finally, some patients with cerebral palsy have disabling
swan-neck deformities of the interphalangeal joints. If the

not create a normal hand. The goals of surgery need to be

fingers extend at the proximal interphalangeal (PIP) joint

realistic and obtainable. In properly selected patients, sur
gery will improve assistive function and cosmesis. For many

ing flexor digitorum superficialis tenodesis (26), intrinsic

and satisfying.

beyond 40 degrees and lock, it can both limit grasp and
cause pain. Multiple operations have been advised, includ

muscle slide (26), lateral band rerouting (44), spiral oblique
ligament reconstruction, and resection of the motor branch
of the ulnar nerve. The lateral band rerouting procedure
provides both intrinsic and extrinsic rebalancing, and is ef
fective in correcting the problem.

In summary, patients with cerebral palsy who have dis
abling dynamic spasticity and fixed contractures of the wrist
and hand benefit from surgical reconstruction. Often, the
more involved patients (House levels 0 to 2) respond best
to musculotendinous lengthenings, tenodesis, and joint sta

bilization procedures. More functional patients (House lev
els 3 to 6) improve with dynamic tendon transfers and re

leases. Both groups of patients tolerate multiple
simultaneous procedures (Fig. 22-2). However, surgery will

i

of these children, especially adolescents, and their families
the functional and cosmetic improvement is quite marked
Complications. Recurrence of deformity, or failure to im
prove function, can occur. Proper preoperative selection to
assess functional deficits and patient cooperativeness may

lessen the risk of these problems postoperatively (23). Hematoma formation, wound breakdown, and infection can

occur after extensive elbow releases (45). The institutional
ized quadriparetic patient may be most at risk. If wound
dehiscence occurs, and the joint is exposed, coverage with
a rotation flap is the treatment of choice.

Brachial Plexopathy

Brachial plexus birth palsy is rare, with an incidence between
0.1 and 0.4% of live births (46,47). Fortunately, many in-

■
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; 22-2 Clinical photographs of hemiplegic tendon transfers for improving hand and upper
limb function A- Preoperative view of dynamic elbow flexion, forearm pronation, wrist flexion,
and ulnar deviation with poor assist function. B: Postoperative active elbow extension with mainte

nance of active elbow flexion. C Postoperative active wrist extension with the thumb out of the
palm for active pinch. D: Postoperative active grasp function with the thumb abducted and ex
tended actively. (Clinical case courtesy of Ann Van Heest, M.D.)
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fants with minor birth palsies recover fully. These are the
infants who initiate recovery of all muscle groups in the
first 1 to 2 months of life. However, permanent impairment
does occur. It is most likely in infants who do not initiate
recovery before 6 months of life (48-52). Homer syndrome

is also a major risk factor for a poor outcome (52). Most
infants have involvement of the upper trunk (C5-C6; Erb
palsy), although there can be additional involvement of C7.
Less often, the entire plexus (C5 to Tl) is affected. Rarely,
the lower trunk (C7 to Tl; Klumpke palsy) is most affected.

Perinatal risk factors include infants who are large for
gestational age; prolonged labor; difficult delivery, including
extraction techniques; and fetal distress. Shoulder dystocia

is the mechanical factor that leads to an upper-trunk lesion
in the difficult vertex delivery. Difficult arm extraction in
a breech delivery can result in an avulsion injury (53). The
degree of impairment is related to the level and magnitude
of injury to the plexus. Neural injury is defined by the type
(stretch, rupture, avulsion) and severity (Sunderland grades
I to V). Prognosis by natural history has been best defined
by the spontaneous rate of recovery of muscle strength in
the first 3 to 6 months of infancy. Gilbert and Tassin (51)
described the recovery of biceps function in infancy as a
predictor of the outcome of spontaneous recovery. This
finding was confirmed in a similar study by Waters (52).
Their results showed tliat infants who did not recover biceps

function by 3 months of life were not normal after 2 years
of age. As a result of the failure of spontaneous recovery,
Gilbert and colleagues recommend microsurgical recon

struction of the plexus in the first 3 to 6 months of life

for infants who fail to recover biceps function (51,54,55).
Michelow et al. (56) noted that return of biceps function
alone had a 12% error rate in predicting outcome, as defined
by long-term antigravity muscle strength. By using elbow
flexion, elbow extension, wrist extension, finger extension,
and thumb extension (the Toronto scale), their error rate
for predicting poor outcome decreased to 5%. In this system

each muscle group is scored as 0 (no motion), 1 (motion
present but limited), or 2 (normal motion), for a maximum

score of 12. A score of less than 3.5 predicted a poor longterm outcome without microsurgery. In all studies the pres

ence of Homer syndrome, total plexus involvement, and

failure of return of function by 3 to 6 months of life indicate

a poor long-term outcome.

Clinical examination of an infant for motor-sensory
function can be limited. It is important to distinguish true

paralysis from the pseudoparalysis that comes with a neo

natal clavicle fracture, humeral fracture, or septic shoulder.
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plexopathy. In the rare infant with a septic shoulder there
will be evidence of systemic illness (altered vital signs,
change in appetite, toxicity), marked irritability with glenohumeral range of motion, and abnormal white blood cell
count. If there is doubt, ultrasonography will reveal the
effusion, and arthrocentesis will be confirmatory.
The pupils should be assessed for Horner syndrome.
Motor examination is limited to observation of spontaneous
activity and stimulated movement by primitive reflexes in

the infant. The Moro startle reflex and the asymmetric tonic

neck reflex can elicit upper trunk movement in infants in
the first 6 months of life. Classification of nerve injury in
the ambulatory child has included physical examination as

sessment with the Mallet system. The modified Mallet sys

tem classifies upper trunk function by grading hand-tomouth, hand-to-neck, and hand-on-spine activity, global
abduction, and global external rotation from 0 (no function)
to 5 (normal function). Grades 2, 3, and 4 are illustrated
(Fig. 22-3).

Radiography can demonstrate an associated fracture of
the clavicle or proximal humerus. Radiographic assessment
of the severity of brachial plexus injury has used myelography, combined computed tomography (CT) and myelography, and magnetic resonance imaging (MRI). Kawai et al.
(57) compared the results of all three techniques with opera
tive findings. Combined myelography and CT and MRI
were more reliable than myelography alone. The presence

of large diverticulae and meningoceles was indicative of root
avulsion. Small diverticulae were diagnostic only 60% of
the time. Electrodiagnostic studies, with electromyography
and nerve conduction studies, are diagnostic of avulsion if
there is no reinnervation after 3 months of age. However,
the presence of reinnervation does not indicate the long-

term quality of muscle recovery.

Pathoanatomy. Understanding the normal anatomy of the
brachial plexus is critical to assessing and caring for an infant
or child with brachial plexus palsy (Fig. 22-4). The brachial
plexus supplies every muscle of the upper extremity except
the trapezius. It is made up of spinal cord nerve root contri
butions from C5 to Tl. Prefixed cords (22% of specimens)

receive a contribution from C4. Postfixed cords are rare
(1%) and receive a contribution from T2. The C5 and C6
roots join to form the upper trunk, The C7 root alone

becomes the middle trunk. The C8 and Tl roots become
the lower trunk. Each trunk has an anterior and a posterior
division. The anterior divisions of the upper and middle
trunks form the lateral cord. The posterior divisions of all

There can be clinical overlap because fractures also occur
in infants with shoulder dystocia and infantile brachial plex-

three trunks form the posterior cord. The anterior division
of the lower trunk continues as the medial cord. The termi
nal branches of the cords form the major nerves of the upper

cle and humeral fractures. In the neonate these fractures
heal within 10 to 21 days. If limited motion persists after

subscapular and thoracodorsal nerves before bifurcating into

opathy. Plain radiographs will identify the infant with clavi

1 month there will most likely be a concomitant brachial

extremity. The posterior cord gives off the upper and lower

the radial and axillary nerves. The medial cord branches are
the medial pectoral, medial brachial cutaneous, and medial
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Grade II

Grade III

Grade IV

Global abduction

Global external
rotation

Hand to neck

Hand on spine

Hand to mouth
Marked trumpet

<40°of

sign

abduction

antebrachial cutaneous nerves, terminating in the medial
contribution to the median nerve and the ulnar nerve. The
lateral cord supplies the lateral pectoral nerve and the lateral

branch of the median nerve, and terminates as the musculocutaneous nerve. With infantile brachial plexopathy, any of
these nerves can be affected. However, the most severe inju
ries are avulsions of the nerve roots. The most common

injuries are postganglionic ruptures of the upper trunk.
Treatment

Nonsurgical. As mentioned above, all infants with brachial
plexus birth palsies should be monitored for spontaneous
recovery in the first 3 to 6 months of life. During this time
it is important to maintain glenohumeral range of motion,
especially passive external rotation. Many infants will initi
ate recovery in the first 6 to 8 weeks of life, and progress
to a normal result. Those infants who do not initiate recov

ery until after 3 months of life may be microsurgical or
reconstructive surgical candidates.

Microsurgery. The timing of microsurgical intervention is

still debated. The range used clinically is from 1 month to
after 6 months of life (47,51-55). The indications include
absence of biceps recovery, Toronto score less than 3.5, and

FIGURE 22-3. Mallet classification for brachial
plexus birth palsy function about the shoulder.
Grade 0 is no function; grade V is normal function;
and grades II through IV are depicted for hand-tomouth, hand-to-neck, external rotation, and handto-sacrum activity.

total plexopathy with Horner syndrome. At present, most

centers throughout the world agree that an infant with a flail
extremity and Horner syndrome should have microsurgical
reconstruction between 1 and 3 months of life. A child
with complete absence of upper-trunk function (shoulder
abduction, elbow flexion) should have surgery between 3

and 6 months of life. Microsurgery involves resection of
the neuroma and bypass nerve grafting or nerve transfer
procedures. There is no role for neurolysis alone at any age,

especially in the infant older than 6 months of age, based on
the information published in peer-reviewed journals. The
technique involves exploration of the brachial plexus and
reconstruction of avulsion and nonconducting rupture inju

ries. If the proximal trunk or nerve roots are intact, sural
nerve grafting across the neuroma is preferred. In the pres
ence of an avulsion, intercostal and spinal accessory nerve

transfers are performed. The results are not normal funcrion, but they are improved over natural history alone
(51,52). The controversy regarding the exact timing of in
tervention (i.e., no upper trunk function at 3 versus 6
months of age) may not be resolved without a prospective,
randomized study.

Shoulder Surgery. Children with chronic upper trunk plexo
pathy may develop external rotation weakness and internal
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Dorsal scapular nerve
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Lateral pectoral nerve
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-Axillary nerve

Radial nerve
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T1

Long thoracic nerve

Medial nerve

Medial pectoral nerve
Ulnar nerve

Medial brachial cutaneous nerve

Medial antebrachial cutaneous nerve

FIGURE 22-4. Anatomic representation of the brachial plexus.

rotation contractures about the shoulder. This muscle im

balance will progressively alter the glenohumeral joint
(49,50; Table 22-2). Function, especially with the arm in
above-horizontal activities, will be impaired (48,50). These
children clearly benefit from surgical intervention (50,56).
In the rare situation of an infantile dislocation (58), open
reduction and capsulorrhaphy are indicated. More com
monly, these children have limited external rotation that

affects function.

In young children with nearly normal glenohumeral
joints (normal or mild increase in glenoid retroversion;

grades I and II) or slight posterior subluxation (mild; grade
III), anterior musculotendinous lengthening of the pectoralis major and posterior latissimus dorsi and teres major
transfer to the rotator cuff (59,60) will improve function
(52). In addition, dynamic rebalancing of the muscle forces
about the shoulder at a young age has the potential advan
tages of restoring more normal anatomy, preventing pro
gressive glenohumeral joint deformity, and permitting gle
nohumeral joint remodeling. In the older child with more
established and progressive deformity of the glenohumeral

TABLE 22-2. COMPUTED TOMOGRAPHY/
MAGNETIC RESONANCE IMAGING (CT/MRI)

joint (more severe posterior glenoid flattening; advanced

Type

22-5), or humeral head dislocation and deformity (grade
V), the joint deterioration is too advanced to tolerate a soft

CLASSIFICATION OF GLENOHUMERAL DEFORMITY
IN CHRONIC BRACHIAL PLEXUS BIRTH PALSIES
CT/MRI Findings

Normal glenohumeral joint

Minimal glenoid hypoplasia (>5 degrees increased
retroversion)

VI

Posterior subluxation of the humeral head
Development of a false glenoid
Posterior flattening of the humeral head
Infantile dislocation

VII

Proximal humeral growth arrest

IV

V

Findings are additive, with increasing severity from type I to type V.

(From ref. 50, with permission.)

grade III), development of a false glenoid (grade IV) (Fig.

tissue procedure. However, humeral derotation osteotomy
is indicated and will also improve function (52).

There are rare patients who need both osteotomy and
tendon transfer. These patients have been in the middle
range of deformity (grade III) and are relatively older (7 to
12 years). To date, it has been difficult to identify this small

subset of patients preoperatively. Therefore, the transfer is
performed initially, and only if the result is suboptimal more
than 1 year later is the secondary-stage osteotomy per-
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A long Z-plasty of the tendon is performed from the musculotendinous junction to the insertion site. The distal attach
ment of the tendon is rerouted posteriorly around the radial
neck, from medial to lateral. Care must be taken to stay
adjacent to the radial neck to avoid injury or compression
of the radial nerve. The distal tendon is reattached to its
proximal counterpart in a lengthened position. This con
verts the biceps into a forearm pronator (63-65).

In the presence of a supination contracture, the rerouting
procedure alone will fail because of recurrence of the defor

mity. Zancolli (63) suggested performing simultaneous interosseous membrane release. However, active pronation
was maintained in only 50% of patients who underwent
this procedure. Bony correction of the forearm deformity
FIGURE 22-5. Magnetic resonance imaging scan of a type IV de
formity with posterior humeral head subluxation and develop
ment of a false glenoid.

formed. The role of glenoid osteotomy, its risks, and its

benefits are still being defined for grade HI and mild grade
IV patients.

can be performed more predictably. Manske et al. (65) pro
posed staged procedures of tendon rerouting and forearm
osteoclasis. Waters and Simmons (64) described simultane
ous tendon rerouting and osteotomy, using intramedullary
fixation to avoid multiple operations and loss of alignment.
In both techniques, the forearm is positioned in approxi
mately 20 to 30 degrees of pronation.
These patients clearly have significant improvement in
their functional capabilities. Bimanual tasks, such as lifting,
carrying, and transferring, are easier. The affected extremity

Elbow and Forearm Reconstruction. Elbow flexion and fore
arm supination deformities can occur with a permanent
Klumpke (C8 to Tl) or mixed brachial plexus lesion. Con-

tractures, bony deformity, and joint instability are the result
of muscle imbalance in a growing child. In the rare patient

becomes a better assistive extremity to the unaffected side.
The wrist and hand now have greater assisted palmar flexion

and resolution of their dorsiflexion deformity. In addition,
the patients are usually pleased with their cosmetic results.

with residual C8 to Tl neuropathy with recovery of C5-C6

Arthrogryposis

function, the elbow and forearm deformities are secondary

Arthrogryposis multiplex congenita is a syndrome of un
known cause that presents at birth with joint contractures

to an intact biceps muscle in the presence of weak or absent
triceps, pronator teres, and pronator quadratus muscles.
Progressively, the biceps creates an elbow flexion and supi
nation deformity from unopposed muscular activity. Soft
tissue contractures develop, followed by rotation deformities
of the radius and ulna (61). Radial head dislocation may

occur (62). The wrist and hand often are in extreme dorsiflexion because of unopposed wrist dorsiflexors. In the posi
tion of forearm supination, gravity further exacerbates the

dorsiflexion deformity. The patient is left without use of
the hand, and performs bimanual activities using the volar
and ulnar forearm as an assist. Often, shoulder abduction

and internal rotation are required to improve assistive func
tion. Those activities that require simultaneous elbow flex
ion and forearm pronation, such as dressing, eating, and

writing (63), are significantly limited. In addition, the fore
arm and hand posture is a major cosmetic concern to both

the patient and the family (64).

The biceps tendon can be treated by Z-lengthening and
rerouting around the radius to convert it from a supinator to

and muscle weakness. The incidence is approximately 1 per
3,000 live births (66). The clinical syndrome is variable and
includes classic arthrogryposis (amyoplasia), distal arthro
gryposis, and syndromic involvement (67). Intelligence is
usually average or above average. Sensibility is normal.
Upper-extremity involvement is frequent, with 72% of the
114 patients in the Gibson and Urs study affected (68).
The wrist was most commonly involved, followed by the

hand, elbow, and shoulder. In the classic presentation, the
elbow is usually contracted in extension at birth. The shoul
der is internally rotated with the forearm pronated. Often,

there is wrist palmar flexion and ulnar deviation, and the
fingers have flexion deformities (Fig. 22-6). The thumb is
usually adducted and flexed in the palm (68—71). These
children often have incomplete syndactylies of all web
spaces. The first web space contracture is usually the most
functionally significant. There usually is marked intrinsic
muscle weakness. There may be camptodactyly or sympha-

pronation. Surgically, the biceps tendon is identified as it

langism of the PIP joints. All of this will limit hand function
in these children.
Involvement is generally bilateral. The absence of both

inserts into the radial tuberosity. By dissecting lateral to the

passive and active elbow flexion is a significant functional

tendon, the brachial artery and median nerve are protected.

liability in these children. The goal of orthopaedic manage-

a pronator. This will improve elbow extension and forearm
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FIGURE 22-6. A: Clinical photograph of an arthrogrypotic patient preoperatively, with elbow
extension, forearm pronation, and wrist palmar flexion posturing and contractures. B: Intraopera
tive photograph of the outline of surgical incisions for tendon transfer of the latissimus dorsi to

the biceps. C: Intraoperative photograph of the preparation of the latissimus dorsi transfer for
active elbow flexion.

merit of the arthrogrypotic elbow is to improve self-feeding
and independent hygiene skills by achieving both passive
and active elbow flexion. The goal of treatment of the hand
is to improve pinch, grasp, and release functions.
Treatment

Nonoperative Care. Initial care is with physical therapy to
improve passive range of motion. Repetitive, gentle, passive

flexion to improve feeding and hygiene tasks. Finally, if
subsequent active elbow flexion does not develop, active
elbow flexion tendon transfer should be considered at ap
proximately 5 years of age (72). The majority of these chil
dren will have deficient biceps and brachialis musculature,
and will fail to develop active elbow flexion.

Initial treatment of the wrist and hand should involve
passive range of motion and nighttime splinting. The goal

manipulation of the involved joints may progressively lessen

of therapy in the hand is to improve joint motion and digital

the contracture. This process is tedious and requires meticu
lous, gentle care by both the therapist and the family. Cor

proves with growth and therapy during the first several years

rective splints and serial casts have been used with varying

strength. Fortunately, in many children their condition im
of life. If passive motion cannot be improved, surgical re

success. Caution is necessary because of the risk of fractures

leases and tendon transfers may be necessary.

or dislocations that can occur as a complication of aggressive
treatment of resistant contractures. At the elbow, the goal
of therapy is to achieve at least 90 degrees of passive elbow

Posterior capsulotomy and triceps lengthening. As mentioned

flexion by 2 years of age. The majority of patients can
achieve the desired passive elbow flexion through therapy

Operative Care

above, children who fail to achieve a functional arc of flexion

(72). However, if this is not obtained, operative elbow re

at the elbow with manipulative therapy, splints, and casts,
are candidates for operative elbow posterior capsulotomy

lease is recommended (72-76). When passive elbow flexion

and triceps lengthening. Surgery can be performed at 2 years

is obtained, therapy should then emphasize the use of adap
tive trunk sway, head tilt, and table-assisted passive elbow

deformity can occur. The goal of operative intervention is

of age. If delayed well beyond this age, progressive bony
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to achieve at least 90 degrees of passive elbow flexion. Ini
tially, the dominant extremity should have surgery. The
presence of passive elbow flexion will improve independence
in feeding, hygiene, play, and school activities (64,72).
Surgical exposure is by a standard posterior approach to
the elbow. The triceps tendon is incised in an inverted V.
The angle of the V needs to be acute enough to allow for
appropriate triceps lengthening. The ulnar nerve is pro

tected during the medial incision of the tendon. The distal
flap of the triceps is elevated from the elbow capsule, but
often the triceps and the capsule are confluent distally. The

triceps lengthening alone usually does not improve passive
elbow flexion. A transverse incision in the elbow capsule is
then made. Full passive elbow flexion is gained. The triceps

tendon is lengthened in a V-Y manner at 90 degrees of
flexion.

Tendon transfers for elbow flexion. Arthrogrypotic children
with passive elbow flexion of greater than 90 degrees and
no active elbow flexion are candidates for tendon transfer.
The transfers to be considered include (i) triceps (72,73);
(ii) pectoralis major, using the sternocostal origin (74); (in)
pectoralis major, using the entire musculature on a neuro-

vascular pedicle (74); (iv) latissimus dorsi (72,75); (v) lateral

and proximal reinsertion of the flexor-pronator origin; (vi)
sternocleidomastoid with a free tendon graft; and (vii) pec
toralis minor with a free tendon graft. Each of these transfers
has been described in limited series in the arthrogrypotic
elbow. Until recently, no objective criteria had been pro
posed to compare the results of these various transfers
(64,72). The muscle considered for transfer must be ex
pendable and of sufficient strength to function actively
against gravity after transfer. Each transfer has its inherent
negative attributes: triceps transfer may weaken assistive am-

bulation in patients with lower extremity involvement, and
may result in a flexion contracture; pectoralis major transfer
may create asymmetric breast appearance in females; Steindler flexorplasty may worsen wrist and finger flexion con-

tractures. Information gained to date indicates that the tri
ceps transfer is most effective at improving strength, active
range of motion, and function (64,72).

The triceps muscle is strong in most arthrogrypotic chil
dren. With transfer, it is usually successful in providing
active elbow flexion in a functional arc. However, the triceps
is important for crutch ambulation, rising from a sitting
position, and wheelchair transfers in patients with lower-

extremity involvement, and should be used cautiously for

tendon transfer in these children. This operation involves
the transfer of the antagonist to elbow flexion and leaves
the patient without an active elbow extensor postopera-

tively. This can lead to progressive elbow flexion deformity
with growth (72).

There are two options for transfer of the pectoralis major

muscle for elbow flexion. The first choice is transfer of the
sternocostal origin, as originally described by Clark (74a).

This transfer can be problematic because the partial transfer
may be too weak to provide antigravity strength for feeding
and facial hygiene. In addition, the pectoralis major muscle
crosses the shoulder and may lose strength trying to move
both the shoulder and the elbow.

The second choice is transfer of the entire pectoralis
major muscle on its neurovascular pedicles, as advocated
by both Carroll and Doyle (74b). This operation has had
favorable results in limited series of arthrogrypotic elbows.
It involves transferring the insertion of the pectoralis major
to the acromion. The origins of the clavicular and sternocos

tal heads, with attached anterior rectus abdominis fascia,
are inserted distally into the proximal radius. The medial
and lateral pectoral nerves and the lateral thoracic vessels
are preserved. This transfer has the mechanical advantage
of a linear contraction for elbow flexion and does not involve
the loss of any strength in stabilizing or moving the shoul
der. The proximal advancement of the insertion to the acro
mion or clavicle improves the lever arm and mechanical
advantage of the transfer. However, it may create an asym

metric appearance of the breasts in females, and this has
been raised as an argument against transfer (64).
In patients with significant lower extremity involvement,

with weak triceps or pectorals, or with failed pectoralis
major or triceps transfers, a bipolar latissimus dorsi transfer,
as described by Zancolli and Mitre (75), may be the optimal
choice (Fig. 22-6). Preoperative assessment of the strength
of the latissimus is important before transfer, but at times

this is difficult to assess. An experienced pediatric physical
therapist with extensive muscle evaluation experience may

be helpful. Biopsy of the muscle has been tried, but is not
predictive of outcome with transfer.
In summary, physical therapy should be initiated in in

fancy to obtain and maintain passive range of motion of the
elbow. This will frequently result in passive elbow flexion of
greater than 90 degrees. If by 24 months of age nearly full
passive elbow flexion has not been achieved, elbow capsulotomy and triceps lengthening are recommended. After the
age of 4 years, tendon transfer for elbow flexion in the domi
nant arm is recommended, with consideration given to in

telligence, ipsilateral and contralateral upper-limb function,
lower-extremity involvement, and available motors for
transfer. All transfers have had success, but the triceps-to-

biceps transfer gives the most predictably good results
(64,72).

Wrist and hand reconstruction. The wrist palmar flexion
contracture is addressed with FCU lengthening or transfer
to the wrist extensors. Unfortunately, in many of these chil
dren the transfer is more of a tenodesis procedure than a
dynamic transfer. In addition, there often is bony deformity,
even in the very young. Smith (22) had recommended a
proximal row carpectomy to correct the wrist flexion con

tracture. However, there frequently are carpal coalitions

Elbow and Forearm
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present that preclude that procedure. A dorsal, carpal, clos
ing-wedge osteotomy can correct the deformity in the pres
ence of a carpal coalition. This is an excellent procedure to
correct the bone and wrist joint deformity that does not
respond to therapy (71). Simultaneous FCU transfer can

genital cause more likely.

osteotomy is radius and ulna dorsal osteotomies (67). How
ever, these create an "S" deformity to the distal forearm,
and physeal remodeling with growth tends to lead to recur

Clinical and Radiographic Features. These children
often present after infancy. The most common reasons for

be performed to rebalance the wrist. An alternative to carpal

rent wrist flexion deformity.

The thumb-in-palm contracture is addressed with a Zplasty syndactyly release. Care must be taken not to overrelease the adductor. It may be providing the bulk of the
pinch strength. Dynamic transfers for thumb abduction and
extension are predominantly tenodesis procedures because

of the limited strength of the donor muscles. Many of these
children will have permanent limited motion and strength
of their hands. Fortunately, their high level of intelligence
allows them to be very adaptive in their functioning.

elbow has been seen as evidence of a congenital radial head
dislocation (64,78,87-92). In addition, bilateral involve
ment, the presence of other musculoskeletal or systemic

malformations, and a positive family history all make a con

presentation are (i) limited elbow extension; (ii) posterolat

eral elbow mass/prominence; and (iii) pain with activities,
especially athletics (64,93). The elbow extension loss is fre
quently less than 30 degrees, and not of functional signifi
cance. This loss of motion is usually not noted early in life.
The mass may be noted in infancy. Radiocapitellar incon
gruity can be a cause of pain and disability later in life
(83,93). Unfortunately, many children present late with
pain resulting from radiocapitellar articular changes. There

is often chronic discomfort with school and sports activities.
On occasion, these children may present with an acute loss

ELBOW AND FOREARM REGION
Congenital Dislocations
Congenital Radial Head Dislocations
Congenital dislocation of the radial head is a rare condition

that may not be diagnosed until school age. It is usually an

isolated condition, but it may be present in association with
other congenital malformations and syndromes, including
arthrogryposis and Cornelia de Lange, Larsen, and nailpatella syndromes (77-80). It may be associated with radioulnar synostosis (81,82) or other musculoskeletal anomalies,
such as congenital hip dislocation, club feet, brachydactyly,
clinodactyly, tibial fibular synostosis, congenital belowelbow amputation, and radial or ulnar club hand. Disloca
tions associated with Madelung deformity or familial osteochondromatosis (82) may be acquired, and will be consid

ered elsewhere in this chapter.

Congenital radial head dislocation may be bilateral or
unilateral (83). It is defined by the direction of subluxation
or dislocation. The majority of congenital dislocations are
posterior or posterolateral. It is important to distinguish the

congenital dislocation from the posttraumatic dislocation.
Because the condition frequently presents late, this distinc
tion can be confusing (78,83). This is especially true for
unilateral anterior dislocations in otherwise normal children
(84-86). Radiographic criteria have been established to dis
tinguish this lesion from a chronic, traumatic dislocation.
These include a small, dome-shaped radial head; a hypoplastic capitellum; ulnar bowing with volar convexity in the
anterior dislocation and dorsal convexity in the posterior
dislocation; and a longitudinal axis of the radius that does
not bisect the capitellum. The presence of these characteris
tics in the absence of any history of trauma to the affected

of motion attributable to a loose osteochondral fragment.
Some individuals remain asymptomatic, and the cosmesis
of the deformity is their major concern.

On physical examination, the elbow may have cubitus
valgus. A flexion contracture of up to 30 degrees often oc
curs with a posterior subluxation/dislocation. Hyperextension and/or loss of flexion may occur with an anterior dislo
cation. The radial head is palpable in its dislocated position.
A congenital dislocation is not reducible by forceful manip

ulation, and should not be misinterpreted as a nursemaid's
pulled elbow or a Monteggia lesion. There is usually limited
forearm rotation, with supination being affected more than
pronation. Clicking and crepitus may be present when there
is intraarticular pathology (64).

Radiographs reveal the subluxation/dislocation (Fig. 227). The longitudinal axis of the radius does not bisect the
capitellum, regardless of the angle of the radiograph. The

radius and ulna are of different lengths. The ulna is bowed,
with volar convexity in an anterior dislocation and dorsal
convexity in the more common posterior dislocation. The

capitellum is hypoplastic. The radial head will be domeshaped, with a long, narrow radial neck.
Natural History. The presence of a congenital dislocated
radial head is not an indication for operative intervention.
Many patients with this disorder have no functional limita
tion and no pain. Their mild limitation of motion may not
restrict them in any significant way. The degree of cubitus

valgus is usually mild, and does not seem to put them at
risk for ulnar neuropathy. Therefore, in the majority of
cases a definitive diagnosis followed by observation is most
appropriate. If the patient develops pain, functional or pro
gressive limitation of motion, or restriction of elbow-related
activities, then surgeiy needs to be considered (64).
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Most children with congenital radial head dislocation

present later than infancy. Therefore, the most common
procedures for this problem are excision of loose bodies and
excision of the radial head. The indications for excision of

a loose osteochondral fragment are the presence of pain,
clicking or locking, and loss of motion. Usually, degenera
tive changes are too advanced for repair of the osteochondral
fragment. There is some controversy regarding the indica
tions and timing for excision of the radial head. In the
skeletally immature patient the concern is the potential de
velopment of postoperative complications (see next section).
These concerns have not been supported in the published
literature on excision of the congenitally dislocated radial

head. Most of these children do not present until adoles
cence with pain or progressive restriction of motion. In our
series, the youngest patient with excision of a symptomatic
congenital radial head without complication was 8 years of
FIGURE 22-7. Lateral radiograph of congenital posterolateral
dislocation of the radial head. There is evidence of tapering of
the radial head and neck posteriorly, bowing of the ulna poste
riorly, and a small dome-shaped radial head. These patients often
have limited elbow extension, and develop intraarticular pain at
the abnormal radiocapitellar articulation in adolescence.

age (83). However, the presence of an asymptomatic dislo
cated radial head alone, without painful, progressive re
stricted range of motion, is not an indication for radial head
excision. Indications for radial head excision must include
progressive pain, progressive loss of motion, and progressive

restriction of activities (64), regardless of age.
Complications. Throughout the twentieth century, stan

Treatment

Operative Care. Ideally, the care of a congenital dislocated
radial head would involve open reduction and restoration
of normal anatomy. This has led many surgeons to consider

open reduction of a congenital dislocation if the child pre
sents in infancy (80,81,87,94). The logic is that if the radial
head can be reduced early in infancy, the deformity of the
capitellum and the forearm may not occur or remodel with

growth. This may prevent the long-term complications of
pain, loss of motion, and osteochondral loose bodies. How
ever, there have been only a small number of published
cases of open reduction of congenital radial head disloca

tions (81,94,95). Techniques have included ulnar osteot

dard textbooks and journal articles have condemned the
concept of radial head excision in the skeletally immature
individual. Postoperative complications of progressive cubitus valgus and potential associated ulnar neuropathy, proxi

mal migration of the radius, with recurrent radiocapitellar
impingement, radioulnarsynostosis, and reformation of the

radial head, have been cited (87,88,97-99). However, most
of these problems occurred after radial head excisions to
treat trauma. The admonishment to "never excise a radial

head in a skeletally immature individual" still holds true in
the posttraumatic situation. These complications are rare
after excision for congenital radial head dislocations (83).
Reformation of the radial head is the most common
problem with excision of a congenital dislocation (98,

omy and lengthening, radial shortening and osteotomy, an

100,101). If it leads to recurrent radiocapitellar impinge

nular ligamentous reconstruction, and the use of limb-

ment, limitation of motion, and/or pain, then repeat radial

lengthening devices to reduce the radial head (91,94-96).

Sachar and Mih's report of open reduction via an anconeus

head excision should be performed. Wrist pain does occur
in the long term but seems to be mild and nonrestrictive

approach and annular ligament reconstruction is the most

(83). Fortunately, iatrogenic radial nerve injury is rare.

promising series to date. They described seven cases of open
reduction of a congenitally dislocated radial head with good
success (94). Their operative findings included an abnor

Congenital Humeroulnar Dislocations

mality of the annular ligament that was surgically correcta

Dislocation of the ulnotrochlear joint is exceedingly rare.

ble. The indications for this procedure, and the age limit,

Mead and Martin described a family with aplasia of the

are still being defined in this relatively rare condition. It is

trochlea and humeroulnar dislocations (102). Ulnotrochlear

reasonable to consider open reduction of the congenitally

dislocations have also been seen in hyperelasticity syn

dislocated radial head in the infant younger than 1 to 2

dromes. These situations are rarer than the unusual post-

years of age, provided that the family is well informed of

traumatic persistent or recurrent dislocation.

the preliminary nature of the information regarding this

procedure.

A congenital dislocation will result in limited range of

elbow motion that can affect function. The dislocation is

Elbow and Forearm Region

usually palpable on examination. There may be axial malalignment, such as cubitus valgus. If severe, the valgus defor
mity can result in ulnar neuropathy. In recurrent disloca
tions secondary to hyperelasticity or associated with
syndromes such as Rubinstein-Taybi syndrome (103), the
elbow instability is palpable and even audible on examina
tion. On occasion, with recurrent instability osteochondral
injury can occur that will cause pain, clicking, or even lock
ing on examination.

Elbow dislocation can also be seen with ulnar dysplasia
and ulnar dimelia (104-107). The dysplastic ulnotrochlear
joint in ulnar club hand can lead to elbow problems that
limit motion and function. Ulnar dimelia, or mirror hand,
is exceedingly rare. The forearm and elbow in this condition
consist of two ulnae and no radius. This means that there
are two olecranon processes articulating with the distal humerus. There are usually two poorly defined trochleae and
no capitellum present. The olecranon processes may face
one another. There is significant limitation of elbow and
forearm rotation (64,108,109).

If the child presents before ossification of the secondary
centers, it may be difficult to define the dislocation anatomi

cally by plain radiography. MRI will be diagnostic, but will
require sedation or general anesthesia in infancy. Ultrasonography may be diagnostic in skilled hands (64).
Natural History. Children with congenital dislocations
will have limited elbow and forearm range of motion and
strength that will affect function. They must compensate
with shoulder, wrist, or trunk range of motion to perform
recreational activities and activities of daily living. If unre
duced, there is concern that chronic arthritic pain could
develop. However, this is not well documented.
In children with recurrent instability, pain may develop
secondary to osteochondral injury. This can lead to osteo
chondral loose bodies and arthrosis-like pain.
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(104-106). The proximal ulna articulates with the humerus
but is usually unstable. With growth, the radius migrates

proximally, leading to progressive loss of elbow flexion and
extension. A supination deformity of the forearm may de

velop that limits forearm rotation (106). In these circum
stances, creation of a single-bone forearm may improve
cosmesis, stabilize the forearm, and improve elbow motion

(104,108). As described by Bayne (104), with this procedure
the ulnar anlage is completely excised and the adjacent ulnar
artery and nerve are protected. Radial osteotomy is then

performed proximally. The radius is placed distal to the
ulna in an end-to-end manner. Intramedullary fixation is
performed to connect the proximal ulna to the distal radius.
If there is significant bowing of the radius distal to the
osteotomy site, a second osteotomy is performed with pas

sage of the intramedullary wire. If it is difficult to attain
end-to-end fixation, then side-to-side fusion is acceptable.
Resection of the dislocated proximal radius can be per
formed simultaneously or up to 6 months later. If there is
any question of neurovascular compromise it is advisable

to delay the proximal radius excision (104). At the time
of proximal radius excision, the posterior interosseus radial

nerve needs to be exposed and protected.

Wood recommends that reconstruction of the complex
elbow deformity associated with ulnar dimelia should begin
at the elbow with excision of the lateral olecranon process
(108). Reconstruction of ligamentous structures may be

necessary after excision to provide elbow stability. Excision

of the lateral olecranon reportedly will provide improved
passive elbow flexion and extension, but there may be con

tinued limited active elbow flexion as a result of deficiencies
in the biceps and brachialis musculature. Tendon transfers
for active elbow flexion have reportedly had limited success
(108). This condition (and reconstruction) is so rare that
in-depth analysis of treatment options is not possible.

Treatment

Congenital Synostoses

Operative Care. The isolated, congenital elbow dislocation
has been rarely treated with open reduction (64,103). These
cases and operations are rare enough that generalized com
ment is difficult. The more abnormal the anatomy, the less
likely that operative intervention will be successful.
In recurrent instability ligamentous reconstruction,

These entities are classified as failure of differentiation of

transposition of the biceps tendon insertion to the coronoid
process, and an anterior bone-block procedure have all been

Congenital synostosis of the proximal radius and ulna is a
rare malformation of the upper limb. It is caused by a failure
of the radius and ulna to separate, usually proximally.

of instability.

humerus, radius, and ulna are conjoined. Longitudinal seg

advocated (103,104). The choice or combination of proce
dures depends on the pathologic anatomy and the degree
It is the rare congenital elbow dislocation associated with
ulnar dimelia and ulnar club hand that may warrant surgical
reconstruction. Although ulnar dysplasia will be described

in more detail in the wrist section of this chapter, it is worth
while to discuss elbow reconstruction in this section. In type
II ulnar club hand there is partial absence of the ulna distally

parts with skeletal involvement. In this section, congenital
radioulnar and elbow synostoses will be discussed.

Congenital Radioulnar Synostosis

During the embryonic period of fetal development, the

mentation begins distally. For a time the proximal ends
are united and share a common perichondrium. Abnormal
genetic or teratogenic factors can disrupt radioulnar joint

development, leading to a bony synostosis. This represents

a type I deformity. If rudimentary joint development occurs
before developmental arrest, a rudimentary radial head will
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develop with a less severe degree of coalition. This is a type
II deformity (110).

During this period of intrauterine development, the fore
arm is anatomically in a position of varying degrees of pronation (111). Failure of formation of the proximal radioul
nar joint at this stage of differentiation will leave the forearm
in its fetal position of pronation. With rare exceptions

(112), the forearm is fixed in pronation with congenital

mobility of the wrist compensates for the lack of forearm
rotation (112,114). Despite this ligamentous laxity, patients
do not appear to develop symptoms of carpal instability.

Almost all patients present in fixed pronation. In the
series by Simmons et al. (115), approximately 40% of pa
tients presented with pronation of less than 30 degrees, 20%
had pronation fixed between 30 and 60 degrees, and 40%
had more than 60 degrees of pronation. Pronation of greater

radioulnar synostosis (111).

than 60 degrees appears to be the most limiting.
Radiographs of patients with congenital radioulnar syn

event. There is a three-to-two male predominance. Positive
family histories have been reported (77,113,114). It is a

ostosis show anatomic variations from minor radial head
deformities in patients with limited forearm rotation, to full
synostosis and absence of the radial head in patients with

Congenital radioulnar synostosis is usually an isolated

bilateral occurrence 80% of the time (115). The condition is
also seen in disorders such as acropolysyndactyly (Carpenter
syndrome), acrocephalosyndactyly (Apert syndrome),

arthrogiyposis, acrofacial dysostoses of Najjar and mandibulofacial dystosis, and Klinefelter syndrome and its variants
(116,117).

Although radioulnar synostosis is usually an isolated
event, there may be associated anomalies of the musculoskeletal, cardiovascular, thoracic, gastrointestinal, renal, and
central nervous systems. Cardiac anomalies include tetral
ogy of Fallot and ventricular septal defects. Thoracic anoma

lies include hypoplasia of the first and second ribs and the

pectoral musculature. Renal anomalies involve anatomic
malformations that can be screened by ultrasonography. In
the central nervous system associated problems include mi
crocephaly, hydrocephalus, encephalocele, mental retarda
tion, delay in attaining developmental milestones, and hemiplegia. Musculoskeletal problems include clubfeet,

dislocated hips, polydactyly, syndactyly, and Madelung de
formity (64,81,115,118).

Clinical and Radiographic Features. These children pre

sent for evaluation when they have a functional deficit. Gen
erally, the degree of fixed forearm pronation determines

the disability and the age of presentation. The presence of
bilateral synostosis in marked pronation significantly limits
function, and leads to an earlier presentation. Most children
will present for evaluation by school age. Radioulnar synos
tosis is often first noted by a teacher or daycare worker when
comparing the affected child with peers performing the
same tasks (64).

Functional complaints are variable and include (i) diffi

culty in holding or using small objects such as spoons or

pencils; (ii) inability to dress owing to poor manipulation of
belt buckles or buttons; (iii) backhanded positioning when
holding objects such as bottles or toys; and (iv) difficulty
competing in sports requiring upper-extremity dexterity.
Feeding and accepting objects with an open palm are often
difficult (64,115).

On physical examination, the elbow often has loss of its
normal carrying angle and has a flexion deformity. The flex
ion contracture is usually minimal. Shortening of the fore
arm is more apparent in unilateral cases. Rotational hyper-

no rotation (81) (Fig. 22-8). The more extensive synostoses

are usually fixed in more pronation. Plain radiographic clas
sifications have distinguished partial and complete synosto
ses. In the partial synostosis there is often a rudimentary

radial head present, but it is posteriorly or posterolaterally
subluxated. In the complete synostosis the radial head is
absent, and the proximal radius and ulna are a single bony
mass. There is always an increased anterior bow of the ra
dius. On occasion, the synostosis can extend into the middiaphysis of the forearm.

Occasionally, a patient will present with limited forearm
rotation and normal radiographs. MRI of the proximal ra
dius and ulna may reveal a cartilaginous synostosis that has
yet to ossify or a fibrous tether that limits motion (64).
Natural History. In the absence of functional limitation,

children with radioulnar synostosis should be observed.

Those children with (i) synostosis in neutral-to-mild prona
tion (less than 60 degrees), (ii) significantly compensatory

radiocarpal and intercarpal wrist rotation, and (iii) unilateral
disease often compensate for lack of forearm rotation (64).

These children present because they, their parents, and/or
their teachers notice them performing home, school, or rec

reational tasks differently than their peers. However, when
questioned extensively, they are without pain or functional
disability (114). These children and their families are best
served by counseling regarding the diagnosis and genetics of
their problem, and reassurance that operative intervention
would be unlikely to improve their condition.
Treatment.

Operative Care. The ideal treatment would be to restore
normal forearm rotation. Many surgical attempts to do so
have been tried. Reported procedures have included division
of the bony bridge (111); resection of the synostotic proxi
mal radius to save the bicipital tuberosity with (119-121)
and without (122) muscle interposition; division of the interosseous membrane; and muscle, fat, fascia, or silastic in

terposition after synostosis excision (113,123). All had lim
ited success at restoring motion. Artificial joint replacement,

with a metallic swivel in the intramedullary canal of the
radius between the supinator and pronator teres, also failed
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FIGURE 22-8. A: Preoperative radiograph of a congenital radioulnar synostosis. There is complete

fusion of the proximal radius and ulna, and posterior dislocation of the radial head. The entire

ulna is mildly hypoplastic. B: Postoperative radiograph of a derotation corrective osteotomy for
this patient. A longitudinal wire is passed down the medullary canal of the ulna across the synosto
sis site. This Kirschner wire starts from the proximal ulnar apophysis. The osteotomy cut is per
formed through the synostosis. The transfixing wire is obliquely placed to secure the corrective
derotation to a position of 0 to 20 degrees of pronation.

(121). Tagima et al. (123) reported improved forearm rota
tion with synostosis takedown, radial osteotomy, and inter
position of either a silastic or a free fascial lateral arm flap.
Intraoperatively, synostosis takedown procedures can dra
matically improve motion, but there is a high incidence of
loss of motion in the 6 to 12 months after surgery. At pres
ent, the functional gain does not seem to warrant this surgi
cal intervention.

The alternative to synostosis excision is derotation oste
otomy. The goal is to place the hyperpronated hand in a

more functional position. The dominant extremity is given

priority in bilateral cases. It is easiest to perform the osteot
omy through the synostosis distal to the coronoid process.
Before the procedure, an intramedullary ulnar Kirschner
wire is placed to maintain control of the osteotomy. After
completion of the osteotomy, the forearm can be rotated
into the desired position of correction. Generally, patients
undergoing derotation osteotomy have a fixed preoperative
position of 60 to 100 degrees of pronation. The final cor
rected position is often 0 to 20 degrees of pronation (64).
Ogino and Hikino advocated measuring the preoperative

Patients undergoing derotation osteotomies have been
noted to have significant improvement in function and
cosmesis (115). Bimanual tasks are easier. Single-handed
tasks, such as holding a fork, no longer require backhanding
in extreme hyperpronation. Activities of daily living, such
as dressing and feeding, are performed more independently
and with less adaptive shoulder and trunk motion.

Complications. The most significant complication is post
operative compartment syndrome. It has been reported in

tive osteotomy correction (112). Once this position is

one-third of patients undergoing derotation osteotomy.
This is attributable to changes in the vascularity and volume
of the forearm compartments with derotation osteotomies
in the range of 60 to 90 degrees (115). Compartment syn
drome is more common in osteotomies with greater than
85 degrees of rotational correction. Prophylactic forearm
fasciotomy, or resection of a segment of synostotic bone,
reduces the incidence of this complication. If compartment
syndrome is developing the compressive dressings should
be removed promptly, and the limb should be placed hori
zontally at the level of the heart. Compartment pressure

achieved a second percutaneous Kirschner wire transfixes
the osteotomy site obliquely, from the proximal ulna to the
distal radius, across the derotated synostosis (Fig. 22-8).

of compartment syndrome. In pediatric patients an increas

compensatory wrist supination to define the desired opera

Because there is a high risk of compartment syndrome postoperatively (115,124), it is important to avoid internal fixa

tion that would require a second operation for removal if
neurovascular compromise occurs. Resection of bone at the
synostosis site (112), or dorsal and volar fasciotomies

through the operative incision, lessen the risk of compart

ment syndrome postoperatively (64) and should be per
formed routinely.

measurements are routinely performed in the presence of
tense compartments in a child with the clinical appearance

ing analgesia requirement and a high level of anxiety, are

the most diagnostic clinical signs of compartment syndrome
(125). Removal of the oblique transfixing Kirschner wire is
performed if removal of dressings and proper elevation fail
to improve the situation. Removal of the oblique Kirschner
wire allows the forearm to rotate to its preoperative position,
lessens the tension on the interosseous vessels, and reduces
the volume of the forearm compartments. Finally, if these
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maneuvers do not resolve the problem, emergent skin and
fascia decompression is mandatory (64,115).
With removal of the Kirschner wire in compartment syn

drome there is a risk of loss of operative correction. The
longitudinal ulnar Kirschner wire helps maintain control of
the osteotomy site and allows for controlled, repeat derotation 5 to 10 days later. Although more rigid internal fixation
may seem more desirable, it unnecessarily complicates the
procedure, especially if compartment syndrome develops.
Elbow Synostosis

Elbow synostosis is very rare. It occurs in isolation or associ
ated with syndromic conditions. Humeroradial is more
common than ulnotrochlear synostosis (126-128). This is
often in a position of elbow flexion from 60 to 90 degrees.
Often, there is also limited or no forearm motion. On exam
ination, there will be no elbow motion.

Elbow synostosis is often associated with other upper

limb malformations, such as ulnar clubhand (127). It has
been described in siblings with humeroradial synostosis, in

dicating a potential genetic inheritance pattern. It fre
quently occurs with phocomelia variants (126). The limita
tion of elbow motion limits function, particularly if the
affected extremity is a dominant extremity. The placement
of a functional hand in space is limited by the lack of flex
ion-extension at the elbow. Compensatory trunk, head,

and shoulder motion is difficult to adapt. Associated hand
anomalies can further limit function (64).
Treatment. Attempts at synostosis excision and restoration
of elbow motion have had minimal success. Techniques
have included excision with muscle, fat, silastic interposi

tion, or distraction arthroplasties. Although intraoperatively
the motion can be improved, recurrence of the synostosis
usually develops postoperatively. The use of continuous pas

sive motion devices, or distraction elbow hinge devices, has

not improved results (64). If the ankylosis leads to dysfunc
tional positioning of the hand in space, such as in the pres
ence of an ulnar clubhand, corrective osteotomy is indi
cated. Most often, this is a derotation osteotomy at the
level of the synostosis (126). Correction of a marked flexion
deformity acutely increases the risk of neurovascular com
promise. There is no role for total elbow arthroplasty be
cause of early mechanical failure (64).
Musculoskeletal
Osteochondromatosis

Deformity of the forearm is common in multiple hereditary
osteochondromatosis, with between 30 and 60% of patients

affected in various series (129-131). The most frequent
problem seems to be distal ulnar osteochondroma, which

selectively slows the growth of the ulna in the presence of

continued radial growth. The resultant ulna shortening can

lead to progressive bowing of the radius and/or possible
radial head dislocation. At the wrist, there is increased radial
angulation of the distal epiphysis, with ulnar deviation of
the hand and ulnar translocation of the carpus (131-134).
These deformities can lead to progressive loss of forearm
rotation. If radial head dislocation occurs, loss of elbow
motion and the development of pain can occur. This section
focuses on the treatment of ulnar shortening, progressive

radial bowing, and radial head subluxation. The principles
outlined here for osteochondromatosis have also been used
in congenital syndromes with forearm growth discrepancies,

such as Conradi and Morquio syndromes (64).
Natural History. There are very limited natural history
data on patients with deformity secondaiy to osteochondro
matosis of the upper extremity. There is ample information
on the indications for, and the results of, surgical excision
of osteochondromas and forearm reconstruction for these
patients with deformities (135-137). The Shriners group
in St. Louis (138) attempted to obtain natural history data
by surveying their patients by telephone. Their data suggest
that adults with forearm, wrist, and hand deformities from
osteochondromatosis do reasonably well with activities of
daily living and occupational tasks. Unfortunately, their
data were limited because they could not reach many of
their patients, and no patients were examined.
Treatment Indications. The presence of an osteochon
droma alone is not an indication for surgical excision. Exci
sion of an osteochondroma will not predictably improve
growth or prevent recurrence with growth. However, if the
osteochondroma is a source of pain, limitation of motion,
or neurovascular or muscular impingement, then excision

is indicated. In addition, children with forearm osteochon
dromatosis may present with progressive deformity, loss of
pronation and supination, and wrist or elbow pain related
to joint subluxation. The limitations of forearm rotation

may be caused by impingement of osteochondromas distally
or proximally. When the loss of motion is secondary to
impingement alone, rotation will improve with osteochon
droma excision (131,132). In the presence of progressive

forearm deformity, loss of rotation may also be related to
bony malalignment, proximal radial head subluxation, or
distal radioulnar joint dislocation. In these situations, rota
tion and radiocapitellar alignment can be improved by cor

rective radial osteotomy and ulnar lengthening (135). In
the presence of radial head dislocation, reconstruction is

veiy difficult. Attempts at reduction of the radial head by
osteotomy or distraction lengthening techniques have had
limited long-term success. Radial head excision has been
advocated after skeletal maturity (136,137). The creation
of a single-bone forearm may be the necessary salvage proce
dure (131,137,139,140).
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which correction cannot be obtained in a single procedure

cated in the presence of either progressive deformity that

(96,141-143). The choice is to perform serial lengthenings

limits motion or radiocapitellar joint instability. The indica

or gradual distraction osteoclasis. Up to 13 cm of length

tions, specifically in terms of deformity, are ulnar-shorten-

has been obtained by distraction techniques (141,142).

ing greater than 1.5 cm, increasing distal radial articular

However, the rate of complications with distraction os

angle greater than 30 degrees, ulnar carpal translocation

teoclasis in the forearm has been cited as between 60 and

greater than 60%, progressive radial bowing, and radial head

100%. Therefore, forearm lengthenings by distraction tech

subluxation (135). The key to radiocapitellar instability is

niques should be performed cautiously by skilled surgeons.

to treat it before frank dislocation occurs. Once the radial

The options for distraction lengthening include unilateral

head is dislocated obtaining and maintaining; reduction is

external fixation frames (144—146), classic Ilizarov tech

difficult.
The majority ofpatients with forearm deformities second

nique (145), or hybrid fixation using transverse Ilizarov
wires at 90 degrees to half pins (143,147). Most surgeons

ary to osteochondromatosis can be treated with a single-stage

performing distraction lengthening now use a hybrid tech

operative correction. The ulnar-shortening is addressed by si

nique to lessen the risk of neurovascular and muscle entrap

multaneous excision ofthe osteochondroma and Z-lengthening of the ulna. After the Z-osteotomy, distraction lengthen

ment complications (141-143,147). The fixator is preassembled as part of preoperative planning, with a half ring

ing is carried out intraoperatively with an external fixator.

proximally and a full ring distally. In those situations requir

When the desired lengthening is achieved, a plate is applied

ing angular correction, appropriate hinges need to be ap

to maintain the length until bony healing is complete (64)
(Fig. 22-9). This lengthening technique is, in essence, a rebal

plied to obtain correction. Because each case is unique, the
specifics of application are difficult to address in a review

ancing of the forearm skeleton. It realigns the proximal and

such as this. However, certain principles need to be adhered

distal radioulnar joints. In one series, lengthenings of 1 to 2.3
cm, leading to a neutral ulnar variance at the wrist, were ob

to. The pins need to be placed in the safe zone to lessen
the risk of complications. Passive digital flexion and exten

tained in a single stage (135). The majority of patients im

sion need to be full intraoperatively after pin placement to

proved forearm rotation by an average of40 degrees (64,135).

ensure postoperative maintenance of motion. The preferred

Results indicate improved range ofmotion and function with

site for corticotomy is the proximal ulna metaphysis to en

minimal risk of complications.

hance regenerate bone (143). Lengthening begins 3 to 5

There are rare situations with osteochondromatosis in

days after surgery and progresses at a rate of 1 mm per day,

FIGURE 22-9. A: Preoperative radiograph of an osteochondromato
sis patient with ulnar-shortening and mild radial deformity, with
recent progressive loss of forearm rotation. B: Postoperative radio
graph of single-stage lengthening of the ulna. C: Illustration of the
lengthening technique.
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usually with an advance of 0.25 mm four times per day.
Maintenance of passive and active range of motion of the
shoulder, elbow, and digits is critical. Clearly, the loss of
hand function is not worth the advantage of increased fore
arm length. Prevention and treatment of expected pin-track

infection require meticulous pin care and liberal use of oral
antibiotics. After the desired lengthening is achieved, the

external fixator is left in place until there is sufficient regen
erate bone to allow removal without the risk of fracture. In
general, the fixator is left in place at least twice the time
necessary to obtain lengthening (64).
In the presence of radial head dislocation, the distraction

technique has been used in an attempt to reduce the radial
head, before correction of the forearm deformity (96,
143,147). A separate ring and olive wire are placed in the
proximal radius. Progressive distal migration of the radial
head has been used for radiocapitellar reduction. Once the
radial head is reduced, the forearm correction is performed
as described above. However, recurrent subluxation, joint
stiffness, and pain have occurred after radial head reduction
(64). The limited success of this procedure in this situation
does not seem to warrant its use.

The creation of a radioulnar synostosis is indicated for
either painful radial head dislocation or radius and ulna
instability not salvageable by other means. In these circum
stances, it can result in a stable, pain-free extremity (136).
Radial head excision is performed to decompress the radio
capitellar joint and improve elbow range of motion. Correc

tion of the deformities of the radius and ulna is performed
at the same time as the radioulnar synostosis with internal
fixation and bone grafting. Neutral rotation to 20 degrees
of pronation is desired. Although this procedure is rarely
indicated, these patients have excellent long-term results

A,B

FIGURE 22-10. A: Preoperative radiograph of congenital pseud
arthrosis of the ulna. Note the hypoplasia and tapering of the
distal ulna. B: Postoperative radiograph of vascularized fibular
transfer, with proximal epiphyseal and physeal transfer, to estab
lish distal ulnar growth. If the patient is very young, the microvascular transfer must include revascularization of both the diaphysis
and epiphysis of the fibula to obtain physeal growth. The most
distal metallic clip indicates the top of the fibular epiphysis in the
reconstructed distal radioulnar joint.

(136).

Similar to tibial pseudarthrosis, all reports describing

Pseudarthrosis

treatment options for this problem outline the difficulty of

Congenital pseudarthrosis of the forearm is rare and clearly
associated with neurofibromatosis. Wood (148) summa
rized the cases of forearm pseudarthrosis in the medical liter
ature, and noted that 5% of patients with neurofibromatosis
have pseudarthrosis of the upper or lower limb, whereas
more than 50% of patients with congenital pseudarthrosis
of the forearm have definitive neurofibromatosis, multiple
cafe-au-lait spots, or a positive family history of neurofibro
matosis. Congenital pseudarthrosis is most often seen in the

obtaining union with conventional cast immobilization or

tibia, but it has been described in all the long bones.
In a survey of the literature, Wood (148) found 46 cases
of forearm pseudarthrosis. The ulna was involved in 20 cases

(Fig. 22-10), the radius was involved in 15 cases, and both
ulna and radius were involved in 11 cases. Twenty-three of
these patients had either neurofibromatosis (18 patients) or
a positive family history of neurofibromatosis (5 patients).
Reports of this disorder range from a single case to up to
six patients (149).

corticocancellous autografting or allografting, with and
without internal fixation techniques. The role of distraction
lengthening techniques for congenital pseudarthrosis of the
forearm is unclear. There are several reports of the use of
vascularized fibular grafts (149,150) to heal the pseud
arthrosis. These reports indicate a high rate of union with
vascularized fibular transfer. This is the preferred treatment
for this disorder at present. In the forearm the fibula is
internally fixed to the proximal ulna. Distally, the fibula is
secured to the soft tissues of the distal radioulnar joint and
the triangular fibrocartilage complex (TFCC). The vascular
anastomosis is end-to-side to the ulna artery. At the donor
site of a skeletally immature patient, the distal fibula is fixed
to the tibia to prevent valgus ankle instability after harvest
ing a vascularized fibular graft (148,151). The proximal fib
ular epiphysis can be transferred in the young patient to

allow for growth. In this situation, the separate vascular
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supplies to the fibular diaphysis and epiphysis need to be

(156). It is imperative that these problems be assessed by

preserved and maintained with the transfer. The soft tissue

clinical, radiographic, and laboratory evaluations as appro

support of the lateral knee must be reconstructed.

priate. These organ system malformations may present in

Creation of a single-bone forearm has been performed

a nonsyndromic pattern. Congenital cardiac, genitourinary,

successfully as a salvage procedure (149). In the presence

respiratory, skeletal, and neurologic problems occur in chil

of an associated radial head dislocation, this may be the

dren with radial dysplasia. Similarly, many syndromes have

only successful option (64).

been described in association with longitudinal deficiency
of the radius. The most common are VACTERLS, HoltOram syndrome, Fanconi anemia, and thrombocytopenia

WRIST REGION

Congenital

Radial Dysplasia
Radial dysplasia is classified as a longitudinal failure of for
mation. It occurs in between 1 in 30,000 and 1 in 100,000
live births (152,153). The underdevelopment, or aplasia, of

the radius is universally associated with thumb hypoplasia,
or absence, and hypoplasia or absence of the radial aspect
of the carpus (154). The radial or preaxial deficiency has
been classified by Bayne and Klug (152) into four types,
ranging from a present but defective distal radial epiphysis
(type I), to complete absence of the radius (type IV). The
severity of the radial deficiency determines the extent of the

associated deficiencies of the thumb, digits, ulna, and elbow
(Fig. 22-11). Thus, the spectrum of anatomic deficiency
can range from mild radial deviation of the wrist and mini
mal thumb hypoplasia, to complete absence of the thumb
and radius; camptodactyly of the index, long, and ring fin
gers; foreshortening of the ulna; and a stiff elbow.
Pathogenesis. The pathogenesis of longitudinal deficiency
of the radius is unknown. It has been postulated that injury

to the apical ectodermal ridge during upper limb develop
ment is the cause (6,155). Factors such as intrauterine
compression, an inflammatory process, vascular insult, ma
ternal drug exposure (thalidomide, insulin), and irradiation
have all been raised as possible etiologic causes (1). There
is no known genetic cause except when radial deficiency is

associated with other congenital abnormalities. The pattern
of inheritance is autosomal dominant or autosomal reces
sive, depending on the syndrome. There are many associated
congenital syndromes, including cardiac, craniofacial, hematopoietic, musculoskeletal, gastrointestinal, and renal

organ syndromes. There are associated chromosomal abnor
malities, including trisomy 13, 18, and 21. The occurrence
is most often sporadic, and at present no definite cause is
known.

with

absent

radius.

VACTERLS

includes

the

classic

VATER of vertebral anomalies, anal atresia, tracheoesophageal fistula, and renal anomalies, as well as cardiac and lower-

limb

malformations,

with

a

single

umbilical

artery

(157—159). Holt-Oram syndrome is an autosomal domi

nant disease characterized by upper-limb malformations and
major cardiac malformations (160). The gene for HoltOram syndrome has been identified. Fanconi anemia is also
an autosomal dominant inheritance. In infancy, there are
usually characteristic facial features (microphthalmos, stra
bismus, hearing deficits) (161). Pancytopenia often does not
present until later in childhood. Fanconi anemia can now
be identified by a mitomycin C test. Thrombocytopenia

with absent radius is an autosomal recessive inheritance.
The thrombocytopenia is present at birth. The platelet
count usually improves with growth, and hand surgery

should be delayed until it is safe (162,163).
Clinical Features. The clinical presentation of radial dys
plasia depends on the severity of the malformation. Bayne
et al. (164) have tried to clarify the spectrum of clinical
deformity by classifying radial club hands from type I to
type IV. Type IV deficiency is the most common. Type I
deformity involves a defective distal radial physis. This leads
to a minor foreshortening of the radius and a prominent
distal ulna. Although there is mild radial deviation of the
wrist throughout life, problems with radioulnar incongruity
such as triangular fibrocartilage tears, ulnocarpal impaction
syndrome, and distal radioulnar joint pain or loss of motion,
usually do not occur. The major clinical issue is the associ
ated thumb hypoplasia with opposition weakness. Type II
deficiency involves limited proximal and distal radial physeal growth. As a consequence, the wrist is more radially
deviated, and the ulna bows. The thumb hypoplasia is usu

ally more significant, with more deficiency of the radial
carpus. Type III deficiency is the absence of the distal twothirds of the radius. The wrist is more severely deviated,
and the hand has limited mechanical support. The ulna
is thickened and bowed. The associated thumb and finger

abnormalities of hypoplasia and camptodactyly are more
common and severe. Type IV deficiency involves complete

Associated Anomalies. Although radial longitudinal defi

absence of the radius. The ulna bowing is marked. The

ciency can occur in isolation, it is commonly associated with

thumb is usually absent. The index, long, and even ring

other congenital malformations. Forty percent of patients

fingers are often involved. The elbow may have limited

with unilateral radial club hand, and 27% of patients with

range of motion. There is marked limitation of hand, wrist,

bilateral radial club hand, have associated malformations

and forearm function.
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FIGURE 22-11. Classification of radial dysplasia
types I through IV as represented by radiographs.
A: In type I, the ulna variance is positive as a result
of the foreshortened distal radius. B: In type II, both
the proximal and distal radial physes have deficient
growth, with

more radial shortening and ulnar
bowing. C: In type III, the radius is partially absent.

D

Pathoanatomy. Radial dysplasia involves skeletal malfor

D: In type IV, the radius is completely absent.

muscles arise from the lateral epicondyle, and are normally

mations and soft tissue deficiencies on the preaxial or radial

innervated by the radial nerve. Thus, the radial wrist exten

side of the hand, wrist, and forearm. The severity of the

sors and brachioradialis are absent or deficient. The prona-

soft tissue loss parallels the skeletal deficiency. The preaxial

tor-flexor muscle mass is affected when its skeletal insertion

Wrist Region

sites are absent or hypoplastic. These structures can be only
fibrous tissue (radial anlage) that maintains or worsens wrist
and hand deformity with growth. Similarly, the neurovascular structures will be affected. The posterior interosseous
and sensory branches of the radial nerve will be absent in
a severe deformity. The radial artery is usually absent. The
ulnar nerve and artery are usually present and unaffected.
The blood supply to the hand comes through the ulnar
artery, and possibly the interosseous vessels or a persistent
median artery. The median nerve is usually present and
serves as a neural supply to the hand with the ulnar nerve.
However, the more severe the deformity of the hand and
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sive correction of the radial deviation deformity. In mild
cases, this involves merely a home exercise program of wrist
ulnar deviation, extension, and distraction stretching. In
more severe cases, care involves corrective casting or splint

ing to gradually stretch the contracted soft tissues, then
maintain the correction. The splints are used in conjunction
with a passive range-of-motion program. If attempts to cor
rect the static radial deviation contracture are not successful

by 6 to 12 weeks of vigorous therapy and skilled bracing/
casting, the use of distraction external fixation to obtain soft

tissue and musculoskeletal alignment should be considered
(169).

wrist, the more limited the neural and vascular supply will
be to the hand.

Once passive motion has been achieved, it is necessary
to maintain the correction. Again, for mild cases, this can

Natural History. Generally, children with longitudinal de
ficiency of the radius have an unaffected central nervous

gram during infancy and times of rapid growth is useful.

system. As with any congenital upper limb malformation,

children's creative minds allow them to perform all activities
of life. However, they may need to use adaptive mecha
nisms. These generally include a spherical grip and lateral
pinch to compensate for the absence of opposition (165).

Fifty to 62% of patients with radial dysplasia have unilateral
involvement. Even with severe unilateral radial dysplasia,
these children will adapt their skills by increasing their use
of the contralateral, normal hand and upper limb. Lamb
(166) noted no functional impairment in patients with uni
lateral involvement. Individuals with bilateral involvement
have more difficulty. Activities of daily living, such as hy

be done nonsurgically. A nighttime corrective splinting pro
This treatment is adequate for the majority of type I and
type II malformations. In severe cases, the lack of a stable
wrist out of the splint, impairs hand and limb function.

These children are candidates for operative correction at 6
to 12 months of age.

Surgical Intervention. There are two indications for surgery:
persistent wrist radial deviation contracture (Fig. 22-12) and

functionally limiting thumb deficiency. The surgical op
tions for the wrist contracture and lack of support for the
hand have included bone graft procedures to the ulna, cen-

giene, eating, and dressing, are affected. Adaptive techniques
and alteration of clothes are often necessary. Despite these

modifications, Bora and colleagues (167,168) noted that
patients without surgical correction were more limited than
surgically treated patients. Finally, the issue of the cosmetic
and psychologic impact of radial dysplasia is difficult to
quantify. The social setting is constantly changing, and peer
perception plays a major role in an involved individual's
self-perception. Parental and family perception and coping
must have a profound effect on a developing child's selfimage. There is limited objective psychologic information
at present.

Treatment. Treatment should address the following prob
lems with radial dysplasia: (i) unstable wrist with lack of
support for the hand; (ii) digital weakness secondary to radi
ally deviated wrist; (iii) intrinsic digital weakness and defor
mity; (iv) thumb hypoplasia or aplasia that results in lack
of opposition; and (v) foreshortened ulna. All of these de
formities affect function in the patient with radial dysplasia.
In addition, there is a significant cosmetic difference in these
children that can be improved by intervention.

NonsurgicalIntervention. The options for nonsurgical inter
vention in these children are corrective casting, bracing, and
physical therapy. In infancy, the first goal is to achieve pas

FIGURE 22-12. A patient with complete absence of the radius

and thumb aplasia. Note the foreshortening of the forearm, 90degree radial deviation at the wrist, and dimpling of the skin

over the distal ulna, with the proximal and radially subluxated
carpus and hand.
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tralization, radialization, and wrist fusion (170). Surgical
options for thumb aplasia are pollicization and microvascu-

lar toe-to-thumb transfer. Thumb hypoplasia can be surgi
cally corrected with first web space deepening, MCP joint
stabilization, and opponensplasty tendon transfer. Less clear
indications exist for the surgical treatment of digital camptodactyly, ulnar foreshortening, and radial hypoplasia in type
II deformities.

Potential contraindications for surgery include (i) lack
of elbow flexion, such that the wrist deviation enables the
patient to perform hand-to-mouth and hand-to-neck activi

ties; (ii) severe index digital deformity and weakness that

will result in failed pollicization; and (iii) severe medical
problems that pose a risk to the patient's well-being.
The earliest forms of surgical correction for radial dyspla-

sia involved improving the radial deviation deformity and
lack of wrist support for the hand by grafting bone to the
ulna. Albee (171), Starr (172), Entin (173), and Riordan

(174) described the use of nonvascularized bone grafts from

the proximal fibula to the ulna in Y-configuration to sup

port the carpus and hand. These procedures resulted in sig
nificant short-term improvement. However, the transplant
usually failed to grow, leading to recurrent deformity. Vas-

cularized bone grafting has recently been advocated by
Vilkki (175), in rare circumstances. Centralization of the
carpus over the third metacarpal has been a standard treat
ment (166-168). Soft tissue release of the radial con-

tracture, contouring of the ulna to match the carpus, and
capsular reefing are performed. Stabilization is performed
with pin fixation until healing. The problem with centraliza
tion is a high incidence of recurrence. Lamb (166) advo
cated modifying the technique by notching the carpus to

inset the distal ulna. This lessened recurrence, but also de
creased wrist motion and increased early ulnar physeal clo
sure postoperatively. Function is clearly impaired when
there is less than 30 degrees of wrist motion postoperatively.
Buck-Gramcko (176) introduced radialization during the
thalidomide crisis. The centralization procedure is modified
by aligning the ulna with the second metacarpal. Tendon

procedure is performed. Wrist fusion is not performed in
young patients. This leads to loss of wrist motion and poten

tial loss of ulnar physeal growth. However, Catagni et al.
(177) performed wrist fusion in conjunction with distrac
tion lengthening in adolescent and young adult patients
with recurrent deformity.

Generally, wrist reconstruction is performed before
thumb reconstruction. Ideally, thumb reconstruction is per

formed before 18 months of life. This limits the learning

process after central nervous system maturation regarding
pinch. In the mild forms of radial dysplasia, the thumb
hypoplasia causes functional problems involving decreased
first web space, MCP joint instability, and weak thenar mus
cles. The first web space can be deepened with Z-plasties
or rotation flaps (178,179). Release of adductor and first
dorsal interosseous fascia is often necessary. The MCP joint
can be stabilized with local fascia or use of extra flexor digitorum superficialis tendon length for ligament reconstruc

tion. On occasion, MCP joint chondrodesis (fusion of the
proximal phalanx epiphysis to the metacarpal head) or arthrodesis is appropriate. Opponensplasty is performed si
multaneously with use of the abductor digiti quinti (180),
ring-finger flexor digitorum superficialis (73), or accessory

digital extensors. All have had reported success in providing
opposition strength. Thumb aplasia is best addressed with
pollicization (179,181). Toe-to-thumb microvascular trans
fers have been reported, but to date the results are less suc
cessful than those of index-finger pollicization. The quality
of the index-finger donor determines the quality of the sub
sequent thumb. If there is significant camptodactyly the
thumb will be stiff, weak, and poorly used in pinch activi
ties. Compensation will occur by lateral pinch between adja
cent digits. In a well-performed pollicization, the results are
functionally and cosmetically pleasing to the patient, family,
and surgeon.

transfers from the radial aspect of the wrist (extensor carpi

Complications. Recurrent deformity and premature clo
sure of the distal ulnar physis are the two major complica
tions of wrist reconstruction. The occurrence of these prob
lems depends on the procedure performed (centralization

radialis, flexor carpi radialis, if present) to the dorsal, ulnar
wrist are performed to rebalance the wrist and hand. The
quality of the radial muscles clearly affects the success of
the radialization procedure. With both centralization and

motion. If this fails to occur, radial deviation and flexion

radialization, correction is performed at the wrist. If there
is a concomitant ulnar bow of greater than 30 degrees ulnar
osteotomy should also be performed. This usually involves
a multiple-level open osteotomy and intramedullary fixa

tion. In those rare situations in which passive correction of
the wrist is not possible by splinting, casting, or therapy,
distraction and correction with an external fixator is per
formed. As described by Kessler (169), this can be per

formed in infancy (Fig. 22-13). Often, after 3 to 6 weeks
of external fixation an open centralization or radialization

versus radialization) and the quality of the preoperative
musculoskeletal and soft tissue anatomy. With radialization,
the goal is to dynamically rebalance the wrist and maintain
deformity will recur with growth. In addition, if there is
limited elbow flexion, excessive flexion and radial deviation

of the wrist will be used by the patient to compensate for
the limited elbow flexion needed for activities of daily living,
such as oral hygiene and feeding. This contributes to the
recurrence rate.

Physeal arrest is more common with centralization proce
dures. The forearm is already foreshortened, but this is exac
erbated by further loss of distal growth. Because 70 to 80%
of forearm growth comes from the distal physis, postopera-
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FIGURE 22-13. A: Clinical photograph of a patient undergoing progressive distraction lengthen
ing to stretch the soft tissues, bring the hand out to length, and reduce the wrist over the ulna.
This patient has a markedly foreshortened forearm. Preoperatively, there was volar, radial, and
proximal subluxation of the carpus and hand that was not correctable with exercises and splinting.
B: Radiograph of the same patient with the hand and wrist out to length and centralized. Note the
severe proximal ulnar bowing that required osteotomy at the definitive open surgical procedure.

tive growth arrest is a major cosmetic and functional

nongenetic syndromes such as Cornelia de Lange syndrome.

problem.

It is associated with musculoskeletal system malformations

Finally, in patients with radial dysplasia, pollicization
procedures can have poorer results in terms of opposition

ciencies of phocomelia, transverse arrest, radial deficiency,

in up to 50% of cases. Contralateral upper-extremity defi

strength and active range of motion (182). The opposition

and aphalangia occur commonly. Similarly, lower-extremity

weakness may be improved by opponensplasty transfer
(183,184), but there needs to be a strong donor for this to

deficiencies, such as proximal focal femoral and fibular defi
ciencies, occur in almost one-half the cases. Unlike those

succeed. Otherwise, the patient will continue to compensate

with radial dysplasia, it is uncommon for patients with ulnar

with lateral digital pinch on the ulnar side of the hand.

deficiency to have associated major organ system malforma
tions. Ogino and Kato's experimental data may explain this

finding (192). They produced major deficiencies in rat fe

Ulnar DysplasialUlnar Club Hand
Ulnar, or postaxial, longitudinal deficiency is less common

than either radial or central longitudinal deficiency. It is
classified as a failure of formation of parts. The incidence

was found by Birch-Jensen to be 1 per 100,000 live births

(153). Ogden et al. cited a male-to-female ratio of three to
two, with only 25% of cases being bilateral (185).
Most cases are sporadic. There are reports of familial
occurrence (186-189). It also occurs as a part of rare identi
fied inheritable syndromes, such as ulnar mammary (Schnit
zel) syndrome, Klippel-Feil syndrome (190,191), and other

tuses by injecting the mothers with the antimetabolite Myleran. The timing of injection during the gestational period
determined the limb malformation produced. For example,
ulnar deficiencies were produced by earlier injections than
were radial deficiencies. Those fetuses that had ulnar defi
ciencies had more lethal cardiac malformations. This may
explain why there are fewer major organ system malforma
tions and a lower incidence of ulnar deficiency per live
births.

Clinical Features. Bayne classified ulnar deficiency into
four groups based on the musculoskeletal abnormalities of
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the elbow and forearm (193). Most clinicians use this system

Nonsurgical treatment has predominantly involved ther

to define and establish treatment plans for these patients.

apy and corrective casting or splinting. In types I and III

Type I deficiency is hypoplasia of the ulna. Both distal and

deficiencies, the mild ulnar deviation of the wrist and hand

proximal physes of the ulna are present, but decreased in
growth. There is minimal, nonprogressive bowing of the

may be improved with serial casting, splinting, and passive

radius, and a variable presentation of hand malformations.

the ulnar anlage may make nonsurgical correction of the

Type II deficiency is the most common type and involves

severe ulnar deviation of the hand and wrist impossible.

partial absence of the radius. There is a fibrous anlage ex

exercises starting in infancy. In types II and IV deficiencies,

There is considerable debate regarding the treatment of

tending from the distal ulna to the carpus. The hand is

the severely ulnarly deviated hand that does not respond to

ulnarly deviated, with bowing of the radius, and these de

casting/splinting. There is limited information to allow for

formities may be progressive with growth. The elbow is

critical evaluation of the options of (i) leaving the patient

stable if there is sufficient proximal ulna present. Again,

alone, (ii) performing excision of the ulnar anlage, or (iii)

digital malformations or absences are variable. Type III defi

corrective radial osteotomy. Some of the confusion exists

ciency involves complete absence of the ulna. There is no

because not all of these deformities are progressive (198).

ulnar anlage. The radius, wrist, and hand are usually

As Flatt (1) makes clear, it is difficult to critically evaluate

straight. The elbow is unstable as a result of the lack of an

the literature because of limited objective measurements in

olecranon. Hand malformations and absences are common.

previous studies. Finally, Flatt correctly points to the low

Type IV deficiency involves synostosis of the distal humerus

incidence of this disorder as hampering objective assessment

to the proximal radius. There is an ulnar anlage present

of the therapeutic options. As with many rare conditions,

from the distal humerus to the carpus, with marked bowing

only multicenter, prospective studies can feasibly answer the

of the radius and ulnar deviation of the hand. Hand anoma

questions.

lies are common also in type IV deformities (Fig. 22-14).
Cole and Manske (194) further classified ulnar deficiency

by the presenting hand malformations. They divided the
disorder into four types according to the deficiency of the
first web space and thumb. Type A is a normal thumb and
first web space. Type B involves a mild web contracture

and thumb hypoplasia. Type C involves marked hypoplasia

of the thumb with rotation of the thumb into the plane of
motion of the other digits. Type D is absence of the thumb.
In their series, 73% of the 55 patients had thumb deficien
cies. This was similar to Broudy and Smith's findings of 16
hypoplastic thumbs and 5 absent thumbs in 26 patients
with ulnar club hand (195).

In addition, in these patients the limb is foreshortened,

The lack of this information allows for subjective inter

pretation of the treatment options, leading to reluctance to
pursue aggressive surgical intervention. Within these limits,
an attempt is made to outline treatment options and recom
mendations for wrist deformity, elbow instability, and digi
tal and thumb deficiencies.

Resection of the ulnar anlage is indicated for progressive
ulnar deviation of the wrist and hand of greater than 30

degrees. This can occur in types II and IV deficiencies
(1,199). Through an ulna-based incision, the anlage is iden
tified as it inserts into the carpus. The ulnar artery and nerve
need to be protected. Resection should be performed until
neutral positioning of the wrist can occur intraoperatively.
If there is associated marked ulnar deviation of the radius,

and usually internally rotated. The glenoid may be dysplastic. The radial head is often dislocated, and range of motion

concomitant radial osteotomy can be performed. However,

of the elbow is limited in up to 40% of cases (196). These

the status of forearm rotation before proceeding with anlage

abnormalities make placement of the hand in space difficult.
The hand malformations limit pinch, grasp, and release
functions. Reconstructive surgery is indicated to improve

hand and wrist orientation, thumb opposition, and digital
motion and strength.

it is imperative to assess the location of the radial head and
excision and consideration of radial osteotomy.
If there is a dislocated radial head and limited forearm
rotation preoperatively in the type II deformity, anlage exci
sion, resection of the radial head, and creation of a singlebone forearm should occur simultaneously. If there is ac

ceptable forearm rotation preoperatively, it is best to correct
Treatment. There are few data regarding the natural his

only the wrist deformity and to monitor the status of the

tory of untreated ulnar dysplasia. In 1927, Southwood

forearm and elbow with growth. Resection of the radial

stated, "From the functional viewpoint, therefore, the de

head for cosmetic reasons should be performed cautiously,

formed limb is much more useful than its anatomical condi

because even the dislocated head may be providing some

tion would lead one to expect" (197). This malformation

elbow stability in these patients.

is not associated with central nervous system deficiencies.

Similarly, creation of a single-bone forearm may result

As with all congenital malformations in people with normal

in improved cosmesis, but the loss of forearm rotation may

brains, the patients will perform activities well, but differ

cause an unacceptable loss of function. In patients with

ently. Treatment has to improve function and cosmesis to

type IV deficiency, there may be associated internal rotation

be warranted.

posture to the arm that limits placement of the hand in
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FIGURE 22-14. Classification of ulnar dysplasia types I through IV as represented by radiographs
A: Type I dysplasia represents deficiency of both the proximal and distal ulnar physes, with fore

shortening of the ulna and mild bowing of the radius. B: Type II is the most common type and
represents partial absence of the radius. C: Type III involves complete absence of the radius with

an unstable elbow joint. D: Type IV includes complete absence of the radius and humeroulnar

synostosis.
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tion, and radial articular deformity (Fig. 22-16). Madelung
deformity usually occurs in girls, and is most often bilateral

(201). Its clinical appearance may not be present until the
adolescent growth spurt, which is when most patients pres
ent. It is generally sporadic in presentation. It is also associ

ated with Leri-Weill syndrome, a dyschondrosteosis form
of mesomelic dwarfism that is inherited in an autosomal
dominant manner (199,202). In addition, Madelung defor
mity has been associated with Hurler mucopolysaccharidosis, Turner syndrome, osteochondromatosis, achondro-

plasia, and Oilier disease (203). True Madelung deformity
needs to be distinguished from a posttraumatic or postinfectious deformity.

Clinical and Radiographic Features. The clinical and radiographic picture is dependent on the age at presentation
and the severity of the growth arrest. Generally, children
do not appear until there is marked deformity, limitation
of motion, and activity-related pain. Because the condition
is usually bilateral, the subtle growth deformity that occurs
before the adolescent growth spurt is often ignored. How
ever, with early presentation there is a slight positive ulnar
variance and loss of the volar, ulnar aspect of the radial
lunate fossa (Fig. 22-16). The carpus subluxates volarly and

FIGURE 22-15. Radiograph of ulnar dysplasia with complete ab
sence of the ulna, humeroradial synostosis, absence of the ulnar
two rays, and thumb deformity.

into the gap between the radius and the ulna. These patients
may have mild symptoms of ulnocarpal impaction with
power grip activities, and distal radioulnar joint incongruity

with forearm rotation. More often, individuals with Made
lung deformity present late with marked deformity. There
is an increased tilt of the radial articular surface from the
dorsal radial corner of the styloid to the volar, ulnar aspect

space. If this is present, simultaneous external rotation oste
otomy of the limb and ulnar anlage excision should be per

formed. This is clearly the case with patients with bilateral
deformity who are unable to reach their mouths preoperatively.
Repair of digital and thumb deficiencies is indicated (Fig.

22-15). Syndactyly is common and should be corrected in
infancy. Thumb hypoplasia or absence should also be re
paired in infancy. Broudy and Smith (195) described a mod
ified pollicization procedure for the malpositioned thumb
in the plane of motion of the other fingers. Tendon transfers
for intrinsic and extrinsic muscle deficiencies of the thumb

and fingers are indicated if there are sufficient adequate
donors available.

of the depleted lunate fossa. The ulnar variance is more

positive, with carpal overlap and dorsal subluxation. The
carpus migrates more proximal into the increasing diastasis
between the radius and the ulna on anteroposterior radio

graphs. These patients have more pain and limitation of
motion, especially forearm rotation and wrist extension.
Pathoanatomy. The skeletal features are well described. As
mentioned previously, the arrest of the volar, radial aspect

of the distal radial physis causes subsequent deformity of
the radiocarpal, radioulnar, and ulnocarpal joints. Vickers
and Nielsen (204), Linscheid (205), and Ezaki (201) have

described abnormal tethering of soft tissues from the distal

radius to the carpus and ulna. These have included aberrant
ligaments (203,204) and pronator quadratus muscle inser

tions (205). It is unclear whether these structures are respon

Madelung Deformity

sible for the growth deformity of the radius. Vickers and
Nielsen's successful treatment of Madelung deformity by

Madelung (200), in 1878, described a growth deformity of

excision of the volar tethering soft tissues and prophylactic

the distal radius. For reasons that are still unknown, the

physiolysis of the volar radial physis indicates that there may

volar, ulnar aspect of the distal radial physis slows or stops

be a causal relationship.

growth prematurely. The continued normal growth of both
the ulnar physis and the remaining dorsal, radial aspect of

Treatment. The early descriptions of the treatment of Ma

the radial physis results in ulnar overgrowth, carpal subluxa-

delung deformity advocated treatment only for symptom-

Wrist Region
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FIGURE 22-16. A: MRI scan of
severe
Madelung
deformity.

Note that the lunate fossa is
markedly deficient and oriented
ulnarly. B: Preoperative radio
graph of a patient with Madelung deformity and debilitating
ulnocarpal and radioulnar pain.
There is nearly complete defi
ciency of the lunate fossa and
subluxation of the carpus ul
narly, volarly, and proximally.
The ulnar has a positive variance.
C: Postoperative radiograph of a
radiodorsal closing-wedge oste
otomy of the radius and ulnar
Z-shortening osteotomy in this
patient. This procedure restored
radial articular alignment, cor
rected the ulnocarpal impaction,
and reduced the distal radioul
nar joint.

atic patients at skeletal maturity (206). Originally, the mere
presence of the deformity was not an indication for opera
tive intervention in the asymptomatic patient, regardless of
age. However, the growth discrepancy is easier to treat if it
is dealt with early. Young patients become symptomatic and

the patient presenting early is to perform ulnar and radial
epiphysiodesis to prevent progressive deformity and symp
toms. In the patient with bilateral disease, this treatment
does not cause upper limb-length discrepancy.
The patient presenting late with marked deformity and

restricted with increasing growth deformity. Vickers and

symptoms is more problematic. The radial deformity can

The treatment principle is similar to that of Blount disease,

omy or volar opening-wedge radial osteotomy and bone

Nielsen advocated early intervention with physiolysis (204).

with resection of the abnormal volar, ulnar physeal region
of the radius and fat interposition. At the same time, any

aberrant tethering anatomic structures are excised. Their
case series indicates restoration of radial growth and preven
tion of progressive deformity. An alternative treatment for

be addressed by either dorsal, radial closing-wedge osteot

grafting. The ulnar overgrowth is treated with an ulnarshortening procedure (Fig. 22-17). Alternative methods of
ulnar-shortening include resection of the distal ulna and a

Sauve-Kapandji procedure. However, there may already be
significant deterioration of the articular cartilage, wrist liga-
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FIGURE 22-17. A: Cleft hand with ab
sent middle ray. B: Incomplete syndactyly of the first web space in the same
patient. Closure of the cleft must in
clude deepening of the first web space
to maintain maximum hand function.

merits, or triangular fibrocartilage that results in continued
pain and limitation of motion postoperatively.

HAND REGION

Congenital

Cleft Hand and Symbrachydactyly

Central defects of the hand have been described in the past
as typical or atypical. Since 1992, the International Federa
tion of Societies of Surgery of the Hand has classified typical
cleft hands as cleft hands and atypical cleft hands as part
of symbrachydactyly. Cleft hands represent a partial or com
plete longitudinal deficiency in the central portion of the
hand. The elbow, forearm, and wrist are usually normal.
There are often ulnar and radial-sided syndactylies and digi
tal hypoplasia. Cleft hands often occur in conjunction with
cleft feet. In that situation, there is an autosomal dominant
inheritance pattern. However, the penetrance is variable,
with nearly one-third of the known carriers of the gene
having no malformations (207,208). In addition, the phe-

notypic expression in affected individuals is variable. Cleft
hands are also associated with other syndromes and malfor
mations, such as cleft lip/palate (ectrodactyly, ectodermal
dysplasia, cleft syndrome), other craniofacial syndromes,
Cornelia de Lange syndrome, congenital heart disease, ocu

lar malformations, and imperforate anus (208,209). The

incidence is estimated at between 1 per 90,000 and 1 per
100,000 live births (153,210,211). Various classification
schemes have been used. Most are based on the deficiencies

centrally (212,213). Manske and Halikis proposed a classifi
cation system of cleft hands based on the thumb and first
web space (214). This scheme aids the surgeon in surgical
reconstruction decisions and thus may be the most useful
classification.

Symbrachydactyly is defined by unilateral central digital
deficiencies and simple syndactylies. It is a sporadic event
without genetic inheritance. There are no associated anoma

lies. The feet are normal. It is a unilateral process, often

with multiple absent digital rays. There are often finger

nubbins present, which is a situation not seen with cleft
hands. Symbrachydactyly is a transverse deficiency that may
or may not be a separate entity from transverse absence of
digits (208). These entities are distinct from the amputa
tions associated with constriction band syndrome. Symbra

chydactyly should be viewed as a clinical entity distinct from
cleft hand, with a very different treatment plan.
Treatment.

Cleft Hands. As Flatt (1) poignantly stated, "The cleft hand
is a functional triumph and a social disaster." The wide
central cleft allows for outstanding grasp, release, and pinch
functions. Sensibility is normal. The cleft hand, therefore,
functions usually without limits.

Treatment of the cleft hand centers on closure of the
cleft. However, surgical closure of the cleft must be accom

panied by appropriate treatment of die first web space and
thumb to avoid limiting the patient. The skin flaps designed
for cleft closure, however, must take into account the status
of the first web space (Fig. 22-17). If the first web space is
normal or mildly narrowed (Manske types I and IIA), simple

Hand Region

cleft closure, such as with a Barsky flap (215), can be petformed. If necessary, a simultaneous but separate Z-plasty
widening of the first web space can be performed (Manske
types IIA and IIB). If the first web space has a marked

syndactyly (Manske type III), the flap designs use the redun
dant skin of the cleft closure to create a first web space. The

adduction contracture of the thumb is released, and the
index ray is transposed ulnarly at the same time. The SnowLittler, Miura, and Ueba flaps (216-219) all involve trans

position of the cleft skin to the first web space, with simul

taneous transposition of the index ray ulnarly. If there is a

transverse bone across the cleft, this needs to be removed
to prevent progressive deformity. Often there is a conjoined

flexor and extensor across the base of the cleft which needs
to be released. Sometimes carpal closing-wedge osteotomy

is necessary to close the cleft. In addition, the stability of
the index- and ring-finger MCP joints needs to be main
tained or restored. Associated fourth web space syndactylies
are separated with Z-plasties and skin gtafts. There may

be associated camptodactyly or clinodactyly of the adjacent

digits requiring corrective splinting or surgery.

Symbrachydactyly. The treatment of symbrachydactyly in

the United States is probably the most individualized of
that of any of the congenital malformations. The range of

options include (i) leaving the child alone; (ii) nonvascu-

larized transfers to the soft tissue nubbins of the phalanges
(219,220); (iii) microvascular toe transfer(s) (221-225); (iv)
web space deepening; (v) digital distraction lengthening or
bone grafting (226); and (vi) prosthetic use. In addition,
families and patients are very interested in the possibilities
of transplantation and laboratory cellular growth of digits.
There is no correct answer at present. The choice is greatly
influenced by the family's desires and the surgeon's experi
ence and biases. There are few peer-reviewed published
studies regarding functional and cosmetic outcomes to more
objectively guide the decision. However, there are clear prin
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tissues are left attached to the middle phalanx. With transfer

to the hand, the proximal soft tissues of the toe phalanx are
sutured to the corresponding soft tissues of the recipient
site. The best results for phalangeal survival and growth are
realized when this procedure is performed before 1 year of
age. The quality of the soft tissue pocket clearly affects the
outcome. Multiple phalangeal transfers can be performed

simultaneously. In the presence of a normal thumb and

first web, digital lengthening can be performed. In addi

tion, digital lengthening has been performed successfully

after nonvascularized toe phalangeal transfer (226). Finally,
prosthetic use has been tried. The major problems with
prostheses are that children function as well or better with
out them because the prostheses are insensate. In the adoles
cent and adult a cosmetic prosthesis may be used for social
reasons (228). It should be noted that the finest cosmetic

prostheses are very expensive.

If there is a deficient first web space, deepening of the
web with release of the adduction contracture is appropriate.

At times, this may require resection or transfer of the index
metacarpal (Fig. 22-17) to achieve a useful web for pinch
and grasp functions. If there is absence of the thumb digital
transposition or microvascular transfer is indicated.

Microvascular toe transfer should be performed only
with a child older than 2 years of age; a well-informed fam
ily; the presence of proximal nerves, vessels, tendons, and
muscles to create a viable and functional transfer; the pres
ence of carpal or metacarpal support for the transfer; and
an experienced surgical team (208). Unfortunately, even

though this procedure is being performed more commonly,
objective data regarding functional, cosmetic, and psychol
ogic outcomes are still minimal in children.

ciples to help guide all parties to the best choice for them.
The primary goal is to improve pinch. In the presence

of a normal thumb and web space, all of the choices listed
above will work. In this situation, treatment options focus
on the quality of the other digital rays. If the soft tissue
pockets of the digits are adequate, nonvascularized transfer
of the proximal phalanx of the toes is a very good choice.
Although it will not provide normal digital length, it will
provide stability for lateral pinch. This must be performed
before 18 months of age and include the periosteum and

collateral ligaments (219,227). The proximal phalanx is har
vested through an extensor tendon-splitting dorsal ap

proach. The proximal phalanx is harvested extraperiosteally,
while protecting the neighboring tendons and neurovascular
structures. At the metatarsophalangeal joint, the collateral

ligaments, dorsal capsule, and volar plate are detached proximally from the metatarsal, while leaving intact their distal

attachments to the phalanx. At the PIP joint, those soft

FIGURE 22-18. An amnionic band causing digital ischemia in a
neonate in the newborn nursery. Although rare, this condition
requires immediate removal of the band to prevent further soft

tissue digital loss.
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Constriction Band Syndrome

Constriction band syndrome, amnionic band syndrome, or

amnion disruption sequence is the result of disruption of
the inner placental wall, the amnion. This early amnionic
rupture often results in oligohydramnios and amnionic
bands. The fibrous bands from the amnionic wall wrap
around the digits, causing constricting digital bands, ampu
tations, and syndactylies (229-231). This syndrome is a
mechanical deformation rather than a malformation, as

originally proposed by Streeter (232).
There is no inheritance pattern. This syndrome occurs

in 1 of 15,000 live births (233). It is associated with other

musculoskeletal deformations in 50% of cases, the most
common being clubfeet. There may be devastating cleft lip
and facial deformations as a result of deforming amnionic
bands. There are no associated major organ system malfor
mations.

In the hand, the ring finger is most frequently affected.

This may be because in a clenched fist, the ring finger is
the longest. The band may merely cause an indentation.
However, if it is circumferential, the constriction ring may
lead to distal edema or cyanosis (Fig. 22-18). Intrauterine

amputations are the result of vascular insufficiency caused
by the tourniquet-like bands. At times, this can be noted
at birth with a necrotic or severely compromised phalanx
distal to a constricting band. Syndactyly occurs when the
bands attach adjacent digits (Fig. 22-19). There often are
skin clefts proximal to the syndactyly, indicating the embry
onic formation of a web space before the amnionic rupture

and subsequent deformation. The extremity proximal to the
band is normal. The development of the underlying ten

dons, nerves, vessels, and muscles is also normal.
Clinical Treatment. Impending tissue necrosis is an indi
cation for emergent removal of the band to relieve vascular
compromise. This is a rare situation, usually seen only in

the neonatal period. Removal of neonatal constricting bands
that are causing vascular compromise generally can be per
formed outside the operating room. The band will literally
unravel or debride like an eschar. Improved venous drainage
is almost immediate.

Multiple minor band indentations without vascular com
promise or functional or cosmetic problems do not require
treatment. Constricting rings that cause distal deformity are

treated with excision of the constriction ring and staged Zplasty reconstruction |W13]. Complete excision of the ring

is necessary to recontour the digit or limb. The depth of
excision can extend to the periosteum. Such digits usually
have chronic impaired venous outflow with marked distal
swelling. In these situations, it is imperative to preserve

distal venous drainage and the deep neurovascular struc
tures. Careful dissection of the veins, arteries, and nerves

is performed on both sides of the deep constricting band.
These structures are then delicately freed from the band
to preserve their longitudinal integrity. It is recommended
that complete circumferential excision not be performed
in one procedure. Rather, excision up to 270 degrees at
one time may be safest for preservation of vascular inflow
and outflow. Z-plasties are performed after ring excision
to prevent recurrence.

Syndactyly release with Z-plasties and skin grafts follows
the basic principles outlined in the section on syndactyly.
The unique features with amnionic band syndrome are
acrosyndactyly secondary to constricting bands and the
presence of epithelialized incomplete web space proximal
to the syndactyly.

In the rare situation of constricting bands causing pro

gressive deformity in digits of unequal length, early digital
separation is necessary. More often, the acrosyndactyly sepa
ration can be performed after 6 months of life. There is
usually limited skin for coverage, and creative flap design
is needed to cover all the web spaces. Abundant skin graft is

FIGURE 22-19. Bilateral amnionic band syndrome with
deep constriction rings on the left hand and partial
acrosyndactyly and amputations on the right hand.
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necessary. Distal release of complex syndactylies may require
excision of osseous or cartilaginous synostoses. The em-

bryologic remnant of the web is usually too distal and small
to serve as an acceptable web reconstruction. Excision of

that epithelial tract is usually performed. If that primitive
web is used, it often needs to be deepened secondarily.
The most severe cases involve absence or deficiency of
the thumb. The reconstruction can include metacarpal or
phalangeal transposition from the index finger (234,235),
nonvascularized toe phalangeal transfer, or vascularized toe
transfer. It is imperative to reconstruct the thumb for pinch
and proper grasp and release functions in these patients.
Because the underlying tissues are normal, as is the cen
tral nervous system, these patients have outstanding hand

function after reconstruction. There are clear cosmetic dif
ferences, but minimal functional differences between them
and their peers.
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distally and proceeds proximally. Normally, the third web
space is the most distal web, followed by the second, fourth,
and first web spaces. The normal commissure of the web
extends over 30 to 35% of the length of the proximal pha
lanx (236). The bones, joints, tendons, and neurovascular
structures separate before the skin. If separation fails to
occur or ends prematurely syndactyly results. If it extends

over the entire length of the phalanges then it is complete.
Complete syndactyly is when the web is more distal than
normal (Fig. 22-20); complex syndactyly is when there is
osseous connection between the digits; and simple syndac

tyly is when the digits are joined by skin only (236). Acrosyndactyly involves webbing of the tips of all the digits.
Syndactyly secondary to amnionic band syndrome is not
a malformation, but an in utero disruption, and will be
considered separately. Syndactyly can also be a part of other
major developmental problems in the hand that affect hand

function, such as brachydactyly, camptodactyly, clinodac-

tyly, symphalangism, and polydactyly. These are the most
complicated syndactylies in terms of surgical decisions and

Syndactyly

Syndactyly is one of the most common congenital differ
ences. It occurs because of a failure of separation of the
digital rays in utero. Normal differentiation of digits occurs
during the fifth to eighth weeks of gestation. Failure of
normal programmed cell death results in syn (together) dactylos (digits). The incidence is between 1 per 2,000 and 1
per 2,500 live births (1). It can occur in isolation or as
part of a syndromic condition. It is often an inheritable
condition, whether in isolation or as part of a syndrome. It
is bilateral and symmetric in up to 50% of patients. It is
more common in boys than in girls.

Syndactyly is classified by the extent of, and the tissues
involved in, the webbing. Digital separation in utero starts

care.

Clinical and Radiographic Features. Syndactyly most
often affects the third web space of the hand. It is sequen
tially less common in the fourth, second, and, finally, first
web space (1). It may be associated with syndactyly of the
toes. In isolated syndactyly, often one of the parents will

have an incomplete syndactyly of the fingers and/or toes.
As mentioned above, there are many chromosomal, cranio-

facial syndromic, and generalized syndromic conditions as

sociated with syndactyly. These all need to be evaluated

before treatment of the syndactyly. The most important
aspect of the hand evaluation for syndactyly is determina
tion of the quality of the affected digits. In simple syndac-

FIGURE 22-20. A and B: A 1-year-old child with complete simple third web space syndactyly. In
this patient, the distal eponychial folds and nail plates are already separate. The underlying joints,
tendons, nerves, and blood vessels should be separate and normal.
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tyly, these digits are usually normal except for their skin
union. In more complex situations, the digits may have
malalignment, limited motion, and limited strength after
surgical separation. Plain radiographs will reveal osseous
union and marked joint and bony malalignment. However,

in infancy, the areas of chondral abnormalities in the joints,
physes, and between digits exhibiting syndactyly will not
be visible on plain radiographs. MRI and arteriography are
used only in very complex situations to define digital anat
omy preoperatively.

Treatment. Patients with incomplete syndactyly may
choose not to undergo surgical separation. If the syndactyly
does not extend beyond the PIP joint this will not limit
function. However, it may affect wedding ring wear in the
third web space, and for this reason, some patients request
separation.

Most parents and children with complete syndactyly de

sire separation of the digits for functional and cosmetic rea

sons. There are rare situations in which a family declines
surgery for complete syndactyly. Because of the discrepancy
in the lengths of the adjacent digits, this usually results in
some degree of bony malalignment and joint contracture.

This is most marked in the border digit syndactylies (first
and fourth web spaces), and least marked in the third web
space. Leaving the digits joined also precludes independent
function of the affected digits. There are also syndromic
and chromosomal situations in which the overall health or

mental capacity of the patient does not warrant the risks of
surgical separation. Finally, there are situations of complex

syndactyly in which the affected digits are too hypoplastic,
malaligned, or stiff to warrant separation. Otherwise, the
standard treatment is surgical separation of the affected dig
its |W1.4].

Unfortunately, separation is not as simple as parents

wish, i.e., the simple division of the conjoined skin. The
uncovered soft tissues result in linear scars with long-term
joint contractures, digital malalignment, and loss of motion
and function (198,238). Standard treatment now consists

of (i) local rotation flap coverage for the commissure; (ii)
zig-zag incisions, avoiding the interdigital creases to prevent

scar contractures; and (iii) full-thickness skin grafts to cover
all areas of the digits not covered by local flaps (Fig. 22-

21). In addition, special attention is given to the eponychial
reconstruction with either local flaps or composite grafting
(239).

Surgery is generally performed in infancy, when anesthe
sia and surgical handling of the tissues are safe. There is
some controversy regarding the best age for surgery (1,240),
but in most institutions it is performed at around 12 months
of age (241). After 6 months of age, the anesthesia risk
is equivalent throughout childhood. With magnification,
surgery can be performed safely and skillfully during in

fancy. The only controversy concerns surgical healing and
scarring. Neonatal releases result in more scarring. There is
some evidence that surgical release performed at around 18
months of age may result in less scarring and recurrent web
contractures than release during infancy (242). However,

this is a very difficult developmental age fot elective surgical
intervention.

FIGURE 22-21. A: Intraoperative photograph of a 1-year-old child with complete syndactyly
treated with dorsal rotation flap coverage and Z-plasties, as outlined. Note the skin marks on the
lateral borders of the ring and long fingers to outline the apex and base of each Z-plasty. This

allows for precision placement of corresponding volar and dorsal Z-plasties. B: Intraoperative
photograph after dorsal-to-volar rotation flap coverage for web space, Z-plasties, and full-thick
ness skin grafting.
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surgery is not performed on both sides of a single digit in
multiple syndactylies.
Complex syndactylies are more likely to have abnormal
underlying joints, bones, neurovascular structures, muscles,

or tendons. The separation of skin follows the same princi

ples as in complete syndactyly. With significant digital malalignment, skin incisions may need to be modified to maxi
mize coverage. After separation of the skin, all abnormal
connections of fascia, tendons, bones, joints, nerves, and
arteries need to be addressed individually. Phalangeal defor
mity may require osteotomy. Joint instability may require
ligamentous reconstruction. Joint stiffness, camptodactyly,
or symphalangism may need to be dealt with subsequently.
Neural, vascular, and nail problems are managed in a man
ner similar to that described for complete syndactyly. Ten

don reconstruction is performed primarily if possible.
Brachydactyly is usually addressed subsequently, if at all.
Acrosyndactyly separation begins early in life, especially
if it is bilateral. Adjacent webs are not separated simultane
ously. Generally, the first and third webs are separated to
gether, as are the second and fourth webs. Abundant full-

thickness skin graft is usually required. Sufficient time be
FIGURE 22-22.

Radiograph of complex syndactyly of the fourth

web space with progressive deformity of the ring finger. This
should be released early in infancy to prevent progressive defor
mity. The abnormal middle phalanx of the ring finger may still
require corrective osteotomy.

tween procedures (3 to 6 months) lessens worries about flap
necrosis and scar contracture. In syndromic conditions, such
as Apert syndrome, the acrosyndactyly is more complex and
the end result is never normal.

Complications. Fortunately, the most worrisome compli
cation, an avascular digit, is almost never encountered and
Complete separation of the digits in the neonatal period
has had a higher rate of complications. Border digits of
unequal length need to be separated earlier to lessen angular

and rotatoiy deformity in the longer digit (Fig. 22-22).
In incomplete syndactyly that is proximal to the PIP
joint, surgery usually involves the use of local flaps such as
double-opposing Z-plasties and "stickman" flaps. Separa
tion may not be to normal depth, but patients often prefer

avoiding skin grafting. If the incomplete syndactyly extends
to the middle phalangeal region, full-thickness skin grafting
is necessary.

In simple, complete syndactyly, surgery involves the use
of a dorsal rotation flap into the web, Z-plasty flaps the
length of the digits, and full-thickness skin grafts to cover
the defects. The fascial connections between the digits ex

should be avoidable. Adhering to the axiom of never operat
ing on both sides of a digit during the same procedure

prevents this devastating complication. Careful dissection
of the digital vessels in complex situations lessens the risk
of avascularity at the initial or subsequent operations. Preop-

erative vascular studies in complicated situations prepare
the surgeon, and allow the surgeon to avoid intraoperative
surprises and dangers. Flap necrosis and scar contracture
are more common. The flaps should be secured without
tension, and their vascularity should be checked with defla
tion of the tourniquet at the completion of the procedure.
If in doubt, lessen the tension and use skin graft. Skin graft
failure is usually caused by inadequate immobilization and
excessive shear forces applied to the grafts. Secure immobili
zation with the compressive dressing, long-arm cast, and

tending from Grayson's and Cleland's ligaments need to be

sling and swathe bandages, is necessary to protect the grafts.

separated. Any synostosis or synchondrosis union of the
distal phalanges needs to be divided. Conjoined nails are

that require reoperation. Nail deformity and poor eponych

divided, and the exposed eponychial and paronychial re

ial coverage are common when there is an initial conjoined

Infection is rare but will result in marked scar contractures

gions are reconstructed with local flaps or composite grafts.

nail. The use of composite grafts seems to lessen the inci

If the common digital nerve extends beyond the desired web

dence of these complications. Web space creep is common

deepening, epineural separation is performed proximally. If

with growth, but often does not require reoperation unless

the common digital artery bifurcates distally, ligation of one

digital contractures develop. Use of local rotation flaps and

of the proper digital arteries may be necessary to attain the

skin grafts will resolve this problem. Finally, angular defor

desired separation. This is one of the major reasons why

mity may require osteotomy or joint reconstruction.
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Polydactyly

Polydactyly is a common congenital malformation. It can

occur on the radial (preaxial), central, or ulnar (postaxial)
portion of the hand. Preaxial or thumb polydactyly usually

occurs in isolation and will be addressed in the thumb sec
tion of this chapter. Central polydactyly is very rare, is usu
ally associated with syndactyly, and the underlying digits are
rarely normal. It can be inherited in an autosomal dominant
manner. It affects girls more than boys, and it is often bilat-

FIGURE 22-23. A: Complete postaxial polydactyly with
phalangeal duplication with a conjoined metacarpal. B: Ra
diograph of the same patient. Reconstruction will consist
of excision of the duplicate phalanges, contouring of the
bifid metacarpal head, and transfer of the metacarpophalangeal joint ulnar collateral ligament and the hypothenar

musculature to the reconstructed fifth digit. C: Simple poly
dactyly with only soft tissue attachment. This can be excised
in the newborn nursery under local anesthesia. Be careful
of suture ligature because the entire stalk needs to be ex
cised to avoid leaving a residual nubbin.
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eral. Postaxial or small-finger polydactyly has a variable ra
cial incidence, with the occurrence in blacks estimated to
be as high as 1 per 300 live births, and that in whites esti
mated to be 1 per 3,000 live births (243-245). It is often
bilateral. Polydactyly has been classified by Stelling (246)
and Turek (247) into three types. Type I involves soft tissue
alone and is very common in the black population. Type
II involves phalangeal duplication articulating with a single
or bifid metacarpal head. Type III involves a complete ulnar

ray duplication, including the metacarpal. There is also a
universal classification of polydactyly proposed by BuckGramcko and Behrens (248) that denotes the digit involved

by roman numeral (I to V), the extent of bifurcation by
abbreviation (DIST [distal], DIP [distal interphalangeal],
Mid [middle], PIP [proximal interphalangeal], PROX
[proximal], MCp [metacarpophalangeal], MET [metacar
pal], CMc [carpometacarpal], C [carpal], and IC [intercarpal]), and RUD [rudimentary polydactyly]). The major
issue for the surgeon is not the classification of the polydac
tyly, but whether excision alone, or reconstruction, is war

ranted. Only postaxial soft tissue polydactyly (type I, or
rudimentary) can be treated by excision alone. All other
forms require reconstruction. Central polydactyly is usually
an isolated malformation. Postaxial polydactyly in blacks is
almost always an isolated malformation. Postaxial polydac
tyly in whites without a positive family history may be asso
ciated with chromosomal abnormalities, other syndromes,

or other malformations.

Treatment. Soft tissue polydactyly on the ulnar side can

FIGURE 22-24. An adolescent patient with marked camptodactyly of the small, ring, and long fingers. There are proximal inter
phalangeal joint flexion contractures in each digit, and the pa
tient is actively hyperextending the metacarpophalangeal joints

to compensate for those contractures.

be treated with excision during the newborn period (Fig.

22-23). Unfortunately, too often this has been performed
with a suture ligature in inexperienced hands. The result is
a persistent nubbin caused by incomplete excision of the

type III malformations is usually cosmetically and function

cause necrosis of the entire digit. Otherwise, it may be best

Treatment of central synpolydactyly is much more com
plex (249,250). The major decision is whether indepen

base of the digit. If a suture ligature is used, it needs to
to perform an elliptical excision under local anesthesia. Care
is taken to ligate the digital vessels with this excision. Other
than failure to completely excise the digit, complications
are rare, and the hand is normal afterward. The parents

should be aware of the future genetic implications for them

and their children.

More complex postaxial polydactylies require excision
and reconstruction in the operating room (Fig. 22-23). Be
sides excising the redundant parts, transfer of the hypothenar muscles (abductor digiti quinti, flexor digiti quinti)
from the sixth to the fifth digit is necessary. In type II

polydactyly, the MCP joint collateral ligaments are also

transferred to the reconstructed fifth digit. If the metacarpal
head is enlarged or bifid, intraarticular osteotomy is appro
priate. With this procedure, the origins of the collateral
ligament and the metacarpal physis need to be preserved.
In type III polydactyly, the entire ray is resected, and the
basilar joint is stabilized. The outcome in both type II and

ally normal.

dently functioning digits are feasible. The choices are to
leave the digits conjoined to attempt reconstruction to a
five-digit hand, or to perform ray resections of part or all
of the synpolydactyly. Often the involved digits have bone
and joint malalignment, hypoplasia, and poor motor, nerve,
and vascular supplies. The reconstructed digit is usually

smaller, stiffer, weaker, and malaligned. The family needs
to be well aware of this from birth, so that their expectations
are realistic as far as surgical reconstruction and digital func
tion are concerned. Treatment decisions in this condition
are often personal, based on the family's desires and the
surgeon's biases.

Camptodactyly

Camptodactyly translates from Greek to mean "bent fin
ger." It involves a flexion deformity of the PIP joint, most
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commonly in the small finger. It may present in infancy or
in adolescence. It may involve a single digit or multiple
digits (Fig. 22-24).

Camptodactyly may be associated with multiple systemic
malformations. Its incidence is unknown but has been cited
at less than 1% of the general population (251,252). Most

cases appear in infancy, and there is equal gender distribu
tion (253). Less commonly, it may first appear in adoles
cence, usually in girls (254). Some cases are familial with an
autosomal dominant inheritance with variable penetrance

patterns. Most cases are isolated, without a positive family
history. Up to two-thirds of the patients have bilateral smallfinger involvement.

There is debate about the cause. In simple terms, there

is an anatomic imbalance between the flexor and extensor

mechanisms (253). This may be secondary to an abnormal

insertion of the lumbricals, flexor digitorum superficialis,
or retinacular ligaments (255-260). The volar skin is usu
ally tight. With growth, these anatomic abnormalities cause
PIP joint contracture and phalangeal bony abnormalities.

The distal proximal phalanx becomes narrowed volarly and
flattened dorsally, with loss of the normal contour of the
head. The articular surface can become incongruous, with
notching of the base of the middle phalanx (261). Initially,
the patient can compensate for the PIP joint flexion con
tracture by MCP and distal interphalangeal joint hyperex-

tension (Fig. 22-25). This keeps the digital pulp of the af
fected fingers in line with the other digital rays. Thus, the
mild contracture in the older child may not need treatment.
However, as the contracture progresses beyond 30 degrees

FIGURE 22-25. Radiograph of a thumb with type 1MB hypoplasia

without a carpometacarpal joint and proximal thumb metacarpal. This is usually treated with pollicization. Less often, treatment

is by reconstruction, potentially including a microvascular toe
metatarsophalangeal transfer to form a thumb carpometacarpal

joint. Note the radial dysplasia in this patient.

and toward 90 degrees, it becomes more difficult for the
patient to compensate. Camptodactyly is usually progressive
with growth.

Treatment. Treatment should attempt to restore normal
flexor-extensor balance. The options for treatment are
splinting and surgical reconstruction. Most authors recom
mend an initial treatment program of progressive extension
stretching and splinting with dynamic or progressive static

splints. Parents are instructed to perform frequent home
exercises for their infants; affected adolescents are similarly
instructed to perform a home program for themselves. The
goal is to achieve full passive extension. It is hoped that
active extension will follow. Many authors (254,262-264)

has its best results in patients in whom the finger is flexed
into the palm and obstructs use of the hand. The principle
of surgical intervention is to correct the abnormal anatomy.
This involves release of the aberrant lumbrical (251,
259,260) or flexor digitorum superficialis (256), and inser
tion in conjunction with volar Z-plasties and PIP joint re

lease (265). Local flaps or full-thickness skin grafts are often
necessary for volar skin coverage. Tendon transfer to the

cases. The best results are in the mild cases in young pa

extensor mechanism is performed when there is full passive
extension of the PIP joint, but no active extension (266).
The results of soft tissue reconstruction often merely change
the arc of motion rather than normalize it. Preoperatively,
patients have significant flexion contracture. Postoperatively, they generally have difficulty achieving full active and

tients. The patients are followed until the end of growth to

passive flexion.

report success with a splinting program in a majority of

treat recurrence.

There is significant debate regarding the indications for
surgery. McFarlane and colleagues strongly recommend sur

gical intervention to reconstruct the aberrant insertion of
the lumbrical (259,260). However, the published surgical
results are disappointing in terms of outcome (259,
260,263,265). Surgery is reserved for severe contractures
not amenable to splinting treatment. Specifically, surgery

There frequently are bony changes present at the PIP

joint that preclude restoration of normal motion or align
ment. In the presence of marked radiographic evidence of
bone and joint changes, Oldfield (267) and Flatt (1) have
stated that corrective extension osteotomy may be most ef
fective at improving alignment and function. This salvage
operation has limited published data to objectively evaluate
its results (251).

Hand: Thumb

In summary, with treatment of camptodactyly it is un
usual to achieve a perfectly aligned and mobile digit. The
parents and patients should be aware of this from the outset
of care. In addition, deformity can recur with growth and
persistent muscle imbalance.

Clinodactyly

Clinodactyly is abnormal angulation (greater than 10 de
grees) of the digit in the radioulnar plane. It is usually caused

by a misshapen middle phalanx. The middle phalanx is trap
ezoidal, with less height on the radial side. This results in
deviation at the distal interphalangeal joint. Clinodactyly is
most often seen in the small finger and is usually bilateral.
This form of clinodactyly has an autosomal dominant in
heritance (268-271). Clinodactyly is also frequently associ
ated with syndromes (Holt-Oram, Turner, Silver, and Cor
nelia de Lange syndromes) and chromosomal abnormalities
(trisomy 18 and 21), and should alert the primary neonatal
examiner to look for associated malformations or problems.
For example, clinodactyly of the thumb is seen in Rubinstein-Taybi syndrome (272,273) and diastrophic dwarfism

(274,275). In addition, it is common with other congenital
differences of the hand. Finally, mild clinodactyly is com
monplace in otherwise normal people. In these situations
the major issue is cosmesis. Function is affected only when
the deformity is severe enough to impinge on the adjacent

digit with flexion.

Treatment. Treatment is based on the degree of deformity.
Most cases are mild and nonprogressive and, therefore, do
not warrant surgical intervention. Progressive, severe clino

dactyly may interfere with flexion and grip. In these rare
situations the progressive deformity is secondary to altered
physeal growth. The middle phalangeal physis may be a

bracket delta phalanx. Treatment options are bracket resec

tion and surgical realignment. Physeal bar resection and fat

graft interposition have been reported by Vickers (276,277)
to restore longitudinal growth and provide correction. Sur
gical realignment can be in the form of opening-wedge,
closing-wedge, and reverse-wedge osteotomies. Osteotomy
should be delayed until there is sufficient ossification of the
middle phalanx to allow for precise cuts. Generally, this
is around school age. The complications of osteotomy are
persistent deformity and loss of interphalangeal motion.
Loss of motion in a patient whose indication for surgery
was cosmetic is unacceptable to most patients, their families,
and surgeons.

HAND: THUMB

Congenital differences of the thumb occur in all categories
of congenital hand anomalies described by the American
Society and the International Federation of Societies for
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Surgery of the Hand. Failure of formation occurs with
aplasia of the thumb, and this is often associated with other
radial-sided longitudinal deficiencies. Failure of separation
occurs with thumb-index syndactylies, which are common
with other syndactyly syndromes. Duplication is seen with
thumb polydactyly. Undergrowth, with thumb hypoplasia,
and overgrowth, with macrodactyly and triphalangeal
thumbs, occur. Finally, thumb abnormalities with constric
tion band syndrome and generalized musculoskeletal disor
ders are common. The list is exhaustive, and this section will
cover the more common congenital thumb malformations.

Trigger Thumbs/Digits
Trigger thumb represents an abnormality of the flexor pollicis longus and its tendon sheath at the Al pulley. There
is a palpable mass (Notta nodule), representing the flexor
pollicis longus constriction at the Al pulley. In the past,
trigger thumbs were defined as congenital. However, this
condition is acquired in the first 2 years of life, as indicated

by prospective screening of neonates who failed to yield any
trigger thumbs (278,279). The cause appears to be a size
mismatch between the flexor pollicis longus and the Al

pulley that leads to progressive constriction. Unlike adult
trigger digits, there does not appear to be an inflammatory
component (280); 30% of the cases are bilateral. Isolated
trigger thumbs have no associated syndromes. However,
trigger digits are seen with neurologic syndromes (trisomy
18) and mucopolysaccharidoses (281). There is no familial

inheritance pattern. Trigger thumb patients present at ages
ranging from infancy to school age. Often, the diagnosis is
missed until local trauma brings attention to the thumb.
In the emergency setting the flexed interphalangeal joint
can be mistaken for an interphalangeal joint dislocation.
Radiographs are misleading because of limited phalangeal
ossification. A palpable nodule at the Al pulley is diagnostic.
If the trigger is long-standing, compensatory hyperextension
of the MCP joint develops to effectively bring the thumb
out of the palm. In addition, there may develop mild radial
deviation of the interphalangeal join: secondary to eccentric

flexor pull.

Treatment

In infants younger than 9 months of age, Dinham and Meggit (282) found that 30% of trigger thumbs may resolve
spontaneously. In infants older than 1 year of age, less than
10% of trigger thumbs resolved spontaneously. Ger et al.
(283) found lack of resolution with observation for 3 years

in their patients. There is limited evidence that splinting
will be of benefit (284), and often it is not well tolerated.
Surgical release of the constricting Al pulley and flexor ten
don sheath is the treatment of choice |>1.5]. This is indi
cated in infants without spontaneous resolution by 1 year
of age, and in any toddler or older child presenting with
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a locked trigger thumb. Incision is made transversely in

(288) classification for thumb hypoplasia. This classification

the digital crease to lessen scarring. Care must be taken to

system is useful for treatment considerations. There are five

avoid iatrogenic injury to the superficial digital neurovas-

types of thumb hypoplasia in the Buck-Gramcko modifica

cular bundles. The oblique pulley needs to be preserved

tion of the Blauth classification (Table 22-3). A type I

to prevent flexor tendon bowstringing. Recurrence is ex

thumb is essentially a normal thumb, except for diminished

traordinarily rare, if at all.

size. A type II thumb is even smaller and narrower, with a

Trigger digits are more often multiple, and can be associ

contracted first web space and thenar atrophy. Type III

ated with central nervous system disorders and syndromes

thumbs have marked atrophy or absence of both the intrin

(trisomy 18, mucopolysaccharidoses). The pathology ap

sic and extrinsic musculature. The thumb is globally un

pears to predominate at the decussation of the flexor ten

stable and underdeveloped. Manske et al. (287) further sub

dons under the A2 pulley, and not at the Al pulley alone.

divided type III thumbs into A and B categories. Type IIIA

The triggering appears to occur as the flexor digitorum pro-

thumbs

fundus passes through the chiasm of the flexor digitorum

whereas type IIIB thumbs have absence of the proximal

have

a stable carpometacarpal

(CMC)

joint,

superficialis. Surgical recurrence is high in pediatric trigger

metacarpal and trapezium. Type IIIB thumbs have no basi-

digits. This may be because Al pulley release alone is not

lar joint stability (Fig. 22-24). Type IV thumbs are the

sufficient to solve the problem. Further opening of the chi

classic pouceflottant or "floating thumbs." A type V thumb

asm or resection of a slip of the flexor digitorum superficialis

demonstrates complete aplasia of the thumb.

is often necessary to prevent recurrence (281).

The pathoanatomy is dependent on the severity of the
thumb hypoplasia. Universally, the thumb ray bones are
smaller and narrower. The interphalangeal joint is usually

Hypoplasia/Aplasia of the Thumb
Children with thumb hypoplasia or aplasia will have defi
cient prehension and grasp. Thumb hypoplasia or aplasia
can occur in isolation, or be associated with other radialsided deficiency syndromes (Holt-Oram and Fanconi syn

dromes). It is seen universally with radial dysplasia. It is
common with other congenital malformations (181,285),
including those of the cardiac, craniofacial, musculoskeletal,
renal, gastrointestinal, and hematopoietic systems. It may
involve hypoplasia of the metacarpals (Cornelia de Lange
syndrome, diastrophic dwarfism) or phalanges (RubinsteinTaybi and Apert syndromes). Neonatal examination of a
child with thumb deficiency should prompt a thorough
multiple-system examination for other malformations.

underdeveloped and stiff. The first web space is contracted

in all except the rare type I thumb. The MCP joint usually
has ulnar collateral ligament insufficiency, but may be glob
ally unstable. The thenar intrinsics are deficient, and may
be completely absent in the more severe forms of hypoplasia.
The thumb extrinsic musculature is progressively deficient
in the classification scheme. The major anatomic determin

ing factor for reconstruction is the status of the CMC joint.
Type IIIB and type IV thumbs have no basilar joints. Plain
radiographs are helpful in distinguishing the skeletal devel

opment, including the carpus and distal radius.
Treatment

The choice in the treatment of children with thumb hypo

In general terms, thumb hypoplasia includes a contracted

plasia is surgery or not. If left alone, these children will

first web space, unstable MCP joint, thenar weakness, and

adapt. They will use lateral pinch between the long and

interphalangeal joint stiffness or instability. Buck-Gramcko

index fingers. However, the deficiencies in pinch, grasp, and

(286) and Manske et al. (287) have modified the Blauth

fine motor activities will be significant. Surgical reconstruc-

TABLE 22-3.

MODIFIED BLAUTH CLASSIFICATION OF CONGENITAL THUMB

HYPOPLASIA
Findings

Type

I

Smaller thumb with hypoplasia of abductor pollicus brevis and opponens pollicus

II

Narrow first web space, laxity of the ulnar collateral ligament of the

III

Global thenar weakness and metacarpophalangeal joint collateral ligament

IIIA

As above, with present proximal metacarpal and carpometacarpal joint

IIIB

Absent proximal metacarpal, with deficient carpometacarpal joint

metacarpophalangeal joint, thernar muscle hypoplasia
instability, partial aplasia of the first metacarpal, extrinsic weakness

IV

Pouce flottant (floating thumb); no bony support

V

Thumb aplasia

Findings are additive with increasing severity.
(Adapted from refs. 286-288, with permission.)

Hand: Thumb

881

bility at the MCP joint is too severe, fusion can be per
formed. The physis of the proximal phalanx needs to be
preserved to maximize growth of the thumb ray. Chon-

drodesis of the metacarpal head to the epiphysis of the proxi
mal phalanx is desired.

Thumb hypoplasia with the absence of a basal joint (type
IIIB), pouceflottant (type IV), or aplasia of the thumb (type
V) are candidates for pollicization of the index finger. The
major area of controversy is still the type IIIB thumb. In
the absence of a CMC joint, the results of reconstruction

have been disappointing (289). It is a difficult decision for
the parents to accept pollicization in these children because
of the appearance of the thumb. However, reconstruction
without a CMC joint leads to continued lateral pinch of the
index and long fingers, rather than use of the reconstructed
thumb. CMC joint reconstruction, with microvascular
transfer of a toe metatarsophalangeal joint, rarely has been
performed in children with type IIIB thumbs (289). This
is an alternative to pollicization in these children. Surgery

FIGURE 22-26. Intraoperative photograph of a Huberopponensplasty with abductor digiti quinti transfer to the abductor pollicis
brevis. The snap identifies the proximal neurovascular pedicle to
the muscle that needs to be preserved for successful dynamic
transfer.

is performed later and is quite extensive. Pollicization in
volves the conversion of the triphalangeal index finger, with
out a basilar joint and a narrow web space, to a biphalangeal
thumb with a CMC joint and a deep first web space. The
removal of the index metacarpal and the use of the index
metacarpal epiphysis as the trapezium enable the surgeon
to properly position and cover the thumb. The technique

tion can improve function and cosmesis, and should be
advised.

Reconstruction of the hypoplastic thumb, therefore, in
cludes first web space deepening; opponensplasty, with
either the abductor digiti quinti or the ring-finger flexor
digitorum superficialis tendon; and MCP joint stabilization,
with either ligamentous reconstruction or arthrodesis.
Blauth types I to IIIA should be reconstructed according
to these principles (Fig. 22-26). The choice of first web
space deepening procedure includes two-part and four-part
Z-plasties or the use of dorsal rotation flaps from the index

finger, thumb, or hand. The degree of contracture deter
mines the amount of skin necessary to provide a normal
depth and breadth to the web for pinch and grasp activities.
The abductor digiti quinti transfer for opposition can be
used in the infant with a relatively stable MCP joint. Care
must be taken to protect the proximal neurovascular pedicle
to the abductor muscle, with dissection near the pisiform
(184). In older children or patients with marked instability
of the MCP joint, the ring-finger flexor digitorum superfi
cialis is used for opposition. The additional tendon length

can be used for ligamentous reconstruction. Besides the
flexor digitorum superficialis tendon, local fascia from the
adductor can be mobilized for ligamentous augmentation
at the MCP joint. If soft tissue procedures fail, or the insta

described by Buck-Gramcko is used most commonly
(178,179) (Fig. 22-27). In congenital absence of the thumb,
this is better than microvascular toe transfer. Thumb recon
struction or pollicization is generally performed between 6

and 18 months of age. The quality of the pollicized digit
is dependent on the quality of the original index finger, in
terms of tendon function and joint motion. Patients with
thumb aplasia and radial dysplasia generally do poorer, be
cause the involved index finger has deficient musculature
and camptodactyly. Manske and McCarroll performed sec
ondary opposition transfers in children with poor polliciza
tion (183). The best results are seen in children with aplasia
alone, and normal index fingers (Fig. 22-28).

Thumb Duplication
Preaxial Polydactyly

Thumb duplication may be a misnomer because it implies
that there are two normal thumbs, whereas in fact, both

thumbs are hypoplastic. In isolation, thumb duplication is
usually a sporadic occurrence. It may be associated with
genetic syndromes, such as acrocephalopolysyndactyly (Nocack and Carpenter types) and Holt-Oram or Robinow syn
dromes. If associated with a triphalangeal thumb, it can be
autosomal dominant. Preaxial polydactyly is a rare occur
rence, with an incidence estimated at 0.08 per 100,000 live
births. There are many different classification systems, in-
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DIP

PIP

MP

CM

B

FIGURE 22-27. Illustrations of the pollicization proce

dure as popularized by Buck-Gramcko. A: The skin inci
sions are outlined that provide first web space flap cov
erage as the pollex is positioned for opposition. B: The

triphalangeal index finger is converted to a bipha-

langeal thumb. The index metacarpal is excised, except
for the distal epiphysis. The changes in joints from the
index finger to the thumb, and the tendon transfers to
provide opposition and pinch function, are as follows:

extensor indicis proprius -> extensor pollicis longus; ex
tensor digitorum II -» abductor pollicis longus; interos-

seus palmaris I -> adductor pollicis; interosseus dorsalis
I -»abductor pollicis brevis. DIP, distal interphalangeal;
PIP, proximal interphalangeal; MP, metacarpophalangeal; IP, interphalangeal; CM, carpometacarpal; /
and //, number of finger.

FIGURE 22-28. A: A 1-year-old child

with thumb aplasia. The surgical inci

sions for index pollicization are out

lined. These flaps provide for deep
first web space. B: Postoperative
long-term
follow-up
photograph
after pollicization. Aesthetically, it is
important to set the first web space
at the proper depth.

Hand: Thumb

^

883

CD

BIFID DISTAL

DUPLICATED

BIFID

PHALANX

DISTAL
PHALAX

PROXIMAL
PHALANX

DUPLICATED
PROXIMAL
PHALANX

VII

CD

FIGURE 22-30. A 1-year-old patient with Wassel type II thumb
duplication. These distal phalanges and nail plates are nearly
equivalent. Unfortunately, the Bilhaut-Cloquet recombination
procedure has not been rewarding in this circumstance. Surgery
should consist of reconstruction of the best thumb.

BIFID

METACARPAL

DUPLICATED
METACARPAL

TRIPHALANGISM

FIGURE 22-29. Wassel classification of thumb duplications. Type
IV is the most common, with an incidence of 40%. Types II and
VII have an incidence of approximately 20% each.

normal anatomic elements of a thumb. Plain radiographs
will generally provide definitive information regarding skel
etal pathoanatomy. Careful surgical exploration will define
the soft tissue anatomy.

Treatment. Surgical reconstruction is the treatment of

choice to improve function and cosmesis. Unlike postaxial

eluding the universal (291), Marks and Bayne (292), and
Wassel (293) systems. Classification by the Wassel system
is dependent on the number of bifid or duplicated phalanges
or metacarpals, starting distally and progressing proximally
(Fig. 22-29). A bifid distal phalanx is Wassel type I. A dupli

cated distal phalanx is type II (Fig. 22-30), which constitutes
approximately 20% of all thumb duplications. A duplicated

distal phalanx with a bifid proximal phalanx is type III. A
thumb with duplicated proximal and distal phalanges is type
IV, which is the most common type (approximately 40%)
(Fig. 22-31). Duplicated proximal and distal phalanges with
a bifid metacarpal is type V. Duplication of all phalanges

and metacarpals is type VI. Any duplication with a triphalangeal thumb is type VII, which accounts for approxi

mately 20% of thumb duplications.
The pathoanatomy is dependent on the type of polydac-

tyly. The nails, bones, joints, ligaments, muscles, tendons,

nerves, and blood vessels are split among the two digits. In

addition, there can be hypoplasia or aplasia of any of the

polydactyly, ablation in the nursery is not recommended,
even for the simplest preaxial polydactyly. Too often, the

thenar musculature and collateral ligaments insert on the
radius-based digit and can be lost with simple excision
(294-296).

Treatment involves excision of the more hypoplastic

thumb and reconstruction of the more developed thumb

[*»1.6]. Generally, the radius-based digit is excised. The

soft tissue elements usually bifurcate at the level of the
skeletal split. Transfers of the shared or aberrant tendons,
nerves, and ligaments to the reconstructed thumb are nec
essary to maximize outcome.

The extensor pollicis longus tendon is usually bifid. The

flexor pollicis longus usually inserts on the ulnar thumb,
although it can be bifid or insert on the radial thumb. The
thenar musculature and the radial collateral ligament to the
MCP joint usually insert radially, especially in the common
type IV polydactyly (Fig. 22-31). They need to be trans

posed. The radial digital nerve may be present only in the
radial thumb, and should be transposed to the radial aspect
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FIGURE 22-31. A: An adolescent with the more common Wassel type IV thumb duplication. B:
Results at the conclusion of the surgical reconstruction. Surgery included excision of the radial
proximal and distal duplicated digits, transfer of the thenars and metacarpophalangeal joint

radial collateral ligament to the reconstructed thumb, and contouring of the skin by excision of
redundancy and Z-plasties.

of the reconstructed thumb. The bifid proximal phalanx or
metacarpal needs to be excised in type II or IV, respectively.
Primary phalangeal or metacarpal osteotomy is indicated
with axial malalignment. The more developed thumb often
has a larger nail and distal phalanx. However, some Wassel
type II malformations have almost equally sized distal pha
langes and nails (Fig. 22-30). Surgical recombination of the
distal phalanx and nail beds (Bilhaut-Cloquet procedure)
in types I and II malformations has been disappointing be
cause of poor nails, loss of joint motion, and physeal closure.
It still appears best to accept the more hypoplastic distal
phalanx than to consider recombination of the nail and
phalanx. Adduction contracture of the first web space

should be treated with Z-plasty to deepen the web space.
The need for additional surgery with growth may be as high
as 40%.

Angular deformity of the proximal and distal phalanges
into a zig-zag posture is the most common problem
(297-300). Reconstruction with osteotomy, tendon trans
fers, ligament reconstruction, or arthrodesis may be neces
sary to improve both function and cosmesis.
Triphalangeal Thumbs

Triphalangeal thumbs are usually inherited in an autosomal
dominant manner. This is true whether they are associated

with thumb polydactyly (301) or seen in isolation. The extra
phalanx is the middle phalanx. It may be wedge-shaped or
rectangular. The thumb maybe in a position of opposition,
or in the plane of motion of the other fingers. The latter
situation may indicate an index finger duplication with an
absent thumb. This concept is supported not only by the
clinical and radiographic appearance of the most radial digit,
but also by the dermatoglyphics (302). The triphalangeal
thumbs studied contained the radial loops normally seen in
the index finger and not in the thumb.

Triphalangeal thumbs can be associated with musculoskeletal malformations, such as cleft feet and preaxial poly
dactyly (303); congenital heart disease, including HoltOram syndrome (160); hematopoietic abnormalities, such
as Fanconi and Blackfan-Diamond syndromes (304,305);
and imperforate anus (306).

Classification and pathoanatomy are dependent on the
type of triphalangism. Type I involves a delta middle pha
lanx with radial deviation deformity (Fig. 22-32). Type II
involves a normal middle phalanx, but an opposable thumb.

Type III is an index-finger duplication with all digits in the
same plane. In types I and II triphalangism, the first web
space is normal. In the five-fingered hand (type III), there
is a contracted first web space that limits prehension. Simi
larly, usually the thenar musculature is normal in type I and

Traumatic Injuries
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FIGURE 22-32. A: Triphalangeal thumb with
a delta phalanx and a marked radial deviation
deformity. B: Postoperative photograph after
excision of the delta phalanx and rotation flap
reconstruction of the soft tissues.

type II triphalangeal thumbs, whereas it is absent in type

be hypoplastic and have associated extrinsic musculature

ries). The majority of fractures are nondisplaced, nonphyseal injuries. Physeal injuries, however, can account for up
to 40% of finger fractures (312,313), with a Salter-Harris
II fracture of the small finger proximal phalanx being the

Treatment

well regardless of treatment (314). Malunion and growth

Rarely, patients with triphalangeal thumbs prefer no: to
undergo surgical reconstruction. Patients with significant
cosmetic differences and limitation of pinch prefer recon
struction for both functional and cosmetic reasons. A malaligned and elongated triphalangeal thumb in the same
plane as the other digits is cosmetically different and func

of pediatric hand injuries that will do poorly if not recog
nized and treated appropriately. The purpose of this section

III triphalangism. In addition, the triphalangeal thumb may
weakness.

most common. The majority of pediatric hand fractures do

tionally limited for prehension activities.
Depending on the type of triphalangeal thumb, surgery
may involve web space deepening, excision of the extra pha

lanx (307), opposition transfer (308), or a modified pollici-

zation procedure (308-310). The delta phalanx is usually
excised to correct the length and angular deformity of the
type I triphalangeal thumb (Fig. 22-32). If this procedure

is performed in infancy, usually a stable interphalangeal
joint can be reconstructed. In older children, or in children

with abnormal phalanges and interphalangeal joints, a com
bination of shortening osteotomy and arthrodesis is pre
ferred. In these situations, physeal growth of a biphalangeal
digit should be preserved. In the five-fingered hand a modi
fied pollicization procedure is necessaiy to provide a deep
first web space and an opposable thumb.

disturbance are rare (312,315). However, there is a subset
is to review those fractures that are problematic.
Overview

The bones of the digits have only one secondary center of

ossification. These appear between birth and 3 to 4 years
of age. The epiphyses of the phalanges are proximal. The
epiphyses of the metacarpals are distal, except for the thumb,
in which the physis is proximal. Distally in the thumb, there

can be a second epiphysis or pseudoepiphysis. Ossification
of the phalangeal condyles is progressive with growth, but

in preschool children the condyles may be predominantly
cartilaginous. Radiographic evaluation of injuries in young
children may be difficult because of the chondral nature of
the epiphysis and the intraarticular portions of the condyles.
It is important to obtain true anteroposterior and lateral
radiographs of the injured digits. Digital MRI can be per

formed in the diagnostically confusing situation. Operative

exploration may also be appropriate in problematic situa
tions.

TRAUMATIC INJURIES

Fractures to the pediatric hand are commonplace, account
ing for approximately one-fourth of all childhood fractures

(311). The two peak ages for these fractures are adolescence
(from sport-related activities) and infancy (from crush inju

To protect the anatomic healing of a traumatized digit
in a young child, maximal protection is necessary. It is often
necessary to protect the preschool-age child with a longarm mitten cast. The older child often needs a short-arm

mitten cast. Single-finger splinting is difficult to maintain,
even in an adolescent. If the fracture is painful, or requires
immobilization to maintain reduction, casting of the entire
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dorsally through the nail bed, leaving some volar pulp intact.
The volar soft tissue attachments maintain the vascularity
to the distal tip. Meticulous repair under conscious sedation
and/or local anesthesia usually leads to normal long-term
outcome. The technique involves initial repair of the epo
nychial folds to properly align and stabilize the digit. It is
imperative to then meticulously repair the nail-bed lacera
tion with fine, absorbable suture (i.e., 6-0 chromic suture)
and loupe magnification, to prevent long-term nail defor
mity. The dorsal roof of the eponychium is preserved by
placement of a spacer for several days after repair. Even
when there is nearly complete amputation, with apparently
nonviable distal tissue, soft tissue repair almost always leads
to survival of the tip. Uncomplicated repair of the partial
amputation and nail-bed laceration will generally heal with
out permanent change of the nail or phalanx. However,
neglected nail-bed injuries have a high rate of permanent
FIGURE 22-33. Typical distal phalangeal crush injury with nail
and pulp laceration. Repair requires nail plate removal, absorb-

able suture repair of the lacerated nail bed, and anatomic closure
of the eponychial skin.

hand is appropriate. Fortunately, the majority of pediatric
fractures are nondisplaced and stable (316). The outcome

will be successful regardless of immobilization technique.

In these situations, the patients are changed to simple buddy
taping as soon as it is comfortable. However, it is imperative

not to mistake a problematic injury for a simple one and
treat it with benign neglect. Such a mistake will lead to
long-term loss of alignment, motion, and function that may
not be salvageable by secondary surgical reconstruction.

Distal Phalanx Injuries

Nail Plate Injuries, Physeal Fractures, Mallet
Fingers, and Tip Amputations

The vast majority of injuries to the distal phalangeal region
are secondary to crush injury. These injuries are most com

mon in the toddler and preschool-age groups. The mecha
nism of injury is usually a digit caught in a door. Adults,
often parents, are frequently involved in the accident, which
makes the situation emotionally charged. The injuries can
include partial or complete amputation, nail-bed laceration,
and distal phalangeal fracture. All of these sites of trauma
need to be addressed in the care of the child. In addition,
time and energy need to be spent in helping the family cope

deformity (310,317).
Care of the complete amputation at the level of the nail,

or distally, is more controversial. First, this is a much more
difficult situation emotionally for the child and family. The
injury often occurs while the child is under adult supervi
sion. There usually is significant stress and guilt associated
with the amputation. The parents universally want the tissue

replaced. However, this injury is beyond the trifurcation of
the digital arteries near the level of the distal interphalangeal
joint, so the tissue is not replantable. The debate concerns

whether to suture the amputated part back on without vas
cular anastomoses (a composite graft), or to allow healing
by secondary intention (318). Replacement of the ampu
tated soft tissue initially makes the family feel better, but
usually is not necessary. The amount of soft tissue ampu
tated is small. The physis is proximal and not affected. Sub
sequent growth will be normal. The overall digital length,
therefore, will be nearly normal. The cosmetics of composite
grafting and healing by secondaiy intention are generally
equal in the long term. Long-term sensibility and function
seem to be equivalent. In addition, in the short term replace
ment of the amputated part may be more stressful for the

family and child, with multiple dressing changes, superficial
necrosis of the distal tip, and slow healing. Therefore, if the
soft tissue loss is minor, reassurance to the family of the
long-term result and treatment with serial dressing changes
are best. This is true as well for the situation in which a
minimal portion of exposed bone is debrided. However, if
the piece includes the eponychium or the entire sterile and
germinal matrix of the nail, composite grafting of the ampu

tated part is preferred. There is a chance that this will heal

with the emotional trauma.

and preclude secondary reconstructive surgery.

Tip Amputations. A distal phalangeal crush injury in a

Physeal Fractures and Nail-bed Entrapment. Some chil

toddler usually includes a partial amputation with a nailbed laceration and a distal phalangeal tuft fracture (Fig. 2233). The fractures are generally minor avulsions that heal

without problems. The partial amputation often extends

dren will present with distal laceration and flexion, or mal
let, posture to the distal phalanx. Radiographs will reveal a
displaced physeal fracture with widening dorsally. Too
often, these children will be diagnosed with mallet finger
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and treated with splinting. This is not an extensor tendon
disruption. The extensor mechanism is intact because the
terminal tendon inserts into the more proximal epiphysis.
The deformity is caused by entrapment of the proximal nail
bed (germinal matrix) in the physeal fracture site (319). If
not recognized early, the open injury can become secondar

ily infected. The clinical appearance of the finger and the
radiographic physeal changes may be interpreted as distal
phalangeal osteomyelitis. However, antibiotic treatment
alone or surgical debridement of the distal phalanx is not the
proper treatment for this late-presenting fracture. Surgical

repair of the nail bed is necessary to prevent long-term nail
and distal phalanx growth problems. Under local, regional,
or general anesthesia, the nail plate should be removed. By
flexing the distal phalanx, the entrapped nail bed can be
gently extracted. The germinal matrix needs to be meticu
lously repaired to avoid long-term nail-plate problems. At
times this requires more proximal exposure by raising an
eponychial flap. After repair of the nail bed the nail plate
can be replaced to preserve the dorsal roof of the eponychium, and to provide an internal splint for the fracture and
repair (319,320). Placement of a cautery hole in the nail
plate will lessen the risk of subsequent hematoma and paronychial infection.

Mallet Fingers. True mallet fingers are rare in the preadolescent child. In this age group, physeal fracture is more

common. In the adolescent, mallet injuries with disruption

of the extensor mechanism are more common and adultlike. As long as there is no entrapment of the germinal

FIGURE 22-34. Phalangeal neck displaced fracture with loss of

the subchondral fossa. This leads to loss of digital flexion. This
fracture requires prompt attention, anatomic reduction, and pin
stabilization.

matrix, as noted above, these injuries can be treated with
immobilization. Rarely, the entire epiphysis can be dis

placed with the extensor mechanism (321,322). If recog

nized early, this injury should be treated with open reduc
tion of the dislocated epiphysis. The rare, chronic mallet

finger in the young child has been treated successfully with
tenodermodesis (323).

Phalanx Fractures
Phalangeal Neck Fractures

Phalangeal neck fractures are problematic. They are usually
caused by crush injury. As the child attempts to extract the
affected digit, the condyles become entrapped and a fracture
occurs in the subcondylar region (316,324,325). The condylar fragment displaces into extension and often malrotates. The fragment is tethered by the collateral ligaments as

it rotates dorsally up to 90 degrees. The condylar fragment is
small, and has a precarious blood supply through the collat

eral ligaments. The subcondylar fossa is obliterated, block

ing interphalangeal flexion (Fig. 22-34). If not properly rec
ognized and treated, complications of malunion, loss of
motion, and avascular necrosis can occur. Too often, the
severity of the fracture is underappreciated in the urgent

care setting. The patient presents late, with inappropriate

immobilization and a significantly healed fracture. In addi
tion, the fracture is unstable and often will displace after
closed reduction (326). The treatment of choice is closed
reduction and percutaneous pinning. In a young child, this
can be accomplished with a single oblique pin. In an older
child, crossed pins prevent malrotation. Placement of the
pins in the distal fragment requires careful localization of
the fragment and avoidance of the extensor mechanism. If
open reduction is necessary, the collateral ligaments should
not be dissected from the distal fragment. Careful dissection
lessens the risk of avascular necrosis.
Open reduction, when there is marked callus, may cause
avascular necrosis. The fracture is generally too healed for
successful closed reduction and percutaneous pinning. If
there is still lucency along the fracture line, percutaneous
osteoclasis can be performed (327). A pin is placed dorsally
in the fracture site under fluoroscopic control, and used to
reduce the fracture. The subcondylar fossa can be reconsti
tuted, and the fracture can be pinned percutaneously.
If the fracture is completely healed upon referral, late
subchondral fossa reconstruction can be performed if there
is a bony block to flexion (325). An average of 90 degrees
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of PIP joint flexion has been obtained with subchondral

tion are necessary to restore the joint surface, and to prevent

fossa reconstruction (325). Remodeling of the fracture is

loss of reduction that can occur with this unstable fracture.

rare because of the significant distance from the physis, but
it has been described in a case report of a middle phalanx

Generally, the procedure can be performed closed, using

phalangeal neck fracture (328).

tion (330). Open reduction can be performed with a volar,

distraction and a percutaneous towel clip to obtain reduc

midaxial, or dorsal approach. This is appropriate for frac
tures that cannot be reduced closed, or for comminuted

Intercondylar Fractures

fractures. Restoration of an anatomic joint will lessen the

Intercondylar fractures in young children are often small

risk of loss of motion, malalignment, or long-term arthritis

osteochondral fractures. These carry a high risk of non

union, malunion, and avascular necrosis (310,329). This is
particularly true in the middle phalanx if the injury is a

crush injury that alters the local blood supply. The fracture
is intraarticular, generally displaced, and requires anatomic

reduction for a successful outcome. Most often, the fracture
needs to be treated aggressively with open reduction. The

collateral ligament attachments to the fragment are pre
served to lessen the risk of avascular necrosis. On occasion,

(Fig. 22-35).
Diaphysis-level phalangeal fractures are rare in the young
child, and more common in the teenager. The major issue
with these fractures is malrotation (312) (Fig. 22-36). Fre

quently, children will not actively move the finger in the
acute setting to allow for accurate assessment of digital align
ment. However, close inspection of the nail plates will reveal
the digital malalignment. In addition, the examiner can test

digital alignment by tenodesis of the wrist. With passive

bone grafting is necessary to maintain articular congruity

wrist extension, the fingers flex and point toward the volar

and prevent collapse. Even with well-performed open reduc
tion, complications of this fracture can occur in the young

Children will tolerate this test, even when they are in too

patient (329). Avascular necrosis usually resolves by revascu-

scaphoid tubercle. Digital alignment is generally symmetric.

much pain or are too frightened to actively move their digits.

larization, but often not before collapse. Articular malunion

Tenodesis assessment needs to be performed on all phalan

can occur (Fig. 22-35). Loss of motion may not limit func

geal and metacarpal fractures, regardless of radiographic ap

tion.

pearance. If closed treatment is chosen never immobilize a

In the adolescent, treatment of intercondylar fractures is

similar to that in adults. Anatomic reduction and pin fixa

solitary finger, but secure it to the adjacent digits to prevent
subsequent loss of reduction and malrotation.

B
FIGURE 22-35. A: Radiograph of a displaced intercondylar fracture with articular malunion. B:
Clinical photograph of a similar patient. This injury requires acute anatomic reduction and pin
stabilization to prevent long-term loss of motion, malalignment, and potential pain and arthritis.
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FIGURE 22-36. A: Displaced proximal phalanx fracture with
malrotation. B: Tenodesis testing revealing malrotation. By
passively extending and flexing the wrist, the digits will pas
sively flex and extend, respectively. Malalignment is evident.

If the fracture is malrotated and unstable, reduction with
pin or screw stabilization is necessaiy (331,332). Although

malrotation is uncommon, it is a major problem if missed
until after healing. The malrotated digit impairs the func
tion of the adjacent digits because the digits will overlap
in flexion. Then, malrotation can be corrected only with
osteotomy.

Physeal Fractures
Physeal fractures constitute 30 to 70% of pediatric finger

fractures (311-313,315). A Salter-Harris II fracture of the
small finger is the most common of these fractures. Closed
reduction of the abducted fracture is performed in MCP
flexion to lessen the restraint of the more distal web space.

The surgeon's thumb or a cylindrical object such as a pencil
can be used. Postreduction stability is maintained by taping
the digit loosely to the adjacent digit and applying a shortarm mitten cast. Less common type III physeal fractures
require open reduction if there is greater than 2 mm of
diastasis or articular step-off.

angulation. In the acute setting, closed reduction and cast
immobilization with three-point fixation for 3 weeks is pre

ferred for displaced fractures. This includes volar-to-dorsal
pressure on the metacarpal head and dorsal-to-volar pressure
on the more proximal shaft. Often, these patients will not
seek medical attention until there is significant healing. For
tunately, the fracture is adjacent to the distal metacarpal
physis, and the flexion malunion can remodel if there is

sufficient growth remaining. This fact has led some clini
cians to approach these fractures with neglect to allow for
remodeling. Indeed, depending on the age of the patient,

remodeling of the flexion deformity can occur. However,
malrotation will not remodel. In addition, if remodeling is
slow or fails to occur, the prominence of the metacarpal
head in the palm can be limiting.
The rare unstable, or multiple, metacarpal fracture(s)
should be treated with closed reduction and percutaneous
pinning. Two smooth pins are placed under fluoroscopic
control, from ulnar to radial, distal to the fracture site(s),
from the fifth to the fourth or third metacarpal, as necessary.
Late open reduction of the juxtaphyseal fracture carries the

risk of physeal injury and should be avoided. Diaphyseal
Metacarpal Fractures

fractures of the fifth metacarpal have a higher risk of mal

Distal metacarpal metaphyseal (boxer) fractures are com
mon in adolescence. The mechanism is a closed fist injury,
most often to the small finger metacarpal. These fractures
are usually juxtaphyseal and malaligned, with apex dorsal

severe, malunited diaphyseal fracture that fails to remodel
the flexion deformity with growth.

union that will not remodel. Closed reduction and percuta
neous pinning to the adjacent metacarpals is the treatment

of choice. Corrective osteotomy may be necessary in the
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FIGURE 22-37. A: Salter-Harris III displaced proxi
mal phalanx fracture of the thumb. This fracture re
quires open reduction and internal fixation to re
store articular congruity and ligamentous stability.
B: Postoperative radiograph of a similar patient with
pins in place.

The major issue with other diaphyseal metacarpal frac

tures, especially if there are multiple metacarpal fractures,
is malrotation. Active digital motion or passive tenodesis of
the wrist will reveal malrotation. Anatomic reduction and
pin, screw, or plate fixation will correct the malrotation.

Thumb Fractures
The unique features of fractures of the thumb are seen in
Salter-Harris III fractures of the proximal phalanx, and at
the base of metacarpal fractures. The type III physeal frac
ture of the thumb proximal phalanx is the skeletally imma

ture equivalent of an adult ulnar collateral ligament disrup
tion (333)

(Fig. 22-37). These fractures require open

reduction and internal fixation to restore joint stability and

anatomic alignment of the joint and physis. During surgical
exposure, remember that the ligament is intact so that, after

adductor takedown, the MCP joint is exposed through the
fracture site, rather than through inadvertent incision of the
ligament. The long-term results of anatomic open reduction
are excellent. Metaphyseal fractures at the base of the thumb
metacarpal often displace. Immobilization and observation,
even with displaced fractures, are appropriate as long as
there are at least 2 years of growth remaining, because the
malunited dorsoradial prominence will remodel during the
ensuing 6 to 12 months (317) (Fig. 22-38). Most parents
would prefer to wait for remodeling rather than have opera
tive reduction and pinning. The presence of a Bennett frac

ture with articular malalignment requires anatomic align-

FIGURE 22-38.

Displaced base in a metacarpal thumb fracture.

Because this fracture is juxtaphyseal, adjacent to the carpometacarpal joint with universal motion, its remodeling potential is al
most unlimited if the patient is younger than 10 years of age.
Treatment choices are closed reduction and pinning, or cast im
mobilization and biologic remodeling for the ensuing 6 to 12
months of growth. This patient was treated in a cast.

Traumatic Injuries

ment of the intraarticular component and pin fixation of
the thumb metacarpal to the adjacent second metacarpal
and carpus.
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pole, and better outlines the cartilage surfaces in a young
child. CT scans are used for the acute fracture in the adoles
cent. MRI scans are used for the acute injury in the child
younger than 10 years of age.

Wrist Injuries

Scaphoid Fractures

Scaphoid fractures occur from a fall on an outstretched
wrist. The pain is often mild, rather than the severe pain a

child or parent expects from an acute fracture. This leads
some patients and families to ignore the acute injury and

not present until late. When the child presents acutely, there

Previously, it was written that most scaphoid fractures in
the skeletally immature patient were distal pole or avulsion
fractures (329). Distal pole fractures heal readily with cast
immobilization without risk of nonunion or avascular ne
crosis. However, scaphoid wrist fractures are becoming
more common in the adolescent age group. These fractures

can displace and carry the same risks of nonunion and avas
cular necrosis in the child as they do in the adult. Similarly,
nonunions are becoming more commonplace (334,335).

will be tenderness to palpation over the anatomic snuff-box
(the region dorsoradially at the wrist between the extensor
pollicis longus and the extensor pollicis brevis tendons), the
volar scaphoid tubercle, and with axial compression of the
thumb carpometacarpal joint. Radiographs may reveal the
fracture. The best view is an anteroposterior view in 30
degrees of ulnar deviation (scaphoid view). If the radio

Treatment of an established nonunion in a child should be
with open reduction, bone grafting, and, potentially, inter
nal fixation. Internal fixation screws have been used in chil
dren with both acute displaced wrist fractures and estab
lished nonunions (328,334,335) (Fig. 22-39). The issue of
whether a bipartite scaphoid, even if bilateral, is congenital

graphs are diagnostic for the fracture, long-arm immobiliza
tion in a thumb spica cast is best. If the radiographs are
negative, but the child is tender, as noted above, protected
immobilization for 2 weeks is advised. Repeat clinical and

tomatic, it should be treated in the same way as a traumatic
nonunion. The success of open reduction, bone grafting,
and internal fixation for a scaphoid nonunion is high in

radiographic examination should be performed out of cast
2 weeks later if tenderness persists. If there is still doubt
about the diagnosis, MRI or CT is advised. The CT scan
shows the bony alignment better, but the MRI scan gives
added information about the vascularity to the proximal

or posttraumatic, remains unresolved. However, if symp

children (334,335).
Wrist Pain, Triangular Fibrocardlage Complex Tears,
and Ligamentous Injuries

Atraumatic Ligamentous Instability. Most adolescents with
chronic wrist pain have overuse injuries. These patients

FIGURE 22-39. A: Scaphoid nonunion in an adolescent. B: Postoperative iliac crest bone grafting
and internal fixation for a similar scaphoid fracture nonunion.
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often have generalized ligamentous laxity or a hyperelasticity
syndrome. The wrist pain is similar to the patellofemoral
knee pain and multidirectional shoulder instability pain
seen in this age group. Overuse, growth, and resultant mus
cle weakness all contribute to joint instability. On physical

examination, there is often systemic evidence of generalized
laxity (elbow cubitus valgus, pes planus, knee hyperextension, passive hyperextension of the index finger parallel to

the dorsal forearm, and thumb abduction to the volar fore
arm). At the wrist, there will be increased midcarpal transla
tion to volar and dorsal applied stress. This passive midcar

plain radiographs. In addition, the scapholunate distance in
children has been difficult to interpret because of eccentric

ossification and the chondral nature of the carpus in the
young. A recent study of pediatric wrist radiographs devel
oped an age standard for scapholunate distances in both
sexes (337). This will help in the evaluation of pediatric
carpal injuries. MRI scans may reveal the ligamentous in
jury. Arthroscopic examination of the wrist is diagnostic
and often therapeutic. Many of these injuries are partial
tears of the ligament, with an associated chondral lesion of
the radius. This leads to mechanical impingement that often

pal instability will be equivalent on both the affected and
the unaffected wrist. However, the affected side often will
have painful clicking. Plain radiographs may reveal a volar
tilt to the lunate on the lateral view. MRI scans and arthro-

responds favorably to arthroscopic debridement. It is rare

grams appear normal. These children respond to alteration

tion.

of activities and strengthening, as in other growth-related
overuse injuries in the teenager. It is the author's experience

that resistive strengthening with therapeutic putty is best.
Traumatic Scapholunate Ligamentous Injuries. Posttraumatic injuries to the scapholunate ligament rarely occur
in children. Most descriptions of these injuries have been
case reports (336). However, it is the author's experience
that these traumatic ligamentous injuries are occurring more

frequently with today's higher level of athletic competition

in this age group. On physical examination, the tenderness
is usually more focal than in atraumatic ligamentous laxity
wrist pain. Asymmetric clicking with applied ligamentous
stress testing is common. Static injuries are more common

in adults, and will show an increased scapholunate distance
and a flexed scaphoid on plain radiographs. Most scapholu

nate injuries in children are dynamic injuries, with normal

that there will be a complete ligamentous disruption in this
age group. However, symptomatic complete scapholunate
disruptions need to be treated with ligamentous reconstruc

Triangular Fibrocartilage Complex Tears (TFCC)
Posttraumatic chronic wrist pain that does not respond to
prolonged rest and therapy needs to be evaluated for intraarticular pathology. Similar to scaphoid fractures and intercarpal ligamentous injuries, the epidemiology of TFCC tears
may be changing to include the adolescent. Physical exami
nation for TFCC tears includes ulnocarpal compressive test
ing, lunate-triquetral stress testing, and distal radioulnar
joint stress testing. Painful clicking with these maneuvers,

especially if asymmetric, may be indicative of a tear. How
ever, many children with nondissociative laxity have similar
findings on physical examination. Plain radiographs are nor
mal. The MRI may be diagnostic, but there has been a high
incidence of false-negative readings for adolescent TFCC
tears. In skilled hands arthroscopy is definitive for diagnosis,
and often treatment (Fig. 22-40).

FIGURE 22-40. Arthroscopic photograph of a triangu
lar fibrocartilage complex [TFCQ peripheral tear. The
tear is along the peripheral edge of the TFCC, where
the blood supply enters and aids in healing. Repair is
by arthroscopic suture techniques in this situation.

Traumatic Injuries

893

FIGURE 22-41. A: Radiograph of ulnocarpal impaction associated with radial
growth arrest, ulnar overgrowth, and a
triangular fibrocartilage complex (TFCC)
tear. B: Repair of the TFCC, ulnar-shortening, and radial osteotomy with bone
grafting were performed.

TFCC tears occur in the skeletally immature. Most tears
are associated with ulnar styloid fracture nonunion, radial

growth, ulnar overgrowth, and/or ulnocarpal impaction
syndrome. Isolated tears also occur. In adolescents and chil
dren, these tears are usually peripheral tears that respond
well to surgical repair (338). Isolated tears can be repaired
arthroscopically. Tears associated with radial and ulnar bony
deformities are repaired at the time of corrective osteotomy

(Fig. 22-41). Treatment should also include appropriate ex
cision of the ulnar styloid nonunion, shortening of the im
pacting ulna, osteotomy of the deformed radius, and stabili
zation of the distal radioulnar joint, if necessary (338).

occur less often. The dislocation is usually dorsal, and occurs
more commonly at the PIP joint than at the distal interpha

langeal joint. Closed reduction with distraction and dorsalto-volar manipulation are generally successful.
Rarely, a displaced epiphysis, flexor tendon, or inter
posed volar plate can block reduction, and will require open
reduction. MCP joint dislocation of the thumb or index

finger can be simple or complex (326). Simple dislocations
are reducible in the emergency setting. Complex disloca
tions are irreducible, and have an interposed volar plate

blocking closed reduction. Plain radiographic evidence of
widening and lateralization of the joint, as well as bayonet
apposition of the proximal phalanx and metacarpal, indicate
an irreducible situation.

Dislocations

Most hyperextension injuries to the finger interphalangeal
joints in children result in a tear of the volar plate. There

may be associated minimal Salter-Harris III physeal avul
sions of the adjacent phalanx (Fig. 22-42). These injuries
are stable. Treatment should be brief immobilization for
comfort, followed by buddy taping until the patient is
asymptomatic. Prolonged treatment with splints can lead

to PIP joint stiffness. True interphalangeal dislocations

Open reduction of a complex dislocation can be per

formed by a volar (339,340) or a dorsal (341,342) approach.

In the volar approach, the radial neurovascular bundle is
tented just beneath the skin by the metacarpal head. It is
imperative to be cautious with the skin incision to prevent
iatrogenic laceration. By either approach, the volar plate

needs to be incised to allow reduction of the joint and ana
tomic realignment of the flexor tendons, sesamoids, and

collateral ligaments. Postoperative treatment is by early pro
tected motion with buddy taping and extension block
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FIGURE 22-42. A: Volar plate injury with non-

displaced minor volar and dorsal avulsion inju
ries. This injury needs minimal immobilization
and prompt initiation of range-of-motion ex
ercises to minimize the risk of permanent
flexion contracture. B: This injury has a more
significant fracture fragment and joint sublux-

ation. This requires anatomic reduction of the
proximal interphalangeal joint and an exten

sion block splint to allow for motion within the

range of joint stability.

splinting. Chronic instability is rare, but limited MCP mo
tion is not. The digital neurapraxia secondary to the disloca
tion will resolve in this age group.

Tendon Lacerations

The classification system, in terms of zones of injury for
flexor tendon lacerations, is the same for the child as it is
for the adult. The diagnosis of flexor tendon injury, opera

tive care, and postoperative rehabilitation may be more diffi
cult in the child. This is especially true in the toddler and
preschool-age child, in whom patient cooperation is limited.
Often, the presenting digital cascade, and digital excursion

with wrist tenodesis, serve as the basis for the diagnosis of
flexor tendon laceration (Fig. 22-43). If in doubt, explore
the wound under anesthesia. Repair of the tendon lacera

tions in zones I and II requires meticulous technique with
fine sutures. Repair can be performed electively in the first
1 to 2 weeks with equivalent results. However, if there is
any concern regarding the vascular status of the digit, repair

should be emergent, with exploration of the digital neurovascular bundles. In the infant, the core suture may be as
fine as 6-0 and the epitenon suture may be 8-0. Postopera
tive immobilization in a cast for 4 weeks is effective protec

tion. Subsequent rehabilitation is necessary to regain maxi
mal passive and active motion.

There have been no differences in total active motion
(TAM) between early mobilization protocols and cast im
mobilization for 4 weeks in children younger than 15 years
(343). The results of isolated profundus tendon lacerations

in zone I averaged 90 to 94% of normal TAM. Isolated
profundus lacerations in zone I averaged 71 to 78% TAM.
Combined superficialis and profundus lacerations in zone
II averaged 72% TAM. However, if cast immobilization
continued beyond 4 weeks there was a significant decrease
in TAM to 40% by 6 weeks. There was no difference in
the results by age groups from birth to 15 years.
Associated nerve or palmar plate injuries diminished the
results slightly. Postoperative tendon rupture is rare. Twostage reconstruction of unrecognized zone II lacerations in

children younger than 6 years has had poorer results than
in adults, with a higher rate of complications and a mean
TAM of approximately 60% of normal. Results were better
with supervised rehabilitation (344).

The principles of the treatment of extensor tendon
lacerations in the adult apply to the child as well. Direct
repair in the emergency room under sedation, or in the
operating room under general anesthesia, is preferred.
Cast immobilization, in a protected position of wrist
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FIGURE 22-44. Postoperative digital replantation in a child at

FIGURE 22-43. Photograph of an altered digital flexion cascade
with passive wrist extension tenodesis. This is diagnostic of a
flexor tendon laceration in the long finger.

dorsiflexion and digital extension, is continued for 4 weeks
after repair. Results are excellent with primary repair.
Associated fractures, dislocations, and flexor tendon inju
ries lessen the results.

Amputations

Distal fingertip complete or partial amputations are very
common in children, and have been discussed in detail in

the section of this chapter on distal phalangeal injuries.
Treatment of more proximal, complete digital amputations
with replantation in children as young as 1 year of age is
now standard. In children, the indications for replantation
are more liberal than in adults, and include multiple-digit,

thumb, midpalm, hand, and distal forearm amputations as
well as single-digit amputations in zones I and II. Crush
amputations from doors, heavy objects, or bicycle chains

have a peak incidence at 5 years, whereas sharp amputations
occur more commonly in adolescence. Digital survival rates

from replantation range from 69 to 89% in pediatric series.

More favorable digital survival was seen with sharp amputa
tions, body weight greater than 11 kg, more than one vein

the middle phalangeal level of the index finger. The lacerations
and tendon injuries in the adjacent digits were repaired simul

taneously. Single-digit replantation procedures are indicated in
children.

repaired, bone shortening, interosseous wire fixation, and
vein grafting of arteries and veins. Vessel size generally ex
ceeds 0.8 mm in digital replants in children, and is not
a technical problem for the skilled microvascular surgeon.

Index- and long-finger replants have done better than small
finger replants in children. A survival rate of 95% was seen
in children if prompt reperfusion occurred after arterial re
pair with at least one successful venous anastomosis, com
pared with 0% survival if one or both of these factors were
absent (345) (Fig. 22-44). Neural recovery rates far exceed
those cited in adults, with return of two-point discrimina
tion less than 5 mm often present (346). Tenolysis may
rarely be necessary after tendon repair. Two-stage flexor
tendon reconstruction in children has a higher rate of com
plications than in adults. Growth arrest or deformity is more
common if there is a crush component to the amputation.
These digits rarely are normal after replanting, and the re
sults in children are better than in adults, in terms of sensi
bility and recoveiy of range of motion. Microvascular toeto-thumb transfer is a very successful alternative to pollicization in the case of a failed replant in a young child (347)
(Fig. 22-45).
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FIGURE 22-45. A: Traumatic amputation of the thumb in a 2-year-old child. B: Postoperative
photograph of the same patient after microvascular toe-to-thumb transfer for thumb reconstruc
tion.
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American Academy of Orthopaedic Surgeons (1), the Pedi
atric Orthopaedic Society of North America, and the Ameri
can Academy of Pediatrics have endorsed the name change

FEMUR

In the pediatric orthopaedic literature, the long-standing
terminology of "congenital dysplasia or dislocation of the

hip" (CDH) has been progressively replaced by the use of
"developmental dysplasia or dislocation of the hip" (DDH).

The former term is attributed to Hippocrates. The term
"congenital" implies that a condition existed at birth. The

S. L. Weinstein: Department of Orthopaedic Surgery, University of Iowa

Hospital, Iowa City, Iowa 52245.

of this entity from CDH to DDH, because the latter is
more representative of the wide range of abnormalities seen

in this condition (2).

The term "developmental" is more encompassing and is
taken in the literal sense of organ growth and differentiation,
which includes the embryonic, fetal, and infantile periods.
This terminology includes all cases that are clearly congeni
tal and those that are developmental, and it incorporates
subluxation, dislocation, and dysplasia of the hip. Because
this change in terminology has not yet been incorporated
into the International Classification of Diseases, the term

906

Chapter 23: Developmental Hip Dysplasia and Dislocation

tors mean by "instability," "dysplasia," "subluxation," and

about the seventh week of gestation. This cleft defines the
acetabulum and the femoral head. By the eleventh week of
inttauterine life, the hip joint is fully formed (5-7). Theo
retically, the eleventh week is the earliest time at which a
dislocation could develop, although this rarely happens (7).

"DDH" denotes developmental dysplasia of the hip and
encompasses all the variations of the condition described.
Within this spectrum are two entities: subluxation and dis
location. For the newborn, the term "dysplasia" refers to
any hip with a positive Ortolani sign, which is a hip that may
be provoked to subluxation (i.e., partial contact between the

life, particularly by means of growth and development of
the labrum (3,6). In the normal hip at birth, the femoral
head is deeply seated in the acetabulum and held within
the confines of the acetabulum by the surface tension of
the synovial fluid. It is extremely difficult to dislocate a
normal infant's hip, even after incising the hip joint capsule

"CDH," which has existed in the literature for years, will
continue to be used in many publications.

One of the most confusing areas in DDH is the terminol

ogy used to discuss the condition. What different investiga

"dislocation" varies considerably. Ifl this chapter, the term

Acetabular development continues throughout intrauterine

femoral head and acetabulum), provoked to dislocation (i.e.,

(8,9). The retaining force is similar to that of a suction cup.
Hips in newborns with DDH are not merely normal hips

or reduced from either of these positions. The distinction
between these two entities is often difficult, especially given

with capsular laxity; they are pathologic entities.

no contact between the femoral head and the acetabulum),

the subtleties of arthrographic and ultrasofiogfaphic classify
cations. Because further subclassification in the newborn

has no influence on treatment, the author prefers to use
the term "dysplasia" to encompass these entities and other
variations. The term "developmental dislocation" refers
here only to complete irreducible dislocations,

After birth, continued growth of the proximal femur and
the acetabular cartilage complex is extremely important to

the continuing development of the hip joint (3,7,10,11).
The growth of these two members of the hip joint is interde
pendent.

Acetabular Growth and Development

NORMAL GROWTH AND DEVELOPMENT OF
THE HIP JOINT

For normal hip joint growth and development to occur,

there must be a genetically determined balance of growth

of the acetabular and triradiate cartilages and a well-located
and centered femoral head. Embryologically, the compo

nents of the hip joint, the acetabulum, and the femoral head
develop from the same primitive ftiesenchyffial cells (3-6)
(Fig. 23-1). A cleft develops in the precartilaginous cells at

FIGURE 23-1. Embryonic hip. The components of the hip Joint,

The acetabular cartilage complex (Fig. 23-2) is a three-di
mensional structure, triradiate medially and cup-shaped lat
erally. The acetabular cartilage complex is interposed be
tween the ilium above, the ischium below, and the pubis
anteriorly. Acetabular cartilage forms the outer two-thirds
of the acetabular cavity, and the nonarticular medial wall
of the acetabulum is formed by a portion of the ilium above,
the ischium below, and portions of the triradiate cartilage.

primitive mesenchymal cells. A cleft develops In the precartilagi

FIGURE 23-2. Normal acetabular cartilage complex of a 1-dayold infant. The ilium, ischium, and pubis have been removed with
a curet. The lateral view shows the cup-shaped acetabulum. (From

acetabulum and the femoral head:

ref. 11, with permission.)

the acetabulum, and the femoral head develop from the same
nous cells at about the seventh week of gestation, defining the

Normal Growth and Development of the Hip Joint
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FIGURE 23-3. Coronal section through the center of the
acetabulum in a full-term infant. Note the fibrocartilaginous edge of the acetabulum, the labrum (arrows), at the
peripheral edge of the acetabular cartilage. The hip cap

sule inserts just above the labrum.

Thick cartilage, from which a secondary ossification cen
ter, the os acetabulum, develops in early adolescence, sepa
rates the acetabular cavity from the pubic bone (11). The
fibrocartilaginous labrum is at the margin of the acetabular
cartilage, and the joint capsule inserts just above its rim (12)
(Fig. 23-3).

The triradiate cartilage is a triphalanged structure. One
phalange is oriented horizontally between the ilium and the
ischium. One phalange is oriented vertically and interposed
between the pubis and the ischium. The third phalange is
located anteriorly and slanted superiorly between the ilium
and the pubis (Fig. 23-4).

Each phalange of the triradiate cartilage is composed of
very cellular hyaline cartilage. This cartilage contains many
canals. Each side of each limb of the triradiate cartilage
has a growth plate. Interstitial growth within the triradiate
cartilage causes the hip joint to expand its diameter during
growth.

Growth of the Proximal Femur
In the infant the entire proximal end of the femur, including
the greater trochanter, the intertrochanteric zone, and the

The triradiate cartilage is the common physis of these
three pelvic bones. The entire acetabular cartilage complex
is composed of very cellular hyaline cartilage (Fig. 23-3).

The lateral portion of the acetabular cartilage is homologous
with other epiphyseal cartilages of the skeleton (13). This
is important in understanding normal growth and develop
ment and the shape of the acetabulum in skeletal dysplasias
and injury. The labrum, or fibrocartilaginous edge of the
acetabulum, is at the margin of the acetabular cartilage. The
hip joint capsule inserts just above the labrum. The capsule
insertion is continuous with the labrum below and the peri
osteum of the pelvic bones above.

Articular cartilage covers the acetabular cartilage on the

side that articulates with the femoral head. On the opposite
side is a growth plate, with its degenerating cells racing
toward the pelvic bone it opposes. New bone formation

occurs in the metaphysis adjacent to the degenerating carti
lage cells. Growth of the acetabular cartilage occurs by
means of interstitial growth within the cartilage and appositional growth under the perichondrium. This fact is most
important when considering various innominate bone oste
otomies, because surgical injury to this important area may
jeopardize further acetabular growth.

FIGURE 23-4. Lateral roentgenogram of the acetabulum of a
9-year-old girl. Two centers of ossification are seen within the
cartilage adjoining the pubis (P) and appear to be developing
within the vertical phalange of the triradiate cartilage. The posi
tions of the ischium (/5) and the ilium (//.) are indicated. (From
ref. 11, with permission,)
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During infancy, a small cartilaginous isthmus connects
the trochanteric and femoral growth plates along the lateral
border of the femoral neck and is a reflection of their previ
ous common origin. This growth cartilage contributes to
the lateral width of the femoral neck and remains active
until maturity.

It is the normal growth of these three physes that deter
mines adult femoral neck configuration. Disturbances in
growth in any of these three growth plates by whatever

mechanism alter the shape of the proximal femur. Hyperemia secondary to surgeiy or inflammatory conditions may

stimulate growth in any or all of these growth plates (14).
The proximal femoral physeal plate contributes approxi

mately 30% of the growth of the overall length of the femur.
Any disruption to the blood supply or damage to the proxi
mal physeal plate results in a varus deformity caused by the
continued growth of the trochanter and the growth plate
along the femoral neck (14,19). Partial physeal arrest pat

terns may be caused by damage to portions of the proximal
femoral physeal plate. The relation between the growth of
the trochanter and the physis of the proximal femur should

FIGURE 23-5. The infant proximal femur has three physeal
plates: the growth plate of the greater trochanter, the growth
plate of the proximal femoral physeal plate, and the growth plate
of the femoral neck isthmus connecting the other two plates.

proximal femur, is composed of cartilage. Between the
fourth and seventh months of life, the proximal femoral
ossification center appears. This bony centrum continues

to enlarge, although with a slowly decreasing rate, along
with its cartilaginous anlage until adult life, when only a
thin layer of articular cartilage remains over it. The proximal
femur and the trochanter enlarge by appositional cartilage
cell proliferation (14).
The three main growth areas in the proximal femur are

the physeal plate, the growth plate of the greater trochanter,

and the femoral neck isthmus (14) (Fig. 23-5). A balance
among the growth rates of these centers accounts for the
normal configuration of the proximal femur, the relation
between the proximal femur and the greater trochanter, and
the overall femoral neck width. The growth of the proximal

femur is affected by muscle pull, the forces transmitted
across the hip joint by weightbearing, normal joint nutri
tion, circulation, and muscle tone (15-17). Any alterations

in these factors may cause profound changes in development
of the proximal femur (18).

FIGURE 23-6. Untreated dislocation of the hip. Note the lack of
the concave shape and the shallowness of the acetabulum.

Pathoanatomy

remain constant; it is measured by the articular trochanteric
distance, which is the distance between the tip of the greater
trochanter and the superior articular surface of the femoral
head. The greater trochanter usually is classified as a traction
epiphysis, depending on normal abductor pull for growth
stimulation. The trochanter, like the proximal femur, grows
by appositional growth.

Determinants of Acetabulum Shape and

Depth

Experimental studies and clinical findings in humans with
unreduced dislocations suggest that the main stimulus for
the concave shape of the acetabulum is the presence of a
spherical femoral head (10,13,20-22). Harrison deter
mined that the acetabulum failed to develop in area and
depth after femoral head excision in rats (13). He also dem
onstrated atrophy and degeneration of the acetabular carti

lage, although the growth plates of the triradiate cartilage

remained histologically normal, as did the length of the
innominate bones. These experimental findings are charac
teristic of humans who have had untreated hip dislocations
(Fig. 23-6).
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For the normal depth of the acetabulum to increase dur
ing development several factors must act in concert. There
must be a reduced spherical femoral head. There also must
be normal interstitial and appositional growth within the
acetabular cartilage, and periosteal new bone formation
must occur in the adjacent pelvic bones (10,11). The depth

of the acetabulum is further enhanced at puberty by the
development of three secondary centers of ossification (Fig.
23-7). These three secondary centers of ossification are ho
mologous with other epiphyses in the skeleton (11,13). The
os acetabulum develops in the thick cartilage that separates
the acetabular cavity from the pubis bone. The os acetabu
lum is the epiphysis of the pubis and forms the anterior
wall of the acetabulum. The epiphysis of the ilium, the
acetabular epiphysis, forms a major portion of the superior
edge of the acetabulum. A third small epiphysis also forms

in the ischial region (11,13,23).

Normal acetabular growth and development occur

through balanced growth of the proximal femur, the acetab
ular and triradiate cartilages, and the adjacent bones. This
balance, which is probably genetically determined, may be
at fault in DDH. There is ample evidence to suggest that
an adverse intrauterine environment also plays an important
role in the pathogenesis of hip dysplasia (11,24-28).

PATHOANATOMY

Dislocations in Newborns
In the newborn with DDH, the tight fit between the femo
ral head and the acetabulum is lost. The femoral head can

be made to glide in and out of the acetabulum, with a
palpable sensation known clinically as the "Ortolani sign"
(11,16,29,30). DDH in the newborn refers to a spectrum
of anatomic abnormalities, from mild dysplastic changes to
the severe pathoanatomic changes that are found in the rare
ldiopathic teratologic dislocation, and more commonly in
teratologic dislocations associated with conditions such as

myelomeningocele and arthrogryposis.
The most common pathologic change in the newborn

with DDH is a hypertrophied ridge of acetabular cartilage
in the superior, posterior, and inferior aspects of the acetab
ulum. This ridge was referred to by Ortolani as the "neolimbus" (16,30). The neolimbus is composed of hypertrophied

acetabular cartilage (9,29) (Fig. 23-8). There often is a
trough or groove in the acetabular cartilage caused by sec

FIGURE 23-7. Diagram of the right innominate bone of an ado
lescent. The os acetabulum (OA) is shown within the acetabular
cartilage adjoining the pubic bone. The acetabular epiphysis (AE)

is within the acetabular cartilage adjoining the iliac bone, and
another small epiphysis is within the acetabular cartilage adjoin
ing the ischium (left). (Adapted from ref. 11, with permission.)

ondary pressure of the femoral head or neck. It is over this
ridge of acetabular cartilage that the femoral head glides
in and out of the acetabulum, with the palpable sensation
referred to as the Ortolani sign (9,16,30).
In the typical newborn with DDH, there is empirical
evidence that the pathologic changes are reversible, because
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FIGURE 23-8. A: Right acetabular cavity and femoral head of a newborn baby with bilateral
congenital hip dysplasia. There is an acetabular bulge (fi) or neolimbus along the upper acetabular
cartilage, and the acetabular cavity is small. B: Frontal section of the same hip. The femoral head
is very large in relation to the acetabular cavity. Note how the labrum is everted and adheres to
the joint capsule above. The neolimbus (6) is composed of hypertrophied acetabular cartilage.
(From ref. 29, with permission.)

there is a 95% success rate of treatment using simple devices
such as the Pavlik harness and the von Rosen splint (31).
These changes are typical of 98% of DDH cases that occur
at or around birth. However, about 2% of newborns have
teratologic (antenatal) dislocations not associated with a
syndrome or neuromuscular condition (23,26). In these rare
cases, the pathologic and clinical findings are similar to those
seen in late-diagnosed DDH, which is described below.
Acetabular Development in
Developmental Hip Dysplasia

Acetabular development in treated DDH cases may be dif
ferent from that described for the normal hip. This is partic

ularly true for the late-diagnosed case. The primary stimulus
for normal growth and development comes from the femo
ral head within the acetabulum (10,21,22). When there is

a delay in diagnosis and treatment, some aspects of normal
growth and development are lost. The femoral head must
be reduced as soon as possible, and the reduction must be
maintained to provide the stimulus for acetabular develop
ment. If concentric reduction is maintained, the acetabulum
has the potential for recovery and resumption of normal
growth and development for many years (32-34).
The age at which a dysplastic hip can still return to
"normal" after reduction remains controversial (32,

34_42). The resumption and adequacy of acetabular de
velopment is a multifactorial problem that depends on
the age at which the reduction is obtained and on whether
the growth potential of the acetabular cartilage and the
proximal femur is normal. The capacity of the acetabular
cartilage to resume normal growth depends on its intrinsic

growth potential, whether it has been damaged by the
subluxated or dislocated femoral head, and whether it has
been damaged by various attempts at reduction. In the
treated DDH patient, especially in late-diagnosed cases,
accessory centers of ossification contribute to acetabular
development (Fig. 23-9). Accessory centers of ossification
in the acetabulum are seen in only 2 to 3% of normal
hips, and they rarely appear before 11 years of age.
However, among patients treated for DDH, the centers

may be present in as many as 60% of hips, usually
appearing from 6 months to 10 years after reduction

(32,34,35,43) (Fig. 23-9). In treated DDH cases, these
accessory centers of ossification should be sought on every
sequential radiograph to determine if acetabular develop

ment is progressing. This is an important factor to consider
when deciding if surgical intervention is necessary to
correct residual acetabular dysplasia. Although the presence

of these centers indicates continued growth in the acetabu
lar cartilage, they may be indicative of injury to the
cartilage in this area.

Pathoanatomy

FIGURE 23-9. A: An 18-month-old girl with bilateral high dislocations. Note the poorly developed
acetabula with well-developed secondary acetabula. B: At 33 months of age, the irregular ossifica
tion centers in the left and right hip have coalesced, with a slight improvement in the acetabular
index. C When the girl is 7 years of age, an anteroposterior (AP) view shows the appearance of
the accessory centers of ossification in the periphery of the acetabulum. D: The accessory centers
ot ossification are somewhat better appreciated in the abduction view at 7 years of age E- An

fh T^f 8/S!rS °f 3ge Sh°WS the coalescence of the accessory centers of ossification, increasing

the depth of the acetabulum. Note the excellent sourcil formation. F: The accessory centers of
ossification are well demonstrated in an abduction view at 8 years of age
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PATHOGENESIS, EPIDEMIOLOGY, AND

sentations are first-born children (24,25,74). Ramsey and

DIAGNOSIS

MacEwen demonstrated that 1 of 15 girls born breech has
evidence of hip instability. In animal studies, the prolonged
maintenance of an abnormal position, such as the breech
position, is associated with the production of DDH (21,22).
The postnatal extrauterine environment may signifi
cantly influence the development of DDH. In societies that
use swaddling (i.e., hips forced into adduction and exten
sion) in the postnatal period, the incidence of DDH is high,
possibly as a result of the forceful positioning of the legs in
extension and adduction in the face of normal newborn

Causes of Developmental Dysplasia of
the Hip
Many factors contribute to DDH. Genetic and ethnic fac

tors play a key role, with the incidence of DDH as high as
25 to 50 cases per 1,000 live births among Lapps and Native

Americans and a very low rate among the southern Chinese
population and persons of African descent (27,44-58).
A positive family history for DDH may be found in 12
to 33% of affected patients (28,44,58). One study reported
a tenfold increase among the parents of index patients and
a sevenfold increase among siblings compared with the gen
eral population (44). There is some suggestion that femoral
neck or acetabular anteversion may be an etiologic factor
(27,29,35,60-62).

The genetic effects on the hip joint in patients with
DDH are revealed in primary acetabular dysplasia, various
degrees of joint laxity, or a combination of both. Intrauterine mechanical factors, such as breech position or oligoand neuromuscular mechanisms, such as

hydramnios,

myelomeningocele, can profoundly influence genetically

determined intrauterine growth (5,6,63,64). The first-born
child is more likely to be affected than subsequent children.
Any of the factors contributing to an "adverse" intrauterine

environment may influence the development of the hip
joint, and postnatal influences may also contribute to the
development of DDH (5,28,65-67).

Risk Factors and Incidence

hip flexion and hamstring contractures (28,46,56,62,67,
75-78).

The influence of hip capsular laxity on the development
of DDH has been addressed by many investigators. New-

borns with DDH may have capsular laxity. Hip capsular

laxity has been implicated in the pathogenesis of DDH,
because the diagnostic test for DDH, the Ortolani sign,
depends on the head gliding in and out of the dysplastic
acetabulum over a ridge of abnormal acetabular cartilage.
Proponents argue that because reversible dysplasia can be
produced in animals by producing ligamentous laxity the
acetabular dysplasia seen in DDH is a secondary phenome
non (21,22,28,29,79,80). LeDamany demonstrated that

the acetabulum is shallowest at birth (61). Ralis and McKibbin confirmed LeDamany's anatomic work in a small num

ber of patients (79). They too demonstrated that the acetab
ulum was shallowest at birth and that this, combined with
the normal joint laxity of the infant, makes the time around
delivery a high-risk period for dislocation (79,81). These
anatomic experiments were repeated by Skirving and Scadden in African neonates (27). In the African neonate, the
acetabulum was deeper more frequently and in a narrower

White infants have an increased incidence of DDH among

range, possibly explaining why DDH is almost nonexistent

first-born children (8,24,25,68-71). The unstretched ab

among persons of African descent. This finding also pro

dominal muscles and the primigravida uterus may subject

vided indirect evidence of acetabular dysplasia as a primary

the fetus to prolonged periods of abnormal positioning,

cause of DDH.
Laxity of the hip joint capsule is often seen in newborn

forcing the fetus against the mother's spine. This restraint

limits fetal mobility, especially hip abduction. The high rate
of association of DDH with other intrauterine molding ab
normalities, such as torticollis and metatarsus adductus,
lends some support to the theory that the "crowding phe
nomenon" plays a role in the pathogenesis (8,71-73). Oligohydramnios, which is associated with limited fetal mobil

ity, is associated with DDH (8,71). The left hip is the most
commonly affected hip; in the most common fetal position,
this is the hip that is usually forced into adduction against
the mother's sacrum (8,46,71).
DDH is more common among female patients (80% of

cases) and children born breech. In the general population,

infants and has been documented by ultrasonography (82).
The laxity may allow some instability without a positive

Ortolani sign. In postmortem examination of seven stillborn
infants, the hips demonstrated instability with a negative

Ortolani sign; arthrograms demonstrated slight pooling of
the contrast media medially. On gross examination the hip

capsules were stretched, and the femoral heads could be
pulled slightly away from the acetabula. However, the hips
were anatomically and histologically normal, unlike the
postmortem findings reported for all infants with positive

Ortolani signs (9,11,30,54,59,83). In addition to the nor
mal physiologic capsular laxity expected in the newborn,

breech presentations occur in about 2 to 4% of vaginal
deliveries; for children with DDH, the reported incidence

DDH is not a feature of conditions characterized by hyper-

is higher, with Carter and Wilkinson (24,25) reporting 17%

dromes (30).

and Salter reporting 23% (80). Twice as many girls as boys
are born breech (74). Fifty-nine percent of breech pre

high-risk group of patients can be identified. This group

laxity, such as Down, Ehlers-Danlos, and Marfan syn
Combining the epidemiologic and etiologic factors, a

nesis, Epidemiology, and Diagnosis

TABLE 23-1. HIGH-RISK FACTORS FOR
DEVELOPMENTAL DYSPLASIA OR DISLOCATION
OF THE HIP

Breech position
Female gender

Positive family history or ethnic background (e.g., Native Ameri
can, Laplander)
Lower limb deformity
Torticollis
Metatarsus adductus

Oligohydramnios

Significant persistent hip asymmetry (e.g., abducted hip on one
side, adducted hip on the other side)

Other significant musculoskeletal abnormalities
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composed of hypertrophied acetabular cartilage (9,29,
30,83) (Fig. 23-8).

Unfortunately, inadequate translation of LeDamany's
and Ortolani's works into English resulted in the use of the
term "click" to describe this diagnostic sign. High-pitched
soft tissue clicks are often elicited in the hip examination
of newborns. These clicks are usually transmitted from the
trochanteric region or the knee and have no diagnostic sig
nificance (105). This poor understanding of the pathoanatomy of the primary diagnostic sign of DDH in the new
born has no doubt led to overdiagnosis and overtreatment
of infants (102,106-108).
Another diagnostic test, the Barlow maneuver, is often
referred to as the "click of exit." The Barlow maneuver is
a provocative maneuver in which the hip is flexed and ad

includes any patient who has more than one of the factors
listed in Table 23-1. For an infant manifesting any combi
nation of these factors, the physician should be alert to the
possibility of DDH.

The incidence of DDH is influenced by geographic and
ethnic factors and by the diagnostic criteria used by the
examining physician. Another important factor is the diag
nostic acumen of the examiner. The age of the patient at
the time of diagnosis must be taken into account, because
the physical findings and manifestations of the condition
change with increasing delay in diagnosis (8,9,11,28,30,
54,59,71,82-87).
Most DDH cases are detectable at birth (88,89). Despite
newborn screening programs, some cases are not detected,
and there is some evidence to suggest that a few cases may
arise after birth (28,85,90-99). Moreover, the problem of
whether acetabular dysplasia is primary or secondary to an
unrecognized dislocation or subluxation that has reduced
spontaneously remains unanswered. The results of newborn
clinical screening programs estimate that 1 of every 100
newborns examined has evidence of some hip instability
(i.e., positive Ortolani or Barlow sign), although the true
incidence of dislocation is reported to be between 1 and
1.5 cases per 1,000 live births (9,41,84,92-95,100-104).

Diagnosis
The clinical diagnostic test for DDH was originally de
scribed by LeDamany in 1912 (61). LeDamany referred to
the palpable sensation of the hip gliding in and out of the
acetabulum as the signe de ressaut. In 1936, Ortolani, an
Italian pediatrician, described the pathogenesis of this diag
nostic sign (30,83). Ortolani called the palpable sensation

the segno dello scotto. Fellander and colleagues likened this
diagnostic sign to the femoral head gliding in and out of
the acetabulum over a ridge and referred to this palpable
sensation as the "ridge phenomenon" (105). This ridge was
named the neolimbus by Ortolani. This ridge, over which
the femoral head glides in and out of the acetabulum, is

ducted and the femoral head is palpated to exit the acetabu
lum partially or completely over a ridge of the acetabulum
(84). Many physicians refer to the Ortolani sign as the "click
of entry," which is caused when the hip is abducted, the
trochanter is elevated, and the femoral head glides back into
the acetabulum. Some physicians make treatment decisions
on the basis of whether they feel that the hip is Ortolanipositive versus Barlow-positive, feeling that the Barlow-pos
itive hip is more stable. Because Ortolani and LeDamany
described the palpable sensation as the femoral head exits
or enters the acetabulum, the author prefers to use the Orto

lani sign to refer to the palpable sensation of subluxating
or dislocating the hip and to reducing a subluxated or dislo
cated hip. The author also makes no treatment distinction
between the Ortolani sign and the Barlow sign.
Complete irreducible dislocations are extremely rare in
newborns and are usually associated with other generalized
conditions, such as arthrogryposis, myelodysplasia, and
gther syndromes. These perinatal teratologic dislocations
are at the,extreme end of the DDH pathologic spectrum

and account for only 2% of cases in newborn examination
series (9,46,47,109,110). They are usually manifested by
the secondary adaptive changes more characteristic of the
late-diagnosed case.
Although the clinical examination remains the gold stan
dard (111), ultrasonography has gained popularity world
wide as a screening tool. Its cost effectiveness has yet to be
documented for wholesale screening of DDH (see imaging
section on page 916).

Late Diagnosis

If the diagnosis of DDH is not made early, preferably in
the newborn nursery, secondary adaptive changes develop

(45). The most reliable physical finding in late-diagnosed
DDH is limitation of abduction (Fig. 23-10). Limited ab
duction is a clinical manifestation of the various degrees of
adductor longus shortening associated with hip subluxation
or dislocation (47). Other manifestations of late-diagnosed
DDH may include apparent femoral shortening, also called
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FIGURE 23-10. A 15-month-old child with left hip dislocation.
Note the limited abduction of the hip.

the Galeazzi sign (Fig. 23-11); asymmetry of the gluteal
(112), thigh, or labial folds (113); and limb-length inequal
ity (Fig. 23-12). In patients with bilateral dislocations, clini
cal findings include a waddling gait and hyperlordosis of
the lumbar spine (Fig. 23-13).
If DDH goes undetected, normal hip joint growth and
development are impaired. With increasing age at detection
and reduction, particularly for children older than 6 months

of age the obstacles (intraarticular and extraarticular) to con
centric reduction become increasingly difficult to overcome
by simple treatment methods, such as use of the Pavlik

FIGURE 23-12. A 1-year-old white girl with developmental dislo
cation of the left hip was referred for toe walking. Note the ap
parent limb-length inequality and the asymmetry of the thigh
and labial folds.

harness, and closed or open reduction usually must be per

formed under general anesthesia. Restoration of normal acetabulum development is less likely as age at detection in

creases (23,29,41,104,114,115).
In the late-diagnosed case, the extraarticular obstacles to
reduction include the contracted adductor longus and the
iliopsoas. These muscles are shortened because of the hip

being in the subluxated or dislocated position, allowing sec
ondary muscle-shortening.

The intraarticular obstacles to reduction in late-diag
nosed DDH include the ligamentum teres, the transverse
acetabular ligament, the constricted anteromedial joint cap

sule, and, rarely, an inverted and hypertrophied labrum
(29,116). In the late-diagnosed case, the most significant
intraarticular obstacle to reduction is some degree of ante
romedial hip capsular constriction (29,117-121). The liga
mentum teres may be thickened, and it may become the
primary obstacle to reduction in some cases. In children
of walking or crawling age, the ligamentum teres may be
significantly elongated and enlarged. Its sheer bulk pre
cludes concentric reduction without excision of the liga

ment. The transverse acetabular ligamentum may hypertro

FIGURE 23-11. A 15-month-old girl with developmental disloca
tion of the left hip. Note the apparent femoral shortening.

phy secondary to the constant pull of the ligamentum teres
on its attachment at the base of the acetabulum (29,121).
This effect decreases the diameter of the acetabulum. A rare finding in other than teratologic dislocations is a
true inverted labrum or limbus (i.e., hypertrophied labrum)
(118) (Fig. 23-14). The acetabular labrum may be iatrogenically inverted and may be an obstacle to reduction in pa
tients previously treated with unsuccessful closed reduc-
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FIGURE 23-13. A 2-year, 5-month-old white girl with bilateral hip dislocations A: Note the wad
dling gait and hyperlordosis. B: Radiograph shows high bilateral dislocations and poorly developed
acetabula with well-developed secondary acetabula where the femoral heads articulate with the
ilia.

FIGURE 23-14. A coronal section of the acetabulum

demonstrates the hypertrophic labrum (limbus) ex
tending over the margin of a slightly thickened acetabular cartilage. The thick capsule extends upward
above the inverted labrum, from which it is separated
by a shallow groove. In this section through the ilium
the growth plate is slanted upward laterally, but endochondral ossification is normal. At the margin of
the roof periosteal bone growth is retarded. (From
ref. 9, with permission.)
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FIGURE 23-15. A: Arthrogram of the left hip in a 15-month-old child with complete dislocation.

Note the shadow of the neolimbus (/■)/). B: A histologic specimen demonstrates hypertrophied
acetabular cartilage of the neolimbus (nl), consistent with the arthrographic appearance in A.

tions. Arthrograms are often misinterpreted as showing an

inverted labrum (122); the shadow thought to be the in
verted labrum or limbus is instead the neolimbus described
by Ortolani (9,29,41,123) (Fig. 23-15). This neolimbus is
epiphyseal cartilage and is almost never an obstacle to reduc
tion. It must not be removed, because removal impairs ace
tabular development (9,124).

The cartilage of the neolimbus may be primarily abnor

mal or may be damaged by a traumatic open or closed
reduction. A response to this damage may be responsible
for the appearance of the previously discussed accessory cen

ters of ossification seen in treated cases of DDH (9) (Fig.
23-9).

Diagnostic Imaging and Radiography
The use of ultrasonography in the diagnosis and manage

ment of children with DDH remains controversial
(125-156). Many proponents strongly recommend that ul
trasonography be used as a routine screening tool in the
newborn nursery and that it be used extensively in the man
agement of all DDH problems (157-159). The use of ultra

sonography in orthopaedic practice was pioneered by Graf
in Austria in the 1970s (139,140). Harcke and colleagues
in the United States (141-143,160), Terjesen and col
leagues in Norway (149-152), and Clarke in Great Britain
(131-133) have been the prime motivators in evaluating

this tool for the diagnosis of DDH and other hip disorders.
Ultrasonography can be used in two basic ways to evalu
ate the child with DDH: morphologic assessment and dy

namic assessment. The morphologic assessment, as pi

oneered by Graf, focuses primarily on critical evaluation of
the anatomic characteristics of the hip joint (Fig. 23-16).
This is accomplished by measuring two angles on the ultra
sound image: the a angle, which is a measurement of the
slope of the superior aspect of the bony acetabulum, and
the /3 angle, which evaluates the cartilaginous component

of the acetabulum. The hip is classified into four types and
several subtypes according to various factors (139,140) (Fig.
23-17). In the evaluation of Terjesen and colleagues, the
percentage of acetabular coverage of the femoral head (i.e.,
percent coverage) is a key measurement (149,152,161).
The morphologic approach to ultrasonography is widely
practiced in Europe. This approach has been criticized be
cause of substantial interobserver and intraobserver varia

tions in the measurement of various angles, particularly the
/3 angle (142).
The availability of equipment with which motion can

be observed in real time in multiple planes provides a means
of seeing what occurs during the Ortolani or Barlow maneu
ver. The use of dynamic ultrasonography, as popularized
by Harcke and colleagues, has been criticized for being ex
cessively operator-dependent and requiring a subjective as
sessment of the findings (141-143).

The indications for ultrasonography in the diagnosis and
treatment of DDH are not universally established. Because
there are many controversies yet to be resolved, ultrasonog
raphy cannot be advocated as a routine screening tool (142).
Although it is used as such in Europe, prospective longitudi-
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FIGURE

23-16. A:
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Ultrasonogra-

phy of a normal newborn. B: Ana
tomic drawing of hip landmarks
(after Graf): 7, femoral head; 2, iliac
limb; 3, bonyacetabularroof;4, acetabular labrum; 5, joint capsule; 6,
osseous rim. C: Ultrasonograph of a
newborn. Note the a angle and the
p angles.

nal studies documenting the outcomes of minor anatomic
abnormalities found in ultrasonographic examinations need
to be completed (162,163). Its routine use in newborn nurs
eries has resulted in overdiagnosis above the expected inci
dence of DDH and cannot be considered cost-effective
(144,164-166). Its use for only high-risk infants (Table
23-1) may eventually prove cost-effective (166). However,
Clarke and colleagues showed that screening all high-risk
infants and all infants who had any abnormality on physical
examination did not reduce the prevalence of late-diagnosed
cases (128,132,133).
Some centers advocate the use of ultrasonography for all
Ortolani-positive infants to assess stability at the completion
of treatment (142). An ideal indication for ultrasonography
is for guided reduction of a dislocated hip in an infant (167).
Ultrasonography can be used to check the reduction of the
hip and its stability during Pavlik harness treatment at 7to 10-day intervals. This may temporarily obviate the need
for radiographic evaluation. Other uses for ultrasonography

in the treatment of DDH include monitoring of the hip
position while the patient is in traction, before attempts at
reduction and evaluating closed reductions in the operating
room. The distinct advantage of ultrasonography is that it

provides some anatomic evaluation of the hip joint without
exposing the infant to radiation.

Debate continues regarding the appropriate planes for
evaluation and whether an orthopaedic surgeon, the treating
physician, or a radiologist with expertise in ultrasonography
should perform the evaluation. In the newborn DDH is
not a radiographic diagnosis; the diagnosis should be made
by clinical evaluation, which may be enhanced by ultraso
nography if the examination results are questionable. Some
groups have used vibration arthrometry (168—170).

After the newborn period the diagnosis of DDH should
be confirmed by radiography. Many radiographic measure
ments can be made, but there are wide interobserver and
intraobserver variations in these measurements (171,172).
Because it is difficult to standardize the radiographic posi-
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23-17. Sonographic hip types. (Courtesy of Prof. R. Graf, Stolzalpe, Austria.)

tioning of infants, many centers use positioning frames
(173).

When monitoring the treatment of children with DDH,
it is essential to notice changes in the radiographic measure

ments over time and not to make significant decisions based
on a single radiograph. The classic radiographic features of
late-diagnosed DDH include an increased acetabular index
(26,174-179), disruption of the Shenton line, a widened
pelvic floor (180), an absent teardrop figure (181-187),
delayed appearance of the femoral ossific nucleus on the
involved side or dissimilar sizes of the ossific nuclei, abnor
mality in Smith centering ratios (21,22,34), decreased fem
oral head coverage, and failure of the medial metaphyseal
beak of the proximal femur, and, subsequently, the second
ary ossification center to be located in the lower inner quad

(171). The center-edge (CE) angle becomes useful only after
5 years of age and is most useful in the adult patient (43)
(Fig. 23-18B). Radiographs show only the ossified portion
of the pelvic bones and the proximal femur. Excellent ace
tabular coverage of the femoral head may be found, albeit
by unossified cartilage (Fig. 23-19). If this cartilage does
not ossify, the residual dysplasia may eventually lead to subluxation and degenerative joint disease.

The Shenton line provides only a qualitative estimate of
dysplasia during the first few years of life. After 3 or 4 years
of age, the Shenton line should be intact on all views of the
hip; thereafter, any disruption of the Shenton line indicates

rant, as defined by the Hilgenreiner and Perkins lines

an abnormality in the relation between the proximal femur
and the acetabulum. This relation must be restored to prevent
degenerative joint disease in later life (23,43,56,62,115).
Magnetic resonance imaging has been used for DDH

(86,188,189) (Fig. 23-18A). When the triradiate cartilage
is closed, the acetabular angle of Sharp (i.e., from the infe
rior edge of the teardrop figure to the edge of the acetabu

femoral head acetabular relationships after closed or open
reduction (191,192). With advances in software, this mo

lum) is a useful measurement of acetabular dysplasia (190).
In children younger than 8 years of age, the acetabular
index is a reasonable measure of acetabular development

diagnosis and evaluation, as well as for documentation of

dality will no doubt provide useful information in the fu
ture. The need for anesthesia for pediatric patients limits
the utility of this modality (193-196).
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CDH

Acetabular Index

Hilgenreiner Line

Shenton Line

Perkins Line

Perkins Line

FIGURE 23-18. A: Radiographic parameters.
CDH, congenital dysplasia of the hip; CE Angle,
center-edge angle. B: Center-edge angle of
Wiberg. C, Center of the femoral head; E, bony
edge of the acetabulum; G, gravity line.

NATURAL HISTORY

Course in Newborns

The natural history of untreated DDH in the newborn is
quite variable. Yamamuro and Doi followed 52 hips with
positive Ortolani signs for a 2-year period without treatment

for the first 5 months. Of the 12 they called "dislocated"
hips, 3 (25%) were radiographically normal at 5 months of
age. Of the 42 they called "subluxable" hips, 24 (57%) were
normal at 5 months (78).

Barlow reported that 1 of every 60 infants born has insta
bility (i.e., positive Barlow sign) of one or both hips (84).
More than 60% of these stabilize during the first week of
life, and 88% stabilize during the first 2 months, without
treatment. The remaining 12% become true congenital dis

locations and persist without treatment. Pratt and colleagues
followed 18 "dysplastic" hips in patients younger than 3

months of age who were diagnosed based on clinical and
radiographic parameters for an average of 11.2 years and

FIGURE 23-19. Arthrogram of a 5-year-old white girl 3 years
after open reduction. Note the excellent coverage of the femoral
head by unossified acetabular cartilage.

found that 15 were roentgenographically normal (77).

Coleman followed 23 untreated DDH patients younger
than 3 months of age who were diagnosed based on clinical
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and radiographic criteria. He found that 26% of the femoral
heads became completely dislocated, 13% had partial con
tact of the femoral head with the acetabulum, 39% re
mained located but retained dysplastic features, and 22%
were normal (46).

Most unstable hips in newboms stabilize soon after birth,

some may go on to subluxation or dislocation, and some
may remain located but retain anatomic dysplastic features.

Because it is not possible to predict the outcome of unstable
hips in newborns, all newborns with clinical hip instability,
as manifested by a positive Ortolani or Barlow sign, should
be treated.

Course in Adults

In adults, the natural history of untreated complete disloca
tion varies, and is affected by societal considerations
(56,66,197-200). Despite complete dislocation there may
be little or no functional disability.

The natural history of complete dislocation depends on
two factors: the presence or absence of a well-developed
false acetabulum, and bilaterality (23,56,66,114,201,202).
Wedge and Wasylenko demonstrated only a 24% chance
of a good clinical result with a well-developed false acetabu
lum, but with a moderately developed or absent false acetab
ulum, the patients had a 52% chance of a good clinical
result (56,66). Of 42 patients with complete dislocations,
13 had roentgenographically confirmed degenerative joint

disease, such as loss of joint space, cyst formation, sclerosis,
osteophyte formation, and flattening of the femoral head.
Of these 13 patients, 10 (76%) had poor clinical results.
Milgram reported the gross and histologic features of a
case of bilateral DDH discovered at postmortem examina

tion (203). This 74-year-old man had no hip or thigh pain
and only mild backache for 5 years before his death. His
femoral head had no articulation with any portion of the

ilium. The femoral head was covered with a thickened,
markedly elongated hip joint capsule. The only degenerative

changes occurred where the lesser trochanter abutted the
overhanging superior acetabular rim. In the absence of a
false acetabulum, most patients with complete dislocations
do well, maintaining good range of motion with little func
tional disability (Fig. 23-20). Completely dislocated hips
with well-developed false acetabula are more likely to de
velop roentgenographic degenerative joint disease changes
and have poor clinical results (Fig. 23-21). Factors that lead
to the formation or lack of formation of a false acetabulum
remain unknown (23).

Back pain may occur in patients with bilateral disloca
tions. It is thought that this pain is secondary to the hyperlordosis of the lumbar spine that is associated with bilateral
dislocations (23,56,66,197,198,203,204) (Fig. 23-22).
In unilateral complete dislocations, secondary problems
of limb-length inequality, ipsilateral knee deformity and

pain, scoliosis, and gait disturbance are common. Limblength inequalities of as much as 10 cm have been reported
in patients with unilateral dislocations. These patients de
velop flexion adduction deformities of the hip, which may
lead to valgus deformities of the knee. The valgus knee
deformity is often associated with attenuation of the medial
collateral ligament and lateral compartment degenerative
joint disease, although some medial compartment disease
has been described (23,56,66,115,198,202). The same fac
tors involved in the development of secondary degenerative

disease in the false acetabulum and in the associated clinical
disability in bilateral cases affect unilateral dislocations.

FIGURE 23-20. A 65-year-old white woman
with bilateral, untreated developmental disloca
tions of the hips complained of some low back
pain, but had no hip pain. She had a waddling
gait and hyperlordosis.
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921

FIGURE 23-21. Roentgenogram of a 43-year-old
woman with complete dislocation of both hips. She is
asymptomatic on the right, but has disabling symptoms

from the left hip. She has no false acetabulum on the
right, but has a well-developed false acetabulum on the
left with secondary degenerative changes. (From ref.

23, with permission.)

Course of Dysplasia and Subluxation
The natural history of dysplasia and subluxation in un
treated patients is important because of the likelihood that
these findings can be extrapolated to residual dysplasia and
subluxation after treatment (115,127,205-207).
After the neonatal period, the term "dysplasia" has an

There is considerable evidence that residual radiographic
acetabular dysplasia leads to secondary degenerative joint
disease, especially in female patients, although there are no
predictive radiographic parameters (206,209,211,212). The

anatomic and an radiographic definition. Anatomic dyspla

sia refers to inadequate development of the acetabulum, the
femoral head, or both (47). All subluxated hips (i.e., those
in which there is some contact between the femoral head

and the acetabulum) are by definition anatomically dysplastic. Radiographically, the major difference between dyspla
sia and subluxation is determined by the integrity of the
Shenton line. In hip subluxation, the Shenton line is dis
rupted and the femoral head is superiorly, laterally, or
superolaterally displaced from the medial wall of the acetab
ulum. In radiographic dysplasia, the normal Shenton line
relation is intact (56,66,208,209) (Fig. 23-23). In the litera
ture describing the natural history of DDH, these two
roentgenographic and clinical entities often are not sepa
rated. Moreover, secondary degenerative changes may con
vert a radiographically dysplastic hip to a subluxated hip
(206,209-211) (Figs. 23-24 and 23-25).
Anatomic abnormalities are seen roentgenographically in
subluxation and dysplasia, but the natural histories of these
two radiographic entities are different. Residual radiographic subluxation after treatment for DDH invariably

leads to degenerative joint disease and clinical disability
(23,56,65,115,206,209). The rate of deterioration is di

rectly related to the severity of the subluxation and the age
of the patient (206,209).

FIGURE 23-22. A 45-year-old white woman with bilateral com
plete dislocations, hip flexion deformity, and marked hyperlordosis. The patient's only complaints were referable to her back.

922

Chapter 23: Developmental Hip Dysplasia and Dislocation

FIGURE 23-23. Radiographic subluxation and
dysplasia. A: A 36-year-old woman with bilateral

anatomically abnormal (dysplastic) hips. The left
hip is radiographically subluxated, with the Shenton line disrupted, and the right hip is radiographically dysplastic, with the Shenton line in
tact. B: Seven years later, note the marked loss
of joint space in the secondary acetabulum of the
left hip and very early disruption of the Shenton
line on the right. The right hip is asymptomatic,
and the left hip is about to undergo total hip
arthroplasty.

reasons for degenerative changes in radiographically dysplas

Melvin and associates, in their unpublished 30- to 50-year

tic hips are probably mechanical in nature and related to

follow-up of DDH, demonstrated that 40% of the patients

increased contact stress with time. A certain "overpressure"

with DDH had roentgenographic evidence of dysplasia in

(213,214) may correlate with long-term outcome. Aspheri-

the opposite hip (198). It has been estimated that 20 to

cal femoral heads (e.g., secondary to aseptic necrosis) tend

50% of degenerative joint disease of the hip is secondary

to experience even more severe degrees of overpressure. It
lates with the magnitude of the overpressure and the time

to subluxation or residual radiographic acetabular dysplasia
(43,56,209,211,212,215-217). Wiberg suggested that
there was a direct correlation between the onset of roentgen

of exposure (213).

ographic degenerative joint disease and the amount of dys

appears that radiographic degenerative joint disease corre

Because the physical signs of radiographic hip dysplasia
are usually lacking, cases are often diagnosed only inciden

plasia as measured by the decrease in the CE angle (43)
(Fig. 23-16).

tally on the basis of roentgenograms taken for other reasons

Cooperman and colleagues, in a roentgenographic study

or after the patient develops symptoms (24,25,43,74,211).

of degenerative joint disease and its relation to the severity

Stulberg and Harris found that 50% of their patients with

of radiographic acetabular dysplasia, reviewed the 17 cases

radiographic dysplasia and degenerative joint disease had

on which Wiberg based his conclusions (209). They con

radiographic evidence of dysplasia in the opposite hip (211).

cluded that 7 of 17 hips were actually subluxated. These

Natural History

FIGURE 23-24. Anteroposterior radiographs made after closed reduction of developmental dislo
cation of the hip that had been performed when the patient was 2 years, 4 months of age. A:
Thirty-nine months after reduction, when the patient was 5 years, 7 months of age, the accessory
centers of ossification are visible in the acetabular cartilage. B: Fifteen years after reduction, when
the patient was 17 years of age, the Shenton line is intact and there is mild, acetabular dysplasia.
C: Forty-two years after reduction, when the patient was 44 years of age, degenerative changes
are present. D: Fifty-one years after reduction, when the patient was 53 years of age, the hip is
subluxed and has severe degenerative changes (Iowa Hip Rating, 48 of 100 points). The patient
subsequently underwent total hip replacement. (From ref. 206, with permission.)
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FIGURE 23-25. A 4-month-old white girl with left hip dislocation and right hip subluxation. A:

Anteroposterior (AP) view. B: Abduction view. C: Abduction view at 7 months of age, 3 months

after closed treatment. D: AP view at 7 months of age, 3 months after closed treatment. E: AP

view at 7 years of age. Note the mild anatomic dysplasia of both hips. F: AP view at 15 years of
age. Note the bilateral anatomic dysplasia. The right hip is radiographically dysplastic, and the
left hip is radiographically subluxated.

Treatment of Hip Dislocation

925

subluxated hips were the most anatomically dysplastic; their

graphic evidence of acetabular dysplasia and degenerative
joint disease comes from the southern Chinese population.

10 hips in Wiberg's series were radiographically dysplastic.
They had intact Shenton lines and an average CE angle of
10 degrees. None of these patients developed radiographic
degenerative joint disease before 39 years of age; however,
degenerative changes became apparent roentgenographically by 57 years of age. In this review of Wiberg's series,
the decrease in CE angle was associated with an increase in

incidence of childhood hip disease is low, the incidence of
adult osteoarthritis (nontraumatic) is also low (52,53).
Wedge and Wasylenko reported three peak periods of

CE angles averaged 2 degrees, and all 7 had roentgeno
graphic degenerative changes by 42 years of age. The other

anatomic acetabular dysplasia and an increased likelihood
that the hip was subluxated. Subluxation was the primary
factor in the development of degenerative joint disease in
this group. Subluxation predictably leads to degenerative
joint disease and clinical disability over time.
Cooperman and associates described 32 hips (28 pa
tients) with radiographic evidence of acetabular dysplasia
(i.e., CE angle less than 20 degrees, but without subluxation,
and the Shenton line intact), at an average follow-up of 22
years (209). All patients eventually developed tadiographic
evidence of degenerative joint disease. However, there was
no linear correlation between the CE angle and the rate
of development of degenerative joint disease, as had been

suggested previously by Wiberg. A decreased CE angle was
associated solely with increasing radiographic evidence of
acetabular dysplasia and not with subluxation, because pa
tients with subluxation had been excluded in this series.

Cooperman and colleagues demonstrated that radiographic
evidence of acetabular dysplasia leads to radiographically
detectable degenerative joint disease, but the process may
take decades. This study also demonstrated that the conven
tional radiographic parameters used to describe dysplasia
(e.g., CE angle, acetabular index of Sharp, percent coverage,
depth, inclination) could not predict the rate at which a
radiographically confirmed dysplastic hip joint would de
velop roentgenographic evidence of degenerative joint dis
ease.

Stulberg and Harris demonstrated that there is no roent
genographic picture of degenerative joint disease uniquely
associated with preexisting acetabular dysplasia (211). In
80% of patients with dysplasia, the CE angle is usually less

than 20 degrees, but acetabular shallowness, as measured
by acetabular depth, affects all of these patients. The investi

In an epidemiologic study from Hong Kong, where the

pain in subluxation, depending on the severity of the sub

luxation (56,66). Patients with the most severe subluxation
usually had the onset of symptoms during the second decade
of life. Those with moderate subluxation presented during
their third and fourth decades, and those with minimal sub
luxation usually experienced the onset of symptoms around
menopause.

Patients who present soon after symptom onset rarely

have the classic signs of degenerative joint disease, such as
decreased joint space, cyst formation, double acetabular
floor, and inferomedial femoral head osteophytes. The only
radiographic feature present at symptom onset may be in
creased sclerosis in the weightbearing area. This increased
sclerosis is secondary to increasing osteoblastic stimulation
in response to the decreased width of the weightbearing
surface; the increase of the normal per unit load strains the
bone. The mechanism of pain in these instances is purely
speculative (Fig. 23-22).

In cases of subluxation, the mean age at symptom onset
is 36.6 years for women and 54 years for men. Severe degen
erative roentgenographic changes become evident approxi
mately 10 years later, by 46.4 years of age for women and
69.6 years of age for men.

Patients with subluxated hips usually have symptom
onset at a younger age than patients with complete disloca

tions. After pain and radiographically evident degenerative
disease starts, the disease progresses rapidly. Harris reported
that symptoms of degenerative joint disease associated with
radiographic evidence of acetabular dysplasia occurred early
in life and that almost 50% of the patients in his series with
acetabular dysplasia had their first reconstructive procedure
before 60 years of age, with fewer than 5% having their
first reconstruction after 60 years of age (212).
TREATMENT OF HIP DISLOCATION

gators also demonstrated that the CE angle, the criterion
most commonly used to quantitate dysplasia, could be af

Newborns and Infants Younger Than 6

sitioning and the changes accompanying the normal devel
opment of degenerative joint disease. The secondary
degenerative changes in a dysplastic acetabulum may give
the hip a normal-appearing CE angle. In their series of 130
patients with primary or idiopathic degenerative joint dis
ease, Stulberg and Harris were able to demonstrate that
48% had evidence of primary acetabular dysplasia, and that
acetabular dysplasia frequently occurred in females with de

Based on the understanding of normal growth and develop

fected by many parameters, including roentgenographic po

generative joint disease.

Additional evidence for the association between radio-

Months of Age

ment of the hip, the fundamental treatment goals in DDH
are the same, regardless of age. The first goal is to obtain
reduction and maintain that reduction to provide an opti
mal environment for femoral head and acetabular develop
ment (114). As has been demonstrated by many follow-up
studies of treated DDH, the acetabulum has the potential
for development for many years after reduction as long as

the reduction is maintained (32,34,35). The femoral head
and femoral anteversion can remodel if the reduction is
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maintained (206,218). Further intervention is necessary

only to alter an otherwise adverse natural history, as in the
treatment of residual dysplasia and the prevention or treat

ment of subluxation. The later the diagnosis of DDH is
made the more difficult it is to achieve these goals, the
less potential there is for acetabular and proximal femoral
remodeling, and the more complex are the required treat
ments. With increasing age and complexity of treatment
the risk of complications is greater, and the patient is more
likely to develop degenerative joint disease.

The diagnosis of DDH ideally should be made in the
newborn nursery (219). If the diagnosis is made in the nurs
ery, treatment should be initiated immediately (220). Triple
diapers or abduction diapers have no place in the treatment
of DDH in the newborn. They give the family a false sense

of security and are generally ineffective. Any success with
the use of triple diapers or abduction diapers could be attrib
uted to the natural resolution of the disorder.
The most commonly used device for the treatment of
DDH in the newborn is the Pavlik harness (Fig. 23-26).
Although other devices are available (e.g., von Rosen splint,
Frejka pillow), the Pavlik harness remains the most com
monly used device worldwide (33,81,221-231). When ap
propriately applied, the Pavlik harness prevents hip exten
sion and adduction, which can lead to redislocation, but it
allows further flexion and abduction, which lead to reduc
tion and stabilization. By maintaining the Ortolani-positive

hip in a Pavlik harness on a full-time basis for 6 weeks, hip
instability resolves in 95% of cases.
The Pavlik harness may be used effectively until 6
months of age for any child with residual dysplasia, subluxa-

tion, or complete dislocation. After 6 months of age the
failure rate for the Pavlik harness is greater than 50% be
cause it is difficult to maintain the increasingly active and
crawling child in the harness. It may also be used to achieve
reduction of a dislocated hip in a child in this age group.

Ideally, the harness should be applied as soon after birth as
the diagnosis is made.

Mubarak and colleagues and others described the disad
vantages associated with the use of the Pavlik harness for
the treatment of DDH (31,232). They pointed out that
failures of treatment most often result from problems related
to the physician, the device, or the patient.
Physician-related errors fall into two categories: inappro
priate indications and persistence of inadequate treatment.

The Pavlik harness is contraindicated in patients with signif
icant muscle imbalance, such as those with myelodysplasia
or cerebral palsy. It is also contraindicated for patients who
have significant joint stiffness, such as children with arthrogryposis. The harness will fail if it is applied in a child
with excessive ligamentous laxity, as seen in Ehlers-Danlos
syndrome (31).
The persistence of inadequate treatment is a multifacto-

rial problem. Physicians using the harness must be well
versed in its appropriate application and the adjustments

that are necessary throughout the course of treatment if
treatment is to be successful. It is important that the physi
cian treating the patient understand when a treatment fail
ure has occurred, so as not to prolong treatment with the
harness and cause secondary pathologic changes, called 'Pav
lik harness disease" (233). Persistence of treatment may
damage the femoral head, injure the acetabular cartilage,

and impair future bone growth. An inappropriately applied
harness is a physician failure, not an orthotic failure
(232,234).

Another major Pavlik harness problem is related to the
specific orthotic device. Not all Pavlik harnesses are the
same; the strap attachment sites vary. However, since the
article by Mubarak and colleagues, most harnesses on the
market meet the requisite standards they outlined (31,232).
Some problems are patient related. Certain family, social,
and educational situations make compliance impossible. In
these situations, the Pavlik harness would be inappropriate,

and closed reduction and casting may be the more judicious
approach. The family must be educated about the impor

tance of the harness, its care and maintenance, how the

child should be bathed while wearing the harness, and the
consequences of failure to achieve success. Family noncompliance can lead to failure, and the use of a visiting nurse
may be helpful in these situations.

Application of the harness (Fig. 23-26) should be dem

FIGURE 23-26. Newborn with bilateral hip dislocations in a Pav
lik harness. Appropriately applied, the harness prevents hip ex

tension and adduction which can lead to redislocation, but allows
further flexion and abduction, which lead to reduction and stabi
lization.

onstrated for the family members. The chest halter strap
should be positioned at the nipple line, and the shoulder

straps are set to hold the cross strap at this level. The leg
and foot stirrups must have their anterior and posterior
straps oriented anteriorly and posteriorly to the child's

Treatment of Hip Dislocation

knees. Hip flexion should be set at 100 to 110 degrees.
These straps should be in the anterior axillary line. The

posterior abduction strap should be at the level of the child's
scapula and adjusted to allow comfortable abduction within
the safe zone (235), which is defined as the arc of abduction

and adduction that is between redislocation and comforta
ble, unforced abduction. The posterior strap acts as a checkrein to prevent the hip from adducting to the point of redis

location. Ultrasonography is a useful means of documenting
relocation of the Ortolani-positive hip.
There is great variability in treatment regimens with the
Pavlik harness. If the Pavlik harness is used to stabilize an
unstable hip (i.e., an Ortolani- or Barlow-positive hip), the
harness is used full time for 6 to 12 weeks after clinical
stability is achieved. Most hips stabilize in days to weeks.
The harness is checked at 7- to 10-day intervals to assess
hip stability and to adjust the flexion and abduction straps
to allow for growth of the infant. Clinical examination is
usually sufficient to check the progress at each visit; ultraso

nography may be used, but radiographs are unnecessary.
In a child younger than 6 months of age with a complete
dislocation, the Pavlik harness may be used in a trial of
guided reduction. In this case, the harness must be applied

with enough hyperflexion and abduction to point the femo
ral head toward the triradiate cartilage. This situation is the
ideal indication for the use of ultrasonography to follow the
reduction. When the harness is used for guided reduction,
die infant should be checked at 7 to 10 days to determine
whether the reduction is being accomplished. Clinical ex
amination alone may be adequate, but initial radiographs

should be obtained to document adequate flexion and redi
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rection of the femoral neck toward the triradiate cartilage in
the harness. After clinical stability is achieved, radiography is
not indicated until about 3 months of age to assess acetabular development (Fig. 23-27). Ultrasonography is an excel

lent means of documenting progress toward and completion
of successful reduction (236).

Although the Pavlik harness has provided a 95% overall
success rate for the treatment of the Ortolani-positive hip,
the success rate for using the harness to guide the reduction
of a subluxated or dislocated hip in a child younger than
6 months of age is 85% (31,224,237).
The use of the Pavlik harness can be associated with
complications; most of these complications are iatrogenic
and can be avoided. Inferior dislocations may occur with

prolonged excessive hip flexion (238,239). Hyperflexion
may also induce femoral nerve compression neuropathy;

this condition generally resolves after the harness is re
moved. It is important during each examination to make
certain that the patient has active quadriceps function. Brachial plexus palsy may occur from compression by the shoul
der straps, and knee subluxations may occur from improp
erly positioned straps.

Skin breakdown may occur in the groin creases and in
the popliteal fossa if great care is not taken in keeping these
areas clean and dry. Instruction with regard to bathing and
skin care is essential.

The most disastrous consequence of Pavlik harness treat
ment is damage to the cartilaginous femoral head and the
proximal femoral physeal plate (240,241). This is usually
secondary to forced abduction in the harness or persistent

FIGURE 23-27. A 5-month-old child with left developmental dislocation of the hip A- Anteropostenor (AP) view of the pelvis at diagnosis. The acetabular index is increased, the medial floor of
the acetabulum is widened, and the acetabular teardrop figure is absent. There is a well-developed
secondary acetabulum, the Shenton line is disrupted, and the femoral ossific nucleus is decreased
in size. The femoral head is located in the upper outer quadrant, as defined by Hilgenreiner and
Perkins lines. B: AP view of the pelvis with a hip Pavlik harness in place to demonstrate an excellent

reduction. Note the hyperflexed position, (continued)
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FIGURE 23-27. (continued) C: AP view of the pelvis at 9
months of age shows reduction, early appearance of the tear
drop figure, and improvement in the acetabular index. D: AP
view of the pelvis at 31 months of age. There is marked im
provement in the acetabular teardrop figure and acetabular
development. E: AP view of the pelvis at 5 years of age. There
has been continued improvement in acetabular and femoral
head development.

use of the harness, despite the failure of guided reduction

a period of skin or skeletal traction (242—252) (Fig. 23-

in a complete dislocation.

29). The theoretical purpose of the traction is to facilitate
reduction by allowing gradual stretching of the soft tissue

Children 6 Months to 2 Years of Age
It is difficult to maintain a child older than 6 months of

age in a Pavlik harness because of the child's activity levels.
In this age group subluxated or dislocated hips should be
treated by closed or open means as necessary, because suc
cess rates using the Pavlik harness are less than 50%.
In the late-diagnosed patient or the patient who fails
treatment with the Pavlik harness, the obstacles to reduction

are different, treatment has greater risks, and the results are

structures impeding reduction and stretching of the neurovascular bundle to avoid inciting aseptic necrosis of the
proximal femur by sudden reduction. Generally, 1 to 2
weeks of skin or skeletal traction are sufficient. Skin traction

is the most commonly used method, although some physi
cians recommend skeletal traction (242). Skin tapes should
be applied above the knee to distribute the traction over a
large area (Fig. 23-29). The author prefers to wrap Elastoplast tape loosely over tincture of benzoin from the anlde

to the upper thigh. It is important not to stretch the Elas-

far less predictable. The principal goals in the treatment of

toplast tape at all; it should merely lie on the skin in a

the late-diagnosed patient are similar to those for the new

circumferential manner, with each edge directly opposing

born. The goal is to obtain reduction, to maintain that

the preceding edge. Buck traction tapes are then applied

reduction to provide an adequate environment for femoral

from above the ankle to the thigh and to the foot plate;

head and acetabular development, and to avoid proximal

weights may be added to both legs, so that the buttocks

femoral growth disturbance (Fig. 23-28).

"lightly" touch the bed. The author has used this method

For patients older than 6 months of age at diagnosis and

for a number of years without adverse consequences. The

those who have failed a trial of Pavlik harness reduction,

direction of application of the traction forces (e.g., over

closed reduction is indicated. In most centers, closed reduc

head, longitudinal, divarication) and the duration of trac

tion and spica cast immobilization usually are preceded by

tion (days to months) vary worldwide.
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FIGURE 23-28. A 6-month-old girl with apparent left hip subluxation and acetabular dysplasia secondary to excessive anteversion. A: Diagnostic anteroposterior (AP) view of the pelvis.
Note the increased acetabular index, the poorly developed tear
drop figure, and the small ossific nucleus. B: AP view of the
pelvis in the fixed abduction brace. Excellent reduction of the
hip has been achieved. C: AP view of the pelvis at 5 years of

age. The left hip appears normal.

Prereduction traction, although still used by most treat
ing physicians, is a somewhat controversial topic (253).
Traction theoretically stretches contracted muscles, allows
reduction without excessive force, and decreases the need

for open reduction. These ideas are lacking the support of
scientifically valid studies. The assessment of the adequacy
of closed reduction and the need for open reduction varies
and is subjective. Fish and colleagues surveyed the members
of the Pediatric Orthopaedic Society of North America on
this topic (254). Most pediatric orthopaedic surgeons

thought that traction did reduce the incidence of necrosis
in the treatment of DDH. Only 5% of responders did not
use traction in their practice. The purpose of traction is to

allow gradual relaxation of secondarily contracted muscles,
such as the iliopsoas and adductor longus; theoretically, this
allows reduction without creating excessive joint forces.
However, the relevant reports on this subject are subjective.

Several articles on open and closed reduction without the

use of preliminary traction report incidences of proximal

femoral damage comparable to those found in series in
which prereduction traction was used (41,255-257). These
researchers think that the main obstacles to reduction are
intraarticular and therefore would not be affected by the
use of traction. Controversy also exists about the amount

of weight applied, the direction of the force application,
and the duration of applied traction. There are no clinical
or experimental studies of the direct effects of traction, and
there are no well-controlled studies that analyze the effect

of traction as a single variable.

The complications of traction include skin loss and is
chemia to the lower extremities attributable to inappropriate
application. Neurocirculatory checks must be performed
frequently, and traction must be applied in a carefully super
vised manner. In appropriate circumstances traction may
be used at home (258-260). This markedly decreases the
costs associated with hospitalization. Patients usually are
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hospitalized for 24 h to allow their parents to become famil
iar with the traction apparatus, to learn how to monitor
neurocirculatory status, and to become totally familiar with
the potential risks and danger signs. The patient and family

must be cooperative; a visiting nurse is often helpful in
instituting this program.

Closed reductions are performed in the operating room.
Gentle reduction must be done under general anesthesia.
The hip is gently manipulated into the acetabulum by flex
ion, traction, and abduction. An open or percutaneous ad
ductor tenotomy usually is necessary in these cases because
of secondary adduction contracture, and to increase the safe

zone, which lessens the incidence of proximal femoral
growth disturbance. The reduction must be documented
(29,261-265) (Fig. 23-30). Because large portions of the
femoral head and acetabulum are cartilaginous, arthrography is a useful tool in assessing the obstacles to and the
adequacy of reduction (266-268). Dynamic arthrography
FIGURE 23-29. A 1-year-old child with bilateral hip dislocations
in traction. Closed reduction and spica cast immobilization usually
are preceded by a period of skin or skeletal traction.

using fluoroscopy helps to achieve both of these goals, intraoperative ultrasonography may also be used.
The reduction is maintained in a well-molded plaster
cast. The plaster must be well molded dorsal to the greater

trochanters to prevent redislocation (Fig. 23-31). The

FIGURE
23-30. Arthrograms
demonstrate
closed reduction of developmental dysplasia of

the left hip in an 8-month-old infant. A: Un
treated. B: Reduced. There is no pooling of dye
medially. The acetabular cartilage completely
covers the femoral head. C: Reduction in a plas

ter cast. Note the arthrographic shadow of the
transverse acetabular ligament (arrow). D: Nine
years after reduction. Note the symmetric ace
tabular and proximal femoral development.
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FIGURE 23-31. This computed tomography scan documents a
successful closed reduction of a right hip dislocation. The plaster
cast is molded dorsal to the greater trochanters to help prevent
redislocation.

"human position" of hyperflexion and limited abduction is
the preferred position (269,270) (Fig. 23-32). The amount
of apparent hip flexion during cast application is often
greater than the flexion seen on radiographs. Wide, forced
abduction or forced abduction with internal rotation should
be avoided because these approaches are associated with an
increased incidence of proximal femoral growth disturbance
(Fig. 23-33).
The author prefers to use plaster of Paris because of its
plasticity, but some surgeons prefer to use synthetic materi
als. The time of maintenance of reduction in the plaster
cast varies considerably. The author prefers to maintain the

plaster below the knee on the involved side and above the
knee on the uninvolved side for approximately 6 weeks,
regardless of the patient's age. At that time, the plaster on
the involved side (or sides) is cut to above the knee to allow
some hip rotation and knee range of motion for an addi

FIGURE 23-32. A: The "human position" of hyperflexion and
limited abduction is the preferred position after closed reduction.

The patient shown had bilateral reductions. B: Single-cut tomogram documents the hyperflexed, minimal abduction position.

tional 6 weeks.

Twelve weeks after closed reduction, the plaster cast is

removed and replaced by an abduction orthotic device to
be used on a full-time basis for 2 months, except during
bathing, and then at nap time and at night until acetabular
development is normal. The use of abduction orthotic de
vices after reduction of DDH varies widely. The greatest

rate of improvement in acetabular development occurs dur
ing the first 18 months after reduction. Reduction after
casting should be documented by radiography, single-cut
tomography, computed tomography, magnetic resonance
imaging, or ultrasonography (144,264,265,271) (Fig. 23-

31). The adequacy of closed reduction is somewhat sub
jective. In the author's opinion anatomic reduction is the

only acceptable reduction (Fig. 23-30C). The use of the

femoral head as a "dilating sound" to overcome the intraarticular obstacles to reduction may cause damage to the fem
oral head and make open reduction more difficult (233,
272,273).

In patients 6 months to 2 years of age, open reduction
is indicated if there is failure of closed treatment, persistent
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FIGURE 23-33. Wide abduction should be condemned.
This position is associated with a high incidence of damage
to the proximal femoral epiphysis and the physeal plate.

subluxation, soft tissue interposition, and reducible but un

advantages include minimal soft tissue dissection, direct

stable reductions other than in extreme positions of abduc

access to the medial joint capsule and the iliopsoas tendon,

tion. There has been some controversy in recent years re

avoidance of damage to the iliac apophysis and abductor

garding whether the incidence of damage to the proximal

muscles, minimal blood loss, and excellent cosmesis. How

femur is decreased if open reduction is delayed until the

ever, it is a less familiar approach to most surgeons, and

femoral ossific nucleus is present. This notion was recently

visualization is somewhat impaired. Capsular repair cannot

dispelled (274).
The goals of open treatment are to obtain reduction,

be accomplished through this approach. The stability of

maintain the reduction, avoid damage to the femoral head,
and provide an optimal environment for acetabular and
proximal femoral development. Open reduction of a DDH

This approach is somewhat difficult to use in older pa

the reduction is maintained only by the postoperative cast.

tients, and no concomitant surgical procedures can be per
formed through the same incision. Questions have been

may be accomplished with a variety of surgical approaches

raised about a higher incidence of proximal femoral growth

(38,41,117,119-121,179,235,275-281).

disturbance after use of this approach.

The most commonly used surgical approach to open re
duction is the anterolateral Smith-Petersen approach [*>3.2]

with a modified "bikini" incision, as described by Salter
and Dubos (280). This is a standard approach to the hip
joint and is familiar to most surgeons. In the late-diag
nosed DDH patient, any associated capsular laxity can be
plicated through this approach. If the surgeon thinks that

A third approach to open reduction in this age group is

the anteromedial approach originally described by Ludloff
and modified by Weinstein and Ponseti (41,104,114,119,
288-292). The approach is made in the interval between

the femoral neurovascular bundle and the pectineus muscle
[*-3.3]. The advocates of this approach cite minimal blood
loss (i.e., transfusion is never necessary) and the fact that

a secondary procedure, such as pelvic osteotomy, is neces

it is the most direct approach to the obstacles to reduction.

sary, it also can be accomplished through the same surgical

There is minimal muscle dissection in this approach; only

approach (38,279-281).

One of the advantages of the anterior Smith-Petersen

the iliopsoas and the adductor longus are sectioned. Both
hips can be reduced during the same operative procedure,

approach is that the hip is immobilized in a functional posi

the scar is extremely cosmetic, and there is no damage to

tion, with minimal hip flexion and some degree of abduc

the hip abductor muscles or the iliac apophysis. Postopera

tion. If this approach is used in conjunction with a capsular
plication, the postoperative immobilization period is usually

tive stiffness is not a problem.

6 to 8 weeks.

proach. It is not a familiar approach to most surgeons. Only

The disadvantages may include greater blood loss than
with the various medial and anteromedial approaches, possi

There are several disadvantages to the anteromedial ap
open reduction can be accomplished; no secondary proce

dures can be performed through this incision. It is difficult

ble damage to the iliac crest apophysis and the hip abduc

to use in older patients because of the depth of the hip joint

tors, and postoperative stiffness. If this approach is used in
bilateral cases the procedures usually are staged at 2- to 6-

and the difficulty with visualization. If the surgeon thinks

week intervals.

done through this approach. The medial femoral circumflex

The various medial approaches have the advantage of

approaching the hip joint directly over the site of the obsta

that capsular plication should be performed it cannot be

vessels (i.e., the primary blood supply to the proximal
femur) are in the operative field. Moreover, visualization is

cles to reduction (41,117,119-121,277,282-286). The

claimed by some to be poor, and the approach is associated

medial approach described by Ferguson [^3.4] is in the

with a higher incidence of aseptic necrosis (293,294). In

plane between the adductor brevis and the adductor mag-

the author's experience of more than 200 cases, visualization

nus (117,287). Advocates of this approach think that its

is excellent (Fig. 23-34) and the incidence of aseptic necrosis
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FIGURE 23-34. A: Open reduction through an
anteromedial approach in a 14-month-old child.
Note the anterior joint capsular edge (c) and the
neolimbus (nl). B: The hip is reduced under direct
view. The femoral head is well seated in the acetabulum, and the anterior edge of the hip cap
sule is everted by a hemostat.

with a minimum 4-year follow-up is approximately 14%,
which is well in line with the results of other series of open
reductions (121,295). Capsular plication appears to be un
necessary in this age group because in a successful closed

reduction the capsule tightens and the scar induced by the
surgical procedure helps to provide capsular stability. This
approach, however, depends on the placement of a wellmolded cast. The approach to casting after reduction is the
same as that described above for closed reduction. A certain

degree of capsular stability is gained through the prolonged
postoperative immobilization that is necessaiy. No residual
stiffness has been experienced.

Most physicians use abduction orthotic devices for some
period after cast removal. Some use them on a full-time

basis for several months, then part-time, usually during the
night and napping hours, until acetabular development has
caught up to the opposite, normal side. It is important in
assessing acetabular development after open or closed reduc

tion to look for accessory ossification centers. These give
the treating physician an idea of whether the cartilage in
the region of the neolimbus in the periphery of the acetabu-

lum has the potential for ossification.
In patients younger than 2 years of age, a secondary ace

tabular or femoral procedure is rarely required. The poten

tial for acetabular development after closed or open reduc
tion is excellent and continues for 4 to 8 years after the
procedure (34,35,41,296-298). The most rapid improve
ment in acetabular development—as measured by param
eters such as the acetabular index, development of the tear
drop figure, and thinning of the medial floor—occurs in the

first 18 months after surgery (32,34,35,41,296,299,300).

Femoral anteversion and any coxa valga associated with the

untreated condition have an excellent chance to resolve dur
ing this time. However, some surgeons think that every
child older than 18 months of age should undergo hip oste
otomy accompanying open reduction because of the poor

acetabular development potential (38,279,280,301,302).

Children Older Than 2 Years of Age
In a child older than 2 years of age at the time of diagnosis

of DDH, open reduction is usually necessary. In this age

group the treating surgeon must also consider whether to
perform concomitant femoral shortening in conjunction
with the open reduction. In children older than 3 years of
age, femoral shortening to avoid excessive pressure on the
proximal femur gives far lower rates of proximal femoral
growth disturbance than does preliminary traction followed

by open reduction (303-307) (Fig. 23-35). Schoenecker
and Strecker reported a 54% incidence of aseptic necrosis
with a 32% incidence of redislocation, with the use of skele
tal traction in patients older than 3 years of age (304).
The age range of 2 to 3 years is considered a "gray zone,"
with some surgeons advocating preliminary traction before
open reduction and others performing concomitant femoral
shortening (308-310). In this age range because the poten
tial for acetabular development is markedly diminished,
many surgeons recommend a concomitant acetabular proce

dure in conjunction with the open reduction or 6 to 8 weeks
after the open reduction. The decision about whether to
perform a secondaiy acetabular procedure is subjective. The

author prefers to judge stability at the time of open reduc
tion. If good stability is evident, the author prefers to ob
serve acetabular development for the next few years, and if
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FIGURE 23-35. A: Preoperative anteroposterior roentgenogram of
a 4-year-old girl with developmental dislocation of the left hip. B:
Eighteen months after reduction and femoral shortening accessory
centers of ossification are appearing in the lateral portion of the
acetabular cartilage.

acetabular development is not improving by radiographic

After 3 years of age, open reduction of the hip should

criteria (e.g., decreasing acetabular index, improvement in

be accompanied by femoral shortening, and probably by a
concomitant acetabular procedure, depending on hip stabil

teardrop appearance and shape) (186), the author considers
secondary acetabular procedures.

The most common accompanying procedure performed

ity at the time of surgery (307,310,317,318). The acetabular
procedure may be performed at the time of open reduction,

in this age group in conjunction with open reduction is

6 weeks later, or at a later date, depending on acetabular

innominate osteotomy as described by Salter (38,311)

development.

[w-3.5] or by Pemberton (37,312-316) |>3.7]. Anatomic

deficiency of the acetabulum in this age group usually is
anterior, and the Salter innominate osteotomy gives ante

rior coverage, although at the expense of posterior cover
age. The Pemberton osteotomy provides coverage anteri
orly, and various degrees of lateral coverage, depending on
the direction of the osteotomy cuts.

In this age group the standard anterolateral approach
described by Smith-Petersen with the Salter modification
is the ideal approach, because it enables capsular plication,

immobilization of the hip joint in a more functional posi

tion, and innominate osteotomy at the same time through
the same incision.

A theoretical advantage of open reduction accompanied
by femoral shortening is that it can be used to correct any
anatomic abnormality, such as excessive femoral anteversion. The disadvantages of femoral shortening include the

need for a second incision and internal fixation for the oste

otomy, requiring another operation for hardware removal.

Treatment ofAcetabular Dysplasia in Children 6Months
to 2 Years ofAge. In children between 6 months and 2
years of age, acetabular dysplasia diagnosed incidentally or
as a residual result after Pavlik harnessing, open reduction,
or closed reduction is often treated with a fixed abduction

orthotic device. The theory behind use of the fixed abduc
tion brace is that dysplasia is associated with mild hip insta

bility and that the device can correct that instability. These
devices can be used only if the hip is well reduced, as verified
on a radiograph taken with the patient wearing the brace

(Fig. 23-28). The abduction device usually is worn full time
for several months, then is worn at night and during nap
time until acetabular development is normal, as measured
by the acetabular index.

The complications of a fixed abduction device include
skin breakdown and proximal femoral growth disturbance.
It is important in positioning the device that the hip not
be placed in extreme positions of abduction to avoid inter
ruption of the vascular supply to the proximal femur.

Sequelae and Complications

SEQUELAE AND COMPLICATIONS
Residual Femoral and Acetabular
Dysplasia
Based on natural history studies, it is the goal of treatment
to have a radiographically normal hip at maturity to prevent

degenerative joint disease in the future. Hip subluxations
must be corrected. The evidence demonstrates that residual
acetabular dysplasia, even in the absence of subluxation,
eventually leads to degenerative joint disease, so this also
should be corrected. The goal of treatment of DDH is to
have a hip as anatomically normal as possible by the end
of skeletal growth.

When evaluating the patient with persistent dysplasia,
the relation between the acetabulum and the femur must
be assessed. Anatomic dysplasia can involve the acetabulum,
the proximal femur, or both. In DDH cases, the deficiency
is most commonly on the acetabular side or the dysplasia
is significantly greater on the acetabular side. If there has
been a disturbance of proximal femoral growth secondary to
previous treatment the femoral side may be more dysplastic.
Dysplasias of the hip joint can be evaluated with plain
radiographs taken in the standing position, when possible,
and with standard evaluations of acetabular development,
as determined by the acetabular index, the acetabular angle
of Sharp, and the CE angle. In young children with DDH
most cases of acetabular deficiency are anterior, and in ado
lescents and adults with DDH, the acetabular deficiencies
can be anterior, posterior, or global (38,80,279,319-322).
Excessive femoral anteversion can be ascertained clinically,
but is most accurately measured by computed tomography
(323). There has been an increased interest in evaluating
dysplasia by means of three-dimensional computed tomog
raphy (207,324,325). However, computed tomography
cannot show the cartilaginous component of the proximal
femur or the acetabulum; therefore, it is most useful for the
patient at or close to maturity.

Deformities of the femoral neck assume significance only
if they lead to subluxation of the joint: lateral subluxation
with extreme coxa valga or anterior subluxation with exces
sive anteversion (179). In general, patients with DDH usu
ally have normal neck-shaft angles. They may have persis
tent anteversion that gives the radiologic appearance of
subluxation.

If acetabular dysplasia persists for 2 to 3 years after closed
or open reduction and the patient has residual anteversion,
proximal femoral rotational osteotomy should be consid
ered [^4.1-4.3]. Excessive anteversion orvalgus of the prox

imal femur may contribute to hip joint instability and
failure of normalization of acetabular growth. Varus dero-
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proach may also be indicated to correct residual deformity
from a partial physeal arrest as a result of aseptic necrosis.
Intertrochanteric osteotomies can provide adequate medialization of the femoral shaft and prevent further varus
deformity of the proximal femur (328,329).
Before performing varus derotation osteotomy, the sur
geon must be certain that the femoral head can be concentri
cally reduced; if not, this procedure must be accompanied
by open reduction. An anteroposterior pelvic film of the
hip with apparent coxa valga and anteversion shows lateralization and subluxation of the femoral head (Fig. 23-36).

Before surgeiy, the surgeon must document that the femoral
head is concentrically reduced on an anteroposterior pelvic
radiograph with the patient's legs abducted 30 degrees and
maximally internally rotated (Fig. 23-36). This position al
lows visualization of the actual femoral neck angle.
When the Shenton line is disrupted, the proper relation
of the proximal femur usually can be restored by derotation
osteotomy, with or without various degrees of varus. After
reduction is obtained in most cases of DDH the femoral
neck anteversion, which exists in most patients, corrects
spontaneously (330). The varus derotation osteotomy is
used alone in such cases by surgeons who think that redirec
tion of the femoral head toward the center of the acetabu
lum stimulates normal acetabular development (132,326,
331-336). The proximal femoral varus derotation osteot
omy, if used to "stimulate" more normal acetabular devel
opment, must be performed in children younger than 4
years of age (326). After 8 years of age, no improvement
in acetabular dysplasia can result from this procedure. These
osteotomies must be done in the intertrochanteric region

to provide adequate medialization of the femoral shaft. Per
forming the osteotomy in the intertrochanteric area avoids
posterior displacement of the lesser trochanter and prevents
excessive varus deformity of the femur, which can lead to
mechanical abnormalities at the knee (337).
In small children, any leg-length discrepancy resulting
from varus osteotomy should resolve by growth stimulation
and restoration of the normal neck—shaft angle (338). In
teenagers, however, more than a 15-degree correction of

varus deformity may result in limb shortening. The varus
osteotomy, if excessive, can cause lateralization of the shaft,
shifting the mechanical axis medial to the knee joint. This
is an undesirable effect; varus osteotomy should be accom
panied by shaft medialization. If the osteotomy is transfixed
with smooth wires they can be removed after 6 to 8 weeks.
Internal fixation devices are usually removed 12 to 18
months postoperatively; if they are not removed in young
children, they become encased within the proximal femur,
which could pose problems if future operations become nec
essary.

toward the center of the acetabulum stimulates normal

In the adolescent or adult patient with residual dysplasia
in whom there is no potential for acetabular growth and
remodeling, changing the orientation of the proximal femur
does not increase the weightbearing area but does shift the

acetabular

weightbearing area to another portion of the femoral head

tation osteotomies are indicated in children with hip dys

plasia, because it is assumed that the femoral head directed
development

(178,204,326,327).

This

ap
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FIGURE 23-36. A 3-year-old white girl 2 years after closed reduction. A: Anteropostenor (AP)
view of the pelvis. Note the persistent acetabular dysplasia and apparent coxa valga. B: The radioqraph shows the leg abducted approximately 30 degrees and maximally internally rotated. The

femoral head is seated well within the acetabulum, and the Shenton line is restored. C: AP view
of the left hip 6 weeks after varus derotation osteotomy. D: AP view of the left hip 18 months
after varus derotation osteotomy, with hardware removal. The Shenton line has been restored,
there is improved teardrop figure development, and accessory centers of ossification appear in
the periphery of the acetabular cartilage.

(339-341)- Proximal femoral osteotomies in the adolescent
or adult group are indicated only as adjuncts to pelvic opera
tions and in extreme cases of coxa valga and subluxation

of treatment is to restore the anatomy to as near normal as
possible by skeletal maturity. After concentric reduction is
obtained and maintained, the potential for acetabular devel

(179,340) (Fig. 23-37).
Indications for the treatment of residual radiographic ac

ever, after 4 years of age, this potential for restoration of

etabular dysplasia depend on the age of the child and
whether or not the patient has symptoms (342). The goal

opment continues for many years (32,34,35,41,206). How
normal anatomy decreases. For minimal residual dysplasias

in children younger than 4 years of age observation can be

Sequelae and Complications
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FIGURE 23-37. A 10-year-old girl with the diagnosis of developmental dysplasia of the hip made
at 5 years of age. She had previously undergone open reduction, but had residual proximal femoral
and acetabular deformities. A: Preoperative anteroposterior radiograph of the pelvis. B: Three
years after varus derotation osteotomy and Staheli slotted acetabular augmentation.

continued, but for significant dysplasia surgical intervention
should be entertained.

The treatment options for acetabular dysplasia tradition
ally are divided into four groups. The first group consists of
osteotomies of the pelvis that redirect the entire acetabulum.

This redirection of the entire acetabulum provides coverage
of the femoral head by acetabular articular cartilage. These
osteotomies include the Salter innominate osteotomy

(38,80,279-281,343-345) (Fig. 23-38) [-3.5], the Suther
land double-innominate osteotomy (346), the triple-in

nominate osteotomies of Tonnis (179,347-352), Steel

(353-358), and Ganz (359,360), the spherical osteoto
mies of Wagner (361-363) [-3.10] and Eppright (364),
and others (365-368). These procedures involve complete
cuts through various pelvic bones and rotation of the ace
tabulum.

Other acetabuloplasties that involve incomplete cuts and
hinge on different aspects of the triradiate cartilage include
the acetabular procedures described by Pemberton
(37,312,314-316,369) and Dega (370-373) [-3.7-3.9].
These procedures can theoretically decrease the volume
of the acetabulum because they depend on the triradiate

cartilage as the fulcrum.

A third group of acetabular reconstructive procedures
involves placing bone over the hip joint capsule on the un
covered portion of the femoral head. These procedures pro
vide coverage of the femoral head by capsular fibrous meta

plasia (374,375). They include the various shelf procedures
(376-382) [—3.12] and the medial displacement osteotomy

described by Chiari (383-388) [-3.11].
Correction of residual dysplasia theoretically provides for

a better weightbearing surface for the femoral head, restores
the normal biomechanics of the hip, and may increase the
longevity of the hip by preventing degenerative joint disease.

Unfortunately, only prospective, long-term follow-up stud
ies of these procedures can provide unambiguous answers.
Shelf procedures were described before 1900 and were
used widely until the mid-1950s, when Chiari described his
medial displacement osteotomy (384). Later, Salter, Pemb
erton, and others described various pelvic osteotomies used
to redirect the acetabulum and cover the femoral head with
articular cartilage. In 1981, Staheli and Chew introduced
a modification of a previously described shelf arthroplasty,
which gained widespread popularity when used alone for
significant anatomic dysplasia and in conjunction with var
ious rotational procedures as an augmentation to provide
increased femoral head coverage (382) (Fig. 23-37).

Although intuitively it seems better to cover the femoral
head with articular cartilage than to rely on fibrous metapla
sia, it is impossible to be certain about the long-term results
of shelf arthroplasty, because no such results exist.

In the young child, acetabular deficiencies generally are

assessed by arthrography and by inspection at the time of
open reduction. For reduced hips with residual dysplasia,
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FIGURE 23-38. An 8-year-old white girl with residual right
acetabular dysplasia. A: Anteroposterior (AP) radiograph of
the pelvis. B: AP view of the pelvis with abduction, flexion,
and slight internal rotation; the femoral head appears slightly
uncovered. C: Similar view with the addition of an arthrographic dye. Note the excellent coverage of the proximal
femur by unossified acetabular cartilage. D: Immediately after
the innominate osteotomy. E: Four years after the innominate
osteotomy.

Sequelae and Complications

the author has found that the problem is not one of defi
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Concentric reduction is an absolute requirement for all

ciency of the acetabulum, but a failure of the peripheral
acetabular cartilage to ossify (Fig. 23-38). In most cases, an

osteotomies other than the shelf or Chiari procedures. Oste

arthrogram at the time of surgery shows excellent coverage

crum must be done in patients with open triradiate cartilage.
The Salter innominate osteotomy, which hinges on the sym-

of the femoral head by the unossified acetabular cartilage.
This cartilage fails to undergo normal development because
it is intrinsically abnormal or because it was damaged by the

femoral head in the unreduced position, causing pressure
necrosis. Given enough time, some of this acetabular carti

lage may resume normal ossification and correct a large
amount of the dysplasia. However, in the author's experi
ence of a large number of patients treated with open and
closed reduction, this does not happen in many cases, and
intervention should be undertaken after the acetabulum

has had a reasonable chance to develop on its own
(121,206,389). The osteotomy of the iliac bone and the
neovascularity stimulated in healing may increase the ossifi
cation of the otherwise unossified acetabular cartilage. In
any case, the redirection of the acetabulum restores more

normal bony anatomy and normal biomechanics that also
may be a factor in stimulating ossification (234).

The best means of evaluating acetabular dysplasia in the
mature patient includes three-dimensional computed to

mography (123,390-395), the false profile view, and plain
radiography (396) (Fig. 23-39). For young, immature pa
tients, computed tomography does not provide adequate

assessment of the deficiencies because it does not show the
acetabular cartilage.

FIGURE 23-39. A 34-year-old woman with residual dyspla
sia after closed reduction of right developmental dysplasia
of the hip at age 16 months. She now has mild pain. A: Anteroposterior view of the hip. B: False profile lateral view dem
onstrating anterior deficiency of the acetabulum.

otomies that depend on the triradiate cartilage as the ful

physis pubica, is better performed in the infant, child, and
adolescent because of the flexibility of the symphysis pubica.
However, this osteotomy can be performed in adults. The
procedure is more likely to succeed when the CE angle is
greater than 10 degrees.

An important factor to be considered when planning
correction of acetabular dysplasia is the amount of dysplasia

that needs to be corrected. The amount of coverage obtained
by osteotomies such as the Salter procedure is limited, but
osteotomies that cut all three pelvic bones provide the ability
to obtain greater coverage (397,398). The closer the cuts
are placed to the acetabulum the greater the femoral head
covetage. The triple-innominate osteotomies described by
Tonnis and Ganz provide greater rotational possibilities

than that described by Steel. The osteotomies that are closest
to the acetabulum (e.g., Eppright, Wagner) provide the
greatest potential for redirection, but these require signifi
cant technical expertise and have higher rates of complica
tions.

The shelf arthroplasty and the Chiari osteotomy may be
performed for well-reduced hips, but they usually are re
served for hips that lack significant femoral head coverage
which could not be obtained by means of one of the other
procedures that provides coverage with articular cartilage
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mentioned above (399,400). Many of these procedures can
be performed in patients with early degenerative changes in
the hope of delaying the onset of arthroplasty or fusion.

Further discussion of these issues is beyond the scope of
this chapter.

The procedures that involve hinging on the triradiate
cartilage, such as die Pemberton osteotomy, have the poten
tial to injure the triradiate cartilage and cause premature

closure, but these complications are not common (401).

Procedures that must cross the triradiate cartilage, such as
the Ganz osteotomy, and induce closure cannot be done in
patients with open triradiate cartilage. In shelf arthroplasties

performed in immature patients it is important to avoid
cutting the ilium in the region of the groove of Ranvier
because this may severely impair acetabular development.
Acetabular rotational procedures that depend on hinging
on the cartilage of the symphysis pubica or various portions
of the triradiate cartilage are better performed in younger

patients. Rotational pelvic osteotomies in the face of subluxation may lead to severe damage to the femoral head.
The general prerequisites for rotational osteotomies in

clude complete concentric reduction and release of muscle
contractures, including the iliopsoas and hip adductors, a
congruous joint, and good range of motion. These proce
dures are best performed before 6 years of age, but the age
limits vary considerably, depending on the surgeon.

The double-innominate osteotomy of Sutherland and
Moore aims to allow greater rotation of the pelvic fragment
by cutting through the pubis, instead of hinging only on
the symphysis pubica (346). Complications of this proce
dure can involve injury to the spermatic cords, bladder,
and urethra. The triple-innominate osteotomy allows even

greater coverage by means of cuts of all three hip bones.
The Chiari medial displacement osteotomy hinges on

the symphysis pubica, with the distal fragment displacing
medially and upward (Figs. 23-40 and 23-41). This medialization results in reduction of the lever arm to reduce joint
loading. Abductor muscle function is theoretically im
proved. Patients may limp for as long as 1 year. There is
some concern that bilateral Chiari osteotomies may interfere

with a woman's ability to deliver children. This is one of
the few procedures for which long-term results exist, and
these show that, in the absence of subluxation and degenera
tive joint disease, good long-term results may persist for
many years (112,386,402-412).

Decision-making is somewhat difficult for the asymp
tomatic mature patient. For the asymptomatic adolescent
with minimal radiographic dysplasia (because degenerative

arthritis is a probability but not a certainty) the author
prefers to inform the family about the potential for an ad
verse natural history and recommend surgery only at the
onset of symptoms. There usually is a long interval between

FIGURE 23-40. An 11-year-old white girl with pain and residual right hip subluxation with severe
acetabular dysplasia. A: Immediately after the right Chiari osteotomy. Note the additional graft
placed anteriorly. B: Eight years postoperatively there is excellent remodeling of the acetabulum
with sourcil development.

Sequelae and Complications
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FIGURE 23-41. A white girl underwent open reduction of the left dysplastic hip at 18 months of

age. She presented at 17 years of age with subluxation, as seen on the radiograph A: Preoperative
anteropostenor view of the pelvis. B: Eight weeks after Chiari osteotomy. Note the additional

graft placed anteriorly.

symptom onset and radiographic degenerative joint disease

(66). The patient can be reassured that if symptoms develop
surgical treatment can help to avoid long-term degenerative
joint disease. However, faced with an adolescent with radiographic evidence of subluxation, regardless of the symp
toms, the author recommends surgical correction, because
an adverse natural history is certain without treatment.

Disturbance of Growth of the Proximal Femur

The most disastrous complication associated with the treat

ment of DDH involves various degrees of growth disturb
ance of the proximal femur, including the epiphysis and the
physeal plate. This is commonly referred to by the term
"aseptic necrosis." Because there has never been a study of
a pathologic specimen from a patient with what is called
aseptic necrosis, the author prefers to use the term "proximal

femoral growth disturbance" (206). These growth distur
bances can be precipitated by experimental vascular injuries

in animals and resemble the growth disturbances seen in

this variation (433-436). The use of prereduction traction
(206,208,242,245,419,431,437), adductor tenotomy (270,
421,438), open or closed reduction (41,117,122,294,
419,439-441), the force of reduction (431,438,442,443),
the position of postoperative immobilization (242,245,270,
272,422,424,425,427,444), and the age at reduction (242,
245,250,422) have been implicated as etiologic factors.
Others think that the incidence may be much less variable
than the means by which it is assessed (206,434).
In an extensive study of the development of ischemic
necrosis published by the German Society for Orthopaedic

and Traumatology (3,316) conservatively treated hips and
730 operatively treated hips were evaluated to determine the

factors associated with the development of ischemic necrosis
(179). The factors associated with necrosis included high
dislocations and dislocations with inversion of the labrum,
narrowing of the introitus between the superior labrum and

the transverse ligament in the position of reduction, inade
quate depth of reduction of the femoral head (greater than

humans with treated DDH. The disturbance may be caused
by vascular insults to the epiphysis or the physeal plate or
by pressure injury to the epiphyseal cartilage or the physeal

3 mm from the acetabular floor), older patients (older than
12 months), immobilization in 60 or more degrees of ab
duction for joint instability, and adductor tenotomy.

mal femur is described in Chapter 24.
Growth disturbance of the proximal femur in DDH oc
curs only in patients who have been treated. This may also

of the reported incidence indicated a lack of definition of
terms (437). Thomas and associates concluded that there

plate (272,273,413-428). The blood supply to the proxi

occur in the opposite normal hip in a patient who has been
treated (429,430). The reported incidence of proximal fem
oral growth disturbance varies from 0 to 73% (206,208,

431,432). Different opinions exist about the reasons for

Westin and colleagues thought that the marked variation

was some association between the reported incidence in a
given series and the rigor with which the diagnosis had been

sought (434). Buchanan et al. thought that if signs of growth

disturbance were not present within 12 months of reduction
they were highly unlikely to appear (242).
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FIGURE 23-42. A 5-year-old girl who under
went varus derotation osteotomy, an innomi
nate osteotomy for residual dysplasia, 3 years
after open reduction. A: Anteroposterior (AP)
view 3 months postoperatively. B: AP view at
9 years of age. Note the valgus tilt to the prox
imal femur. CAP view at 11 years of age. Note

the lateral tether, a typical type II physeal

plate tether, and how the tether produces hip

subluxation. A physeal growth arrest pattern
may not be evident until a patient is 9 years
of age or older.

Bucholz and Ogden (414) and Kalamchi and MacEwen
(419) identified a lateral physeal arrest pattern that may not

be evident until a patient is older than 12.5 years of age
(mean, 9 years) (Fig. 23-42). This is the most common

pattern of growth disturbance reported. Kalamchi and
MacEwen stressed that it may be difficult to identify this
group early, and studies reporting growth disturbances with
follow-up periods of less than 12 years must be regarded
as preliminary and may not reflect the actual incidence of
proximal growth disturbance (419).

The incidence of proximal femoral growth disturbance

increases with delay in reduction (245,250). Younger pa

tients have a lower rate of growth disturbance. Kalamchi

and MacEwen, however, documented an increase in the
incidence of the severe form (type IV) in younger patients

(419). Salter and colleagues (270) and Ogden (424,425)

proposed that the femoral head in DDH is most vulnerable

to ischemic changes during the first 12 to 18 months of
life, when it is composed mostly of cartilage. According to
some orthopaedic specialists the risk of total head involve
ment becomes somewhat less after the appearance of the
femoral ossific nucleus, although, as mentioned above, this
concept was recently challenged (250,274).
Prereduction traction to bring the proximal femur epiphysis to the level of the triradiate cartilage is considered

essential by many surgeons to decrease the incidence of

Sequelae and Complications

proximal femoral growth disturbance. Gage and Winter

thought that there was a direct correlation between inade

quate traction and the incidence of growth disturbance.

They studied a group of patients to quantify prereduction
hip positions (245). Weiner et al. found that in patients
younger than 1 year of age traction for longer than 21 days

substantially reduced the rate of growth disturbance (250).
Buchanan and colleagues recommended a minimum of 2
weeks of traction until achievement of a 2 + traction station
using the Gage and Winter scale (238). Skeletal traction
gradually increased over several weeks, and an average of
39% of body weight usually was required to achieve this

position. In contrast, Cooperman et al. studied 30 DDH

hips with aseptic necrosis and 30 hips without necrosis and
found, at an average 39-year follow-up, that the degree of

initial displacement that had to be overcome to obtain re
duction was comparable in both groups and that it was not
a factor in the development of proximal femoral growth
disturbance (416). Some of the worst results were seen in
patients with minimal superior dislocation. Schoenecker

and Strecker demonstrated that the results of traction were
not as good as the results of femoral shortening in older
patients with DDH (304). Gibson and Benson thought

that although preliminary traction protects against growth
disturbance, there was no relation between the original de

gree of displacement of the proximal femur and the final
result (304).

Several factors associated with an increased incidence of
proximal femoral growth disturbance have been docu
mented in the clinical setting and in experimental studies.

These include extremes in positioning of the proximal
femur in abduction and abduction with extreme medial
rotation. Extremes in position can cause compression of the

medial femoral circumflex vessel as it passes the iliopsoas
tendon and compression of the terminal branch between
the lateral femoral neck and the acetabular margin
(270,424,425). Anatomic and experimental investigations
have persistently shown that strong medial rotation with
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Extreme positions can also cause pressure necrosis of the
vulnerable epiphyseal cartilage and the physeal plate. This
has been experimentally shown by Law and colleagues (421)
and by Schoenecker and associates (427). These studies and
others demonstrated the severe effects of cartilage necrosis
(179,270,273). These effects can also be precipitated by

circumscribed pressure, such as the use of the vulnerable

femoral head as a dilating sound to overcome the intraartic-

ular obstacles to reduction.

Severin advocated the use of the femoral head placed in

close apposition to the acetabulum to induce regression of
the obstacles to reduction (122). The idea is that sustained
pressure from the femoral head causes the labrum to adapt

itself to the spherical contour of the head. This maneuver
can be used to obtain reduction, but the price may be an
increased incidence of necrosis (179,438). Although the use

of prereduction traction has been implicated as a factor in
reducing the incidence of necrosis, the German Orthopae
dic Study Group did not find this to be the case (179).
The continued use of closed techniques in an attempt
to have the femoral head overcome the intraarticular obsta
cles to reduction can lead to severe necrosis (179). If closed
reduction is attempted, in the author's opinion the only
acceptable reduction is an anatomically perfect reduction;
otherwise, the hip must be reduced openly to prevent dam
age to the vulnerable femoral head (179,351,445).

The most widely used classification of proximal femoral
growth disturbance is that of Salter and colleagues (270)
(Table 23-2). The author disagrees with the inclusion of
coxa magna, because coxa magna is often seen after open
reduction as a result of the stimulation of blood flow to
the proximal femur (446-448). It is also often difficult to
ascertain if some of the residual deformities seen after treat
ment of DDH are alterations in the proximal femur second
ary to disturbances that occurred before the reduction or
are the result of complications associated with the reduction.

concomitant abduction and extreme abduction alone (i.e.,

the Lorenz position) can compromise the blood flow to the
capital femoral epiphysis. If the hip is maximally abducted
against firm resistance, the blood flow can be completely
or almost completely arrested. The same is true in forced
medial rotation. The blood vessels and blood supply to the
proximal femur can be occluded outside the femoral head

by compression or as the vessels cross through the epiphyseal

cartilage (270,273,428). Schoenecker and colleagues
showed a diminution of epiphyseal profusion by increased
pressure, which was relieved after the external fixation device
was removed (272,427).

The extreme positions of abduction, frequently called
the "frog-leg position" (Fig. 23-33) and used in cases of
unrelieved adduction contracture, as seen in dislocations,
uniformly result in severe growth disturbances of the epi

physis (269,270,427).

TABLE 23-2. CLASSIFICATION OF THE FEMORAL
HEAD
Salter

Class
1

Features

2

Failure of the appearance of the ossific nucleus of
the femoral head within 1 year after reduction
Failure of growth of an existing ossific nucleus

3

within 1 year after reduction
Broadening of the femoral neck within 1 year after
reduction

4

5

Increased radiographic bone density, followed by
fragmentation of the femoral head
Residual deformity of the femoral head and neck
when reossification is complete; these
deformities include coxa magna, coxa plana,
coxa vara, and a short, broad femoral neck

(From ref. 270, with permission.)
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FIGURE 23-43. Classification of proximal femoral growth disturbances. A: Group I. B: Group
C: Group III. D: Group IV. (Adapted from ref. 419, with permission.)

Sequelae and Complications

One of the most common deformities seen is flattening of
the medial aspect of the proximal femur, which occurs be
cause of pressure of the femoral head lying against the ilium

before reduction.

Another area of uncertainty is the issue of temporary
irregular ossification of the femoral epiphysis and whether

this represents damage to the epiphyseal cartilage or merely
multiple ossification centers that eventually coalesce. These
areas may be analogous to the accessory centers of ossifica
tion seen in the periphery of the acetabulum. This pattern
usually does not result in growth disturbance of the proxi

mal femur. Only long-term follow-up studies of this entity
can resolve this issue.

Kalamchi and MacEwen developed a classification of ne
crosis that emphasized the growth disturbances associated
with various degrees of physeal arrest (419). This classifica
tion (Fig. 23-43) puts all the growth disturbances seen in

the ossific nucleus into one category if they are not associ
ated with physeal involvement. Bucholz and Ogden pro
vided an additional classification based on patterns of vascu
lar supply resulting in partial or total ischemia (414). There
are few studies documenting the interobserver or intraobserver reliability of these classifications of growth disturb
ance. As many as 25% of hips may not fit into a particular
classification.

O'Brien and associates discussed the importance of iden
tification ofgrowth disturbance lines to predict future defor
mity of the proximal femur (449,450) (Fig. 23-44). These
growth arrest lines may provide the physician with early
evidence of a future problem. However, the utility of this

approach must await long-term follow-up studies.

Long-term follow-up studies exist of patients suffering

from proximal femoral growth disturbance (179,416). The
results indicate that any alteration of proximal femoral
growth disturbance decreases the longevity of the hip.
In the treatment of the residual effects of necrosis, reduc
tion must be maintained by corrective femoral and/or acetabular procedures (451,452). With arrest of the proximal

femoral physeal plate, trochanteric overgrowth ensues pro
ducing an abductor lurch (Fig. 23-45). If identified, greater
trochanteric physeal plate arrest may maintain articular tro
chanteric distance if performed in children younger than 8
years of age (19,453,454); otherwise, distal transfer of the
greater trochanter may be necessary (371,455-457) [*-4.9].
The painful hip in the teenager with residual proximal

femoral growth disturbance and dysplasia may be caused
by a torn labrum (458,459). The diagnosis can be made
using contrast-enhanced computed tomography or mag
netic resonance imaging, and treatment may require open
repair or excision. Another cause of pain includes early de
generative joint disease, which should be treated by the pre

viously described methods to correct residual subluxation
and dysplasia. In extreme cases, hip fusion or early total
joint arthroplasty may be the only alternatives available.
These circumstances are rare among patients younger than
30 years of age.

The key to the diagnosis and management of DDH is
early detection. This results in a 95% success rate of treat
ment with a low risk of complications. It is the initial treat
ing physician who has the greatest chance of successfully
achieving a normal hip. Orthopaedic surgeons must educate

FIGURE 23-44. A 3-year-old girl with right developmental dysplasia of the hip. A: Preoperative
radiograph. B: Ten months after operative open reduction, femoral shortening, and Pemberton

osteotomy. Note the presence of growth arrest line at the proximal femur (O'Brien lines; arrows);

also note similar lines on the opposite normal hip.
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EARLY HISTORY

with a limp after injury. This paper was published in 1910.

Legg-Calve-Perthes syndrome is a disorder of the hip in

He called this condition an "obscure affectation of the hip,"
and postulated that pressure secondary to injury caused flat
tening of the femoral head (1). In that same year, Calve

young children. The condition was described independently
in 1910 by Legg (1), Calve (2), Perthes (3), and Waldens

reported 10 cases of a noninflammatory self-limiting condi

trom (4,5). In the late 19th century, however, Hugh Owen

tion that healed with flattening of the weight-bearing sur

Thomas (6), Baker (7), and Wright (8) described patients

face. He postulated that the cause of this condition was an

with supposed hip joint infections that resolved without

abnormal or delayed osteogenesis. He reported coxa vara

surgery, whose histories were consistent with Legg-Calve-

Perthes syndrome. Maydl (9), in 1897, reported this condi
tion and thought it was a related condition of congenitally
dislocated hip (10).

In 1909, Arthur Legg presented a paper on five children

and increased femoral head size in these patients, and on
physical examination, all of the patients had decreased ab
duction (2). Perthes simultaneously reported six cases of

what he termed "arthritis deformans juveniles." He postu
lated that this was an inflammatory condition (3). In his
description of the condition, Waldenstrom postulated that

the disease was a form of tuberculosis (4,5).
Perthes was the first investigator to describe the patho
S. L. Weinstein: Department of Orthopaedic Surgery, University of Iowa
Hospital, Iowa City, Iowa 52245.

logic and histologic features of the disorder (11). He re
ported on a 9-year-old boy with symptoms for 2 years. Ex-
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amination of the portion of the excised head revealed
numerous cartilage islands throughout and "strings" con
necting the joint cartilage and the physeal plate. Perthes
noted the marrow spaces to be widened, with fatty infiltra
tion; he saw no evidence of inflammation. He believed that
the cartilage islands were new, and that this was an osteo-

chondritis, not a tubercular, process (11). Schwartz (12),
an associate of Perthes, described the pathologic changes in
a 7-year-old boy with a 2-year history of symptoms and
reported similar findings. Waldenstrom (13) suggested the
use of the term coxa plana to make the description of the
disease consistent with that of other hip deformities, such
as coxa vara and coxa valga. Sundt (14,15) published the
first monograph on Legg-Calve-Perthes syndrome, report

ing on 66 cases and the pathology of the condition. The
essential feature in all of his cases was the cartilaginous is
lands in the epiphysis. Sundt attributed the disease to an
"osteodystrophy due to dysendocrinia of a hereditary dispo

sition." He believed that people so predisposed would get
Legg-Perthes disease after they sustained an injury to the
hip (i.e., infection or trauma). Sundt was the first person
to introduce the modern concept of the "susceptible child."
Phemister (16), reporting on the curettage findings of a
10-year-old child with an 8-month history of symptoms,

described areas of bone necrosis, granulation tissue, old bone
with new bone formation, and osteoclasts. He interpreted
these findings as an inflammatory and infectious process.

In 1922, Riedel (17) reported on two cases and presented
the histology. He described the thickening of the articular
cartilage and noted that the junction between the bone and
the articular cartilage was filled with blood. He also noted
that the physeal plate was destroyed and that there were

many cartilage rests. Dead bone was surrounded by a rich
granulation tissue, and many giant cells were present. He
also noted that farther away from me main disease process,
the marrow was fibrotic with inflammatory infiltrates. Rie
del was the first investigator to notice that there were blastic
and clastic changes at the same time working on the same
bone trabeculae. In his second specimen he found regenera
tion of the cartilage in the subchondral area, cell atrophy,
and some inflammatory cells. That same year, Waldenstrom
(18) proposed the first radiographic classification of the dis
ease process, based on 22 patients followed until the com
pletion of growth. Since then, most of the orthopaedic liter

ature has centered on the etiologic, epidemiologic, and
prognostic factors in Legg-Calve-Perthes syndrome and fol
low-up of various treatment modalities (19).

EPIDEMIOLOGY AND ETIOLOGY

Legg-Calve-Perthes syndrome occurs most commonly in
the age range of 4 to 8 years (20), but cases have been
reported in children from 2 years of age to the late teenage
years. It is more common in boys than in girls by a ratio

of 4 or 5 to 1 (21). The incidence of bilaterality has been
reported as 10 to 12% (20,22). Although the incidence of
a positive family history in patients with Legg-Calve-Perthes
syndrome ranges from 1.6 to 20% (10,20,23-29), there is
no evidence that Legg-Calve-Perthes syndrome is an inher
ited condition (30).

Wynne-Davies and Gormley (20) reported on a series of

310 index patients with Legg-Calve-Perthes syndrome.
They noted that of the children of affected index patients,
only 2% had Legg-Calve-Perthes syndrome. In this series,
all twins were discordant, including one monozygotic pair.
Eleven percent had abnormal birth presentations, including
breech and transverse, compared with the 2 to 4% incidence
that would be expected in the general population. There is
an increased incidence of Legg-Calve-Perthes syndrome in

later-born children, particularly the third to the sixth child,
and a higher percentage in lower socioeconomic groups

(31,32). Parental age of affected patients is higher than in
the general population (20,29,33).
Legg-Calve-Perthes syndrome is more common in cer

tain geographic areas, particularly in urban rather than rural
communities, giving rise to the suspicion of a nutritional
cause, possibly a trace element deficiency (31-38). There is
also a recently reported strong association (33% of affected
patients) of Legg-Calve-Perthes disease with the psychologi
cal profile associated with attention deficit hyperactivity dis
order (39). Malloy and colleagues (40,41) noted that birth
weight was lower in affected children. Harrison and col
leagues (42) reported that children with Legg-Calve-Perthes
syndrome lagged behind their chronologic age, and 89%
of the involved individuals had delayed bone age. Ralston
demonstrated that this delay in skeletal maturation averaged
21 months, but that during the healing stages of the disease
there would be recovery of height and weight through in
creased growth velocity (43-45). There may be certain ra
cial factors in that there is an increased frequency of LeggCalve-Perthes syndrome in Japanese people, other Asians,
Eskimos, and central Europeans, and a decreased frequency
in native Australians, Americans Indians, Polynesians, and
blacks (10,36,46,47).
There is considerable evidence of anthropometric abnor
malities in children with Legg-Calve-Perthes syndrome.
Cameron and Izatt (48) reported that affected boys were 1
inch shorter and affected girls were 3 inches shorter com

pared with normal nonaffected children. Burwell and col
leagues (49-51) and others (31,52,53) demonstrated that
affected children are smaller in all dimensions, except for
head circumference, and shorter in the distal portions of
the extremities as opposed to the proximal portions. Loder
et al. (54), in a more recent study, demonstrated that pelvis
bone age in boys was less delayed than hand and wrist bone
age. The short stature of the patient affected with the disor
der at a young age tends to correct during adolescence,
whereas patients affected at an older age tend to be small
throughout life (29). Eckerwall et al. (55) followed 110

Epidemiology and Etiology

affected children longitudinally and showed that these chil
dren were shorter at birth and remained short during the
entire growth period, and that growth velocity never
changed. Burwell and colleagues (51) demonstrated an ab
normality of growth hormone-dependent somatomedin in
boys with Legg-Calve-Perthes syndrome, whereas Tanaka
and colleagues (56), Fisher and associates (23), and Kitsugi
and colleagues (57) reported contrary results.
Growth hormone regulates postnatal skeletal develop
ment. The effects of growth hormone on postnatal skeletal
development are mediated, in part, by the somatomedins
(insulin-like growth factors) (58). Somatomedin C (IGF1)

is the principal somatomedin responsible for postnatal skele
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patients with Legg-Calve-Perthes syndrome and their firstdegree relatives. There is also an increased incidence of
minor congenital abnormalities in affected patients (24,
64-66).
The cause of Legg-Calve-Perthes syndrome remains un
known. Many etiologic theories have been proposed. In the
early part of the 20th century most investigators thought
that it was a disease of an inflammatory or infectious nature
(3-5,67-69). Phemister (16,70) believed that the disease
was an infectious process, although cultures were negative.
Axhausen (67) believed that it was caused by bacillary embo
lism in which the infection either was not manifested, or

ing the first 2 years after the diagnosis of Perthes disease.

was too weak and healed quickly. As late as 1975, Matsoukas
(71) demonstrated an association between Legg-Calve-Per
thes syndrome and prenatal rubella.
Until the 1950s, trauma was considered by many investi

These alterations were accompanied by a tendency toward

gators to be the cause, or a significant contributing factor,

tal bone maturation (58). Plasma IGF1 levels have been

reported to be significantly reduced in affected children dur

growth arrest and impaired weight gain. This is accompa

of Perthes disease (1,72-78). As with most childhood ortho

nied by an acceleration in growth and weight gain during

paedic conditions, a significant number of patients may re

the healing stages of the disease.

late an episode of trauma to the onset of symptoms.

In plasma nearly all IGF1 is bound to specific binding

Many authors, particularly eastern European investiga

proteins. However, the major binding protein (IGFBP3)
levels are normal during the first 2 years after the diagnosis
of Perthes disease (59,60). Low levels of circulating IGF1
and failure of IGF1 to increase normally during the prepubertal years in patients with Perthes disease, in conjunction
with reportedly normal growth hormone levels, raise the

tors, thought that Legg-Calve-Perthes syndrome was of con

possibility of decreased responsiveness of growth plate chondrocytes and hepatocytes (58). The combination of moder
ately reduced IGF1 levels with normal IGFBP3 has been

roidism (87—89); this has since been disproved (90,91). Re
cent reports demonstrate moderately increased plasma con
centrations of free thyroxin and free triiodothyronine in

reported in normal-variant short stature children. The skele

Perthes disease patients compared with controls (61). The

tal maturation delay and retarded bone age reported in pa

causative effects on Perthes disease of the aforementioned

tients with Perthes disease, in conjunction with the findings

findings, and the reduced levels of IGF1 reported in the

described above, could be considered a retention of the in

early disease stages, have yet to be determined. These find
ings do, however, provide additional evidence that growth-

fantile hormone pattern (60).
Malnutrition is one factor that leads to low IGF levels,

genital origin, and that there was a relationship between this

disease and congenitally dislocated hips (79-85). Glimcher
(86) proposed that cytotoxic agents of external or endoge
nous origin may be responsible for bone cell death. At one

time, Perthes disease was believed to be related to hypothy-

related systemic abnormalities exist in patients with Legg-

and this could be related to the reportedly increased inci
dence of Perthes disease in low-income families. The dispro
portionate skeletal development affecting the distal portions

Calve-Perthes syndrome (61).

of the body reflects a tendency toward infantile body pro
portions. This correlates with the reduced IGF1 levels in
the face of normal binding proteins (61). Controversy still
exists in that a recent study by another group of investigators
reported results opposite to those reported by Neidel et al.
(60), with serum levels of IGF1 being normal, and those
of IGFBP3 being lower in children with Perthes disease

ported that 25% of children with benign transient synovitis

Transient synovitis has been thought by many investiga
tors to be a precursor to the condition. Gershuni (92) re
developed Legg-Calve-Perthes disease, whereas Jacobs (92a)

reported three cases of Legg-Calve-Perthes disease among
25 patients with acute transient synovitis. Although all hips
with Perthes disease have synovitis, especially early in the
course of the disease, and many have persistent synovitis
for years (93-97), a review of the literature reveals that an

compared with controls (62). Another recent study, while

average of 1 to 3% of patients with a history of transient

confirming the skeletal maturation delay in children with

synovitis

Perthes disease, demonstrated no difference in IGF1 mea
concentrations with respect to bone age (63). This group

(98—103). Chuinard (104) and Craig and colleagues
(74,75) have proposed that excessive femoral neck anteversion is a causative factor in the development of Legg-Calve-

disputed the claims of disturbance of the hypothalamic-

Perthes syndrome.

sured with IGF2-blocked binding sites and IGFBP3 serum

pituitary-somatomedin axis in patients with Perthes disease.

The reported differences in the various studies, in some

cases, may be attributable in part to the methods used to
measure IGF1. There is an increased incidence of hernia in

later

develop

Legg-Calve-Perthes

syndrome

Most current etiologic theories involve vascular embar

rassment. The blood supply to the proximal femur has been
elucidated by many authors. The terminology used in the
literature varies. However, there are three main sources of
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FIGURE 24-1. The blood supply to the normal proximal femur in a child. (Adapted from ref. 105,
with permission.)

blood to the proximal femur: an extracapsular arterial ring,
the ascending cervical (retinacular branches) vessels, and the
artery of the ligamentum teres (105) (Fig. 24-1). The extra

capsular ring is formed mostly by the medial and lateral
femoral circumflex vessels. This ring gives rise to the ascend

ing cervical branches, which are extracapsular, and these in
turn give rise to the metaphyseal and epiphyseal branches.
The anterior portion of the extracapsular ring is formed
primarily by the lateral femoral circumflex artery. The pos

terior, lateral, and medial aspects of the ring are formed by
the medial femoral circumflex artery. Chung (105) found
that the greatest volume of blood flow to the femoral head
comes through the lateral ascending cervical vessel (the ter

mination of the medial femoral circumflex artery), which
crosses the capsule in the posterior trochanteric fossa. Both
Trueta and Pinto de Lima (106,107) and Chung (105)
demonstrated that the anterior vascular anastomotic net
work (Fig. 24-1) is much less extensive than the posterior

anastomotic network, particularly in specimens from pa
tients aged 3 to 10 years, which correlates with the age range

of Legg-Calve-Perthes syndrome. Chung also demonstrated
that the anterior anastomotic network was incomplete more
often in boys, which correlates with male gender predomi
nance in Legg-Calve-Perthes syndrome. Ogden (108) found
vessels crossing the physeal plate in some of his specimens,
but Chung disagreed, believing that the vessels did not actu
ally cross the plate, but passed through the peripheral perichondral fibrocartilaginous complex.

Interruption of the blood supply to the femoral head

in Perthes disease was first demonstrated in 1926, when

Konjetzny (69) showed obliterative vascular thickening in
a pathologic specimen. Theron (109) used selective angio-

grams to demonstrate obstruction of the superior retinacular
artery in patients with Legg-Calve-Perthes syndrome. In

1973, Sanchis and colleagues (110) proposed the second
infarction theory. They experimentally infarcted the femoral
head of animals labeled with tetracycline. They were unable
to produce a typical histologic picture of Legg-Calve-Perthes
syndrome with only a single infarction. With a second in
farction, however, they were able to show a more character
istic histologic picture of Legg-Calve-Perthes syndrome.
Inoue and colleagues (111) later correlated this doubleinfarction theory with human histologic material. Clinical
correlation for this theory is provided by reports of recurrent
Perthes disease (112,113) (Fig. 24-2). Salter and Thompson
(114,115) proposed that Legg-Calve-Perthes syndrome is a
complication of aseptic necrosis, and that a fracture mani
fested radiographically by a subchondral radiolucent zone
initiates the resorptive phase. Kleinman and Bleck (116)
demonstrated increased blood viscosity in a group of pa
tients with Legg-Calve-Perthes syndrome, possibly leading
to decreased blood flow to the femoral epiphysis. Vascular
embarrassment, caused by intraosseous venous hypertension

and venous obstruction, has been demonstrated by several
authors (30,117,118).

Recent attention has been centered on reports of protein
C and S deficiencies in patients with Perthes syndrome
(119-122). Thrombophilia induced by low levels of protein
C or S, or by resistance to activated protein C, has been
associated with the development of osteonecrosis and with

arterial thrombosis (120-123). These investigators have
suggested routine screening of the levels of protein C, pro
tein S, and lipoprotein(s); plasminogen activator-inhibitor
activity; and stimulated tissue-plasminogen activator activ-

FIGURE 24-2. A 4-year, 8-month-old girl was treated for left hip Perthes disease (late fragmenta
tion phase) beginning in January 1983. Anteroposterior (top) and Lauenstein (bottom) views of
the right hip at different stages, January 1983 to December 1987. A: View of the right hip at the

time of initial presentation, with no signs of involvement (January 1983). B: Early involvement
patient still asymptomatic (September 1983). C to F: Progressive healing of the right femoral
epiphysis in May 1984 (C), August 1984 (D), May 1985 (E), and November 1985 (F) G: The femoral
head was completely healed by December 1986. H: Recurrent changes in the density of the femoral
head and a subchondral fracture that involves less than 50% of the head (Catterall group 2) were

seen in June 1987. I: Complete involvement of the ossific nucleus (Catterall group 4) with diffuse

metaphyseal reaction and cysts was seen in December 1987. (From ref. 113 with permission )
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ity in patients with Perthes syndrome (120). They believe
that another value of routine coagulation screening for chil
dren who have Legg-Perthes disease lies in the familial na
ture of the autosomal dominant coagulopathies. These dis
orders are associated with thrombotic events in 60% of adult
family members. The authors believe that the diagnosis of
a coagulation disorder in a child who has Legg-Perthes dis
ease can and should lead to studies in first-degree relatives,
with the goal of preventing thrombotic events in families.
More recent literature has refuted the role of thrombophilia
in the cause of Perthes disease (124,125).

PATHOGENESIS

Historically, the changes seen in Legg-Calve-Perthes syn
drome must be put in perspective. Few human specimens
have been studied, and each specimen studied represents
only one stage in the disease process. Most specimens are

from curettage or core biopsies, which show only one por
tion of the involved head at a time.

In the developing normal human femoral head, the sec
ondary center of ossification is covered by cartilage that is
composed of three zones (Fig. 24-3). The superficial zone
has the morphologic properties of adult articular cartilage.
Beneath this zone is the zone of epiphyseal cartilage, which
is histochemically different. The zone becomes thinner as
the skeleton matures and the epiphyseal bone enlarges in
size. Underneath the epiphyseal cartilage is a thin zone
formed by small clusters of cartilage cells that hypertrophy
and degenerate. Capillaries penetrate this zone from below,
and bone forms at a much slower rate than in the metaphysis
(126).

Histologic changes of the epiphyseal and physeal carti
lage of patients with Legg-Calve-Perthes syndrome (Figs.

ARTICULAR

CARTILAGE

SUPERFICIAL ZONE
MIDDLE

DEEP

ZONE

ZONE

PHYSEAL

PLATE

24-4 and 24-5) were described as early as 1913. These and
current studies demonstrate that the superficial zone of the

epiphyseal cartilage covering the affected femoral head is
normal but thickened. In the middle layer of the epiphyseal
cartilage, however, two types of abnormalities are seen: areas

of extreme hypercellularity, with the cells varying in size and
shape and often arranged in clusters, and areas containing a

loose fibrocartilage-like matrix. These abnormal areas in the
epiphyseal cartilage have histochemical and ultrastructural
properties different from normal cartilage and fibrocartilage.
Areas of small secondary ossification centers are evident,
with bony trabeculae of uneven thickness forming directly
on the abnormal cartilage matrix (126-131). The superfi
cial and middle layers of epiphyseal cartilage are nourished
by synovial fluid and continue to proliferate, whereas only
the deepest layer of the epiphyseal cartilage is dependent on
the epiphyseal blood supply, and is affected by the ischemic
process (126,129,132-138).

The physeal plate in Legg-Calve-Perthes syndrome shows
evidence of cleft formation with amorphous debris and ex
travasation of blood. In the metaphyseal region, endochondral ossification is normal in some areas, but in others the
proliferating cells are separated by a fibrillated cartilaginous
matrix that does not calcify (Fig. 24-5). The cells in these
areas do not degenerate but continue to proliferate without
endochondral ossification, leading to tongues of cartilage
extending into the metaphysis as bone growth proceeds in
adjoining areas (126,127,131,139-141).

Catterall and colleagues (139) have demonstrated thick
ening, abnormal staining, sporadic calcification, and dimin
ished evidence of ossification in the deep zone of the articu
lar cartilage of the unaffected hip. They also demonstrated
the physeal plate in these unaffected hips to be thinner than
normal, with irregular cell columns and cartilage masses
remaining unossified in the primary spongiosa.

Some of these cartilage changes have been seen in other
epiphyseal plates, such as the greater trochanter and the
acetabulum (142). In the human specimens described by
Ponseti (127), the physeal plate lesions were long-standing
in view of the fact that there was only necrotic bone in
the femoral head and no evidence of repair. Catterall and
colleagues reported similar cartilaginous lesions in a patient
with Catterall group 1 disease, in which there is no seques

trum formation (129,131) (Fig. 24-6). The various reported
physeal plate and epiphyseal plate lesions resemble the le
sions produced by Ponseti and Shepard in rats by the admin

istration of aminonitrils (143). These epiphyseal and phy
seal plate changes, in conjunction with the unusual and
precarious blood supply of the proximal femur, make the
femoral head vulnerable to the effects of physeal plate dis
ruption.

FIGURE 24-3. Proximal femur in a child.

Skeletal surveys of patients with Legg-Calve-Perthes syn
drome confirm the histologic abnormalities by demonstrat
ing irregularities of ossification in other epiphyses, especially
Kohler disease of the navicular (67,127,144). Harrison and

Pathogenesis
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FIGURE 24-4. A: Superficial zone cartilage and epiphyseai cartilage of the femoral head The
superficial zone cartilage is normal and is Alcian blue positive. The epiphyseai cartilage stains
with periodic acid-Schiff, but only the perilacunar rims stain with Alcian blue. In the epiphyseai
cartilage there is an area of disorganized abnormal Alcian blue-positive cartilage. (Alcian blue
with 0.6 mol/L magnesium chloride; original magnification, x 25.) B: Abnormal area of epiphyseai
cartilage The matrix has a fibrillated appearance and is strongly Alcian blue positive (Alcian
blue with 0.6 mol/L magnesium chloride; original magnification, X100.) C: Junction between

the normal and abnormal epiphyseai cartilage. Normal cartilage is periodic acid-Schiff positive
whereas the abnormal cartilage is very cellular, and retains Alcian blue positivity at hiqh concentra

tions of magnesium chloride. (Alcian blue with 0.7 mol/L magnesium chloride; original magnifica

tion, x 165.) D: Extensive area of abnormal epiphyseai cartilage in the femoral head Bone seems

to form directly on the abnormal cartilage. Abnormal cartilage retains intense Alcian blue positiv

ity at a high concentration of magnesium chloride, but loses that positivity and becomes stronqly
positive to periodic acid-Schiff at the bone-cartilage junction. (Alcian blue with 0.7 mol/L magne

sium chloride, periodic acid-Schiff, and Weigert hematoxylin stains; original magnification X40 )
(From ref. 126, with permission.)
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FIGURE 24-5. Photomicrograph showing a large area of
cartilage between the bone trabeculae of the femoral
neck. (Original magnification, x80.) (From ref. 127, with
permission.)

FIGURE 24-6. A: Catterall group 1 disease shows anterior

head involvement with no evidence of sequestrum, a sub-

chondral fracture line, or metaphyseal abnormalities. B:
Catterall group 1 disease 1 week to 5 years after symptom
onset.

Pathogenesis

Blakemore (145), studying 153 consecutive patients with
unilateral Legg-Calve-Perthes disease, found that 48% had
contour irregularities in the contralateral normal capital epi-

physis compared with 10% of matched controls. Aire and
colleagues (146) demonstrated that the unaffected hip
showed anterior and lateral flattening at the time of diagno
sis of the affected hip. These data suggest that Legg-CalvePerthes disease is a generalized process affecting other epiphyses, and therefore should not be referred to as a disease,

but should be called Legg-Calve-Perthes syndrome.
Disorganization of the physeal plate, together with mini

mal trauma, may interrupt the continuity of retinacular ves
sels, causing necrosis (126,127). This finding, in conjunc
tion with the aforementioned epidemiologic, histologic, and
radiologic data, supports the belief that Legg-Calve-Perthes
syndrome may be a localized manifestation of a generalized
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Radiographic Stages

Radiographically, Legg-Calve-Perthes syndrome can be clas
sified into four stages: initial, fragmentation, reossification,
and healed. In the initial stage (18,149), one of the first
signs of this condition is failure of the femoral ossific nucleus
to increase in size because of a lack of blood supply (Fig.

24-7). The affected femoral head appears smaller than the
opposite, unaffected ossific nucleus. Widening of the medial
joint space, as initially described by Waldenstrom (18,151)

(Fig. 24-7), is another early radiographic finding. Widening
has been theorized by some researchers to be caused by
synovitis. Others have proposed that this finding is second
ary to decreased head volume caused by necrosis and col

lapse and a secondary increase in blood flow to the soft
tissue parts, such as the ligamentum teres and pulvinar, caus

disorder of epiphyseal cartilage in the susceptible child

ing the head to displace laterally (149,152). Synovitis is

(10,30,43,52,65,126,147,148).

present in patients with Perthes disease to varying degrees

FIGURE 24-7. Anteroposterior roentgenogram of a hip in a patient who developed Legg-CalvePerthes disease. On the initial film, taken 6 months after symptom onset, the right ossific nucleus
is smaller than the left, and the medial joint space is widened. Note also the retained density of
the ossific nucleus compared with the normal hip and the relative osteopenia of the viable bone of
the proximal femurand pelvis. Ten months aftersymptom onset, the evolution of the radiographic
changes are seen. (From ref. 150, with permission.)
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FIGURE 24-8. A 4-year, 9-month-old boy with Catterall group 4 disease and at-risk status. A:

Plain radiograph. B: Arthrogram in neutral abduction, adduction, and rotation. There is enlarge
ment and flattening of the cartilaginous femoral head, and the lateral margin of the acetabulum
is deformed by the femoral head. C Arthrogram in abduction and slight external rotation. The
femoral head hinges on the lateral edge of the acetabulum, further deforming the lateral acetabu
lum. Slight pooling of dye is seen medially.

(93,94,96,97,153,154), but the medial joint space widening
is probably most often an apparent radiographic phenome
non secondaiy to epiphyseal cartilage hypertrophy (Fig. 248).

In the initial stage, the physeal plate is irregular and the
metaphysis is blurry and radiolucent (82) Fig. 24-9B). The
femoral ossific nucleus appears radiodense (155). This rela
tive increased radiodensity may be caused by osteopenia of
the surrounding bone (156,157), or an increase in the mass
of bone in the area.

The second radiographic stage is called the "fragmenta
tion phase" (18,149). Radiographically, the repair aspects

of the disease become more prominent (Fig. 24-9B). The
bony epiphysis begins to fragment, and there are areas of
increased radiolucency and increased radiodensity. In

creased radiodensity at this stage may be caused by new
bone forming on old bone (158-162) and thickening of
existing trabeculae (160). The subchondral radiolucent zone

(i.e.,

crescent sign)

first

described

by

Waldenstrom

(151,163), and later popularized by Caffey (164), is one of
the very early signs of Legg-Calve-Perthes syndrome in the
fragmentation stage (Fig. 24-2; Fig. 24-10). According to
Salter and associates (115,165), this radiographic finding

results from a subchondral stress fracture, and the extent of
this zone determines the extent of the necrotic fragment.
The third radiographic stage is the reparative or reossification phase (18,149). Radiographically normal bone den
sity returns, with radiodensities appearing in areas that were

formerly radiolucent. Alterations in the shape of the femoral
head and neck become apparent (Fig. 24-9B).

The final stage is the healed phase. In this stage, the
proximal femur is left with any residual deformity from the
disease and the repair process (Fig. 24-9B). Legg-CalvePerthes syndrome cannot be compared with aseptic necrosis
after fracture of the neck of the femur or traumatic disloca
tions of the hip in the young child. In these situations,

FIGURE 24-9. A: Catterall group 4 disease shows whole
head movement, with either diffuse or central metaphyseal lesions and posterior remodeling of the epiphysis.
(continued)

Pathogenesis
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FIGURE 24-9. (continued) B: Catterall group 4 disease 2 months to 52 months after onset of

symptoms. Note the stages: 14 months, fragmentation; 18 months, early reossificatiorr 25 months

late rectification; 52 months, healed. Note also the growth-arrest line and evidence'of reactiva

tion ot the growth plate along the femoral neck.

the vascular insult to the femoral head usually heals rapidly
without going through the prolonged stages of fragmenta
tion and repair that are seen in children with Legg-CalvePerthes syndrome (126,166,167).

Pathogenesis of Deformity

The head deformities that occur in Legg-Calve-Perthes syn
drome come about in many ways. First, there is growth

disturbance in the epiphyseal and physeal plates. In the phy
seal plate, this may result in premature closure with resultant
deformity, such as central physeal arrest, causing a shortened
neck and trochanteric overgrowth (168,169) (Fig. 24-11).
The repair process itself may cause physical compaction re
sulting from structural failure and displacement of tissue
elements (86). During the healing process, the femoral head
will deform according to the asymmetric repair process and
the applied stresses. The molding action of the acetabulum

FIGURE 24-10. A: Catterall group 3 disease shows large
sequestrum involving three-fourths of the head. The junc
tion between the involved and the uninvolved portions
is sclerotic. Metaphyseal lesions are diffuse, particularly

anterolaterally, and the subchondral fracture line extends
to the posterior half of the epiphysis. The lateral column
is involved, (continued)
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FIGURE 24-10. (continued) B: Catterall group 3 disease 4 months to 6 years after symptom onset.

Note the involvement of the lateral pillar, as well as the subchondral radiolucent zone on the
radiograph taken 8 months after onset of symptoms.

during new bone formation also may be a factor (170,171).
With deformity ofthe femoral head, the acetabulum, partic

ularly its lateral aspect, is deformed secondarily.
The articular cartilage ofthe femoral head shows changes
in shape secondary to the disease process itself. The deepest
layer of the articular cartilage is nourished by the subchon
dral blood supply. This layer is often devitalized in LeggCalve-Perthes syndrome (129,132-135,137). The superfi
cial layers that are nourished by synovial fluid continue to
proliferate, causing an increase in the thickness ofthe articu
lar cartilage. With trabecular collapse and fracture and artic

ular cartilage overgrowth, significant head deformities de
velop that are manifested clinically by loss of abduction and

ric growth (93,137) (Fig. 24-12). In addition, there is ab
normal ossification ofthe disorganized matrix ofthe epiphyseal cartilage. Finally, there is periosteal bone growth and
reactivation of the physeal plate along the femoral neck,
with abnormally long cartilage columns leading to coxa
magna and a widened femoral neck (126,127).
The actual deformity that develops is profoundly influ
enced by the duration ofthe disease. This, in turn, is propor

tional to the extent of the epiphyseal involvement, the age

of the patient at disease onset, the remodeling potential of
the patient, and the stage of disease when treatment is initi
ated. An additional factor is the type of treatment
(174-177).

rotation (Fig. 24-8).

The source of vessel ingrowth is under debate. Many
investigators (132,133,172) have demonstrated that the
new blood vessels arise from the metaphysis and the metaph-

yseal periosteum, and penetrate between the epiphysis and
the joint cartilage into the epiphysis. Other investigators

have shown metaphyseal vessels penetrating the physeal
plate into the epiphysis (108,173). When the blood supply
ofthe subchondral area is restored, it generally comes from
the periphery and moves to the center, restoring endochondral ossification at the periphery first and causing asymmet

Patterns of Deformity

Four patterns of residual deformity result from Legg-CalvePerthes syndrome: coxa magna, premature physeal arrest
patterns, irregular head formation, and osteochondritis dissecans (169,178). Coxa magna (Fig. 24-9B) develops with

ossification ofthe hypertrophied articular cartilage, and also
from reactivation of the physeal plate along the femoral
neck. This also occurs in conjunction with periosteal new
bone formation along the femoral neck.

Pathogenesis
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FIGURE 24-12. A:A 12-year-old boy with total head involvement
in the early fragmentation stage of the disease. B: Subtraction
arteriogram demonstrating the avascularity of the central por
tion of the head, with increased vascularity at the periphery.
(Courtesy of J. G. Pous, M.D., Montpellier, France.)
FIGURE 24-11.

A: A 6-year-old boy with Catterall group 4 dis
ease. Age 6 years, 2 months, fragmentation stage (upper left).
Age 6 years, 9 months, early reossification stage (upper right).
Age 8 years, 9 months, healed (lower left). Age 16 years, 2 months,

skeletally mature (lower right). Patient healed with a central phy
seal arrest pattern. B: A 51-year-old patient at 45-year follow-up.
He was asymptomatic and had a full range of motion (Iowa Hip
Rating, 95 of 100 points). At maximal fragmentation the hip is
classified as showing Catterall group 4, Salter-Thompson type B,
and lateral pillar type C disease.

Premature physeal plate closure generally leads to one of

two patterns of arrest: central or lateral. In the central arrest
pattern, the femoral neck is short and the epiphysis is rela
tively round (Fig. 24-11). There is trochanteric overgrowth
and mild acetabular deformity. In the lateral arrest pattern,
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FIGURE 24-13. A 7-year follow-up from presentation in a patient with Catterall group 4 disease,
who had a lateral growth-arrest pattern. At maximal fragmentation, the radiographic classifica

tion would be Salter-Thompson type B and lateral pillar type C disease. (From ref. 179, with
permission.)

FIGURE 24-14. An 11-year, 3-month-old girl with Catterall group 3 disease had a noncontainable
head, yet was treated for a long time in an abduction brace. A: Anteroposterior radiograph in

the early fragmentation stage (left) and Lauenstein radiograph in the early fragmentation stage
(right), (continued)

Pathogenesis
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FIGURE 24-14. (continued) B: At age 14 years, the patient was skeletally mature, and had an
irregular femoral head. Anteroposterior radiograph (left) and Lauenstein radiograph (right)

(From ret. 179, with permission.)

the femoral head is tilted externally (Fig. 24-13). There is
also trochanteric overgrowth. The epiphysis is oval, with a

corresponding acetabular deformity (169,178).

The irregular head may occur secondary to certain pat
terns of physeal arrest, but it also may be an iatrogenic

deformity from attempts at "containment" of a noncontainable head (Fig. 24-14). After the femoral head becomes
deformed and is no longer containable within the acetabu-

u

lum, the only motion that is allowed is in the flexion and

extension plane, with abduction leading to hinging on the

lateral edge of the acetabulum. This hinge abduction causes

acetabular and secondary head deformity (180-182) (Fig
24-8).

The fourth and least common (3% incidence) residual
deformity that occurs in Legg-Calve-Perthes syndrome is
osteochondritis dissecans (Fig. 24-15). This usually occurs

FIGURE 24-15. A: A 15-year-old boy, with onset of disease at 8.5 years of age, returned to the
physician with pain and synovitis. Anteroposterior radiograph demonstrates osteochondritis of
the femoral head. B: Computed tomographic scan shows multiple fragments that appear as one
on the radiograph.
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with the late onset of disease, and with prolonged, ineffec
tual repair (169,178,183-185).

deformity and degenerative joint disease, and to identify

clinical and radiographic factors in the active phase of dis
ease that would be predictive of hip deformity and degenera
tive joint disease. Thus, decision-making with reference to
treatment is difficult because of the lack of true long-term

NATURAL HISTORY

natural history data.

The formulation of disease treatment requires that the treat
ing physician knows what happens to the patient without

treatment (natural history), and what prognostic factors lead
to an adverse outcome. The treating physician must deter
mine which of these adverse prognostic factors can be af
fected by treatment. A treatment plan is then initiated, and

long-term follow-up determines whether treatment favora
bly alters the natural history of the disease over the long
term. The fundamental problem in developing treatment

plans for patients with Legg-Calve-Perthes syndrome is the
paucity of natural history data (65,186-189).

Catterall (186) compared 46 untreated hips of Murley
and Lloyd-Roberts with a matched control group of 51 hips

Long-term Follow-up Results
Although there is little information available on natural his
tory, there are many long-term follow-up studies of patients
with Legg-Calve-Perthes syndrome. The long-term studies
that are available suffer from the faults of retrospective longterm reviews, in that most series contain only small numbers
of patients, with many of the original patients not traced;
original radiographs often are not available. Many of the
longer series contain patients diagnosed in the years 1910 to
1940, when little was known about the disease, prognostic
factors, and radiographic classifications. In most series, pa

diagnosis was 4 years, 6 months, and the average follow-up

tients are combined, regardless of the extent of epiphyseal
involvement, age at disease onset, age at the beginning of

The 10-year average follow-up in this series is too short to

and control groups generally are absent. Because of these
inherent problems, different grading systems used to judge

treated with a weight-relieving caliper. The average age at

was 10 years, 5 months, with a range of 4 to 18 years. The
patients were evaluated according to the grading system of
Sundt, which requires some subjective assessments (190).
determine the outcomes of patients and thus the natural
history of the disease, because most patients with childhood
hip disease do well, regardless of the radiographic appear

ance in their early years (191-194). In addition, no data
are presented on the interrater or intrarater reliability of the
outcome criteria.

Catterall also reported on 97 untreated patients gathered
from around the British Isles. The average follow-up in this
series was only 6 years, and the results were graded according

to the system of Sundt (190). The outcomes of this group
of patients (Table 24-1) are widely quoted in the literature as
a comparison for outcomes of various treatment modalities.
Unfortunately, very few articles in the literature use the

same grading system for outcomes, and the follow-up of

treatment, and stage of the disease at treatment initiation.
Various treatment modalities are combined in many series,

clinical and radiographic end results, and lack of interrater

and intrarater reliability data, it is difficult to compare and
contrast the various reported series. Despite these shortcom
ings, a great deal has been learned about the prognosis in
Legg-Calve-Perthes syndrome.
In reviewing long-term follow-up studies, it is apparent

that results can improve with time, because remodeling po
tential continues until the end of growth (65,195) (Figs.
24-9 and 24-10). Mose wrote that, "for a precise prognosis,

conclusions from any measurements ought not be made
before the patient reaches the age of 16, when growth
stops," (194). Reviews of the outcomes of treatment modali
ties before skeletal maturity must be viewed as preliminary
reports.

of patients treated by different methods, from three centers.

Twenty to 40 years after the onset of symptoms, the
majority (70 to 90%) of patients with Legg-Calve-Perthes
syndrome are active and free of pain. Most patients maintain
a good range of motion, despite the fact that few patients

TABLE 24-1. RESULTS OF 97 UNTREATED HIPS

and symptoms of increasing pain, decreasing range of mo
tion, and loss of function are observed only in patients with
flattened irregular heads at the time of primary healing, and
in patients with premature physeal closure, as indicated by

this group is too short to be defined as natural history.

The only other article labeled "natural history" in the
literature (189) is not a natural history study, but a study

This study attempted to establish a relation between residual

Group 1

27

—92%

Poor

Fair

Good
1

0

Group 2

25]

6

2

Group 3

4

7

11

Group 4

0

4

10

Total

56 (57%)

(From ref. 65, with permission.)

18 (19%)

—91%

23 (24%)

have normal-appearing radiographs. Clinical deterioration

neck shortening, head deformity, and trochanteric over

growth (175) (Fig. 24-13).
Danielsson and Hernborg (196) reported a 33-year fol
low-up of 35 patients. Twenty-eight of the 35 patients were
free of pain, with 34 of 35 functioning without restrictions.

In a 34-year follow-up, Hall (197) reported 71% satisfactory

results in 209 cases. Perpich and colleagues (198) reported
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Gower and Johnston (201) reported on 30 nonoperated
hips with an average 36-year follow-up. This series is repre
sentative of the 20- to 40-year long-term series reported in

the literature. The average Iowa Hip Rating for these 30
patients was 91 points. The typical patient had minimal

shortening, absent or mild hip pain, and minimal or no

functional impairment, with respect to job and activities of
daily living. Ninety-two percent of the patients had Iowa
Hip Ratings greater than 80 points, and only 8% of the

patients had undergone arthroplasty.

In follow-up studies beyond 40 years, hip function begins
to deteriorate. In another study of the Iowa group of patients
at 48-year follow-up, McAndrew and Weinstein (193) re
ported that only 40% of patients maintained an Iowa Hip
Rating of greater than 80 points. Forty percent of the pa

tients had undergone arthroplasty, and an additional 10%
were suffering from disabling osteoarthritis symptoms, but
had not yet undergone arthroplasty (Fig. 24-17). Thus, at
48-year follow-up, 50% of the patients had disabling osteo
FIGURE 24-16.

Mose Sphericity Scale.

arthritis and pain, and an additional 10% had Iowa Hip
Ratings of less than 80 points. The prevalence of osteoarthri
tis in this group of patients was ten times that found in the
general population in the age range of the studied patients

a 30-year follow-up of 37 patients. The average Iowa Hip

(175). Mose followed a group of patients into the seventh

Rating was 93 of a possible 100 points. Eighty-five percent

decade of life. All of the patients with irregular femoral

of the patients had good clinical results, despite the fact that

heads had degenerative arthritis. Of those patients with fem

only 33% had spherical femoral heads, as rated by the Mose
Sphericity Scale (194) (Fig. 24-16). Forty-three percent of
the patients had poor Mose ratings; however, of these pa

oral heads that Mose classified as "normal, ball shaped," no
patient had degenerative joint disease by the middle of the
fourth decade, but 67% had severe degenerative arthritis by

tients, 76% had good clinical results.

the middle of the seventh decade (194). Therefore, the fol

Ratliff (199) followed 34 patients for an average of 30
years, and noted that 80% were fully active and free of pain,

low-up studies beyond 40 years demonstrate marked reduc
tion of function, with the overwhelming majority of patients

whereas only 40% were roentgenographically normal. He

developing degenerative joint disease by the sixth and sev

followed 16 of these patients for an additional 11 years

enth decades (175,189,192-194).

(200), and noted that, despite the fact that only one-third
of them had good anatomic results, "deterioration rarely
occurred and many patients had no pain and normal ac
tivity."

Prognostic Factors

Yrjonen (191) followed 96 patients (106 hips), all of

In reviews of long-term series of patients with Legg-Calve-

whom had noncontainment treatment, for an average of 35
years. At maturity, 61% had poor results by the Mose crite
ria. In a final follow-up, 48% had evidence of degenerative

features have been identified that have prognostic value

joint disease. However, at an average 35-year follow-up,
only 4% had undergone total hip arthroplasty, with an addi

tional 13% having clinical symptoms significant enough to

Perthes syndrome, certain clinical and roentgenographic

(175,179,180,191,202-205) (Table 24-2). The most im
portant prognostic factor in outcome is the residual defor
mity of the femoral head, coupled with hip joint incongruity
(206-208). Femoral head deformity and joint incongruity

warrant arthroplasty. Ippolito and colleagues (192) reported

are mukifactorial problems. They are interrelated with all

on 61 patients with an average follow-up of 25 years. Only

of the other prognostic factors. It must be kept in mind

19% of their patients had poor results, as measured by the

that Legg-Calve-Perthes syndrome represents a growth dis

Iowa Hip Rating, at final follow-up. W.J. Cumming (per

turbance of the proximal femur; the epiphyseal and physeal

sonal communication, 1993) reported on 82 patients with

cartilage is abnormal. Other key factors involved in the de

95 involved hips treated by prolonged frame recumbency,
with an average follow-up of 38 years. Only 10% of the

velopment of deformity include the extent of epiphyseal

patients had required arthroplasty at follow-up, with an ad

ture physeal closure associated with this condition (209).

ditional 10% having symptoms significant enough to war
rant arthroplasty.

involvement and the varying degrees and patterns of prema

Stulberg and colleagues (189) established a relation be
tween residual deformity and degenerative joint disease.
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FIGURE 24-17. This patient had disease onset at 8.3 years of age. At 46 years of age (38-year
follow-up) the Iowa Hip Rating was 88 points (left). At 58 years of age (50-year follow-up), there
was a loss of 21 points on the Iowa Hip Rating, to 67 (center). At 60 years of age, just before
arthroplasty, the Iowa Hip Rating was 60 points (right). (From ref. 175, with permission.)

This was accomplished by retrospectively examining the
long-term outcomes of patients from three different centers

treated by various methods (e.g., bed rest, spica cast, ischial
weight bearing, brace, crutches, cork shoe lift on the normal
side, combination of methods). They attempted to identify
clinical and radiographic factors in the active phase of the
disease that were predictive of the development of hip defor
mity. They proposed a radiographic classification of defor
mity related to long-term outcome (Table 24-3). The more
deformity at maturity (i.e., the higher the Stulberg classifica

tion), the worse the long-term outcome. However, as noted
from long-term follow-up studies, it is the class 5 hips that
deteriorate the earliest; they usually have significant symp
toms by the end of the fourth decade (191-194). Patients
with aspherical congruency (Stulberg class 3 and 4 disease)
may have satisfactory outcomes for many years, with most
patients undergoing significant functional deterioration in

the fifth and sixth decades of life (191-194). This classifica
tion scheme, which attempts to classify a three-dimensional
deformity using two-dimensional parameters, has recently

TABLE 24-2.

PROGNOSTIC FACTORS

Deformity of the femoral head
Hip joint incongruity
Age at disease onset

Extent of epiphyseal involvement

Growth disturbance secondary to premature physeal closure

been shown to have poor interrater and intrarater reliability
(210). The general principles expressed by Stulberg and col
leagues (189), however, have been shown to have validity
with reference to long-term outcome studies. That is, the
more out of round the femoral head is, and the greater the

discrepancy between the shape of the femoral head and the
shape of the acetabulum, the greater the chance of develop
ment of early degenerative joint disease.

O'Garra (211), Salter and Thompson (114,115), and
others (65,91,127,180,186,212) have confirmed Waldenstrom's original finding that partial or anterior head involve
ment leads to a more favorable prognosis than whole-head
involvement. Catterall (65,128,186) demonstrated the im
portance of the extent of epiphyseal involvement with re
gard to prognosis, and proposed four groups, based on the
presence or absence of seven radiographic signs in 97 un

treated hips (Figs. 24-6, 24-9, 24-10 and Fig. 24-18). He
compared the final radiograph with the initial radiograph,
using the clinical grading of Sundt (190); 90% of the good
results in untreated patients were in groups 1 and 2, whereas
90% of the poor results were in groups 3 and 4. This com
monly used classification has been criticized as being diffi
cult to use, in that there may be a great deal of interobserver
error (202,213). It also has been criticized as being insuffi

ciently prospective, because it may take up to 8 months for
the hip to be far enough into the fragmentation phase to
determine the extent of epiphyseal involvement (214,215).
Furthermore, it also has been noted that the classification

Remodeling potential

may change when radiographs taken during the initial phase
are compared with those taken at maximal fragmentation

Type of treatment (?)

(215,216).

Protracted disease course

Stage at treatment initiation

Salter and Thompson (115) described a simplified two-
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TABLE 24-3. STULBERG CLASSIFICATION
Class

Radiographic Features

1

Normal hip

2 (Figs. 24-9 and 24-18)

Spherical femoral head, same concentric circle on anteroposterior and frog-leg
lateral views, but with one or more of the following: coxa magna, shorterthan-normal neck, abnormally steep acetabulum
Ovoid, mushroom-shaped (but not flat) head, coxa magna, shorter-than-normal

3 (Figs. 24-11 and 24-17)

neck, abnormally steep acetabulum
4 (Fig. 24-13)

5 (Fig. 24-14)

Flat femoral head and abnormalities of the head, neck, and acetabulum
Flat head, normal neck and acetabulum

Congruency

Spherical
Spherical

Aspherical
Aspherical

Aspherical incongruency

(From ref. 189, with permission.)

FIGURE 24-18. A: Catterall group 2 disease showing an

terolateral involvement, sequestrum formation, and a
clear junction between the involved and uninvolved areas.
There are anterolateral metaphyseal lesions, and the subchondral fracture line is in the anterior half of the head.
The lateral column is intact. B: Catterall group 2 disease.
Three to 40 months after symptom onset, the lateral pillar
is still intact.
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group classification based on prognosis and determined by

TABLE 24-4. LATERAL PILLAR CLASSIFICATION

the extent of the subchondral fracture line, which appears

Type A

No involvement of the lateral pillar; lateral pillar is
radiographically normal; possible lucency and
collapse in the central and medial pillars, but
full height of the lateral pillar is maintained

groups 3 and 4). The major determining factor between
groups A and B is the presence or absence of a viable lateral
column of the epiphysis. This intact lateral column (i.e.,

Type B

Greater than 50% of the lateral pillar height is
maintained; lateral pillar has some radiolucency,
with maintenance of bone density at a height
between 50 and 100% of the original height of

early in the course of the disease: in group A, less than half
of the head is involved (Catterall groups 1 and 2), and in
group B, more than half of the head is involved (Catterall

Catterall group 2, Salter-Thompson type A) may shield the
epiphysis from collapse and subsequent deformity (Fig. 24-

the lateral head

Type C

Less than 50% of lateral pillar height is
maintained; lateral pillar becomes more

18).

The importance of the maintenance of the integrity of
the lateral column and the height of the femoral head has
been described by several authors (65,197,202,217,218).
Hall (197) reported on the long-term follow-up (34 years)
of 209 hips. He considered loss of femoral head height, as

radiolucent than in type B, and any preserved
bone is at a height of <50% of the original
height of the lateral pillar
(From ref. 202, with permission.)

seen on the initial radiograph, an important prognostic sign.

All of his patients in whom there had been a loss of 2 mm
or more of height of the femoral head, compared with the
unaffected hip, had unsatisfactory results in adult life. When

the height of the head was within 2 mm of that of the
unaffected hip on the initial radiograph, all but six hips had
done well.

Herring and colleagues (202) proposed a radiographic
classification based on the radiolucency of the lateral pillar
of the femoral head on anteroposterior films during the
fragmentation phase of the disease (Table 24-4) (Figs. 2411, 24-13 and Fig. 24-19). The lateral pillar occupies the

FIGURE 24-19 .

lateral 15 to 30% of the femoral head width on an antero
posterior radiograph. The central pillar occupies approxi

mately 50% of the head width, and the medial pillar occu
pies 20 to 35% of the medial aspect of the head width on
an anteroposterior radiograph.

Herring and colleagues reported on the outcomes of 93
hips in 86 patients with radiographic follow-up to maturity

(202). Intraobserver reliability was reported to be 0.78, with
a good correlation of outcome, as measured by the classifica

tion of Stulberg and colleagues (189). The importance of

Lateral pillar classification (See Table 24-4 for a description of A, B, and C).
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FIGURE 24-20. Anteroposterior (top) and lateral (bottom) views of a 7-year-old boy who pre

sented with hip pain and a limp. A: At presentation, the patient was in the initial radiographic
stage of the disease; his prognosis was indeterminate. B: Six months after presentation, he had
minimal loss of height of the lateral pillar and some radiolucency in that region, as well as signifi
cant bone resorption centrally. Note how the lateral pillar maintains its height throughout the
course of the disease. C to E: One year (C), 18 months (D), and 3 years (E) after onset of disease
The patient had only mild symptoms on occasion, and maintained good range of motion through
out the disease course. Only symptomatic treatment was provided.

the integrity of the lateral column is seen in other classifica
tions, with patients in Salter-Thompson type A and Catterall groups 1 and 2 having intact lateral columns. The results
of treatment in long-term outcome studies show this to

be an important prognostic factor (192,202,216,219,220)
(Fig. 24-20).

In analyzing the unexpectedly poor results in each cate
gory, Catterall (65,180,186,221,222) identified certain ra

diographic signs, known as "at-risk signs," that were associ
ated with poor results (Fig. 24-21). Results in untreated
patients show that there were no poor results in patients
who did not have two or more of the radiographic at-risk
signs during the active stage of the disease. Radiographic
at-risk signs include the Gage sign, which is a radiolucency
in the lateral epiphysis and metaphysis, and calcification
lateral to the epiphysis. These two signs are indicative of
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The duration of the disease is related to the extent of
epiphyseal involvement. In general, the greater the extent

of epiphyseal involvement, the longer the duration and
course of the disease. End results are worse with prolonged
disease duration (195,202,236,237). The sex of the patient
also relates to the extent of epiphyseal involvement, in that
girls affected by Legg-Calve-Perthes syndrome have a poorer

prognosis than boys (238,239). This may be explained by
the fact that there are more girls (who tend to be more
skeletally mature than comparably aged boys, and hence
have less remodeling potential) with Catterall groups 3 and
4 disease, which have a less favorable prognosis (147).
Age of disease onset is the second most significant factor
related to outcome; only deformity is more significant.
Eight years seems to be the watershed age in most longterm series (175,193,240,241); however, some authors be
lieve that the prognosis is markedly worse for long-term
outcome in patients older than 6 years of age at disease
onset (192). W.J. Gumming (personal communication,

1993) estimated that 45% of patients with onset of Perthes
disease after the age of 6 years have undergone arthroplasty
by age 60 years. Patients older than 11 or 12 years, even
FIGURE 24-21. A 6-year, 5-month-old boy with Catterall group
4 disease demonstrates all of the at-risk signs.

early ossification in the enlarged epiphysis. They are present
only when the head is deformed. These signs are present

when the changes are reversible with treatment (65,223). A
third at-risk sign is metaphyseal lesions. These metaphyseal
radiolucencies may herald the potential for a growth dis
turbance of the physeal plate (141,224,225). The final two
at-risk signs are lateral subluxation and the horizontal
growth plate (226). Lateral subluxation is indicative of a
widened head. The horizontal growth plate (adducted hip)
is indicative of a developing femoral head deformity that,
if left untreated, will lead to fixed deformity, hinge abduc
tion, and subsequent further deformity. These radiographic
at-risk signs are manifested clinically by loss of motion and
adduction contracture. Catterall reported no poor results in
patients not manifesting at-risk signs. The validity of the
Catterall classification and the at-risk signs has been con
firmed by several series (215,227-234), but questioned by
others (192,202,216,235).
Stulberg and colleagues (189) identified lateral and supe

with Catterall group 2 or Salter-Thompson type A disease,
may have poor anatomic and clinical results, even with treat
ment (242). Age at healing, however, is probably a more
important factor (Fig. 24-11). The overall skeletal matura
tion delay (45) in patients with Legg-Calve-Perthes syn
drome, and the usual compensation for this delay during
the pubertal growth spurt (43), contribute to the favorable
prognosis in the young patient. The more immature the
patient at the time of entering the reossification stage, the
greater the potential for remodeling. At-risk signs are also
less likely to occur in younger patients, particularly those
younger than 5 years of age.

The key relationship for outcomes (prognosis) is femoral
head shape and its relationships to acetabular shape (congruency) and joint motion. The shape of the acetabulum is

dependent on the geometric pattern within it during growth
(170,243,244). In addition, the acetabulum continues to
have significant potential for development until age 8 or 9
years (78,80,245). If a young patient develops a deformity,
the immature acetabulum conforms to the altered femoral
head shape. This may lead to the development of an aspherical congruency (Stulberg classes 3 and 4) that may be com
patible with normal function for many years. In older pa
tients (whether "older" means older than 6 years or older
than 8 years is subject to debate), the acetabulum cannot

rior subluxation, which are indicative of significant growth
disturbance and flattening of the femoral head, as the key
factors associated with the development of class 3 and 4

conform to the shape of a deformed femoral head; hence,
there is a greater chance of the development of an incon
gruous relationship, leading to early degenerative joint dis

hips and poor long-term outcome (i.e., after 40 years). Dis
ease onset after age 9 years and partial head involvement,
particularly anterosuperior quadrant involvement, were as
sociated with the development of a class 5 hip and the early
onset of degenerative joint disease (i.e., third to fifth decade

ease (189,191-194,244,246).

of life).

The importance of premature physeal arrest secondary
to the disease process cannot be overemphasized. Keret and
colleagues (171), in a study of 80 patients with Legg-CalvePerthes syndrome, showed that 90% of them had interfer
ence with physeal growth, with 25% having premature phy-

Imaging

seal closure. They demonstrated a direct correlation between
the severity of physeal involvement and deformity of the
head. Clarke and Harrison (247) reported that 47% of 31
patients who presented with painful hips after Legg-CalvePerthes syndrome, at an average age of 27 years, had evi
dence of premature physeal closure.
Various methods have been used to measure the spheric
ity of the femoral head and congruency at healing. Goff
(10,46,248) used a transparent protractor with concentric
circles drawn at 2 mm of radial difference to evaluate fem
oral head shape. Mose further developed Goffs method and
applied it clinically. This is the most commonly used
method of measuring sphericity (99,249-251) (Fig. 24-16).
It is not clear from the criteria of Mose whether the measure
ment under consideration is the difference between the out
line of the femoral head on the anteroposterior and lateral
radiographs or the deviation from a given circle, measured
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CLINICAL PRESENTATION
Patients with Legg-Calve-Perthes syndrome most com
monly present with a history of the insidious onset of a
limp. Most patients do not complain of much discomfort,
unless specifically questioned about this aspect. Pain, when

present, is usually activity-related and relieved by rest. Be
cause of its mild nature, most patients do not present for
medical attention until weeks or months after the clinical
onset of disease. The pain the patients experience generally
is localized to the groin, or referred to the anteromedial
thigh or knee region. Failure to recognize that thigh or knee
pain in the child may be secondary to hip pathology may
cause further delay in the diagnosis. Some children present
with more acute symptom onset. Seventeen percent of pa
tients with Legg-Calve-Perthes syndrome may give a history
of related trauma (20,23,257).

in millimeters, on either the anteroposterior or the lateral

radiograph, or a combination of these two parameters. This
variability in the application of the method of Mose and
colleagues is evident in the literature on Legg-Calve-Perthes

syndrome (90,229,230,252-255).
In general, the template with concentric circles is super
imposed on the anteroposterior and lateral roentgenograms.

In the author's practice, if the outline of the femoral head
is a perfect circle in both projections, it is rated good; less
than 2 mm of deviation is rated fair; and more than 2 mm
of deviation from a circle, in the anteroposterior or lateral
projection, is rated poor. Regardless of measurements used,

it is important to realize that, with growth and remodeling

of the femoral head and acetabulum, the various parameters
used to measure head deformity and congruency may
change.

The shape of the head and its congruency, as measured
at skeletal maturity, are probably the most reliable indicators

of prognosis and the development of degenerative joint dis
ease. Catterall (65) showed, in a follow-up of untreated
patients, that 33% of the patients improved in anatomic
grade. Twenty percent of these patients improved two ana
tomic grades; all of these patients were younger than 5 years
of age at disease onset. However, it also must be remem
bered that the various deformities of the femoral head and
acetabulum congruency are three-dimensional parameters
that cannot be measured adequately by two-dimensional
radiographs. Thus far, the only existing radiographic param
eter that correlates with good clinical outcome is a perfectly
spherical head. Loss of sphericity by itself, however, does not
necessarily lead to a poor long-term result (175,193,206).

Thompson and Westin (256) confirmed the work of Fer
guson and Howorth (68), which demonstrated that, after
the femoral head is in the reossification stage of the disease,

it will not deform further. For any treatment to influence

PHYSICAL EXAMINATION

The child with Legg-Calve-Perthes syndrome usually pre
sents with limited hip motion, particularly abduction and
medial rotation. Early in the course of the disease, the lim
ited abduction is secondary to synovitis and muscle spasm in
the adductor group; however, with time and the subsequent
deformities that may develop, the limitation of abduction
may become permanent. Long-standing adductor spasm oc
casionally leads to adductor contracture. The Trendelenburg test in patients with Legg-Calve-Perthes syndrome is
often positive. These children most commonly have evi
dence of thigh, calf, and buttock atrophy from disuse sec
ondary to pain. This is additional evidence of the long
standing nature of the condition before detection
(1-5,174,248). Limb length should be measured; inequality
is indicative of significant head collapse and a poor prog
nosis. Evaluation of the patient's overall height, weight, and
bone age may be helpful to rule out skeletal dysplasias or
growth disorders in the differential diagnosis, and may pro
vide confirmatory evidence of the disorder. Laboratory stud
ies generally are not helpful in Legg-Calve-Perthes syn
drome, although they may be necessary to rule out other
conditions.

IMAGING
In Legg-Calve-Perthes syndrome, the diagnosis is made and

the clinical course is assessed by plain radiographs taken

in the anteroposterior and frog-leg lateral positions. These
radiographs are generally sufficient for the assessment of
the patient and subsequent follow-up evaluations. From the
plain radiographs, the extent of epiphyseal involvement

head deformity, it must be instituted early in the course of

(e.g., Catterall groups 1 to 4; Salter-Thompson type A or

the disease, that is, in the initial or fragmentation stage.

B; lateral pillar type A, B, or C) and the stage of the disease
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(initial, fragmentation, or reossification) can be determined.
According to Salter and Thompson, if appropriate radio
graphs are taken within 4 months of the clinical onset of the
disease, the subchondral radiolucent zone will be detectable
(115). Catterall, however, states that this sign is helpful in
only 25% of cases, because it is present only transiently in
the early phases of the disease (65). It is most important in

following the course of the disease that all radiographs be
viewed sequentially, and compared with previous, radio
graphs to assess the stage of the reparative process, and to
determine the constancy of the extent of epiphyseal involve
ment. Additional radiographic or imaging studies are rarely

necessary, but may be helpful in the initial assessment and
follow-up of the condition (258-260).
Radionuclide bone scanning with technetium and pin-

hole columnation (Fig. 24-22) may be helpful in the early
stages of the disease, when the diagnosis is in question, par
ticularly if the differential diagnosis is between transient

synovitis and Perthes disease. Some investigators consider
scintigraphy helpful in determining the extent of epiphyseal
involvement and the prognosis (261-270).

Magnetic resonance imaging is widely available in medi
cal centers. It appears to be sensitive in detecting infarction,
but cannot yet accurately portray the stages of healing. Its
role in the management of Perthes syndrome has yet to be
defined. In the future, magnetic resonance imaging may

not only help the clinician in the diagnosis, but may shed
additional light on the underlying pathology of the condi
tion (93,268,271-274) (Fig. 24-23).
Arthrography is useful primarily in demonstrating any

flattening of the femoral head that may not be seen on plain
radiographs (Fig. 24-24). It can be used to demonstrate the
hinge abduction (Fig. 24-8) phenomenon with abduction
of the leg (152,180,181,206,275). Arthrography, in con
junction with plain radiography or computed tomography,
also may be useful in the diagnosis of osteochondritis dissecans secondary to Perthes disease. Arthrography is most use

ful for assessing head shape and the relation to the acetabulum that would be necessary for treatment decisions (Fig.
24-25). With severe flattening of the femoral head, arthrog
raphy is helpful in determining containability before any
treatment, whether it will be Petrie casts, bracing, or surgery.

FIGURE 24-22. An 8-year-old boy with right hip pain.
A: Anteroposterior radiograph demonstrates a slight in
crease in width and medial joint space; the femoral ossific nucleus is slightly smaller than the opposite side.
B: Technetium 99 radionuclide scan demonstrates de
creased uptake in the entire right femoral head, with
increased vascularity in the neck.

Imaging

FIGURE 24-23. A 6-year-old boy with Catterall group 3 disease in the early fragmentation stage.

A: Plain radiograph shows apparent sparing of the posterior head. B: Magnetic resonance image
demonstrates a complete absence of signal on the affected side. (Courtesy of Peter Scoles, M.D.,
Case Western Reserve Medical School, Cleveland, Ohio.)

FIGURE 24-24. A 5-year-old boy with Catterall group 4 disease and at-risk status. A: Anteroposterior radiograph on presentation. B: Anteroposterior arthrogram, in the same position as in C, after
10 days of traction. Note the relation between the lateral acetabular margin and the lateral
margin of the cartilaginous femoral head, as well as the severe flattening of the femoral head
(continued)
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D

FIGURE 24-24. (continued) C: Anteroposterior roentgenogram in Petrie broomstick abduction

plasters. The patient was maintained in casts for 6 weeks. D: Anteroposterior radiograph with

pelvis abduction orthosis (weightbearing). E: Anteroposterior radiograph at age 13 years. Note
residual deformity. F: Lauenstein radiograph at age 13 years.

FIGURE 24-25. Arthrogram of a 6-year-old boy with Catterall group 4 disease. A: Neutral position.
B: Abduction, external rotation, and slight flexion (the position that would be maintained by an
abduction Scottish Rite-type orthosis). C: Abduction and internal rotation (the position that would
be maintained by a varus derotation osteotomy). On the basis of the arthrogram, the hip can be
contained either by the position that would be maintained by bracing (B) or by surgery (C).

Treatment

It is also useful in determining the best position of contain

ment, such as internal or external rotation and abduction

or adduction, if surgical management is considered.

DIFFERENTIAL DIAGNOSIS

The patient history, physical examination, and plain radio
graphs are usually sufficient to make a diagnosis of LeggCalve-Perthes syndrome (Table 24-5). Diagnosis early in
the initial phase of the disease must be differentiated from
conditions such as septic arthritis, whether primary or sec
ondary to proximal femoral osteomyelitis, and toxic synovitis (276-278). A complete blood count, including white
cell differential, erythrocyte sedimentation rate, C reactive
protein, and hip joint aspiration and analysis of the fluid,
may be necessary to rule out infection. All laboratory studies

of Legg-Calve-Perthes syndrome generally are normal, al
though the erythrocyte sedimentation rate may be slightly
elevated. In early cases, if all of the laboratory and plain
radiographic studies are normal, and doubt regarding the
diagnosis persists, radionuclide scanning or magnetic reso
nance imaging may be helpful.

In patients with bilateral hip involvement, generalized

disorders, such as hypothyroidism and multiple epiphyseal
dysplasia, must be considered (279,280). Patients with bi
lateral involvement, particularly those with atypical radio-

graphic features, must have a careful family history ob
tained, measurements of height and weight, and a bone
survey, to rule out a metabolic or a genetic condition (see

Chapters 7 and 8). Meyer dysplasia, a benign resolving con
dition, must be considered in children younger than 4 years

of age (281).
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TREATMENT

For the past 70 years, considerable therapeutic nihilism has
been expressed by many authors (14,15,166,189,190,282).
Sundt (190) believed that treatment could not prevent de
generative joint disease. Because there is a paucity of longterm natural history data available, the question must be

raised
drome
tioned
cult to

whether the outcome of Legg-Calve-Perthes syn
can be altered by any particular treatment. As men
above, long-term series of treated patients are diffi
evaluate. Long-term series of patients with uniform

treatment, and matched for age, gender, stage, and extent

of epiphyseal involvement, are necessary to determine the

most effective treatment of Perthes syndrome.

Most patients (60%) with Legg-Calve-Perthes syndrome
do not need treatment (65,115,186,214,223,283). Treat

ment must be considered only for those patients who have

an otherwise known poor prognosis based on prognostic
factors gleaned from long-term follow-up. It is difficult to

formulate specific treatments for patients, because natural
history is not well known, and most studies of current treat

ment methods lack interrater and intrarater reliability of
classifications of the extent of epiphyseal involvement and
outcome measures, and all lack control groups. These fac

tors, and other variables examined in most series, make it
difficult to support a "best" method of treatment.
Standard treatment algorithms are based on radiographic
features of the various disease classification schemes. Under
these protocols, no treatment is warranted in patients with
a good prognosis (i.e., those with Catterall group 1, SalterThompson type A, or lateral pillar type A disease) (Table
24-6). Patients with a poor prognosis should be considered
for treatment, such as patients with Catterall groups 3 and

TABLE 24-6. TREATMENT OF

LEGG-CALVE-PERTHES DISEASE
TABLE 24-5. DIFFERENTIAL DIAGNOSIS
Chondrolysis
Gaucher disease
Hemophilia

Hypothyroidism

Juvenile rheumatoid arthritis
Lymphoma

Mucopolysaccharidosis

Multiple epiphyseal dysplasia
Meyer dysplasia

Neoplasm

Old congenital dysplasia of the hip residuals
Osteomyelitis of the proximal femur
Septic arthritis

Sickle cell disease

Poor Prognostic Group: Treatment Indicated
Catterall 3 and 4

Salter-Thompson B
Lateral pillar C

At-risk clinically

At-risk radiographically, regardless of the disease extent
Less than age 8 years with deformity

Over age 8 years (Catterall group 2, 3, and 4, with or
without at-risk signs; Lateral pillar B and C; Salter-

Thompson B), with or without head deformity
Good Prognosis: No Treatment Necessary
Catterall 1 and 2 (generally good prognosis in 90% of cases)
Salter-Thompson A
Lateral pillar A

Indeterminate Prognosis: May Require Treatment

Spondyloepiphyseal dysplasia

Catterall 2

Toxic synovitis

Lateral pillar B

Traumatic aseptic necrosis

In Reossification Stage: May Require Treatment
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4 disease, Salter-Thompson type B disease, and lateral pillar
type C disease. There is another large group of patients
whose prognosis is indeterminate; these patients require

careful follow-up, because they may need treatment. This
group includes patients with Catterall group 2 disease (good

prognosis in 90% of cases) and patients with lateral pillar
type B disease. Because we have learned that the two major
prognostic factors in outcome are deformity and age, these
two factors must be taken into account in the decisionmaking process. Patients with deformity (arthrographically
and/or clinically documented), younger than 8 years, should
be considered for treatment. Patients older than 8 years,
especially females, should be considered for treatment even
in the absence of deformity, because of their otherwise poor

prognosis (240,241,284). All patients should be treated if
they manifest clinical at-risk signs (i.e., if they lose range of
motion and have pain), or if they demonstrate several of
the radiographic at-risk signs, regardless of their extent of
epiphyseal involvement. If the patient is already in the reossification or healing stage of the disease, little deformity
ensues, and no treatment is indicated (see "Treatment Op
tions in the Noncontainable Hip and the Late-presenting
Patient with Deformity" below).

The earliest treatment methods used weight relief until
the head was reossified. These methods were based on the
premise that weight relief would prevent the mechanical

deformation of the head and early degenerative joint disease
(82,285-287). These modalities included prolonged, strict
bed rest, often in the hospital, and bed rest with or without
various periods of traction on special frames or in spica casts.

These methods of treatment were associated with disuse
atrophy of muscles, osteopenia, shortening of the involved

extremity, loss of thoracic kyphosis, urinary calculi, social
and emotional problems, and high hospital costs (148,
199,200,252,288-295).

The concept of weight relief as a treatment for LeggCalve-Perthes syndrome was challenged as early as 1927,
when Legg stated that, "while the process suggesting weak

ness of bone structure is going on it is theoretically sound
to allow no weight bearing but in practice relief from weight
bearing in no way affects the end results" (296). In addition,
prolonged immobilization and bed rest do not influence the
radiographic course of the disease (214,232,233,297-299).

Harrison and Menon (292) pointed out, as had Pauwels and
others (148,300,301), that even at rest, significant forces act
on the femoral head with minimal activity.
The cornerstone of treatment for Legg-Calve-Perthes

syndrome is referred to as "containment." This concept was

originally described by Parker (292) and Eyre-Brook (286).
The rationale for this concept has been defined further by
Harrison and Menon (292), Petrie and Bitenc (254), Salter
(114,302), and others (303-308). The essence of contain
ment is that, to prevent deformities of the diseased epiphysis, the femoral head must be contained within the
depths of the acetabulum to equalize the pressure on the

head and subject it to the molding action of the acetabulum.
Containment is an attempt to reduce the forces through
the hip joint by actual or relative varus positioning (309).
Containment may be achieved by nonoperative or operative

methods. Considering all the methods of containment, the
femoral head represents more than three-fourths of the
sphere and the acetabulum only half of the sphere. No
method of containment can provide for a totally contained
femoral head within the acetabulum during all portions of
the gait cycle (137,307,308,310).
Patient Management

The primary goals in the treatment of Legg-Calve-Perthes
syndrome are to prevent deformity (Stulberg classes 3, 4,
and 5), alter growth disturbance, and thus to prevent degen
erative joint disease. Attainment of these goals requires that
each patient be assessed clinically and radiographically.
Clinically, the patient is evaluated for clinical at-risk signs
of loss of motion, joint contracture, and pain. Radiographi
cally, anteroposterior and frog-leg lateral radiographs are
evaluated to determine the radiographic stage of the disease,
the extent of epiphyseal involvement, and the presence of
radiographic at-risk signs. For treatment to have any effect
on subsequent deformity, it must be initiated in the initial
or fragmentation phase of the disease (68,256).
Treatment is not indicated if the child demonstrates

none of the clinical or radiographic at-risk signs; if he or
she has Catterall group 1 or 2, Salter-Thompson type A,

or lateral pillar type A disease; or if the disease is already in
the reossification stage. A child who demonstrates clinical
or radiographic at-risk signs, regardless of the extent of epi
physeal involvement, should receive treatment (174). Even
patients with Catterall group 2 disease (or lateral pillar type
B disease) who are at risk may have poor results without
treatment (65,78) (W.J. Cumming, personal communica
tion, 1993).

The first principle of treatment, regardless of the defini
tive method of treatment chosen, is restoration of motion.
Joint motion enhances synovial nutrition and cartilage nu
trition (311,312). This tenet of treatment cannot be over
emphasized. The most successful reported series of patients

treated for extensively involved femoral heads is that of
Brotherton and McKibbin (303). These patients were

treated with bed rest and containment. End results in these
patients were superior to those in another long-term study
(199,200) of patients treated with bed rest and containment
on a frame. The only difference between the two treatment

regimens was that in the former series motion was always
maintained. Restoration of motion can be accomplished by
bed rest alone, or with skin traction and ptogressive abduc
tion to relieve the muscle spasms. Occasionally, surgical re
lease of the contracted adductors may be necessary. Restora

tion of motion allows abduction of the hip, which reduces
the forces on the hip joint, and allows positioning of the

Treatment

uncovered anterolateral aspect of the femoral head in the
acetabulum. Mobilization of the hip joint also can be ob

tained by rest followed by the use of progressive abduction
plasters to stretch the hip adductor muscles while allowing
hip flexion and extension. A full or almost full range of
motion is usually obtainable within 7 to 10 days of treat
ment. Because of early deformity, complete abduction and
internal rotation may not always be obtainable. Persistence

of an adduction contracture is always associated with a seri
ous femoral head deformity and will not respond to traction
(313).

Arthrography is a useful adjunct in determining whether
the head actually can be contained and, if so, in what posi
tion this is best accomplished (314) (Fig. 24-25). Arthrogra
phy can reveal any flattening of the femoral head that may
not be seen on plain radiographs. More importantly, it can
demonstrate the hinge abduction phenomenon (180,

181,206) (Fig. 24-8). Demonstration of the hinge abduc
tion phenomenon, or the inability to contain the hip, is
a contraindication to any type of containment treatment.
Serious damage to the femoral head and acetabulum may
result from trying to contain a noncontainable head (Fig.

24-14). Arthrography should be performed under general
anesthesia. This also provides an opportunity to examine
whether muscle spasm, contracture, or mechanical defor
mity is responsible for any apparent fixed deformities.

The treatment of Legg-Calve-Perthes syndrome remains

controversial, and there is disagreement regarding whether
operative or nonoperative treatment is beneficial. The short
age of natural history studies for comparison of the results

of different modalities of treatment is another reason why
it is difficult to resolve this controversy. In addition, the
variability of criteria for inclusion of patients in studies, and
the use of different measurements to assess outcomes of
treatment, lack of interrater and intrarater reliability data,

and lack of untreated control groups, make comparisons
difficult. The most widely used methods to maintain con
tainment are abduction orthosis, femoral osteotomy, in
nominate osteotomy, and lateral shelf acetabuloplasty. In

terest has grown in combined femoral and innominate
surgical procedures, and in the use of procedures originally
regarded as salvage procedures in the primary treatment of
Perthes disease.

Nonoperative Treatment

In 1971, Petrie and Bitenc (254) reported excellent results
from applying the principles of containment, using broom
stick abduction long-leg plasters (Fig. 24-24C). This series
proved that weight bearing, with the head contained, was
not harmful. This method of treatment allows for weight
bearing and maintenance of hip range of motion in the
contained position. Successful treatment results using this
technique have been reported (315). Pietrie casts are used

after muscle-release procedures and capsulotomies to reduce
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heads that are deformed and subluxated (316), to maintain
containment before bracing or surgical treatment, or as de

finitive nonsurgical treatment in situations in which bracing

compliance is in question.

To avoid the repeated hospitalizations necessary to regain
knee and ankle motion, and to avoid the occasional flatten
ing of the femoral condyles seen in patients treated with
broomstick plasters, attention turned to the use of removal
abduction orthoses, as typified by the Newington abduction
brace (252), the Roberts orthosis (317), the Houston Aframe brace (318), and the Toronto Legg-Calve-Perthes or
thosis (160,319). These devices provide containment in the

abducted internal rotation position.

The most widely used abduction orthosis is the Atlanta

Scottish Rite orthosis or a modification thereof (Fig. 2426). These devices were thought to provide for containment

solely by abduction without fixed internal rotation (253,

255,320,321). These orthotic devices allow free motion of

the knee and ankle. Containment is provided by the abduc
tion of the brace and the hip flexion required to walk with
the legs in abduction. These devices are less cumbersome
than other braces, and are well tolerated by patients. On
arthrography, the position of containment that would be
maintained by an abduction orthosis of this variety would
be demonstrated by abduction, slight flexion, and external

rotation (Fig. 24-25). Patients must demonstrate contain
ment on a radiograph in the weight-bearing position while

in the brace (Fig. 24-24). At each subsequent visit, the pa
tient must be examined out of the orthosis to be certain

that range of motion is maintained. If the range of motion

is not adequate, traction should be initiated to restore range

of motion, and containability should be reassessed. The
brace is worn on a full-time basis until the head is in the

reossification stage, when there is no further risk of collapse.
Full-time bracing ranges from 6 to 18 months. The negative
aspects of bracing include prolonged treatment times and

the necessity of having a compliant patient. Some patients
may not tolerate the brace for psychological reasons (322).

This type of treatment also may be difficult for girls and
older patients to accept (323).

Although early radiographic anatomic results were com
parable with those of previously used containment weightbearing methods (255,321), follow-up reports of patients
treated with these orthotic devices question the efficacy of
this method of management (216,324,325). Martinez and
colleagues (216) reported on 31 patients, with 34 hips, who
had severe Perthes disease (Catterall groups 3 and 4) that
had been treated with a weight-bearing abduction orthosis.
The mean age of the patients when first seen was 6 years,
and the mean duration of follow-up was 7 years. According
to the Mose criteria, at follow-up no hip had a good result,

35% had fair results, and 65% had poor results. On the
basis of the classification of Stulberg and colleagues, there
were 41% class 2 results, 53% class 3 and 4 results, and
6% class 5 results. With respect to the lateral column, of
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FIGURE 24-26. An abduction orthosis.

the 20 hips in which collapse occurred, only 10% had Stul
berg class 2 results, 35% had class 3 results, 45% had class
4 results, and 10% had class 5 results. By comparison, in

the 14
occur,
class 3
a class

hips in which collapse of the lateral column did not
86% had Stulberg class 2 results and only 14% had
results. No hip in which collapse did not occur had
4 or 5 result. The authors concluded that although

containment is the most widely accepted principle of treat
ment of Legg-Calve-Perthes disease, little clinical informa

tion supports the contention that bracing in abduction and
external rotation, as provided by the Atlanta Scottish Rite
orthosis and its modifications, is effective.
Meehan and colleagues (324) reported on 34 patients
with Catterall group 3 or 4 disease, with an average age at

diagnosis of 8 years. The average follow-up in this series

was 6 years, 9 months. At follow-up, there were no Stulberg

class 1 results, 3 class 2 results, 24 class 3 results, 6 class 4
results, and 1 class 5 result. These authors also arrived at a
similar conclusion concerning the use of this orthotic device
in the treatment of Perthes disease. In both of these studies
the issue of compliance is not documented, and as with all
studies of Perthes disease in the literature, control groups
other than historic controls are absent. Because the radiographic outcomes in both of these studies were poor, it is
questionable whether the orthosis itself adds anything to
the treatment other than maintenance of range of motion.

As expected, the majority of patients in both series were

doing well clinically, as do most patients who have Perthes
disease over the short term, regardless of the extent of the
deformity. The long-term prognosis, for all but the Stulberg
class 1 and 2 hips, is guarded.
Because of these results, many physicians have begun
treating patients with only maintenance of range-of-motion
programs, including stretching exercises, nighttime abduc
tion splinting, home traction, and other combinations.
Long-term follow-up studies of these nonoperative rangeof-motion regimens are needed to determine their efficacy.
Surgical Treatment

Surgical methods of providing or maintaining containment

are advocated by many investigators. Surgical containment
methods offer the advantage of early mobilization and the
avoidance of prolonged bracing or cast treatment. In addi
tion, no end point for discontinuing treatment is required,
and any improved containment is permanent (316). Surgi
cal containment may be approached from the femoral side,
the acetabular side, or both sides of the hip joint. Procedures
used to obtain or maintain containment in Legg-Calve-Per
thes syndrome are those that originally were used in the
treatment of problems associated with developmental hip
dysplasia and dislocation.

Treatment

Varus Osteotomy

Varus osteotomy, [-4.1,4.2] with or without associated derotation, offers the theoretical advantage of deep seating

of the femoral head and positioning of the vulnerable an-

terolateral portion of the head away from the deforming

influences of the acetabular edge (223,313,326-329). The

varus position reduces the joint forces on the femoral head

(309,326). This procedure also relieves the intraosseous

venous hypertension and improves the disturbed intraos
seous venous drainage reported in Legg-Calve-Perthes syn
drome, thus speeding the healing process (117,118,
134,326,327,330). This belief, however, has been dis

proved (331-333).

Prerequisites for varus derotation osteotomy include a

full range of motion, congruency between the femoral head
and the acetabulum, and the ability to contain the femoral
head in the acetabulum in abduction and internal rotation
(316,334) (Fig. 24-25). This assessment may require
arthrography if the femoral head is well into the fragmenta

tion phase. As with nonoperative treatment, the procedure
must be performed early in the initial or fragmentation stage

of the disease to have any effect on head deformity (168,
212,326).

The negative aspects of this treatment modality must be
considered. Varus osteotomy, with or without derotation,
usually requires the use of internal fixation and external
mobilization in plaster for 6 weeks. The patient must incur
the inherent risks and costs associated with at least one surgi
cal procedure, and most likely a second surgical procedure

for hardware removal. The limb is temporarily shortened
by the procedure. The varus angle must not exceed a
neck-shaft angle of less than 110 degrees. The varus angle

generally decreases with growth (180,335,336); however, if
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early in the course of the disease, and the head must be
well seated in flexion, abduction, and internal rotation.
Innominate osteotomy is performed in a similar fashion
as for residual hip subluxation. The tendinous portion of the
iliopsoas muscle is always released at the musculotendinous
junction, and any residual contractures of the adductor
muscles are released by subcutaneous adductor tenotomy
(114,316). The osteotomy is fixed by two or three threaded
pins for internal fixation. Partial weight bearing may be
resumed in a cooperative child several days after surgery;
however, in an uncooperative patient, immobilization in a
spica cast for 6 weeks is required.

The disadvantages of innominate osteotomy are the asso

ciated risks and cost factors of the surgical procedure and
the procedure for pin removal. Additionally, the operation
is performed on the normal side of the joint. This procedure
may increase the forces on the femoral head by lateralizing

the acetabulum and increasing the lever arm of the abduc

tors (326), although this supposition has thus far not been

substantiated. Innominate osteotomy also may cause a per
sistent acetabular configuration change in the face of a previ

ously normal acetabulum, leading to loss of motion, particu
larly flexion (350). Satisfactory anatomic results from this
procedure range from 69 to 94% (316,339,346,347
351-355).

There is significant biomechanical evidence to show that
neither method of surgical containment, innominate or
femoral osteotomy, may effectively stress shield an exten
sively necrotic segment of the femoral head; the same may
also apply for patients treated with bracing (307,308,
356,357). Wenger (177) reported a high incidence of com
plications in surgically treated patients in whom the ac
cepted methods and prerequisites were met.

there has been physeal plate damage secondary to the dis

ease, this remodeling potential may be lost, and the patient
may have permanent shortening and temporary or perma
nent weakness of the hip abductors (134,336-340). The
proponents of varus osteotomy, with or without derotation,
report 70 to 90% satisfactory anatomic results using this

method (134,212,326,327,337,339,341-345).
Innominate Osteotomy

Innominate osteotomy [-3.5] provides for containment by
redirection of the acetabulum, providing better coverage

for the anterolateral portion of the femoral head. The head

is placed in relative flexion, abduction, and internal rota
tion with respect to the acetabulum in the weight-bearing
position. Any shortening caused by the disease can be cor

rected, and the need for bracing is eliminated (114,316,
334,339,346-349). Prerequisites for innominate osteot
omy include restoration of a full range of motion, a round
or almost round femoral head, and joint congruency dem
onstrated arthrographically. Treatment must be performed

Varus Osteotomy Plus Innominate Osteotomy
Several short-term results of combined varus osteotomy plus
innominate osteotomy have been reported in severely in

volved Catterall group 3 or 4 disease. This combined proce
dure has the theoretical advantage of maximizing femoral
head containment while avoiding the complications of
either procedure alone. The femoral osteotomy directs the
femoral head into the acetabulum, while theoretically reduc
ing any increasing joint pressure or stiffness that would re

sult from the pelvic osteotomy. The coverage provided by
the innominate osteotomy reduces the degree of correction
needed from the femoral osteotomy, thereby minimizing
the complications of excessive neck-shaft varus, associated
abductor weakness, and limb shortening. Advocates of this
procedure also believe that permanent correction of the de
formity, early weight bearing, and shortened treatment time
are obtained. The disadvantages of the procedure include
those mentioned for varus osteotomy and innominate oste
otomy alone. Surgical time is increased, potential blood loss
is magnified, and the combined procedures are technically
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more difficult. Satisfactory anatomic results from this com
bined procedure are reported in up to 78% of patients.
As would be expected in short-term follow-up, the clinical

results are excellent (358-362). The prerequisites for this
operation include those for the varus and innominate oste

otomies alone, in a patient who probably would not achieve
satisfactory coverage from either procedure alone.

Shelf Arthroplasty

Shelf arthroplasty [*-3.12] formerly was used only as a sal
vage procedure. However, recently it has been proposed

as a primary method of management in children older than
8 years of age with Catterall groups 2, 3, and 4 disease
with or without at-risk signs, lateral pillar types B and C

disease, and Salter-Thompson type B disease; if subluxa-

tion is present, it must be reducible on a dynamic arthrogram (284,363). Contraindications include hips that do

not meet the above criteria and the presence of hinge ab

duction. Only one intermediate-term follow-up study ex
ists, but proponents believe that containment of the femo
ral head by shelf arthroplasty, before significant deformity

develops, improves femoral head remodeling (284,364).
Preliminary risk factors for poor results with this technique
are age older than 11 years, female gender, and Catterall

group 4 disease. The shelf procedure may cover the anterolateral portion of the head, preventing subluxation and
lateral overgrowth of the epiphysis (Fig 24-27).
Regardless of the method of containment chosen, any
episode indicative of loss of containment, such as recurrent
pain or loss of range of motion, must be treated aggressively
with rest, traction, and reassessment of containment.

Treatment Options in the
Noncontainable Hip and the
Late-presenting Patient with Deformity

Patients presenting in the later stages (reossification) of the
disease with deformity, those with noncontainable deformi-

FIGURE 24-27. A 9-year-old girl with Catterall
group 4 and lateral pillar type C disease treated
with lateral shelf arthroplasty. A: Note the
marked loss of epiphyseal height. B and C: Anteroposterior (B) and Lauenstein (C) radiographs 1

year after operation. Note that the femoral head
is in the reossification
short on the involved
nal rotation are to 15
is to 25 degrees, and

phase. The patient is 1 cm
side. Abduction and inter
degrees, external rotation
flexion is to 100 degrees.

(Courtesy of Fred Dietz, M.D., University of Iowa,
Iowa City, Iowa)

Treatment

ties, and those who have lost containment, after either surgi

cal or nonsurgical containment, present a management
problem. These patients usually demonstrate hinge abduc
tion on arthrography, and have an extremely poor prognosis

without additional treatment (175,193,222,316,365,366).
These patients generally present with persistent pain, short

ening of the involved extremity, and a fixed deformity, gen
erally 10 to 15 degrees of fixed flexion and 15 to 20 degrees
of fixed adduction (222,366). The salvage procedures to be
considered at this point include Chiari osteotomy, lateral
shelf arthroplasty, cheilectomy, and abduction extension os
teotomy (222,316,366-369). These procedures must be

viewed as salvage procedures, with each having specific lim

ited aims, which may include pain relief, correction of limblength inequality, increasing head coverage, and improve
ment of movement and abductor weakness (366).
Chiari osteotomy [w-3.11] improves the lateral coverage
of the deformed femoral head, but does not reduce the
lateral impingement in abduction, and may exacerbate any
existing abductor weakness (222,366). Chiari osteotomy
may be useful in the enlarged, poorly covered femoral head
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that is beginning to develop symptoms of early degenera
tive joint disease. Although good preliminary results have
been reported (368-374), the role of Chiari osteotomy in

the treatment of Legg-Calve-Perthes syndrome has yet to
be defined.

In patients in the active stage of the disease with a noncontainable hip, or patients with a painful hip after healing,

who demonstrate hinge abduction, abduction extension os
teotomy [i-4.5] should be considered. Abduction extension
osteotomy of the femur is indicated when arthrography

demonstrates that joint congruency is improved by the
extended adducted position (Fig. 24-28). The preliminary
results with this modality of treatment indicate improve
ment in limb length, decrease in limp, and improvement

in function and range of motion (366). This procedure
may be applied in either the active or the late stage of the
disease, when arthrography demonstrates that joint con
gruency is improved by the extended adducted position.
This modality of treatment allows for realignment of the
congruent position of the hip in the neutral weight-bearing
position (316,366).

FIGURE 24-28. An 11-year-old girl with Catterall group 4 Perthes disease. Hip range of motion
showed marked restriction of abduction (20 degrees) and rotation (10 degrees internal and exter
nal). All movement was painful. A: Preoperative anteroposterior (left) and Lauenstein (right)

views. B: Intraoperative arthrograms demonstrating hinging on the lateral aspect of the acetabulum in abduction (left) with good congruity in adduction (right), (continued)
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FIGURE 24-28. (continued) C:
Six-month
(left)
and
7-year
(right) follow-up after abduc
tion osteotomy. At 7-year fol
low-up, the patient was free of
pain, with 40 degrees of abduc
tion, 20 degrees of adduction,
flexion to 130 degrees, and 20
degrees of internal and external
rotation. She has been pain free
since her surgery.

Lateral shelf acetabuloplasty [*-3.i2] may also be used in
"salvage" situations, including lateral subluxation of the
femoral head, inadequate coverage of the femoral head,
and hinge abduction associated with severe Legg-CalvePerthes disease (370-375); use in hinge abduction, how
ever, would not be the author's preference.
Cheilectomy removes the anterolateral portion of the
femoral head that is impinging on the acetabulum in abduc
tion (Fig. 24-29). It is indicated only for functionally limit

ing restricted range of motion. The procedure must be per
formed only after the physis is closed; otherwise, a slipped
capital femoral epiphysis may ensue (367,376). Although
cheilectomy may produce gratifying results with regard to
improved range of motion, in some cases increasing stiffness
may occur secondary to capsular adhesions at the osteotomy
site (316). In addition, shortening associated with the fem
oral head deformity is not corrected.
Osteochondritis dissecans after Perthes syndrome may

FIGURE 24-29. An 8-year, 6-month-old boy with Catterali group 4 disease. Hip range of motion

included flexion of 140 degrees, extension of 0 degrees, abduction of 20 degrees, adduction of
30 degrees, internal rotation of 10 degrees, and external rotation of 30 degrees. A: Polytome
indicating superolateral growth arrest. B: Arthrogram demonstrating femoral head flattening
and enlargement, and deformation of the peripheral acetabulum. C: Abduction radiograph 7
months after cheilectomy. Range of motion at this time was 130 degrees of flexion, 20 degrees
of extension, 50 degrees of abduction, 50 degrees of adduction, 45 degrees of internal rotation,

and 40 degrees of external rotation. (Courtesy of J.G. Pous, M.D., Montpellier, France.)
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Slipped capital femoral epiphysis (SCFE) remains one of
the most common disorders affecting die hip during adoles

EPIDEMIOLOGY

cence. The condition is characterized by a displacement of
the femoral neck from the capital femoral epiphysis through

The annual incidence of SCFE has been reported to average

the physeal plate. The femoral head is held securely in the
acetabulum, whereas the femoral neck displaces mainly in

an anterior direction, creating an apparent varus deformity

at the proximal femur. Rarely, femoral neck displacement
can be in a posterior direction, creating a proximal femoral
valgus deformity (1,2). The physiolysis in SCFE differs from
that seen in traumatic physeal fracture. Histologic studies
have shown that the separation in SCFE is through a wid
ened zone of hypertrophy, which has become weakened by

alterations in chondrocyte maturation and endochondral
ossification (3,4).
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School of Medicine, Atlanta, Georgia 30303; Department of Orthopaedic

Surgery, Children's Healthcare of Atlanta at Scottish Rite, Atlanta Georgia
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2 per 100,000 in the general population. Minomiya and

colleagues have reported an incidence as low as 0.2 per
100,000 in the eastern half of Japan (5), whereas Kelsey
and colleagues have reported an incidence as high as 10.08
per 100,000 in certain regions of the United States (6).

Loder has reported a seasonal predilection for SCFE during
the summer months (7).
SCFE is related to puberty, as evidenced by 78% of cases
of SCFE occurring during the adolescent growth phase (8).
The age range at presentation in boys is most often between
10 and 16 years of age (average, 13.5 years), and in girls it is
between 9 and 15 years of age (average, 12.1 years) (6,9,10).
When a patient with SCFE presents at an age outside of
these ranges the treating physician should strongly consider
an underlying endocrine or systemic disorder, to include
primary and secondary hypothyroidism, panhypopituitarism, hypogonadal conditions, and renal osteodystrophv
(11).
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A delay in skeletal maturation commonly is seen in pa

tients with SCFE. In some studies, skeletal age has been
found to be as much as 20 months behind chronologic
age in up to 70% of affected individuals (8,12). A male
predilection for SCFE has been reported at 1.43 to 1, with
the left hip being affected twice as often in unilateral SCFE
(10,13,14). An increased incidence of SCFE has been re
ported in the African-American and Polynesian populations
(6,14).

Obesity definitely is associated with the development of
SCFE. Weight-for-age profiles have been reported by Loder
(14) to be over the 90th percentile in 63% of affected indi
viduals. Kelsey and colleagues have also reported weightfor-age profiles over the 95th percentile in 49% of affected
individuals (15). Brenkel and colleagues have reported
weight-for-height profiles over the 90th percentile in 73%

'V

of affected boys and 52% of affected girls (16). Clinically
obese patients acquiring SCFE also tend to present at a
younger age (14,17).
Bilateral symptomatic involvement with SCFE averages

25% during adolescence (range, 21 to 37%) (13,14,17-20).
Approximately 50% of these patients present with bilateral
involvement, and the remaining 50% show sequential onset
(13,17,18,20). Long-term follow-up studies, however, iden
tify changes of bilateral involvement in as many as 60 to
80% of patients with known unilateral SCFE (19,21,22).
This implies that many sequential SCFEs occur asymptom-

atically, prior to the end of growth. When bilateral symp
tomatic involvement occurs sequentially, Loder and col
leagues have shown the second slip to present by 12 months
in 77% of patients and 18 months in 88% of patients
(14,17). Bilateral involvement also is reported to have a

higher incidence in males, African-American patients, and
obese patients with younger age at initial presentation

"^HSP:"

/
FIGURE 25-1. In the early displacement of chronic slipped capital

femoral epiphysis, the femoral head is held securely in the acetabulum, whereas the femoral neck initially migrates in an anterior
direction (top left, top right). The resultant posterior displace
ment of the femoral head around the axis of the femoral neck
continues until the femoral head contacts the posterior aspect of
the femoral neck (bottom left). In this later stage of displacement,

the femoral neck may begin to additionally migrate cephalad in
relation to the femoral head (bottom right). (From ref. 109, with
permission.)

(13,14,17,23).

PATHOANATOMY

Historically the femoral head was believed to displace
mainly in a medial direction off of the femoral neck in
SCFE, creating a radiographic varus deformity at the proxi
mal femur (24). Most recently, Nguyen and Morrissy have
demonstrated that the displacement in SCFE occurs mainly
in a posterior direction, as the femoral head rotates around
the axis of the femoral neck, with the apparent proximal
femoral varus deformity being secondary to radiographic
parallax (25). Some cephalad displacement of the femoral
neck, bringing it into contact with the acetabulum, can
occur in chronic SCFE, but only after the femoral head has
slipped to the posterior aspect of the femoral neck (Fig.
25-1). This knowledge becomes extremely important when
considering surgical stabilization of a slip, as well as recon
structive procedures about the proximal femur.

Histologic examination of the hip joint and physeal

plate, in patients with SCFE, has shown several abnormali
ties. The synovium demonstrates a hyperplasia with in
creased vascularity and round cell infiltration, indicative of
an inflammatory response (26,27). The physeal plate is
noted to be widened. Ippolito and colleagues have shown
that this increase in physeal plate width can be as much as
twice normal (4). The majority of the change in the physeal
plate occurs in the zone of hypertrophy. The hypertrophic
zone normally constitutes 15 to 30% of the width of the
normal physeal plate. In SCFE, this zone can increase to as

much as 80% of the width of the physeal plate (4,5). Abnor
mal cartilage maturation and subsequent endochondral ossi
fication are implied by the microscopic identification of
disruption of the normal columnar pattern of the cartilage
columns into cartilage cell clusters, and the presence of carti
lage cell islands extending into the adjacent femoral metaphysis (4,28,29) (Fig. 25-2). The slip cleft is noted to tra
verse mainly the zone of hypertrophy (4,29,30).

Etiology
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The true etiology of SCFE remains unknown. It is unlikely
that it is the result of a single factor, but rather is more
likely secondary to multiple factors, resulting in a weakened
physeal plate that is loaded with a higher than normal shear
stress, resulting in a failure of the proximal femoral physeal

plate (32-36).

FIGURE 25-2. Photomicrograph of the proximal femoral growth

plate of a 13-year-old boy with slipped capital femoral epiphysis.

The resting zone is noted to be thinned, and accounts for much
less than its normal 60 to 70% of the thickness of the physeal
plate. The proliferating zone (arrows) demonstrates short col
umns of chondrocytes enveloped in a compact matrix. The hypertrophic zone is greatly thickened. Large clusters of chondrocytes,
separated by deep clefts containing matrix debris, replace the
orderly columnar pattern normally seen in this zone. (From ref.

4, with permission.)

Electron microscopic studies demonstrate disorganized

collagen fibrils in the physeal plate, with abnormal accumu

lations of proteoglycans and glycoproteins, particularly adja
cent to the slip cleft (4,29,31).

Although several abnormalities in the hip joint synovium
and proximal femoral physeal plate have been documented
histologically, it remains undetermined whether these
changes are primaiy abnormalities or, more likely, responses
secondary to minimal physeal slippage.

Local trauma to the proximal femur frequently is re
ported as a possible contributing etiologic factor in SCFE
(13,37). Wilson and colleagues reported 26% of the patients
in their review to have had a history of antecedent trauma
(13). Trauma was reported much more frequently in slips
that presented with an acute onset and a short duration of
symptoms. Although traumatic transphyseal fracture of the
proximal femur and SCFE share a similar gender and agerelated peak incidence, the amount of force required to
cause physiolysis, and the region of the physis through
which the slip cleft traverses differ in the two conditions
(3,4). The majority of traumatic transphyseal fractures of
the proximal femur are the result of high-energy injuries,
such as motor vehicle accidents and falls from a height.
SCFE presenting with an acute onset, on the other hand,
usually follows a minor torsional or low energy injury.
Mechanical factors affecting the proximal femoral physis
also have been proposed. Obesity, a decrease in normal fem
oral anteversion or an actual retroversion of the femoral
neck, or a more oblique orientation of the physeal plate
during adolescence, have all been shown to be associated
with increased shear force generation at the proximal femo
ral physeal plate, and could be factors associated with phy
seal plate fatigue (32,36,38). The physeal perichondrial
ring, which functions as a stabilizer of the physeal plate,
decreases in strength during the growth years. Chung and
colleagues have shown experimentally that physiologic
forces at the proximal femur generated by normal activities
in obese patients can be of adequate magnitude to cause
physeal fatigue, if the perichondrial ring is adequately weak

ened (39).

Inflammatory factors that weaken the physeal plate must
be considered in any proposed etiology of SCFE, as evi
denced by the almost universal association of synovitis of
the hip with SCFE (33). It remains unknown, however,
whether the synovitis precedes, or is a secondary response
to, the physeal slippage. Eisenstein and Rothchild proposed
the etiology of SCFE to be a systemic immunologic condi
tion with a local manifestation at the hip (40). Their work
demonstrated an increase in immunoglobulins and C3 com

ponent of complement in the serum, as well as the synovium

of the hip joint, in patients with SCFE. Other authors disa

gree, and propose a local immunologic disorder confined
to the hip joint. Morrissy and colleagues have shown no
serum abnormalities, but did find increased plasma cells,
IgG, and C3 component of complement in the hip joint
synovium of patients with SCFE (27). Morrissy and col
leagues also have demonstrated the presence of immune
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complexes in the synovial fluid of the hip in 10 of 12 pa
tients with SCFE, but not in the synovial fluid of other
conditions associated with synovitis (41).

Endocrine imbalance is known to change physeal plate
physiology, and must therefore be considered as a possible
etiologic factor in SCFE (35). An association between endo
crine function and SCFE is suggested by the majority of
SCFE occurring during the adolescent growth phase. This
is a period of significant hormonal change, in which SCFE
occurs prior to menarche in girls (8), and is more common

in boys, who are known to have a longer, more accelerated
growth phase and a frequent association with obesity, which
may have an underlying hormonal basis. Additional evi
dence for an association with endocrine dysfunction is sug
gested by the 'frequent association of SCFE with primary
and secondary hypothyroidism (42-45), panhypopituitarism (44,46,47), hypogonadal conditions (48), renal osteo-

dystrophy (49,50), and growth hormone therapy (51-53).
Experimental data have confirmed that various hormonal
changes affect physeal strength by altering physeal cartilage
collagen and matrix production. Estrogens have been shown
to thin the physis and increase physeal strength (46),
whereas oophorectomy leads to a decrease in physeal
strength (46,54). Growth hormone therapy is known to be
associated with the development of SCFE (51,53). Growth
hormone through somatomedin increases the width of the
physis by increasing cell activity and matrix production,
which in turn decreases the physeal strength (46,52). Tes

tosterone in low levels has been shown to weaken the physeal
plate, whereas high levels for long durations leads to physeal
plate narrowing (12). In spite of this association between
hormonal alternations and physeal plate physiology, numer
ous clinical reports have shown no reproducible laboratory
endocrine abnormalities in patients with SCFE (16,40,
55,56). A recent report by Wilcox and colleagues (57) did
show significant changes in the levels of thyroid hormone
(T3), testosterone, and growth hormone in a group of pa
tients with SCFE. T3 levels were significantly decreased in
25% of 80 patients reviewed. In 64 patients tested, the levels
of testosterone and growth hormone were depressed in 76
and 87%, respectively (57).
Loder and associates (58) have identified an association
between pelvic and/or proximal femoral radiation therapy

for treatment of childhood neoplasms and SCFE. The
amount of radiation averaged 4,420 ± 1,445 rads. Unlike

patients with routine SCFE, patients with SCFE following

radiation therapy presented at a younger age (average, 10.4
years) and were usually thin (median weight, 1 Oth percentile). The age at SCFE diagnosis was usually younger when

the patient's neoplasm was diagnosed and treatment was

initiated at a younger age, or when higher amounts of radia
tion therapy were given.

Although a definite hereditary pattern in SCFE has never
been established, there is some evidence that inheritance

can be an etiologic factor. Wilson and colleagues reported

a 5% incidence of SCFE in family members of 240 patients
with SCFE (13). Rennie proposed an autosomal dominant
inheritance pattern with incomplete penetrance in SCFE,
and reported a 7.1 % risk of SCFE to a second family mem
ber (59).

CLINICAL PRESENTATION

Patients with SCFE usually present with complaints of pain
in the affected hip or groin, a change in hip range of motion,
and a gait abnormality. A patient can present with pain
perceived in the medial thigh and knee region of the affected
limb. This phenomenon represents referred pain along the
sensory distribution of the obturator and femoral nerves,
and commonly is seen in association with hip pathology. If
not recognized as referred pain, it can lead to a significantly
delayed or even missed diagnosis (60,61). The intensity and
duration of symptoms traditionally have been used to clas
sify SCFE into four patterns of presentation: preslip, acute,
chronic, and acute-on-chronic.

The true preslip or prodromal stage of SCFE theoreti

cally occurs prior to any actual slippage through the physeal
plate. Whether preslip is an actual phase in SCFE, or is
secondary to a mild synovitis induced by minimal slippage
through the physeal plate, remains controversial. The pa
tient provides history of an episodic limp and limb weakness
associated with intermittent mild pain in the groin, medial
thigh, or knee region, particularly with exertion. On physi
cal examination, the patient may show mild pain with rota
tion of the affected hip, and a minimal decrease in internal
rotation. Plain radiographs may show osteopenia and a
minor widening and fuzziness of the physeal plate; however,
the physeal plate-femoral neck relation appears normal.
The preslip stage in SCFE most likely is not a true prodro
mal phase, but represents early symptomatology associated
with mild physeal slippage that cannot be detected on plain
radiographs.

The most frequent pattern of presentation is a chronic
SCFE. The patient describes intermittent pain in the groin,
the medial thigh, or the anterior suprapatellar region of the
knee for longer than 3 weeks. The patient remains ambula
tory, but does show an antalgic gait with associated limp.

The affected limb positions itself in an externally rotated
and mildly shortened position. Range of hip motion shows
a decrease mainly in internal rotation and abduction with
the amount of limitation being dependent on the severity
of the slip. Mild to moderate pain is noted with motion of
the hip, particularly at the extremes of motion. There may
be some thigh and gluteal muscle atrophy secondary to long
standing symptoms and disuse. A frequently seen sign asso
ciated with SCFE can be demonstrated during passive flex
ion of the affected hip. As flexion is increased from an ex
tended position, the thigh of the affected limb abducts and

Clinical Presentation
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FIGURE 25-3. Anteroposterior (A) and frog-leg lateral (B) hip radiographs of a 13-year, 4-monthold boy demonstrate chronic epiphyseal displacement. The bony resorption on the superior and
anterior femoral neck, and the new bone formation on the inferior and posterior femoral neck
indicate a more prolonged process.

externally rotates. Radiographs frequently show attempts at
bony healing and remodeling along the posterior and medial

femoral neck (Fig. 25-3).

The acute-on-chronic presentation in SCFE occurs when
a patient with an extended history of symptoms and signs

of chronic SCFE presents with an acute increase in pain
and loss of motion at the affected hip. This presentation is

associated with an acute increase in slip severity from a
previous, more mild chronically displaced pattern (Fie
25-4).

An acute presentation in SCFE occurs in approximately
10% of patients (18,62). It is manifest by the sudden onset
of severe pain and hip dysfunction in a patient who was
previously asymptomatic. A few patients may describe pro

dromal symptoms for a short time preceding the acute onset
of pain, which is frequently associated with minimal trauma.
Although the literature varies with respect to the duration
of painful symptoms prior to presentation, for a SCFE to
be classified as acute, most reviews stipulate that the painful
symptoms be present for no longer than a 3-week duration

(5,62-65). Physical examination demonstrates the affected

limb externally rotated and shortened with the patient refus
ing to bear weight. Active motion of the affected hip is
severely limited by muscle spasm, and the patient complains
of intense pain with any attempt at passive hip motion.
Radiographs document the epiphyseal displacement, and
show no evidence of bone healing or remodeling (66 61)
(Fig. 25-5).

Classification systems are only useful to the treating phy

sician if they assist in the planning of treatment or relate
to the outcome of a specific disease process. In SCFE, the

classification system of acute, chronic, or acute-on-chronic,
with respect to patterns of presentation, traditionally has
been used. Loder and colleagues have proposed a more sim
plified classification system in SCFE, based on physeal plate
stability at the time of presentation. A slip is classified as
unstable if the patient has such severe pain that walking is
not possible, even with crutches, regardless of the duration
of symptoms. A slip is classified as stable if walking and
weightbearing are still possible, with or without crutches
(68,69). Other authors include SCFE that shows reduction
at the time of surgical stabilization, either intentional or
unintentional, as retrospectively unstable (70,71). Both clas

sification systems in SCFE have been shown to be of assis

tance in the planning of treatment and the projection of
outcome. The more simplified system, however, in which

slips are classified as stable or unstable, seems to be more
objective in its method of classification, and has the poten
tial to be more useful not only in determining treatment,

but also predicting outcome. Loder and colleagues (68) have

shown that not all slips classified as acute are unstable, and
not all slips classified as chronic are stable. They, as well as

other authors (70-74), have also shown that slips treated
by the same technique and classified as stable have a higher
rate of satisfactory results from treatment when compared
with unstable slips, which show a lower rate of satisfactory
results primarily because of higher rates of osteonecrosis.
Loder reported the development of femoral head os-
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FIGURE 25-4. Anteroposterior (A) and frog-leg lateral (B) hip radiographs of a 12-year, 4-monthold girl demonstrate an acute-on-chronic epiphyseal displacement. The radiographic changes seen

on both radiographic views demonstrate an acute increased displacement of the femoral head
from a previous more chronic position of displacement, as indicated by the new bone formation
on the inferior and posterior femoral neck.

FIGURE 25-5. Anteroposterior (A) and frog-leg lateral (B) hip radiographs of a 12-year, 10-monthold girl demonstrate acute epiphyseal displacement. There is no evidence of bone healing or
remodeling at the femoral neck.

Radiographic Features
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teonecrosis in 14 of 30 patients (46.7%) presenting with an

unstable SCFE (68). As experience with the more simplified
system of classification continues to be reported, it appears
that the simplified system (stable versus unstable) is becom
ing the more useful form of classification in SCFE.

RADIOGRAPHIC FEATURES

The actual diagnosis of SCFE is confirmed by radiographic
examination of the affected hip taken in two orthogonal

planes. The anteroposterior radiograph usually demon

strates physeal plate widening and irregularity, and a de
crease in epiphyseal height in the center of the acetabulum.
A crescent-shaped area of increased density frequently can

be identified in the proximal portion of the femoral neck,
and is known as the blanch sign of Steel (75). This radio-

graphic finding is created by the double density of the poste
riorly displaced femoral head on the femoral neck. The fem
oral metaphysis of the affected hip also appears to be more
laterally displaced from the medial acetabular wall, com
pared with the unaffected hip (Fig. 25-6). A positive Klein

FIGURE 25-7. Anteroposterior pelvic radiograph of a 15-year, 6month-old boy demonstrates a positive Klein line measurement.
A line drawn along the superior basal margin of the femoral neck
(i.e., Klein line) intersects the lateral aspect of the right femoral
head, but essentially misses intersection with the left femoral
head. This finding indicates displacement of the left femoral
head-femoral neck relation, and indicates a slipped capital femo
ral epiphysis at the left hip.

line is identified as the amount of slip increases. Klein line
is defined as a straight line drawn along the superior basal
margin of the femoral neck on the anteroposterior radio
graph (76). Normally this line intersects the lateral aspect

of the epiphysis. The amount of femoral head intersected
is dependent on the degree of hip rotation, and is greatest
when the hip is in maximum internal rotation. As progres
sive displacement of the epiphysis occurs, the amount of
Klein line that intersects the epiphysis decreases, compared
with the uninvolved hip. Eventually, the line fully misses
intersection with the proximal femoral epiphysis (Fig. 25-7).
A true lateral or cross-table lateral radiographic view of
the hip better defines the extent of posterior displacement
of the femoral epiphysis (Fig. 25-8). This view can be of
assistance in diagnosing minimal slips because it better elu

cidates the posterior displacement. This view, however, re
mains difficult to obtain in the extremely obese patient.
A frog-leg lateral radiographic view usually demonstrates
FIGURE 25-6. Anteroposterior hip radiograph demonstrates the
classic radiographic findings in slipped capital femoral epiphysis,
which include physeal plate widening and irregularity, a decrease
in epiphyseal height, and a lateral displacement of the femoral
neck from the medial acetabular wall. Also of note is a crescentic
area of increased density in the proximal portion of the femoral
neck adjacent to the physeal plate, known as the blanch siqn of

Steel.

the posterior displacement and step-off of the epiphysis on
the femoral neck (Fig. 25-9). Although the frog-leg lateral
view assists in confirming the diagnosis, it should be avoided

in the acute (unstable) presentation, because of the potential
of increasing the physeal displacement during positioning
for the radiograph.

Two radiographic images of the affected hip in SCFE,
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taken in orthogonal planes, should be obtained when possi
ble to assist in diagnosis and planning of treatment. The

anteroposterior and true lateral radiographic views of the
affected hip are preferred. If a true lateral view of the in
volved hip is not technically obtainable, a good compromise
in most patients is the frog-lateral view.

Ultrasonography recently has been proposed in the diag
nosis and evaluation of SCFE (77,78). Kallio and colleagues
used ultrasonography in 26 hips of patients with SCFE to
confirm diagnosis and degree of slip by evaluating the stepoff in the anterior physeal outline, and by measuring the
amount of posterior epiphyseal displacement (79). Al
though ultrasonography can confirm the diagnosis of SCFE,

it offers little if any information compared to conventional
radiography in SCFE, and has no additional use in treat
ment.

FIGURE 25-8. True lateral hip radiograph of a slipped capital
femoral epiphysis demonstrates the posteriorly displaced femoral
head remaining in close contact with the femoral neck. Early sec

ondary resorption and rounding of the posterior femoral neck
region are noted.

Computed tomography scan has been shown to be of
assistance in both the diagnosis and treatment of SCFE
(80). Computed tomography scan can be used to confirm
epiphyseal displacement and accurately measure the amount
of displacement in patients with symptoms suggestive of a
SCFE, but without documentation on plain radiographs
(Fig. 25-10). Currently, a computed tomography scan in
SCFE is rarely needed in the diagnosis of SCFE, but can
be of assistance in assessing the presence of early physeal
plate closure in severe slips, in which positioning for stan
dard radiographic views may be difficult.
Reports of the use of magnetic resonance imaging studies
in hips affected with SCFE remain rare (81,82). The pub
lished reports, however, confirm that magnetic resonance

imaging can be of assistance in the early diagnosis of SCFE,

by identifying morphologic and signal abnormalities around
the affected physeal plate at a time when plain radiographs,
and even computed tomograph scans, may appear normal.
Umans and colleagues (82) performed magnetic resonance

imaging on 15 symptomatic hips secondary to SCFE. They
reported Tl-weighted images to universally show physeal
widening, as well as physeal displacement when present.
The T2-weighted images demonstrate synovitis and joint
effusion, as well as marrow edema in the juxtaphyseal femo
ral neck metaphysis and femoral epiphysis of the affected
hip (Fig. 25-11). Although magnetic resonance imaging has
been shown to assist in the diagnosis of minimal SCFE, it
is not to be used as a routine radiologic procedure for diag
nosis of SCFE, but may be rarely indicated in cases of hip
pain associated with a high clinical suspicion of SCFE but
negative plain radiographs.

FIGURE 25-9. Frog-leg lateral hip radiograph of a slipped capital
femoral epiphysis demonstrates an epiphyseal step-off and poste
rior displacement of the femoral head on the femoral neck, classi
cally seen in slipped capital femoral epiphysis.

A radiographic classification system based on the maxi
mum anatomic displacement of the femoral head on the
femoral neck, as seen on any of the radiographic views of
the hip in a patient with SCFE, has been described (83).
In this classification system a "minimal slip" is defined as
epiphyseal displacement of less than one-third of the width
of the femoral neck (Fig. 25-9); "moderate slip" is defined
as displacement of one-third to one-half of the width of the
femoral neck (Fig. 25-5); and "severe slip" is defined as

Radiographic Features
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FIGURE 25-10. Radiographs of a 12-year, 2-month-old girl
with recent onset of hip pain and a physical examination show
ing early findings of slipped capital femoral epiphysis. Antero
posterior (A) and frog-leg lateral (B) hip radiographs demon
strate mild physeal plate-widening and minimal displacement,
indicating a mild slipped capital femoral epiphysis. C: Com
puted tomography (CT) image of the same hip more clearly
demonstrates the minimal posterior displacement of the femo
ral head on the femoral neck, consistent with a mild slipped

capital femoral epiphysis.

displacement greater than one-half of the width of the femo
ral neck (Fig. 25-8). Southwick has recommended that dis

placement be measured by the angle subtended between the
femoral head and the femoral shaft on the anteroposterior

and lateral radiographic views (84). Boyer and colleagues
have proposed measurement of the maximum difference in

the Southwick angles, between the involved and uninvolved
hip in SCFE, as a radiographic classification system (62).
These authors define a mild slip as a head-shaft angle differ
ence of 30 degrees or less, a moderate slip as a 30- to 50degree difference, and a severe slip as a difference of more
than 50 degrees. The reproducibility of these radiographic
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FIGURE 25-11. Magnetic resonance imaging (MRI) of a 12-year, 8-month-old girl with recent
onset of right hip pain and a physical examination indicative of a slipped capital femoral epiphysis.
A- T1-weighted image demonstrates physeal widening and minimal epiphyseal displacement on
the right. B: T2-weighted image demonstrates marrow edema in the juxtaphyseal femoral neck
metaphysis and femoral epiphysis, as well as a joint effusion on the right.

classification systems in SCFE remains unproven, but can
be used to assist in planning treatment, and more impor
tantly, aid in determining outcome in SCFE with respect
to the severity of slip and the future development of degen
erative joint disease.

NATURAL HISTORY

The complete natural history of the hip in SCFE remains
unknown. Veiy few long-term studies with untreated pa

tients exist in the current literature, and the studies that do
exist deal only with small numbers of patients (18,85-89).
The current literature shows that not all hips affected
with SCFE are symptomatic during slippage. In fact, the
second slip can be asymptomatic in 30 to 40% of patients.
In most of these patients the slip shows a very slow minimal
progression, with ongoing remodeling during the adolescent
growth phase (19,21,22,90). Symptomatic slips, on the
other hand, usually show more rapid progressive displace
ment. Jacobs has shown that the longer the duration of
symptoms the more likely the slip will have a greater severity
of displacement (83).

Treatment

Howorth stated that SCFE during adolescence fre
quently is associated with degenerative joint disease of the
hip during middle life (91). Long-term studies of patients
with SCFE do indicate a definite relation between SCFE

during adolescence and the subsequent development of de
generative joint disease (18,62,89).

The incidence of degenerative joint disease of the hip
associated with previous SCFE remains unknown. Murray
reported on 200 patients with degenerative joint disease of
the hip, and described the tilt deformity, a sign of femoral
neck remodeling believed to be associated with previous
SCFE, in 40% of the patients (92). Stulberg and colleagues
have reported a pistol-grip deformity at the proximal femur,
believed to be secondary to previous SCFE or Perthes dis
ease, in 40% of patients with assumed primary osteoarthrosis undergoing total hip arthroplasty (93). The
presence of this postslip morphology at the proximal femur,
and its association with osteoarthrosis of the hip, was also
reviewed by Goodman and colleagues in 1997 (94). They
examined 2,665 adult human skeletons from an osteological
collection, and found a prevalence of postslip morphology
in 215 skeletons (8%). Severe osteoarthrosis of the hip was
found to be more prevalent in association with postslip mor
phology, when compared to the contralateral normal hip.
It was therefore concluded that the presence ofpostslip mor
phology was a major risk factor for the subsequent develop
ment of severe hip degenerative joint disease. Solomon re
viewed 327 patients with degenerative joint disease at the
hip, and found only six patients with a history of previous
SCFE (95). Resnick refuted the association of the radiographic tilt deformity with previous SCFE, by showing that
the remodeling process at the femoral neck was not the
result of SCFE, but, rather, was solely related to the osteoarthritis (96).

Long-term studies have confirmed that the prognosis for
subsequent development of degenerative joint disease and
deteriorating function at the hip affected with SCFE are
dependent on the severity of the slip and increasing patient
age at follow-up (18,86-89). Oram has demonstrated that
severe slips develop earlier degenerative joint disease and
poorer hip function than do moderate slips (87). Jerre (86)
and Ross and colleagues (88) reported an increase in symp
toms and a deterioration in hip function associated with
increasing patient age at follow-up in patients with SCFE.
Jerre also noted that the clinical symptoms do not always
correlate with the changes seen radiographically (86). Car
ney and colleagues recently reported long-term follow-up
on 155 hips in 124 patients affected with SCFE, with a
mean follow-up of 41 years from symptom onset (18). Their
work represents continued follow-up on the patients previ
ously reported by Boyer and colleagues (62). Carney re
ported a continued deterioration in Iowa Hip Rating scores
with increasing time of follow-up. This deterioration in hiprating scores was shown to occur in all of the grades of slip
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severity. An accompanying deterioration in the radiographic

grade for degenerative joint disease also was documented.
The current literature suggests that the onset of both
symptoms and degenerative joint disease at the hip will be

accelerated in most cases of SCFE. This accelerated onset
of degenerative joint disease has been shown to be directly
related to the severity of the slip. Treatment, therefore, can
influence positively the natural history of SCFE, if early
recognition and subsequent intervention to prevent progres
sive deformity are achieved.

TREATMENT

The treatment in SCFE is designed to improve on the natu
ral history of the untreated condition as it is currently under
stood. The goals of treatment include the prevention of
further slipping, by stabilizing the diseased physis and
thereby reducing the incidence and onset of osteoarthrosis at
the affected hip, and the avoidance of iatrogenically induced
osteonecrosis of the femoral head and chondrolysis.

Treatment can be divided into three categories: treat
ment to prevent further slippage, treatment to reduce the

degree of slippage, and salvage treatment.

Treatment to Prevent Further Slippage
After slipping of the proximal femoral epiphysis has been
documented, treatment should be directed at prevention of
further slippage. This can be accomplished by spica cast
immobilization, in situ metallic pin and screw fixation, and
bone-peg epiphysiodesis.
The treatment rationale for the use of spica cast immobi
lization in SCFE is based on the following assumptions, not
all of which have been proven to be true. The slippage in
SCFE is short-lived and will heal spontaneously if immobi
lized for a long-enough period. Further slipping can be pre
vented by external immobilization. The treatment process
is associated with a low complication rate, because there is
no violation of the proximal femur or hip joint. Prolonged
joint immobilization in adolescence is without increased
complications (18,24,97).
Treatment by spica cast immobilization has been re
ported mainly in chronic and acute-on-chronic SCFE. The
use of spica cast immobilization in acute SCFE has been
reported in only a limited number of patients (97,98). Previ
ous authors (97,98) have standardized the method of treat
ment, which includes an initial phase of bed rest with split
Russell or Buck skin traction, until joint irritability has less
ened. Traction averages 10 days, but has been reported to
last as long as 30 days (97). A one-and-a-half or doublespica cast is then applied without any attempt at epiphyseal
reduction. The hip is positioned at the midpoint of comfort
able internal and external rotation. Radiographs of the hip
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are obtained every 4 weeks to document that no additional
progression of slip has occurred, and to evaluate healing.
Adequate physeal plate healing to allow for discontinuation
of the immobilization is determined radiographically, and
is present either when physeal plate closure is identified or
when the metaphyseal juxtaphyseal lucency (i.e., a radiolucent zone on the metaphyseal side of the physis) (59) is no
longer seen on radiographs of the affected hip. The immobi
lization averages 12 weeks with a range of 8 to 16 weeks.
After cast removal, gentle range of motion and musclestrengthening exercises are initiated.
The results of treatment with spica cast immobilization

in SCFE have been reported by several authors (18,97-99).
Successful prevention of further slippage by spica cast im

mobilization is reported at 82 to 97% (97,98). Associated
with this high rate of success in preventing further slippage,

Betz and colleagues reported 14 of 17 hips (82%) treated
by spica cast immobilization to show premature physeal
closure at the affected physis, in comparison with the contralateral uninvolved hip (97).
Complications associated with spica cast immobilization

include recurrent slip after cast removal in as high as 18%
of patients (98). Betz and colleagues reported only a 3%
rate of recurrent slip if the spica cast is maintained until
full resolution of the metaphyseal juxtaphyseal radiolucent
zone has been radiographically documented (97). Osteonecrosis of the femoral head has been reported by Carney
and colleagues to be associated with spica cast immobiliza
tion, without reduction in 2 of 27 hips (7%) (18). Meier
and colleagues reported full-thickness skin pressure ulcers
in 2 of 13 patients (16%) (98). The development of psychosocial complications during prolonged treatment with a
spica cast in these generally obese patients also must be
considered. The most frequent and serious complication
associated with spica cast immobilization in SCFE remains
chondrolysis. This complication is reported to occur in 19
to 67% of affected hips treated by spica cast immobilization,

and has been shown to have a higher occurrence rate, with
more severe degrees of slippage at the time of spica cast
placement (18,97-99).
Although treatment with spica cast immobilization to

prevent further slippage has been considered as an alterna
tive in patients with chronic SCFE, abandoning its use, due
to the high rate of associated serious long-term complica
tions, is recommended.
In situ fixation of the displaced femoral head, with metal
lic pins or screws, historically has been and remains the
most commonly used method of stabilization in SCFE
[w-3.14]. The primary rationale behind the use of metallic

fixation is that the fixation device, by crossing the diseased
physeal plate, provides mechanical support to prevent fur
ther slippage. Historically, in situ fixation has been associ
ated with some technical difficulties and higher complica
tion rates, arising from a poor understanding of the threedimensional characteristics of pin placement, inadequate

radiographic imaging, a lack of knowledge of the intraosseous vascular supply of the femoral head, and inadequate
internal fixation. Currently available surgical techniques,

fixation devices, and fluoroscopic equipment, as well as a
better understanding of the anatomy and the pathoanatomy found in SCFE, have greatly improved and simpli
fied the performance of the procedure, which has led to
improved treatment outcomes. When in situ fixation is
performed percutaneously or through a minimal incision,

it has the advantages of minimal blood loss, avoidance of
opening of the hip joint, and minimal requirement for
postoperative hospitalization and rehabilitation (67). Cer
tain disadvantages, however, are inherent with the tech
nique, and include the possibility of persistent penetration

of the hip joint by the fixation device (100) and increased
technical difficulty in some severe slips. The need for sub
sequent hardware removal has historically been proposed
as an additional disadvantage; however, several recent re
ports have questioned the benefit of routine hardware re
moval (67,101-103). Currently, hardware used for stabili
zation in SCFE that is causing no symptoms is no longer
routinely removed.

Review of the historical literature on metallic fixation in
SCFE demonstrates previous complication rates as high as
20 to 40%, with the majority of the complications related
to hardware placement and hip joint violation leading to
osteonecrosis and chondrolysis (104-106). Proximal femo
ral fracture, unsuccessful stabilization, and hardware break

age also were reported complications (106,107). The use of
multiple pins and screws, improper starting position for the
hardware, and inadequate radiography were shown to be
associated with this higher incidence of complications
(25,108-111). With experience and a better understanding
of the actual pathoanatomy of SCFE, the principles of safe
and successful in situ metallic fixation have been developed,
and have been shown to significantly lower the incidence of
complications previously associated with metallic fixation.
In situ fixation remains a surgical technique dependent
on biplane fluoroscopy to perform properly. With the ad
vent of current fluoroscopic equipment and patient posi

tioning devices, adequate visualization of the femoral head
and proximal femur, even in obese patients, is possible, and
has greatly improved the simplicity and safety of in situ
fixation. The proper technique of percutaneous in situ fixa
tion in SCFE, to include patient positioning, hardware
start-point determination, hardware placement, and postop
erative care, has been described by Aronson and Carlson
(66) and Morrissy (112).
The principles of successful in situ fixation in SCFE war

rant reemphasis. It is imperative that the outline of the
femoral head be seen on both the anteroposterior and true
lateral (not frog-leg lateral) radiographic projections prior
to any attempt at fixation placement.

The central axis of the femoral head remains the only
safe position for the fixation device. The farther off the
central axis the fixation is, the more likely penetration of

Treatment
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the femoral head is to occur. Walters and Simon (104),

farther the position of the fixation device is from the femoral

through the use of mathematical models, have demonstrated

head central axis (Fig. 25-12). Only by positioning the fixa

what is called the blind spot of the femoral head. In using

tion device centrally, and at least 5 mm from the margin

biplane radiography, it was shown that there is always an

of the femoral head, can avoidance of penetration be assured

area where a pin can violate the femoral head and not be

(Fig. 25-13). Because there is only one central axis in the

seen radiographically. This blind spot is small in the central

femoral head, the use of multiple pins and screws must

axis of the femoral head; however, it increases greatly the

position some of the devices off the central axis and increase

FIGURE 25-12. Models of a moderate slipped capital femoral epiphysis stabilized in situ with
two threaded pins demonstrate the concept of the radiographic blind spot of the femoral head
(A) and (B). This concept proposes that there will always be an area in the femoral head where
a pin may violate the head itself, and yet not be seen on plain radiographs (C). The blind spot is
smallest in the central axis of the femoral head, and increases greatly the farther the fixation
device position is off the central axis. Only by positioning the fixation device centrally, and at
least 5 mm from the margin of the femoral head, can avoidance of penetration be assured.
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FIGURE 25-13. Anteroposterior (A), frog-leg lateral (B), and true

lateral (C) fluoroscopic images of the hip in a 13-year, 6-month-old
girl with slipped capital femoral epiphysis taken following in situ
fixation. All images demonstrate proper hardware placement, with
the screw positioned perpendicular to the plane of the femoral
head, and centrally within its axis, in all views. The tip of the hard
ware remains approximately 5 mm from the margin of the femoral
head.

SUPERIOR

FIGURE 25-14. The metaphysis of the femoral neck displaces anteri

orly from the femoral head as the femoral head rotates posteriorly
in slipped capital femoral epiphysis. For the fixation device to enter
and stay central in the femoral head, it must be placed perpendicular
to the plane of the femoral head. This approach necessitates a start
ing point along the anterior femoral neck {A). The more traditional
starting point on the lateral cortex of the femur (B) is associated
with penetration of the cortex of the posterior femoral neck before
reentering the femoral head. This route can lead to damage of the
posterior retinacular vessels, which provide the major blood supply
to the femoral head, and direct the hardware into the more vulnera
ble anteriorfemoral head quadrant. (From ref. 106, with permission.)

Treatment

the incidence of potential femoral head penetration. Blanco
and colleagues validated this concept in their report of 114
hips in 80 patients treated with single, double, or multiple
pins (108). The authors reported a decrease in pin-related
complications from 36% in hips stabilized by multiple pins
to 4.6% in hips stabilized by a single pin.
The metaphysis of the femoral neck displaces anteriorly
from the femoral head, as the femoral head rotates poste
riorly around the axis of the femoral neck. For the fixation
device to enter and stay central in the femoral head, it must
be placed perpendicular to the plane of the proximal femoral

physis. This can only be accomplished if the starting posi
tion for the fixation is on the anterior femoral neck and not
the lateral cortex of the proximal femur (25,109,113) (Fig.
25-14). The proper starting point on the femoral neck is

determined by the severity of displacement of the femoral
head. In hips with minimal displacement, the starting point
is anterolateral at the base of the femoral neck. In hips with
more severe femoral head displacement, the starting point
moves progressively more medial on the femoral neck (Fig.
25-15).
The internal fixation device should always avoid the su-

FIGURE 25-15. Series of frog-leg lateral hip radiographs in slipped capital femoral epiphysis

following in situ fixation. Each radiograph demonstrates progressive posterior displacement of
the femoral head. For the fixation device to stay central in the femoral head, its starting position
progressively moves more proximal on the anteriorfemoral neck as the femoral head displacement
becomes more severe.
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perior and anterior quadrant of the femoral head. The ter
minal branches of the lateral ascending cervical artery tra
verse this quadrant (114) (Fig. 25-16). These intraosseous
vessels are at high risk for injury leading to segmental os-

teonecrosis of the femoral head if the fixation device is
placed in the superior quadrant of the femoral head, as has
been shown by Brodetti (115) and Stambough and col
leagues (105) (Fig. 25-17).
Following fixation, radiographic confirmation that the
fixation device has not penetrated the joint space is manda
tory. This can be accomplished by removing the affected
limb from the holding device on the fracture table, and
moving the hip through a full range of motion under fluoroscopic examination. The "approach-withdraw" technique

of Moseiey has been proposed to radiographically confirm
avoidance of femoral head penetration (116). This tech
nique employs visualization of the femoral head fluoroscopi-

FIGURE 25-17.

Frog-leg lateral hip radiograph, in a patient with
slipped capital femoral epiphysis, demonstrates multiple pin fixa
tion from a lateral starting position. The hardware is not main
tained in the center of the femoral head, but rather is confined
to the vulnerable anterosuperior quadrant. Penetration of the
femoral head and early segmental osteonecrosis are demon
strated.

cally, while the fully extended limb is rotated from maxi

mum internal rotation to maximum external rotation. As
the hip is ranged, the tip of the fixation device in the femoral
head is observed to approach the subchondral outline of
the femoral head, then withdraw without ever violating the
subchondral bone. If violation of the subchondral bone is
noted, then femoral head penetration has occurred.
The metallic device used for femoral head stabilization
must be of appropriate strength to avoid failure prior to
physeal plate closure. It should also be of such strength to
avoid the need for multiple devices that increase the preva
lence of penetration and the volume of metal occupying the
femoral head. The device should be of a cannulated design
to facilitate placement, and have back-cutting threads for
ease of removal, if it should be necessary. Doane and col
leagues, through the use of biomechanical analysis of bovine
proximal slipped femoral epiphyses, reported that a single
5.5-mm—diameter screw provided approximately the struc

tural stiffness of two 4.5-mm—diameter screws, and that a
single centrally placed 7.5-mm—diameter screw approached

the stiffness of an unslipped epiphysis (117). Karol and col
FIGURE 25-16. The blood supply to the femoral neck and proxi

mal femoral epiphysis. The lateral ascending cervical artery gives
off metaphyseal branches into the femoral neck (A), then contin
ues on to form epiphyseal branches that provide a segmental
blood supply to the superior quadrant of the femoral head (S).
Fixation placed into the superior quadrant of the femoral head
could damage this blood supply, leading to osteonecrosis. (From
ref. 114, with permission.)

leagues, using mechanical force analysis in cannulated screw

fixation of slipped proximal femoral epiphyses in bovine
models, reported only a 33% increase in stiffness to failure
in specimens secured with double-screw fixation, compared
to single-screw fixation (118). Kibiloski and associates (119)
created an acute SCFE in 12 pairs of immature bovine fe-
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murs, and pinned one side with a single cannulated screw
and the opposite side with two cannulated screws. The spec
imens were then subjected to physiologic shear loads simu
lating slow and fast walking. The rates of creep were de
creased 23% with double screws compared to a single screw
at slow walking and 30% at fast walking. These differences,
however, were not statistically significant. These authors
concluded that the small gain in fixation stiffness and cyclic
creep, seen with a second screw, did not offset the potential
increase in complications associated with its placement to
warrant its routine use.

By adhering to these treatment guidelines and principles,
almost all slipped proximal femoral epiphyses should be able
to be stabilized with percutaneous placement of a single
6.5- to 7.5-mm cannulated screw. One possible exception
is the acute unstable slip in a very obese and unreliable
patient in whom the need for a second screw, to give ade
quate stabilization and to control possible femoral head ro
tation, has been proposed by Koval and colleagues (120).
The need for a second screw remains controversial, with
recent reports implying that it is not needed. Aronson and
Carlson (66) reported on single-screw fixation in SCFE in

58 hips. Eight of these 58 hips were classified as acute slips
with only 1 of the 8 hips showing loss of fixation. Ward
and colleagues (67) reported on fixation with a single screw
in SCFE in 53 hips. Five of the 53 hips were acute slips

with none of the 5 hips showing loss of fixation. More
recently, Goodman and colleagues (121) reported on 21
hips (9 acute and 12 acute-on-chronic) treated with a single
in situ cannulated screw. At physeal plate closure, no hip
showed any significant loss of fixation or change in
head-shaft angle.
Reports confirm the safety, reliability, and efficacy of the
in situ single, centrally positioned, cannulated-screw fixation

technique for the stabilization of acute and chronic SCFE
(66,67,120,121). If these series are combined, 192 hips of
acute, acute-on-chronic, and chronic patterns were stabi

lized by a single screw, of which 34 hips were classified as
acute or acute-on-chronic presentations. Following stabili
zation, there was only one case of osteonecrosis, which was

identified in a patient with an acute slip, and no cases of
chondrolysis. Five hips were reported to have had transient
femoral head penetration, all of which were recognized and
adjusted, and none of which developed any complications
related to the penetration. There were no reported cases of

hardware breakage. Four hips developed fractures in the
proximal femur related to the hardware used to treat SCFE
(122,123). Three cases of increased slippage around the fixa
tion were reported. One case occurred in a hip in which

the fixation was placed outside of the central quadrant of
the femoral head, and the other two cases were following
single-screw fixation of an acute slip and an acute-onchronic slip (124).

Reports suggest that in situ pin and screw fixation of
SCFE can be associated with an accelerated closure of the
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affected physeal plate. Ward and colleagues, in a review of
53 SCFE hips, reported 49 hips (92%) to have undergone

closure following single-screw fixation (67). The time to
closure was analyzed in 29 of the 49 hips. Physeal plate
closure averaged 13 months (range, 2 to 34 months) and
showed no correlation to age at the time of fixation, race,
or gender. A longer time to physeal closure was noted in
hips with more severe displacement and increasingly eccen
tric screw placement. Premature closure of the physeal plate
in the treated hip, compared with the contralateral normal
hip, was demonstrated in 19 of 20 patients treated by singlescrew fixation. Stanton and Shelton reported on 26 SCFE
hips treated with in situ fixation, and demonstrated the
pinned physes to close an average of 10.2 months earlier
than the unpinned physes (125). The average time to clo
sure was 12 months in the pinned physes and 22.2 months
in the nonpinned physes. Although accelerated physeal plate
closure in SCFE treated with in situ metallic fixation has
been demonstrated, the reason for the early closure has not
been established. Physeal damage from placement of the
fixation device, or more likely, physeal damage secondary
to the slip itself, could be considered as possible etiologies.
In patients whose age at the onset of SCFE is greater

than 1 year earlier than the reported mean for the disorder
(boys younger than 12.5 years old and girls younger than
11.1 years old), premature closure of the proximal femoral

physis, induced by metallic stabilization, may lead to growth
disturbances in the proximal femur, including relative
greater trochanteric overgrowth, coxa vara, and coxa breva
(126). Segal and colleagues demonstrated radiographic se
quelae about the proximal femur in 64% of 33 hips in these
younger patients at follow-up, who had been stabilized by

metallic fixation for SCFE. The authors concluded that sta
bilization in younger patients with SCFE should be by fixa
tion devices that will not induce early physeal closure, but
rather will allow continued proximal physeal plate growth.
Hansson has proposed a similar concept for stabilization in
SCFE (127). He has recommended the use of the hook pin
as the fixation device of choice, and has shown continued
growth of the femoral neck along the pin of as much as 15
mm. Despite the large number of patients showing radiographic changes at the proximal femur (126), only two pa
tients demonstrated limb-length discrepancy, both of which
measured 1 cm or less, and only three patients demonstrated
a Trendelenburg gait. The true clinical significance of these
radiographic findings, seen following premature physeal
plate closure in these younger patients, remains in doubt.
In hips in which physeal closure is not induced, femoral
head overgrowth off the fixation device is possible. This was
reported by Ward and colleagues in 3 of 53 hips treated by
single-screw fixation (67). No slip progression or detrimen
tal consequences were noted in these patients.
Carney and colleagues reported long-term follow-up of
SCFE patients treated by various techniques, and with a
mean follow-up of 41 years after onset of symptoms (18).
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They concluded that, regardless of the slip severity in SCFE,

pinning in situ "provides the best long-term function with
a low risk of complications and most effectively delays the
development of degenerative arthritis" (18). Other recent

studies have also demonstrated that fixation with a single
6.5- to 7.5-mm screw provides safe and reliable epiphyseal
stabilization, and promotes premature physeal fusion in pa
tients with SCFE, while decreasing the rate of complications
historically associated with multiple-pin fixation (66,67,
108,120,121,128).

The use of open bone-peg epiphysiodesis |>3.15] for sta
bilization in SCFE was first described by Ferguson and
Howorth in 1931 (26). The rationale behind the use of
this technique in the stabilization of SCFE is based on
the assumption that open bone grafting of the proximal
femoral physis should lead to a more rapid physeal closure
as a result of the curetting of a large portion of the physeal
plate, with subsequent placement of bone graft bridging
the physeal plate, and a lower rate of complications as a

result of direct visualization of the femoral neck and head
(129-131).

The disadvantages associated with open bone-peg epi
physiodesis include its more demanding and extensive surgi
cal approach, longer operative times, increased blood loss,
and the potential for continued femoral head displacement

prior to physeal plate closure. Ward and Wood reported
operative times averaging 3 h (range, 2 to 5 h), and blood
loss averaging 800 mL (range, 250 to 2,400 mL) in associa

tion with 17 hips treated by bone-peg epiphysiodesis (132).
Irani and colleagues reported an average operative time of
3 h and 40 min, and average blood loss of 750 mL, in 48
hips treated by open bone grafting (133). More recently,
Rao and colleagues (134) reported on 64 open bone-peg
epiphysiodeses for SCFE. The average operative time was
122 ± 34 minutes, and blood loss was 426 ± 238 mL.

Longer hospitalization times—a mean stay of 12.5 days as
reported by Rao and colleagues (134)—and the need for
more extensive postoperative rehabilitation seen in bonepeg epiphysiodesis, make it a more costly form of treatment.
The minimal stability created by the bone graft itself makes
the potential for continued femoral head displacement prior
to physeal plate closure a definite risk. This potential insta
bility necessitates the additional inconvenience and require
ment for spica cast immobilization in most patients, particu

larly in slips with an acute or unstable presentation. It also
necessitates the need for extended limited weightbearing on
the affected hip until physeal plate closure has occurred
(135).
The recommended surgical technique used in bone-peg
epiphysiodesis has been described (132,135) [-3.15]. His

torically, an anterior iliofemoral approach to the hip joint
has been used, but Weiner and colleagues have recom
mended an anterolateral approach, which they report is

associated with reduced operative time, less blood loss,
and improved wound healing, compared with the anterior

iliofemoral approach (136). After the hip capsule is

opened, a tunnel is created between the femoral neck and
the central femoral head with drills and curettes. Cortico-

cancellous iliac bone graft is then obtained and packed

tightly into the tunnel (Fig. 25-18). Unfortunately, no
standardized dimensions or cross-sectional area for the size
of the bone graft, needed to avoid graft failure, have been
documented. Weiner and colleagues recommended sand
wiching multiple corticocancellous slips into the bone tun
nel to a width of approximately 1 cm (135). Ward and
Wood recommended using a single rectangular bone graft,
measuring 5 cm in length and 6 mm in height by 6 mm
in width, which is impacted tightly across the physis (132).
Postoperatively, a spica cast is placed on all patients with
acute slips, as well as any chronic slip demonstrating phy
seal instability at the time of surgery.

A limited number of reports are available concerning the
use of bone-peg epiphysiodesis in SCFE (63,131,132,134,
135). Osteonecrosis and chondrolysis rarely are reported in
association with this form of treatment. Weiner and col
leagues reviewed 185 hips treated with bone-peg epiphysi
odesis, including 26 acute slips and 159 chronic slips (135).
A total of only three cases of osteonecrosis and one case

of chondrolysis were reported. In the review by Rao and

colleagues (134) on 64 open bone-peg epiphysiodeses for
SCFE, four hips developed osteonecrosis and three hips de
veloped chondrolysis. Other reported complications associ
ated with bone-peg epiphysiodesis include failure to achieve
physeal fusion, bone graft insufficiency with continued slip
page, delayed wound healing, heterotopic bone formation,
and lateral femoral cutaneous nerve dysesthesia (134).
The time to physeal plate closure following bone-peg
epiphysiodesis averaged 2.5 months, as reported by Weiner
and colleagues (135); 4.8 months (range, 3 to 15 months),
as reported by Irani and colleagues (133); and 17 weeks, as

reported by Rao and colleagues (134). Ward and Wood

reported physeal closure in 12 of 17 hips treated by bonepeg epiphysiodesis (132). Eight of the 12 hips achieving
physeal closure did so by 16 weeks. Two hips, however,
required between 24 and 36 weeks for closure.
Bone graft insufficiency, defined as bone graft breakage,
displacement, or resorption, was noted in 8 of the 17 hips
(47%) reported by Ward and Wood (132). Three of these
hips went on to physeal closure, whereas five hips required
additional stabilization by metallic pin fixation. Continued
radiographic displacement of the femoral head after bone
graft epiphysiodesis, but prior to physeal closure, was re
ported in all patients demonstrating bone graft insuffi
ciency, but also was noted in three of nine hips in which
no insufficiency was noted. Rao and colleagues (134) identi
fied one hip with an acute displacement of the bone graft
that was then treated by closed reduction and pinning, and
12 hips with continued displacement without bone graft

insufficiency, showing greater than or equal to 5 degrees of

increase in the lateral head-shaft angle (range, 5 to 36 de
grees) at physeal plate healing, in their 64 hips treated by
bone-peg epiphysiodesis.

Treatment

GRAFT DRIVEN

ACROSS GROWTH PLATE

FIGURE 25-18. Technique used in open bone-peg epiphysiodesis in slipped capital femoral epiphysis. A: Using an anterolateral approach to the hip, the hip capsule is opened and the proximal
femoral physis is identified. A small anterior metaphyseal cortical window is formed in the femoral
neck immediately distal to the physis. B: A 1-cm hollow mill drill is then passed through the
window into the center of the femoral head under fluoroscopic image intensification. C: The
physeal plate is thoroughly curetted adjacent to the cylindrical bone tunnel. D: Cortical cancellous
grafts are obtained from the adjacent ilium, and packed tightly into the bone tunnel bridging
the physeal plate. The cortical window of bone from the anterior femoral neck is replaced. (From
ref. 137, with permission.)

1017

1018

Chapter 25: Slipped Capital Femoral Epiphysis

The more extensive surgical approach, greater blood loss,

Siegel and colleagues recently have confirmed that hip

longer hospitalization, and reported problems with bone

motion significantly improves following in situ fixation in

graft insufficiency, and continued femoral head displace

SCFE, but that remodeling at the proximal femur is insuffi

ment associated with bone-peg epiphysiodesis, preclude this

cient to restore normal hip alignment (20). Their study

technique from being recommended for the routine stabili

employed a quantitative evaluation of hip motion and prox

zation of the physeal plate in SCFE.

imal femoral remodeling following in situ fixation in 39

Treatment to Reduce the Degree of

motion was found to improve most rapidly in the first 6

patients with SCFE, with 2 or more years follow-up. Hip

Slippage
Natural history studies as well as long-term follow-up stud
ies on in situ fixation, have shown a direct relation between
the degree of displacement in SCFE and the affected hip's
final outcome, including the development of degenerative
joint disease (18,87,138). Treatment methods that reduce
the degree of slip, and create a more anatomic relation of

the femoral head with the remainder of the femur, should
lead to improved function and motion, as well as delay the
onset of degenerative joint disease. To truly have a beneficial

effect on the natural history, however, these treatment
methods must not be associated with a significant increase
in complications, particularly osteonecrosis and chondro-

lysis of the femoral head. Techniques to reduce the degree
of slip include closed manipulation prior to physeal plate
stabilization and osteotomies of the proximal femur, per

formed either concurrently with physeal stabilization or

after physeal closure.
The potential need for closed manipulation of femoral
head displacement in SCFE is based on the concept that

spontaneous remodeling at the proximal femur, following
physeal stabilization, will not be adequate to restore femoral
head-femoral neck and femoral head-femoral shaft rela
tions to near-normal alignment. Several authors have im
plied that remodeling following in situ fixation in SCFE

has the ability to correct proximal femoral deformity and
secondarily to improve hip motion. Key (34), Billing and
Severin (21), Bellemans and associates (139), and Wong-

Chung and Strong (140) have reported on bony remodeling
of the contour of the proximal femur that occurs in SCFE.
These authors defined remodeling as the radiographic ap
pearance of new bone formation between the overhanging
femoral head and the posteroinferior femoral neck, in asso
ciation with a rounding off of the prominent anterosuperior

margin of the femoral neck. Lacroix and Verbrugge have

months after treatment, mainly as a result of resolving mus
cle spasm, pain, and synovitis. Although hip motion contin
ued to show improvement over the entire period of follow-

up related to continued soft tissue stretching and bone re
sorption from the anterolateral femoral neck, it never ap

proached the motion of the unaffected hip. Plain radiogra
phy and computed tomography scans demonstrated femoral
neck remodeling, which produced an apparent improve
ment in the displaced femoral head and femoral neck rela

tion, but did not confirm any significant change in the more
critical relation between the displaced femoral head and the

femoral shaft. The authors concluded that the improvement
in hip motion, seen following in situ fixation in SCFE, was
not directly related to significant osseous remodeling.
Although motion at the affected hip in SCFE after in
situ fixation can be expected to improve as synovitis and
protective spasm resolve, the bony deformity created by the

slip shows little if any true realignment through remodeling.

Closed manipulation to reduce the degree of displacement
prior to stabilization in SCFE, therefore, has a potentially
beneficial effect on the natural history, if it can be performed
without increased complications. The major complication
seen in association with closed manipulation in SCFE re
mains osteonecrosis of the femoral head, which leads to

rapid deterioration in hip function. Although the incidence
of osteonecrosis following closed manipulation in SCFE
varies, most studies confirm an increase in the incidence in

manipulated

hips

over

nonmanipulated

hips

(18,21,

72,144). Carney and colleagues reported that osteonecrosis
developed in 12 of 39 hips (31%) in which reduction of
the slippage was attempted, whereas osteonecrosis occurred
in only 6 of 116 hips (6%) in which no reduction had been
attempted (18). A recent study by Rhoad and colleagues
(74), however, implies that the osteonecrosis seen in un
stable SCFE treated by gentle manipulation is, more likely,

demonstrated histologically that these radiographic changes

secondary to the initial displacement associated with the

are secondary to appositional new bone formation on the
inferior margin and osteoclastic resorption on the superior

reductions, multiple attempts at reduction, and overreduc-

unstable slip, and not the reduction maneuver. Vigorous

margin of the femoral neck (141). O'Brien and Fahey, in

tion continue to be associated with an increased incidence

a review of 12 hips of moderate to severe displacement in
SCFE treated by in situ fixation, suggested that femoral
neck remodeling leads to an associated improvement in hip
motion to essentially normal values, except for a mild resid
ual loss of internal rotation (142). They reported the proba
bility of sufficient femoral neck remodeling to increase with
an open triradiate cartilage, but to decrease with greater
severity of slip (142,143).

of osteonecrosis (64,145).
Closed manipulation can be considered in patients pre
senting with acute or acute-on-chronic presentations with
severe displacement, in which the risk of significant limita
tion in range of motion and accelerated degenerative arthri
tis, associated with fixation in situ, outweighs the risk of

potential complications from reduction. Closed manipula
tion is never indicated in patients presenting with chronic

Treatment

or stable slips, or in slips with displacement of a mild to
moderate degree.

If closed manipulation is to be attempted, it can be per
formed by either slow reduction with skeletal traction
through a distal femoral pin over a period of days prior to
stabilization, or by a gentle reduction performed at the time
of surgical stabilization. Neither method, properly per
formed, has been statistically proven to be safer or more
beneficial than the other (64,69,145).
If traction is employed, it is applied through longitudinal
skeletal traction, allowing for slow reduction of the femoral

head over a few days. The use of skeletal traction is necessi
tated by the generally larger body weights of these patients,
which require the generation of greater forces than can be
safely achieved through skin traction. The addition of an
internal rotation force, applied to the lateral aspect of the
femoral pin to assist in reduction, also can be used (146).
If reduction under anesthesia is performed, it should be
done without force or repeated attempts. The accepted re
duction is what is obtained when the patient is placed onto
the fracture table and the affected limb is rotated to neutral
while the hip is maintained in extension—so-called "unin
tentional reduction." No forced internal rotation or flexion
should be performed at the affected hip, because of the
increased potential for vascular injury associated with these
maneuvers (145).

In the treatment of acute and acute-on-chronic SCFE,
a question remains as to the urgency of operative stabiliza

tion and the avoidance of complications, particularly osteonecrosis. Should operative stabilization, with or without
gentle manipulation, be performed as an emergency, or is
it safer to employ a more delayed approach, with the affected
hip temporarily treated at rest in traction? Loder and associ
ates (68) reviewed acute SCFE in 30 hips, with respect to the
time interval between the onset of symptoms and operative
stabilization. In eight hips with treatment initiated less than
48 h after the onset of symptoms, osteonecrosis developed
in seven hips (87.5%). In 22 hips with treatment initiated
after 48 h from onset of symptoms, osteonecrosis was identi
fied in seven hips (31.8%). Although these numbers are
small, these data imply that delay in operative stabilization
in acute SCFE may decrease the incidence of osteonecrosis.
Peterson and colleagues (71), in a similar study of acute
unstable SCFE in 91 hips, reviewed the timing of reduction
and operative stabilization with respect to the development

of osteonecrosis. Gentle manipulative reduction and stabili
zation were performed in 42 hips less than 24 h from presen
tation, in which three hips (7.2%) developed osteonecrosis.

Reduction and stabilization were performed in 49 hips after
24 h from presentation with 10 hips (20.4%) developing
osteonecrosis. The authors concluded that gentle reduction
and operative stabilization, performed prior to 24 h from
presentation in acute SCFE, does not increase the risk of

osteonecrosis, and may actually reduce its risk. Although

further prospectively randomized and treatment-standard
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ized research concerning the urgency of reduction and stabi
lization in acute unstable SCFE will be needed to clarify
this issue, the author currently recommends gentle reduc
tion and operative stabilization within 24 h of presentation.
Osteotomies about the proximal femur in SCFE are de
signed as realignment procedures through which restoration
of a more normal relation among the femoral head, the
femoral neck and shaft, and the acetabulum, can be
achieved. The various osteotomies accomplish this goal by
creating a compensatory deformity through which the pri

mary deformity created by the original femoral head/femo
ral neck displacement is realigned. Realignment of the prox
imal femur by osteotomy, when indicated, should result
in an improved range of hip motion and a delay in the

development of degenerative joint disease. The complica
tions of femoral head osteonecrosis and chondrolysis must
be avoided. Osteotomies in SCFE can be performed at the
time of physeal stabilization, although most are performed
as delayed procedures in patients in whom residual hip func
tion remains inadequate.

Several osteotomies, performed at various levels along
the femoral neck and proximal femur, have been described
in SCFE (84,147-158). In general, as the location of the
osteotomy proceeds distally along the proximal femur, the
amount of correction achieved at the primary site of defor
mity decreases. Conversely, as the location of the osteotomy

proceeds proximally along the proximal femur, the risk of
osteotomy-induced osteonecrosis of the femoral head in
creases. Procedures performed in the proximal femoral neck

can achieve almost anatomic correction of the primary de
formity; however, they are associated with a high incidence
of osteonecrosis of the femoral head. More distal osteoto
mies, performed at the intertrochanteric region, have a very
low incidence of osteonecrosis of the femoral head, but are
limited in the amount of correction of the primary defor
mity that they can achieve. The use of osteotomies in SCFE
is limited to patients with displacement of the femoral head
in the severe range, in whom motion at the affected hip after
initial treatment remains significantly limited and restricts
activities of daily living. In long-term follow-up of hips

treated for SCFE using realignment procedures, Jerne and
colleagues (159) recognized a high rate of serious complica
tions in 7 of 22 hips (31.8%) treated with subcapital osteot

omy, and 3 of 11 hips (27.3%) treated by intertrochanteric
osteotomy. At follow-up examination averaging 33.8 years,

these hips showed very low rates of excellent and good clini
cal and radiographic results. The authors concluded that
the realignment procedures had not significantly improved
on the condition's natural history, and therefore discour
aged their use in the routine treatment of chronic SCFE.
The needs of the patient must be weighed against the poten
tial complications when realignment osteotomies are con
sidered. The osteotomy that fulfills the patient's needs at
the lowest potential risk should always be chosen.
The use of cuneiform osteotomy of the femoral neck in
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SCFE has been described by several authors (148,
151-154,160-162). Cuneiform osteotomy at the level

vasculature running along the posterior femoral neck. The

of the proximal femoral physis is the only procedure
that has the ability to restore an anatomic relation of the
femoral head with the femoral neck, as well as the femoral
shaft. The procedure should be performed only in patients
with an open proximal femoral physeal plate (151,152,160).

procedure has a lower reported incidence of osteonecrosis

Cuneiform osteotomy performed by the method reported
by Fish is preferred (152,160). The hip capsule is opened
anteriorly, and the procedure is performed under direct vis
ualization. The physeal plate is removed in conjunction with
a wedge resection of bone from the juxtaphyseal femoral
neck. The size of the wedge to be removed is determined
by the severity of the displacement being corrected. The
wedge resection shortens the femoral neck, which allows for
reduction of the femoral neck onto the femoral head with
out excessive tension. Care must be taken throughout the
procedure not to damage the periosteum and the vasculature
running along the posterior femoral neck (Fig. 25-19). The
reduced femoral head is then stabilized with pin or screw

(147,164). The osteotomy secondarily creates acoxabreva,
which can cause the greater trochanter to impinge on the

osteotomy is stabilized by pins or screws (Fig. 25-20). The
of the femoral head than is found in cuneiform osteotomy,
but its ability to correct the more proximal femoral defor
mity is more limited. A maximum correction of 35 to 55
degrees

is

reported

with

base-of-neck

osteotomies

acetabulum during hip motion (163).
Transtrochanteric rotational osteotomy originally was
described by Sugioka (157). This osteotomy represents a

transtrochanteric osteotomy proximal to the abductor inser
tion on the greater trochanter. Rotational correction of se
vere deformities of the proximal femur is possible with this

procedure, without disturbing abductor muscle mechanics

or limb length. Reports of the use of the procedure in SCFE,
however, are limited. Sugioka reported osteonecrosis in one
of nine hips (11%) treated with this procedure (157). Ma-

suda and colleagues reported osteonecrosis in one of five

fixation.

hips (20%) treated by transtrochanteric osteotomy (165).

Although anatomic correction of the deformity is possi
ble, when considering the results reported by a large group
of orthopaedic surgeons, a high incidence of femoral head

The use of transtrochanteric rotational osteotomy has rarely
been reported in SCFE, and is not recommended for routine
use.

Intertrochanteric osteotomies

remain the most

fre

osteonecrosis remains associated with this procedure. Gage
and colleagues reviewed the literature and reported the aver

quently used procedures for realignment in SCFE. The sur

age incidence of femoral head osteonecrosis in association

gical technique was originally described by Southwick (84)

with cuneiform osteotomy to be 21% (153). Other series
demonstrate the rate of femoral head osteonecrosis follow
ing cuneiform osteotomy to be between 12 and 35%
(13,85,151,153,161,162). More recently, a lower incidence
of osteonecrosis of the femoral head has been reported fol
lowing cuneiform osteotomy performed by the subcapital
wedge-resection technique. Fish reported osteonecrosis of
the femoral head in 3 of 66 hips (4.5%) (160), and Nishiyama and colleagues reported osteonecrosis in 1 of 18 hips
(5.5%) treated by the technique of cuneiform osteotomy

[k»4.7] and has since been slightly modified by several au
thors (150,155,156,166—168). Intertrochanteric osteot
omy can be performed in a single-plane, biplane, or mul
tiplane

technique.

A

derotational

osteotomy

of the

proximal femur [w-4.6] represents a single-plane intertro
chanteric osteotomy, and serves only to adjust internal and

external rotation at the affected hip. The biplane and mul
tiplane intertrochanteric osteotomies remove a wedge of
bone of varying size from the anterior and lateral cortices
of the affected femur at the level of the lesser trochanter.

(154). Chondrolysis also has been reported in association
with cuneiform osteotomy, but usually is in association with

When this osteotomy is reduced and coupled with internal

osteonecrosis (153,162). Fish reported an 11% incidence
of pin-related complications due to hardware violation of

femoral deformity occurs as a secondary deformity in the

rotation of the femoral shaft, a realignment of the proximal

the hip joint in cuneiform osteotomy (160).

intertrochanteric region is created (Fig. 25-21). The cor
rection achieved by osteotomy at this level is limited to

Realignment of the femoral head by cuneiform osteot
omy remains a technically demanding procedure, and al

deformities equal to or less than 45 degrees on the anteroposterior radiograph and 60 degrees on the lateral radio

though a lower incidence of osteonecrosis recently has been

graph,

reported, the potential for severe complications remains very

155,156).
Another intertrochanteric osteotomy used for realign

high.

as

measured

by

the

Southwick method

(84,

Osteotomy at the base of the femoral neck has been de
scribed by several authors (147,149,153,163). Intracapsular
(153,163) and extracapsular (147,149) techniques have
been reported |>»4.8]. The base of the femoral neck is ex
posed, and an anterosuperior-based wedge of bone is re
moved. Care is taken not to place retractors posterior to

ment in severe chronic SCFE is the flexion intertrochanteric
osteotomy described by Imhauser (158). The justification
for this osteotomy is based on the concept that the majority

the femoral neck. The posterior cortex of the femoral neck

mity would therefore be most efficiently performed by a
flexion osteotomy realigning the plane of the proximal phy
sis perpendicular to the femoral shaft. Millis and colleagues

and its periosteum are not cut, but are "greensticked" dur
ing closure of the osteotomy. This avoids injury to the

of the deformity in SCFE is a posterior displacement of the

femoral head around the axis of the femoral neck, and not

a true varus displacement (25,169). Correction of this defor

Treatment

FIGURE 25-19. Technique used in performing a cuneiform osteotomy in slipped capital femoral
epiphysis. A: The hip capsule is opened anteriorly, and the location of the physeal plate is carefully
identified. B: A wedge of bone of predetermined size is removed in small pieces from the juxtaphyseal femoral neck. The physeal plate cartilage is identified continuously as the bone wedge is
resected. Extreme care is taken not to damage the posterior periosteum. C: After the bone wedge

has been removed, the physeal plate cartilage is curetted. Adequate bone must be excised from
the posterior corner to allow for reduction of the femoral head without tension on the posterior
periosteum and vasculature. D: The femoral neck is reduced onto the femoral head, recreating
more normal proximal femoral alignment. The reduction is stabilized with pin or screw fixation
(From ref. 152, with permission.)
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FIGURE 25-20. Technique for performing a base-of-the-neck osteotomy in slipped capital femo
ral epiphysis. A: The base of the femoral neck is exposed through an anterolateral approach to
the hip. The outline of an anterosuperior-based wedge of bone of predetermined size is marked

on the base of the femoral neck. B: The bony wedge is then cut and excised in such a manner

that a triangular segment is created that contacts, but does not penetrate, through the posterior
cortex. This avoids injury to the vasculature running along the posterior femoral neck. C: The gap
in the femoral neck is closed by internally rotating the limb while maintaining traction, which
"greensticks" the posterior cortex of the femora! neck. The reduction is stabilized by pins or
screws. (From ref. 147, with permission.)
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FIGURE 25-21. Technique used in performing a biplane intertrochanteric osteotomy in slipped capital femoral epiphysis, as
described by Southwick. Following surgical exposure of the proxi
mal femur, a transverse line is marked on the anterior (A) and
lateral (B) surfaces of the proximal femur at the level of the lesser
trochanter. This line acts as the base of the subsequent bony
wedge resections. The predetermined size of the anterior and
lateral wedges to be removed are marked on the respective femo
ral surfaces. The biplane wedge of bone created is excised, and
the transverse osteotomy at the level of the lesser trochanter is
completed. The distal femoral segment is derotated, and the oste
otomy is closed into the corrected position, as demonstrated. The
osteotomy is stabilized with a plate and screws. (A and B from
ref. 150, with permission.) C: Anteroposterior hip radiograph of a
14.5-year-old boy following biplane intertrochanteric osteotomy

for correction of residual deformity in slipped capital femoral epi
physis.

(170) have recently described their method for flexion inter
trochanteric osteotomy of the proximal femur in severe
chronic SCFE. Following exposure of the proximal femur,
an extensive anterior capsulotomy is performed. This capsu-

lotomy facilitates placement of a cancellous bone screw to
stabilize the proximal femoral epiphysis, if the physis re
mains open, as well as placement of subsequent internal

fixation used to stabilize the intertrochanteric osteotomy.
It also allows for improved extension of the head/neck frag
ment following osteotomy, and avoids an unacceptable flex

ion contracture of the hip. A transverse intertrochanteric
osteotomy is performed just proximal to the lesser trochan
ter. The distal fragment is displaced anteriorly, and flexed

adequately to realign the plane of the proximal femoral phy
sis perpendicular to the femoral shaft. A wedge resection at

the osteotomy site to improve bone apposition is usually
not needed. When necessary, inward rotation of the distal
fragment, to correct rotational malalignment, can also be

performed prior to final fixation. Internal fixation is
achieved with a blade plate avoiding the need for a spica
cast, and allowing for the earlier initiation of hip motion.
Correction of up to 90 degrees of posterior displacement

of the femoral head is theoretically possible with this osteot
omy. If flexion correction is greater than 55-60 degrees,
a separate osteotomy of the greater trochanter should be

performed, creating a three-part osteotomy prior to fixation.
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This is done to avoid excessive anterior displacement of the
trochanter, which could potentially impair proper abductor
muscle function.

Intertrochanteric osteotomy enjoys a very low incidence

of osteonecrosis of the femoral head compared with femoral

neck osteotomies. This is secondary to the intertrochanteric
osteotomy being performed in an area of the proximal femur

that is not in direct proximity to the blood supply of the
femoral head. An increased incidence of chondrolysis with
joint space narrowing and stiffness, however, has been re
ported to be associated with intertrochanteric osteotomy.

Southwick, in his original description of the procedure,
noted 6 of 55 hips (11%) that showed the development
of chondrolysis (84). More recent series have reported the
development of chondrolysis of the hip in SCFE, following
corrective intertrochanteric osteotomy, to range from 6 to
56% (155,156,166). Although Imhauser did not report on

osteonecrosis or chondrolysis of the femoral head associated
with flexion intertrochanteric osteotomy, Tokarowski and
associates (171) reported no cases of osteonecrosis, but re
ported an 18.2% incidence of chondrolysis in 33 hips
treated for moderate or severe SCFE by the Imhauser oste
otomy.

The reason for the increase in chondrolysis, seen in asso

ciation with intertrochanteric osteotomy in SCFE, remains

unknown. The author believes that the development of
chondrolysis is related to increased pressure at the femoral
head, which is created as the osteotomy is closed and the
limb is lengthened. A simple femoral shortening, from the
distal segment of the femur at the osteotomy site, should
relieve femoral head pressure and thereby reduce the inci
dence of chondrolysis. The deformity created in the inter
trochanteric region of the proximal femur by this osteotomy

also can have a potentially deleterious effect on later total

hip arthroplasty (172). The wedge resections of bone create
an angular deformity in the intertrochanteric region that

results in a tortuous proximal femoral canal. This could
necessitate the need for excessive bone resection from the
femoral neck calcar, and make for difficult passage and seat
ing of the femoral component during future total hip
arthroplasty.

Salvage Procedures

If the femoral head in SCFE becomes severely deformed
and the joint becomes stiff and painful as a result of os

teonecrosis or chondrolysis, salvage procedures are indicated
to relieve pain and improve function. The procedure of
choice in adolescents and young adults remains arthrodesis
[w-3.13]. Sponseller and colleagues reported on 53 patients
who had a hip arthrodesis and had been under 35 years
of age at the time of the procedure (173). At an average
follow-up of 38 years, 78% of the patients remained satis
fied with the arthrodesis, and all remained employable.
Only 13% who had the arthrodesis converted to a total

hip arthroplasty. Callaghan and colleagues reviewed 28
patients who had a hip arthrodesis as an adolescent or
young adult (174). At an average 35-year follow-up, some
pain in the ipsilateral knee, the lower back, or the contralateral hip frequently was reported, but had not become
symptomatic until an average 20 years or longer following

the procedure. Only one patient (4%) was unemployed
because of pain, and only six patients (21%) had under
gone conversion to a total hip arthroplasty. Hip arthrode
sis, therefore, remains a very successful salvage procedure
for relief of severe pain in young patients who develop
complications in SCFE.

The procedure relieves pain and allows the patient a high

level of activity and employment at most occupations. Some

pain at the ipsilateral knee, the lower back, or the contralateral hip commonly occurs, but usually only many years fol
lowing the procedure. Proper positioning of the femur in
relation to the pelvis is extremely important to function as
well as avoidance of future back and knee pain. The proper
position for the hip during arthrodesis is 20 degrees flexion
with neutral rotation and neutral to slight adduction. Ab
duction at the hip is to be avoided secondary to it being
associated with accelerated ipsilateral knee pain (174). A
take-down of the arthrodesis and conversion to a total hip
replacement is possible, if painful back and knee symptoms

become too severe (173-176). Also, the abductor muscles
should not be injured, in order to facilitate future hip func
tion following total hip arthroplasty. The method of ar
throdesis described by Mowery and colleagues is preferred
(177). This technique offers many advantages, which in
clude a familiar anterior approach to the hip, a large surface
area for fusion, a relatively simple technique of compression

arthrodesis using minimal hardware, no disturbance of the

greater trochanter and abductor muscles, no additional loss
of limb length, and an upper femoral osteotomy that reduces
the lever arm force on the fusion area, and allows for adjust
ment of limb position postoperatively (Fig. 25-22). The
main disadvantage associated with this technique remains
the need for postoperative immobilization in a spica cast
for 6 to 8 weeks.

Schoenecker and colleagues (178) have recently reported

on the successful use of hip arthrodesis in 25 patients age
11 to 19 years with severe unilateral osteoarthrosis of the

hip. The authors describe a two-incision surgical approach

utilizing an intraarticular fusion technique with internal fix
ation with avoidance of dissection of the abductor hip mus
culature. The technique avoids the need for a proximal fem
oral osteotomy by precise positioning of the extremity at
the time of arthrodesis.

Arthroplasty of the affected hip is not recommended for
most adolescents and young adults, with severe unilateral
hip osteoarthritis associated with SCFE (179,180). The po
tential for early component loosening and wear in active

young adults remains very high. The need for several revi
sions over the patient's lifetime, and the subsequent risk of
chronic infection, preclude total hip arthroplasty as the

Treatment
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FIGURE 25-22. A: Hip arthrodesis is performed through an anterior approach. The abductor
muscles are not disturbed. Compression arthrodesis is achieved with minimal hardware. A proximal

femoral osteotomy reduces force on the fusion area, and allows for adjustment in limb position
postoperatively. (From ref. 177, with permission.) B: Anteroposterior hip radiograph of a 16-year,
4-month-old boy demonstrates a solid hip arthrodesis performed by the previously described

technique. Femoral head osteonecrosis had occurred following treatment for slipped capital femo
ral epiphysis.

recommended procedure in these younger patients. Chan

which would provide a better balance of function and dura

dler and colleagues reported on 29 patients who had been

bility.

treated with a total hip arthroplasty at an average age of 23

Osteoplasty of the femoral neck has been reported as a

years (range, 14 to 30 years) (180). At 5-year follow-up,

means of improving function in hips with severe displace

57% of the patients showed evidence of loosening of at least

ment of the

one of the components of the implant. Seven patients (24%)

(130,181). The prominent bony projection on the superior

femoral

head

and

secondary

deformity

had already undergone revision surgery. The factors of asso

and anterior segments of the femoral neck can be excised

ciated osteonecrosis of the femoral head, heavy activity, and

to eliminate the mechanical block to motion between the

excessive weight, all commonly seen in patients with SCFE,

bony prominence and the acetabulum. Although early im

were associated with poorer results from arthroplasty. One

proved motion has been documented, mainly in abduction

exception in SCFE is the patient with bilateral disease. Al

and internal rotation, the long-term results of this procedure

though no universally good method of treatment for bilat

remain unpublished. Remodeling of the femoral neck can

eral disease has been documented, one option is an arthrode

have a similar result on motion over time. Osteoplasty also

sis of one hip and an arthroplasty of the contralateral hip,

leaves a large area of denuded bone surface in the weight-
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bearing area of the hip, which can lead to accelerated degen
erative joint disease.

teonecrosis: 0 to 5% (67,120,184,185). Osteonecrosis of
the femoral head was once believed to be a complication
of treatment, because it was reported only rarely in un
treated SCFE (18,62). It has recently been shown that os

PROPHYLACTIC PINNING OF THE

teonecrosis of the femoral head is more frequently associated

CONTRALATERAL HIP

with acute and unstable slips (18,68), and is most likely
secondaiy to vascular injury associated with the initial femo

The controversy over prophylactic pinning of the unin-

volved hip in SCFE remains unanswered. Proponents of
prophylactic pinning emphasize the rate of bilateral disease

and the higher risk of osteoarthritis associated with increas
ing slip severity (19,182). Opponents of prophylactic pin
ning stress the fact that in situ pinning can be associated
with severe complications that can be more devastating to

ral head displacement, and not tamponade from joint effu
sion or injury from gentle repositioning at the time of surgi
cal stabilization (70,73) (Fig. 25-23). Rhoad and associates
(74) reviewed 62 consecutive patients with 73 SCFE, who
had a pretreatment technetium 99m bone scan with pin
hole and single photon emission computed tomography
(SPECT) imaging. The patients were followed for a mini

hip function than the slip itself (109). Symptomatic bilateral
SCFE averages 25% (range, 21 to 37%) during growth
(13,17-20). One-half of these patients (12.5%) develop
the second symptomatic slip prior to skeletal maturity
(13,17,18,20). Asymptomatic slipping of the contralateral
hip prior to maturity has been proposed in as high as 40%
of patients (19,21). If all contralateral hips in SCFE were
pinned prophylactically, 50 to 80% of contralateral hips

mum of 12 months following treatment by spica cast or

would be treated unnecessarily.

noted in eight of the ten hips following treatment. Reduc

After a patient has had treatment for unilateral SCFE,

cannulated screw fixation across the physis. None of the 63
stable SCFE hips showed evidence of ischemia by bone scan,
and none developed osteonecrosis at follow-up. Ten SCFE

hips were unstable at presentation with six of these hips
showing ischemia on bone scan. Five of the six hips subse
quently developed osteonecrosis at follow-up. Spontaneous

reduction of varying degrees in the unstable SCFEs was
tion of the unstable SCFE, in patients with normal bone

the patient is under established medical follow-up until ma
turity. The patient also is aware of the prodromal symptoms
of a second slip, and should it develop, the patient is in
structed to return immediately for evaluation and treatment.
In this situation, only acute unstable slips should have the
potential for significant initial displacement. With acute
slips representing only 10% of SCFE, 90% of symptomatic
slips should be able to be treated prior to the development
of more significant displacement.

Observation of the unaffected hip rather than prophylac
tic pinning remains the most appropriate treatment in pa

tients presenting with unilateral SCFE (90,109). Exceptions
to this treatment include patients with an inability to obtain

appropriate and timely follow-up, due to personal or family
circumstances, and patients who have SCFE associated with
known metabolic or endocrine disorders, in which the risk
of a contralateral slip is extremely high. In these situations,
prophylactic pinning of the contralateral hip is appropriate.

COMPLICATIONS

The two major complications in SCFE, which are associated
with the development of accelerated degenerative joint dis
ease and motion loss at the affected hip, are osteonecrosis

of the femoral head and chondrolysis.
Osteonecrosis of the femoral head has been reported to
occur in

10 to

15% of patients with SCFE

(18,62,

71,85,183). More recent reviews of in situ fixation in
SCFE using cannulated screws, and strict attention to

technical detail, report a much lower incidence of os

FIGURE 25-23. Anteroposterior hip radiograph of a 14-year, 4month-old girl with osteonecrosis of the femoral head, following
treatment for slipped capital femoral epiphysis.

Complications

scan pretreatment, did not result in osteonecrosis. In the five
patients with initial ischemia on bone scan and subsequent

development of osteonecrosis, the osteonecrosis developed

independent of the presence or absence of reduction. Al
though the author's numbers are small, they do imply that

the osteonecrosis seen in acute unstable SCFE more likely
occurs at the time of the initial slip, and not during its
treatment.

The etiology of osteonecrosis is related to vascular injury
to the extraosseous or intraosseous circulation of the femoral

head. An increased incidence of osteonecrosis of the femoral

head has been reported with increasing severity of the slip
(18,62). Carney and colleagues, in a review of 155 hips,
reported an incidence of femoral head osteonecrosis of 12%
(18). Osteonecrosis was noted in 2% of 65 mild slips, 20%
of 50 moderate slips, and 20% of 40 severe slips. Acute
slips have a higher incidence of femoral head osteonecrosis,
which is secondary to the rapid and excessive stretch of the
extraosseous epiphyseal vessels that can occur during the

acute displacement (18,62,71). Iatrogenic injury to the ex
traosseous epiphyseal vessels may occur during aggressive

manipulation of the femoral head; stabilization of the femo
ral head, if the fixation device violates the posterior cortex
of the femoral neck; and realignment of the femoral head
through osteotomy of the femoral neck (18). Iatrogenic in
jury to the intraosseous circulation of the femoral head usu
ally is related to hardware placement into the vulnerable
superior quadrant of the femoral head, as previously dis
cussed (115).

After osteonecrosis of the femoral head has been estab
lished, treatment must be directed at maintaining motion
and preventing collapse by decreasing the magnitude of the

forces at the affected hip, through relieved weightbearing
until healing occurs. Any hardware in the zone of collapse

of the femoral head must be withdrawn and replaced, to
avoid joint injury. The use of vascularized bone graft and
redirectional intertrochanteric osteotomy, with bone graft
ing to the femoral head, has been proposed to improve
outcome in osteonecrosis of the femoral head (186). No

large report directly addressing treatment of osteonecrosis

associated with SCFE has been published.
Long-term reviews of SCFE show that hips affected with
osteonecrosis have a poorer outcome that continues to dete
riorate over time (18,62,187).

Acute cartilage necrosis of the femoral head or chondro-

lysis was first desctibed by Elmslie, in 1913 (188), and was
later reported in association with SCFE by Waldenstrom

(189). Chondrolysis is defined as an acute dissolution of
articular cartilage in association with rapid progressive joint

stiffness and pain.

The etiology of chondrolysis in association with SCFE
remains unknown. Historically, the condition was believed
to be a result of synovial malnutrition (189), ischemic injury

of articular cartilage (85), or excessive cartilage pressure
(190). Modern theory suggests an etiology associated with
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an immunologic and an autoimmune disorder within the

hip joint (27,40,191). A genetic factor is implied by the

increased incidence of chondrolysis in female patients in
spite of SCFE being more prevalent in males patients.
The incidence of chondrolysis of the hip in SCFE has

been reported in the literature to average 16 to 20% (range,
1.8 to 55%) (18,188,192). Recent reviews of the association
of chondrolysis with treatment of SCFE by in situ stabiliza
tion with a single cannulated screw have been reported

(67,120). Ward and colleagues reported no chondrolysis in

53 treated hips with at least 24-month follow-up (67). Koval

and colleagues reported no cases of chondrolysis to have
developed postoperatively in any of 60 hips with at least 2
years follow-up (120). Modern techniques of stabilization
and attention to detail during treatment seem to be associ
ated with a lower incidence of chondrolysis than has been

previously reported.

Ingram and colleagues have reported on 79 hips in SCFE

affected by chondrolysis (192). The authors found the inci
dence of chondrolysis to be higher in female patients, pa

tients with acute slips, and patients with slips with increased
severity of displacement. Similar results have been reported

by additional authors (18,99,188). Historically, African-

American patients and patients of Hawaiian ancestry have

been reported to have a higher incidence of chondrolysis
of the hip in association with treatment of SCFE (13,99,

192-194). Recent reports of treatment in SCFE by modern
techniques of in situ stabilization have shown the incidence

of chondrolysis in the African-American population to be

no higher than in the general population (111). Kennedy
and Weiner reported on in situ stabilization of SCFE in 44
African-American children with an incidence of chondro

lysis of 23% (195). Spero and colleagues reported an inci
dence of chondrolysis of 6.8% in 44 hips in 29 African-

American patients treated by in situ pinning (185). Aronson

and Loder reviewed in situ stabilization of 97 SCFE hips
in 74 African-American children, and reported the develop

ment of chondrolysis in only 3% (184).

Although chondrolysis of the hip in SCFE can occur in
the untreated hip (18,196), the majority of chondrolysis in
SCFE has been reported to follow treatment. The treatment
modalities shown to be associated with an increased inci
dence of chondrolysis include manipulative reduction (18),
prolonged immobilization (97,98), and realignment osteot
omies of the proximal femur (18,153,156). Persistent pin
penetration of the femoral head has been shown to be associ

ated with the development of chondrolysis (104,196). Tran

sient penetration of the hip joint in SCFE by stabilizing

hardware also was believed to be associated with the induc
tion of chondrolysis. Zionts and colleagues (197), Koval
and colleagues (120), and Vrettos and Hoffman (196) have
shown that a single episode of transient penetration of the
hip joint by a pin or screw, with immediate recognition
and removal, is not associated with an increased incidence
in the development of chondrolysis.
The diagnosis of chondrolysis is confirmed in a patient
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with clinical symptoms of progressive hip stiffness and pain

septic process mimicking chondrolysis must always be ruled

by radiographic confirmation of joint space narrowing at

out by hip aspiration. Mandell and colleagues have reported
radiographic premature closure of the greater trochanteric

the hip to 3 mm or less (192,198). If chondrolysis does

develop, it usually appears within the first year following the
SCFE. If chondrolysis follows surgical treatment of SCFE, a

physis to be a predictive sign of chondrolysis (199). The
authors demonstrated that decreased activity on bone scin-

FIGURE 25-24. Anteroposterior hip radiographs of a 12-year, 2month-old girl with a chronic stable slipped capital femoral epi
physis. A: Hip radiograph at presentation. B: At 4 months after
uncomplicated In situ screw fixation, the patient demonstrates
progressive hip pain and stiffness with hip radiograph document
ing chondrolysis with the cartilage joint space narrowed to 1-2
mm. C: Patient treated with relieved weightbearing, antiinflammatory medication, and range of motion to the affected hip. At
2-years, 6-month follow-up, the physical examination demon
strated painless hip motion, with a hip radiograph showing resto
ration of the cartilage joint space to near-normal values.

Refer

tigraphy at the greater trochanteric physis was associated
with concurrent or developing chondrolysis in 16 patients
with SCFE.
The recommended early treatment of chondrolysis in

SCFE has not been standardized, but should include ele
ments of relieved weightbearing, antiinflammatory medica
tion, and passive as well as active hip motion (83,200). In
the early stages of chondrolysis, and during recurrent epi
sodes of synovitis and pain, therapeutic doses of nonsteroidal antiinflammatory medications should be initiated and
maintained. Periodic hospitalization for enforced bed rest,
traction, and frequent physical therapy can be used during
episodes of increased pain and motion loss. Physical therapy,
consisting of aggressive passive and active motion to the
affected hip, should be initiated early. The use of continuous
passive motion equipment can be of assistance in maintain
ing reacquired motion. If pain during physical therapy re
mains excessive, continuous epidural anesthesia can be of

benefit. Ambulation should remain protected, with nonweightbearing and limited-weightbearing crutch use contin
ued until pain has resolved and joint space narrowing radiographically has ceased.

A fibrous ankylosis of the hip joint often can be the
final outcome in hips affected by chondrolysis (13,201).
However, spontaneous partial cartilage recovery from chon

drolysis following SCFE has been reported (190). The prog
nosis for the hip developing chondrolysis following SCFE
is not invariably bad, as had been supposed. Hartman and

Gates reported partial restoration of the cartilage space at
the hip joint and hip motion in 9 of 28 hips (32%) with
chondrolysis (188). At follow-up of 2 to 5 years, 6 of the
9 hips showing recovery were classified as good results.
Vrettos and Hoffman confirmed partial reconstitution of
the joint space to an average of 2.6 mm (range, 1 to 5 mm)
in 14 hips with chondrolysis following SCFE (196) (Fig.
25-24). This reconstitution of joint space occurred as late
as 3 years after maximum joint involvement. At an average
follow-up of 13.3 years, a good functional outcome was
reported in 64% of the patients with chondrolysis. Although
this information allows for a more optimistic attitude in
reference to the early outcome of chondrolysis associated
with SCFE, Carney and colleagues, at a mean follow-up of
41 years, have reported that the hip affected by chondrolysis
in SCFE eventually shows a continued deterioration in hip
function over time (18).
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This chapter addresses three conditions affecting the juve

lenging dilemmas in diagnosis and treatment. Transient

nile and adolescent hip: developmental coxa vara, transient

synovitis remains the most common condition causing hip

synovitis, and idiopathic chondrolysis of the hip. Develop

pain in childhood. A knowledge of this condition's presen

mental coxa vara and idiopathic chondrolysis of the hip

tation, diagnosis, and treatment is crucial for any physician

remain relatively uncommon, but continue to present chal

treating musculoskeletal problems in pediatric patients.
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"Coxa vara" is defined as any decrease below the normal
values of the neck-shaft angle of the proximal femur, which
is the angle subtended by the femoral neck and shaft in the
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FIGURE 26-1. Variation of the normal neck-shaft angle with age. (From ref. 1, with permission.)

coronal plane (Fig. 26-1). However, instead of referring to
a specific clinical disease entity, coxa vara comprises a group

of conditions occurring during childhood with different
causes and natural histories that ultimately produce a spe
cific deformity in the proximal femur.
Elmslie (2) proposed a classification system for coxa vara
that was later expanded by Fairbank (3). This classification
system grouped coxa vara on the basis of proposed etiology,

ated musculoskeletal anomalies. A minimal limb-length ine
quality develops secondary to the progressive varus defor
mity of the proximal femur, but not because of a significant
true decrease in the femoral segment length (Fig. 26-4).
More complete discussions on the various forms of con
genital and acquired coxa vara are reviewed in chapters 7

and included the congenital, rachitic, infantile or cervical,
adolescent (i.e., slipped capital femoral epiphysis), trau
matic, inflammatory, and metabolic types. These multiple
categories have subsequently been condensed into three:

congenital coxa vara, acquired coxa vara, and developmental
coxa vara.

Congenital coxa vara is present at birth, and is assumed
to be caused by an embryonic limb-bud abnormality. Signif
icant proximal femoral varus is present at birth, but usually
shows minimal progression in the degree of varus during
growth. Associated congenital musculoskeletal abnormali
ties and significant limb-length inequality, secondary to
femoral segment shortening, are common. This category
includes cases of proximal femoral focal deficiency, congeni

tal short femur, and congenital bowed femur (Fig. 26-2).
Acquired coxa vara includes all clinical entities in which
the deformity of the proximal femur is secondary to an
underlying metabolic, tumorous, or traumatic condition.
This classification includes coxa vara secondary to rickets,
fibrous dysplasia, and early traumatic proximal femoral epiphyseal plate closure (Fig. 26-3).
Developmental coxa vara, also known as cervical or in

fantile coxa vara, represents coxa vara not present at birth,
but that develops in early childhood and produces progres
sive deterioration of the proximal femoral neck-shaft angle
during growth. Classic radiographic changes accompany the
physical findings. There is no significant increase in associ

FIGURE 26-2. The radiographic appearance of congenital coxa
vara in a 14-month-old girl with a congenital short femur.
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described by Hofmeister in 1894 (4). He has also been
credited with first using the term "coxa vara" in the clinical
description of this entity. In 1905, Hoffa (5) was the first
to report the microscopic pathologic findings associated
with coxa vara.

FIGURE 26-3. The radiographic appearance of acquired coxa
vara in a girl 7 years, 2 months of age who had fibrous dysplasia
and a shepherd-crook deformity of the proximal femur.

Coxa vara occurring during childhood was first described
by Kredel in 1896 (4). He proposed that childhood coxa
vara had a congenital origin. In 1907, Elmslie (2) proposed
the childhood form of coxa vara to be a separate entity from
that seen in the adult, and recommended the term "infantile
coxa vara." A progressive tendency to the proximal femoral
deformity during growth was described in childhood coxa
vara by Fairbank in 1928 (3). In 1938, Duncan (6) dis
agreed with Kredel's congenital origin theory, and proposed
that progressive childhood coxa vara represented a defor
mity that appeared during the early years of growth. He
coined the term "developmental coxa vara."

and 8 in this textbook. The remainder of this section is
devoted to a review of developmental coxa vara.
Developmental coxa vara is a specific deformity of the
proximal femur, manifesting in the pediatric patient with
characteristic behavior during growth and associated radiographic findings that differentiate it from other forms of
childhood coxa vara.

Historical Review

Despite Duncan's developmental theory for progressive
coxa vara of childhood being well documented by his series,
his theory was not generally accepted. It was not until 1970
that the confusion about the developmental theory was clar
ified by Amstutz (7), when he reported two patients with
documented normal hip radiographs during the first year
of life, who subsequently developed typical clinical and ra
diographic manifestations of developmental coxa vara by 2
and 3 years of age, respectively. Amstutz documented the
presence of a childhood developmental form of coxa vara,
and drew attention to the differentiation of this form of
coxa vara from the true congenital and acquired varieties.

The initial clinical description of coxa vara was presented

in 1881 by Fiorani, who described a "bending of the femoral

neck" in adult patients (4). In 1888, Muller (5) confirmed
Fiorani's description by anatomic dissection. The first radiographic confirmation of a decreased neck-shaft angle was

Incidence

Developmental coxa vara is a rare entity with a reported
incidence of 1 in 25,000 live births worldwide (8). Com
pared with developmental hip dislocation, this represents a
ratio of approximately 1 developmental coxa vara case for
every 20 developmental hip dislocations. The reported rates
of male to female and right to left involvement are essentially
equal. Bilateral involvement occurs in 30 to 50% of patients
(9-11). Although previous reports have shown develop
mental coxa vara to occur among white and those ofAfrican

descent, later reports demonstrated a preference for the lat
ter group (6,9). Although most investigators have not been

able to prove a definite hereditary inheritance pattern for
developmental coxa vara, reports by Fisher and Waskowitz
(12) and Say and colleagues (13) demonstrated a familial
pattern in a limited number of cases, which they propose
follows an autosomal dominant pattern of genetic transmis
sion.

Etiology

FIGURE 26-4. Radiographic appearance of developmental coxa

vara in a girl 3 years, 9 months of age.

The cause of developmental coxa vara remains unknown.
Several investigators have proposed hypotheses about the
cause of the varus deformity. A metabolic abnormality caus-
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ing a deficient production of, or a delay in, the normal

biopsy specimens of the proximal femoral physeal plates of

ossification process of the proximal end of the femur has
been proposed (4). Hoffa and Alsberg proposed a mechani

patients with metaphyseal chondrodysplasia (Schmid type)
(16). The significance of these histopathologic similarities,

cal abnormality occurring during hip development in which

and of any possible association between the cause or patho-

excessive intrauterine pressure on the developing hip results
in a depression in the neck of the femur (4). A partial vascu

genesis of developmental coxa vara and infantile Blount dis
ease or metaphyseal chondrodysplasia, remains undeter

lar insult, causing an arrest in the early development of the

mined.

femoral head and neck has been proposed by Nillsone (14).
Duncan proposed that the varus deformity occurred second

In 1960, Pylkkanen (11) proposed what remains as the
most widely accepted theory about the cause of develop

ary to a developmental error, resulting in faulty maturation

mental coxa vara. He postulated that the deformity in the

of the cartilage and metaphyseal bone of the femoral neck

proximal femur is the result of a primary ossification defect

(6).
Biopsies of the proximal femoral growth plate and

stresses, applied during weight bearing, cause fatigue of the

in the inferior femoral neck, on which physiologic shearing

femoral neck, in patients with developmental coxa vara,

local dystrophic bone, resulting in the progressive varus de

have been reported by Pylkkanen (11), Chung and Riser

formity seen clinically. Bos and associates (16), after review

(15), and Bos and colleagues (16). Histopathologically con

ing biopsy specimens and magnetic resonance imaging stud

firmed abnormalities exist in cartilage production and sec

ies of hips affected by developmental coxa vara, concurred

ondary metaphyseal bone formation in the inferior portion

with Pylkkanen's theory. In particular, their studies found

of the proximal femoral physeal plate and adjacent femoral

no evidence of slippage of the proximal femoral physeal

neck. Biopsies of the involved segment of the femoral neck

plate as the cause of the progressive proximal femoral varus
deformity.

have shown an increase in the width of the true growth

plate, with irregularly distributed germinal cells in the rest
ing zone, an absence of normal orderly progression of the
cartilage columns, and a poorly defined or absent zone of

Clinical Presentation

provisional calcification. Associated nests of cartilage have

Most patients affected with developmental coxa vara present

been found to extend deeply into the metaphyseal region.

sometime between the initiation of ambulation and 6 years

The metaphyseal bone is osteoporotic, with an increased

of age (9,19). Their most frequent complaint is a progressive

vascularized fibrous element between bony spicules (Fig. 26-

gait abnormality; pain is rarely reported. In patients with

5). There was no evidence of aseptic necrosis in the reported

unilateral involvement, the gait abnormality is caused by

biopsy specimens. These histopathologic findings are similar

combined abductor muscle weakness and limb-length in

to those previously reported from biopsy specimens of the

equality. As the neck-shaft angle of the proximal femur

proximal tibias of patients with Blount disease (17,18), and

decreases in developmental coxa vara, the articulotrochanteric distance between the femoral head and greater trochan-

ter also decreases, which affects normal hip joint mechanics.
As the articulotrochanteric distance decreases, the normal
length-tension relation of the abductor muscles is lessened,
and the ability of the abductor muscles to control the pelvis
in one-legged stance is weakened. The functionally weaker

abductor muscles produce the gait abnormality seen in pa
tients with developmental coxa vara. Patients with bilateral
involvement present with a waddling gait pattern associated

with increased lumbar lordosis, similar to that seen in bilat
eral developmental hip dislocation (3,6,9,20—22).

Physical examination usually reveals a somewhat promi
nent and elevated greater trochanter, which is often associ
ated with an abductor muscle weakness and positive Trendelenburg testing. An associated limb-length inequality is

FIGURE 26-5. Photomicrograph of a biopsy specimen of the
proximal femoral physeal plate, from a patient with develop
mental coxa vara, demonstrates irregularly distributed germinal
cells in the resting zone; an absence of normal, orderly progres
sion of the cartilage columns; and a poorly defined zone of provi
sional calcification. Nests of cartilage cells reside at the margin
of the metaphyseal bone. (From ref. 16, with permission.)

commonly identified, but this is usually mild and averages
only 2.5 cm (9,11). The range of motion of the affected
hip is usually restricted in all planes of motion, with the
most significant limitations occurring in abduction and in
ternal rotation (9,11). The loss of abduction is associated
with a decrease in the neck-shaft angle of the proximal

femur. The loss of internal rotation is secondary to the pro
gressive decrease in femoral anteversion seen in develop-

Developmental Coxa Vara
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FIGURE 26-6. A: Anteroposterior pelvic radiograph demonstrates the classic radiographic find
ings in developmental coxa vara, which include a decreased femoral neck-shaft angle a more
vertical physeal plate, an inferior triangular metaphyseal fragment surrounded by an inverted
radiolucent Y, and coxa brevia. B: Lateral pelvic radiograph demonstrates changes in the posterior

segment of the proximal femoral neck.

mental coxa vara (9,23). An associated hip flexion contracture is often identified. Associated musculoskeletal
anomalies are rare (5).

Radiographic Findings

The diagnosis of developmental coxa vara, and its differen
tiation from other forms of coxa vara, depends on the identi
fication of certain classic radiographic findings. These radiographic features include a decreased femoral neck-shaft
angle, often to values below 90 degrees; a more vertical
position of the physeal plate; a triangular metaphyseal frag
ment in the inferior femoral neck, surrounded by an in
verted radiolucent Y pattern; a decrease in normal anteversion of the proximal femur, which may become true
retroversion; coxa brevia; and, in some patients, mild acetabular dysplasia (3,4,6,19,23,24) (Fig. 26-6).

The more vertical position of the physeal plate is mea
sured by the Hilgenreiner physeal angle, which is defined
by the angle subtended by the planes of the physeal plate
and the Hilgenreiner line (25) (Fig. 26-7). This angle is
normally 25 degrees or less, but in developmental coxa vara,

it is usually in the range of 40 to 70 degrees (9).

The inverted Y pattern seen in the inferior femoral neck
remains the sine qua non of this condition. The inverted Y

radiolucency was once postulated to be a true double physeal
plate. Biopsy specimens and magnetic resonance imaging
studies, however, have shown that the radiolucent area actu
ally represents a zone of widening of the inferior portion
of the physeal plate, with associated abnormal ossification

FIGURE 26-7. The anteroposterior view of a hip affected with

developmental coxa vara demonstrates the method of measure
ment of the Hilgenreiner physeal angle. The physeal angle repre
sents the angle subtended between the planes of the Hilgen
reiner line and the physeal plate, which measures 65 degrees in

this example.
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and an interposed triangular segment of dystrophic bone

mechanics

(15,16).

28-30) [*»4.4]. Historically, femoral osteotomies at the
level of the neck and intertrochanteric and subtrochanteric
regions have been proposed. Brackett and New (31) rec
ommended a femoral neck procedure in which the dysplastic neck was resected, with the remaining proximal shaft
inserted into the femoral head, coupled with advancement

Natural History
Historically, untreated developmental coxa vara was viewed
as a condition in which a pattern of progressive varus defor

mity of the proximal femur ultimately resulted in the devel
opment of a stress fracture-related nonunion of the femoral
neck and premature degenerative arthritic changes within
the hip joint (5). These changes led to progressive pain
and disability for the patient, and were thought to occur
universally after the condition was established. Weinstein
and colleagues (25) and Serafin and Szulc (23) showed that
not all patients with developmental coxa vara follow such
a progressive course. Their studies demonstrated that the
determining factor for progression of the varus deformity
was the Hilgenreiner physeal angle. Patients demonstrating

a physeal angle that remained less than 45 degrees more
commonly had spontaneous healing of the femoral neck
defect and an associated arrest in progression of the varus
deformity. Patients with a physeal angle greater than this
value were found to more commonly manifest the more
classic progressive pattern.
Treatment

As long as the actual cause of developmental coxa vara re
mains unknown, treatment of the condition must continue
to concentrate on prevention of the secondary deformities

of the proximal femur created by the condition's natural
history, instead of on prevention of the disease itself. Borden
et al. (26) identified the main objectives of current treatment
to include correction of the varus angulation into a more
normal physiologic range, changing the loading characteris
tics seen by the abnormal femoral neck from shear to
compression, correction of limb-length inequality, and reestablishment of a proper abductor muscle length-tension
relation.
Nonoperative treatment during childhood has histori

cally been unsuccessful in achieving the objectives of proper
treatment. Jones and Lovett (3) and Barr (27) previously

in

developmental

coxa vara

(3,9,11,22,26,

of the greater trochanter. In general, this and other femoral
neck procedures have higher morbidity rates and poorer

clinical results than the intertrochanteric—subtrochanteric
osteotomies, which remain the treatments of choice (10).
Pauwels' Y-shaped osteotomy (32,33) and Langenskiold's
valgus-producing osteotomy (11) are examples of intertro
chanteric corrective osteotomies that have produced good
results. Unfortunately, Pauwels' Y-shaped osteotomy does
not allow rotational correction of the upper femur. Subtro
chanteric valgus-producing osteotomies, as described by
Fairbanks (3), Borden et al. (26), and Amstutz and Wilson

(28), also remain well-proven forms of successful therapy
in achieving the goals of surgical treatment (Fig. 26-8).
Additional principles of proper surgical treatment in
clude a concomitantly performed adductor tenotomy that
allows less-forceful correction of the bony deformity and
improved stability at the osteotomy site, when the femur is
put into valgus (30). A proximal femoral shortening proce
dure at the level of the osteotomy can be employed to facili
tate correction of the varus deformity and unload the fem
oral head, in situations in which difficulty in reduction of
the osteotomy and excessive femoral head pressure are real
ized as proximal femoral valgus is recreated (34). To prevent
loss of the surgical correction achieved before healing of
the osteotomy, firm internal fixation, by a tension band
technique, blade plate, or nail-plate system, is recom
mended. Violation of the physeal plate by the internal fixa
tion device should be avoided, if possible. A spica cast may
or may not be applied, depending on the stability of the
internal fixation and patient compliance.
It is important to include internal rotation of the distal
segment at the time of osteotomy, to correct the loss of
internal rotation seen in developmental coxa vara and re
establish more normal rotational arcs at the hip, postopera-

proposed spica cast immobilization, with the affected limb

tively. The goal of surgical treatment is to produce a valgus

in abduction for 6 to 12 months. Although Barr was able
to demonstrate closure of the femoral neck defect, neither

overcorrection of the neck-shaft angle of the proximal
femur, regardless of the patient's age. Several researchers
have demonstrated that the neck-shaft angle of the proxi

group found any improvement in the neck-shaft angle of
the proximal femur with this form of treatment. Nillsone

mal femur should be corrected to a value of 160 degrees or

(14) and Le Mesurier (22) investigated the use of heavy

greater, and that the Hilgenreiner physeal angle should be

skeletal traction and bed rest, but they could not identify

corrected to 30 to 40 degrees, or less at the time of osteot
omy, to significantly decrease the potential for varus defor

any beneficial effects from such treatment. Zadek (4), in a
review of conservative treatment of developmental coxa
vara, concluded that the previously attempted nonoperative
methods had universally poor or no value.
Surgical derotational valgus-producing proximal femoral
osteotomy has been shown to be the most effective form
of treatment in the restoration of more normal hip joint

mity recurrence (9,25,32,35) (Fig. 26-9). In 1997, Carroll
and colleagues (36) reemphasized the importance of ade

quate correction of the Hilgenreiner physeal angle in the
prevention of recurrent varus during treatment of coxa vara.
Ninety-five percent of their operative hips, with a postoper
ative correction of the physeal angle to less than 38 degrees,

Developmental Coxa Vara
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INTERTROCHANTERIC
OSTEOTOMY

FIGURE 26-8. Surgical methods of valgusproducing proximal femoral osteotomy. A:

The Langenskiold intertrochanteric oste
otomy. (From ref. 11, with permission.) B:
The Borden subtrochanteric osteotomy.
(From ref. 26, with permission.) C: The
Pauwels Y-shaped osteotomy. P represents
the plane of the growth plate, and H rep
resents the horizontal plane. In this exam

ple, a 44-degree closing-wedge osteotomy

can correct the physeal angle to 16 de
grees. (From ref. 32, with permission.)

had no recurrence of the coxa vara during growth. In con
trast, 93% of the osteotomies that retained a physeal angle
greater than 40 degrees required revision for recurrent varus.

Zadek (4) and Le Mesurier (22) proposed drilling and
supplemental bone grafting of the femoral neck at the time
of osteotomy, to facilitate healing of the femoral neck defect
and restrain recurrent deformity. The need for these addi

tional procedures at the time of osteotomy has subsequently
been shown to be unnecessary.

The criteria for surgical intervention, in a patient with
developmental coxa vara, include one or more of the follow
ing clinical and radiographic findings: the proximal femoral
Hilgenreiner physeal angle is greater than 45 to 60 degrees,
the proximal femoral neck-shaft angle is progressively de-
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FIGURE 26-9. Anteroposterior pelvic radiographs of a boy 2 years, 2 months of age, with develop
mental coxa vara. A: Preoperative radiograph. B: Postoperative radiograph. A subtrochanteric
derotational proximal femoral osteotomy successfully achieved the objectives of surgical correc
tion, including correction of the varus angulation into a physiologic range, changing the loading

characteristics of the femoral neck from shear to compression by achieving a physeal angle of 30
degrees or less, and reestablishing a proper abductor muscle length-tension relation.

creasing or measures less than or equal to 90 to 100 degrees,

more likely represents a possible surgically induced accelera

or the patient with developmental coxa vara develops a

tion of natural physeal plate closure. Premature physeal

Trendelenburg gait (9,25,28).

plate closure may also be a manifestation of an inherently

Duncan (6) and Weinstein and colleagues (25) recom

abnormal proximal femoral physis in developmental coxa

mended delaying surgical intervention until after the patient

vara, which is stimulated to undergo closure as the stresses

is 5 to 6 years of age. Weighill (30) proposed performing

across the plate change from shear to compression after sur

surgery on all patients after 18 months of age, as soon as

gical realignment of the proximal femur.

the proper diagnosis has been made. Pylkkanen (11) and

If premature closure of the proximal femoral physeal

Serafin and Szulc (23) demonstrated improved results from

plate occurs, the patient must be monitored closely for the

surgery in younger patients. Corrective osteotomy is best

development of a growth-related recurrent varus deformity

performed, not at a particular age, but as soon as the criteria

of the proximal femur, and for development of a significant

for surgical intervention are apparent. If the proper indica

limb-length inequality secondary to closure of the proximal

tions are unambiguous, a delay in surgical intervention until

femoral physis, which accounts for approximately 13% of

an older age, in hopes of achieving better internal fixation,

the growth of the lower limb.

is not justified. The progressive proximal femoral deformity
and dysplastic changes at the femoral head, neck, and acetabulum, which occur with time, make complete and lasting

Historically, recurrence of the proximal femoral varus
after surgical correction was a frequent complication as pa
tient growth continued. This recurrence of the varus defor

correction much more difficult or impossible to achieve.

mity was thought to be secondary to the underlying patho

Results

However, Weighill (30), Weinstein and colleagues (25),

The triangular metaphyseal defect in the femoral neck spon
taneously closes by 3 to 6 months postoperatively, in the

logic process associated with developmental coxa vara.
Kehl and associates (9), Desai and Johnson (35), and
Cordes' group (32) have all demonstrated that true varus

majority of cases of developmental coxa vara, if adequate

recurrence, secondary to the underlying pathologic process,
is rare if adequate proximal femoral valgus is reestablished

valgus has been created (9) (Fig. 26-10). Between 50 and

and maintained by stable internal fixation.

89% of operated hips demonstrate a premature closure of

The proximal femoral physeal angle must be corrected

the proximal femoral physeal plate. This usually occurs

to 30 to 40 degrees or less, to facilitate the conversion of

within 12 to 24 months after surgery (9,24) (Fig. 26-11).

shear to compression forces on the proximal femoral growth
plate. It is equally important that stable internal fixation be
used to maintain the valgus correction until full osseous

This premature physeal plate closure is not related to surgi
cal trauma, patient age, or degree of valgus correction. It

Developmental Coxa Vara

FIGURE 26-10. Anteroposterior radiographs of a hip affected with developmental coxa vara AThe preoperative radiograph demonstrates a classic inferior femoral neck triangular fraqment'
B: Three months postoperatively, the radiograph demonstrates correction of the physeal angle'
with spontaneous closure of the femoral neck triangular metaphyseal fragment

FIGURE 26-11 The anteroposterior pelvic radiographs of a boy 6 years, 3 months of aqe demon
strates bilateral developmental coxa vara. A: Preoperative radiograph. B: The postoperative radio

graph, 8 months after the subtrochanteric proximal femoral derotational osteotomies demon
strates bilateral spontaneous closure of the proximal femoral epiphyseal plates and the qreater
trochanteric apophyses remain open. (From ref. 34, with permission )
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C,D
FIGURE 26-12. Illustration of recurrent coxa vara secondary to premature proximal femoral epiphyseal plate closure and secondary greater trochanteric overgrowth. A: Preoperatively, the proxi
mal femoral physeal plate is open. B: Postoperatively, adequate surgical correction has been
achieved. C: Premature closure of the proximal femoral physeal plate, with the greater trochan
teric apophyseal plate remaining open. D: Recurrent coxa vara secondary to unbalanced growth
about the proximal femur. Arrows in C and D indicate the direction of subsequent growth. (From
ref. 34, with permission.)

healing has occurred, and that the internal fixation device
does not violate the physeal plate. If premature proximal
femoral epiphyseal plate closure occurs, it creates a situation

of unbalanced growth about the proximal femur, with sec
ondary trochanteric overgrowth and recurrent coxa vara and

tion's true cause remains unknown, the associated signs and
symptoms, natural history, and ultimate patient outcome

have been well documented. Transient synovitis is usually
characterized by the acute onset of monarticular hip pain,
limp, and restricted hip motion, in a patient who is other

coxa brevia (Fig. 26-12). To prevent this recurrent defor
mity, it is recommended that after premature closure of the

wise not systemically ill. The symptoms generally show a

proximal femoral epiphyseal plate has been documented,
greater trochanteric apophyseodesis, or advancement |W4.9]
be performed before the development of a recurrent defor
mity (9). If the varus deformity does recur, a repeat valgusproducing femoral osteotomy can be performed.
Proper and timely treatment of developmental coxa vara
can result in a hip joint that is painless, has a functional
range of motion, and demonstrates a negative Trendelen-

and are rarely associated with recurrences or late sequelae.

gradual but complete resolution over several days to weeks,
This clinical entity has been previously described by nu
merous names because of confusion about its cause. Some
of the previously used terms include transitory synovitis,

transitory coxitis, acute transient epiphysitis, coxitis fugax,
coxitis serosa seu simplex, phantom hip, toxic synovitis, and
observation hip. Transient synovitis is most commonly used
to describe this clinical condition. Transient synovitis also

burg gait at maturity. Although most patients continue to

remains the most descriptive term, because of its reference

show a mild residual limb-length inequality, it rarely is sig

to the condition's short duration and associated pathology.

nificant enough to require a shoe lift (9,11).
Through compliance with the outlined surgical indica

transient synovitis. The several variable patterns of presenta

tions and proper technique, the objectives of treatment of
developmental coxa vara can be accomplished, with a pre
dictable conversion of the condition's natural history—de

There remains no diagnostic test to confirm the disease
tion and courses of illness associated with transient synovitis
raise the question whether this disease has many different
phases and features, or represents a number of diseases that

velopment of degenerative arthritis and pain in late adoles
cence or early maturity—to a hip joint that is painless and

appear clinically alike.

has

Historical Review

a

much-improved

long-term

functional

outcome

(9,32,35).

TRANSIENT SYNOVITIS OF THE HIP

In 1892, Lovett and Morse (39) first described transient
synovitis of the hip, and differentiated it from tuberculous
synovitis, when they referred to the condition as "a short
lived and ephemeral form of hip disease that presents at

Transient synovitis of the hip represents the most common

cause of hip pain in childhood (37,38). Although the condi

first the characteristics of common hip disease, but the

symptoms of which disappear within a few weeks or months

Transient Synovitis of the Hip

instead of continuing for years" (39). Bradford and Lovett
(40), Todd (41), Fairbank (42), and Belmonte (43) subse
quently described a similar painful condition of the hip that
was characterized by a transient course of symptoms with
rapid resolution and permanent recovery. In 1933, Butler
(44) described children admitted to the hospital with pain
ful hip symptoms but normal radiographs, who subse
quently demonstrated a self-limiting and rapidly resolving
clinical course. He coined the term "observation hip" for
this condition. In 1936, Finder (45) confirmed, through

biopsy specimens, that the condition was characterized by

a nonpyogenic inflammatory response of the synovium of
the hip joint.
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injury to be the leading cause of transient synovitis, and

Gledhill and Mclntyre (47) also found trauma frequently
was associated with the condition.

An association between an allergic predisposition and

the development of transient synovitis of the hip has been
reported for 16 to 25% of symptomatic patients (38,43).
Edwards thought the condition represented an allergic hy
persensitivity response manifesting itself within the hip
joint, as evidenced by the dramatic clinical improvement
seen in symptomatic patients given antihistamines (46).

Rothschild, Russ, and Wasserman (50) supported an allergic
cause, based on the rapid clinical improvement seen in their

patients with transient synovitis, when given intramuscular

steroid injections. Nachemson and Scheller (55) reported
Etiology

on 12 patients (16.4%) of a 73-patient study group with
transient synovitis of the hip, who demonstrated an associa

Although the cause of transient synovitis of the hip remains
undefined, the more popular hypotheses proposed imply an
association between transient synovitis and one or more of
the following: active or recent infection, trauma, or allergic
hypersensitivity (38,41,42,44,46-50).
The concept of a possible infectious cause is given cre
dence by the frequent association of transient synovitis with

percentage of patients in the general population reporting

current or antecedent illness. A nonspecific upper respira
tory infection, pharyngitis, and otitis media have been asso

predispose to the development of transient synovitis. He
demonstrated a three times greater incidence of the condi

ciated with the occurrence of transient synovitis in as many
as 70% of cases (38,47,51). Fairbank (42), Miller (48), But
ler (44), and Spock (38) have proposed a definite causal
association between transient synovitis and a concomitant
viral or bacterial infection. Spock reported isolating an in
creased incidence of /3-hematolytic streptococci from the
nose and throat of patients with transient synovitis, com
pared with asymptomatic pediatric patients. He also found
elevated viral titers in 50% of the patients tested (38). Hardinge (52), however, could find no definite correlation be
tween infectious sources and transient synovitis, when com
paring parameters of infection found in involved patients

with age-matched controls. Tolat and associates (53) dem
onstrated elevated interferon levels in the systemic circula

tion, normally negligible in healthy individuals, in 43% of

65 patients with acute transient synovitis. Fifteen of 16 of
these patients, with fluid aspirated from the involved hip,
also showed elevated interferon levels in the synovial fluid.
Although viral cultures of the same synovial fluid were all
negative, the authors concluded that elevated interferon lev
els in the joint and blood of several patients with acute
transient synovitis indicated an activated interferon system,
possibly secondaiy to a viral etiology. Blockey and Porter
(54) and Lockhart and colleagues (51), however, were una

ble to confirm any correlation with viral infections through
detailed virologic studies of patients with transient synovitis.
A history of preceding local trauma to the involved hip

in transient synovitis has been reported in 17 to 30% of
patients (38,43). In 1925, Todd (41) proposed that trauma

was a frequent factor associated with transient synovitis of
the hip, and thought that the condition was nothing more
than a simple "contusion of the hip." Rauch (49) proposed

tion between a hyperallergic state and a history of transient
synovitis of the hip. This association, however, was also

discredited when the investigators demonstrated that the

allergic hypersensitivity was essentially equal to that found
in patients with previous transient synovitis.

Spock (38) proposed that body size in the child may

tion in patients of a stocky and obese physique than in a

randomly selected group of children with similar ages. Bi

opsy specimens from hip joints of patients with transient
synovitis have universally demonstrated synovial hypertro

phy secondary to a nonspecific nonpyogenic inflammatory
reaction (45,56,57). Hip joint aspiration has shown an asso
ciated culture-negative synovial effusion, usually measuring
1 to 5 mL (58-60).

Incidence

Transient synovitis has been reported to be the most com
mon cause of hip pain in children. The diagnosis of transient
synovitis has historically accounted for 0.4 to 0.9% of an
nual pediatric hospital admissions (37,38). The actual inci
dence of the condition, however, is likely to be higher than
that reported, because many patients with the condition
never seek medical attention, and few patients are hospital
ized once the diagnosis has been established. Landin and
colleagues (37) reported that the risk for a child to have at
least one episode of transient synovitis of the hip is 3%. A
seasonal preference for the condition has not been demon

strated other than by Landin and associates (37), who
showed a slightly higher rate of occurrence during the au
tumn months.

Right and left involvement is essentially equal, with si
multaneous bilateral involvement never having been re
ported. There is an approximately 2:1 male to female ratio,

and a much lower incidence among African-Americans (58).
Clinical Presentation

The condition has been reported in patients as young as
9 months of age through adolescence. The average age of
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symptom onset is 6 years, with most cases occurring be

The pain and synovitis associated with juvenile rheuma

tween 3 and 8 years of age (43,47,58,61). The most frequent

toid arthritis (64), tuberculous arthritis (65), and Perthes

presenting complaint is the acute onset of unilateral hip

disease (66) usually are more insidious in onset, and more

pain in an otherwise healthy patient. The pain is usually

protracted in duration, than is seen in transient synovitis.

confined to the ipsilateral groin and hip area; however, it

Hip motion at the onset of symptoms tends be limited to

may present as anterior thigh or knee pain. An associated

a lesser degree than is seen in transient synovitis. Skin testing

limp and antalgic gait are usually seen, with some patients

results are positive in tuberculous arthritis, and radiographic

refusing to bear weight on the involved extremity. The in

changes subsequently develop in Perthes disease and tuber

volved extremity is held in a flexed and externally rotated

culous arthritis.

position, and has a restricted range of hip motion, especially
abduction and internal rotation. Protective muscle spasm
and an associated flexion contracture are frequently identi

Radiographic Findings

fied. The patient may have a low-grade temperature that

Radiographs of the pelvis and hip of a patient with transient

is rarely greater than 38°C (38,43,58). Ipsilateral muscle

synovitis are usually normal. Their main purpose is to ex

atrophy is rarely seen, but when present, it usually implies

clude other diseases that may involve the hip joint. Drey

a long-standing duration of symptoms, and a diagnosis

(67) and Hermel and Sklaroff (68) previously proposed the

other than transient synovitis should be considered.

use of plain radiographs in diagnosing hip joint effusion in

Laboratory values are nonspecific and are usually within

transient synoviris. They proposed that capsular distension

normal limits, despite the wide range of values that have
been reported. The peripheral blood smear includes a white

of the iliopsoas, obturator internus, and gluteus minimus.

blood cell count averaging 10,000 to 14,000 cells/mm3

They also proposed that local inflammation could lead to

resulted in measurable displacement of the muscle shadows

(range, 3,000 to 28,000 cells/mm3) and a Westergren eryth-

the loss of the intermuscular fat planes lateral to the hip

rocyte sedimentation rate averaging 20 mm/h (range, 1 to

joint. Subsequent investigators have reported demonstrating

63 mm/h) (58). Urinalysis, blood culture, febrile aggluti-

these soft tissue changes in as many as 60% of patients with

nins, serum electrophoresis, rheumatoid factor, and tuber

transient synovitis (47). In 1975, Brown (69) refuted this
finding, by showing that the previously reported soft tissue

culin skin test results are usually within normal limits.

The diagnosis of transient synovitis of the hip remains

changes lateral to the hip on plain radiographs were unrelia

a diagnosis of exclusion. Although routine laboratory and

ble in determining true hip joint effusion. He demonstrated

radiographic studies have not been of specific value in mak

that the displacement of the muscle planes was related to

ing the diagnosis, they do assist in eliminating other condi

positioning of the limb, and was not the result of true capsu

tions of the hip that may have features similar to those of

lar distension.

transient synovitis. The differential diagnosis of transient

Wingstrand (70), Bickerstaff and colleagues (71), Futami

synovitis includes pyogenic arthritis, osteomyelitis in the

and associates (72), and Terjesen and Osthus (73) have used

adjacent femoral neck or pelvis, tuberculous arthritis, juve

ultrasound for patients with transient synovitis, to docu

nile rheumatoid arthritis, acute rheumatic fever, Perthes dis

ment the presence of a hip joint effusion and determine

ease, tumor, and slipped capital femoral epiphysis.
Pyogenic arthritis of the hip, with or without associated

documented joint effusions with ultrasound in 71% of 111

osteomyelitis of the femoral neck, differs from transient syn

patients presenting with an acutely irritable hip. Serial ultra

ovitis of the hip, in that the patient is usually systemically

sound studies showed the effusions to decrease steadily in

ill with a high fever. Pain at the affected hip is usually more

size, with resolution in a mean time of 9 days. Symptoms

intense than is seen in transient synovitis, with voluntary

resolved in these same patients in a mean period of 5 days.

its natural history (Fig. 26-13). Bickerstaff and colleagues

guarding allowing little or no hip motion. Unlike transient

Larger effusions at presentation were associated with a

synovitis, the symptoms of pyogenic arthritis do not im

longer duration of symptoms and a longer time to effusion

prove significantly with rest, and are progressive. Laboratory

resolution. Thirty-two (29%) symptomatic patients had no

studies of pyogenic arthritis show a higher elevation in the
white blood cell count, usually with a left shift; a higher

documented joint effusion at presentation or at follow-up,

elevation of the erythrocyte sedimentation rate; and puru

not always be the source of symptoms. Although ultrasound

lent fluid on aspiration of the hip joint (62).

can be useful in documenting and following a hip joint

The synovitis associated with acute rheumatic fever and

implying that the joint" effusion in transient synovitis may

effusion in transient synovitis, it is not in and of itself diag

poststreptococcal reactive arthritis usually occurs 2 to 4

nostic of the condition, and is not routinely required in

weeks after a group A streptococcal infection. The affected

making the diagnosis.
Wingstrand and colleagues (74), Kloiber and associates

joint is warm, erythematous, and exquisitely tender to any
attempt at motion. Unlike transient synovitis, the joint

(75), and Hasegawa et al. (76) evaluated pin-hole collima-

symptoms in these two conditions may be migratory and

tion scintigraphy of the hip involved with transient synovi

can be associated with a transient rash (63).

tis, and showed a variety of possible patterns of isotope

Transient Synovitis of the Hip

1047

FIGURE 26-13. Longitudinal linear ultrasonographic view of the hips in a boy 5 years 4 months
of age, who had transient synovitis of the right hip. A: Ultrasound scan of the symptomatic right
hip demonstrates a large joint effusion, as indicated between the cursor markings. B: Ultrasound

scan of the asymptomatic left hip, for comparison, demonstrates no joint effusion.

uptake. Hasegawa and colleagues demonstrated that 49%

of femoral heads of 55 patients involved with transient syno

vitis appeared normal on the scan. Twenty-four percent of

femoral heads demonstrated decreased activity, and in

creased regional activity about the femoral head was found
in 27%. It was observed that the patients with decreased

femoral head activity on scintigraphy had an average of 5
days from the onset of symptoms, and the patients with

increased femoral head activity averaged 23 days. When

follow-up scintigraphy was performed on five of the patients

initially demonstrating decreased uptake in the femoral
head, all five patients demonstrated normalization or in
creased isotope activity in the femoral head.
These findings demonstrate that there can be a transient
decrease in vascular perfusion of the femoral head during the
early stages of transient synovitis. The decrease in perfusion,
however, was never severe, and seemed to resolve sponta
neously, with femoral head perfusion subsequently return
ing to a normal or increased pattern (48,76). The role of

bone scanning in transient synovitis remains undetermined,
and until the proposed therapeutic benefits afforded by early
bone scintigraphy in the patient with transient synovitis
have been documented, its routine use is not recommended.

Although most episodes of transient synovitis are isolated

to a single event, recurrence of the symptoms in the same
or contralateral hip has been reported for approximately

4 to 17% of patients (58,77). Illingworth has shown that
recurrences can develop at any time, but are most likely to

occur within the first 6 months after the initial episode (77).
Most short-term retrospective reviews on transient syno
vitis report complete resolution of all signs and symptoms

in the affected hip, with no immediate residual clinical or
radiographic abnormalities (38,42,43). Although most pa
tients remain asymptomatic, long-term studies have demon
strated mild radiographic changes in the involved hip.
Kallio reported asymptomatic coxa magna of 2 mm or
more in 32% of 109 patients with transient synovitis of the

hip, after a follow-up period of 1 year (59). He questioned
if this high frequency of coxa magna seen after transient
synovitis could play a role in the development of degenera
tive joint disease in adulthood. De Valderrama (78) reported
23 patients who had had transient synovitis and were re
viewed at an average of 21 years later. He reported a 50%

incidence of radiographic changes in the involved hip, con
sisting of various degrees of coxa magna, degenerative joint
disease, and femoral neck widening. He thought these

changes were secondary to the local hypervascularization of
Natural History

the hip that had been associated with the initial inflamma

tory synovitis. Nachemson and Scheller (55) described 73

As its name implies, transient synovitis usually demonstrates

patients with 20- to 22-year follow-up periods. When the

symptoms is 10 days, but some patients have remained

curred, they were described as "few and mild." Although

a limited duration of symptoms. The average duration of

symptomatic for as long as 8 weeks (47,58). Haueisen and

colleagues (58), in reviewing a large number of cases, re
ported the duration of symptoms to be less than 1 week for
67% of patients, and less than 4 weeks for 88% of patients.

clinical and radiographic sequelae of transient synovitis oc

the researchers described a few patients with mild decreases
in hip motion, the change was not associated with any func
tional disability. Coxa magna and femoral neck density

changes were increased over normal values, but these

1048

Chapter 26: Developmental Coxa Vara, Transient Synovitis, and Idiopathic Chondrolysis of the Hip

changes were unassociated with functional limitations. Na-

chemson and Scheller (55) found no radiographic changes
of degenerative joint disease in their patients at follow-up.
The full importance of these radiographic changes occur
ring about the hip previously involved with transient synovi
tis remains unknown. Although very few of the patients

whose radiographs showed mild changes have been found
to be symptomatic, with longer follow-up, it is possible that
the incidence of symptoms may change.

Several investigators have reported cases of Legg-CalvePerthes disease developing several months after an episode
of transient synovitis (37,38,47,71,73,79). Jacobs (57) and
Bickerstaff and colleagues (71) thought that there was a
definite correlation between the two conditions, and that
patients with transient synovitis who had a more slowly
resolving or recurrent clinical pattern were much more likely
to develop Legg-Calve-Perthes disease. Spock's survey of the
modern literature demonstrates an association of the two
conditions in an average of 1.5% of patients (range, 0 to

17%) (38,57,80). Gledhill and Mclntyre (47) reported an

association in 0.9% of patients with transient synovitis. A
direct causative correlation, however, between transient syn
ovitis and the subsequent development of Legg-CalvePerthes disease, secondary to an induced vascular insult to
the femoral head, has never been documented. It is more
reasonable to conclude that the small percentage of patients
demonstrating this association were patients with Legg-

Calve-Perthes disease who manifested an early synovitis that

was indistinguishable from that seen in transient synovitis.

Treatment

Treatment of transient synovitis of the hip is directed at
rapidly resolving the underlying inflammatory synovitis

with its associated symptomatology. Bed rest and full relief
of weight bearing on the involved joint, until pain resolves
and full motion returns, is the initial treatment of choice

(38,43,47,58). This is followed by a period of continued
cessation of all strenuous activities involving the hip. If an
asymptomatic limp persists, continued bed rest for younger
patients, or partially relieved weight bearing for patients

capable of crutch ambulation, should be used until a normal
gait pattern has returned. Failure to enforce joint rest, and
a too-early return to activities, were shown by Hermel and
Albert to result in a doubling of the time required for initial
symptomatic relief, and an increased rate of symptom recur

rence (43).

During the initial treatment of transient synovitis, the
routine use of skin traction on the involved limb is no longer
recommended. Skin traction is mainly used in patients with
recalcitrant or recurrent symptoms. It can also be of assis

tance for the younger child in whom enforcement of bed
rest cannot otherwise be easily achieved. If traction is to be
employed, the position of the involved limb and hip during
traction has potential significance. Wingstrand and associ

ates (81), Kallio and Ryoppy (82), and Kesteris and col
leagues (60), through the use of ultrasound scanning and
intraarticular pressure measurements of patients with tran
sient synovitis and an associated joint effusion, demon
strated that hip joint pressure measurements are at a maxi
mum when the hip is positioned in extension, and can reach

potentially critical values with respect to capillary blood
flow. Minimum pressure measurements are recorded when
the hip is placed in 30 to 45 degrees of flexion. To avoid
potential vascular complications, the involved limb and hip
should not be positioned in extension when skin traction

is used during bed rest; the limb and hip should be placed
in 30 to 45 degrees of flexion, and subsequently lowered,
as determined by patient comfort.

To aid in resolution of the inflammatory synovitis, oral
nonsteroidal antiinflammatory medication, given in thera

peutic doses, can be used. The use of aspirin is avoided
in the child with an active viral infection, because of the
association of aspirin and Reye syndrome in children with
acute viral illnesses. The routine use of antibiotics and sys
temic steroid preparations is not indicated.
Routine aspiration of the hip joint is of no proven shortterm or long-term therapeutic value in transient synovitis,

and is recommended only to assist in diagnosis (79,80).
Wingstrand and associates (81), Terjesen and Osthus (73),
and Kesteris and colleagues (60) demonstrated by ultra
sound scans that intracapsular hip joint effusions and sec
ondary hip capsular distension in this condition are only
minimally reduced by aspiration, and that they recur rapidly
after aspiration.

IDIOPATHIC CHONDROLYSIS OF THE HIP

Chondrolysis represents a process characterized by progres

sive destruction of the articular cartilage from both surfaces
of the involved joint, resulting in secondary joint space nar
rowing and stiffness. Chondrolysis involving the hip joint
has followed infection, trauma, prolonged immobilization

(83), and severe burns about the lower extremities (84). It
is most frequently reported as a complication associated
with the treatment of slipped capital femoral epiphysis
(83,85,86). An acute form of rapidly progressive chondro
lysis, occurring most frequently during adolescence, with
isolated involvement of the hip joint, but without a demon
strable cause, has also been reported. This condition is re

ferred to as "idiopathic chondrolysis of the hip." The rapid
loss of articular cartilage from the femoral head and the
acetabulum in this condition is unique, and differs from that
usually seen in other noninfectious inflammatory conditions
affecting the hip joint in this same age group.

Historical Review

Chondrolysis involving the hip joint was originally referred
to by Elmslie (86) in 1913 as a potential complication after
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ciation between chondrolysis and slipped capital femoral
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serum immunoglobulins showed the greatest elevations in
patients with associated chondrolysis. Morrissy et al. (101)

epiphysis was documented by Waldenstrom in 1930 (87).

evaluated 16 patients with slipped capital femoral epiphysis.

In 1971, Jones (88) reported a series of nine adolescent black

Although they did not demonstrate an increase in the serum

African girls who had no clinical or radiographic evidence of
slipped capital femoral epiphysis or hip joint infection, who
spontaneously developed the symptoms and signs of classic
chondrolysis of the hip. Jones' series represents the first clin
ical description of idiopathic chondrolysis of the hip joint.
Several articles since that time have documented the condi

immunoglobulin levels above normal values, they did docu
ment 3 of the 16 patients to have positive immunofluorescence for immunoglobulin G (IgG) and the C3 component

of complement in the synovial tissue of the hip, with two
of these patients subsequently developing chondrolysis. Van
der Hoeven and colleagues (102) demonstrated immuno-

tion's existence, clinical presentation, suggested treatment,

complex deposition of IgM and the C3 component of com

and prognosis (83,89-95).

plement in the synovium of 3 of 4 patients with idiopathic

chondrolysis.

Etiology
As the name implies, the cause of idiopathic chondrolysis

Minimal information has been reported concerning simi
lar evaluations of the serum or synovial factors of the auto
immune system in patients with idiopathic chondrolysis of

of the hip remains unknown. Previously proposed theories

the hip. Bleck reviewed nine patients with idiopathic chon

about the cause of idiopathic chondrolysis of the hip include

drolysis of the hip, and reported normal levels of serum

nutritional abnormalities (85,87), mechanical injury (96),

immunoglobulins in all (89). In 1983, a case report by

ischemia (97), abnormal intracapsular pressure (97), and
an inherent abnormal chondrocyte metabolism within the

Smith et al. (103) demonstrated normal immunofluores-

articular cartilage (98). Waldenstrom (87) proposed that an

tient with idiopathic chondrolysis of the hip.

cence studies of the synovium and cartilage in a single pa

alteration in the normal synovial supply of nutrition to the

articular cartilage led to chondrolysis. Cruess (85) agreed
with this theory, and proposed that a fibrosis of the synovial

Incidence

membrane led to a decrease in synovial fluid production

The incidence of idiopathic chondrolysis of the hip remains

within the hip joint that resulted in inadequate nutritional
support of the articular cartilage, with subsequent chondro

unreported. The condition, however, is relatively uncom

cyte death and secondary cartilage resorption. Jacobs (96)

literature through 1989 (90).

mon, with only 42 patients having been recorded in the

proposed that chondrolysis was the result of a mechanical

insult to the articular cartilage or synovium that resulted
in a release of lysosomal chondrolytic enzymes that led to

Clinical Presentation

cartilage destruction. Kozlowski and Scougall (98) proposed

Idiopathic chondrolysis of the hip occurs five times more

that idiopathic chondrolysis represents a form of articular
cartilage dysplasia in which the chondrocytes of articular

frequently in female patients than in male patients. The

cartilage have an inherent abnormality in metabolism that

for girls (range, 9 to 18 years) and 14.8 years for boys (range,

reported age at the onset of symptoms averages 12.5 years

can be triggered into a disease state by an unknown environ

13 to 20 years). The right hip is involved at a slightly higher

mental event in susceptible individuals.

frequency than the left (104). Bilateral hip involvement has

The most plausible theory concerning the cause of chon

drolysis remains that proposed by Golding in 1973 (93),

been reported for seven patients (89-91,95,105). Following
Jones' original description of idiopathic chondrolysis of the

Mankin et al. in 1975 (99), and Eisenstein and Rothchild

hip in nine adolescent black African females, the condition

in 1976 (97), in which they postulated articular cartilage

was regarded as an affliction primarily of persons of African

resorption to be secondaiy to an autoimmune response

descent. Since that time, idiopathic chondrolysis has been

within the hip joint in genetically susceptible individuals.

recorded in white, Hispanic, and American Indian patients.

Microscopic evaluation of the synovial tissue from hip joints
involved with idiopathic chondrolysis give credence to the

As of 1989, 52% of the recorded patients were of African
descent and 38% were white (90).

autoimmune theory by routinely demonstrating an increase
in chronic inflammatory cells consisting of lymphocytes,

onset of pain in the anterior or medial side of the affected

plasma cells, and monocytes concentrated in a perivascular

hip in an afebrile patient. The pain is associated with pro

pattern (88,92,100,101).

gressive joint stiffness and a limp. Patients often complain

Eisenstein and Rothchild (97) demonstrated significant

The most frequent presenting complaint is the insidious

of the development of a limb-length inequality secondary

elevations of serum and synovial fluid immunoglobulins,

to contractures about the affected hip with secondaiy pelvic

and of the C3 component of complement, in patients with
slipped capital femoral epiphysis and associated chondro

obliquity. Examination of the involved hip demonstrates

lysis. In particular, the levels of the IgM fraction of the

significant restriction of motion in all planes, and associated
muscle spasm. Variable patterns of contracture about the
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afifected joint, in idiopathic chondrolysis of the hip, have
been reported; the most common presenting pattern is that
of a fixed flexion, abduction, and externally rotated position
(88-90,93,95,104).

Laboratory values for complete blood count, urinalysis,

rheumatoid factor, antinuclear antibody, HLA-B27 marker,
blood culture, and tuberculin skin testing are usually within
normal limits. The Westergren erythrocyte sedimentation

rate is also usually within normal limits. It can be slightly
elevated, but rarely exceeds 30 mm/h (102,104).
The differential diagnosis for idiopathic chondrolysis of
the hip includes such entities as pyogenic arthritis, tubercu
lous arthritis, juvenile rheumatoid arthritis, seronegative
spondyloarthropathy, and pigmented villonodular synovi

tis. Pyogenic arthritis of the hip differs from idiopathic
chondrolysis in that the patient is systemically ill with high
fever. Hip pain is usually of a more acute onset, and is
associated with intense guarding against hip motion. Labo
ratory studies in pyogenic arthritis show a significant eleva
tion in the white blood cell count and erythrocyte sedimen
tation rate, which are usually not seen in idiopathic
chondrolysis (62).

The chondrolysis associated with juvenile rheumatoid
arthritis (64) and tuberculous arthritis (65) occurs only after
an extended period of symptoms. Although hip motion is

limited in these conditions, it rarely reaches the degree of
restriction seen in idiopathic chondrolysis. Skin testing is
positive in tuberculous arthritis.

Seronegative spondyloarthropathy can present as isolated
involvement at the hip, but usually has additional joint in
volvement later in the course of the disease. Unlike idio
pathic chondrolysis of the hip, seronegative spondyloarthro
pathy has a male predominance, and is frequently seen in
patients who are positive for the HLA-B27 marker (106).
Pigmented villonodular synovitis of the hip has an insidi
ous onset, with progressive motion loss as in idiopathic
chondrolysis. The course of the disease leading to chondro
lysis in pigmented villonodular synovitis tends to be more
chronic and prolonged than in idiopathic chondrolysis. Ra
diographs of the hip in pigmented villonodular synovitis

show more cystic erosions in the subchondral bone on both
sides of the joint. Aspiration of the hip of a patient with
pigmented villonodular synovitis usually produces a moder
ate amount of bloody fluid (107).
Radiographic Findings

The recognition of certain abnormalities on the plain radio
graphs of the affected hip, in conjunction with the presence
of appropriate clinical findings, establishes the correct diag
nosis of idiopathic chondrolysis. The radiographic hallmark

of the condition remains a narrowing of the joint space of
the involved hip from its normal 3 to 5 mm to a value less
than 3 mm (89,90). Complete obliteration of the joint space

rarely or never occurs. There is usually associated osteopenia

FIGURE 26-14. Anteroposterior hip radiograph of a girl 14 years,

2 months of age. The classic radiographic findings in this case of

idiopathic chondrolysis of the hip include a narrowing of the joint

space to less than 3 mm, diffuse osteopenia, blurring of the sub
chondral sclerotic lines on both sides of the joint, and an enlarge
ment of the fovea capitis femori. The hip is also in a position of
abduction, which is commonly seen in this condition.

of the periarticular osseous structures, an irregular blurring
of the subchondral sclerotic lines at the femoral and acetabular joint surfaces, and an enlargement of the fovea capitis
femori. With time, the involved femoral head develops a
mild coxa magna, and the femoral neck widens slightly
(88-90,93,104,105,108) (Fig. 26-14). Moule and Golding
reported that the femoral neck may occasionally demon
strate a limited area of periosteal new bone formation (108)
(Fig. 26-15).
With time, the hip involved with idiopathic chondrolysis

frequently demonstrates a premature closure of the proximal
femoral physis and the trochanteric apophysis. This rarely
results in any major growth abnormality or significant archi
tectural change at the proximal femur, because of the limited
growth remaining at these growth centers. A mild protrusio

acetabuli, assumed secondary to hyperemic softening of the
bony acetabular floor, associated with a buttressing osteo-

phyte at the lateral margin of the acetabulum, has been
reported in up to 50% of cases (89,90,95,104,105,109).
Arthrography of the hip of a patient with idiopathic
chondrolysis can be used to document articular cartilage
loss and secondary joint space narrowing (Fig. 26-16).
Moule and Golding (108) have described a "dappled" pat-
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tern of contrast outlining the femoral head and acetabulum
in idiopathic chondrolysis, secondary to the patchy loss of
articular cartilage that is associated with the condition. Al

though not routinely required, arthrography allows for aspi
ration of the hip to rule out an infectious etiology.
Scintigraphic evaluation of the hip in the active stage of

idiopathic chondrolysis demonstrates a generalized increase
in uptake on both sides of the affected joint. This is second
ary to the local inflammatory and hyperemic response asso
ciated with the early stage of the condition (Fig. 26-17).
Mandeil and colleagues (110) have shown that decreased
activity on bone scintigraphy around the physis of the
greater trochanter, in patients with slipped capital femoral

epiphysis, is frequently associated with concurrent or devel
oping chondrolysis. Whether this scintigraphic finding is

of prognostic value in idiopathic chondrolysis has not yet
been determined.
Axial computed tomography scans of the pelvis can be

used to document local changes in the subchondral bone,
cartilage loss, and secondary narrowing of the joint space
at the involved hip (Fig. 26-18). The use of magnetic reso
nance imaging as a method of assessing the local bone and
cartilage changes at the hip may also be of benefit, but no
FIGURE 26-15. Anteroposterior tomographic view of the hip in

a girl 12 years, 3 months of age with idiopathic chondrolysis dem
onstrates a limited area of periosteal new bone formation along
the inferior femoral neck.

large volume of experience has been recorded.
In the majority of cases, the diagnosis of idiopathic chon
drolysis of the hip can be made by the patient's clinical
presentation and plain radiographs. The routine use of
arthrography, scintigraphy, axial computed tomography,
and magnetic resonance imaging in this condition is not
recommended. Selected use of these modalities, however,
can be of assistance in making a proper diagnosis, when the

FIGURE 26-16. Arthrographic appearance of a hip involved with
idiopathic chondrolysis, demonstrating articular cartilage loss on
the femoral head and acetabulum.

FIGURE 26-17. The scintigraphic appearance of a technetium
99m bone scan of a hip with idiopathic chondrolysis demonstrates
a diffuse increased uptake of the isotope by both sides of the
affected hip.
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FIGURE 26-18. Axial computed tomographic view of the pelvis

and hips in a patient with idiopathic chondrolysis demonstrates

osteopenia and narrowing of the involved joint space of the af
fected hip.

FIGURE 26-19. The clinical photograph of the femoral head of
a girl 12 years, 3 months of age with idiopathic chondrolysis dem
onstrates the lusterless appearance of the articular cartilage, and

diagnosis is clinically suspected, but cannot be confirmed

areas of irregular erosion, fibrillation, and fragmentation.

by plain radiographs alone.

Pathology

Exploration of the hip joint involved with idiopathic chon
drolysis demonstrates numerous abnormalities. The capsule

is routinely thickened. The quantity of synovial fluid is de
creased, producing a "dry joint" (103). The synovial tissue
can be edematous and hypertrophic in the early stages of
the disease, but with more prolonged involvement, the synovium becomes thinned and fibrotic. The articular carti
lage shows changes on both sides of the joint, with the more

significant alterations occurring on the femoral head. The
cartilage has a lusterless appearance, with irregular thinning,
fibrillation, and fragmentation seen in the surface layers.
Areas of erosion in the articular cartilage of various sizes

tapering down to subchondral bone, are identified mainly
in the weightbearing region of the femoral head and acetabulum (88,92,97,100,103,104,108) (Fig. 26-19).

Microscopic review of biopsy specimens of the synovium
consistently demonstrates a nonspecific chronic inflamma
tion. An increased infiltration of plasma cells, lymphocytes,
and monocytes is interspersed throughout a stroma, exhibit
ing an increased vascular and fibrotic pattern. Specimens

of the involved articular cartilage demonstrate frayed and
fragmented superficial layers with areas of necrotic chondro
cytes. The more basal layers of chondrocytes are usually
viable, which may be important in the subsequent regenera

tion of articular cartilage. The subchondral bone is histologically normal, and often demonstrates a mild increase in

vascularity. No evidence of bone necrosis has been identified
(86,88,90-92,100,102,104) (Fig. 26-20).

Ippolito and associates (111) reported the electron mi

croscopic ultrastructural findings in the articular cartilage
from the femoral head of a patient with idiopathic chondro
lysis. The superficial zone I of normal articular cartilage was
found to be missing (112). The normally deeper zone II

had become the most superficial layer. The collagen fibrils
of this zone showed abnormalities in alignment and archi
tecture. Degenerated chondrocytes and debris were found
to be interspersed among viable chondrocytes within the
extracellular matrix of this layer.
Natural History

At one time, idiopathic chondrolysis of the hip was viewed
as a universally progressive disorder with an inevitable out
come of joint destruction, pain, and stiffness. Additional
information concerning the condition's natural history
changed this pessimistic point of view. In 1971, Jones (88),
in his original description of idiopathic chondrolysis of the

hip, recorded a very poor prognosis for the condition. All
nine patients he described ultimately developed significantly
stiffened hips, with most also showing significant dysfunc
tion secondary to hip pain and joint malposition. In 1982,
Sparks and Dall (113) reexamined six ofJones' original nine
patients and found no significant change in their conditions.

They concluded that idiopathic chondrolysis inevitably re-
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onset, and lasts for 6 to 16 months. This stage is character
ized by an inflammatory response within the affected hip

joint, leading to a painful hip with a decreasing range of
motion and loss of articular cartilage. During the latter por
tion of this stage, the degree of synovial inflammation de
creases, with the synovium showing an increase in fibrous

tissue deposition. The acute stage is followed by the chronic
stage, which may last for 3 to 5 years. During this stage,
the hip joint manifests one of three possible outcomes. The
involved hip may continue to deteriorate to an ultimately

painful and malpositioned ankylosis. The involved hip may
become painlessly ankylosed in a position that causes some
limitation of hip function for the patient. Alternatively, the
involved hip may have a resolution of pain, with a partial

or complete return of motion and improved joint space
width shown on radiographs (Fig. 26-21).

Although this new information concerning idiopathic
chondrolysis of the hip allows a more optimistic prognosis,

the full understanding of the condition's natural history and
outcomes awaits further investigation. Questions about the
condition's cause, variable severity of involvement, and in

herent factors, such as race, age, and gender and how they

may influence outcome need to be answered before the opti
FIGURE 26-20. The photomicrograph of a biopsy specimen of
the femoral head from a patient with idiopathic chondrolysis
demonstrates a frayed and fragmented superficial layer of articu
lar cartilage, with viable chondrocytes remaining in the more
basal layers. The subchondral bone appears histologically normal.

mum recommendations for treatment can be determined.

Treatment

As knowledge about the natural history of idiopathic chon
drolysis is gained, a change in philosophy concerning the
condition's treatment will follow. Previously, the prognosis
of idiopathic chondrolysis was viewed as universally poor,

suits in the development of a malpositioned fibrous ankylosis of the involved hip joint.

with ultimate hip joint function rapidly declining and

In 1970, Lowe (86) reported six cases of chondrolysis

cluded early definitive intervention with corrective osteot
omy, bony fusion, or joint arthroplasty for the involved hip.

complicating slipped capital femoral epiphysis. Before his
review, the prognosis for this form of chondrolysis was also
poor. Lowe demonstrated that after 2 to 9 years all six pa
tients showed improved function, range of motion, and ra-

diographic widening of the involved joint space. He there
fore concluded that, at least in some cases of chondrolysis
of the hip, the articular cartilage has the ability to recover
partially with time. In 1983, Bleck (89) demonstrated a
similar favorable outcome for patients affected with idio
pathic chondrolysis of the hip. At a mean follow-up of 6.2
years, 6 of the 9 patients had become essentially asympto
matic, with an improved range of hip motion and a partial
restoration of joint space width. In 1989, Daluga and Millar
(90) reported 14 patients (16 hips) with idiopathic chondro

symptoms rapidly increasing. Recommended treatment in

As knowledge has been gained, a less pessimistic treatment
approach was developed. As many as 50 to 60% of involved
hip joints have the potential to achieve satisfactory function
and motion (89,90,104).
In 1979, Duncan et al. (91) reviewed eight patients with
idiopathic chondrolysis of the hip. Assuming that the hip
involved with idiopathic chondrolysis would inevitably
undergo ankylosis, and that many previously reported pa
tients who had been treated with range of motion had

undergone ankylosis of the hip in a nonfunctional position,
the investigators proposed early and prolonged spica cast
treatment, with the affected hip held in a functional position
until fibrous ankylosis was achieved. They reported that all

lysis of the hip, after a mean follow-up period of 84 months.

patients so treated were functioning well, with an ankylosed

Although no patient showed full restoration of the joint

pain-free hip and satisfactory gait at last evaluation. Treat

space, eight hips showed partial joint space restoration up
to 2 mm. Nine hips demonstrated improved range of mo
tion, and five of these hips had a full return of motion.

ment to attempt to maintain motion was only recom

mended for patients with hip involvement of a "milder de
gree" (91).

Idiopathic chondrolysis of the hip appears to have two

In the 1980s, Bleck (89) and Daluga and Millar (90)

separate stages. The acute stage is initiated at the condition's

reported a much more favorable prognosis for idiopathic
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FIGURE 26-21. Anteroposterior pelvic radiograph of a girl 12 years,
pathic chondrolysis of the hip. A: A radiograph made at the time
significant joint space narrowing at the involved hip. B: A radiograph
after diagnosis demonstrates partial regeneration of the joint space

3 months of age, with idio
of diagnosis demonstrates
of the same patient 2 years
width at the affected hip.

chondrolysis of the hip, with respect to ultimate function,

hip, who were treated with a subtotal circumferential cap-

persistent joint pain, partial restoration of the radiographic

sulectomy and release of tendons at the involved hip. The

joint space, and range of motion of the involved joint. The

surgical procedure was followed by a period of traction,

researchers employed a treatment protocol that included

continuous passive motion, and an aggressive program of

therapeutic doses of nonsteroidal antiinflammatory medica

physical therapy. The patients were subsequently allowed

tions, aggressive physical therapy, periodic traction and bed
rest, and prolonged non-weight-bearing or limited weight-

period. At an average follow-up time of 3 years, the investi

bearing crutch activities for the involved hip.

gators reported all patients to be asymptomatic, with a full

crutch ambulation with partial weight relief for a prolonged

In 1985, Hughes (104) reported the use of continuous

return of hip motion and an improved joint space width

passive motion in the acute stage of idiopathic chondrolysis

on radiograph. In 1999, Del Couz Garcia and colleagues

of the hip for one patient, who demonstrated the mainte

(95) reported on eight hips with idiopathic chondrolysis

nance of an improved range of hip motion throughout early

treated by capsulectomy and tendon release with an average

treatment. In 1993, Canadell and associates (114) proposed

13.2 year follow-up. Although the initial surgical outcome

joint distraction (arthrodiastasis) with a hinged unilateral

appeared to be more favorable, long-term follow-up showed

external fixator as treatment for residual hip stiffness in ado

no significant difference in pain, range of motion, or radio-

lescent patients resulting from various etiologies of hip dis

graphic appearance, when comparing surgically treated hips

ease. Although at 39-month follow-up most hips demon

to nonsurgically treated hips.

strated significantly less

pain,

improved motion,

and

Although some limited reports demonstrate favorable

radiographic articular space widening averaging 2.8 mm,

outcomes for aggressive surgical release, many questions re

only one patient in the study had the diagnosis of idiopathic
chondrolysis, and that patient demonstrated a much less

main unanswered. What are the specific clinical indications
for an aggressive surgical release to be considered for an

favorable result in comparison to the results reported for

individual patient? Does the degree of radiographically dem

patients with other etiologies of hip disease.

onstrated involvement affect outcome? Is the procedure best

The potential benefit of aggressive surgical treatment,

within the first year after the onset of symptoms of idio

performed early or late within the actively evolving patho-

physiology of the disease process? Were the favorable results

pathic chondrolysis of the hip, has only recently been inves

attributable to the surgical intervention or to the aggressive

tigated. Bleck reported one patient who underwent surgical

joint motion and prolonged joint unloading after surgery?

release of tendon contractures and a limited anterior capsu-

Will the favorable results from surgical intervention be last

lotomy. This patient at follow-up was asymptomatic, with

ing or will they deteriorate in long-term follow-up? The

a functional range of motion and an improved radiographic

answers to these questions can only be obtained through

joint space width. In 1988, Roy and Crawford (115) re

further investigations.

ported three patients with idiopathic chondrolysis of the

The current recommendations for treatment of idio-

References

pathic chondrolysis of the hip embrace the philosophy of
a more favorable long-term prognosis for improved motion
and function in most patients. The principles of early treat

ment include control of synovial inflammation, mainte
nance of hip motion, and prolonged relief of weight bearing
on the involved joint. For most patients, these principles
are achieved through the administration of nonsteroidal
antiinflammatory medications at therapeutic doses, the peri
odic use of skin traction and bed rest during periods of
acute exacerbation of joint pain and motion loss, surgical
release of unresolving contractures, and an aggressive pro
gram of passive and active physical therapy for the involved
joint. The patient is also maintained on non-weight-bearing
or limited-weight-bearing crutch ambulation for the in
volved hip, until all pain has resolved and progressive loss
of joint space radiographically has ceased. The use of pro
longed spica casting, with the involved hip in a position of
function in an attempt to achieve fibrous ankylosis, is
mainly of historical interest, and should only be considered
for patients who do not respond to the described protocol.
Hip arthrodesis is the more appropriate treatment for relief
of pain and malalignment in young patients recalcitrant to
nonoperative treatment. Although the early reports on the
use of aggressive subtotal capsulectomy and tendon release
indicated very favorable initial results, more recent longterm follow-up indicates the favorable results may be only
temporary. For this reason, the routine use of this procedure

cannot yet be recommended in the treatment of idiopathic
chondrolysis of the hip.
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Rotational profiles vary widely among normal children

(1-3). Differences in appearance during walking or running
are most often just that—differences—not pathologic con-
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ditions. Foot position is described by the direction of the
foot, relative to the body's line of progression during the

gait cycle. This is referred to as torsion. It is produced by
the summation of factors that include version of the bones,
capsular laxity or tightness, and muscle control (3,4). Par
ents are more often concerned about a relatively intoed posi
tion than an out-toed position.

Rotational variations, although a frequent concern, are
most often variations of a normal exam. The foot's line of
progression relative to the body during walking describes
rotational alignment, internal, external, or neutral. It is a
result of rotational forces applied relative to the axis of the
lower limb. These torsional forces include the effects of
version, soft tissue flexibility, and muscular control (1,3-5).
"Version" is tilt or inclination within a bone, such as the
relationship of the femoral head/neck to the shaft of the
femur. Contracture of a joint capsule may restrict rotation.
Similarly, capsular laxity may allow a greater than normal
arc of motion. Arthrosis or incongruity may also restrict
motion. Balance between opposing muscle groups is also a

determinant of foot position, and may introduce a signifi
cant dynamic component to the rotational profile. Age is
another important variable since version, soft tissue pliabil
ity, and muscle coordination change as the child matures
(1-8).
Assessment

Assessment of rotational alignment includes static and dy
namic components. The static exam describes the available
range of rotational motion. The dynamic exam displays the
effect of various torsional forces at play during the walking
cycle (Fig. 27-1). The static exam is best performed on a
firm examining table, with the child in comfortable, loose
clothing, such as shorts or a diaper. Rotation is best assessed
with the child in the prone position, keeping the pelvis flat
and level on the exam table (3-5). Flexion of the knee to 90
degrees allows the leg to be used like a goniometer relative to
the thigh. Some children will not allow examination other
than on a parent's lap. This is usually adequate, although
not as controlled as in the prone position. The arc of rota
tion may be more generous if measured with the hip flexed
(sitting position) (5).

Rotation of the foot laterally or medially is used to assess
the degree of available hip rotation. When there is a greater
degree of internal or medial rotation (outward movement
of the foot) than external or lateral rotation, a toed-in gait
is more likely to be observed. Similarly, if there is greater
external rotation than internal rotation, the gait pattern is

usually toed-out. A greater ability to internally rotate than
externally rotate the thigh is frequently referred to as "anteversion." It should correctly be called "antetorsion" because
hip rotation is the combined effect of version of the femur,

joint mobility, and muscular contracture (1,3,5).
Medial hip rotation is generally greater in girls than boys.
Variability is greater in younger children. Static medial hip

rotation averages 40 degrees (range 10 to 60) in infants and

40 degrees (range 15 to 60) by age 10 years in girls and 50
degrees (range 25 to 65) by age 10 years in boys
(1-3,5,7,9,10). Lateral hip rotation is greater in infants: an
average of 70 degrees (range 45 to 90), compared to children
over age 10 years, who average 45 degrees (range 25 to 65)
(1-3,5,9,10).

Observation of the alignment of the sole of the foot,
relative to the thigh, which is held in neutral rotation, deter
mines the thigh-foot angle. This relationship also describes
the contribution of the leg segment or the degree of tibial
torsion. Foot deformity, which may contribute to rotational
abnormalities, can easily be assessed in this position. Fore
foot adduction/abduction and hindfoot varus or valgus
should be noted. Many young children have significant
internal/external rotation laxity through the knee. Rotation
of the tibia, internal and external, demonstrates the degree
of knee joint laxity, which may contribute to variation in
foot position. Average thigh-foot angle is 5 degrees internal
in infants (range —30 to +20) and 10 degrees external by
age 8 years (range - 5 to +30) (1-5). Thigh-foot angle
changes very little after age 8 years.
Correlation of the static exam with the dynamic exam
is important. The child's walking pattern should be ob
served in an area large enough to allow comfortable, safe
walking aud running. The child should be able to walk
alone (not holding someone's hand). It is often helpful to
observe the child in shoes, as well as barefoot. Variations
are common with change in speed or direction of walking.
Foot and knee position should be observed over several cy
cles of gait. The relationship of foot position to an imaginary

line along the path being walked describes the foot-progres
sion angle. Variability is tremendous in children up to age
5 years. Out-toed position predominates. Once a mature
gait pattern is established, foot-progression angle changes
very little (1-6,9,10).

The child's rotational profile includes the contribution
of each of these components to the gait pattern. The posi
tion of the foot relative to the line of walking progression
(foot-progression angle), alignment of the foot relative to
the body (thigh-foot angle), and knee relative to the body
(femoral torsion), all contribute to the sum of rotational
factors. Each area needs to be assessed along with its contri
bution, either positive (internal rotation) or negative (exter
nal rotation), to the overall gait pattern. Those children
whose rotational profiles are beyond two standard devia
tions of the mean, are considered to be abnormal according
to Staheli et al.'s criteria (3,4).

Differential Diagnosis
Infrequently, pathologic conditions will cause a rotational
abnormality. Residual foot deformity, disorders of the hip,
and neuromuscular disease are the most common causes of
pathologic intoeing or out-toeing. Intoeing may be caused
by residual foot deformity from metatarsus adductus, club-

Rotational Variation
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FIGURE 27-1. How the rotational profile measurements are made. A: The foot-progression angle
(FPA) is estimated by observing the child's gait. It is defined as the angular difference between
the axis of the foot and the line of progression. This child's FPA is 0 degrees. B: The thigh-foot
angle (TFA) is the angular difference between the axis of the foot and thigh, as viewed from
above. The TFA in this child is 18 degrees. From this view the shape of the foot is apparent. C:
Medial hip rotation is the maximum angular difference between the vertical and the axis of the
tibia. In these hips, this measurement is 70 degrees. D: Lateral hip rotation is the corresponding
measurement. On this patient the angle is 10 degrees.

foot and/or skew foot (1,4,5). These conditions are dis
cussed in greater detail in Chapter 29 of this text. Intoeing,

hamstring muscles (4,5,12). Excess valgus and pronation of
the foot, which contribute to an out-toed foot progression,

which is only apparent during swing phase, may be the

may also be seen (12). For some children with spasticity,

result of over pull of the posterior tibial tendon, often seen

extremes in rotational posture are a compensatory mecha

in spastic hemiplegia (11).

nism for limited hip, knee, and/or ankle motion. The com

Femoral antetorsion may be seen in spastic diplegia or

bination of excess internal femoral rotation and external

quadriplegia. This may be a combination of excess femoral

tibial rotation is often observed in children with spasticity,

anteversion with contracture of the adductor and medial

who also have lower-extremity weakness. As the foot is con-
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have a single anteroposterior (AP) pelvis radiograph. Al
though the incidence of otherwise occult pathology is low,
the consequence of a missed diagnosis, such as develop

mental dysplasia of the hip (DDH) or a slipped capital
femoral epiphysis, may be significant for the child. Radio
graphs should also be obtained if there has been a significant
change in the gait pattern, particularly if there is asymmetry

or if pain is present (3,4,14). Cross-table lateral films are
essential for the diagnosis of a minimally displaced slipped
capital femoral epiphysis.

It is not necessary to obtain serial radiographs of the

hips or lower extremities to follow the course of normal
rotational development (4,5). Special views to quantify ver
sion of the femur or tibia are not indicated in the routine
evaluation of rotation (3-5). Three-dimensional imaging
studies (CT or MRI) are rarely indicated in the assessment
or follow-up of rotational variations, but are more accurate
than clinical exam or bi-plane radiography (15).
Natural History
Most children brought in for concerns of intoeing or outtoeing are normal. Rotational profiles are highly variable,
particularly in toddlers who have not mastered the basic
skills needed for normal walking, which is just about every
child under 2 years of age, and many of those 2 to 5 years
of age (1,2,6,10). Internal and external rotation variations
FIGURE 27-2. Excess external rotational deformity may not re
solve. It may be associated with symptomatic flat foot, with or
without tarsal coalition. The use of medial support orthotics may
reduce symptoms, but will not alter rotation.

stantly dragged along the floor rather than swinging

through, external torsional force is applied to the foot, push
ing it out, leaving the knee internally rotated.
Pathologic out-toeing may result from severe pes planovalgus often associated with external tibial torsion (13) (Fig.
27-2). This may be secondary to tarsal coalition. It can also
be seen in adolescents with rigid flat feet, without tarsal
coalition. It is unclear whether the external tibial rotation

is an adaptation to a rigid flat foot, or whether the lack of
foot flexibility encourages external rotation. Slipped capital
femoral epiphysis should be considered in the differential
diagnosis of out-toeing, particularly when the gait deviation
is asymmetric or of recent onset (4,14).
Developmental hip dysplasia can alter rotation, but is
highly variable (7). An asymmetric hip exam may be appar
ent, but is not always reliable in detecting hip dysplasia.
In such instances, further evaluation with radiographic hip
examination is warranted (3,4). Coxa vara may also present
as an out-toed gait.

Radiographic Evaluation

It is recommended that any child who presents to an ortho
paedic surgeon with concerns of a gait abnormality should

should be considered just that; these are variations of nor
mal, not pathologic disease or disorder. The natural history
of rotational variations is gradual normalization, usually ac
complished by 5 to 6 years of age. There are no compelling
studies to show that any nonsurgical intervention speeds or
assures the normalization of gait (4,5,16).
Internal tibial torsion is more common than external

tibial torsion in toddlers (4,5). It is often associated with
physiologic genu varum, and decreases 1 to 2 years after
resolution of the bowing. Occasionally, it will persist into

preadolescence. External tibial torsion is less common, and
more likely to persist through adolescence (4,5). Neither
has been shown to be a risk factor for degenerative joint
disease.

The assessment of hip range of motion in newborns and
infants is highly variable (2,3,5,7). Most normal infants have
an external rotation contracture about the hip, likely a result
of intrauterine positioning. This may not fully resolve until
they become established walkers at 18 to 24 months. An intoed gait may then be more apparent. Lateral hip rotation
gradually decreases as medial rotation increases. Paradoxi
cally, anteversion in the femoral neck typically decreases from
30 degrees (range 15 to 50) at birth, to 20 degrees (range 10

to 35) by age 10 years (1-5,7,8). A decrease in anteversion of
the femoral neck would be expected to produce greater exter

nal rotation of the hip. A child who toes-in while walking,
but has at least 20 degrees of hip external rotation, is within
normal limits. Similarly, a child who toes-out while walking,
but has at least 20 degrees ofhip internal rotation, has motion
within a normal range (4,5,10).

Rotational Variation

Internal rotation variations have not been shown to cause
degenerative joint disease (9,10,17-20). Hip pain is rarely
a complaint (17,19). Anterior knee pain may be associated
with increased medial rotation of the femur, but not gener
ally with patellofemoral changes (19,21). Although the pres
ence of hip external rotation may augment posterior shear
loads, an increased incidence of slipped epiphysis has not
been found in patients with femoral retroversion without
other contributory factors being present (14). Athletic abil
ity does not correlate with the position assumed during
normal walking, although some activities may be hindered
by rotational variations (22-24). High-performance sprint
ers do, however, tend to adopt a toed-in position during
running, regardless of their walking style (24). Functional
impairment, such as tripping, clumsiness, or lack of running

ability, although often attributed to rotational differences,
has not been shown to correlate with rotational profile (22).
There are some children with such extreme variation in
rotation that their appearance is unacceptable to the child, the
parents, and/or families (usually grandparents). The natural
history of rotational variations, the lack of evidence for musculoskeletal sequelae, and absence ofobjective functional dis
ability must be kept in mind, and these individuals educated
in this regard (1,3-5). The natural history ofrotational varia
tions should be clearly communicated and understood prior
to any recommendation for active treatment.
Treatment

The natural history of rotational variations is gradual nor
malization, which cannot be altered by nonsurgical means.
The use of shoe modifications, orthotics, or positioning de
vices is ineffective (5,16). Although not harmful, there is
little to show any positive effect. Their use reinforces the
errant notion that intoeing or out-toeing is an abnormal
condition or disorder that requires treatment. The cost of
orthopaedic shoes and orthotics can be considerable.
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the tibial tubercle and the center of the patella. As the foot
is dorsiflexed and the knee bent, the foot should remain
in line with the lateral thigh. Two or three stainless steel
wires (0.062 is sufficient) are inserted, one from proximal
medial to distal lateral, and the second from distal medial
to proximal lateral. A long-leg bent-knee cast is used for
6 weeks. Healing is usually sufficient at that time for pin
removal and application of a short-leg weight-bearing cast
for 4 to 6 weeks more.
Correction of excess femoral internal or external rotation

is obtained by equalizing the degree of internal versus exter
nal rotation. The amount to be rotated can be estimated
from the prone exam, comparing internal and external hip
rotation, preoperatively (5). Femoral osteotomy may be

proximal [»»4.6] or distal, [*4.18] depending on the sur
geon's preference and the type of fixation to be used
(26,28). Proximal femoral osteotomy may be considered
if there is also proximal femoral varus or valgus deformity.
A standard lateral approach to the proximal femur is used.
A pediatric or adolescent blade plate is used for fixation.

If a distal femoral osteotomy is performed, a lateral ap
proach is preferred. In skeletally immature patients, a small
compression plate is used. Blade plate fixation may be used
in skeletally mature individuals. Use of additional cast or
brace immobilization is at the discretion of the surgeon.
Alternatively, a medial approach can be used along with
K-wire fixation (26). This latter technique should be re
served for smaller children, and must be supplemented
with a spica cast. The amount of rotational correction
sought is an equal amount of internal and external rota
tion.

lntramedullary fixation can be used for either the tibia or
the femur. Supplemental fixation is generally not necessary.
Locking screws or similar mechanisms are needed proximal

Pain, while rarely a complaint, may be improved following
surgical treatment (21). Treatment options for foot and
ankle abnormalities are covered in Chapter 29.
Supramalleolar rotational osteotomy of the tibia and fi

and distal to the osteotomy, because the osteotomy has no
intrinsic stability. In the skeletally immature, and for those
with a relatively narrow medullary canal, the osteotomy is
generally performed by open technique. The proximal fem
oral entry site is made lateral and distal to the tip of the
greater trochanter. Great care is taken in avoiding any dis
section (including penetration) on the medial side of the
trochanter. Recent modification in femoral nail design
(proximally angulated 15 degrees) enhances nail placement
with this approach. In skeletally mature patients with rela
tively larger bony anatomy, the femur can be sectioned using
an intramedullary saw. Because of the technical demands of

complication than proximal tibial osteotomy (25,27). The
author's preferred technique uses fixation with crossed Kwires, supplemented with a long leg cast for 6 weeks. The
tibia should be cut 2 to 3 cm above the physis and parallel
to the ankle. Rotation through an oblique cut can tilt the
articular surface of the tibia. Sectioning of the fibula also
allows easier rotation of the tibia without displacement.
The degree of correction is determined by aligning the
foot and ankle, such that the second toe is in line with

erable experience with intramedullary fixation in children.
External fixation can be used, but effective rotation may
be hindered by pull of the soft tissues (30,31). Acute correc
tion with unilateral frame can be used. Pins should be in
serted, taking into account the rotation to be accomplished.
This can be a difficult technique, particularly in large adoles
cents. The amount of change in rotation can be reassessed
in the early postoperative period, and adjusted if needed.
Gradual rotation is not necessary in these normal children.

For those otherwise normal children, who have persistent
rotational abnormality into adolescence and find the appear
ance of their gait unacceptable, corrective osteotomy may

be considered (4,5,25,26). An awkward gait may appear less
so following rotational osteotomy. However, it should be
clearly understood that function may change little, if at all.

bula [*»6.8] has less potential for serious neurovascular

this technique, it is recommended only for those with consid
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FIGURE 27-3. A: This 10-year-old girl is attempting to stand
with the knees directly forward. The patellae face medially,
and, with effort, she can direct the feet straight ahead. B:
Examination in the prone position demonstrates nearly 80
degrees of internal rotation of the thigh, or medial femoral
torsion. C: The relationship of the foot position to the thigh,
with knees extended, is shown here. Marked external rota
tion of the foot, relative to the thigh, is seen. D: With knees
flexed, the outward direction of the foot can also be appreci
ated. If the rotational deformities are complementary, foot

progression may be deceptively normal. The combination of
increased medial thigh rotation and external rotation of the

lower leg segment may result in symptomatic torsional mal
alignment. This deformity may be a cause of nonspecific
knee pain in adolescents, because of the increased shear
forces through the knee.

Increased femoral internal rotation and tibial external
rotation may coexist, producing a rotational malalignment
(21) (Fig. 27-3). Knee pain, which is usually diffuse, may
be present. Patellar maltracking usually is not present. Be
cause the deformities are complementary, foot progression

may be normal, but the static exam will demonstrate the
abnormality. Combined osteotomy of the femur and tibia
may be necessary to correct symptomatic malrotation

(4,21). Femoral rotation is corrected as the first step of the

procedure. The foot is aligned with a tibial osteotomy to
complete the correction.

Complications

Any of these techniques can be used to alter rotation.
Choosing a technique with which the surgeon is most famil
iar can reduce technical errors and complications. Proximal
femoral osteotomy is preferred over distal osteotomy by

Genu Varum

some, because proximal osteotomy is more forgiving of any
inadvertent varus or valgus angulation resulting from an
oblique osteotomy (26,28). Scars may be less apparent with
proximal osteotomy. Asymmetric growth arrest can occur
from periosteal stripping and injury to the lateral distal fem
oral physis. Injury to the greater trochanteric apophysis can
produce valgus deformity in the proximal femur. These risks
may be minimized by choice of a technique with which
the surgeon is familiar, appropriately sized internal fixation
devices, and consideration of the patient's level of skeletal
maturity. Osteotomy performed in adolescence has less po

tential for serious growth disturbance than that performed
in young children.

The risks and complications of intoeing and out-toeing
are related to its treatment, not its presence (3-5,15,17,18,
22). Therefore any recommendation for surgical treatment
carries greater risk than no treatment. Because most patients
who have surgical alteration of their rotation do so for a
change in the appearance of their gait, the surgical procedure
should accomplish the desired change in rotation. Function
may not be altered.

Complications of rotational osteotomy are the same as
for other osteotomies. Problems related to nonunion, infec
tion, blood loss, joint stiffness, scarring, and anesthesia are
the most serious (21,25-27). Distal tibial osteotomy has
less risk of compartment syndrome and peroneal nerve in
jury than proximal osteotomy.

Use of intramedullary fixation of the femur carries with

it the risk of avascular necrosis of the femoral head, which
is not a concern with other types of fixation (29,32,33).
Recent changes in pediatric intramedullary nail design per
mit safer entry through the greater trochanter. The availabil
ity of appropriately sized locked nails for the femur may
limit the feasibility of this technique in small femurs.
GENU VARUM

Physiologic Bowing
Definition

Infants and children frequently present to the orthopaedic
sutgeon for evaluation of bowleg deformity (34). Typically,

these children are early walkers, achieving independent ambulation before the first year of life (35-37). The normal
knee alignment at birth is 10 to 15 degrees of varus, which
remodels to a neutral femoral-tibial alignment at approxi
mately 14 months of age (38-40) (Fig. 27-4). Levine and
Drennan (41) have defined physiologic bowing as more
than 10 degrees of bilateral varus noted after the age of 18
months.

Clinical Features
Parents are concerned with both the cosmetic appearance

of the bowing deformity and the seemingly associated prob
lems of excessive tripping. A family history of bowing is
common (34,42). Examination typically reveals bowing of

DEVELOPMENT OF THE TIBIO-FEMORAL
ANGLE DURING GROWTH
VARUS
VALGUS

FIGURE 27-4. The graph depicts the expected change in genu varum and genu valgum with age.
Children with bowlegs after 2 years of age are outside the normal range, and should be thoroughly
evaluated. (From ref. 38, with permission.)
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both lower extremities with intoeing. Although the bowing

deformity is bilateral, it can vary in relative severity of left
versus right. Despite their bowlegged, toed-in gait defor
mity, these infants characteristically are very agile walkers.
The child should be observed walking, both coming and
going, to assess the severity of the dynamic varus and associ
ated internal rotation deformity. Internal rotation of the
extremity seemingly permits maintaining the foot contact
point along the body-centered line of progression with the
child standing. It should be noted whether or not there is

a lateral thrust, a characteristic brief dynamic lateral knee
joint protrusion that occurs in stance.

The degree of varus deformity of lower extremity is mea

sured with a goniometer. Standing photographs are helpful
in documenting the deformity noted on initial clinical
exam. Subsequent photos can be compared with the origi
nals to determine the degree of resolution or progression of
the bowing deformity. The "bench exam" is performed with
smaller children on the parent's lap and older children on
the examining room table.

Angulatory and rotational alignment and joint range of
motion for the entire lower extremity is assessed. Knee joint
laxity typically is not present. More than likely, the clinical
diagnosis will be physiologic bowing and, because the chil

dren present at a slightly older age, possibly infantile tibia
vara (Blount disease). In the child less than 15 months of
age, radiographs document the degree and location of the
varus deformity, but usually will not distinguish between
physiologic bowing and early Blount disease. Radiographs
become a more essential part of the evaluation as the child
grows older (>15 months of age), for more relatively pro
nounced deformities (>20 degrees), if a lateral thrust is
observed, if the child is relatively short in stature (<20
percentile), or a metabolic bone disease is suspected (Fig.
27-5). Preferably, the x-ray is taken with the patient stand
ing and the patella pointed straight ahead. The relative de
gree of varus deformity is noted, observing the shaft-shaft
angle of the femur and tibia (41,42). More importantly
(43), the distribution of bowing deformity is noted. In phys
iologic bowing, it occurs diffusely at the distal femur, proxi
mal tibia, and distal tibia, and, in early Blount disease, more
focally at the proximal tibia.

Differential Diagnosis

The differential diagnosis of bowing in the young child
includes physiologic bowing and pathologic bowing. Patho
logic bowing occurs in infantile tibia vara (Blount disease),
metabolic bone disease, and skeletal dysplasias. The clinical
and radiologic features associated with metabolic bone dis
ease or skeletal dysplasia can be readily differentiated from
physiologic bowing. Most often, the differentiation is be
tween physiologic bowing and infantile Blount disease. If
the bowing is physiologic, the entire lower extremity will
appear to be bowed. If the varus alignment results in relative

greater deformity of the proximal tibia, infantile tibia varus,
or Blount disease, may be present. Children with either
physiologic bowing or Blount disease usually are early walk
ers, and typically present for evaluation at 15 to 18 months
of age. It is not uncommon for siblings to be affected with
either physiologic bowing or Blount deformity (34,35,
42,43). No doubt, physiologic bowing and Blount disease
ought to be perceived as two different points on the same
spectrum, as the end results of the persistence of infantile
bowing (35,41,44). Radiographic distinction between
physiologic bowing and Blount disease may not be ini
tially obvious, because Langenskiold changes diagnostic of
Blount disease typically are not distinctive until 2 to 3

years of age (36,39,41,43,45) (Fig. 27-6). Measuring the
metaphyseal-diaphyseal (M-D) angle of both the proximal
tibia and distal femur further helps to identify the specific
location and relative severity of varus deformity (41,45,46)
(Fig. 27-5A and B). Although an absolute M-D angle is
not diagnostic, it docs serve as a more specific guide in
differentiating Langenskiold stage I infantile Blount disease
from physiologic bowing (39,43) (Fig. 27-6). The authors'
study of the proximal tibial M-D angle, in patients with
physiologic bowing and Blount disease, identifies two dis
tinct bell curves with considerable overlap (45) (Fig. 27-7).

From this one concludes that if the M-D angle is less than
10 degrees, chances are (95% probability) that the diagnosis
is physiologic bowing. Conversely, if the M-D angle is > 16
degrees, then chances are (95% probability) that the diagno
sis is Blount disease. The initial indeterminate patient, those
between 10 and 16 degrees, often need follow-up for at
least 1 to 2 years to note whether progressive remodeling
or the occurrence of Blount disease occurs. The ratio of the
M-D angle of the distal femur, relative to the same angle
of the proximal tibia, can be helpful in attempting to differ
entiate physiologic bowing from early Blount disease. A
ratio of greater than 1 suggests the bowing is physiologically
proportioned to the femur and tibia, and remodeling will
typically occur (46). If, however, this ratio is < 1, the bowing
probably will evolve into Blount disease.

Less often, physiologic bowing must also be differen
tiated from the pathologic bowing associated with metabolic
bone disease or skeletal dysplasia. Rickets is the most likely
metabolic bone disease presenting in the toddler with
bowed-leg deformity (47,48) (Fig. 27-5C). In this age
group, rickets (most likely X-linked hypophosphatemic
rickets, or XLH) is the most likely metabolic bone disease to
initially present with a lower-extremity bowing deformity.
Infants presenting with rickets are very short, the measured
height being less than the tenth percentile. Radiographs of
infants with bowing deformity secondary to rickets should
not be mistaken for physiologic bowing (43). In patients
with XLH, the physis will appear abnormally wide, with
the metaphysis flared out and around the physis in a trum
pet shape. Similar changes will be noted at all metaphyseal/physeal areas. Overall, bone density will be dimin-

Genu Varum

FIGURE 27-5. Standing AP films of both lower extremities help distinguish physiologic bowing
from pathologic causes. A: Tibial metaphyseal-diaphyseal (M-D) angles are typically 11 degrees or
less. A similar angle constructed in the distal femur is the same or greater, indicating that the femur
and tibia contribute similarly to the bowing. The ratio of femoral to tibial M-D angle is &1. B: Early
Blount disease may be difficult to distinguish from severe physiologic bowing. The M-D angle in

Blountdisease is usually greater than 16 degrees, and the ratiooffemurtotibia is <1. Fragmentation

of the medial tibial metaphysis may not be evident. CThis patient with X-linked hypophosphatemic
rickets (XLH) has multiple widened physes. Osteopenia is evident in the adjacent metaphysis, which
is also flared. Bowing tends to be more diffuse throughout the bone, rather than focal in the proxi
mal tibia. D: Skeletal dysplasia, such as chondrometaphyseal dysplasia, may cause genu varus. These
children are usually of short stature. Skeletal abnormalities are multifocal, as in this example of
Schmid-type metaphyseal chondrodysplasia. The proximal and distal metaphyses of the femur and

tibia are all abnormal. The epiphyses, physes, and bone density are normal.
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Metaphyseal chondrodysplasia (Schmid or McKusick type)
typically presents with persistent bowing and short stature,
in an otherwise normal child (Fig. 27-5D). The child pre
senting with bowing deformity, in association with a skeletal
dysplasia, will be very short, typically in the <5th percentile.

VI

FIGURE 27-6. Depiction of the six stages of radiographic changes
seen in Langenskiold classification of tibia vara. (From ref. 56,
with permission.)

ished,

with

particularly

poorly

defined

diaphyseal/

metaphyseal cortices. The severity of both bone morpholog
ical and osteomalacia changes varies considerably. The diag

Morphologically, the radiographic changes about the physis

and metaphysis will not appear pathologically flared, the
physes are not abnormally widened, and bone density will
appear to be normal. Achondroplasia often presents with
bowing. The distinctive physical findings of achondroplasia
should allow for differentiation. Patients with pseudoachondroplasia may initially present with a varus or valgus defor
mity, in association with ligamentous laxity. Again, these

cium and phosphate and urine calcium and phosphate

patients can present with very short stature and distinctive
physical findings.

(47,48). Patients suspected of having rickets should be re
ferred to an endocrinologist for a definitive metabolic

occurring, progressive, unilateral focal dysplasia of the prox

nosis of XLH is definitively made by analyzing serum cal

workup.

Skeletal dysplasias can initially present as a bowing defor
mity of the lower extremity (see chapter 8 in this text).

Focal fibrocartilaginous dysplasia is a very uncommonly
imal medial tibial metaphysis (49-52). The clinical presen
tation is very similar to unilateral infantile Blount disease.

The diagnosis is made radiographically. A charac
teristic focal indentation is noted into the medial metaphy
seal-diaphyseal cortex, with associated varus of the tibia
(Fig. 27-8). The epiphysis will appear normal.

Natural History of Physiologic Bowing
Physiologic bowing in the vast majority of patients will re
solve with growth, as predicted by the Salenius plot (Fig.
27-4) of the natural changing frontal plane alignment of
the lower extremities (38,40). Parents should be properly
informed that spontaneous correction of this physiologic
varus is anticipated to occur within 1 to 2 years. Additional

effort should be made to explain the futility of nonoperative

0.15

0.25

10

20

30

40

Metaphyseal-Diaphyseal Angle

FIGURE 27-7. The relative frequency of metaphyseal-diaphyseal
(M-D) angle, measured in children with physiologic and Blount
disease, is presented. The M-D angle in physiologic bowing is
graphed above the horizontal line; similar measurements in

Blount disease are graphed below. The bell curve to the left shows
the distribution in physiologic bowing. The bell curve to the right
is the distribution in Blount disease. Although peak distributions
are clearly separate, there is significant overlap between M-D
angles of 10 and 16. Below 10, there is a 95% probability that
the bowing is physiologic. Above 16, there is a 95% probability
that the bowing observed is in fact Blount disease. Angles in be
tween are indeterminate. Additional risk factors, such as obesity,
instability (lateral thrust), and family history, must be considered.

treatment (be it orthotic shoe insert, shoe modification, or
nighttime orthoptic splinting, etc.), in attempting to expe
dite the anticipated remodeling. Follow-up visits may not
be necessary in milder physiology deformities, because the
bowing and associated internal torsion predictably resolve.
For the relatively more pronounced or persistent deformi
ties, follow-up visits are scheduled at 4 to 6 month intervals.
Correction or progression of varus that occurs with growth
can be documented with subsequent physical examination
and both radiography and photography. Occasionally,
physiologic varus may persist into late childhood, warrant
ing longer follow-up.

Infantile Blount Disease
Definition

In 1937, Walter Blount published his classic review of tibia
vara or osteochondrosis deformans of the proximal tibia,
noting its progressive course of both clinical deformity and
correlative radiographic pathology (53). The radiographic

and pathologic changes described by Blount, and histopath-
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37,39,41,43,44,53,54). Early walking results in a variable
increase in physeal shear stress and eventual disruption in

medial physeal and bony growth (35,36,63). Obesity in
creases the potential for chronic growth plate injury.
Cook et al., using finite-element stress analysis, calcu
lated that the compressive force resultant from weight-bear
ing on a bowed leg was sufficient to cause progressive growth
disturbance (64). In some extremities, by chance, physio
logic bowing remodels (35,39), and in others the varus focally worsens at the proxima tibia, and Blount disease devel
ops. The resulting osteochondrosis is a consequence of
increased pressure on the medial proximal tibial physis and
adjacent epiphysis and metaphysis (35,42,44,62,65). A
prediction for developing an osteochondrosis has been pos
tulated (34—36,44,66). There is a variably occurring fami
lial history of infantile tibia vara (34,37,42,67).

Pathoanatomy
In 1952, Langenskiold identified six distinct radiographic
stages of infantile Blount disease that can be seen during
skeletal maturation (54) (Fig. 27-6). The ages at which each
stage occurs varies, as does the observed prognostic signifi
cance (39,42,43,54,56). In stages I—II, irregular and reversi
FIGURE 27-8. Focal fibrocartilaginous dysplasia. A: Initial radio

graph of the patient at 6 months of age shows anterior and lateral
bowing of the tibia, but is more proximal than in congenital
pseudarthrosis B: The deformity resolved spontaneously, as seen
in a radiograph made at 3 years of age.

ologic changes by Langenskiold (36,54-56), were felt to be
secondary to a disruption of normal growth of cartilage and
bone from excessive abnormal weight-bearing pressure on
the growth plate and adjacent bone. Avascular necrosis of
bone has not been observed (56). The inherent progression
of this developmental, pathologic tibia vara can be defini
tively corrected with treatment (53,55,57-59).

ble early metaphyseal ossification changes are often indistin
guishable from physiologic bowing. Stage IV lesions can be

associated with early, though often difficult-to-detect, bar
formation across the deformed vertical physis (39,43). Pro
found disruption of normal physeal cartilage and adjacent
bony growth is noted in stage V (more than age 8 years)
with resultant severe joint depression deformity in stage VI
(36). Langenskiold and Riska (36) felt that the evolution
from stages II—IV does not necessarily predict outcome or
response

to

treatment

(56).

However,

recent

reports

(37,39,42) note that in stage IV an osseous bar is often
detectable. The severity of the secondary tibial varus defor
mity varies directly with the extent of the bony changes
involving the proximal medial tibia. In some cases, a com
pensating secondary valgus deformity of the distal femur
develops (35,68).

Etiology

Like physiologic bowing, infantile Blount disease is usually
bilateral (35,37,42). In the early presentation of the infant
bowed-leg deformity, there is no clear distinction between
Blount disease and physiologic bowing (35,37,42,44,
60-62). Rather, physiologic bowing is a continuum with
Blount disease. When unilateral infantile Blount deformity
is noted, it is not uncommon for the contralateral extremity
to be physiologically bowed and often indistinguishable
from early infantile Blount disease (Fig. 27-9A and B). They
share the common etiologic factor of early weight-bearing
by a child who may or may not be overweight (34,35,

Treatment

Nonsurgical Treatment. Brace treatment should be con
sidered in all patients less than 2V2 years of age with early
Blount disease changes (Langenskiold stages I—II), and in
other patients with persistent bowing and at-risk signs for
Blount disease. A M-D angle of > 16 degrees is a radiographic sign at risk (39,43,45). A relative radiographic sign
at risk is a M-D angle of 10 to 16 degrees and a clinically
noted persistent or progressive varus deformity. Obesity and
ligamentous instability (evidenced by the presence of a lat
eral thrust [43]) potentiate the severity of varus deformiry
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from any cause, and are added risk factors (4,9,45). The

a vagus correcting osteotomy. Performing the osteotomy

authors have previously noted successful definitive brace

early (at least prior to 4 years of age, < Langenskiold III) is
critical in optimizing restoration of eventually near-normal

treatment of six patients with infantile Blount disease. Re
cent reports (37-39) demonstrate that brace treatment can

be definitive in correcting both the varus deformity and the
pathologic proximal medial tibial growth disturbance. Brace

treatment should be initiated early. A modified knee-anklefoot orthrosis (KAFO) that prevents knee flexion is worn
23 of 24 h (39,57-59,69). The locked KAFO unloads the
pathologic medial compression forces, allowing resumption
of the growth and correction of the genu varum.
The bowleg deformity typically improves over the ensu
ing months. The pathologic radiographic changes at the
proximal medial tibial metaphysis, physis, and epiphysis are
much slower to remodel. The authors maintain the brace
treatment until the bony changes in the proximal medial

tibia resolves; typically, this takes 1 % to 2 years of brace
treatment (57-59). To be predictably successful, definitive
correction

must

be

achieved

before

4

years

of age

(37-39,43). In combining the results of the three recent
reports of brace treatment for infantile Blount disease, a

total of 79 extremities were treated. The best results were
obtained with unilateral deformity, with brace treatment
being reported as successful in 22 of 23 patients. Contrast
ingly, brace treatment was relatively unsuccessful in treating
bilateral deformities, with only 18 of 28 patients noted to be

successfully treated with bracing (57,58). Understandably,
brace-wearing compliance was much more difficult to
achieve for the child with bilateral deformity. Bracing
should not be initiated after 3 years of age, nor should brace
treatment be continued if Langenskiold stage III changes
develop (57-59).
Surgical Treatment, The goal of surgical treatment of
early infantile Blount disease (Langenskiold stage < IV) is to
correct the abnormal limb alignment that indirectly restores
more normal proximal-medial growth. Early corrective sur
gery (^4 years of age) is critical in predictably achieving
restoration of normal growth (39,42,43,56,61). In older
children with more advanced pathologic changes
(Langenskiold stage >IV), the goal is to directly correct
both abnormal lower-limb alignment and pathologic bony
changes, either at the proximal medial tibial physis or the
articular surface of the proximal tibial. Comprehensive cor
rection of all aspects of the often complex deformity is essen
tial in achieving a satisfactoiy outcome.

Moderate Varus. A corrective proximal tibial osteotomy
is indicated if, following brace treatment, the varus defor
mity and abnormal proximal medial tibial growth have not
resolved (39,43) by age 4 years (Fig. 27-9A and B). Children

2 to 3 years old, who are eidier noncompliant or anticipatedly not good brace-treatment candidates (39,57) (rela
tively large thigh confluence and/or bilateral involvement,
or S3 years) at initial presentation, should be treated with

growth and morphology of the proximal medial tibia
(39,42,43,56,61,70). Delay beyond this age potentiates in
evitable progression of pathologic changes centered around
the medial tibial physis. The proximal tibia osteotomy is
performed with attention to both the known inherent risks
(39,71,72) and the need for obtaining adequate correction

of the deformity (39,43). The fibula is osteotomized with
great care, so as to avoid injuring the deep motor branches

of the peroneal nerve (27). The tibial osteotomy can be
accomplished in a variety of ways (39,43,56,73-75)
[*-6.2-6.5]. A straight transverse osteotomy optimally al

lows for necessary adjustment in correction of frontal, sag
ittal, and rotational deformity. The fragments are stabi

lized with smooth Kirschner wires. A slight over correction
into valgus, and/or translating the distal fragment laterally,

is desirable (39,42,43,76). This allows both for frontal
plane alignment correction and places the mechanical axis
of the leg laterally in the knee, optimally unloading the
medial proximal tibia (39). In unilateral deformities, clini
cal comparison to the normal extremity is helpful in deter
mining whether adequate correction has been obtained.
An intraoperative anteroposterior x-ray of the entire lower

extremity can be taken to assess the correction obtained.

Alternatively, the authors trace the mechanical axis of
the leg from the hip to the ankle with the metallic Bovie
cord and the C-arm (Fig. 27-9C). This simple technique
provides for a reproducible method to verify that the me
chanical axis has truly been transferred lateral to the center
of the knee joint (77). Neurovascular complications are as
sociated with a proximal tibia osteotomy (42,71,78-81).
Subperiosteal exposure minimizes direct nerve and/or vessel
trauma. Prophylactic limited fasciotomy (43) and utilizing
drains help to prevent a build-up of compartment pressure.
If a compartment syndrome is suspected postoperatively,
immediate treatment with fasciotomies should be per
formed. In fact, in recent clinical experience, the authors
have been more likely to observe an acute traction or im
pingement injury to the peroneal nerve (27). Again, prompt

surgical release of the peroneal nerve compression has typi
cally resulted in a satisfactory outcome.
Postoperatively, the extremity is immobilized in a longleg, bent-knee cast or, alternatively, a spica cast, for the
child with relatively short, fat extremities. It is essential to
radiographically document that valgus alignment has been
obtained and maintained. Alternatively, Price et al. have
effectively utilized monolateral external fixation to stabilize
the osteotomy(ies) (77). On occasion, short-term postopera
tive long-leg bracing (KAFOs) is utilized if the preoperative
deformity was severe and associated with ligamentous laxity.
Following corrective osteotomy, the bony medial pathologic
changes must be carefully monitored because further pro-
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FIGURE 27-9. A: This 30-month old girl shows clinically asymmetric bowing. She is large for her

age (>95% weight). B: The M-D angle on the right is 20 degrees, compared to 10 degrees on the
left. This is consistent with stage II changes of Blount disease on the right and physiologic bowing
on the left. C: Intraoperative films of a right proximal tibial osteotomy show slight over correction

to valgus. A Bovie cord, centered over the hip and ankle, is an easy method to assess mechanical
axis intraoperatively. Crossed K-wires are used for fixation. D: A clinical photo taken 2 years later

shows maintenance of correction on the right. Spontaneous correction of physiologic bowing has
occurred on the left.

gression in their development may or may not be associated
with a recurrent of deformity (36,39,43) (Fig. 27-9D).
Worsening Varus Deformity

Recurrence of varus deformity and/or persistent pathologic

tibia vara radiographic changes can occur despite restorative
osteotomies done prior to 4 or 5 years of age. The recent

clinical experience in North America (39,42,43,61) cites a
recurrence rate of varus deformity much higher than ob

served by Langenskiold, whose clinical experience with
Blount disease has been in a veiy homogeneous Finnish
population. In North America, the population is more het
erogeneous, many children are obese, and a high percentage
are black (35). Blount disease may be a more rapidly pro

gressing disease in North America than it is in Finland
(39,43,56). The authors have observed advanced changes
in Langenskiold stages (IV-V) in patients 4 to 5 years of
age, both obese and nonobese, and of variable race. Risk

factors that have been identified for recurrence include
Langenskiold stages III—IV, marked obesity (>95 percentile), ligamentous laxity, and black females (39,42,43,61).
Alternatively, patients may initially present with more ad

vanced pathology (>Langenskiold stage IV) (Fig. 27-1OA).
If patients present initially or with recurrent deformity,
MRI, CT, or conventional tomography should be utilized

to search for the presence or absence of bony tether travers
ing the distorted proximal medial tibial physis. Identifica
tion of a bar through the serpentine, vertically sloped medial
tibial physis can be difficult. Early bridging typically occurs
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D,E

FIGURE 27-10. A: These anteroposterior radiographs show focal changes of unilateral stage IV
Blount disease. The medial tibial physis is indistinct. These changes are suggestive of physeal bar

formation. B: A CT scan shows the deformity in the medial physis. The growth plate has a vertical,
rather than horizontal, orientation. A bridge of bone is clearly evident here. Varus will rapidly
recur following osteotomy if the physeal bar is not recognized or treated. C: These postoperative
films show correction of the varus and resection of the bar. The defect created by excision is
filled with radiolucent methylmethacrylate (Cranioplast). D: Subsequent films show recurrent bar
formation, with gradual loss of correction over 2 years. E: A second excision of the physeal bar,
along with lateral physeal stapling, has resulted in improved alignment. F: Following removal of
the staples, varus has gradually recurred. The abnormal medial physis tends to close prematurely.

at the most inferior aspect of the vertical limb of the dis
torted medial physis (Fig. 27-1 OB).
On occasion, the varus recurs without an obvious bonybar (Langenskiold III or early IV) (39). This occurs rather
subtly, as a result of a relatively decreased growth rate of

the proximal medial tibial physis. This can occur early or
late, until the time of maturity. In this setting, the varus
deformity can be controlled with temporary staple epiphysiodesis (39,82,83). The staples are removed after a slight
over correction is obtained. Again, the growth of the in-
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volved tibia must be closely monitored for a tendency for
recurrence and/or early physeal closure.

If recurrent progressive varus occurs with an identifiable

osseous bar, appropriate restorative surgery is indicated.
Progression of initial bar formation eventually results in
complete arrest of the entire medial physis (Langenskiold

stage VI). Physeal bar resection [^4.22] in conjunction with

a second varus correcting osteotomy (39,43,56,61,84,85),
will most likely be effective if the patient is relatively young
(<10 years), the bar is relatively small, and the patient is
not excessively overweight (39,43,86). A similar approach

might be indicated for the unusual patient who presents
for primary treatment with Langenskiold late stage IV or

stage V radiographic changes (Fig. 27-IOC). The proximal

tibia is approached through an anteromedial longitudinal

incision, and the physeal bar is resected first. There may
or may not be a discrete bar; often, there are several small
punctate foci of bone that appear to coalesce and function
as a tether. The medial edge of the normal physis is often

difficult to locate. Excision of the bony bridges is done
cautiously, so that as much normal physeal tissue as possi
ble is preserved. However, resection must be complete,
such that an intact physeal line, coursing 180 degrees from
the posteromedial to the anteromedial cortical edge of the
tibia, is defined. The C-arm can be helpful in monitoring
the procedure. Cranioplast is used to fill the void, inhibit

ing growth of another osseous tether.

The varus-correcting osteotomies of the tibia and fibula
are then performed (Fig. 27-IOC). Alternatively, in combi

nation with the medial epiphysiolysis, a temporary lateral
staple epiphysiodesis K6.14] may be very effective in cor
recting the varus deformity (Fig. 27-10E). This is most
applicable if the varus deformity is not too severe, the
patient is not obese, and there is no lateral knee-joint

thrust. The majority of patients experience resumption of
medial physeal growth (84,87). The remaining potential
growth of the proximal medial physis is invariably limited.
Long-term follow-up is essential to monitor the longitudi
nal growth and development of the proximal media tibia.
The physeal bony tether may reform, with resulting recur

rence of varus deformity. A second bar resection and varus
corrective osteotomy is indicated for smaller recurrent bars
in younger patients (Fig. 27-10D). If a lateral temporary

hemiepiphysiodesis has been done, timing of staple re
moval is critical to prevent secondary deformity (Fig. 2710E and F). Alternatively, and more appropriately for rela

tively larger osseous bars, obese patients, and/or older pa

tients, a permanent lateral epiphysiodesis of the tibia and

fibula may be indicated, with a varus corrective osteotomy
(39,43,56). With this approach, it may later be necessary

to surgically address problematic residual proximal medial

joint depression. The potential for leg-length inequality
exists with any of the above approaches. If anticipated, it
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often can be corrected early with an epiphysiodesis, or

conceivably later with leg lengthening.

Severe Varus Deformity

In some patients with untreated or recurrent infantile
Blount disease, the proximal medial tibia bony architecture

can become very deformed. These patients have irreversible
Langenskiold advanced stage V and VI radiographic patho
logic changes (Fig. 27-11A). Typically, they are older (>10
years of age) yet these changes have been seen as early as 6
years of age. The proximal tibial varus deformity (with limblength discrepancy in unilateral cases) is characterized by
severe depression of the medial tibial plateau and variable
ligamentous laxity. A secondary distal femoral compensa
tory valgus deformity may develop (68). In severe cases, the
tibia will be subluxed medially on the femur. Left untreated,
degenerative arthritis is likely to occur early in life (70,88).
For a lasting satisfactory outcome, the surgical goal is to
restore all aspects of this extensive deformity. The physis
will be completely closed medially. In this setting, epiphysi
olysis will not predictably restore proximal tibial growth
(56).

Alternatively, the authors' preferred approach in at

tempting to restore this extensive deformity is a combina

tion of tibial plateau elevation and realignment osteotomies
of the proximal tibia, and occasionally the distal femur
(36,56,76,89-91). The proximal medial tibia should not
be approached subperiosteally. Rather, soft tissue attach

ments to the proximal medial tibia are preserved so as to
minimize medial tibial circulatory changes, following the

subsequent plateau-elevating osteotomy. A medial peripatellar arthrotomy is often performed to visualize the articular
surface of the tibia. The posterior neurovascular structures

are at risk, and are protected by placing either a curved

subperiosteal retractor or the surgeon's finger between the

structures and the potentially penetrating drill bit and/or
osteotomes.

Intraoperative radiography or fluoroscopy is used to as
sure that the plane of the proximal osteotomy is directed
superolaterally, with the apex of the osteotomy bisecting the
tibia intercondylar eminence (Fig. 27-1 IB). The depressed
tibial condyle must be sufficiently elevated and fixated with
out disturbance of the articular surface of the tibial condyle
(Fig. 27-11C). The correction obtained following plateau
elevation typically restores the tibial condylar angle to a
near-normal value (89). A concomitant epiphysiodesis of
the lateral proximal tibia and proximal fibula is always done.
Tibial plateau elevation alone will produce a marked cor

rection of much of the preoperative varus deformity. How

ever, concomitantly or staged, a proximal tibial varus-cor
recting osteotomy, and often, a distal femoral valgus
osteotomy, are essential for restoration of normal axial align

ment. The distal femoral osteotomy may be necessary to
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FIGURE 27-11. A: Blount disease that pro
gresses to physeal bar formation results in
severe depression of the medial metaphysis.
Valgus may develop in the distal femur, be
cause of overgrowth of the medial femoral

condyle.

Restoration

of

medial

physeal

growth is not possible. B: Optimum treat

ment requires a comprehensive approach
that addresses all components of the defor
mity. This includes elevation of the medial

tibia plateau and lateral physeal arrest.
Image intensification is useful to control the
direction of the medial elevation osteotomy.

The cut begins at the apex of deformity in
the medial cortex, and is completed between

the tibial spines. C: A cortical strut is used to

support the elevated plateau. D: Osteotomy
of the tibia and/or femur is performed to cor
rect residual tibial varus or femoral valgus. E:
Normal anatomic and mechanical alignment

can be achieved with this approach. Residual
limb-length inequality can be managed by
contralateral epiphysiodesis, if needed.
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correct valgus deformity, which occurs secondary to relative
overgrowth of the medial femoral condyle. The surgical goal

of this comprehensive approach is to achieve correction of
all components of the deformity, i.e., medial tibial plateau
depression, asymmetric proximal tibial growth, varus of the
tibia, and valgus of the distal femur (Fig. 27-1 ID). As noted
above, precise intraoperative assessment of correction ob
tained is critical. The mechanical axis of the limb should
bisect the center of the knee joint, and should be relatively
perpendicular to the anatomically restored joint surface
(Fig. 27-1 IE). After correction of the angulatory deformity,

significant limb-length equality may remain. This may be
managed by epiphysiodesis of the contralateral limb, or, in
more severe discrepancies, a combination of lengthening

and shortening may be required to equalize limb length.
Davidson (76) has similarly utilized the circular external

fixator to stabilize the elevated plateau fragment, and to

concomitantly perform a gradual correcting osteotomy of

the proximal tibia. By utilizing the external fixator there is
also the option for lengthening of the proximal tibia.
Complications

Extensive soft tissue and bony dissection is necessaiy to con
comitantly elevate the medial tibial plateau and perform
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vanced pathologic changes involving the proximal medial
tibia.

Etiology

Adolescent Blount disease usually, but not always, occurs
in obese patients with characteristically wide thighs
(62,63,92-94,96). If biopsied, growth plate histologic aber
rations are present throughout the entire physis. Medial,
more than lateral, physeal growth is adversely affected (94).

The histologic changes are very similar to histologic changes
noted in infantile Blount and slipped capital femoral epi-

physis (SCFE) (94,95). The resulting radiographic changes

in adolescent Blount are less extensive, because of the wellformed secondary ossification center (94,95). Relative obe
sity potentiates the occurrence of adolescent Blount
(92,93,96,97). Adolescent tibia vara and SCFE do occur in

association with each other (94,98,99).

Davids et al. (92) examined the dynamic gait deviations
that compensate for the increased thigh girth associated with
obesity. During ambulation, individuals presumably at

tempt to keep foot placement close to the midline of foot
progression in order to minimize weight transfer, thereby
minimizing energy expenditure during ambulation. The

proximal tibial becomes relatively more protuberant and

obese individual with large thighs has a very difficult time
adducting the hip adequately to place the foot in the midline

varus-correcting osteotomy. Wound closure may be rela

syndrome" produces a varus moment on the knee that leads

a varus-correcting proximal tibial osteotomy. The medial

longer, following a concomitant plateau-elevating and
tively compromised, and possibly delayed. Three of the au
thors' 20 patients experienced wound healing complica

tions. In two patients, eventual wound healing occurred

with local care. One required operative repair, with subse
quently satisfactory secondaiy wound healing. The extensive
soft tissue and bony dissection necessary to perform a tibial
plateau elevation potentiates the occurrence of avascular ne
crosis of the medial tibial condyle. This has occurred in 1

of 20 tibial plateau elevations the authors have performed.
Satisfactory revascularization and reossification occurred
following a 1-year period of non-weight-bearing for this

morbidly obese 8-year-old child.

Adolescent Blount Disease
Definition

Blount also described a second group of patients with the
onset of varus deformity in later childhood or early adoles
cence, which he described as adolescent tibia vara (53) (Fig

27-12).

8'

These children typically present for evaluation of a
bowed-leg deformity later in childhood. They may or may
not have a history of persistent physiologic bowing persist
ing through early childhood (92-95). However, there

should be no confusion in differentiating patients with ado
lescent Blount disease from patients with persistent infantile
tibia vara, which by later childhood will typically have ad

progression. Davids et al. (92) speculated that this "fat thigh

to increased pressure on the medial proximal tibial physis

(and presumably the medial distal femoral physis), and in
hibits growth in accordance with the Hueter-Volkmann law
(62). Davids and colleagues' work supports the observation
that static varus of the knee is not a prerequisite in the
pathomechanics of adolescent tibia vara. Seemingly, the in
cidence of adolescent Blount has markedly increased in the
past 15 years, paralleling the increased preadolescency of
adolescent obesity (93,100).

Pathoanatomy

The posteromedial growth inhibition of the proximal tibia
initially produces varus, then progressive procurvatum of
the proximal tibia (39,68,94). Although the name of the
disorder would suggest that varus of the proximal tibia is
the only deformity present, a similar associated varus defor
mity of the distal medial femur also occurs (68,94,100).
This is in contradistinction to infantile tibia vara, in which
the most common finding is a compensatory distal femoral

valgus deformity. The intoeing in adolescent Blount disease
is relatively less severe than it is in infantile Blount. The
combined varus, procurvatum, and internal rotation results
in a complex three-dimensional deformity of the proximal
tibial. As the proximal tibial and distal femoral varus de
formities increase, there is a significant strain placed on the
lateral collateral ligament of the knee, which leads to laxity

C,D

IRE 27-12 A- Adolescent Blount disease frequently occurs in very large teens. The deformity
is often bilateral B: Long cassette films are used to assess mechanical alignment, as well as the
anatomic axes of the femur and tibia. Distal femoral and distal tibial valgus may be present, in
addition to the obvious proximal tibial varus deformity. C: Restoration of normal alignment may
include multilevel osteotomies. Preoperative templates are useful for planning operative strateqies D- In this example, the plan included immediate correction of distal femoral varus, using a
blade plate with gradual correction of proximal tibial varus and distal tibial valgus, using a circular
small wire frame. Multiplane correction is facilitated with this technique. E: Radiographs confirm
the restoration of alignment. Adjustments can also be made to correct the procurvatum that may
be present F- This film shows limb alignment following removal of the circular frame. Correction

is generally well maintained. G: Clinical photo after bilateral treatment shows satisfactory clinical
correction compared to the preoperative photo. (Courtesy of J. Eric Gordon, M.D., St. Louis, MO.)
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and varus deformity within the knee joint itself. Finally, in
some very severe cases, compensatory distal tibial valgus can

occur allowing the patient to place the foot flat on the floor.
The natural progression of advanced infantile Blount disease
is the formation of a medial proximal tibial physeal bar.
Conversely, although overt bar formation in adolescent

Blount disease does not occur, early closure of all lower
extremity physis is frequently noted, perhaps as a conse
quence of the associated obesity.

Clinical Features

The typical patient with adolescent tibia vara is an obese,
black male who typically presents for complaints of bowing
and knee pain and/or instability (93,94,96,101,102). The
patient should be observed during gait, walking both toward

and away from the examiner, for overall gait mechanics,
and specifically the presence of a limp or lateral thrust to
one or both knees. Though unilateral complaints are more
common (96,101), attention should be paid to the contralateral limb, because the patient's obesity can mask mild

bowing on the contralateral limb (92). The knee stability
is assessed; lateral collateral ligament laxity can occur. Proxi

mal tibia procurvatum deformity variably occurs, effecting
a relative knee-flexion contracture. Patients complain of me
dial knee pain secondary to medial knee-joint stress. They
also experience anterior knee pain, no doubt secondaiy to
holding the knee in a flexed position during gait. The mag
nitude of internal tibial torsion should be assessed with the
patient prone on the examining table, looking at both the

thigh-foot angle and the bimalleolar axis (Fig. 27-1). The
hips should also be examined for evidence of SCFE. Mor
bidly obese patients presenting with adolescent Blount may
have varying amounts of respiratory distress. The walk from
the waiting room to the examination area can be quite tax
ing to these patients.

Radiologic Features
A standing long-cassette radiograph of both lower extremi
ties is essential for evaluating the patient with adolescent
tibia vara (Fig. 27-12B). Although some younger or smaller
patients can be evaluated on a 36-in. cassette, most patients
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radiograph for accurate assessment of bony deformity. Oc
casionally, because of the width of the patient or the pa
tient's inability to sufficiently internally rotate the hip, it
may be necessary to obtain separate standing radiographs
of each lower extremity. A true lateral supine radiograph of
the proximal tibia is obtained to evaluate the magnitude

of the procurvatum deformity. The radiograph should be
centered on the knee and the film positioned so that a signif
icant portion of the tibial diaphysis can be visualized. Fi
nally, with the feet positioned straight ahead, a standing AP
radiograph of both ankles should be obtained to accurately
assess distal tibial valgus.

The radiographs should be assessed according to the
method described by Paley and Tetsworth (103). Initially,
the mechanical axis deviation should be measured, using a
line drawn from the center of the femoral head to the center
of the ankle. The surgeon should also look for a limb-length
discrepancy at this point. Both the lateral distal femoral
angle and the medial proximal tibial angle should be mea
sured, to evaluate the frontal plane deformity of both the
distal femur and the proximal tibia. Beware of assuming that
the distal femur is normal because the knee joint appears to
be parallel to the floor. The genu varum produces relative
abduction at the hip, and can mask a significant femoral
deformity. Finally, the center of rotation of angulation
(CORA—the intersection point of the proximal and distal
mechanical or anatomic axes) (Fig. 27-13A) for both the
femur and the tibia should be located, and the magnitude
of the deformity measured (103,104). This is typically at a
level close to the physis in both the femur and the tibia,
but may lie anywhere between the joint and the metaphysis,
and in some cases, may even be located beyond the joint
surface. The knee must be examined in the weight-bearing
film to assess the presence of significant lateral collateral
laxity and an increased joint line congruency angle (the
angle formed by an intersect of two lines, one drawn parallel
to the distal articular surface of the femur and one parallel
to the proximal articular surface of the tibia). Likewise, the
lateral knee should be evaluated to assess the size and loca
tion of the procurvatum deformity (Fig. 27-13B). A stand
ing radiograph of the ankles is examined for the presence
and location of any distal valgus deformity.

require a 51-in. cassette. Simultaneous satisfactory radio-

graphic visualization of the hips through an abundance of
soft tissue, as well as the ankles through a relative paucity
of soft tissue, can be difficult. Care should be taken when

Treatment

positioning the patient to ensure that the knees are straight

The problems that must be addressed are a varus deformity
of the proximal tibia and distal femur, and often a secondary
deformity of the distal tibia. The goal of surgery is to restore
normal anatomic alignment of the knee and ankle joint,
and also a normal mechanical axis of the leg (77,80,
96,100,101,103). For a unilateral deformity, leg-length ine
quality is also to be addressed. Nonoperative approaches are
ineffective in adolescent tibia vara. When the diagnosis of

ahead, with the patellae centered. This is particularly diffi
cult in large patients in whom the palpation of bony land
marks is uncertain. Radiology technicians who are not expe
rienced in obtaining these radiographs frequently can
compensate for the inability to visualize the patella by turn
ing the feet straight ahead. However, internal tibial torsion
produces external rotation of the knees and an inadequate

Goals
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ADTA

80*±2*"
Mechanical Axis

Proximal mechanical axis

Distal mechanical axis

Anatomic Axis

Proximal anatomic axi(

Distal anatomic axis

ADTA

Mechanical Axis

Anatomic Axis

FIGURE 27-13. A: The anatomic and mechanical axes of the femur are different. The anatomic
axis of the femur is its middiaphyseal line. The mechanical axis of the femur is the line from the

center of the knee joint to the center of the ankle joint. When the femur is angulated, the
mechanical and anatomic axes are also angulated. Just as there is a segment of femur proximal
and distal to the break, there is a proximal and distal segment of the mechanical and anatomic
axes. Where the two interact is the center of rotation of angulation (CORA). The mechanical and
anatomic CORAs lie on the same bleactor line. B: Sagittal plane malalignment test. Femur: line
from the center of the femoral head to the junction of the anterior and middle third of the distal
femoral joint line. The posterior distal femoral angle (PDFA) should be 83 + 4 degrees. Tibia: line
from the midpoint of the distal tibial joint line to the junction of the anterior and middle third
of the proximal tibial joint line. The posterior proximal tibial angle (PPTA) should be 81 ± 3 degrees.

The anterior distal tibial angle (ADTA) should be 80±2 degrees. (From ref. 104, with permission.)

adolescent tibia vara is made, surgical treatment is indicated.
Osteotomy is the mainstay of treatment for adolescent
Blount disease. However, depending on the patient's age,
on occasion definitive treatment can be attained by staple
hemiepiphysiodesis, or more likely by a combination of
hemiepiphysiodesis and osteotomy.

Preoperative Evaluation

Because these patients are often obese and, not infrequently,
morbidly obese, prior to any consideration of operative
treatment a thorough preoperative evaluation of the cardiopulmonary system should be done. The extreme size of these

Genu Varum

patients can lead to nocturnal hypoxia, with significant de
creases in sleeping O2 levels and accompanying hypercardia
(105). If these changes are prolonged, significant pulmonary
hypertension can result, leading to right heart hypertrophy
(105), if symptoms, such as marked snoring or irregular
breathing patterns at night, are present. Sleep studies with
pulmonary and cardiac evaluation may be indicated prior
to a general anesthetic (105). Prior to proceeding with oper
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ative intervention, an appropriate, detailed preoperative

plan is essential for obtaining a mechanically well-aligned
limb (Fig. 27-12C). The magnitude and location of the
various bony deformities, the presence of soft tissue laxity
at the lateral collateral ligament, and the presence of joint
contractures and leg-length discrepancy should all be as
sessed and incorporated into a global plan for addressing
the deformity.

Hemiepiphysiodesis

Hemiepiphysiodesis, by a variety of techniques [w-6.12-6.14]
is indicated if the growth plates are still open (82,101,106)
and the varus deformity is relatively not too severe. The
authors prefer staple hemiepiphysiodesis. Two to three
reinforced "Blount staples" (Zimmer) may be placed extraperiosteally at the lateral distal femoral physis [*-4.21], the

lateral proximal tibial physis [w-6.14], or the medial distal
tibial physis, as needed (39,82). Once hemiepiphyseal sta
pling is performed, it is critical to follow the patient closely
with clinical and radiographic examinations to monitor
correction obtained, and possible staple displacement and/
or breakage. If complete deformity correction is obtained,
staple removal is necessary to prevent over correction.
Relative rebound (82) varus growth is unpredictable in
this clinical setting. Accordingly, concomitant with staple
removal, a permanent epiphysiodesis of the growth plate(s)
previously stapled is preferred. The authors have successfully
used stapling in obtaining either complete or partial correc
tion or arrest progression of proximal tibial or distal femoral
deformities in some of the patients with, typically, at least
15 to 18 months of growth remaining. Often, hemiepiphy
siodesis obviates the subsequent need for a femoral, and on
occasion, a tibial varus-correcting osteotomy. The excep
tional patient, who is not a candidate for staple hemiepiphy
siodesis, typically presents wiuH a history of progressive varus

deformity and knee-joint pain. A dynamic lateral thrust is
often noted during walking. This severe, dynamically un
stable deformity will predictably not be significantly im
proved by the slow correction obtained with staple hemiepi
physiodesis.

Osteotomy

The majority of patients with moderate to severe adolescent
Blount disease will require a varus-correcting osteotomy of
the proximal tibia, and perhaps also the distal femur, to
obtain definitive correction of the varus deformity. To de
finitively determine the need for osteotomy correction of

a

<y

FIGURE 27-14. A: Frontal plane mechanical axis of the lower
extremity consists of two components: (i) colinear centers (of the

femoral head, knee joint, and ankle joint), and (ii) an almost per
pendicular relationship of the hip, knee, and ankle joint orienta
tion lines to the mechanical axis. B: Normal sagittal plane mechan
ical axis and joint orientation lines.

the varus deformity, the mechanical axes of the lower ex
tremity, and also individually for the femur and the tibia, are

determined (107) (Figs. 27-13A and 27-14A). In skeletally
near-mature or mature patients, osteotomy(ies) is/are indi

cated if the mechanical axis of the lower extremity is de
viated medial to the center third of the knee joint. The
deformity in both the medial proximal tibial angle (MPTA)
and lateral distal femoral angle (LDFA) is determined. In
addition, the sagittal plane alignment is assessed (Figs.
27-13B and 27-14B), and procurvatum deformity noted.
All patients will require a proximal tibial varus-correcting
osteotomy, ideally restoring a normal anatomic alignment
of the proximal tibia. The tibial osteotomy should be per
formed distal to the tibial tubercle. Regardless of the method
chosen, the proximal tibial deformity should be completely
corrected by the redirective osteotomy, including internal
rotation (if present), procurvatum, and varus. Similarly, an
atomic restoration of the distal femur with a concomitant

B
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femoral varus-correcting osteotomy is indicated if the DFLA
measures >5 degrees varus (normal DFLA is 87 degrees).
The distal femoral osteotomy is performed through a lateral
approach. The preoperative deformity analysis should also
include more assessment of the distal tibia. If the distal tibia

growth plate is open, the authors correct distal valgus of
>5 degrees with a staple hemiepiphysiodesis. If closed, the

authors will perform a valgus-correcting osteotomy for de

formity >8 degrees. The distal valgus-correcting osteotomy

is performed through a medial approach.
Limited Internal Fixation

Osteotomy with limited internal fixation, the mainstay of
treatment of infantile Blount disease, has limited application
in adolescent Blount disease. A supplemental long-leg cast
often adds minimal additional protection for these extraor
dinarily large patients. The difficulties associated with nonweight bearing on the affected extremity make ambulation

difficult in these patients. Outcome of treatment with this
approach has far too often been unsatisfactory (96).
Inherently Stable Internal Fixator
Osteotomy, with acute correction and relatively stable inter

nal fixation, can be effectively utilized in patients with mild
to moderate varus and procurvatum deformity (39,108,

109). Because the true location of the deformity is very close
to the level of the physis, a transverse osteotomy of the
tibia at the metaphysis distal to the tubercle must be trans
lated laterally, sometimes as much as the entire diameter of
the tibia, in order to prevent creating a translational defor
mity. To circumvent creating this deformity, Millis and
Jakob and Murphy (108,110) has effectively utilized an
oblique, laterally based closing-wedge osteotomy that hinges
at the intact cortex, just distal to the proximal tibial physis
[»6.4]. Fixation is achieved using a laterally placed
compression plate, which serves as a tension band and per

mits weight bearing without external immobilization. Be
cause the hinge point is nearly at the level of the physis,
the correction is achieved at the level of the deformity,

and a translational deformity is not created. The distal

femoral deformity may be addressed by supracondylar os
teotomy and stable fixation of the distal femur, using a

blade plate to maintain alignment. This may be performed
through a medial or lateral approach, with an opening- or

closing-wedge osteotomy technique. The authors prefer
to use a lateral approach to perform an opening-wedge

fixator has the advantages of ease of performing an acute
correction, adjustability after the initial surgical correction

has been achieved, and relative patient acceptance (77).

Price et al. obtained satisfactory stability of the osteotomy

fragments, even on heavier patients. In applying a monolat
eral fixator of any type, pin placement parallel to the adja
cent knee and/or ankle joint enhances obtaining a satisfac
tory acute correction of deformity (77). Similarly, Gaudinez
and Adar (111) and Stanitski et al. (112) have effectively
incorporated the Garsche clamp, when utilizing a monolat
eral fixation in the treatment of adolescent Blount. The
Garsche external fixator optimizes fixation, and allows for

postoperative frontal plain adjustment and lengthening. It
is, however, not conducive to postoperative adjustments in

the sagittal plane, or in rotation (112).

Circular External Fixation

Circular external fixation, with a gradual correction of the
proximal tibia, allows for the maximal adjustability of the
alignment in all planes, and is most applicable in the most

severe deformities and relatively more obese patients. This
is the authors' preferred approach (80,113,114). Advantages
include stable fixation with improved patient mobility; the
ability to evaluate alignment in a functional, standing posi

tion; and the ability to accurately correct all of the tibial
deformities, including proximal tibial varus and procurva

tum,

internal tibial torsion,

and distal tibial valgus

(112,113,115).

Ideally, all of the deformities are addressed in a single

surgical procedure. First, if indicated, distal femoral varus is
corrected acutely by a supracondylar distal femoral opening-

wedge osteotomy, performed after a lateral approach, and
fixed with a 95-degree condylar blade plate. The fibula oste
otomy is then performed through a posterolateral incision
made over the midshaft area of the fibula, at least 10 cm
distal to the proximal fibula. Great care should be taken in
obtaining subperiosteal exposure of the fibula, so that no
injury occurs to the branches of the deep peroneal nerve,

to the extensor hallucis longus, or the peroneal artery and
vein, which lie just medial to the fibula. A section of the
fibula is removed in performing the fibular osteotomy. The
preconstructed circular fixator is suspended from the leg,
and fixed with an appropriate combination of transfixing
wires and half-pins. Ring strategy and transfixing wire place
ment vary with the presence or absence of growth plates,

osteotomy of the distal femur, [>»4.17] fixing the fragments

need for fibular transfer for ligamentaxsis, and need for dis
tal tibial valgus-correcting osteotomy (112,113). The proxi

osteotomy is done concomitant to the tibial osteotomy.

mal tibial osteotomy is performed with a drill and osteotomes. If indicated, a distal tibial osteotomy is created in a

with an adult 95-degree condylar blade plate. The femoral

Monolateral External Fixation

External fixation of the tibia can be used for correction in

the most severe deformities. The dynamic axial monolateral

identical fashion.

Gradual correction is begun on postoperative day 2 or
3 and serial radiographs are obtained to monitor the correc

tion and bone formation. The patient is encouraged to be

Knock Knees (Genu Valgum)
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fully weight bearing as early as possible, and vigorous physi
cal therapy is instituted to maintain mobility and joint range
of motion (Fig. 27-12D). Circular frame adjustments in all
planes are made, as necessary, to correct all aspects of the
deformity. The fixator is left in place and progressively dy
namized, until complete consolidation and cortication of
the osteotomy site is completed. Bilateral deformities are
corrected one at a time, the second extremity correction
usually staged within 6 months of obtaining correction of
the opposite extremity. Generally, very satisfactory results
have been achieved in this most difficult group of patients
(112,115) (Fig. 27-12F and G). The results are a marked
improvement in outcome over traditional methods (96).
Despite the procedure being done on often extremely large

extremities, there have been notably very few surgical com

plications (112,113). All osteotomies, including those that
also required lengthening, have healed without delay. The
knee and ankle joints have been restored to relatively normal

anatomic relationships. A near-normal mechanical axis of

the leg has been reestablished. Knee pain has resolved. Pa

tients have been satisfied with the more normal lower-

extremity alignment.

KNOCK KNEES (GENU VALGUM)
Definition

Parental concerns regarding knock-knees are far less com
mon than those regarding bowed legs (5,116,117). Genu
valgum generally becomes a concern between 3 and 5 years

of age, when the normal femoral-tibial angle is at its maxi

FIGURE 27-15. Physiologic genu valgus peaks between 3 and 4
years of age. It may be associated with asymptomatic flat feet
It is typically symmetric, and shows gradual resolution by aqe 8

years.

mum valgus angle (5,116,117) (Fig. 27-15). Parents often
notice the flat appearance of the foot before the valgus knee
position is noted. There may be occasional complaints of

formity, or those who fall below the tenth percentile of

Typically, valgus knee position becomes apparent after
2 years of age, reaching a maximum femoral-tibial angle

Differential Diagnosis

age range for physiologic valgus, those with asymmetric de

height.

medial foot or medial knee pain.

of 8 to 10 degrees at approximately 3 to 4 years of age, a
time when it is most noticeable (2,5,38). As demonstrated
by Salenius and Vankka (Fig. 27-4), valgus gradually de
creases to a stable "adult" level of 5 to 7 degrees of femo

ral-tibial valgus by age 6 to 7 years. There is, however,
wide variation among normal children. Normals are those
children who fall within two standard deviations of the

Most children who present with knock-knees will have
physiologic genu valgum. The differential diagnosis in
cludes metabolic bone disease, such as rickets, posttraumatic
valgus, or skeletal dysplasia (118-121). Osteomalacia,
which has its onset when physiologic valgus is present, is
more likely to progress as a knock-knee deformity. Valgus
may result from overgrowth of the proximal medial tibia,

116,117).

following a proximal tibia fracture (Cozen fracture), or from
distal lateral femoral physeal injury (121-123). Skeletal dysplasias most commonly associated with genu valgum are
chondroectodermal dysplasia (Ellis-van Creveld), mucopolysaccharidosis type IV, and spondyloepiphyseal dysplasia

Physiologic knock-knees are typically symmetric (5,116).
The severity of the deformity can easily be assessed and
documented by standing photographs. Radiographic evalu

Natural History

femoral-tibial angles, those who present outside of typical

Genu valgum in normal children typically decreases to a
stable, slightly valgus position by age 7 years (2,5,38,

mean. This includes measurements of ± 8 to 10 degrees,

which means that normal femoral-tibial angles may range
from 2 degrees varus to 20 degrees valgus at 3 to 4 years
of age, and 0 to 12 degrees valgus after age 7 years (38

ation is indicated in those children with clinically excessive

tarda (120).
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116,117). Minimal, if any, change in femoral-tibial angle

(82,83,125). Once valgus resolves the staples may need to
be removed to avoid over-correction to varus. Injury to the

continues to increase, and may be associated with an out-

underlying physis can cause partial growth arrest. Premature

should occur through adolescent growth. Rarely, valgus

toed gait. Lateral patellar subluxation may develop with in
creasing valgus deformity. The deformity apparent on clini
cal exam is often more striking than the radiographic ap
pearance. Walking may become awkward because of the
knees rubbing or hitting together as the child tries to narrow
the base of support.

Assessment

Anteroposterior standing long-cassette radiographs of both
lower extremities, which include the hips, knees, and ankles,
are used to quantify mechanical axis deviation from normal.
The lower extremities should be placed such that the knee
caps are facing directly forward. This must be done without
regard to foot position. This technique produces the truest
AP of the knees, and minimizes errors when serial examina

tions are compared. A normal mechanical axis, drawn from
the center of the hip through the center of the ankle (Fig.
27-14A), should pass through the center of the knee,
roughly in the zone determined by the tibial spines (124).
Lateral deviation of the mechanical axis, beyond the midportion of the lateral tibial plateau, can result in relative

overload of the lateral compartment (124). The severity of
deformity, which will produce premature degenerative
changes in the lateral compartment of the knee, is not
known. Genu valgum, severe enough to produce mechani
cal axis deviation beyond the lateral margin of the tibia, is
pathologic, and should be corrected. In addition to improv

ing the appearance of lower-limb alignment, normal me
chanical axis can be restored (122,125).

Treatment

Conservative treatment of genu valgum includes education
of the parents regarding the natural history of physiologic
knock-knees (117). If medial foot, knee, or leg pain is a

significant concern, foot orthotics may provide some relief
of symptoms, but do not alter lower-limb alignment

(116,117). Lower-extremity bracing is not indicated for the
treatment of physiologic genu valgum (117). Bracing with
a single upright, valgus-correcting KAFO might be consid

ered in a child less than 4 years of age, who is also being
treated for metabolic disease, such as rickets.

Surgical treatment can usually be deferred until 10 to 11
years of age. Correction of valgus in the skeletally immature
child, with 1 to 2 years of growth remaining, can be accom

plished with hemiepiphysiodesis, preferably by hemiepiphyseal stapling (82,83,106,125-129) (Fig. 27-16). Hemiepiphyseal stapling in younger children often results in rapid
correction (within 4-6 months), but uncertain resumption

of a normal growth pattern once the staples are removed

physeal closure is less problematic near the end of growth
than with several years' growth remaining.

Whether medial physeal stapling is performed in the dis
tal femur, proximal tibia, or both, will depend on the site
of deformity, and growth remaining (106,122,129). Most
often, valgus deformity arises primarily from the femur.
However, it is not correct to assume that this is always the
case with valgus deformity. The anatomic alignment of the
femur and tibia should each be evaluated. Although defor
mity may be present only in one bone, combined stapling
of the femur and tibia may be considered, if bone age esti
mates that there are less than 18 months growth remaining,
to afford maximum correction (122,125).
The technique of stapling, although simple, requires at

tention to a few important details. Placement technique,
type and size of staple, and follow-up are three key areas
(82,83,122,126,127). The staples are generally placed extraperiosteally. They should span the physis, but should not
be excessively large. These staples should be placed so that
the prongs of the staple are parallel to the physis. This may
require a slightly oblique orientation to the cortex. Use of Carm image intensification facilitates placement, and avoids
errors. Two staples per location are generally sufficient.
Three may be used if the bone is unusually large. The sta
ples, made of cobalt-chrome alloy, should have reinforced
corners (125,126). Patients must have reliable follow-up.
Over-correction to a varus position can occur, and is not
desirable. Long-cassette radiographs of the lower extremities
should be obtained at 3-month intervals. Some correction

of the valgus should be apparent 3 to 6 months after sta
pling. Once a normal mechanical axis is restored, the staples
should be removed (if there is significant growth remain
ing), or the epiphysiodesis should be completed (83,125).
Rebound growth in the previously stapled physis may occur

(82,125-127). It is more likely to occur when stapling is
performed in younger children, those under 10 years of age,
or in children who show rapid (within 6 months) correction
of the valgus deformity. Resumption of growth following

staple removal may not occur if the staples have been in
place for more than 24 months, or if they are placed subpen-

osteally (126,127). Children should be followed to skeletal
maturity to document satisfactory correction and mainte
nance of normal alignment.

Alternatively, osteotomy can be used to correct deformity
(48-50). The site of deformity correction is dependent on

the anatomic deviations present in the tibia and/or femur
(107,132-134). The femur is more often the primary site of
valgus deformity. Immediate correction of femoral valgus,
using internal fixation with a blade plate, is preferred for
most adolescents. A lateral approach to the distal femur
allows exploration and release of the peroneal nerve, which

Knock Knees (Genu Valgum)

FIGURE 27-16. A: Lower-limb valgus that per
sists past age 8 years is not physiologic. It may
cause an awkward gait, in addition to concerns

about appearance. B: These long-cassette films
of a 12-year-old girl confirm the presence of
valgus in both the femur and tibia. She is not
skeletally mature, making hemiepiphyseal sta
pling a treatment option. C: Stapling of the me
dial physis of both distal femurs and tibiae, in a

growing adolescent, results in rapid correction.
Within a year, correction of the mechanical axis
is achieved in this patient. D: There is clinical
improvement in alignment. E: Films at maturity
show maintenance of correction.
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may be considered in severe deformities. Alternatively, an

safely than acute correction. Injury to the nerve must be

anterior midline incision can be used for medial and lateral
exposure of the distal femur (134). Compression can be
applied along the medial cortex by placing the blade plate

avoided during pin placement, however.

along the medial cortex (132-134).

BOWING OF THE TIBIA

used (130). Gradual correction, using external fixation, may
also be considered (31,107,131). This technique is recom

Anterolateral Bowing

is increased risk of peroneal neurapraxia, as in children with

Bowing of the tibia that presents at birth typically occurs

External fixation with immediate correction can also be

mended when lengthening is also necessary, or when there

severe deformity. Circular frame fixation may facilitate angulatory correction combined with lengthening (31,
108,130). A unilateral frame may be considered when exter
nal fixation is used with immediate correction.

Similar techniques can be used for correction of tibia!

valgus deformity in adolescents. Valgus correction in
younger children can be accomplished by a simple closing-

wedge technique, using two or three crossed stainless steel
wires (130). Alignment can also be restored with removal
of a medial wedge and controlled fracture of the lateral
cortex. A compression plate is placed along the medial cor
tex, following removal of the wedge. Compression is slowly
applied through an outrigger, gradually closing the oste
otomy.

Complications

Errors in technique can lead to failure with hemiepiphyseal

stapling. Poor fixation, inadequate design, or number of
staples will compromise results (82,83,126). Timing of
placement, follow-up, and removal are sources of error
(106,125). Stapling performed too late will not adequately
correct deformity. Overcorrection can occur because of un

Definition

anteriorly, anterolaterally, or posteromedially. Anterior tibial bowing, occurring in association with a deficient or ab
sent fibula, is diagnostic of fibula hemimelia. Posteromedial
bowing occurs in association with calcaneal valgus foot de
formity, and has a relatively excellent prognosis. In contrast,

anterolateral bowing, which usually presents soon after
birth, is typically a progressive deformity with resultant
pseudarthrosis. Anterolateral bowing, associated with con
genital pseudarthrosis of the tibia, is rare (1:140,000), yet

it is the most common type of pseudarthrosis (135,136).
Neurofibromatosis occurs in approximately 50% of patients
with anterolateral bowing, with or without pseudoathrosis

of the tibia (135,138,139). This bowing may be the first
clinical manifestation of neurofibromatosis (137,138).

Natural History

Spontaneous resolution is uncommon (140). Rather, the
anterolateral bowed tibia appears variably dysplastic with
failure of tubulation, cystic prefracture, and/or frank pseud
arthrosis, with narrowing of the fragments (135,137). Frac

ture, with resultant pseudarthrosis, typically occurs in the
first 4 to 5 years of life (Fig. 27-17). Once established, the

recognized premature physeal closure. Lack of appropriate,
timely evaluation poststapling can result in overcorrection.

natural history of congenital pseudarthrosis of the tibia is
that of persistent instability and progressive deformity. Nu
merous classification systems have been proposed in at

in greater mechanical loads across the medial compartment

tempting to prognosticate the natural history and outcome
of treatment. In reality, in the past there has been very

This is a significant complication. Varus alignment results
of the knee than the same degree of valgus would produce
over the lateral compartment (39). Increased medial com
partment load can accelerate degenerative changes. If relia
ble long-term follow-up cannot be assured, osteotomy may
be preferred over hemiepiphysiodesis.

Complications related to osteotomy include failures of
union and/or fixation, infection, blood loss, knee stiffness,
and scar formation. None of these are unique to distal femo

ral or tibial osteotomy for valgus correction.
Peroneal nerve injury is a serious concern in the process

of valgus correction. The nerve is tethered above and below
the knee, as it passes around the distal femur and proximal
fibula (27). Release of these tethers can reduce the risk of
permanent injury. Closing-wedge technique for immediate
correction is less likely to stretch the peroneal nerve than
opening wedge. Gradual correction of severe deformities
may allow the nerve to accommodate to these changes more

little correlation with initial radiograph classification and

eventual outcome of treatment (137,141-144).
The most widely used classification system is Boyd's

(135), who described six distinct radiographic types of an
terolateral bowing deformity, noting the variable natural
history and/or prognosis of each type (Table 27-1). Consoli

dation was most difficult to obtain in the dysplastic type II
(Fig. 27-18). When anterolateral bowing occurs in associa
tion with neurofibromatosis, both progression of deformity
and treatment failure are more likely to occur (137,138).

Nonoperative Treatment

Once the diagnosis of anterolateral bowing is made, fulltime brace treatment is indicated. An AFO is appropriate

protection prior to walking, and a KAFO is fit as the infant

Bowing of the Tibia
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B
FIGURE 27-17. A: Anterolateral bowing of the tibia may be apparent at birth, or may progress
with weight-bearing. Bowing usually occurs between the middle and distal thirds of the tibia.
The adjacent bone may appear sclerotic, with increased density, or it may be atrophic and spindleshaped. Once the deformity is recognized, the leg should be protected with a total-contact orthosis. Although fracture is not likely to be avoided, it may be delayed until the child is bigger. B:
Fracture occurs at the apex of the bow, usually without prodromal symptoms, and with minimal
or no trauma. Once fracture occurs, surgical management begins.

begins walking. Orthotic support is continued indefinitely

tibia, with or without a previous fracture (Boyd type IV),

during the growing years with or without surgical recon

which actually consolidates with immobilization (140).

struction of a pseudarthrosis. Although very uncommon,
anterolateral bowing occasionally does not progress (140).

Supplemental onlay bone grafting may be beneficial (145).
Patients seemingly carry less chance of further progression

These unusual patients present with an anteriorly bowed

and fracture following this procedure.

Operative Treatment
TABLE 27-1.

CLASSIFICATION OF TREATMENT OF

CONGENITAL PSEUDARTHROSIS OF THE TIBIA
Boyd System

Anderson System

Dysplastic type

often associated with
neurofibromatosis
III Bone cysts

Cystic type

IV Sclerotic segment of tibia

Sclerotic type

without constriction, stress

VI Intraosseous neurofibroma

tion, the tenuous status of the atrophic bone often markedly
limits functional potential (146-148). A major improve
ment in outcome can be traced to Boyd and Fox's (149)
use of dual onlay grafts, Moore's (150) use of staged bone
graft and external fixation, McFarland's (151) bypass graft,
and Sofield and Millar's (152) innovative use of intramedullary rod stabilization. Less-invasive technical innovations

frature results

V Dysplastic fibula

tibia has been, and still is, one of the most challenging

problems in pediatric orthopaedics. Even with a consolida

I Fracture present at birth
II Hourglass constriction of tibia

Despite a gradual improvement in overall outcome of treat
ment in the past 100 years, congenital pseudarthrosis of the

Fibular type

Clubfoot or congenital
band type

were developed by both Brighton and Bassett and their col
leagues utilizing, respectively, implanted cathode leads and
pulsed electromagnetic fields alone or in combination with
surgical stabilization (153,154). Currently, there are three
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congenital pseudarthrosis of the tibia (155-157). In the last
25 years, refinements in microsurgical techniques have been
developed that allow for a predictable successful transplanta
tion of vascularized bone from a variety of donor sites to
bony defects elsewhere in the body (158). Early reports

(158,159) clearly demonstrated that a free vascularized fibular graft could successfully be used to biologically bridge a
congenital pseudarthrosis of the tibia. The current tech
nique of implanting a free vascularized fibular graft for a
congenital pseudarthrosis of the tibia includes the following
essential steps, as outlined by Tolo (160,161). Preoperative
arteriography of both legs is obtained. A two-team approach
is helpful in simultaneously harvesting the contralateral fi
bula and internally stabilizing the involved remaining distal

fibula of the donor extremity to the tibia with a screw and
autologous bone graft. The pseudarthrosis is resected extra-

periosteally back to "good" bone. Next, the harvested fibula
is dowel-fit into the host tibia, and fixed with a plate or an

external fixator. Vessels are anastomized, and a skin paddle
is used to monitor blood flow. A spica cast is used for 2 to
3 months, and a clamshell brace for several years.

Using a similar protocol, Weiland et al. (162) reported

18 of 19 pseudarthroses to have ultimately healed at an
average follow-up of 6.3 years. In a review of recent publica

tions (163-167) reporting on treatment of congenital
pseudarthrosis of tibia by a vascularized fibular graft, 65

cases were available for review, with sufficient follow-up to

FIGURE 27-18. Early (Boyd type II) congenital pseudarthrosis of
the tibia and fibula in a patient with neurofibromatosis.

assess early outcome. Fifty-six cases eventually healed.
Often, a secondary bone graft (162) was necessary to achieve
the same. Subsequent to obtaining consolidation, several
problems may have to be addressed. Following consolida
tion refracture, and resulting recurrence of a nonunion at

one end of the graft site (162,163) or in the graft itself (166),

variably occurred. Subsequent additional surgical treatment

different surgical approaches that are being successfully used
in the surgical treatment of pseudarthrosis of the tibia (Table
27-2) (Fig. 27-19). After obtaining consolidation with any
of these techniques long-term follow-up is critical to prop
erly address predictably occurring associated deformities.
Vascularized composite donor tissue transfers have been uti

lized for the past 100 years in the surgical treatment of

was often necessary with variable success in achieving a func
tional consolidation.

A second long-term problem is the occurrence of malalignment, either anterior bowing or valgus deformity (162).
The angulatory deformity does not remodel, and often is

progressive (162,165). Fourteen of Weiland et al.'s patients
were noted to have residual angular deformity.

TABLE 27-2. OPTIONS FOR TREATMENT OF CONGENITAL PSEUDARTHROSIS OF THE TIBIA
Method
Electrical stimulation

Intramedullary rod with bone graft
(Williams, Coleman)
Free vascularized bone graft

External fixator (circular or
monolateral frame)

Rate of Union

55-80%

Disadvantages

Advantages

Noninvasive, may be combined
with other techniques

Limited ability to correct deformity, long
time in cast

May cause ankle stiffness; does not
correct severe, established shortening

90-100%

Corrects deformity, provides

90-95%
eventual

Provides excellent bone stock,
may add slight length

Requires specialized skill, relatively long

90-100%

Corrects nonunion length,

High risk of refracture, bowing; longterm follow-up not available

long-term internal splint

angulation

operation, distal angulation hard to
correct

Bowing of the Tibia

1087

Anode

Anterior
Tibial
Artery_

Saphenous
-Vein

Distraction

Peroneal
Artery-

- Graft
Cathode
~Bone Block

Compression

B

FIGURE 27-19. Operative options for pseudarthrosis of the tibia: A: Coleman osteosynthesis. B:
Vascularized fibular graft from the opposite leg. C: Electrical stimulation. D: Ilizarov technique
of lengthening above and compression of the pseudarthrosis to achieve union.

Donor site morbidity (progressive valgus with proximal
migration of the distal fibula) can potentially occur follow
ing harvesting the fibula (166). The occurrence of this mostconcerning deformity is not consistently addressed
(162-168). Prophylactic stabilization of the donor site dis
tal fibula tibia syndesmosis was done by Weiland et al. (162)
and Kanaya et al. (165), and was not done by Dormans et

al. (163) or Simonis et al. (167). In follow-up, the above
authors noted minimal donor site morbidity, such as pro
gressive valgus deformity. Tolo's (160) current indications
for the use of a vascularized graft in the treatment of pseud
arthrosis of the tibia is specifically for those lesions with
marked bony atrophy and/or measurable gap at the pseud
arthrosis site (Fig. 27-20). For less-severe deformities, he
prefers intrameduUary (IM) rod stabilization of the tibia,
without transfixing the ankle joint.

Chamley (169) is credited with the first reported innova
tive use of an IM rod that both stabilized the pseudarthrosis
site and transfixed the ankle joint. In a similar technique,
Umber et al. (170) popularized in North America the twopart Peter Williams (171) IM solid rod. This IM rod tech
nique, [i-6.11] in conjunction with pseudarthrosis excision

and iliac crest bone grafting, has been further refined in
dealing with all aspects of the deformity (156). It is the
authors' approach of choice in treating congenital pseud
arthrosis of the tibia (Fig. 27-21).

A posterior iliac bone graft is always obtained, consisting

of adequate corticocancellous strips and bits. The pseud
arthrosis is excised, and the bone fragments stabilized with
a Williams rod (171). The entire rod assembly is inserted
at the pseudarthrosis site into the medullary canal of the
distal fragment, and advanced antegrade across the distal

tibia, the ankle joint, the calcaneus, and out through the
heel pad. During the passage of the rod across the ankle
joint, it is imperative that the foot be positioned to maxi

mally correct the typical calcaneus and valgus deformity of
the ankle and foot. The desired foot position is neutral
dorsiflexion/plantar flexion, verified clinically and with the
C-arm. The tibial fragments are anatomically reduced at
the pseudarthrosis site, and the rod is driven retrograde into
the proximal fragment. Occasionally, because of extensive
deformity, an additional osteotomy in the proximal frag
ment is necessary to assure both intrameduUary passage of
the rod and a near-anatomic bony alignment. On occasion,
it may be possible to stabilize the fibular fragments with an
intrameduUary rod. This is typically done with an appropri
ately sized Kirschner wire, which is placed into the distal

fragment through an open incision. The rod is directed
antegrade, out through the distal tip of the fibula, then
retrograde into the proximal fragment. Fixating the fibula

adds additional stability to the construct.
For planning purposes, the portion of the Williams (171)
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FIGURE 27-20. A: This film shows another fracture resulting from anterolateral bowing. Note

the quality of the bone at the pseudarthrosis site. B: A contralateral vascularized fibular graft has
been used to bridge the pseudarthrosis. Healing proximally and distally has occurred. (Courtesy
of Vern Tolo, MD., Los Angeles, CA.)

B

FIGURE 27-21. A: This is another example of a tibial pseudarthrosis. Treatment includes stabiliza
tion of the fracture, establishment of a source of healthy bone, and maintenance of alignment.
B: Among the options for treatment is intramedullary stabilization and autologous bone graft.
The pathologic bone was resected, and a Williams rod was used in the tibia with a Steinmann

pin in the fibula. Iliac crest graft was packed around the pseudarthrosis. (continued)

Bowing of the Tibia
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FIGURE 27-21. (continued) C: A spica cast is
applied postoperatively, and a total contact
orthosis used once union is established.
Ankle motion is prohibited, as long as the
rod remains across the subtalar and ankle
joints. A knee-ankle-foot orthosis (KAFO) is

used in smaller children. A PTB orthosis can
be used in most children over 7 years of age.

rod to be left in place should proximally be abutting the
tibial physis, and distally extending to the hindfoot. With
longitudinal growth of the distal tibia, the distal end of
the rod "migrates" proximally. Therefore, the anticipated
remaining growth determines the appropriate placement of
the distal end of the rod at the time of surgery. The previ

ously harvested iliac bone graft strips are then placed around
the pseudarthrosis site. The composite is further secured
with circumferentially placed absorbable heavy suture mate
rial, establishing a stabilizing, barrel-stave construct.
By protocol, for children 6 years and younger, a 1V2

assured, and regrafting and/or rerodding may be required.
With longitudinal growth of the tibia, the distal end of

the rod migrates more proximally, and eventually will be
positioned in the distal tibia (Fig. 27-22). As the tip of the
rod crosses the anlde joint, the potential for disruption of
articular cartilage exists. To minimize such, the rod can be
surgically pushed across the ankle joint as the tip approaches
the articular surface of the talus. This adjustment is easily
accomplished with a slightly larger diameter, concave-

tipped IM pusher rod inserted through the calcaneus, as
monitored with a C-arm.

spica cast is applied to assure minimal rotatory stress at the

On occasion, despite consolidation of the pseudarthrosis

pseudarthrosis site. The spica cast is replaced with a longleg cast at 6 to 8 weeks, and cast immobilization is discontin
ued at approximately 4 months. Older children are treated
with long-leg casts for the entire 4 months.

and growth of the tibia, the rod does not migrate. If such

Once cast protection is discontinued, the involved ex

tremity is protected with a custom-fabricated KAFO with

a locked ankle joint and free knee joint. The presence of

occurs, the rod should be replaced. This has always been
done with the intraoperative perceived need for additional
bone grafting. In the case of failure of rod migration, the
replacement rod should probably be proximally secured

with methylmethacrylate (172).
Valgus deformity of the involved tibia of the ankle is a

the rod across the ankle joint and in the hindfoot has a

potential deformity that can compromise the functional re

considerable advantage in providing optimal immobiliza

sult. The authors feel that the valgus deformity is more of

tion and protection of the consolidating pseudarthrosis. Re-

a natural outcome of the initial deformity (deficient fibula

fracture may occur, and spontaneous healing with plaster

and lateral support), and less of an iatrogenic complication

immobilization may occur. However, such is not always

of traversing the physis with the rod. Long-term bracing is
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FIGURE 27-22. A: As the child grows,
the rod remains in the tibia. Growth
in the tibia, proximally and distally,
makes the rod appear to migrate. As
the distal tibia grows off the rod, the
child may complain of pain, with
stress of the ankle. B: The rod can be
advanced into the tibia under image
intensification guidance. A smaller
rod, or Steinmann pin, can be posi
tioned in line with the Williams rod,
and used to push the rod across the
ankle into the tibia. A syndesmosis
screw was placed at the same time, to
aid in valgus stabilization at the
ankle, due to the fibular pseudarthrosis. Proximal medial stapling of
the tibia was also performed to cor
rect the mild valgus deformity. CTibial growth has continued. The pseudarthrosis
remains
healed
with
satisfactory alignment of the tibia.
Limb-length inequality can be man
aged with contralateral epiphysiodesis. Lengthening of the affected
leg may be complicated by delayed
bone formation and healing.

mandatoiy during the growth years to minimize progressive

valgus. This is particularly true once the rod no longer tra

Leg-length inequality is often significant secondary to
pseudarthrosis of the tibia. Fourteen of the authors' 20 pa

verses the growth plate. Valgus has been satisfactorily treated

tients had a noted leg-length discrepancy (LLD), which was

by either proximal or distal medial tibial physeal stapling

greater than 2 cm in 10 patients. Six of these patients were

and/or insertion of a fibula/ tibia transverse stabilizing screw.

treated with epiphysiodesis, for an average predicted LLD

Following medial physeal stapling, the valgus deformity pre

at maturity of 4 cm, Two patients underwent a proximal

dictably improves over approximately a 1- to 2-year period.

tibial leg-lengthening. One patient underwent an amputa

If complete correction occurs, the staples are then removed.

tion at age 15 years, with a 9-cm leg-length inequality and

At the time of staple placement or removal, a fibula/tibia

other musculoskeletal abnormalities.

transverse syndesmosis stabilizing screw may be placed. This

A relatively satisfactory functional outcome has been

is indicated for persistent valgus and/or a relative proximal

achieved in 16 of the 20 patients followed to an average

position of, typically, an ununited distal fibular fragment.

age of 14 ±8 years with an average length of follow-up

With this approach symmetric growth of the distal tibia

of 9 ± 9 years. The remaining five patients have gone to

has generally continued, and the valgus deformity has not

amputation at various stages of treatment. The quality of

recurred.

ankle function and gait have varied considerably. The best

Bowing of the Tibia

results have been noted in those patients in whom the tibia
is anatomically aligned and the foot is not in dorsiflexion.
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Congenital pseudarthrosis of the tibia has and will con
tinue to be a very challenging problem. A stable consolida

A recent gait analysis assessment of the outcome of treat

tion is essential for a long-term satisfactory functional out

ments of CPT (173) cited relatively poor push-off following

come. Each case is unique, and, as such, the treatment plan

IM rod treatment. Although this potential exists for all tech
niques of treatment, it is more potentially problematic fol
lowing long-term IM splinting of the ankle joint. To date,

must often be modified. The newer techniques (vascularized

gait analysis of the authors' most recently treated patients
has shown a more favorable outcome regarding demonstra
ble push-off activity. The authors now are utilizing a more
active strengthening program about the ankle, once the rod
has migrated or is surgically advanced proximal to the ankle.
Ilizarov pioneered the innovative use of a circular external
fixator, utilizing combinations of compression, distraction,
resection, and bone transfer via means of a circular external

bone graft, IM stabilization, external fixator) have been re
fined and successfully used by a few. All of these authors

have had considerable experience in learning how to apply
and adapt their particular surgical technique to the variables
of each individual case. The overall good early results, with
these newer and/or refined surgical techniques, are encour
aging. However, as Boyd and Sage (182) suggested years

ago, the true success of treatment of CPT in the growing

child can only be known by following these patients until
maturity.

fixator. Subsequently, numerous authors have made further

refinements in the technique (174-179). Notably the initial
reports of Palcy ct al. (177), citing the early combined multicenter experience with this technique, cited a very impres

sive initial union rate in 16 CPTs (94% after one treatment
and 100% with two treatments). The mean age at treatment
was 8 years. Five refractures occurred, and were successfully
treated with a variety of additional procedures. In a more

recent multiauthor study, Boero et al. (179) reported 7 of
21 failures in treating CPT with Ilizarov's technique. In
their study, all 21 patients had neurofibromatosis. The best
results were obtained with sclerotic and/or normotrophic
bone (6 of 6 consolidated early at an average of 10 to 12
months), and did not refracture, whereas only 5 of 11 hour

glass CPTs eventually healed. In the same series, consolida
tion was obtained in 86% of those patients operated on
who were older than 5 years of age, and on only 14% of
those younger than age 5 years.
Dahl's report on work in progress is indicative of the
state of the art in treatment of CPT with external fixation
(180,181). He reported on 21 patients, treated by a single
surgeon, followed to maturity. To date, Dahl (180) has
reported a satisfactory outcome of treatment (consolidation
sustained, independent ambulation, with a score of at least

87, according to the Musculoskeletal Tumor Society rating
scale), in 20 of 21 patients. One patient had an amputation.
The average age was 11 years (range 8 months to 29 years),
and 18 of 21 patients had been treated with multiple prior
surgeries. Dahl noted refractures in 33% of the first 12 pa

tients he treated. Refinements in his techniques have led to
fewer fractures. His protocol in achieving prompt and lasting

Amputation
Amputation can be a viable and prudent alternative. Ampu
tation should be considered following failure to obtain con

solidation with the above-described surgical techniques and/
or an unsatisfactory outcome, despite having obtained con
solidation. Crawford and Jacobsen et al. prefers preserving

the hind foot with a Boyd-Syme procedure (137,183),
which preserves the distal leg and hindfoot length, potenti
ating optimal prosthetic fitting. Having done such, the au
thors subsequently have observed problematic stump insta
bility.

Eventually,

more proximal

stump revision

was

necessary to improve the prosthetic fit.

Congenital Pseudarthrosis of the Fibula
Definition
Congenital pseudarthrosis of the fibula almost always occurs
in association with congenital pseudarthrosis of the tibia.
It rarely occurs as an isolated entity, with only 21 cases
reported to date in the literature (184-190). Congenital

pseudarthrosis of the fibula presents later in life than con
genital tibial pseudarthrosis. It occurs typically with a gait
abnormality and/or a valgus deformity of the leg with a

prominent fibula (184,185,188,189). The condition is fre
quently linked to neurofibromatosis. The tibia is involved
by a prepseudarthrotic process with variable deformity
(184).

union includes resection of the pseudarthrosis and pathologic
periosteum, creating a stable intrinsic fit of the bone end,

bone grafting the site ofpseudarthrosis to maximize the cross-

Pathology

sectional area, ideal axial alignment eliminating bending

As with congenital pseudarthrosis of the tibia, congenital

forces, judicious length, and deformity correction through

pseudarthrosis of the fibula may occur after a fracture

the proximal tibia. To deal with the inherent problem of re-

through pathologic bone, or through an area of mesodermal

fracture, he has chosen to prophylactically place an IM pin 8

maldevelopment (185). Dooley et al. (185) outlined a gra

weeks postfixator removal (181) (Fig. 27-23).

dation in the seventy of the condition: (i) fibular bowing
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FIGURE 27-23. A: These anteroposterior and lateral films are of a 6-year-old with neurofibro-

matosis, whose tibial pseudarthrosis recurred following multiple bone graft procedures and intramedullary pinning. B: The pseudarthrosis was resected. The circular frame was used to apply
compression across the distal site, and to lengthen proximally. C: Subsequent to this, an intramedullary rod was placed across both osteotomy sites in the tibia and the ankle. A solid AFO has also
been used. Alignment and bone union have been maintained, as shown in these films 2 years
later. (Courtesy of Mark Dahl, M.D., Minneapolis, MN.)

without pseudoarthrosis, (ii) fibular pseudoarthrosis with
out ankle deformity, (iii) fibular pseudoarthrosis with ankle
deformity, and (iv) fibular pseudoarthrosis with late devel
opment of tibial pseudoarthrosis.

Posterior Medial Bowing of the Tibia
Definition
Posteromedial bowing of the tibia is a congenital anomaly,

associated with calcaneovalgus foot deformity (191). Unlike
its counterpart, anterolateral bowing, posteromedial bowing
is not associated with pathologic fracture or pseudarthrosis

Treatment

Bowing of a congenitally abnormal fibula needs no treat
ment, if no ankle deformity or tibial pseudoarthrosis exists

(184,185). Isolated pseudarthrosis of the fibula in a growing
child may (186) or may not (185) potentiate ankle valgus
deformity. Dooley et al. (185) suggest observation if no
anlde deformity is noted. Hsu et al. (186) suggest the poten

of the tibia, and has generally been considered a relatively
benign condition. Although the severity of the bow does

diminish, significant leg-length discrepancy develops (191).
It is this sequela that presents the greatest need for orthopae
dic management.

tial for ankle valgus is too significant without an intact fi

Etiology

bula, and suggest interpositional bony reconstitution of the

The pathogenesis of posteromedial bowing is unclear. Me

fibula. If pseudarthrosis of the fibula is associated with an
anlde valgus deformity it should be treated. Langenskiold
(187) has successfully synostosed the fibula to the tibia,

correcting progressive deformity in

the growing child

(184,185).
If there is associated significant distal tibial valgus defor
mity it should be surgically addressed. In less-severe deform

ities, and in skeletally immature patients, this can be accom
plished

with

medial

distal

or

tibial

staple

hemiepi-

physiodesis. In severe deformities and/or skeletally mature

chanical forces (the dorsiflexed foot against the tibia) and
embryologic vagaries of tibial development (circulatory or
limb bud anomaly) have been suggested as causes, but re

main unproven. The rapid decrease of bow in the tibia in

the first 6 to 1 2 months supports mechanical factors as a
cause of bowing (191,192). It cannot, however, account for
the growth inhibition.
Assessment

patients, this is best done with a supramalleolar valgus-cor-

What is most evident at birth is the extreme dorsiflexed

recting osteotomy.

position of the foot against the tibia (Fig. 27-24). Plantar

Bowing of the Tibia
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FIGURE 27-24. A: Infants with posteromedial bowing usually present because the foot is in an
abnormal, severely dorsif lexed, position. The bow can be palpated along the subcutaneous border
of the tibia. A skin dimple is usually present over the apex of the bow. Shortening of the leg may
not be as obvious as the bowing deformity. B: This infant's lateral radiograph shows how the
foot seems to nestle against the curve of the tibia. The bone appears normal, or may show signs
of remodeling with thickening of the anterior cortex, and smoothing posteriorly.

flexion of the foot may be limited. Bowing of the tibia

medial bowing may be overlooked in the presence of severe

may be overlooked by parents, and upon initial newborn

calcaneovalgus foot deformity. Occasionally, adolescents

examination. The bow is most easily felt by palpation of

will present with limb inequality and mild valgus, the result

the anterior tibia. A normal infant has an anterior bow,

of previously unrecognized posteromedial bowing. Meta

which is distinct from the posterior defect palpated in in

bolic bone disease, such as osteogenesis imperfecta, rarely

fants with posteromedial bow. A skin dimple is usually pres

results in this type of bowing deformity.

ent over the posterior apex of the bow. Shortening of the
affected tibia may not be readily apparent clinically in new-

borns, but is expected to increase in these children. Evalua
tion should include AP and lateral radiographs of both tibias. The severity of the posterior and medial deformity can
be measured and a percent inhibition of tibial growth can

be calculated. The lateral tibial films provide more accurate

Treatment

Initial treatment of infants is primarily passive stretching

of the foot. Serial cast application may be used for severe
deformities. The bowing generally corrects rapidly in the

tibial length measurements in infants. Orthoroentgeno-

first year (191,192). Rarely, extreme dorsiflexion and valgus

grams or similar radiographic techniques can be used for

persist, such that plantigrade weight-bearing cannot be ac

serial assessments of limb-length inequality. The posterior

complished. Use of a solid AFO or SMO may be facilitate

angulation rarely persists, often producing a mild S-shaped

weight-bearing for walking (193,194). As tibial length ine

tibia. The medial angulation is less likely to resolve com
pletely, and residual valgus in the tibia may be clinically

quality increases, a shoe lift may be needed to balance the

significant (Fig. 27-25). Growth inhibition is fairly con

common. Passive stretching is usually adequate treatment

stant, as the absolute leg-length difference increases with

in young children.

growth.

pelvis. Gradual contracture of the plantar flexors is not un

Recently, 35 patients with posteromedial bowing of the
tibia were reviewed at the Shriners Hospitals for Children

Differential Diagnosis

in St. Louis. All had some degree of limb-length inequality.
The minimum discrepancy was 1.4 cm at 1 month of age,

There is little to consider in the differential diagnosis of
posteromedial bowing. Its direction is clearly different from

and the projected difference at maturity ranged from 3 to

the more serious pathology of anterolateral bowing. Postero

resulted in decreased foot height as well. This degree of

8 cm. Pes planovalgus, which was seen in some children,
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FIGURE 27-25. Both the posterior and medial
components show spontaneous resolution. Im
provement is often very dramatic within the first
year. This series of APf ilms show the typical course
of resolution from 1 month to 6 months and 12
months of age. Medial bowing may not fully re
solve, resulting in residual valgus. Posteromedial
bowing is not associated with risk of pathologic
fracture.

inequality is best managed by surgical equalization, either

the proximal tibia is usually sufficient. There are several

by shortening the long tibia or lengthening the short tibia.
Appropriately timed epiphysiodesis has been most widely

techniques that can be employed |>»6.12, 6.13] (see Chapter
28). A staged hemiepiphysiodesis may be used to correct

used for differences up to 4 to 5 cm. Shortening is

residual angulation prior to completion of the epiphysi

almost always confined to the tibia. Epiphysiodesis of

odesis. Lengthening techniques f"-6.9, 6.10] are recom-

FIGURE 27-26. A: This 17-year-old male has a history of pos
teromedial bowing of the left tibia. At age 14 years, he had
lengthening of his tibia, for a 4.8-cm discrepancy. B:The resid
ual valgus was not corrected. Lengthening exaggerated the
valgus appearance. There was also residual shortening, in
part, from decreased foot height secondary to the valgus po
sition, (continued)

Congenital Dislocation of the Knee
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FIGURE 27-26. (continued) C: Subsequently, a bilevel
tibial osteotomy was performed. Residual valgus was
corrected through the distal tibia, and limb-length
equalization accomplished with proximal lengthening.
D: Valgus has been corrected, as well as balancing the
pelvis.

mended for those children with projected discrepancies
greater than 3 to 4 cm, and for those with residual
valgus angulation (Fig. 27-26). Lengthening alone in

this latter group can add to existing valgus, particularly
when unilateral frames are used. Circular frame fixation
allows better control of valgus (31,108). Bi-level osteoto
mies in the tibia (lengthening proximally, deformity cor
rection distally) provide optimum management of length
and angulation. The foot may assume a varus position
to compensate for residual tibial valgus, and require
modification of the frame, if it is rigid. Stability of the

knee and ankle is normal with posteromedial bow, mak
ing these relatively less complicated corrections than
other congenially short tibiae.

some reports of occurrence within families, most cases are
sporadic occurrences (200-202). The deformity may be
unilateral or bilateral.

Etiology

Several etiologic factors have been proposed for CDK. The

abovementioned familial occurrence suggests a possible ge
netic basis. There is also a strong relationship of CDK with
both hip dysplasia and congenital foot deformities
(195,197,203). Both congenital deformities (clubfoot and
vertical talus) have polygenic modes of inheritance, again
suggesting a genetic link with CDK (195,197,204).

Milder forms of CDK occur in association with breech
position in utero. In one study, 41% of otherwise normal

CONGENITAL DISLOCATION OF THE KNEE

Definition
Congenital dislocation of the knee (CDK) is a relatively

rare deformity that varies from simple hyperextension to
anterior dislocation of the tibia on the femur. The variable
spectrum of deformity in the clinical presentation of CDK

has been classified as recurvatum, subluxation, and disloca
tion (195,196). The incidence of CDK is estimated at 1
per 100,000 live births, nearly one-tenth the incidence of
developmental hip dysplasia (197-199). Although there are

newborns with CDK were breech position. These are gener
ally believed to be positional, not pathologic deformities
(197). Severe CDK often occurs in the presence of muscle
imbalance and/or ligamentous laxity, as occurs in myelodysplasia, arthrogryposis, Larsen syndrome and maternal oligohydramnios (195,197,203,205).
Imbalance about the knee created by a relatively strong
or contracted quadriceps muscle, along with deficient ham
strings, can lead to anterior dislocation of the knee. These

infants typically have severe hyperextension in utero, and
presumably decreased fetal mobility. The chronic knee hy
perextension allows anterior subluxation of the hamstrings,
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making them "perverted" knee extensors (206). The quadri
ceps muscle is short and contracted. Uhthoff and Ogata
were able to study a 19.5-week-old fetus with such a defor

mity (207). They found early fibrosis of the quadriceps,
absence of the suprapatellar pouch, and incomplete patellofemoral cavitation. The authors suggest that these abnor
malities, intrinsic to the extensor mechanism, were the pri
mary cause of knee subluxation, rather than being secondary
to some other extrinsic cause. The pathologic findings in
this fetus are the same as those found in patients treated
surgically.

Clinical Presentation
The hyperextended knee(s) deformity is obvious, but of
variable severity. There is inability to actively or passively

flex the knee (Fig. 27-27). The quadriceps tendon is often
severely contracted. A dimple or deep crease may be present
over the anterior aspect of the knee. The patella is difficult

to palpate, and often laterally displaced. In the more severe
forms, hip dysplasia and congenital foot deformities are

present. Milder forms, such as hyperextension or recurvatum, are usually isolated abnormalities. Radiographs (Fig.
27-28) help to differentiate anterior dislocation of the tibia
from the less complex hyperextension deformity. CDK, oc
curring in association with a neuromuscular or genetic syn-

FIGURE 27-28. A lateral radiograph differentiates between sim
ple hyperextension, subluxation, and anterior dislocation. The an
terior aspect of the knee is to the left. Note the deep skin crease
anteriorly. The ossification center of the proximal tibial epiphysis
is anterior to that of the distal femur. Serial lateral radiographs
should be used to document anatomic reduction of the knee.
Failure to achieve anatomic reduction by closed manipulation, or
inability to flex the knee more than 60 degrees, are indications
for surgical treatment.

drome, is typically very severe and the most difficult to
manage (195,208,209).

Nonoperative Treatment

Treatment begins with gentle stretching. The use initially
of serial casts changed weekly, and subsequently, removable

splints changed every 2 to 3 weeks, is often helpful, particu
larly in the milder forms. These knees often show rapid
improvement in flexion. A Pavlik harness is useful for main
taining knee flexion (210-212). Once flexion beyond 90
degrees is obtained it is unlikely that additional treatment

will be needed. It is important to document the restoration
of a normal relationship of the femur to the tibia. A lateral
plane radiograph of the knee is usually sufficient. Ultra
sound can also be used. Knees with more severe subluxation

or dislocation may not respond to passive stretching or

splinting. Traction has been suggested as a means to achieve
gradual reduction (195,209,213). During attempted closed
treatment, it is particularly important to radiologically doc
FIGURE 27-27. This infant has bilateral anterior knee subluxa
tion and club foot deformities. These deformities are often associ
ated with intrauterine breech position. Deep skin creases are

often found across the front of trie knee. The skin may be dimpled
posteriorly. See Fig. 27-29 for follow-up of this patient.

ument the restoration of a normal relationship of the tibia
on the femur. A lateral plane radiograph of the knee joint
is usually sufficient. Ultrasound can also be used. It is possi
ble to create an iatrogenic separation through the distal fern-

Congenital Dislocation of the Knee

oral physis, or plastically deform the proximal tibia. Rather,
flexion obtained must occur at the knee joint as the tibia
translates on the femur.

Surgical Treatment

Those infants who do not respond to nonoperative treat

ment (failure to achieve knee flexion beyond >60 degrees)
should be considered for surgical treatment |>5.3] (199).
Early surgery (<4 to 6 months of age) is desirable. How
ever, extensive and often bilateral releases are required.

Often, surgery must be delayed if the child's general health
status is compromised by coexisting medical conditions.

Alternatively, Roy and Crawford (203) have used a percu

taneous release of the quadriceps mechanism, in conjunc
tion with serial casting. This has been performed as early
as 1 to 2 months of age.

The extent of the incision and dissection necessary
should not be underestimated. The typical incision extends
from the proximal thigh, in a serpentine fashion distally,
and slightly past the tibial tubercle distally. A serpentine
incision, rather than straight, may facilitate wound closure

and healing. Subcutaneous flaps are raised to expose the

contracted quadriceps mechanism. Fibrosis and scarring of
the muscle is usually extensive. It may be adherent to the
periosteum of the femur. The patella is usually veiy small
and laterally displaced. The extensor mechanism is usually
malrotated, and pulls the tibia into valgus. The quadriceps
mechanism must be considerably lengthened, yet remain
attached both proximally and distally. This requires exten
sive dissection through fibrotic tissue. A V-Y advancement,
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ion and yet minimize loss of extension. Flexion contracture
can be more debilitating than lack of full flexion.
Treatment of an ipsilateral hip dislocation is best per

formed after correction of the knee dislocation. Following
release of the contracted quadriceps mechanism, the knee
can be flexed, which facilitates treatment of the hip
(195,197,199). Mild hip dysplasia, which can be managed
by simple closed reduction or limited open reduction with

a medial approach |>3.3, 3.4], can be treated in conjunction
with the spica cast utilized to immobilize a surgically re
duced CDK. For more severe hip dysplasia open reduction
should be done later as a staged procedure. If a coexisting
foot deformity requires operative treatment, this can be
done in conjunction with the knee reconstruction. Knee
flexion facilitates cast application necessary for the treat
ment of associated foot deformities.

The long-term outcome of treatment is variably good.
Those who require only stretching, and minimal interven
tion as infants, anticipatably have the best results. They do
not report problems later on. Function is very good and

radiographs appear nearly normal (198,208,211,212).
Those children who require an open reduction, but do not
have any other musculoskeletal problems, generally do well
(Fig. 27-29A and B). These patients have knee range of

done more proximal to the patella, satisfactorily lengthens

moderate contractures (195).
For the relatively more severe quadriceps contractures,

the authors have found that greater lengthening can readily
be obtained by a Z-plasty of the entire distal portion of the
quadriceps mechanism (195). The anterior knee joint is
transversely released to the collateral ligaments, which often

must be reflected forward and/or partially released. Typi
cally, the knee can be flexed to 90 degrees. Occasionally,
the medial hamstrings, iliotibial band, and the lateral intermuscular spectrum must be released to correct valgus and
external rotational deformity (199). The cruciates are typi
cally present, but may be attenuated (195,204,206). The
authors have not found it necessary to release the cruciates.
The tenuous quadriceps mechanism is repaired with the
knee in >30 degrees of flexion (195,199,206). Postoperatively, the knee is immobilized in a spica cast, in enough

flexion (30 to 45 degrees) to prevent recurrent tibial sublux-

ation (197,199). Immobilization in too much flexion both
jeopardizes the quadriceps mechanism repair and poten
tiates necrosis of the rather tense skin and subcutaneous soft
tissue (195). It is essential to continue with long-term range

of motion and orthotic splinting to maintain maximal flex

FIGURE 27-29. Follow-up photos of patient seen in Figure 2727. A: The upper photo shows knee extension following open
reduction of these bilateral knee deformities. Hyperextension is
no longer evident. B: Knee flexion greater than 90 degrees has

been accomplished. Range of motion exercises and intermittent
use of orthotics may be needed to maintain this correction.

1098

Chapter 27: The Lower Extremity

motion from near-full to full extension, and flexion, which
averages 80 to 120 degrees. This allows very functional inde
pendent ambulation. All have some degree of ligamentous
laxity of the involved knee. Radiographic abnormalities are

found in some, but not all knees. This usually consists of
flattening of the femoral and tibial articular contours
(195,197).

Those with bilateral deformity do not do as well as those
with unilateral deformity. These also tend to be children
with neuromuscular disorders. Early repair generally has a
more satisfactory functional result than late repair
(195,197,203). Recurrent hyperextension deformity is not

likely. However, loss of flexion, particularly that gained at
surgery, can be a late complication. The development of a
flexion contracture can compromise long-term function.
This may result from poor quadriceps muscle function or

postoperative fibrosis. Release of contracted soft tissues and/
or osteotomy may be necessary to place the limb in a func
tional position.

for these patients. Only 25% of parents noted a spontaneous

improvement; that is, appreciably less toe-walking occurred.
Seemingly, for the children with relatively less severe heel
cord contracture (dorsiflexion >5 degrees), persistent toe-

walking is not a functional problem resulting in any foot
deformities or pain. Toe-walking, for many patients, either
diminishes or ceases with time. This perhaps occurs as the
body mass becomes too large to be supported by the triceps
surae and/or by the secondary development of external tibial
torsion (217).
Clinical Features

Patients typically present to the orthopedist for evaluation
of ITW at 3 to 4 years of age (218). Males predominate,
and the family history (siblings and also generation to gener

ation) is often positive for similar ITW, persisting into

adulthood (216,218,219). The suggested inheritance pat
tern is autosomal dominant with variable penetrance
(220,221). Although Strieker and Angulo noted a frequent

history of both prematurity and developmental delay, walk
IDIOPATHIC TOE-WALKING
Definition

Children may present at any age with a history of toe-walk
ing. The habit of doing so is not that uncommon or abnor
mal in 2- or 3-year-old children. Typically, the habitual toewalkers, with coaxing, can alternatively walk plantar grade.
By the age of 3 years, children should walk with a heel
strike (6,214,215). Persistent toe-walking beyond this age
is abnormal in the child who is otherwise neurologically
normal, and typically is associated with a shortened heel
cord of variable severity (216-218).

Etiology

Although originally described as having congenitally short
heel cords (217), most children in retrospect did not have
a history of recognized heel cord shortening noted at or
soon after birth (218). In some idiopathic toe-walkers, there
is little evidence of static triceps surae contracture (217).
In practice, though, those idiopathic toe-walkers with the

greatest degree of heel cord contracture will most likely have
a persistence of toe-walking and a need for treatment (218).
Natural History

In actuality, very little is known about the natural history
of idiopathic toe-walking (ITW). Strieker and Angulo (218)
retrospectively reviewed 80 patients who were evaluated and
treated for ITW. Forty-eight of the 80 patients, generally
those with the mildest deformity, were observed without
treatment for an average of 3 years to 6 years. The degree of
minor heel cord contracture remained essentially unchanged

ing age was not delayed (218). On examination, ITW occurs

bilaterally, and is best seen when walking barefoot (Fig. 2730). When the children stand still their feet are flat on the
ground. Toeing-out and splaying of the forefoot variably
occur. Idiopathic toe-walkers, in contrast to children with
spastic dysplasia, do not have any noted tendency to walk
with a back-knee thrust.

On bench exam, the range of passive ankle flexion will

be normal, and dorsiflexion will be limited, secondary to a

variable degree of true shortening of the heel cord (216).
The posterior calf muscles are typically very well developed;
in fact, they may appear to be enlarged. However, the mus
cle texture will feel normal on exam, and there will be no
evidence of any weakness, proximal or distally in both the
upper or lower extremities. Importantly, no spasticity is

present. The diagnosis of ITW is a diagnosis of exclusion,

and typically can be made from the child's history and phys
ical examination (216,219,222,223).
Other Diagnostic Studies

The differential diagnosis of early-onset toe-walking in
cludes spastic dysplasia and other neurologic etiologies

(218,219). Idiopathic toe-walking that develops after the
onset of a mature gait pattern must be differentiated from

primary muscle disease, tethered cord syndrome, and CNS
neoplastic abnormalities (218,219). On occasion, neuro

logic consultation may be indicated, to assist in the often
subtle differentiation of ITW from toe-walking as a manifes
tation of typically static encephalopathy or remotely second
ary to primary muscle disease (dystrophy, myotonia) (218).
Diagnostic tests that may be helpful in this setting are MRI
of the CNS and/or gait analysis, including dynamic EMG.
Usually, the diagnosis of ITW is made without computer-

Idiopathic Toe-Walking
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FIGURE 27-30. A: Children with idiopathic toe-walking assume an externally rotated posture,
to facilitate a foot-flat position. They typically do not hyperextend the knee. B: While up on their
toes, the heel moves to a varus position. Chronic toe-walking can cause the forefoot to splay,
because of the overload of the intermetatarsal ligaments. Forefoot splay and tibial external rota

tion typically do not resolve after heel-cord-lengthening.

ized gait analysis. However, gait analysis may be helpful if it
is essential to differentiate between ITW and spastic diplegia
(217,222,224). Children with mild cerebral palsy who walk
on their toes may have out-of-phase gastrocnemius soleus
muscle activity, whereas the same EMG data for children

with ITW will be in phase (224). Kinematic differences
include lack of heel strike in both groups, but with greater
sustained knee flexion at terminal swing in patients with

mild cerebral palsy (217,222,223). Subtle kinematic differ
entiating patterns exist. Maximal knee extension occurs at

ground contact for idiopathic toe-walkers, and at mid- to
late-stance for diplegics (222). Maximal swing ankle dorsiflexion occurs early in ITW, followed by plantar flexion;
ankle dorsiflexion occurs throughout swing in diplegics
(222).

Treatment Recommendations
Nonsurgical Treatment

The treatment of ITW begins with instructions given to
the parents regarding the importance of a long-term com
mitment to assisting the child with heel-cord-stretching
exercises. This is particularly true in early childhood, when
stretching exercises are more likely to make a difference. A
3- to 4-month course of twice-daily dorsiflexion manipula
tions, with the hindfoot inverted, may be effective in obtain
ing increased dorsiflexion. Less toe-walking may be noted.

This clinical improvement will be sustained with continued
daily heel-cord-stretching exercises and active dorsiflexionstrengthening exercises. There is more often than not a fail
ure to comply with this regimen.

If toe-walking persists, serial stretching casts should be

considered. A series of two or three sets of short-leg casts
will often physiologically elongate the heel cord, resulting
in greater passive dorsiflexion. Typically, a marked decrease
in the tendency to toe-walk is noted. After casting, articu

lated AFOs with plantar flexion stops are fitted, and the

heel-cord-stretching and dorsiflexion-strengthening regi

men is resumed. If dorsiflexion can be maintained the chil
dren are, over the ensuing months, gradually weaned from
daytime and eventually nighttime use of AFOs. This ap
proach will achieve initial correction, particularly in the ma
jority of the younger patients, and even in some of the older
patients. However, persistence of relapses are very common,

often requiring repeating the casting and orthotic treatment
regimen. Although serial casting and subsequent orthotic
usage is widely recommended, very little is known of its
long-term effectiveness (223).
Surgical Treatment

If the use of serial stretching casts does not realize a satisfac

tory clinical improvement in the tendency to toe-walk, then

heel-cord-lengthening procedures will be necessary to effect
a change in gait (216,218). The timing of definitively restor
ing a more normal gait is of importance. The authors feel
that by 6 to 8 years of age, children should have treatment
sufficient to realize a more normal heel-toe, rather than
toe-heel gait. Persistent toe-walking can potentiate both

forefoot splay and an associated permanent, disproportional
hindfoot-forefoot size relationship and external tibial tor
sion. The associated external tibial torsion deformity be
comes more obvious once the heel cord has been length
ened. It may be severe enough to warrant corrective
osteotomy. In addition, treatment of neglected ITW in early
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A follow-up study in normal and abnormal conditions. J Bone

adolescence necessitates a heel-cord-lengthening at a rela
tively late age.
The heel-cord-lengthening can be done by a variety of
techniques [*»7.16, 7.17]. The authors prefer performing a

fractional lengthening at the junction of the middle and

Joint Surg Am 1973:55:1726.

10. Fabry G, Cheng LX, Molenaers G. Normal and abnormal tor
sional development in children. Clin Orthop Rel Res 1994;302:
22.

11. Sutherland DH. Varus foot in cerebral palsy: An overview. In:

distal thirds of the triceps surae complex. Lengthening is
performed sufficient to obtain 10 degrees of dorsiflexion

Heckman JD, ed. AAOS instructional course lecture, vol. 42.
Rosemont: American Academy of Orthopedic Surgery, 1993:

with the knee extended. Short-leg walking casts are used

12. Stefko RM, deSwart RJ, Dodgin DA, et al. Kinematic and ki
netic analysis of distal derotational osteotomy of the leg in chil
dren with cerebral palsy. J Pediatr Orthop 1998; 18:81.
13. Luhman SJ, Schoenecker PL. Painful idiopathic rigid flatfoot
in children and adolescents. Foot Ankle Int 2000;21:59.
14. Pritchett JW, Perdue KD. Mechanical factors in slipped capital
femoral epiphysis. / Pediatr Orthop 1988:8:385.
15. Murphy SB, Simon SR, Kijewski PK, et al. Femoral anteversion.
J Bone Joint Surg Am 1987:69:1169.
16. Staheli LT. Footwear for children. In: Schafer M, ed. AAOS
instructional course lecture, vol. 43. Rosemont: American Acad
emy of Orthopedic Surgery, 1994:193.
17. Hubbard DD, Staheli LT, Chew DE, et al. Medial femoral
torsion and osteoarthritis. J Pediatr Orthop 1988;8:540.
18. Wedge JH, Munkacsi I, Loback D. Anteversion of the femur
and idiopathic osteoarthrosis of the hip. / Bone Joint SurgAm

for 5 to 6 weeks, then the child is fitted with AFOs, which

are used 22 of 24 h for 4 to 6 weeks, then gradually weaned.
Heel-cord-stretching and strengthening and dorsiflexionstrengthening exercises are performed twice daily.
Generally, parents are very satisfied with the improved
gait following heel-cord-lengthening; however, they need
to be well informed as to the anticipated post-operative

course. The child's post-op gait (relatively weak plantar
flexor power) will be considerably different from the preop gait (relatively strong plantar flexion power). The pre
dominantly equinus gait is replaced with a gait with rela
tively weak push-off. Quick cadence is replaced by a gair
with a slower cadence. It takes time for the push-off power
to recover to near-normal parameters (216). Surgical correc
tion predictably has a satisfactory outcome. Hall et al., at
an

average length

of follow-up

of 3

years post-heel-

cord—lengthening, reported a satisfactory outcome for all
20 patients (216). In a review of all treatment methods,
Strieker and Angulo (218) noted that only surgical length

ening of the heel cord permanently improved anlde dorsi

539.

1989:71:1040.
19. Eckhoff DG, Montgomery WK, Kilcoyne RF, et al. Femoral
morphometry and anterior knee pain. Clin Orthop Rel Res 1994;
302:64.
20. Tonnis D, Heinecke A. Diminished femoral antetorsion syn
drome: a cause of pain and osteoarthritis. J Pediatr Orthop 1991;
11:419.
21. Delgado ED, Schoenecker PL, Rich MM, et al. Treatment of
severe torsional malalignment syndrome. /Pediatr Orthop 1996;
16:484.

flexion. Although 33 of 56 patients still exhibited some

22. Staheli LT, Lippert F, Denotter P. Femoral anteversion and

degree of toe-walking, most parents were satisfied with the

physical performance in adolescent and adult life. Clin Orthop
Rel Res 1977:129:213.
Bauman PA, Singson R, Hamilton WG. Femoral neck antever
sion in ballerinas. Clin Orthop Rel Res 1994:302:57.
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derotation osteotomy for correction of tibial torsion: review of
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14:39.
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Cases of leg length discrepancy frequently present challenges
to the orthopaedic surgeon. The orthopaedic surgeon must

years, the orthopaedic surgeon must understand the need
to correct the discrepancy as it will exist at maturity and

understand the mechanisms and concepts of growth, in
cluding the relations among age, maturity, and leg length.
Because the patient usually presents during the growing

C. F. Moseley: Department of Orthopaedics, University of Califor
nia—Los Angeles 90020; Chief of Staff, Shriners Hospital for Children, Los

Angeles, California 90020

not the discrepancy that is present in the growing child.

The surgeon must be conversant with the methods used to
analyze growth and predict future growth and the effects
of surgery. The techniques of leg lengthening evolve rapidly,
and the orthopaedic surgeon must consider these new tech
niques in choosing the most appropriate treatment. As sur
geons become more confident in their ability to lengthen
legs, discrepancies of greater magnitude for correction are
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accepted; surgeons must be confident that the improve
ments in their abilities outweigh the increased risks. The

have deleterious effects on the spine and the hips, good
documentation to support that consensus is lacking.

final challenge facing the orthopaedic surgeon is to maintain
perspective on the whole patient, and resist the temptation

to direct attention solely toward the lengths of the legs,
neglecting the other factors that are important in the pa
tient's overall function and appearance.

The treatment of leg length discrepancy must be pre
ceded by careful and sometimes difficult education of the
patient and parents. In the case of epiphysiodesis, parents
frequently find it difficult to understand why a problem in
one leg requires an operation on the other normal leg, and

they are not pleased at the thought that their child will be
shorter. In the case of leg lengthening, the parents and the
patients must understand that a fairly high morbidity is
associated with this procedure, even if things go well, be
cause the child must wear an external device for many
months, and be restricted in recreation and athletics. They
also must understand that the risk of complications is high,
and that these complications can compromise the final re
sult. The orthopaedic surgeon knows that surgery is neces
sary to correct leg length discrepancy, but parents often are

Mechanisms of Compensation
The child with leg length discrepancy usually compensates
better than the adult, probably because of a greater strength-

to-weight ratio. The child may compensate for minor degrees
of leg length discrepancy by walking on the toes of the short
leg with the heel never touching the ground. This can result
in a smooth, symmetric gait that shows no abnormality,
except for the lack of heel strike on the short side.
The adult, on the other hand, seldom compensates in

that fashion, but tends to walk with a heel-to-toe gait, even
on the short side, and to vault over the long leg. This action

produces excessive up and down motion of the pelvis and
trunk (Fig. 28-1). Although, theoretically, it is possible to
compensate for the leg length discrepancy by flexing the
knee on the long side, this almost never is done by either
adults or children, probably because too much physical ef
fort is required to do so.

anxious to find some nonsurgical method of stimulating the
growth of the short leg. If all other factors were equal, it
would be better to correct the leg length discrepancy by
lengthening the abnormally short leg than to compensate
for the discrepancy by shortening the normal long leg.

Gait
Despite evidence to suggest that discrepancies of less than
2.5 cm are not significant (1), postural sway has been shown
to increase as the result of simulated discrepancies of as little
as 1 cm (2). Liu et al. proposed the symmetry index (SI)

as a measure of the quality of gait, and found that correction
EFFECTS

of discrepancy by a heel lift significantly improves the SI

(3).
The mechanical and functional effects of leg length discrep
ancy are immediately apparent. The long-term effects, how
ever, are less understood. Despite a consensus in the ortho
paedic and lay communities that leg length discrepancy does

It appears that patients are able to compensate extremely
well for their discrepancies. The moments about lower limb

joints with simulated and real leg length discrepancies have
been found to be essentially unchanged with small discrep-

LEG LENGTH EQUALITY

LEG LENGTH INEQUALITY

INCREASED FORCE
OF IMPACT

FIGURE 28-1. Motion of pelvis during gait. The
amplitude of vertical pelvic motion is increased
by leg length discrepancy. The patient vaults over
the long leg and descends to plant the heel of
the short leg.

Effects

ancies (4). Song found that discrepancies greater than 5.5%
of the long extremity increased the mechanical work per
formed by the long limb, and increased the vertical displace
ment of the center of body mass. Children with lesser dis
crepancies were able to normalize the work performed by
the two extremities.

Hip

Degenerative arthritis of the hip, which is termed "idio-

pathic" in the elderly patient, may actually be the result of
some previously unrecognized minor problem, such as mild

dysplasia, slipping of the capital femoral epiphysis, or possi
bly leg length discrepancy. In two-legged stance with the
legs straight, the patient with leg length discrepancy has a
pelvic obliquity, with respect to the floor, that relatively
uncovers the hip of the long leg and increases coverage of
the hip of the short leg (Fig. 28-2).
As the leg length discrepancy increases, so does the un-
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covering on the high side with a decrease in the center-

edge angle. This relation is illustrated in Figure 28-3. It

is reasonable to suspect that the patient with a leg length

discrepancy throughout his or her life may be subject to an
increased risk of developing degenerative arthritis in the hip

of the long leg (6); however, there is no documentation to
prove this hypothesis. The effect of the leg length discrep
ancy in decreasing coverage is present only during twolegged stance, and perhaps during gait if dipping of the

pelvis is used as a compensatory mechanism. When one is
in one-legged stance, sitting, or lying down, as is the case
most of the time, the effect disappears.
Knee

Although the nature of the relation has not been elucidated,
there are reports that leg length discrepancy increases the
incidence of knee pain in athletes (7).

Spine

The effects of leg length discrepancy on the spine also are
not clearly established. The parents of young children with

leg length discrepancy worry about their children develop
ing degenerative arthritis of the spine, low back pain, and
scoliosis. Contradictoiy evidence exists concerning the pos
sibility that leg length discrepancy causes low back pain in
the long term (8-10). Low back pain is unusual in the
younger child and more common in the adolescent, but
there is no evidence that low back pain and leg length dis
crepancy are related in this age group. Froh and colleagues

looked for an effect of leg length discrepancy on the orienta
tion of the facet joints in adults, and found none, whereas

Giles and Taylor did find changes in the facet joints of
cadavers with leg length discrepancy (11). It is not clear
that the incidence of back pain is higher in patients with
leg length discrepancy than it is in the general population.
Radiographs of the spine should be examined carefully to
rule out anomalous development of the vertebrae.
Several studies have been performed to determine

whether leg length discrepancy leads to scoliosis. Gibson
and coworkers assessed 15 patients with leg length discrep
ancy following femoral fractures, and found that after 10
years none had structural scoliosis (12), but minor struc
tural changes have been reported in such patients (13). Stud
ies have demonstrated an increased incidence of structural
scoliosis in patients with leg length discrepancy, when com
pared with the general population (14), but it has not been
established that the leg length discrepancy has caused the
FIGURE 28-2. Decrease in center-edge (CE) angle with pelvic
obliquity. The CE angle is decreased on the side of the long leg.
Coverage is decreased, and the resulting decrease in the loadbearing area causes an increase in pressure. Such a hip may be
susceptible to late degenerative arthritis (/., left; R, right). (From
ref. 5, with permission.)

scoliosis. If leg length discrepancy were the cause, the sco
liosis would be expected to be in the direction that would
compensate for the leg length discrepancy, but in up to one-

third of the cases in these studies, the scoliosis was in the
opposite direction (Fig. 28-4). Because the leg length dis
crepancy affects the spine only during two-legged stance,
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center-edge (CE) angle. The CE angle and coverage decrease
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of leg length discrepancy, there is a decrease of approximately
2.6 degrees in the CE angle. (From ref. 5, with permission.)

and to some extent while walking, some skepticism toward
the cause-and-effect hypothesis seems justified. It has been
suggested, however, that scoliosis develops more as the result
of the dynamic forces of walking, and not of the static forces

degree to which it remains uncompcnsated or uncorrected,

of standing (15).

GROWTH

If leg length discrepancy has long-term effects on the
spine or hips, it is reasonable to suspect that the severity of
the problem is related to the severity of the discrepancy, the

and the age of the patient at onset.

An understanding of growth is an essential prerequisite to

the treatment of patients with leg length discrepancy. The
mechanisms of growth are discussed in Chapter 2. In the
study of leg length discrepancy, one is concerned with rates
and patterns of growth. Growth of the leg is the result of
both growth at the four physeal plates at the proximal and
distal ends of the tibia and femur, and an increase in size
of the four adjacent epiphyses. The growth of the epiphyses
contributes only 5% to the total growth of the legs, and

this usually is ignored in treating patients with leg length
discrepancy.

The only good studies relating growth of the legs to age
were performed by Anderson and colleagues. Their first
study involved populations of girls and boys at various ages

from 5 years of age to physeal closure (16). Their second
study was longitudinal, in that a single group of children
was followed until maturity. They published their data in
two forms. The first form related the lengths of the femur
and the tibia of boys and girls to their ages, from 1 to 18

years (17). These data can be combined to show the total
leg lengths rather than the lengths of the individual bones.
The total leg length data are shown here in tabular (Table

28-1) and graphic forms (Figs. 28-5 and 28-6). The graph
showing leg lengths related to age is a useful tool in the
analysis of leg length data. They later published their data
in the form of a graph showing the growth remaining at
FIGURE 28-4. Oblique pelvis with scoliosis in compensatory and
noncompensatory directions. If leg length discrepancy causes sco

liosis, the direction of the spinal curvature is expected to be in
the direction that is compensatory for the scoliosis. When scoliosis

occurs in the other direction, it must be concluded that the leg
length discrepancy is not responsible.

the distal femoral and proximal tibial physes of boys and
girls related to skeletal age (18) (Fig. 28-7). Most of the
growth of the lower extremity occurs in the physes near the
knee, as opposed to the upper extremity, where most growth
is contributed by the physes farthest from the elbow. The

Growth

TABLE 28-1.

LENGTH AS A FUNCTION OF SKELETAL AGE
Total Leg Length (cm)

Age

(yr)

+ 2 SD

1109

+ 1 SD

Mean

-1 SD

Total Leg Length (cm)

Age

(yr)

-2 SD

Boys

+ 2 SD

+ 1 SD

Mean

-1 SD

-2SD

Girls

1

28.58

27.33

26.08

24.83

23.58

1

29.02

27.70

26.38

25.06

23.74

2

36.06

34.37

32.69

31.01

29.32

2

36.00

34.37

32.74

29.48

3

31.11

41.81

39.84

37.88

35.92

33.95

3

42.09

40.09

38.10

36.11

4

34.11

46.89

44.61

42.32

40.03

37.75

4

47.75

45.26

42.78

40.30

37.81

5

51.55

48.97

46.38

43.79

41.21

5

52.56

49.83

47.09

44.35

41.62

6

56.06

53.14

50.21

47.45

44.54

6

57.20

54.04

51.05

47.97

44.90

7

60.63

57.32

54.01

50.70

47.39

7

61.75

58.29

54.82

51.35

47.89

3

64.83

61.25

57.66

54.07

50.49

8

66.05

62.34

58.61

54.88

51.17

9

69.14

65.24

61.35

57.45

53.55

9

70.49

66.38

62.27

58.16

54.05

10

73.16

68.99

64.82

60.65

56.48

10

74.99

70.49

66.00

61.51

57.01

11

77.33

72.80

68.26

63.72

59.19

11

79.52

74.66

69.81

64.96

60.10

12

81.83

76.86

71.87

66.88

61.91

12

85.21

78.28

73.35

68.42

63.49

13

86.86

81.27

75.66

70.06

64.46

13

85.75

80.94

76.14

71.34

66.53

14

90.71

85.03

79.36

73.69

68.01

14

86.57

82.07

77.57

73.07

68.57

15

92.32

87.20

82.07

76.95

71.82

15

86.80

82.43

78.06

73.69

69.32

16

93.01

88.35

83.70

79.05

74.39

16

86.90

82.55

78.21

73.87

69.52

17

93.02

88.66

84.29

79.92

75.56

17

86.95

82.60

78.25

73.90

69.55

18

92.95

88.73

84.52

80.31

76.09

18

86.99

82.63

78.28

73.93

69.57

SD, standard deviation.
(From ref. 17, with permission.)
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FIGURE 28-5. Total leg length versus skeletal age for boys allows a specific boy to be related to
the population by plotting his leg length as a function of his skeletal age. It is useful in the analysis
of leg length data because it allows a projection into the future based on the present situation.
(From ref. 16, with permission.)
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FIGURE 28-6. Total leg length versus skeletal age for girls serves the same purpose for girls as
Figure 28-5 serves for boys. (From ref. 16, with permission.)
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FIGURE 28-7 Green and Anderson growth-remaining graph. This graph shows the amount of
qrowth potential remaining in the growth plates of the distal femur and proximal tibia of boys

and girls as functions of skeletal age. It is useful in determining the amount of shortening that
will result from epiphysiodesis. (From ref. 17, with permission.)
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four growth plates of the lower limb contribute consistent
proportions of growth to their individual bones and to the
entire extremity (19) (Fig. 28-8). These percentages are

worth remembering, because they can be useful in clinical
situations. For example, a child with avascular necrosis of
the femoral head in infancy cannot lose more than 15% of
future growth of the affected leg, and a child whose distal
femoral growth plate was destroyed as a result of infection
will lose at most 38% of the future growth of the leg. Also
noteworthy is that the femur is longer than the tibia, com
prising 54% of the total length of the leg.

The study of growth as it pertains to leg length discrep
ancy involves relationships among three factors: leg length,
maturity, and chronologic age (Fig. 28-9). Although these

relationships are familiar, some aspects deserve elaboration.
It is evident to all physicians who deal with children
that maturation and aging are only loosely related. Some
children mature rapidly, and go through their growth spurts
early. These children appear tall during the growing years,
not because they are of a taller growth percentile, but be
cause they are of advanced maturity. Many of these children,
who are tall for their chronologic ages during early adoles
cence, cease growth early, and are shorter than the mean
at maturity. Pediatricians, in their studies of stature, and

orthopaedic surgeons, in their studies of leg lengths, need

MATURITY
Skeletal age

STATURE
Leg length

FIGURE 28-9. Leg length, maturity, and age all change with
time, and the way they do so is not identical in every child. The
three relations among them can be examined individually, and
it is important to do so to understand parents' perceptions and
to predict future growth. Relation 2 is maturation, whereas rela
tions 1 and 3 are both growth, but from different perspectives.

a measure of maturity, rather than a measure of age. Al

though leg lengths and chronologic age can be measured
accurately and easily, maturity cannot. The best measure of
maturity appears to be the development of the bones of the

skeleton as seen on radiographs. By comparing the radio
graphs of a patient with standard radiographs in an atlas
(20), it is possible to derive a number known as the "skeletal
age." It is used as a measure of maturity, but the skeletal

age is actually the most likely age of a person with the given
x-ray. It correlates well with menarche and other signs of
maturation, such as the appearance of secondary sexual

characteristics, and also correlates more closely with the
growth of the legs than does chronologic age. Because skele
tal age is, in a sense, an average of the general population,
it should be apparent that, for a random group of children,
the mean skeletal age should be equal to the mean chrono

logic age.
37%

> 65%

28%

J

The three relations seen (Fig. 28-9) among chronologic
age, skeletal age, and leg length can be examined individ
ually, and it is instructive to do so. First, consider the rela
tion between growth and chronologic age. This relation is
obvious to parents. The parent who is concerned about his
or her child being too short or too tall is always comparing
the child to classmates and other children of the same age.
In this relation, there is steady growth throughout life, with
a growth spurt in early adolescence and cessation of growth
at the age of 16 to 17 years in boys and 14 to 15 years in
girls (21) (Fig. 28-10). Although this relation is the most
obvious, it is virtually meaningless without a consideration
of maturity, and its variability from child to child presents
problems to the treating doctor. A more consistent relation
must be used.

FIGURE 28-8. The growth plates of the lower limb contribute

definite and constant proportions to the growth of the long
bones of the leg and the total growth of the limb. These contribu
tions determine the slopes of the reference lines of the straightline graph method, and are thus automatically taken into account
by it.

Although the relation between chronologic age and skele
tal age is extremely variable within the population, children
tend to pass the various landmarks of maturity in the same
orderly and consistent fashion. The child who develops sec
ondary sexual characteristics early also goes through the

Chapter 28: Leg Length Discrepancy
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as happens when growth is correlated with chronologic age.
The absence of the growth spurt has two possible explana
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second, more interesting, explanation is that the growth
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spurt may really be a maturation spurt with growth main
taining its customary relation to skeletal age.
The Green and Anderson study provides good documen
tation of the relation between skeletal age and leg length
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of a number of patients, and averaging data tends to dampen
individual fluctuations that occur at different times. The

]

DC

tions. The first is that these curves are derived from averages
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for the population studied, but there is no guarantee that
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these data hold for children of other races or of other genetic

stocks from within the same race. Indeed, there is one report
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that shows that Dutch children are taller than those de

scribed by Green and Anderson (22). It is not clear, how
ever, that these children actually follow a pattern of growth

1

different from that described by Green and Anderson. They
may just behave like children taller than Green and Ander
son's mean. These authors modified the straight-line graph

MM*
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to be consistent with their data, but it is not yet clear that
it is of benefit, since it has only been tested on the same

>

population from which it was derived. Because the literature
contains no reports of consistent errors having been made
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FIGURE 28-10. Green-Anderson growth curve. The examination
of growth rate as a function of chronologic age shows a major
growth spurt in adolescence. It is of interest to note that no such
spurt appears in the growth curve of Figures 28-6 and 28-7. (From
ref. 105, with permission.)

in the prediction of growth in non-white children, it seems
reasonable and practical to assume that the Green and An
derson pattern of growth is followed by children of all races,
and that it can be used reliably in predicting future growth.

ETIOLOGY

Leg length discrepancy can be classified purely by etiology,
but the concepts involved in understanding and treating

growth spurt early, reaches menarche early, and has ad
vanced skeletal age. The implication is that children who
mature more quickly or more slowly than average do so

patients suggest a more logical approach. Leg length discrep
ancy can result from two types of processes: those that
change the length of the leg directly, and those that alter its

throughout their growing years, but this is not necessarily

growth. A fracture that heals with overriding is an obvious
example of an effect on length with no effect on growth,

so. Some children appear as if they are going through a

and injury to the growth plate from osteomyelitis is an ex

maturation spurt, during which they mature faster than they

ample of an alteration in growth rate with no immediate

age. This maturity spurt tends to coincide with the growth

effect on length. These two effects determine whether a

spurt, and the orthopaedic surgeon who is waiting for just

discrepancy is static or dynamic, and greatly influence the

the right time to do an epiphysiodesis can be caught una
ware. It is as if these children deal with their rapid growth

choice of treatment. The causes of leg length discrepancy

rate by turning the pages of the skeletal age atlas at a faster

growth, but the classification system breaks down because

rate than normal.
The third relation, that between maturity and growth,

can be classified according to their effect on length and
certain causes can affect different patients differently, and
some affect both length and growth. A fracture, for example,

correlates more closely than the relation between chrono

can cause shortening in one patient and overgrowth in an

logic age and skeletal age, and is of most interest to the

other, and a congenitally short femur can be thought of as

orthopaedic surgeon. This is the relation shown in the data

being both short and retarded in its growth. Such a classifi

of Green and Anderson (Figs. 28-5 and 28-6), and it has

cation is shown in Table 28-2.

interesting properties. The first property is that growth is
never faster, in either absolute or relative terms, than it is

present as having leg length discrepancy and are treated as

in the newborn. The growth rate continually slows down

such, even though their legs may be of equal length. One

until it stops completely at maturity. There is no inflection

example is the patient with the neglected, high-riding con

point in the curve, meaning that no growth spurt occurs,

genital dislocation of the hip (Fig. 28-11).

Some patients with asymmetry above or below the legs

Etiology

TABLE 28-2.

CLASSIFICATION OF CAUSES OF LEG LENGTH DISCREPANCY

Classification
I, Congenital
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By Growth Retardation
Congenital hemiatrophy with skeletal anomalies
(e.g., fibular aplasia, femoral aplasia, coxa vara),
dyschondroplasia (Oilier disease), dysplasia

By Growth Stimulation
Partial giantism with vascular abnormalities

(Klippel-Trenaunay, Parkes-Weber)
Hemarthrosis due to hemophila

epiphysealis punctata, multiple exostoses,
congenital dislocated hip, clubfoot
I. Infection

Epiphyseal plate destruction due to osteomyelitis
(femur, tibia), tuberculosis (hip, knee joint, foot),
septic arthritis

Diaphyseal osteomyelitis of femur or tibia, Brodie
abscess
Metaphyseal tuberculosis of femur or tibia (tumor
albus)

Septic arthritis
Syphilis of femur or tibia

Elephantiasis as a result of soft tissue infections
Thrombosis of femoral or iliac veins
III. Paralysis

Poliomyelitis, other paralysis (spastic)

IV. Tumors

Osteochondroma (solitary exostosis)

Hemangioma, lymphangioma

Giant cell tumors

Giant cell tumors

Osteitis fibrosa cystica generalisata

Osteitis fibrosa cystica generalisata

Neurofibromatosis (Recklinghausen)

Neurofibromatosis (Recklinghausen)
Fibrous dysplasia (Jaffe-Lichtenstein)

V. Trauma

Damage of the epiphyseal plate (e.g., dislocation,
operation)

Diaphyseal fractures with marked overriding of
fragments

Diaphyseal and metaphyseal fractures of femur or
tibia (osteosynthesis)

Diaphyseal operations (e.g., stripping of
periosteum, bone graft removal osteotomy)

Severe burns
VI. Mechanical

Immobilization of long duration by weight-

Traumatic arteriovenous aneurysms

relieving braces
VII. Others

Legg-Calve-Perthes disease

Slipped upper femoral epiphysis
Damage to femoral or tibial epiphyseal plates due
to radiation therapy
(From ref. 15, with permission.)

FIGURE 28-11.

High-riding dislocation of hip. This patient

has a functional leg length discrepancy that is greater than
the actual discrepancy in the lengths of the legs, because
of the adduction of the short leg.
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Interference with Length
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By definition, the only processes that can acutely affect the
length of the leg are fractures and dislocations. Whether or
not a congenitally short bone has had a direct interference
with its length is a moot point, because it occurred before
birth, and it is the inhibition of growth that is the important

factor. The terminal deletions and proximal focal femoral
deficiency and its variants can be thought of as growth inhi
bition superimposed on a short limb.

Fractures can result in short bones either by overriding

or by angular deformity. In the latter case, the shortening
often disappears when the angulation is corrected (23). Sugi

and Cole have shown that shortening of up to 10% of the
femoral length can be accepted in the treatment of femoral
fractures by early spica without causing significant discrep
ancy (24). Overgrowth frequently accompanies healing of
fractures, and can spontaneously correct the shortening
(25). Excessive length can result when excessive force is ap
plied in traction.

Dislocations have a direct effect on length only if they

are unreduced.

Inhibition of Growth

FIGURE 28-12. In proximal focal femoral deficiency, the leg

The growth of the physis can be slowed by three mecha
nisms. First, congenital short bones grow more slowly than
normal bones, as the result of abnormal programming of
the genetic mechanism that determines growth rate. Second,

length discrepancy is accompanied by qualitative changes, includ

the growth plate can be injured in such a way that part or
all of it is no longer able to grow, and eventually gets con

in girth. Each leg appears to be genetically programmed to

verted to solid bone in the form of a physeal bridge or a
prematurely closed plate. Any part of the plate that has
retained its ability to grow cannot do so effectively, because
of tethering by the fused part. Third, a change in the envi
ronment of the plate can influence its growth rate. Unusual
vascular malformations can stimulate or inhibit growth
(26,27). Children with paralysis usually have shortening of
the more severely affected leg, presumably because the
growth rate of the plate responds to the decreased compressive forces across it. The concept that pressure might change
the direction of the growth of the plate is commonly known
as the "Heuter-Volkmann law" (28,29), but the concept
was first proposed by Delpech (30,31). He treated an angu
lar deformity of the ankle with casting, to cause the distal
tibial plate to change its direction of growth.
Congenital Shortening

When a patient is born with legs of unequal length that are
otherwise normal, it is often impossible to know which leg
is the abnormal one. Because the more severe cases clearly
involve shortening, it is appropriate to think of these cases as

hemiatrophy, rather than hemihypertrophy. Beals has stated

that the two are separate and distinct clinical syndromes,
partly because of associated anomalies (32). The dysplasia
usually involves the entire limb, with some shortening of all
components, and usually is accompanied by a diminution

ing coxa vara and bowing.

be a different size (33).

Congenitally short bones frequently show qualitative as
well as quantitative changes (34) (Fig. 28-12). The congeni

tally short femur also can show coxa vara, bowing, hypoplasia of the lateral condyle (Fig. 28-13), and external torsion
(35). It can be associated with anterior cruciate insufficiency
(36_38), a short or missing fibula (39,40), and absence of
the lateral rays of the foot. Indeed, the congenital short
femur is thought by some to be a variant of proximal focal
femoral deficiency (41).

Congenitally bowed tibias are frequently accompanied
by leg length discrepancy and hypoplastic feet (42-44).
Asians and Ger (45) found that 24% of patients with con
genital constriction bands have leg length discrepancy; and
Garbarino and colleagues (46) reported short tibias in asso

ciation with congenital diastasis of the inferior tibiofibular
joint.

Trauma

Trauma that injures the physeal plate may slow its rate of
growth either by direct injury to the cells responsible for
growth or by formation of a bony bridge that tethers the epi-

physis to the metaphysis. Salter and Harris provided a classifi
cation of fractures of the physeal plate that is useful in antici

pating the effect of fractures on future growth (47). This
classification is shown diagrammatically in Figure 28-14.

Etiology
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FIGURE 28-13. Hypoplasia of femoral condyle is frequently
found in association with congenital shortening of the femur.

Type I

Type III

FIGURE 28-14. Salter-Harris classification of epiphyseal
fractures. Fractures of types I and II do not cross the part
of the growth plate responsible for growth, whereas
those of types III and IV do. In the type IV fracture, approx
imation of epiphyseal bone to metaphyseal bone can re
sult in formation of a bony bridge. (From ref. 46, with
permission.)
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tion—usually in the first year after the fracture. Although
the fracture classifications provide guidelines about the like

lihood of growth arrest, the orthopaedic surgeon must be
wary of giving a definite prognosis for a given epiphyseal
fracture, until enough time has elapsed to rule out a type
V injury.
The bony bridge that causes a growth disturbance follow

ZONE OF
GROWTH

ing physeal fractures usually is discrete and well defined,
and lends itself to excision if small and peripheral. Bridge
FRACTURE

resections usually are limited to those that involve less than

50% of the plate, in patients who have at least 2 years of
growth remaining. Even more extensive resections can be

ZONE

OF

TRANSFORMATION

considered in very young children because, if successful,
difficult treatment of severe leg length discrepancy might

be avoided. Resection of a bony bridge always should be
considered if there is significant growth remaining, even

if leg length discrepancy is already present. The angular
deformity, which also may be present because of the bridge,
can influence treatment of the discrepancy, because both
deformities can be corrected at once.
FIGURE 28-15. Location of fractures in the growth plate. Frac
tures tend to occur through the part of the growth plate where
the matrix is least, although individual fractures may wander

Infection

from zone to zone.

Osteomyelitis adjacent to the plate can result in destruction
of physeal cells and disturbance of growth if not treated early
(49). The infection is usually hematogenous osteomyelitis of

Fractures can wander through all zones of the plate, but tend
to pass through the zone of cell hypertrophy where the mate

rial is weakest and the amount of material is least. The mate
rial in that zone is cartilage that is weaker than bone, and be
cause the cells there are large, the ratio of matrix volume to

cell volume is low (Fig. 28-15). It is important to note that
this part of the plate is the site of conversion of cartilage to
bone, but is not primarily responsible for growth that occurs
by virtue of cell multiplication and matrix production in the
zones nearer the epiphysis.

Because the type I and type II fractures do not pass

through the growth zone, they are less likely than other
fractures to interfere with growth. Both types, however, may

be associated with a crush injury that injures the cells by
compression. This mechanism may account for the higher-

than-expected incidence of growth disturbance in type II
fractures of the weight-bearing bones, such as the distal
femur, where growth arrest is found in more than one-third
of patients (48). Type III and IV fractures do, however,
cross the growth zone, and therefore are more likely to result

the metaphysis, but can be epiphyseal in infants, and follow

or precede septic arthritis of the joint. The bony bridge that
results from infection is more difficult to treat than that
following trauma, because it is not so amenable to resection.
The bridge tends to be larger, more central, and less discrete
than that following trauma, and can even consist of multiple
small bridges. It is difficult to define by radiograph, is usu

ally more extensive than it appears, and is more difficult
to define during resection. There is the danger that minor
components of the bridge can be left behind, because the

usual end point of resection, a continuous line of physis
around the resection tunnel, can be achieved despite incom
plete resection of all components of the bridge.
Infection tends to produce more serious leg length dis
crepancy problems than trauma, because it occurs so com
monly in younger children with so much growth ahead of
them. As with trauma, angular deformity and leg length
discrepancy can coexist.
Paralysis

in growth arrest. The type IV fracture, in particular, can

Inhibition of growth commonly accompanies weakness or

result in a bony bridge, when the fracture fragment displaces

paralysis of the leg, but the mechanism is not clear. It may

in the diaphyseal direction (Fig. 28-14). This is one reason

be true that blood flow to the limb is reduced because of

why these fractures must be anatomically reduced. Type V

the reduced muscle mass, but this does not necessarily mean

fractures can occur in isolation, or can accompany any of

that flow to the plate also is reduced. Venous return results

the other types. They are insidious because they are not

partly from muscle activity, and therefore, blood flow to

initially recognizable on radiographs, and they always dem

the limb and perhaps to the plate could be reduced as a

onstrate their presence by a disturbance of growth—either

result of reduced muscle activity and decreased pumping

shortening or a combination of shortening and angula-

effect. Alternately, abnormal vasomotor control, which is

Etiology

part of the basic neurologic abnormality, could affect blood

flow.

The effect of paralysis and reduced muscle activity can
have a more direct effect on the growth rate. The HeuterVolkmann law suggests that the growth rate of the physis
responds to the compression forces across it, and frequently
is invoked to explain how a spontaneous reorientation of the
physis occurs in contributing to the remodeling of angular
deformities in the immature child. This mechanism also can
explain the decrease in the overall growth rate that occurs in
children with muscle weakness.

The parents of children with cerebral palsy frequently
are concerned about leg length discrepancy, and minor de
grees of discrepancy can be seen in this condition. More
often, however, the discrepancy is more apparent than real,
and results from pelvic obliquity due to hip contractures or
asymmetric posturing due to asymmetric spasticity. It is

likely that serious discrepancies do not occur more often,
because even dysfunctional spasticity can be effective,
through the Heuter-Volkmann law, in stimulating the phy-
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Avascular Necrosis

Because the circulation of the physis is derived from the
epiphyseal circulation, avascular necrosis of the epiphysis
frequently involves the growth plate as well, and these pa
tients can develop leg length discrepancy. This effect may

be seen in Legg-Perthes disease, and following treatment of
developmental dislocation of the hip. Peterson has reported
a case in which a discrepancy resulted from a temporary

but significant episode of vascular insufficiency during sur

gery in an infant (54). This effect, in the case of congenital

dislocation of the hip, is maximized by the early age of onset
and the years of future growth affected, but is moderated
by the fact that the growth plate of the proximal femur
contributes only about 15% of the growth of the limb.

The likelihood of significant discrepancy has been correlated
with the pattern of ischemic damage to the head, and in
creases with increasing involvement (55). That patients with
Legg-Perthes disease do not usually develop significant de

formity indicates that the vascular damage to the epiphysis
does not always significantly affect the physis (56). Leg
length discrepancy also has been reported as a complication
of catheterization of the umbilical or femoral artery (57),
presumably due to impairment of the arterial supply to the

Tumors

physis.

Leg length discrepancy can be related to tumors in several
ways. The first involves destruction of the plate by direct

Stimulation of Growth

tumor invasion behaving, in this instance, much like infec

Certain conditions are known to stimulate growth, but al

tion.

The second way involves damage to the plate by irradia
tion used to treat the tumor (50). Irradiation has a particu

larly harmful effect, because the osteocytes of neighboring
bone also are killed, and the bone can take many years to
become revascularized and repopulated with healthy osteo

though the mechanism is popularly thought to be increased
circulation, only circumstantial evidence supports this the
ory. Attempts to stimulate growth in the treatment of leg

length discrepancy have been made by numerous means,
including sympathectomy to increase blood flow, insertion
of foreign materials next to the physis, stripping and eleva
tion of the periosteum (58-60), surgical establishment of

cytes. The absence of healthy osteoblasts and precursors can
complicate the treatment of the ensuing leg length discrep
ancy, by precluding lengthening procedures through the
affected bone. Radiation damage to regional soft tissues also
complicates lengthening procedures (51,52).
The third way that leg length discrepancy can be associ
ated with tumors involves those that originate from the
cartilage cells of the physis, thereby stealing growth potential

clinically useful (64,65), but the fact that the arteriovenous
fistula does produce stimulation at all supports the hypothe
sis that increased circulation can be a final common pathway
for the conditions that stimulate growth.

Oilier disease, which can produce growth inhibition of the

Tumor

an arteriovenous fistula (61), short wave diathermy (62),

and electrical stimulation (63). None of these methods has
consistently produced sufficient growth stimulation to be

from the plate. Examples of this are enchondromatosis and
affected bones (53), and osteochondromatosis, which fre
quently results in shortening of the ulna with a Madelung
deformity. Although unicameral cysts usually do not result

in significant leg length discrepancy, some disturbance of
growth can result from aggressive attempts to remove the
cyst wall, when the cyst is active and immediately adjacent
to the plate. Unicameral cysts and fibrous dysplasia cause

leg length discrepancy as the result of both growth inhibi
tion and repeated fractures with minimal displacement that
produce progressive varus.

Vascular malformations, particularly when they involve
large portions of the limb, produce growth stimulation that
often involves all growth plates of the limb, and not just
the ones in proximity or those of the involved bone. This
stimulation is seen with hemangiomatosis and the KlippelTrenaunay-Weber syndrome (66). Stimulation is also seen
with certain nonvascular tumors, such as neurofibromatosis,
fibrous dysplasia, and Wilms tumor, although an increase
in circulation can be the final common pathway in these
cases.
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Inflammation

Overgrowth of the involved bone is a common feature of
chronic osteomyelitis, presumably because of the increased
blood flow to the limb as part of the inflammation. Infection
therefore can both inhibit and stimulate growth. Over
growth of the affected limb can be seen in pauciarticular
juvenile rheumatoid arthritis (67), particularly in those cases
with onset before the age of 3 years (68), and also has been
reported in a hemophiliac with chronic knee synovitis (69).

Fracture

Overgrowth usually is seen following fractures of long bones
in children, and also is believed to result from the increased
blood flow to the limb that is part of the healing process
(70). One particularly pernicious example of this effect is
the overgrowth of the tibia and valgus deformity that can
follow minimally displaced proximal metaphyseal fractures
(71). The mechanism involves overgrowth of the medial
side of the tibial growth plate (72), possibly as the result

Also important is knowledge of the affected physeal plates,
because this permits an estimation of the future increase in
the discrepancy. Parents expect this kind of information on

the first visit, and it is important, in establishing a good
parent-patient-surgeon relationship, to be as knowledge

able as possible about the condition and its future. The
history of surgery, including surgery to correct angular de
formity, is needed, because the numeric data concerning leg
lengths may be misinterpreted if the examiner is unaware

of previous surgery that might have affected the leg lengths.
The history, which delineates the cause, associated defor
mity, and neuromuscular deficits, is referred to during selec
tion of the treatment goal. That a patient's discrepancy is
of congenital origin suggests increased risk, and certain pre
cautionary steps to avoid complications must be taken in
conjunction with lengthening. Instability of an adjacent
joint can preclude lengthening. Weakness of the leg suggests
that the weak leg be left a little short to facilitate floor
clearance during swing phase.

of tethering by the fibula or by release of the torn medial

Clinical Assessment

periosteum (73-76).

The accuracy and ease of obtaining radiologic measure

Overgrowth most commonly occurs following femoral
fractures in young children (77,78). Some studies have re
ported that the stimulatory effect can last for years, but
it is believed to occur principally during the healing and
remodeling periods in the first 2 years after the fracture
(79). The stimulation has been reported variously to be
greatest in fractures in the proximal third of the femur, the
middle third of the femur (80), and in those fractures with
greater degrees of overriding (81) and can be accompanied
by overgrowth of the fractured tibia on the same side. Con

versely, Meals (82) found that the patient's age and the type
and location of the fracture did not influence the extent of
overgrowth, although, inexplicably, handedness did.

ments of the patient should not blind the physician to the
necessity of conducting a careful and complete physical ex
amination. There are two reasons for this. First, the radiographic measurements may be wrong because of artifacts
caused by angular deformity, positioning, or patient move

ment. Second, there are important factors not measured by
routine radiographs that can be crucial to the outcome of
treatment. This latter point is mentioned repeatedly in the
section on goal selection. After assessment of the patient is
complete, the clinical assessment must be consistent with
the radiologic assessment; if it is not, an explanation must
be sought. Additional radiographs or reexamination may be
necessary to discover the reason for the inconsistency. In
the final analysis, it is the functional leg length discrepancy

that must be treated, and that cannot be determined by
PATIENT ASSESSMENT

There is a tendency when dealing with patients with leg
length discrepancy to concentrate attention on the lengths
of the legs and the discrepancy, and to ignore other factors
that have some importance with respect to the patient's
function and the ultimate outcome of treatment. When
choosing treatment goals, as discussed later in this chapter,

radiographs.

Leg Length

A tape measure is used to measure the real length of each
leg from the anterosuperior iliac spine to the tip of the
medial malleolus. The apparent length is measured from
the umbilicus to the tip of the medial malleolus. The dis

History of Discrepancy

crepancy determined from these two measurements may be
different, because the apparent length is affected by pelvic
obliquity and hip position. The leg on the side of the adducted hip appears shorter, but the real length is minimally
affected (Fig. 28-16). The patient should be undressed com

A complete history of the patient, the discrepancy, and its

pletely for this measurement, to avoid tenting of the tape

the importance of a complete and thorough assessment of
the patient is emphasized.

previous treatment should be obtained. The cause is impor

tant, because knowledge of whether length, growth, or both
is affected, is essential to understanding the growth pattern.

over the clothes. In any case, the tape often tents over or
around the knee, impairing the accuracy of the measure

ment. Because different landmarks are used, the lengths of

Patient Assessment
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not the best goal. Canying this idea further, the patient can

be provided with a temporaiy shoe lift, and assessed after
a period of ambulation. These techniques are especially use
ful for patients with complex deformities, because they take
into account the combined effects of asymmetric feet, angu
lar deformities, contractures, pelvic obliquity, and spinal
balance.

Other Factors

TRUE

APPARENT
LEG
LENGTH

LEG
LENGTH

Several factors besides leg length must be assessed, because

they affect the measurement of leg length or influence the
final outcome of the patient's treatment.
The examiner must remain aware that knee and hip flex
ion contractures tend to shorten the leg; an equinus con-

tracture of the ankle tends to lengthen it; and apparent
length also is affected by pelvic obliquity. The term ''pelvic
obliquity" has a broader meaning here than when used by
spinal surgeons, who use it to refer to the relation of the
position of the pelvis to that of the spine (83). In the context

of leg length discrepancy, it refers to the relation of the
position of the pelvis to that of the legs, and is affected both
by adduction and abduction contractures of the hips and
by spinal deformity. An adduction contracture of the hip
FIGURE 28-16. The measurement of real length is relatively im
mune from error because of pelvic obliquity. Measurement of
apparent length is susceptible to error.

the legs measured in this way are not the same as those
measured by radiograph, but the discrepancies should corre

W

spond closely.
The medial aspect of the joint line of the knee can be
used as a landmark for measuring the segment lengths of
the tibia and femur. Although this method is less accurate
than the radiologic measurement, it is useful for comparison
purposes to avoid errors. If the relative heights of the knees

will be a strategy factor, then the lengths of the individual
bones can be determined as well.

It is useful to place blocks under the foot on the short
side, to lengthen the short leg effectively (Fig. 28-17). The
block height required to produce a level pelvis should corre
spond to the measured discrepancy. Blocks also can be used

to estimate the amount of correction that feels best to the
patient, and provides him or her with the best correction.
This amount may be different from the radiographic mea

surement, and may indicate that the goal of treatment
should be something other than exact correction of leg

length. This assessment is most useful in the mature patient

whose discrepancy will change further with growth. Even
though it only measures the present length and does not
indicate the desired amount of correction, it can be helpful

with immature patients to indicate that exact correction is

FIGURE 28-17. Placing blocks beneath the heel of the short leg
allows assessment of the combined effect of all factors that pro
duce functional leg length discrepancy.
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causes the leg on that side to appear short, and to be func
tionally short, whereas an abduction contracture has the
opposite effects (84). This situation is common in patients
with cerebral palsy and those with the residuals of poliomye
litis. A difference between the measured real and apparent
discrepancies indicates that pelvic obliquity is present.

Hip contractures are particularly important, since adduc
tion contractures produce a functionally short leg, and ab
duction contractures produce a functionally long leg (85).
These effects occur even in the absence of an actual discrep
ancy, as measured by scanogram. Conversely, in a patient

with true shortening, a limitation of ipsilateral hip abduc
tion or contralateral hip abduction will prevent him or her
from compensating easily, and exaggerate the effect of the
discrepancy.

Angular deformity must be assessed because it affects
the measurements of leg length and influences the final out
come if it is to be corrected later. Joint stability must be
assessed because it pertains particularly to the risks of
lengthening. Femoral lengthening is contraindicated in the
presence of hip instability. Congenitally short femurs always
are associated with laxity of the anterior cruciate ligament
(86) and hypoplasia of the lateral femoral condyle (Fig. 2813), which predisposes to posterolateral subluxation of the
tibial plateau. Lengthening of the tibia can be contraindi
cated in the presence of an unstable ankle or useless foot,
which might be better handled by amputation and pros
thetic fitting.

Spinal deformity and balance should be assessed. If there
is stiff suprapelvic obliquity, such that the axis of the trunk
cannot be brought perpendicular to the transverse axis of
the pelvis, an equalization of leg lengths will result in imbal
ance of the trunk, and some modification of that goal will
be necessary. Adduction and abduction contractures of the
hips produce infrapelvic obliquity with apparent and func
tional leg length discrepancy (87).

Weakness and the need for bracing must be assessed,
because leg length discrepancy in patients with paralysis or
weakness is usually best handled by undercorrection, leaving
the weak leg short to facilitate swing-through, particularly

express concerns about function when they are concerned
actually about cosmetic effect, which may be less important
when compared with the risks of surgery.

Radiologic Assessment

Leg Lengths

Several methods exist for the radiologic measurement of
leg length. These methods are more accurate than clinical
methods, but each has its advantages and disadvantages.
The nonexistent ideal method allows the hip and ankle to
be viewed, minimizes radiation, uses only one exposure, uses

a film of convenient size, demonstrates angular deformity,
has no magnification, gives true readings from a scale on
the film, and is inexpensive.

The bony landmarks used are the top of the femoral
head, the medial femoral condyle, and the ankle. The ankle
mortise is slightly saddle-shaped, and the midpoint of the
saddle can be easily identified. Although these techniques
allow the measurement of the femur and tibia individually,
these values are not required in analyzing and predicting
growth, and the length of the entire leg suffices.
The surgeon cannot rely on measurements recorded in
the patient's record, but must review all films before per
forming surgery to check their accuracy and reliability.
There is the possibility that films taken over the years have
been read by different people using different techniques and
landmarks. It is also possible that the scales have been mis
read or that arithmetic errors have been made in determin
ing lengths and discrepancies.

There are four radiologic techniques that measure leg
lengths directly, and others that provide useful information.
The terminology is confusing, because names used for these
techniques are inconsistent in the literature and in use. The
term "scanogram," for example, was derived from the tech
nique of split scanography, in which the x-ray beam was
tightly collimated to a thin transverse slit that exposed the

film, as the x-ray tube was moved from one end of the leg
to the other. The principles are more important than the

if the leg is braced with the knee locked in extension. Pa

terminology.

tients who require bracing of the short leg to walk can have
their leg length discrepancy corrected in the brace and may
not require surgical correction at all.
Finally, the concerns, compliance, and emotional state
of the parents and patient must be taken into account. This
aspect is particularly important when lengthening is being
considered, because this is a long and difficult process re
quiring understanding and cooperation by all. In spite of
excellent education and preparation, parents and patients

has the advantages of showing angular deformities and using

always underestimate the challenge of dealing with duration
of lengthening and for later restriction of activities. If there
is a lack of understanding or a suggestion of poor compli

ance, then another approach may be more appropriate. The
surgeon constantly must be aware that patients frequently

The teleoradiograph (Fig. 28-18) is a single exposure of
both legs on a long, 35 X 90 cm (14 X 36 in.) film. It
is taken from a 2-m (6-ft) distance, usually with the patient
standing and a radiopaque ruler placed on the cassette. It
a single exposure, but produces a film that is inconvenient to
handle and measurements that are subject to magnification,

because of parallax of the x-ray beam. There is no significant
difference between measurements of the leg taken supine
and those taken standing (88).

The orthoradiograph (Fig. 28-19) avoids the magnifica
tion factor by taking separate exposures of the hip, knee,
and ankle, so that the central x-ray beam passes through
the joints, giving true readings from the scale (89). The film

Patient Assessment
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X-RAY FILM

is still cumbersome, however, and the need for multiple
exposures introduces the risk of error, because of patient
movement.

The scanogram (Figs. 28-20 and 28-21) avoids magnifi

cation in the same way, but reduces the size of the resulting

film by moving the film cassette beneath the patient be
tween exposures (90). This technique is preferred in chil

dren over the age of 5 or 6 years who can be compliant with
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FIGURE 28-18. The diagram of teleoroentgenogram
technique reveals angular deformity, but is subject to
errors of magnification. It is probably the best tech
nique for children who cannot reliably comply with in
structions to remain still for multiple exposures.

instructions not to move, because it gives true measurements
without magnification, but younger children are better as
sessed using the teleoradiograph.

Positioning for the scanogram must be modified for pa
tients with contractures of the hip or knee. Patients with

hip flexion contractures can have accurate measurements
made in the reclining position. In those with only knee
contractures, the femur can be measured in either the lateral

RULER

X-RAY FILM

FIGURE 28-19. The orthoroentgenogram tech
nique exposes each joint individually, thereby en
suring that the x-ray beam through each joint is
perpendicular to the x-ray film, thereby avoiding
errors of magnification.
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FIGURE 28-20. The scanogram technique avoids magni
fication error in the same manner as does the orthoroentgenogram, and is the preferred technique for children
who can remain still for three exposures.

or prone position, and the tibia in the lateral position. As
sessment of both bones can be performed on one x-ray film
in the lateral position, if two rulers are used, one parallel
to each bone. If a hip contracture is also present, the femur

must be assessed in the lateral position. The scanogram of
both femur and tibia can be done in the lateral position.
Digital radiography is promising in the measurement of
leg length (91,92). Computed tomography can be used to
measure the distances between points on the film, and errors

from angular deformity are reduced (93). If the examination
is done specifically for this purpose, multiple sections are
unnecessary, the radiation exposure is less, especially with

microdose techniques (94), and the cost is comparable to
more traditional techniques (94—96).
Whatever technique is used, it is important to be consis
tent and, when analyzing data to determine the timing of
surgery, not to mix true and magnified measurements. Be
cause errors are possible with all of these techniques, the
resulting measurements should be compared with, and
should correspond with, the clinical measurements.
An anteroposterior standing film of the pelvis and hips,

taken with the legs straight (on blocks if necessary), is occa
sionally useful in assessing the combined effect of leg length

discrepancy, angular deformity, and asymmetry of the foot

and pelvis, because it more closely approximates the func
tional discrepancy. The leg length discrepancy is calculated
from the heights of the femoral heads from the floor taking

into account the height of the blocks. This assessment can
supplement the clinical examination done with blocks.
FIGURE 28-21. Scanogram technique allows the images of the
three joints to be captured on a film of convenient size by moving
the film beneath the patient between exposures.

It is important for the surgeon to integrate all the infor
mation from the various methods of measuring leg length
in preparing a treatment strategy.

Patient Assessment
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length discrepancy of congenital origin also have congenital

anomalies of the hand and wrist, making it impossible to
reliably compare their radiographs with the standards. Fi
nally, one of the features of almost all skeletal age atlases is
that the mean skeletal age of a sample of similarly aged
children is equal to their chronologic age, so that the skeletal
age is, in fact, the best possible predictor of chronologic
age. That is, of a random sampling of boys or girls of the
stated chronologic age, half would be more developed and

All methods of estimating skeletal age involve comparing
radiographs of the patient with standards in an atlas. Meth
ods have been described for using the bones of the pelvis
and hip, the knee, and the hand and wrist (98,99). The
estimation of skeletal age is only moderately accurate, and

is the weak link in the techniques of analysis and prediction

of growth.

The Greulich and Pyle method is used universally in
this context. Their atlas (20) consists of reproductions of
radiographs of the left hand and wrist of boys and girls
that were considered typical for the stated skeletal age. To

half would be less developed than the standard radiograph.

Greulich and Pyle, however, in selecting standards for their
atlas, did not follow this principle exactly, and in some cases,
selected radiographs that they believed were more represen

estimate the skeletal age of the patient, a radiograph of the

tative. It is important to note that Green and Anderson

left hand and wrist is taken according to the technique de
scribed in the atlas, and this film is then compared with
the standard radiographs of the appropriate gender, accord

used the Greulich-Pyle standards in their leg length studies.
The Tanner-Whitehouse method (101) is similar in that

it uses radiograph of the hand and wrist, but was developed
using modern computerized mathematical procedures. It
adds a level of refinement and accuracy to the Greulich-Pyle
technique, by defining and showing examples of successive

ing to qualitative (e.g., the visibility of the hook of the

hamate) and quantitative (e.g., the degree of conformity of
an epiphysis to its metaphysis) criteria. The standard that
most closely matches the patient's radiograph is taken as

the skeletal age.

stages of development of 20 specific bony landmarks in the

hand and wrist (Fig. 28-22). The same standards are used
for boys and girls. The patient's radiograph is compared
with the standards, and a letter score is assigned to each of
the 20 landmarks. The letter score is then converted to a

This technique has certain deficiencies. The first is that,

in some parts of the atlas, the standards represent skeletal
ages that are far apart, with a gap as great as 14 months.
There is, therefore, a large standard error built into the

technique. With practice, it is possible to interpolate be

numeric score by consulting a table for the appropriate gen

tween standards, but this practice is difficult, and studies
have shown significant interobserver and intraobserver er
rors (100). A second problem is that some children do not
follow the same orderly succession of maturity indicators
shown in the atlas, and an arbitrary choice must be made
in assigning a skeletal age. Third, some children with leg

der. The sum of these 20 scores represents the level of skele
tal maturity attained by the patient, and can be converted
to years and months with a much smaller standard error

than with the Greulich-Pyle technique. Of special interest

in dealing with leg length discrepancy is that the bony land
marks can be divided into two groups. Tanner and

H

FIGURE 28-22. The Tanner-Whitehouse atlas provides standards like this for twenty different

landmarks in the hand and wrist. This technique allows the determination of skeletal age to
an accuracy of months, but is not consistent with the Greulich-Pyle atlas. (From ref. 100 with
permission.)
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Whitehouse provide tables for including either the 12 longbone standards of the hand or the eight cuboid bone stan
dards of the wrist in the assessment. When these two ap
proaches give different results, it is reasonable to assume
that the long-bone standards give a skeletal age that is more

pertinent to the growth of the long bones of the leg. The
concept that the long bones are more important than the
cuboid bones, in the context of leg length discrepancy, can

be useful even with the Greulich-Pyle atlas in allowing the
resolution of difficulty in selecting the appropriate standard
for a given radiograph.

There are two areas of difficulty with this method. The

first is that it is more cumbersome and time-consuming
than the Greulich-Pyle method, and the second is that it

has not been correlated with leg length, and cannot be used
by orthopaedic surgeons in the analysis of growth. TannerWhitehouse skeletal age cannot be used with the Green
and Anderson data derived from the Greulich-Pyle method,
because these two methods give different skeletal ages. This

is surprising, and probably is related in part to the fact that
different populations were used to develop the standards.
The relation between skeletal age and leg length, al
though reliable, is not as reliable as one would like it to be,
and the relative inaccuracy of skeletal age estimation must

be accepted. It is still possible to make acceptably accurate
predictions.

DATA ANALYSIS

The adult with leg length discrepancy, who has no future
growth and no possibility of a changing discrepancy, pre

sents no need to analyze data. The growing child, on the
other hand, whose legs may be growing at different rates,

and whose discrepancy may be changing, presents another
level of difficulty. The treatment goal must be chosen with
respect to the discrepancy that would be present at maturity,
and not the present discrepancy; therefore, before perform

ing surgery, the orthopaedic surgeon must be able to predict
the situation at maturity. The importance of proper data
analysis cannot be overemphasized. Blair and associates
(102) reviewed 67 epiphysiodeses, and found that correc
tion to within 1 cm had been achieved in only 22 cases,

and 35 failures occurred, because of incorrect use of the
Green and Anderson data.
Three methods are useful in analyzing leg length data:

the growth-remaining method, the arithmetic method, and
the straight-line graph method. These methods differ signif
icantly in their convenience, complexity, and accuracy, but
the analysis moves through the same stages in all three.

The first stage is the analysis of past growth, including the
determination of the present discrepancy, and depending
on the method, the growth percentile and the growth inhi
bition. The second stage involves the prediction of future
growth, including the lengths of the legs and discrepancy

at maturity. The third stage is the prediction of the effects
of corrective surgery.

All three methods have their place in the armamentarium

of the orthopaedic surgeon. All require good understanding
of the principles of growth and their methodologies, to be
used properly without error. The three methods are dis
cussed here in general terms, and step-by-step instructions

for their use are shown in Figures 28-23, 28-24, and 2826. Included in those charts are examples of their use in a

specific case. It should be noted that the arithmetic method
and the growth-remaining method are designed solely to
arrive at the correct timing of epiphysiodesis, whereas the
straight-line graph method provides a general description
of growth, and also provides for the prediction of future
growth.

The accuracy of all methods depends to a degree on the
nature of available data. The calculation of growth inhibi
tion, for example, is more accurate with data over longer
intervals. It is the interval over which data is collected, and
not the number of visits that is important, and data should
be gathered for at least 1 or preferably 2 years. Minor errors

in measurement over a short time can lead to major errors in
estimating the growth inhibition, and consequently, major
errors in predicting the discrepancy at maturity. A greater

number of visits can be useful in recognizing values that
are in error, because they do not fit the pattern established
by other visits. For example, one erroneous radiographic
reading can be noticed in a group of other, valid, points
but can be missed if the patient makes only one or two

visits. The straight-line graph is the only one of the three
methods that uses all available skeletal ages, and in that
method the accumulation of more skeletal age estimates
diminishes the errors in single estimates.

Arithmetic Method

The arithmetic method was first described by White, and
more recently evaluated by Menelaus and Westh (103,104).
It is a method designed solely to manage discrepancy and
determine the timing of epiphysiodesis, and not a general
method to describe growth. Menelaus intended the method
to be based on measurements of discrepancy by blocks, and
not on measurements of leg length (105). Although the
method uses calendar age and not skeletal age, Menelaus
suggests that it only be used in children whose skeletal and
chronologic ages are less than a year apart, rendering moot
the question of calendar versus skeletal age (105).

It depends on the following statements, all of which are
first approximations of the true growth pattern described
by Green and Anderson.

Girls stop growing at the age of 14 years.
Boys stop growing at the age of 16 years.

The distal femoral plate grows 10 mm (% in.) per year.
The proximal tibial plate grows 6 mm {V4 in.) per year.
The discrepancy increases by 3 mm (V8 in.) per year.

Data Analysis

Determining Leg Length Discrepancy:
The Arithmetic Method
Leg length data
(for examples for all three methods):
Sex: Female

Skeletal age (yr)

Right leg length (cm)

Left leg length (cm)

8+10

60.0

9+4

64.4

58^2

10 + 3

70.0

61.9
66.2

Prerequisite growth information
Distal femoral plate grows 10 mm/yr.
Proximal tibial plate grows 6 mm/yr.

Girls stop growing at 14 years of age.
Boys stop growing at 16 years of age.

| Assessment of past growth
1. Longest time interval for data
= age at last visit - age at first

1. Longest time interval for data

= 9 yr 3 mo - 7 yr 10 mo = 1 yr 5 mo
= 1.42yr

2. Years of growth remaining
= 14 (16 for boys) - age at last visit
3. Past growth of legs
= present length - first measured length

2. Years of growth remaining

= 14 yr - 9 yr 3 mo = 4 yr 9 mo = 4.75 yr
3. Past growth of:

long leg = 70.0 - 60.0 = 10.0 cm
short leg = 66.2 - 58.2 = 8.0 cm

4. Growth rate of long leg

4. Growth rate of long leg

_ past growth

10.0

= Y~A2 = ^^ cm/yr

" time interval
5. Growth inhibition

_ (growth of long leg - growth of short leg)
growth of long leg

5. Inhibition

=

(10.0-8.0)

mo

= 0.2 cm

|| Prediction of future growth
1. Future growth of long leg
= years remaining X growth rate

2. Future increase in discrepancy

= future growth of long leg X inhibition
3. Discrepancy at maturity
= present discrepancy + future increase

1. Future growth of long leg

= 4.75 X 7.04 = 33.4 cm

2. Future increase in discrepancy
= 33.4X0.2 = 6.7 cm
3. Discrepancy at maturity
= (70.0- 66.2) + 6.7 = 10.5 cm

I Prediction of effect of surgery
Effect of epiphysiodesis
= growth rate X years remaining

Effect of epiphysiodesis
Femoral

= 1.0 X 4.75 = 4.75 cm

Tibial

= 0.6 X 4.75 = 2.85 cm

Both

= 1.6 X 4.75 = 7.6 cm

FIGURE 28-23. Step-by-step instructions for use of the arithmetic method. The method presented

here is modified from that presented by Menelaus and Westh, in that the future increase in

discrepancy is calculated from past growth instead of being assumed to be 0.125 inch per year
of growth remaining. An example is shown in the panels in the right column.
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Determining Leg Length Discrepancy:

The Growth-Remaining Method
£3 Assessment of past growth
1. Growth of long leg

1. Growth of both legs

= present length - first length

= 70.0 - 60.0 = 10.0 cm
1. Growth of short leg
= 66.2 -58.2 = 8.0 cm

2. Present discrepancy

2. Present discrepancy

= length of long leg - length of short leg
3. Growth inhibition
(growth of long leg - growth of short leg)

= 70.0 - 66.2 = 3.8 cm

3. Growth inhibition
=

growth of long leg

(10.0-8.0)

0.2 cm

fjf Prediction of future growth
1. Plot present length of long leg on Green-Anderson

1.

so

leg length graph for appropriate sex
70

60

Leg length
(cm)

5!)

40

Girls

30
20

-

10

-

Ill

n

12

3

4

5

6

7

8

i

i

<

i

i

■

i

Skeletal age

2. Project to right parallel to standard deviation lines
until maturity to determine mature length of long

2. Length of long leg at maturity = 81.1 cm

leg

3. Future growth of long leg

i

= mature length - present length
4. Future increase in discrepancy
= future growth long X inhibition

5. Predicted discrepancy at maturity
= present discrepancy + future increase

3. Future growth of long leg
= 81.1 - 70.0 = 11.1 cm

4. Future increase in discrepancy
= 11.1 X 0.2 = 2.2 cm

5. Discrepancy at maturity
= 3.8 + 2.2 = 6.0 cm

j Prediction of effect of surgery
1. The effect of epiphysiodesis of the distal femoral

and proximal tibial plates for a given sex and
skeletal age can be determined by the GreenAnderson growth = remaining graph.

1. Correction from proximal tibial arrest
= 2.7 cm
Correction from distal femoral arrest
= 4.1 cm

Correction from combined arrest
= 2.7 + 4.1 = 6.8 cm

2. The effect of lengthening is not affected by growth.

FIGURE 28-24. Step-by-step instructions for use of the growth-remaining method. An example
is shown in the panels in the right column, using the same data as in the example in Figure 2823.

i

9 10 11 12 13 14 15 16 17 18

Data Analysis

These approximations are reasonably good during the last
years of growth, but are inaccurate in young children. The

statement that the discrepancy increases by \ in. per year

is obviously not true in all cases. It is, however, fairly accu
rate in those children who are in the last few years of growth,

whose discrepancies began at birth, whose maturation is not
significantly advanced or delayed relative to their chrono
logic ages, and whose discrepancies are within the clinical
range for epiphysiodesis.

Its most significant advantage is its convenience, because
no special tools are needed for its use. It is easiest to use
with English measure rather than metric. Its disadvantages
are that it uses chronologic age rather than skeletal age, and
is therefore subject to error in children who grow and ma
ture veiy early or very late. It uses an approximation of the

growth curve rather than the growth curve itself, and is
increasingly inaccurate in young children. If, however, its
use is restricted to determining the timing of epiphysiodesis,

and is applied only to the patients described earlier, then
good results can be anticipated, as have been reported by
Westh and Menelaus (104). Step-by-step instructions for
the use of this method are shown in Figure 28-23.
Fries also has published straight-line approximations to

the growth-remaining graph, in which the remaining
growth in the epiphyses of boys and girls is determined by
first-order equations using skeletal age, but this approach
lacks the simplicity of the arithmetic method (64).

Growth-remaining Method
The growth-remaining method is based on the data and
tables of growth that Green and Anderson published in
their two studies (16,17). These studies are, to the author's

knowledge, the only good studies published relating leg
lengths to chronologic and skeletal age, and serve as the
foundations of the more accurate methods of analyzing
growth. Their graphs describing the lengths of the legs of

boys and girls, related to age, can be used to determine the
growth percentile of the child and the future growth of the

long leg. Their graph showing the growth remaining in the
distal femur and proximal tibia can be used to predict the

effects of epiphysiodesis (106) (Fig. 28-7).

The advantages of this method are that it uses skeletal
age, is based on an accurate description of the growth pat
tern, takes into account the child's growth percentile in

predicting future growth, and has been demonstrated to be
accurate over decades of use. The disadvantages are that it

requires the availability of the two sets of graphs, does not

take into account the growth percentile in predicting the
effect of epiphysiodesis, and, because it uses only the most
recent skeletal age estimation, it will be in error to the extent

that the skeletal age estimate is in error. An inherent hazard
of this method is that the growth-remaining graph is so
familiar and easy to use that the unwary are tempted to
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correct the present discrepancy in a growing child, neglect
ing the steps that involve the prediction of future change.
Step-by-step instructions for the use of this method are
shown in Figure 28-24.

Straight-line Graph Method

The straight-line graph method initially was devised as a
method of presenting the relative growth of the legs in a
clear, graphic, fashion (Fig. 28-25). By incorporating the
data of Green and Anderson (17), it evolved into a method
of recording, analyzing, and predicting growth (107,108).
The method is based on two principles: the growth of the
legs can be represented graphically by straight lines, and a
nomogram can be used to determine the growth percentile
from the skeletal age and leg length.

The representation of leg growth by straight lines appears
to contradict the Green and Anderson description of
growth, in which the growth lines of the legs are clearly
curved. It is accomplished by manipulating the scale of the
abscissa (x axis), in strict accordance with the Green and
Anderson data, so that the curve that disappears from the
growth lines reappears as an irregularity of that scale. This
curve actually appears on the straight-line graph as a variable
distance between the skeletal age lines. The important fact
is that the straight line is not an approximation of the Green
and Anderson data, but represents the data just as accurately
as did their original graphs. In the absence of active disease
or treatment, the relative rates of growth of the two legs
stay constant, with the result that the growth line of the

short leg also follows a straight line on the graph. This means
that the length of the leg is represented on the graph by
the vertical position of its growth line, and its growth rate
by the slope of the growth line. The discrepancy therefore is
represented by the vertical distance between the two growth
lines, and the inhibition by the difference in slope.
The nomogram for skeletal age allows the plotting of
points in a way that relates the length of the patient's long
leg to the population and, in a sense, depicts the growth
percentile. The nomogram is constructed so that all points,
for the child whose growth pattern follows exactly that de

scribed by Green and Anderson, lie on a horizontal straight
line. In practice, this is rarely the case, partly because of the
inaccuracy of estimation of skeletal age, but also in part

because of the possibility that children of other races or

other genetic stock have different patterns of growth. It is
likely that the plotting of every skeletal age point on the
nomogram, before drawing the horizontal line representing

the growth percentile, "averages out" the inaccuracies of
individual determinations of skeletal age. Similarly, the risk
of error, due to single estimates of skeletal age, is likely to
decrease with an increasing number of estimates.
The straight-line graph facilitates the prediction of the
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FIGURE 28-25. The straight-line graph comprises three parts: the leg length area with the pre
defined line for the growth of the long leg, the areas of sloping lines for the plotting of skeletal
ages, and reference slopes to predict growth following epiphysiodesis.

effect of surgery. Lengthening or shortening will be repre

sented on the graph by a vertical shift of its growth line,
either upward or downward by the appropriate amount,

without any change in its rate of growth. Conversely, the
effect of an epiphysiodesis will be to decrease the slope of
the growth line of the long leg. This is a strict mathematical
relation, and, because the contributions of the individual
growth plates to the overall growth of the leg are known, the
future slope of the growth line can be predicted accurately.
Reference slopes on the graph depict the slopes to be fol

lowed after each of the three possible types of epiphysi-

odeses: distal femoral, proximal tibial, or both. For example,
the slope of the growth line of the leg, following a proximal
tibial epiphysiodesis, will be reduced to 73%, having lost
the 27% normally contributed by that epiphysis. Because

the unoperated long leg is defined on the graph as having
a slope of 1.0, the slope following that surgery would be
0.73.

The advantages of this method are that it uses skeletal
age and the actual growth pattern described by Green and

Data Analysis

Anderson, takes into account the growth percentile in pre
dicting future growth and the effect of surgery, minimizes
errors due to the inaccuracy of skeletal age estimation, facili
tates the flagging of erroneous values, and avoids arithmetic

errors (109). It is a general tool for analysis, illustration,

and prediction in leg length discrepancy, and can be used
in children with large discrepancies and inhibitions, extreme
growth percentiles, and marked delay or advancement of
maturation. Step-by-step instructions for the use of this
method are shown in Figure 28-26.
Patterns of Inhibition

In all three of the preceding methods, the growth inhibition
is determined on the basis of past growth, and is then used
to predict future growth. Evidence supports the assumption

that the growth inhibition will remain constant throughout
the growing years (110). Indeed, in the author's study of
patients who went on to have epiphysiodeses, the linear
correlation coefficient between the lengths of the two legs
was greater than 0.955 in every case (107,108). This is an
extremely close fit, and suggests that growth inhibition does

indeed remain constant. It should be noted, however, that
no children in this group had active disease, or were under
treatment that could affect growth.

Shapiro reported different patterns, and has also reported
that the growth rate of the femur tends to increase, and
that of the tibia tends to decrease, following a lengthening
procedure (111). This effect is relatively short-lived, and is
not of sufficient magnitude to affect clinical decisions.
Koman and colleagues have demonstrated constant inhibi
tion in unilateral and bilateral proximal focal femoral defi
ciency (112), and Hootnick and associates have shown con
stant inhibition in congenitally short tibias (113).
The important question for the orthopaedic surgeon
concerns the possibility of errors in correction because of
changing inhibition. Does changing inhibition cause clini

cally significant errors in clinical judgment? A partial an
swer can be derived from the author's study, mentioned

earlier, in which the inhibition appeared not to change
and the straight-line graph predicted the final outcome

within 1 cm in all cases. This suggests that, whatever
effect changing inhibition has, it is not sufficient to pre
vent reaching predictions of future growth that are suffi
ciently accurate for good clinical results.
Inadequate Data
There are certain situations in which patients present late,
it is suspected that the time for epiphysiodesis is imminent,

and there is insufficient time to accumulate sufficient data
for accurate assessment and prediction. In some cases, it is
still possible to make reliable assumptions about the growth
pattern that allow accurate prediction and confident treat
ment planning.
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Consider the situation in which a child presents without
any prior data, and the only information available is from

that particular visit. The difficulty here is that it is impossi
ble to calculate the growth inhibition, and to predict the
discrepancy at maturity. If, however, the onset of the growth
inhibition can be determined, it may be assumed that the
legs were of equal length at that time. The length of the long

(and therefore the short) leg at that time can be estimated by
using either the Green and Anderson growth graph or the
straight-line graph, and the growth inhibition can then be

calculated in the usual way. Likewise, in the case of a con
genital discrepancy, with inhibition beginning before birth,
it can be assumed that the legs were of equal length when
there was no length or, in other words, that the growth
inhibition is equal to the percentage difference in the length
of the legs. This assumption is consistent with the conclu
sion of Herron and associates (114).
At times, an opinion is sought on the basis of leg length

films without skeletal age films, when the patient is not

immediately available to obtain them. In this case, the
child's chronologic age can be used in place of the skeletal
age, and this approach is validated if the development of
secondary sexual characteristics and menarche are consistent
with the chronologic age. Little et al. have suggested, in
fact, that chronologic age is as accurate as skeletal age in
determining the timing of epiphysiodesis, but their study
eliminated several patients on the basis of skeletal age, and
dealt with a select population (115). In the author's view,
a surgeon should not base the timing for epiphysiodesis on
chronologic age, and should take this approach only as a
rough guideline.

In certain patients with remote disease that is no longer
active, no continuing growth inhibition or accentuation ex
ists. Patients with leg length discrepancy due to stimulation

from fracture healing or osteomyelitis, or with shortening
due to fracture malunion that is more than 2 years old, can
be confidently assumed to have a static discrepancy. The
discrepancy at maturity therefore will be the same as at
present, and attention can be directed at correcting the pres
ent discrepancy.

Patients with complete destruction of one physis caused

by trauma or infection can present with an early minimal
discrepancy but significant inhibition that, with growth,
will certainly lead to a greater discrepancy requiring treat
ment. In some cases, these children can be treated with an

epiphysiodesis of the corresponding plate of the other limb.
This plan does not correct the discrepancy, but ensures
equal inhibition in both legs, and an unchanging discrep

ancy throughout growth.

Sometimes no such assumptions are reasonable, and a
decision reliable enough to undertake surgery cannot be
made. In these cases, it is best to abandon the possibility
of epiphysiodesis, and wait until maturity, when the discrep
ancy can be corrected without error by shortening or length
ening.
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Determining Leg Length Piscrepan

The Straight Line Graph Method
B Assessment of past growth
1. Plot the point for the long leg on the sloping line labeled "LONG LEG"
at the appropriate length.

2. Draw a vertical line through that point representing the current
assessment.

3. Plot the point for the short leg on the vertical line.

4. Plot the point for skeletal age with reference to the sloping lines in
the nomogram.

5. Plot successive visits in the same fashion.
6. Draw a straight line through the short leg points to represent the

w/mw

growth of the short leg.

! Prediction of future growth
1. Draw the horizontal straight line that best fits the points previously
plotted for skeletal age. The fit to later points is more important than
to earlier points. This is the growth percentile line.
2. From the intersection of the growth percentile line with the maturity
skeletal age line, draw a vertical line to intersect the growth lines of
the two legs. This line represents the end of growth.

3. The points of intersection of the vertical line with the two growth lines
indicate the predicted lengths of the legs at maturity.

HI Prediction of effect of surgery
1. To predict the outcome after epiphysiodesis, draw three lines to the

right from the last point for the long leg parallel to the three reference
slopes. The intersections of these lines with the vertical line
representing the end of growth indicates the predicted lengths of the
long leg after the three possible types of epiphysiodesis.

2. To predict the outcome after leg lengthening, draw a line parallel to

the growth line of the short leg but elevated above it by the amount of
length gained.

FIGURE 28-26. Step-by-step instructions for use of the straight-line graph method. The data used
are the same as in the example in Figure 28-24.

Treatment

DETERMINATION OF TREATMENT GOALS
The choice of the goal of treatment and the choice of the
treatment method are two different and independent steps
in the treatment of patients with leg length discrepancy,
and are discussed separately here. The selection of the treat
ment goal depends heavily on the careful and thorough
assessment of the patient, both clinically and radiologically,
and the reader is referred to the earlier sections on patient
assessment.

Equal Leg Lengths

Many patients who have leg length discrepancy as an iso

lated problem, such as those with hemiatrophy, present no
difficulty in the choice of treatment goal. Leg length equality
at maturity is the appropriate goal.

Unequal Leg Lengths
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consider the possibility that such a patient could benefit
from lengthening of the already long leg, if the pelvic obliq
uity were greater than the leg length discrepancy.

Equalization by Prosthetic Fitting
Some discrepancies are too great to be considered for correc
tion. The traditional guideline has been that femurs less
than half of the length of the other side, and legs that are
destined to be more than 15 cm short, are candidates for
prosthetic fitting. This is often done in conjunction with
other procedures, including knee fusion, Syme amputation,
and Van Nes rotationplasty. Modern advances in lengthen
ing have led to the hope that one is more proficient at
correcting veiy large discrepancies, with acceptable morbid
ity (116,117). It is the author's opinion that some discrepan
cies, up to 20 cm, are reasonable candidates for correction
by a variety of combined simultaneous or staged shortening
and lengthening procedures, but there is no reason for
wholesale abandonment of the traditional guideline.

Many patients do best with less than complete correction.

Undercorrection of 1 or 2 cm is best for patients with paraly
sis of the short leg. The residual discrepancy facilitates clear
ing of the floor by the weak short leg during the swing
phase of gait, and this is even more important in patients
who wear braces and have the knee locked in extension, in
order to ambulate. In patients who cannot walk without
braces, the leg length discrepancy usually can be made up
in the brace, and corrective surgery may not be indicated.

Level Pelvis

Correction of Coexisting Problems
The treatment plan must include those intermediate goals
that are prerequisites to surgical treatment of the leg length
discrepancy itself. These intermediate goals can include sta
bilization of unstable joints, release of contractures, correc
tion of angular deformity, correction of spinal deformity,
completion of partial growth arrests causing angular defor
mity, and excision of bony bridges, in an attempt to restore
growth.

Patients with leg length discrepancy often have asymmetry

that extends beyond the legs. Patients with congenital short
ening, for example, may have a small foot or hemipelvis,
and in these cases, perfectly equal leg lengths result in resid
ual pelvic obliquity and tilting of the lumbosacral joint. A
similar situation can arise in patients with leg length discrep
ancy from avascular necrosis of the femoral head, following
treatment of congenital dislocation of the hip, who have

also had an innominate osteotomy. These patients should
be examined standing with blocks beneath the short leg to
relate the desired correction to the leg length discrepancy.
The treatment goal can be modified as required.

TREATMENT

General Principles

In general, it is wise to correct coexisting deformities before
undertaking correction of the leg length discrepancy. There
are two reasons for this. The deformity can adversely affect
the outcome of the leg length discrepancy correction, or
vice versa. The other reason is that the correction of some
deformities affects the treatment goal. The correction of
angular deformity of the limb usually increases the length

of the leg, and the correction of spinal imbalance often
Vertical Lumbar Spine

changes pelvic obliquity and the desired amount of correc

Patients with fixed obliquity of the lumbosacral junction
cannot achieve a level pelvis and a vertical lumbar spine at
the same time. Usually, a vertical lumbar spine and good

The choice of treatment method is more dependent on
the magnitude of the predicted discrepancy at maturity than

balance of the spine are more important than a level pelvis,
and treatment of the leg length discrepancy should be con

pressed in terms of the magnitude of the predicted discrep
ancy, can be used to choose from among the major treat

sistent with the more important goal. It is interesting to

tion of leg length.

it is on its etiology. Fairly straightforward guidelines, ex

ment categories:
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0 to 2 cm:

No treatment

2 to 6 cm:

Shoe lift, epiphysiodesis, shortening

6 to 20 cm:

Lengthening, which may or may not be

>20 cm:

Prosthetic fitting.

combined with other procedures

There is some flexibility in these guidelines, to account for
factors such as environment, motivation, intelligence, com

pliance, emotional stability, patient and parent wishes, and
associated pathology in the limbs.

There are good reasons for the values of these thresholds.
It has been shown that discrepancies of less than 2 cm are

of no functional or clinical consequence in adults, and do
not require treatment (118). Indeed, Rush and Steiner
found leg length discrepancy in 71% of new recruits into the
United States Armed Forces (119). Because there is some

advantage to being tall (120-123), lengthening procedures
are often preferred by parents and patients, but lengthening
is not generally done for discrepancies less than 6 cm, be
cause there are other alternatives. The high morbidity and
complication rate of lengthening should be avoided, in favor
of epiphysiodesis or shortening, whenever possible. Because

these alternatives are reasonable for corrections of up to 6
cm, they are the procedures of choice. Shortening proce

dures are usually not appropriate for correction of greater
than 6 cm, because a disproportionate appearance results

that is not pleasing to the patient. It should be noted that
epiphysiodesis can be performed to correct a discrepancy of
any magnitude, in cases in which the long leg is clearly the
abnormal leg, because it corrects the abnormally long leg
and does not result in abnormal proportions in these pa
tients. It is reasonable to consider patient preference for
lengthening over shortening only in the 5 to 6 cm range
of correction, because there are overriding considerations
outside that range.

The site of correction is chosen to leave the patient as

symmetric as possible with knees as level as possible. This
involves lengthening the shortest bone or shortening the
bone corresponding to the shortest bone on the other side.
This principle can be ignored in some cases of correction
by epiphysiodesis, in which a single plate is arrested, to
reduce the magnitude of surgery and risk of problems, al
though a combined femoral and tibial epiphysiodesis might

produce the most symmetric result. It also can be ignored
if more time for data gathering allows a more confident
prediction of future growth and a more dependable treat

ment plan. Symmetry of knee height is a secondary consid
eration to equality of leg length. Knee height is not a factor
in function or comfort, and is not veiy important in cos-

Shoe Lift

A shoe lift is excellent treatment for discrepancies up to 6
cm. It is believed to be less desirable than surgical correction

of the discrepancy, but is a satisfactory answer for those
patients who do not wish, or are not appropriate for, sur
gery. The shoe lift is only effective when the patient is walk
ing or is in two-legged stance, and is only prescribed for its
benefit on gait.

No lift is required for discrepancies less than 2 cm. For

larger discrepancies, the height of the lift should be less than
the discrepancy. For reasons of cosmesis, up to 2 cm of the
lift can be put inside the shoe, with the remainder, if neces
sary, on the outside. Lifts higher than 5 cm are poorly toler
ated, because the muscles controlling the subtalar joint are
not strong enough to resist inversion stress, and frequent
ankle strains result. If a higher lift is required, an orthotic
extension up the posterior calf can be added for stability.
The optimum height of the lift can be determined by clini

cal trials in which the lift height is temporarily modified to
suit the patient. Liu et al. found that the benefit provided
by a heel lift, insofar as it affects the symmetry index, is
unpredictable (3).

Prosthetic Fitting
Prosthetic fitting, often in association with amputation, is
a treatment of last resort, but is useful for those patients

with very large discrepancies and those with deformed
and functionally useless feet (124,125). Discrepancies an

ticipated to become greater than 15 to 20 cm, and those
involving a femoral length less than 50% of the other
side, should be treated in this way (35). This approach
has the significant advantage of involving one hospitalization and one definitive operation. Patients with fibular
hemimelia and an unstable ankle do better with this
approach than with multiple hospitalizations and surgical
procedures in a futile attempt to conserve the foot; the
latter situation usually results in late amputation, which
is then more difficult to accept.

Children with below-knee amputations, such as those
amputated for fibular hemimelia, do very well functionally.
They have an almost normal walking gait and can partici
pate in recreational and sporting activities. Children who
are treated for proximal focal femoral deficiency require
above-the-knee prostheses, and function well, although not

as well as the former group. Some of the latter can function
as below-the-knee prosthesis wearers following a Van Nes
rotationplasty, in which the reversed ankle functions as a

knee, providing active control and motor power to the pros
thetic knee (126).

Although the decision to do an amputation is difficult
for the parents of a young child, the children who do best
are those who have their surgery and prosthetic fitting early
in life. The optimum time for the Syme amputation is to

ward the end of the first year of life, and for the rota
tionplasty, at about 3 years of age. It is helpful for parents

Treatment
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of children who are candidates for these procedures to see
older children who have had the same procedure, and to
talk with their parents.

Epiphysiodesis

Epiphysiodesis has very low morbidity and a very low com
plication rate, and is the treatment of choice for the surgical
correction of leg length discrepancy (19,103,127,128). The
operation is effective by slowing the growth rate of the long

leg and allowing the short leg to catch up. In planning for
this procedure, therefore, it is necessary to take into account
the ability of the short leg to catch up, by using the growth
inhibition to predict the discrepancy at maturity. For all
surgical treatments of leg length discrepancy, it is the dis
crepancy at maturity that should be corrected, and not the

present discrepancy in a growing child. Epiphysiodesis is a

highly acceptable procedure, because it is straightforward,
does not require postoperative immobilization, and disables
the child minimally and for short duration. It is only suita
ble for those children who have sufficient leg length data
to enable a confident prediction of the discrepancy at matu

rity, and who require correction of 2 to 6 cm (129).

Epiphysiodesis is an all-or-nothing procedure that com
pletely and permanently arrests physeal growth. Thereafter,
the leg grows at a slower rate, having lost the contribution
to growth of the operated physis. The loss is 27% for the
proximal tibia plate, 38% for the distal femoral plate, and
65% for combined epiphysiodesis of both plates. The sur
geon thus induces a known degree of growth inhibition
and has before him or her not a continuous spectrum of
shortenings, but only three discrete choices. The exact
amount of desired shortening can be achieved only by per
forming the surgery at exactly the correct time. Performing

the operation too late results in undercorrection, and per
forming it too early results in overcorrection. This is in

FIGURE 28-27. In epiphysiodesis by the Phemister technique, a
rectangular bone block is replaced in reverse position, to produce

a bar across the growth plate.

(130). Phemister described removal of a rectangular block,

two-thirds on the metaphyseal side and one-third on the
epiphyseal side of the plate, and its replacement in the re
versed position (Fig. 28-27) I*-4.19, 6.12]. White and Stubbins used a special chisel to remove a square block that

later was rotated 90 degrees before replacement (128), and
Blount used a circular trephine to remove a cylindrical
block that was rotated in the same way. Macnicol and
Gupta have reported a percutaneous version of the Blount
technique (131). All serve to bridge the physis medially

and laterally with solid bone.

Blount produced physeal arrest by placing three staples
across the physis both medially and laterally, producing a

tethering effect resulting in arrest ofgrowth (132-134) (Fig.

28-28). The rationale was that the arrest was temporary and

contrast to shortening and lengthening procedures that can
be performed at any time.

The prediction of the effect of surgery can be made accu
rately within 1 cm in almost all cases (107). Because there
is an advantage to being tall (120-123), it is better to err
on the side of undercorrection than overcorrection. Because
slight discrepancies are well tolerated, it is best to aim for
0.5 to 1.0 cm of undercorrection by doing the epiphysi
odesis slightly later than the time for perfect correction. It

should be done in the bone that is opposite the shortest

on the other side, although this principle may have to be
compromised if future growth is insufficient for such an
epiphysiodesis to be effective.

The principle of the surgery is to produce a symmetric
bony bridge that tethers the physis and prevents future
growth. The traditional open techniques involve removing
a block of bone from the medial and lateral aspects of the
plate, extirpating the plate with a curette, and replacing the
block of bone in such a fashion as to produce a bony bridge

FIGURE 28-28. Epiphysiodesis by stapling. Growth arrest can be
accomplished by careful placement of three extraperiosteal sta
ples over the medial and lateral aspects of the plate.
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growth would resume following later removal of the staples
(135,136). This concept was attractive, because it alleviated
the need to make accurate predictions of future growth.
Certain patients, however, went on to fuse their physes
while the staples were in place, did not resume growth on
their removal, and went on to overcorrection of their dis
crepancies (137,138). Stapling, therefore, lost proponents,

and was considered to be a permanent form of growth arrest.
Staples caused problems by extruding, entering the adjacent
joint, or causing overlying bursitis (139). Growth arrest was
occasionally asymmetrical, and a second operation was
sometimes necessary to remove the staples.
There have been recent reports that it is possible to per
form stapling in such a way that growth confidently resumes

when the staples are removed (140). The important techni
cal point is to remain extraperiosteal and not directly expose
the growth plate.

Traditional epiphysiodesis requires incisions on both the
medial and lateral aspects of the knee, for a total of four

FIGURE 28-29. Area of plate to be removed in epiphysiodesis.

Obliteration of medial and lateral circular segments of the plate,
leaving the central part and the strong periphery, successfully
stops growth, yet the bone retains sufficient strength to forego
immobilization.

incisions if both tibial and femoral epiphysiodeses are per

formed. Canale and others have reported percutaneous tech
niques developed to avoid unsightly scarring (131,141,142).
It is done with a drill or burr, through small medial and
lateral incisions, under image intensifier control. This tech
nique has gained wide acceptance, and is considered by most
to be the technique of choice. Great care must be taken to
line up the image intensifier beam perfectly to ensure that

the tool is in the plate. The percutaneous technique results
in a wider excision of the plate, and can be accompanied
by excessive bleeding or hematoma formation.
Percutaneous epiphysiodesis [w-4.20, 6.13] is usually per

formed through two incisions, one medial and one lateral.
Because the growth plates, particularly the distal femoral,
are not perfectly flat, there is a significant technical chal
lenge in making sure that the tip of the tool is in the plate,
and that it stays there. Scott et al., for example, reported
a rate of continued growth of the physis of 12% (143).
In the distal femur, the intercondylar notch intrudes into
the posterior aspect of the plate, and the surgeon must

be careful not to inadvertently enter the notch by being
sensitive to the feel of the tool touching cortical bone.
Entering the notch can escape the notice of the operator,

because it is not obvious on the anteroposterior view of
the image intensifier.

Approximately 50% of the area of the plate should be
removed in the pattern shown (Fig. 28-29). This is sufficient
to ensure arrest of the physis, and maintains enough bone
strength through residual plate and surrounding perios
teum and perichondral ring to make postoperative immobi
lization unnecessary. Tibial epiphysiodesis should be accom

panied by arrest of the proximal fibular physis, if the tibial
shortening is greater than 2.5 cm (144).
Epiphysiodesis has significant advantages over other ap
proaches, because of its low morbidity and low complication
rate, but there are minor disadvantages (115,146). It is a

compensatory, and not a corrective operation, in that it
makes the normal leg abnormal. Compared to lengthening,

it results in a decrease in the patient's stature that may be
undesirable.

Femoral Shortening

Shortening of the femur has the same indications as epiphy
siodesis, but is offered to patients who do not meet the
prerequisites for epiphysiodesis, either because they are too
old or their conditions are such that confident prediction
of the discrepancy at maturity cannot be made. It has the
advantage over epiphysiodesis that it can be done in the
mature patient when the discrepancy is known and un
changing, and the desired degree of correction can be ob
tained precisely.

Shortening of the tibia also has been performed, but is
very rarely done, except in cases in which the femur does
not lend itself to shortening. Although shortening of 7.5

cm in the femur and 5 cm in the tibia have been reported
with no loss of function (147), it is believed that no more
than 3 cm of shortening can safely be achieved in the tibia,
and it is unusual to perform shortenings of more than 5
cm in the femur. The risk of neurovascular complications

is higher in the tibia, because of the proximity and tethering
of neurovascular structures, as is the risk of delayed and

nonunion. Fasciotomy is advisable to reduce the risk of
compartment syndrome. Internal fixation is more difficult
in the tibia: closed techniques cannot be used, because the
bone is subcutaneous, and the muscles of the leg are slower
to recover strength than those of the thigh.
It is interesting to contemplate the reason for this last
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factor. The ability of a muscle to adjust to shortening of
the underlying bone rests on its ability to remove sarcomeres
from the ends of its fibers, until the average length of the
remaining sarcomeres regains the normal, which is relatively
constant throughout the body. The lengths of the hamstring

and quadriceps muscles, crossing two joints, are approxi
mately twice as long as the soleus, but more importantly,
there is an even greater difference in the lengths of the fibers
within those muscles. The soleus muscle, requiring high
strength and short excursion, has a high number of short
fibers oriented obliquely, whereas the hamstrings, requiring
excursion more than strength, have a smaller number of

longer fibers oriented longitudinally. The fiber lengths in
any one muscle are relatively equal, and the fiber length in

the hamstrings is much longer than the 4-cm length of fibers
in the soleus muscle (148). It is not difficult to imagine
that a shortening of the tibia of more than 3 cm might
completely overwhelm the ability of the fibers of the soleus
muscle to accommodate.

The early techniques of shortening involved making step
cuts or other complex cuts in the diaphysis of the bone,
using interfragmentary screws or intramedullary rods for

fixation (149). These techniques are of historical interest
only because better techniques with more secure fixation
are now available (150). The two principal techniques in
use today are proximal shortening with blade plate fixation,

and middiaphyseal shortening, open or closed, with intra
medullary rod fixation. Both approaches provide secure fixa
tion, and neither requires postoperative immobilization.
Proximal Shortening

Shortening through the proximal femur at the level of the
lesser trochanter with blade plate fixation has the advantage
of being proximal to most of the quadriceps origin, and
therefore does not disadvantage the knee to the same extent
as shortening in the midshaft. Patients recover strength and
the ability to climb stairs more quickly. This approach leaves
a large scar on the lateral thigh, and requires a second later
operation of moderate magnitude, to remove the plate.

Closed Femoral Shortening
Winquist and colleagues have pioneered a technique that
involves the use of a special set of instruments designed to
allow the procedure to be performed entirely from within
the medullary cavity [^4.10] and without any direct ap
proach to the shaft of the femur (151,152). The bone is

cut by a special eccentric cam saw, which is passed down
the shaft and cuts through the cortex from within. The
size of the saw required is determined from the outside
diameter of the bone, and the femoral shaft is first reamed
to an internal diameter sufficiently large to accept it. The
distal cut is made first, and a second cut then is made
more proximally, at precisely the correct location to give
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the desired amount of correction. The cuts should be
placed so that the cylindrical fragment is removed from
the isthmus of the femur, where the internal diameter is
least, because this provides the best fixation to the rod
both proximally and distally. The cylindrical piece of bone
can be cut into two sections, using a special hook-shaped
reverse-cutting osteotome, and the pieces are pushed aside.

The gap can then be closed over an intramedullary rod
to provide rigid internal fixation. Locking at both ends
maintains shortening and rotation. A second operation is
later required to remove the rod.
The technical complications of this procedure usually

result from less-than-rigid fixation of the fragments, usually
due to inadequate reaming without locking. It is apparent,
in using an unlocked nail, that if a 5-cm segment of bone
is to be removed and 2.5 cm of fixation is desired both
proximally and distally, then the bone has to be reamed
until 10 cm of the shaft is reamed to the minimum diameter.
This in itself can be a problem, because the cortex can be
come very thin at the level of the osteotomies, especially

because the reaming is usually eccentric, and can lead to
fracture of the shaft. Less than rigid fixation can lead to loss
of rotational control and opening of the shortening gap,
two problems that are difficult to control without locking.
Less reaming is necessary for a locked nail, but in that case,

the reduced internal diameter of the canal may not allow
passage of a cam saw large enough to cut completely through
the cortex, and a percutaneous osteotomy may be required
to complete the cut. Nevertheless, the benefits of control
of position with the locked nail far outweigh this disadvan
tage, and locking is desirable.

Acute respiratory distress syndrome has been reported
during or following closed intramedullary shortening, and
has been believed to be the result of fat embolization caused
by reaming (153). Possible preventative measures include
venting of the distal metaphysis and use of reamers with
flutes sufficiently deep to allow the unimpeded egress of
reamed material, but the effectiveness of these measures has
not been demonstrated. It may be wise not to use this tech
nique until this serious complication can be avoided with
certainty.

Although this is an appealing technique, it requires famil
iarity with the instruments, is technically demanding, and

has best results in experienced hands. The major disadvan
tages are the technical complications and risk of respiratory
distress syndrome, as noted above, and the significant quad
riceps weakness that results. Patients with greater shortening
require 6 to 12 months to regain normal knee control and

function (154). It leaves a small cosmetically acceptable scar,
and the later procedure to remove the rod is of lesser magni
tude than that required to remove a blade plate.
Growth Stimulation

A technique is desired to stimulate the growth of the short

leg, so that children discovered early to have growth inhibi-
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tion could have their growth stimulated to normal. Many
techniques have been used in attempts to accomplish this,
but none has been successful enough to be clinically useful.
Based on the concept that the periosteum acts as a tether
inhibiting growth, circumferential release of the periosteum

has been assessed both clinically and experimentally, and
found to stimulate growth (155,156). A variety of foreign
materials have been implanted next to the growth plate
(157), but the stimulation, if it occurred, was too little and
too short-lived to be of use. Sympathectomy (158,159) and
surgically constructed arteriovenous fistulae (160,161) ternporarily stimulate growth, presumably by altering the circu

lation to the physis, as does stripping and lifting the perios
teum by packing bone beneath it (58,59,162). However,

these techniques have little or no clinical usefulness. Electri
cal stimulation inconsistently stimulates physeal growth,
but even the maximum effect is insufficient to correct clini
cal discrepancies (63).

As desirable as this approach might appear, there is no
method of growth stimulation available at this time that is
useful in the treatment of leg length discrepancy.

niques described for lengthening the leg. These have in
cluded step cuts (166), periosteal sleeves (167), onlay corti
cal grafts (168), slotted plates (169), intramedullary rods
(170), and other internal and external devices for gradual
controlled lengthening (171-174). Transiliac lengthening
has been performed (175), and may be indicated in cases
of infrapelvic asymmetry and decompensated scoliosis cases

requiring concurrent hip stabilization (176,177). Tech
niques

of

instantaneous

lengthening

of

the

femur

(114,150,178,179) and tibia (180) have been reported, but
have not gained widespread support, because the amount
of length to be gained is limited. Simultaneous shortening
of one femur, and lengthening of the other with the
excised bone segment from the other side, has been recom
mended (181,182). The Anderson device, using large pins
and an external fixator with threaded rods for lengthening,
became widely used, but confined the patient to bed (Fig.
28-30). Some of the older methods persist in nonindustrialized nations, as, for example, double oblique osteotomy
followed by elongation by balanced skeletal traction (183).
Many of these methods became obsolete with the intro
duction of the Wagner device and, later, the Ilizarov and
Orthofix devices.

Leg Lengthening

Lengthening an abnormally short leg would, at first glance,
appear to be the preferable method of dealing with leg
length discrepancy, because it is a corrective procedure. It
involves operating on the abnormal leg to correct its abnor
mality, as opposed to epiphysiodesis and shortening, which
make the normal leg abnormal and only compensate for
the discrepancy.

Lengthening was first mentioned in the 18th century, in

an account of injuries sustained in battle by Ignatius of
Loyola. It was next reported by Codivilla at the beginning
of the twentieth century (163). A number of advances have
been made involving changes in surgical technique or the
lengthening apparatus, or both, and each change has been
greeted with hopes that it would solve the problems associ
ated with lengthening (164).

Lengthening is a procedure of last resort, and is reserved
for those situations in which other methods of correction
are inappropriate. Lengthening is usually not appropriate
for patients requiring correction of less than 6 cm, because
procedures of lesser risk and morbidity can be used. A rea

sonable goal of lengthening for most patients is less than
10 cm for the femur and 7 cm for the tibia. Patients requir
ing large corrections may require simultaneous lengthenings

of femur and tibia, repeated staged lengthenings of the same
bone (165), or supplementary shortening procedures on the
long side. There is a threshold, at about 15 to 20 cm, where
the risks outweigh the benefits, and lengthening is aban
doned in favor of amputation and prosthetic fitting.
Since Codivilla's report there have been many tech

Historically, new lengthening technology has been
adopted enthusiastically by the orthopaedic community,
and has been used extensively with great optimism. How

ever, the complication rate has remained high and the pa
tient's course difficult, leading to the realization that the
human leg has not made similar advances, and lengthening
is still a difficult matter for both surgeon and patient.

The surgeon should prepare for an intensive period of
education and attention for 2 weeks after the application

of the lengthening device, either in or out of the hospital.
This allows time for the initial delay, and for the patient
and parents to understand and become comfortable with
the lengthening mechanism, pin site care, and an exercise
program to maintain mobility and attain ambulation with
weight bearing. Patients undergoing lengthening as inpatients should be examined daily with respect to blood pres
sure, neurologic status, and range of motion. The reading
from the scale of the lengthener should be recorded daily
and checked to be sure that the lengthening is going accord

ing to plan. These assessments also should be made at weeldy
or biweekly visits after discharge. Radiographs are taken at
intervals of 2 to 4 weeks to evaluate alignment and the
quality of bone in the lengthening gap (i.e., the regenerate).
Ultrasonography can be used instead of radiographs to mea
sure the lengthening gap (184,185). The rate of distraction
can be modified according to clinical progress or radiologic
appearance.

Maintaining motion is extremely important during
lengthening. Patients and parents should be instructed in a
home exercise program, and range of motion monitored
regularly. Stopping the lengthening should be considered,
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FIGURE 28-30. The Anderson lengthening device was commonly used, until it was superseded
by the Wagner device, then by the Ilizarov and Orthofix devices. It accomplished stable fixation
and gradual lengthening, but was not appropriate for application to the femur, and confined

the patient to bed.

if limitation of motion develops that is resistant to a more
intensive motion program. Wagner recommended that dis
traction should not be performed on any given day if the
patient cannot achieve 60 degrees of flexion (186). The

author's personal guidelines are to discontinue lengthening
of the femur in the face of a knee flexion contracture greater
than 10 degrees, or knee flexion less than 30 degrees.
Lengthening can be started again, if those guidelines are
later met, before consolidation of the regenerate prevents
it. There is evidence in the literature that all patients regain
flexion in the first year after lengthening (187), and it ap
pears that maintaining extension is more important. Pa
tients are allowed to ambulate full weight bearing, with aids

if necessary. The pin sites are cleaned twice daily, and, if
necessary, the stab wounds are elongated weekly under local
anesthesia, to prevent tenting and ischemia of the skin,
which could lead to pin tract infection. Cutting pins and
small wires circumvent the need to release pin sites.
Distraction is discontinued, either when the goal has

been achieved or an unresolvable complication (usually loss
of motion) supervenes. The device is retained until radio
graphs show consolidation and suggest adequate strength
of the regenerate bone. In the consolidation period, dynamization of the device is considered important, to subject the
bone to cyclic longitudinal loading to stimulate bone forma
tion. If the bone in the lengthening gap is slow to consoli

date, the device can be shortened to put the bone under
longitudinal compression, either leaving it somewhat short
ened, or lengthening once again, when the regenerate re
sponds. Valid objective guidelines for what constitutes ade
quate consolidation for removal of the lengthening device

have not been established. Findings such as corticalization,
with three cortices visible on two radiographs and the ap
pearance of a medullary cavity, are considered to be signs
of adequate strength, but the decision to remove the device
is still empiric.

It is possible to protect the tibia externally with a cast
or brace after device removal, allowing removal from the
tibia earlier than the femur. In addition, the mechanical
and anatomic axes of the tibia are collinear, and the bone
is subject mainly to compressive forces. This is not the case

for the femur, in which the regenerate bone, especially for
proximal lengthenings, is eccentric and subject to bending
loads. Patients should be restricted from violent body-

contact sports for a long time, and perhaps until the bone

is radiologically normal, because fractures through the
lengthening gap have been reported years later.
Wagner Technique

Wagner developed a lengthening device that was first used
in North America in 1973 (Fig. 28-31), and appeared to
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FIGURE 28-31. The Wagner device can be adjusted in two planes, but not in rotation. It allows
correction of angulation that develops during lengthening, but does not allow simultaneous
lengthening and gradual correction of angular deformity.

offer several advantages over older devices, such as the An
derson device (51,186,188-190) (Fig. 28-30). It is unilat
eral, and uses half-pins instead of through-and-through
pins, thereby facilitating application to the femur. It is small
and light, and was the first device to allow the patient to

be ambulatory, whereas older devices required confinement
to bed. The patient can do the lengthening simply by turn
ing a knob at one end. It is adjustable in varus-valgus and

anteroposterior angulation, but not rotation (Fig. 28-31),
so that minor angulation that occurs during lengthening
can be corrected without removing the pins.

The Wagner technique involves at least three surgical
procedures. The first involves performing an osteotomy,

releasing soft tissues, if necessary, and applying the device.
At the end of the lengthening phase, a second procedure
involves bone-grafting the lengthening gap, plating the
bone, and removal of the lengthener. Months or years later,
when the bone has achieved sufficient strength, a third pro
cedure is done to remove the plate. There is a prolonged
period of restriction of activities to protect the bone and
avoid late fracture.

Although the Wagner device retains its simplicity and

utility, it has become clear that it is ill-advised to plate the
bone in the face of contaminated pin tracts. For that reason,
the technique mostly has been replaced by newer methods
that involve neither plating nor grafting, and appear to re
duce the complication rate. The device, however, remains

simple and satisfactory, and can be used with the newer
biologic principles.

Orthofix Technique

De Bastiani and colleagues have developed a lengthening

device, the Orthofix device (Fig. 28-32), which is applied
to the bone with two sets of conical screws (191,192). It
has evolved into a lengthener in which pin blocks move
along a rail placed beside the pins (Fig. 28-32). This allows
the pin sets to start close together and provides long excur
sion [*-4.i5,6.10]. It allows the use of up to three screws in

each set, which is an advantage, especially in the proximal
femur. It is technically similar in operation to the Wagner
device, but, although it offers more stable fixation to bone,
it has a more cumbersome method of elongation, and is

not easily adjustable once in place. Good results have been
reported with this method with a complication rate similar
to other techniques (193).

Distraction Epiphysiolysis

Distraction epiphysiolysis was pioneered by Ring, and more
recently reassessed by Monticelli and Spinelli and others
(194-200). It is achieved by applying a distraction force
across the physis until it fractures. Lengthening can then
be obtained by gradual distraction. This method has the
disadvantages that the lysis is sudden, painful, and not well
tolerated, and that the physis can be injured, thus com
pounding the leg length inequality (201,202). The compli
cation rate is high (203) and, if it is to be used at all, it
should be reserved for children very near the end of growth,
to minimize the consequences of physeal damage.
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alignment and achieving distraction. Numerous unsightly
scars result, because of the multiple percutaneous pins or

wires used to achieve sufficient stability, and the fact that
they must be left in place for a prolonged period until the
bone is strong. It is possible to use an intramedullary rod
to maintain alignment during both the distraction and con
solidation phases, and the external device only to achieve
length (210). In this way, the number of percutaneous tracts
can be reduced, the external device can be removed at the
conclusion of lengthening, and the complication rate may

be reduced (211). Lin et al. reported 2 of 15 cases that
required bone grafting (212), so the effect of rodding on
osteogenesis remains unclear.
Lengthening over the rod has the disadvantage, com

pared with other lengthening techniques, that alignment of
the anatomic axis of the femur cannot be changed, and that
the mechanical axis of the leg cannot be changed. Because
the anatomic axes of the femur and tibia are not collinear,
elongation in this manner increases valgus of the mechanical
axis of the leg. Whether or not this is a problem depends
on the initial configuration of the leg. The correction, if
necessary, of preexisting angular deformity, or the valgus
produced by the lengthening, must be performed at another
time, when the rod is no longer in place.
There has been reasonable hesitation in using this ap-

FIGURE 28-32. The Orthofix track lengthening device places the
lengthening mechanism beside the pins instead of between
them, thereby increasing the excursion and obviating device ex
change during lengthening. Like the standard device, it is not
adjustable once the pins are in place.

Ilizarov Technique

Ringfixators have been developed (198,200,204-207) (Fig.
28-33 and Fig. 28-35) [>»4.16,6.9]. They are more complex
than the Wagner and Orthofix devices, but are also more
versatile, in that they lend themselves to the correction
of complex deformities. They can control more than two

segments (209), can extend across joints, and can be used
to translate segments of bone in the treatment of congeni
tal pseudoarthrosis and acquired absences (204). Fixation
is accomplished by tensioned through-and-through wires
attached to complete or partial rings. Unwillingness to use
through-and-through wires in the proximal femur has led
to the development of half-pins, which are now gaining

favor at all levels.

Lengthening over an Intramedullary Rod
In the traditional application of any of the external length
ening devices, the device is responsible for both maintaining

FIGURE 28-33. Ilizarov lengthening device. External fixation is
accomplished by tensioned wires fixed to circumferential rings.
(From ref. 208, with permission.)

1140

Chapter 28: Leg Length Discrepancy

proach, because of the fear of producing a serious intramedullary infection with the intramedullary foreign material in
continuity with the exterior through the pin tracts. Al

tents, and it has been demonstrated that the intramedullaiy
circulation reconstitutes very quickly, even if interrupted

device need not contact the rod, and that the risk of intra

(215). The current consensus is that it is not necessary to
perform a corticotomy, but care not to burn the bone with
a saw, and care and preservation of the periosteum, are very

medullary infection is not as great as feared, widespread use

important.

of this technique awaits more definitive reports concerning

In contrast to the principle of minimal bone disturbance,
massive bone production in the lengthening gap, following
peripheral decortication near the osteotomy, has been re
ported (216).

though early experience suggests that with care the external

this and other risks. Fully implantable devices would appear

to be the solution, and have been used on a trial basis (213),
but reports are preliminary.
The application of this technique is limited to those fe

murs that are straight enough to accept the rod, and, in the
case of the femur, children who are old enough not to be
at risk for avascular necrosis of the femoral head.
Wu et al. performed acute lengthenings over a locking

rod, but achieved a mean lengthening of only 2.8 cm (214).

Biologic Factors
Several groups have been working in parallel over the past
three decades to develop not only improved devices, but
also improved concepts and methods of lengthening. In
particular, Ilizarov and De Bastiani have contributed new
concepts and a new understanding of the biology of length

ening that are more important contributions than the de
vices themselves (191,192,204-206). Because the biologic
principles are not device-specific, they are considered in
principle. Then, with that foundation, technologic issues
are considered.

Location of Lengthening. Whenever appropriate, the
lengthening is done in the metaphysis, where the bone is
more active, and there are greater numbers of active osteoblasts to participate in the process of regeneration (217)
(Fig. 28-35). A second benefit of this location is purely
mechanical, and is based on the principle that the strength
of a structure in bending varies with the fourth power of
its diameter. Because the diameter of the metaphysis is so
much greater than that of the diaphysis, the bone is stronger
at any stage of healing. This allows earlier removal of the
fixator, with decreased risk of fracture when subjected to
bending loads.

Number of Lengthening Sites. Devices that lend them
selves to fixation of more than two segments of the same
bone make it possible to lengthen a single bone both proximally and distally at the same time. Although, theoretically,
this doubles the rate of bone elongation, the soft tissues do
not easily double their elongation rate, and articular carti
lage has been shown experimentally in animals to suffer

Minimal Disturbance ofthe Bone. Ilizarov recommended
corticotomy, a technique in which the cortex is cut, but

with rapid elongation (218).

care is taken not to disturb the medullary contents (Fig.

Delay before Distraction. It appears beneficial to delay
the onset of distraction after the bone-sectioning procedure,
in order to allow the osteogenic process to become estab
lished. Osteogenesis can then keep up with the elongating
gap. Delays of several days for young children, 1 week for
adolescents, and 10 days for adults appear appropriate, with
out risking premature consolidation that would prevent dis

28-34). He felt it important to preserve the intramedullary
blood supply of the bone. It is difficult, however, even with
careful technique, to avoid disturbing intramedullaiy con-

traction.

Rate of Distraction. Ilizarov and Deviatov (204) recom
mend a distraction rate of 1 mm/day, which is slower than

the 1.5 mm/day used in the Wagner technique. The ration
ale is that the separation of the bone ends should proceed

in advance of the ability of the regenerating bone in the
gap to effect union, and that a rate that is too fast will
inhibit bone formation. The rate may have to be slowed,

FIGURE 28-34.

In the corticotomy technique, care is taken to

preserve the contents of the medullary cavity of the bone, so that
they may make their greatest contribution to osteogenesis during
lengthening. Drill holes of controlled depth are made through
the anterior cortex; the lateral cortices are cut with a narrow
osteotome to avoid entering the medullary cavity; and the poste
rior cortex is cracked by bending.

if radiographs show inadequate regeneration and a widening
lucency in the regenerating bone. Faster rates induce is
chemia and significant slowing of osteogenesis, but some
patients, who show excellent regeneration radiologically,

can have their distraction rate increased. The rate of 1 mm/

day also appears to be appropriate for the soft tissues to
grow in length in tandem with the bone (219).
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FIGURE 28-35. Metaphyseal lengthening. Elongation through the metaphysis promotes osteogenesis in the lengthening gap because metaphyseal bone is so active, and it promotes
strength by the large cross-sectional area.

Rhythm of Distraction. Increasing the frequency of
lengthenings, without changing the rate, promotes faster
consolidation experimentally, and reduces the tension stress
on the regenerating bone. Lengthening by 0.25 mm, four
times per day, is better than lengthening by 1 mm, one time

per day, and it appears that gradual continuous elongation,
perhaps by a motorized device as suggested by Ilizarov, is

suggest that greater lengthening may be possible than was

formerly thought. Carroll et al. have shown that permanent
changes occur in muscle and joint cartilage with tibial
lengthening greater than 11% (221), and Bell has shown
effects on the adjacent joints in animal experiments (218).
These effects may be related more to the rate than the mag

ideal.

nitude of lengthening, and the degree to which they occur
in human patients is uncertain.

Quality ofRegenerate Bone. Osteogenesis in the gap be

Activity Level. Patients can be encouraged to be active and

gins first in the medulla, and expands to fill the gap. Multipotential cells become osteoblasts and form bone without
a cartilage foundation in.a fashion reminiscent of membra

nous bone formation. Microscopic examination of the re
generating bone, elongated according to modern concepts,

shows that it has a longitudinal orientation, probably be

cause its formation is guided so intimately by the architec
ture of the osteotomy surface (220). The architecture of
the regenerate resembles haversian bone, and is said to be
stronger than woven bone, and to remodel and calcify faster.
Thin Wires. The ring fixators allow the use of thin (1-2
mm) wires instead of large screws. The wires cause less reac
tion of surrounding skin and bone, move through the skin
more easily, and allow some axial dynamization of the bone
fragments.

Amount of Lengthening. It is not known if there is an
upper limit to lengthening. Reports on the new techniques

fully weight-bearing from the start, and participate in vigor
ous calisthenics and physical therapy to maintain normal
joint motion and muscle strength. Weight-bearing takes ad
vantage of the flexibility of the devices to apply dynamic
compression to the regenerating bone that is believed to
stimulate bone formarion.

Dynamization. Cyclic loading of the regenerate is thought
to promote osteogenesis. The ring fixators have the advan

tage of allowing dynamic loading of the lengthening gap
throughout the period of fixation, while simultaneously
controlling length. Their construct of thin wires and cir
cumferential rings provides rigidity against bending in the
sagittal and coronal planes, but is not so rigid in the axial
direction, allowing slight axial movement in response to
applied loads. The Orthofix device can be dynamized by
applying an elastic buttress, and when the regenerate bone
appears strong enough to resist shortening, the buttress can

be removed. The device then maintains alignment, but not
length, thus allowing dynamization. The Wagner device
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cannot be dynamized, but can be put into compression

mode when the regenerate bone is strong enough. All of
the devices allow some dynamization by virtue of their elas
ticity, and can be made less rigid by the removal of wires
or pins in a staged fashion.

Lengthening Index. This quantity is the number of
months of external fixation required per centimeter of
lengthening. It is generally between I and 1.5 months per
centimeter, and tends to be greater for lesser lengthenings,

because one component of this time, the interval from the
arrest of elongation to the removal, tends to be constant.
This number is a very rough guideline to predict the dura
tion of fixation for patients about to undergo lengthening,
but is of little clinical importance (222).

Factors Affecting the Choice of Lengthening
Hardware

The biologic factors discussed above are, for the most part,
device-independent. The choice of lengthening device is
not, however, completely arbitrary. The devices have certain
characteristics that affect their ease of use in specific situa

tions. Because deformity correction often goes hand in hand
with lengthening, this discussion includes some aspects of
device selection and use in the correction of angular defor
mity

Gradual versus Acute Correction. Not all deformities
need to be corrected gradually. There is a long and successful
history of acute correction of deformity by osteotomy, with
internal or external fixation or no fixation at all. Although
there may be advantages in the use of external fixation, in
some cases, there appears to be no advantage to correcting

these deformities gradually, as Ilizarov et al. have proposed
(220,221).

The question then arises as to the possible advantages or
disadvantages of gradual correction, if an external fixator is
in place in any case to accomplish lengthening. There is

good evidence to suggest that, if an external device is already
in place for lengthening, either gradual or acute correction

of coexisting deformity can achieve good results (223).
Acute correction has the effect of simplifying the lengthen

ing and widens the selection of devices, whereas gradual
correction with the Ilizarov or other ring fixator allows the
physician to monitor and modify the correction on an ongo

ing basis.

If the surgeon wishes to perform a gradual deformity
correction, men the Ilizarov device or another ring fixator,

or the Orthofix device with the Garches clamp, can be used.
Using the Ilizarov apparatus to perform gradual angular
correction, with or without lengthening, requires attention

to the geometric principles of hinge placement, as described
by Herzenberg (222). Careful hinge placement can control
both translation and angular correction. Placing hinges so

that the axis of rotation is outside the bone can accomplish
lengthening and angular correction simultaneously.
Thin Wires versus Half-pins. The Wagner and Orthofix
devices require thick half-pins, whereas the Ilizarov device
can be used with either thin wires or half-pins. Thin wires
appear to pass through the skin more easily, but leave twice

as many unsightly scars in the skin, and tether the muscles
in twice as many locations, thereby interfering with joint
motion (217). Loosening of a wire does not result in a loss
of position, as with a screw, because the bone is prevented
from sliding on the wire by other oblique wires at the same
level.

On the other hand, thin wires have a number of disad
vantages. They do not lend themselves to fixation of the
proximal femur, and most prefer half pins and partial rings

at that level. There is a growing trend to the use of half
pins at other levels as well. Wires must be tensioned to close
to their elastic limit, and it does not take much additional
force to stretch the wires plastically, which compromises the
rigidity of the frame.

Conical Screws. The Orthofix device uses 6-mm pins that
taper slightly toward the tip. If they loosen, they can be
tightened by advancing them slightly. Conversely, if they are
inserted too far, they cannot be retracted without loosening.
Screws are also manufactured with cutting edges on one side
of the shaft, which, when oriented in the proper direction,
facilitate passage through the skin.
Excursion. The standard Orthofix lengthener is limited in
its excursion. The short model, for example, has an excur
sion of only 5 cm, meaning that it will have to be replaced
with a longer model, if further lengthening is to be attained.
The Orthofix rail lengthener is available in several lengths,
and can accommodate any desired excursion. The Wagner
device has excursion of more than 15 cm, and can accom
plish all but the longest lengthenings. The Ilizarov device
has the advantage that its external components can be re
placed without general anesthesia, and therefore virtually
any amount of lengthening or angular correction can be
accomplished.

Ease ofReplacement ofPins and Wires. Because the Ili
zarov device allows pins and wires to be placed at almost
any level and angle, there is no problem in removing trou

blesome wires and inserting new ones. The monolateral fixators, on the other hand, are more limited in that the pin
clamps have predesignated locations, and all pins in one
cluster are in the same plane. Replacement of one pin may
require replacement of all pins of that cluster.
Ability to Place Pin Clusters Close Together. The Ilizarov
apparatus and the Wagner device allow the pin clusters in
the proximal and distal segments to be placed as close to-

Treatment

gether as desired. The original Orthofix lengthening device
had the body between the pin clamps, so that the pin clus
ters had to be placed far enough apart to accommodate the
length of the device. This is a disadvantage in a short bone,
or if other factors govern pin placement. The Orthofix rail
lengthener does allow the pin clamps to be placed close to
each other.

Number of Pins in Each Segment. The Wagner device
permits two pins in each clamp, the Orthofix allows three
pins, and the Ilizarov device sets no limits on the number
of pins or wires. There may be an advantage to using more
than two pins to fix the proximal femur, especially if the
lengthening is through the proximal part of the shaft, and
the pins must be placed proximally. In that configuration,
the loading is eccentric, and three pins provide better fixa
tion with less risk of loosening.

Total Number ofPins and Wires. The Ilizarov apparatus
usually requires at least three wires in each segment for a
simple lengthening, a total of 12 scars in the skin. The
monolateral fixators usually can be applied with only two
screws in each segment, producing fewer than half the num

ber of scars, and reducing the operative time for the applica
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In addition, its components can be changed and the hinges
realigned repeatedly, if required. This can be done without
a return to the operating room for anesthesia.

Ease ofAdjusting the Lengthening Mechanism. This is
of no concern while patients are hospitalized under the care
of trained personnel, but it becomes an issue when they are
discharged home. A simple mechanism results in less anxiety
and fewer errors. The Wagner mechanism is the simplest,
requiring only the turn of a single knob. The Orthofix de
vices require use of a special extender that is advanced with

a wrench. The Ilizarov device requires elongation of up to
three or four rods individually, perhaps by different
amounts.

Conclusion

Simple lengthenings can be accomplished by a number of
devices, none of which has a clear advantage over another,
except that it might be argued that the simplest device capa
ble of solving the problem is advantageous. Gradual correc
tion of complex deformities may present demands that can
only be met by a more versatile device, such as the Ilizarov
device.

tion.

Ability to Fix More Than One Segment. The Wagner de
vice only allows fixation of two segments, and is incapable
of transporting intermediate segments of bone, in cases of
bone loss or congenital pseudarthrosis. It is also incapable
of traversing joints. The Orthofix rail lengthener can be
assembled to fix more than two segments, and, with special
clamps and hinges, can traverse joints. The Ilizarov device
can easily be extended to provide fixation of as many seg
ments as required, and can be extended across joints, with
or without hinges.

Complex Deformities with Multiple Axes of Correc
tion. Only the ring fixators can accomplish gradual correc
tion of deformities in more than one plane. Not only can
multiple segments be controlled and multiple hinges incor
porated, but the system can be modified, as correction pro
gresses to meet emerging demands.

Ability to Adjust Device while in Place. The Wagner de
vice can be adjusted in two planes, but requires a general
anesthetic to do so. With this device, there is a tendency
for femoral lengthenings to go into varus, and tibial length
enings to go into valgus. It is therefore recommended to

begin lengthening with the femur in 10 to 15 degrees of
valgus or the tibia in 10 to 15 degrees of varus. The Orthofix
rail device is adjustable, under general anesthetic and with
special pin clamps, only in the plane of the pins. The Ilizarov
method is well suited for continual modification of its con
figuration by differential lengthening of the individual rods.

Complications of Lengthening

All studies of leg lengthening, regardless of technique, have
reported high complication rates (160,222,225-233). Most
studies report more complications than there are patients,
and many patients do not reach their anticipated lengthen
ing goals with uncompromised function. The complication
rate, however, is related to the amount of lengthening, and
if the goal is modest, the rate is reduced and the proportion
of patients reaching their preoperative goals is increased
(234). Ghoneem et al. found that all children who had
undergone lengthening had a normal psychologic score,
92% had no limitations in daily activities, and 81% were
satisfied with the over-all result (116).

Deformity due to soft tissue tension can occur during
lengthening, and angular deformity of the tibia has been
related to the degree of elongation (235). The Ilizarov tech
nique has been proposed to supplant amputation and pros
thetic fitting in fibular hemimelia, but uncontrollable defor
mity of the tibia and ankle joint has been encountered
(236). Ultimate alignment may be improved by using
arthrography to delineate the joint surfaces when applying
the lengthening device (237).
Hypertension may be seen during lengthening, and may
occur suddenly (238-240). The mechanism is not clear,

but it resolves dependably, with shortening of the lengthen
ing gap, and may not recur when lengthening is resumed.
Pin tract inflammation is common and of little conse
quence, in its own right. True pin tract infection usually

responds well to local care and systemic antibiotics. It may,
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however, be elevated to a serious complication by plating
and grafting, as in the Wagner procedure, and that is the
main reason this is no longer commonly done.

Mechanical failure can occur in several modes. Pins can
break or loosen, and require replacement. Fractures through
the lengthening gap or deformation of the bone in the
lengthening gap may occur early or late. It may occur soon

after removal of the device, indicating that it was removed
too soon, or may occur late, while the bone is still remodel
ing, and has not yet regained its normal strength (240). In
the author's series of Wagner lengthenings, there was one
fracture 8 years after the lengthening, which suggests that
the bone is extremely slow to remodel and regain full
strength, and is probably weak, even after it looks normal
radiologically. Long-term follow-up is important in assess
ing the results of leg lengthening, because complications

tense tissues, movement of wires or pins through the tissues,

or direct trauma may occur (251). Nerve conduction is af
fected in one-third or more of patients undergoing length
ening (252).

Karger and colleagues found that femoral lengthenings
were more prone to complications than tibias, and that the

complication rate increased with lengthenings, exceeding
25% of the initial bone length (253). The author found
that the complication rate is significantly higher in children
younger than age 8 years, than in older children, and this
may reflect the inability of younger children to understand
instructions and remain motivated to comply with those of

therapists and surgeons (245). Conversely, Noonan found
that the complication rate in both femoral and tibial length-

can occur late.

Nakamura and colleagues have examined the diameter
of the bone in the lengthening gap, and concluded that

axial loading, while the device is in place, may not be enough
to increase the diameter, but that the diameter increases
dependably after removal of the device (242). This finding
has profound implications for the strength of the bone, since
strength in bending varies as the fourth power of the diame

ter. Indeed, there is a report substantiating this conclusion

(243).
Subluxation of the knee may occur during femoral
lengthening, especially in patients with congenital shorten
ing (244,245). The subluxation appears to be a posterior
subluxation of the lateral tibial plateau, and is always pre
ceded by a loss of extension of the knee. Dysplasia, or ab
sence of the anterior cruciate ligament, and hypoplasia of
the lateral femoral condyle are usually found in association
with congenitally short femurs (246,247), and contribute
to this complication. Routine lengthening of the lateral
structures, the biceps tendon and iliotibial band, deter
mined maintenance of knee extension, and avoidance of
continued distraction in the face of a knee flexion contracture will avoid knee subluxation.
Dislocation of the hip has been reported, may occur even
in the early stages of distraction, and tends to be associated
with previous hip surgery and residual instability (248).

Delayed union is difficult to define in this context, but
there is no doubt that certain cases take significantly longer
to consolidate than others. True nonunion occurs, and is
similar in appearance and treatment to posttraumatic non
union, except that it can occur in narrowed and spindle-

shaped bone, so that it is fragile even when united.
It appears that the complication rate is affected by the
quality of the underlying bone, but inconsistently so. For

example, Naudie et al. showed that the complication rate
is higher in patients with an underlying bone disorder (249),
but patients with achondroplasia seem to have a lower com
plication rate. Reasonable lengthening expectations in fem
oral hypoplasia are unclear (250).
Nerve or artery damage from stretching, entrapment by

FIGURE 28-36. The course of Ilizarov and Orthofix lengthening.
This patient had complex deformities resulting from meningococcemia. The femur was managed by an acute correction of the
distal femoral varus deformity and subsequent lengthening,
using the Orthofix rail lengthener. The distal pins were placed
carefully, before the osteotomy was performed. The tibial defor
mity required valgus osteotomies both distally and proximally.
Because fixation of three fragments was required, the more versa
tile Ilizarov device was used.
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ening increased in patients over 14 years of age (222). To
some extent, the amount of possible lengthening depends

CONCLUSION

reason to perform lengthening only in older children, whose
bones are nearing mature length.
Lengthening affects the subsequent growth of the limb.

Excellent care of patients with leg length discrepancy and
continuing improvement require comfortable familiarity
with the techniques of patient assessment, the methods of
prediction of future growth and discrepancy, the factors

on the length of the bone to start with, and this is another

Price and Carantzas have reported a case of severe growth
retardation in the lengthened limb (254). Viehweger has

found that lengthening the tibia more than 14% slows its
growth, but that this has a negligible effect on the ultimate
clinical result, because it is compensated for by femoral over

growth.

important in the selection of treatment goals, and the ap

proaches to treatment. Being familiar and up-to-date with
respect to the techniques and philosophies of surgical treat
ment is challenging but the improvement in our capabilities
should be an adequate reward.

Because of the frequency of concerns, questions, prob

lems, and complications that surround the care of patients
undergoing lengthening, it facilitates their management to
form a lengthening team in a program with shared responsi
bilities. A nurse, physical therapist, social worker, and a
skilled technician are important members of the team, and
should join the surgeon in preparing patients and families
for the lengthening. The team can respond to ongoing
needs, and offer support during the lengthening. Families
never fully appreciate depth and breadth of the hardship
they will face, and will require more support than most

orthopaedic patients.

There is reason to believe that the complication rate from
lengthening is improving with modern techniques and un
derstanding (255) (Figs. 28-36 and 28-37).
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PRINCIPLES OF MANAGEMENT

version, and tibial torsion (1,2). There are average shapes

The foot is a unique part of the musculoskeletal system.
Although it is often discussed as if it was another joint in
the body, such as the hip, knee, shoulder, and elbow, it is
not a joint. There are 26 bones in the foot with countless

articulations. The foot of a child looks different from that
of an adult. In fact, there is so much variation in shape that
the foot of one child may look quite different from that of
another child. This feature of physiologic variation is also
seen in the long bones of the child's lower extremities, in
conditions such as genu varum, genu valgum, femoral ante-

V. S. Mosca: Department of Orthopaedics, University of Washington

School of Medicine, Seattle, Washington 98195; Department of Orthopedics,
Children's Hospital and Regional Medical Center, Seattle, Washington 98105.

Freiberg Infraction 1205

and normal ranges of shapes. The natural history is for spon
taneous change from the normal shapes of the child to those
of the adult through normal growth and development. Ex
ternally applied forces cannot modify these physiologic
variations. And the long-term health consequences of persis
tent physiologic variations of the long bones have yet to be
proven. Physiologic variations of the child's foot, such as
flexible metatarsus adductus, positional calcaneovalgus, and

flexible flatfoot, must be identified as normal, but not aver
age, shapes to avoid inappropriate and potentially harmful
interventions. Conversely, congenital and developmental

abnormalities of the child's foot must be identified as such,
and managed with the nonoperative and operative methods
that have been shown to be effective.
An orthopaedist managing congenital and acquired de
formities of the child's foot must have:
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1. an appreciation of the age-related physiologic variations
in the shape of the foot;
2. an understanding of the natural history of each variation
and deformity;

3. an appreciation of the effect of a chosen intervention on

the growth and development of the foot, as well as the
effect of growth and development on a chosen interven
tion;

4. a thorough and working knowledge of the most unique

"joint" in the human body, the subtalar joint complex,
which is a combination of the talocalcaneal or subtalar
joint plus the talonavicular and calcaneocuboid or trans
verse tarsal joints (Chopart joint);

5. an understanding of joint positions and motions that
supersedes the confusing and inconsistent terminology
in the literature;

6. the ability to obtain, and the commitment to evaluate,
only weight-bearing or simulated weight-bearing radio
graphs;

7. a dedication to preserving joint motion by using soft
tissue releases and osteotomies, instead of arthrodeses;
and

8. a complete understanding of the phrase "the foot is not
a joint."

Some of the physiologic variations in the shape of the
child's foot include metatarsus adductus, calcaneovalgus,
and flexible flatfoot. There are also anatomic variations in

conditions. It seems most reasonable that the default should
logically go to the natural histoiy of the disease.
A unique challenge facing clinicians who manage foot
deformities in children is the consideration of the effect of
a chosen intervention on the growth and development of
the foot, as well as the effect of growth and development
on a chosen intervention. Early reconstruction of pathologic
foot deformities in children normalizes the stresses on the
bones and joints, to allow more normal development. Delay
results in the development or persistence of abnormalities
in the shapes of the bones and joints, which makes recon

struction more difficult. Furthermore, procedures that af
fect, or potentially affect, growth in a positive or an adverse
way must be used judiciously. Conversely, one must con
sider how the early positive results of an intervention may
change as the child grows. Cavus foot deformity is most
commonly a manifestation of muscle imbalance from an

underlying neuromuscular disorder. In some cases, the dis
order is static (cerebral palsy) or can be stabilized, but may
recur (tethered cord in myelomeningocele). In others, the
disorder is progressive, and the rate and extent of neuromus
cular deterioration may not be predictable (Charcot-MarieTooth disease). It is difficult to establish precise muscle bal
ance in any cavus foot, and it is well known that growth,
as well as neurologic deterioration, can undo an excellent
early result of intervention. The child and family must be
aware that there are no panaceas, and that more surgery

the structure of the child's foot, including accessory navicu-

may be needed in the future. The surgeon must remember
this as well, avoid burning bridges, and keep reasonable

lar and tarsal coalition.

options available for future procedures.

An understanding of the natural history of each variation

and deformity is of paramount importance. Eighty-five to
95% of feet with metatarsus adductus correct sponta

neously, with little if any long-term disability, even with

mild to moderate residual deformity (3-5). Essentially all
calcaneovalgus "deformities" correct spontaneously (6).
Flexible flatfoot is almost ubiquitous at birth, and is present
in approximately 23% of adults, most of whom are asymp
tomatic (7). The height of the longitudinal arch increases

spontaneously during the first decade of life in most children

(8,9). There is a wide range of normal arch heights at all
ages, particularly in young children (8,9). There is no
proven benefit from shoe modifications and inserts over

spontaneous natural improvement in the development of
the longitudinal arch (10,11). Most feet with accessory na-

viculars (12,13), and approximately 75% of feet with tarsal
coalitions (14) are asymptomatic, and do not need treat
ment. Conversely, congenital clubfoot and congenital verti
cal talus persist and cause disability, unless treated.
The natural history of the intervention must also be fully
appreciated and considered in relation to the natural history
of the disease or condition. Unfortunately, although there
are few good natural history studies on deformities and
variations of the child's foot, there are fewer good longterm follow-up studies on operative interventions for these

Congenital vertical talus and many congenital clubfeet
are released operatively in the first year of life, when the
foot is 8 to 9 cm in length. The hope is that the correction
of these deformities, located at the foundation of the human
body, will be maintained through 14 to 16 years of growth
and a doubling to tripling in the length of the foot. Prob
lems, including recurrence and overcorrection, as well as
plans for their management, should be anticipated.
There is no other "joint" in the human body with the
unique anatomy and three-dimensional motion of the sub
talar joint complex. This complex consists of two compo
nents, the talocalcaneal or subtalar joint, plus the talona
vicular and calcaneocuboid or ttanstarsal joints. The latter
is also known as the midtarsal or Chopart joint. Terms that
apply to sagittal and coronal plane alignment and motions,
such as varus, valgus, abduction, adduction, flexion, exten

sion, supination, and pronation, do not necessarily apply
to the subtalar complex, because its axis of motion is in

neither the sagittal nor the coronal plane. Inversion and
eversion are terms that, in the author's opinion, define the
motions of this complex, but they need to be better defined
and understood by all who use them. Interestingly, the joint
in the body with the most similarity to the subtalar joint
complex is the hip. Scarpa (15) identified that similarity
almost 200 years ago, when he referred to the talocalcaneo-

Congenital Deformities

navicular joint as the pes acetabulum. The subtalar complex
is malaligned in all significant deformities of the child's

foot, including clubfoot, vertical talus, cavus foot, and severe
flatfoot. It is essential, therefore, that all who manage these
deformities have a thorough and working knowledge of this
most unique joint complex.

It is important to evaluate deformity, both clinically and

radiographically, with the foot in the weight-bearing posi
tion. That is the baseline against which the corrected foot
will be judged. A flexible flatfoot appears to have an arch
and a normal foot may appear to have a cavus or clubfoot
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There is a great need for more natural history studies on
deformities and variations of the child's foot, as well as for
long-term follow-up studies on the interventions used to
treat these conditions. The message must be to exhibit cau
tion with interventions, until it is clear that the treatment
is not potentially worse than the condition.

All of these principles apply to the congenital and devel
opmental deformities that are now presented individually.
Many of the principles apply as well to the other conditions
that are also described in this chapter.

deformity when dangling in the air.

Deformities of the child's foot should be corrected by
means of soft tissue releases to align the joints and osteoto
mies to correct residual deformities. Arthrodesis should be
reserved for the older child, adolescent, or adult with estab

lished degenerative arthrosis of a joint, or with such severe
deformity that correction cannot be achieved with releases
and osteotomies. Long-term follow-up studies have demon
strated that arthrodesis of even the small joints of the child's
foot should be avoided, because of the risk of developing
degenerative arthrosis at the adjacent unfused joints
(16-18). Arthrodesis of the subtalar joint, particularly triple
arthrodesis, leads to stress transfer to the ankle (19-26).
The development of degenerative arthrosis at that important
joint is a potentially disastrous outcome.

Correction of foot deformity must be combined with

balancing of muscle forces to help prevent recurrence. Bal
ancing muscle forces in a mobile foot is much more chal

lenging than in a foot that has undergone arthrodesis. This

challenge must be accepted.

Finally, one who chooses to manage deformities of the
child's foot must fully understand the phrase "the foot is
not a joint." It is extremely unusual for only one portion

CONGENITAL DEFORMITIES

A congenital deformity is characterized by malalignment of

bones at their joints, which is present at birth. Deformations
of one or more bones are often present, and may be primary

or secondary findings.

Clubfoot (Congenital Talipes
Equinovarus)
Definition

"Clubfoot" is the term used to describe a complex, congeni
tal, contractural malalignment of the bones and joints of
the foot and ankle. The individual deformities include equinus of the hindfoot, varus (or inversion) of the subtalar
joint complex, cavus (plantar flexion of the forefoot on the
hindfoot), and adductus of the forefoot on the midfoot
(Fig. 29-1). Congenital talipes equinocavovarus is a more
descriptive term, although certainly more cumbersome.

of the foot or only one joint of the foot or ankle to be
congenitally or developmentally deformed. Its many joints
are usually deformed in opposite directions, as if the foot
was wrung out. As examples, note that there is inversion of

the subtalar joint and pronation of the forefoot on the hindfoot in a cavus foot; there is eversion of the subtalar joint

and supination of the forefoot on the hindfoot in a flatfoot.

And one cannot ignore the ankle joint as a potential site of
additional deformity. The child's foot usually has multiple
deformities, and the orthopaedist must identify all of them
preoperatively, and have a treatment plan that addresses
each one. There is no justification for creating a compensat
ing deformity, or incompletely correcting a deformity, to
avoid an additional procedure, particularly one that can usu

ally be carried out during the same operative session. Con
sider the analogy of a child with varus deformities of the
distal femur and proximal tibia secondary to rickets. One
would never overcorrect the distal femur to a valgus align
ment and create valgus orientation of the knee joint, to
avoid performing an osteotomy of the proximal tibia. The
same principle must apply to the foot.

FIGURE 29-1.

Infant clubfeet.
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TABLE 29-1. SYNDROMES WITH WHICH
CLUBFOOT IS COMMONLY ASSOCIATED
Arthrogryposis

probability of having clubfoot was explained by the Mendelian segregation of a single gene with two alleles, plus the
effects of some other factors that have yet to be elucidated.

Constriction bands (Streeter's dysplasia)
Prune belly
Tibial hemimelia
Mobius syndrome

Freeman-Sheldon syndrome (whistling face) (autosomal domi
nant)

Diastrophic dwarfism (autosomal recessive)
Larsen syndrome (autosomal recessive)
Opitz syndrome (autosomal recessive)
Pierre Robin syndrome (X-linked recessive)

There are four recognized classes of clubfoot. This sec
tion focuses on the idiopathic variety, which is found in
otherwise normal children, and does not resolve without
intensive treatment. A second class is the postural variety.
These resolve completely with manipulation, or with one
or two casts. Neurogenic clubfoot refers to clubfoot seen in
children with myelomeningocele. Syndromic clubfoot is
seen in children with other anomalies (Table 29-1). These

Pathogenesis

Clubfoot is probably etiologically heterogeneous. Genetic

factors clearly play a part. Environmental factors may modu
late the genetic expression of the disorder. The proximate

cause is debated with fervor, based on a small number of
personal observations by a large number of investigators.

There may be validity in many of the discordant studies if,
in fact, clubfoot is a clinical manifestation that can result
from multiple causes and mechanisms. Among the proposed
theories are in utero molding (33), primary muscle lesion
(34), primary bone deformity (germ plasm defect) (35), pri
mary vascular lesion (36), intrauterine enteroviral infection
(37), developmental arrest (38), primary nerve lesion (39),
abnormal tendon insertion, retracting fibrosis (40), and ab
normal histology (41).

tend to be rigid and quite resistant to treatment.

Clinical Features

Epidemiology

The clubfoot is characterized by equinus of the hindfoot,
varus (or inversion) of the subtalar joint complex, cavus

The incidence of clubfoot is 0.93 to 1.5 per 1,000 live births

(plantar flexion of the forefoot on the hindfoot), and ad-

in whites (27-29), 0.6 per 1,000 in Orientals, and 6.8 per
1,000 in Hawaiians, Polynesians, and Maoris (30). Boys are
affected twice as often as girls, and bilateral involvement is
seen in approximately 50% of cases (27).
Wynne-Davies (28,29) made several important observa
tions regarding the incidence of clubfoot. The occurrence
rate is 17 times higher than in the normal population for
first-degree relatives, 6 times higher for second-degree rela

ductus of the forefoot on the midfoot. These deformities

tives, and approximates the normal population risk for
third-degree relatives. Unaffected parents with an affected
son have a 1 in 40 chance of having another son with the
disorder, whereas the risk to a subsequent daughter is very
low. Unaffected parents with an affected daughter have a
1 in 16 chance of having a son with clubfoot and a 1 in

40 chance of seeing the deformity in another daughter. The
chances are about 1 in 4 that a subsequent child will have
a clubfoot if both a parent and a child have the disorder.
There is a 32.5% rate of concordance in monozygotic twins
and a 2.9% rate in heterozygotic twins. These observations

led Wynne-Davies to propose that clubfoot is inherited as
a dominant gene with reduced penetrance or multifactorial
inheritance.

Cowell and Wein (31) concluded that the data could
be accounted for using a multifactorial inheritance model.
Complex segregation analysis, using a regressive logistic
model, was used by Rebbeck et al. (32) to conclude that the

are not passively correctable. The severity of the deformities
and associated findings vary from foot to foot, even in bilat
eral cases. There is a single (occasionally double) posterior
skin crease (Fig. 29-2). The calcaneus is difficult to palpate
within the fatty heel pad. A deep transverse skin crease
crosses the midfoot and extends under the longitudinal arch.
Assessment of tibial torsion in a newborn with a clubfoot

is unreliable. The head of the talus can be seen and palpated
on the dorsolateral aspect of the midfoot/hindfoot just ante
rior to the ankle joint. This is attributable to excessive inver

sion of the subtalar joint complex around the talus. An
examiner's thumb can be placed on the dorsolateral aspect

of the head of the talus, as a solid fulcrum around which
the foot can be externally rotated and everted. In idiopathic
clubfoot, the navicular will not fully align with the head of
the talus and displace the examiner's thumb.

The foot and calf are smaller than the contralateral side.
Little and Aiona (42) noted that leg-length discrepancy of
greater than 0.5 cm exists in 18% of children with unilateral
clubfoot and in 4% with bilateral deformities. The tibia is
short in 89% and the femur is short in 43% of children
with unilateral deformity with discrepancy.
A complete physical examination of the child is indi

cated to rule out a neurogenic or syndromic cause for

Congenital Deformities
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FIGURE 29-2. Clubfoot (left) with single heel crease
and normal foot (right) with multiple heel creases.

the deformity. A finding as subtle as adducted and con
tracted thumbs across the palms will identify a child with
clubfeet as having arthrogryposis. Examination of the hips
in a newborn is an important part of the musculoskeletal

raphy. These factors make it unrealistic to consider radio
graphs of the newborn and infant clubfoot as containing
objective data. The age or point at which radiographs be

screening examination, but there is no reported increased

Despite these limitations, there may be a role for radiog
raphy to confirm correction, or to help identify the site(s)
of residual deformity in the child who is several months old
and has been undergoing serial manipulation and casting.
In the latter situation, the information can be helpful for
surgical planning, particularly if one subscribes to "a la carte
surgery" (54-56). The anteroposterior view is obtained
with the foot pressed against the radiograph plate with a
dorsiflexion and external rotation force (49,57) (Fig. 293A). This will place the subtalar joint in its most everted
and corrected position. The lateral radiograph is obtained
with the foot dorsiflexed and everted maximally, but also
with the leg internally rotated, to ensure a true lateral view
of the ankle (manifested by the projection of the fibula
within the posterior half of the tibia) (Fig. 29-3B). The
talocalcaneal and talus-first metatarsal angles are measured
on both views (9). The axes of the talus and the calcaneus
normally diverge from each other, and the axes of the talus
and the first metatarsal normally form a nearly straight line
on both views. The tibiotalar and tibiocalcaneal angles are
measured on the lateral view (9). The axis of the talus nor
mally aligns almost perpendicularly to the tibia, and the

risk for developmental dysplasia of the hip in children

with clubfoot.

Classification of the severity and rigidity of the clubfoot
is vital to the assessment of treatment modalities. Several
classification systems have been proposed (43-48), but
none has been universally accepted. They all suffer from
excessive subjectivity and poor reproducibility.

Radiographic Features

There is no consensus on the role of radiography in the
diagnosis and management of clubfoot (48,49). However,
it should be stated that the diagnosis of clubfoot in the
newborn can and should be based solely on clinical findings.
The intended role of radiography is to demonstrate the rela
tionships between bones. This is accomplished by first draw
ing the axis of each bone, and herein lies the limitation of
this imaging modality. There is little ossification of the
bones of the normal newborn foot, and there is a delay in
ossification in the clubfoot (50). The ossific nucleus of the
talus is not centrally located in the cartilaginous anlage

(51,52). The ossific nucleus of the talus is between the head
and neck, and may be spherical in shape for the first several
weeks of life. Ossification of the navicular does not begin
until the age of 3 to 4 years in children with clubfoot, and
even then it is eccentric. Brennan et al. (53) identified an
even more fundamental problem when they showed very
poor reproducibility in positioning the clubfoot for radiog

come reliable is unclear.

calcaneus dorsiflexes above a right angle with the tibia. The

alignment of the calcaneus and the cuboid is assessed on
the anteroposterior view (58).

A second point at which radiography may be helpful is
intraoperatively, to confirm the adequacy of correction of

the deformities. The low-dose radiation and the conve
nience of Fluoroscan images make that technology desirable.
The third indication for radiography could be, at some sub-
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FIGURE 29-3. A: Simulated weight-bearing anteroposterior radiograph of ciubfoot. The talus
(small straight arrow) andcalcaneus (large straight arrow) are parallel, rather than divergent.
The metatarsals are markedly adducted in relationship to the talus. The cuboid ossification
center (curved arrow) is medially aligned on the end of the calcaneus, rather than in the
normal straight alignment. B: Maximum dorsiflexion lateral radiograph of ciubfoot. The talus
and calcaneus are somewhat parallel to each other and plantar flexed in relation to the tibia.

stantial time after surgery, to confirm maintenance of defor
mity correction. Alternatively, the third point at which ra
diographs are obtained is when recurrence or other
secondary deformity is clinically identified.

mation in the shapes of the bones (35,51,65,66,68-76).

The neck of the talus is short and deviated plantar-medially
on the body of the talus (35,72,73,75,76). This directs the
articular cartilage of the head of the talus in the same plan
tar-medial direction. Anatomic dissections (73) and mag

Other Imaging Studies/Diagnostic Studies

netic resonance images (66,67) confirm that there is a varus

The diagnosis of ciubfoot is often made prenatally on the
maternal abdominal ultrasound examination, which is now
being performed fairly routinely at 16 to 20 weeks of gesta
tion (59) (Fig. 29-4). The sensitivity and specificity are very
high, but not 100%. Ultrasonographers have recently been
more thorough in their evaluation of the limbs of the fetus.
Identification is increasing, and accuracy is improving. The
outcome of prenatal diagnosis has been the desire on the

dial tilt of its articular surface at the calcaneocuboid joint.

deformity of the distal end of the calcaneus, creating a me

part of many parents to receive prenatal counseling, a service
that cannot be provided by most primary care physicians,
radiologists, or obstetricians at the level desired by the par
ents (60).

In response to the limitations of radiography, ultrasound
techniques are evolving for the assessment of the ciubfoot
during nonoperative and operative treatment (61-64).
Early results seem promising; however, the availability of the
technology in the orthopaedic outpatient clinic is currently

limited. Arthrography, computed tomography (65), and
magnetic resonance imaging (51,66,67) may have roles in
research or special circumstances, but they do not have roles
in the routine management of the idiopathic ciubfoot.
Pathoanatomy

The deformities of the ciubfoot are created, in part, by malalignment of the bones at the joints, and, in part, by defor

FIGURE 29-4. Maternal abdominal ultrasound image of clubfoot.

Congenital Deformities
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FIGURE 29-5. Navicular. (1) The axis of the anterior facet of the calcaneus (2) is tilted medially
in relation to the axis of the middle facet (3) in the clubfoot (left) compared with the normal
foot (right). (From ref. 77, with permission.)

Howard and Benson (72) and Epeldegui and Delgado
(70,77) found that the anterior facet of the calcaneus is tilted
medially, in relation to the middle facet in the clubfoot,
indicating that the location of the varus deformity is be
tween the two facets (Fig. 29-5). Epeldegui and Delgado
(70) performed elegant microdissections of the feet of 75
stillborn infants, some of whom had clubfoot deformities.
They specifically studied the bony and soft tissue anatomy

of the talocalcaneonavicular joint, which they, like Sarrafian

(77), called the acetabulum pedis (AP) and Scarpa (15)
termed the "pes acetabulum." The AP is an ellipsoid articu
lar cavity that holds and rotates around the head of the
talus, comparable to the relationship between the pelvic ace
tabulum and the femoral head at the hip joint. Its bony

elements are the posterior articular surface of the navicular

and the anterior and middle articular facets of the calcaneus.
Epeldegui and Delgado found that the soft tissues of the AP
were likewise markedly different in shape and orientation in
the clubfoot, compared with the normal foot. The shape
of the medial cuneiform has not been studied in the new
born, but it is trapezoid-shaped in the older child with resid
ual forefoot adductus deformity. The subtalar joint complex

is severely inverted, a combination of internal rotation, supination, and plantar flexion. The axis of rotation appears to

be in the interosseus talocalcaneal ligament. The AP is in

verted around the plantar-medially deviated head and neck

of the talus, thereby aligning the navicular at or near the
medial malleolus. The calcaneus is rotated downward and
inward, resulting in parallel alignment with the talus in the
frontal and sagittal planes. The posterior part of the calca
neus is tethered to the fibula by the calcaneofibular liga
ment. There is a varus deformity of the distal end of the
calcaneus, with medial deviation of a congruous calcaneocu-

boid joint, in many clubfeet (66,67,70-73,75,77,78).
There may be medial subluxation of the cuboid on the distal

calcaneus in some feet (58,69). The plantar fascia, short

plantar muscles, and spring ligament are contracted. The
Achilles, tibialis posterior, flexor hallucis longus, and flexor

digitorum longus tendons are contracted. The posterior cap
sules of the ankle and talocalcaneal joints are contracted.
Tibial torsion and the position of the talus in the ankle
are debated. McKay (74) believes that the talus is in neutral
alignment, Goldner (79) believes that it is internally rotated,
and Carroll and associates (68,69,71) believe that it is exter-

1158

Chapter 29: The Foot

and continuous passive motion with a machine (55). Ma
nipulation and casting (81-85) is the technique used most
frequently in the United States, based on experience, practi
cality, convenience, and cost. The technique is exacting and
requires training, experience, and practice. Poor technique
can result in an unnecessary failure of nonoperative treat

ment. It can also create complications that include rockerbottom deformity, with spurious correction of the defor
mity and crushing of the cartilage anlage, with resultant
joint deformity and stiffness.

Manipulation and casting should begin early. There is
no evidence that a delay of several days makes a difference
in the rate of success, and it seems a more holistic approach
to let the parents hold and bond with an uncasted child for

FIGURE 29-6. Untreated clubfoot in an adult migrant farm
worker.

nally rotated. A recent three-dimensional magnetic reso

nance imaging study of clubfoot revealed an externally ro
tated position of the talus in clubfeet, compared with
normal feet (51).

a short period of time. The technique of manipulation and
casting, described by Ponseti and colleagues (83-85), is the
gold standard, and should be studied in detail and practiced
regularly. The first ray is dorsiflexed to stretch the plantar
fascia and unlock the talonavicular joint. Next, the forefoot
is abducted and the hindfoot is everted through the subtalar
complex around the talus. Finally, after all other deformities
are corrected, the hindfoot is dorsiflexed, while avoiding
excessive dorsiflexion stress on the forefoot. Long-leg plaster
of Paris casts are used to ensure that the pressures are main

tained where they are applied, that the forces are directed
appropriately, and to prevent the short-leg component from
slipping down on a fat, conical leg.

Natural History

The untreated clubfoot persists as a rigid, unsightly defor
mity. A large, callused bursa develops over the dorsolateral
aspect of the hyperflexed midfoot, which functions as the
weight-bearing surface of the foot (Fig. 29-6). In the most
extreme cases, the toes point backward during ambulation.
Specially made footwear is required to accommodate the
deformity. Surprisingly, untreated adults in certain cultures
and environments have little pain for many years, and can
function adequately. Their function is similar to that of
individuals with Syme amputations when not wearing their
prostheses. City-dwelling adolescents and adults with un
treated clubfoot experience pain and disability with ambula
tion on paved sidewalks and hard floors.

Treatment

The goal of treatment is to achieve a plantigrade, supple,
painless foot that looks normal, although it is not normal,
and provides adequate function. The initial treatment of

Semirigid fiberglass has recently been shown by Coss and
Hennrikus (87) to be statistically superior to plaster of Paris
in its durability, convenience, performance, and ease of re
moval. The parents can remove the casts and bathe the child
the night before (or the morning of) remanipulation and
casting, which should occur weekly until no further im
provement is seen. If good correction is not achieved by 3
months, it is unlikely that further nonoperative treatment

will be successful.

The efficacy of manipulation and casting is attributable
to the viscoelastic, or rate-dependent, behavior of the liga
ments and tendons (88). The creep phenomenon occurs

during manipulation. A constant stress (force per unit area),
or load, is applied. The tissues undergo deformation (strain)
relatively quickly at first, then more slowly, until there is
little additional elongation possible at that time. The cast
is applied with the same load used during manipulation.
Stress relaxation takes place in the cast. The tissues undergo
a small additional amount of elongation in the cast. As soon

as that occurs, the stress on the tissues effectively decreases,

tive. The goal of nonoperative treatment is to achieve the
stated goal of treatment or, at a minimum, to achieve partial

and will not increase again until the next manipulation. The
ability to correct the clubfoot deformity completely with
this technique depends on the unique stiffness of the indi

correction of the deformity, and thereby decrease the extent
of surgery. Modalities include serial manipulation and cast
ing (81-85), taping, physical therapy and splinting (86),

plete. This last point is crucial, and is based on the premise

clubfoot, regardless of its severity or rigidity, is nonopera

vidual child's foot, the age at which the treatment is initi
ated, the skill of the practitioner, and the definition of com

Congenital Deformities

that it is not possible to make a clubfoot normal by any
combination of techniques. Controlling for the child's age
and the practitioner's skill, the clinical and radiographic
results for any clubfoot depend on the severity, rigidity, or
some other unique biologic feature(s) that has yet to be

elucidated. The lack of a valid, reliable, universally accepted,
and universally applied classification system for clubfeet has
resulted in the inability to compare treatment methods.
There is no consistency in the indications for abandoning
nonoperative treatment for operative treatment, nor for
considering a second operative procedure.
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surae might predispose patients to poor results, and that
outcomes could not be predicted from the radiographic re

sults.

For reasons that are not clear, most orthopaedic surgeons
are unable to achieve the degree of deformity correction
with manipulation, casting, and Achilles tenotomy that has

been reported by Cooper and Dietz using Ponseti's method.
Most authors report the need for a more extensive opera
tive procedure involving multiple tendon lengthenings and
capsulotomies in 75 to 100% of clubfeet that have failed
nonoperative treatment (30,79). There are no reported

Kite (81,82) believed that most clubfeet could be cor
rected with serial casting, but that has not been the experi

long-term studies on any of these procedures that are

ence of others. Bensahel et al. (86) reported 77% good and
fair tesults with daily physical therapy and splinting,
whereas Dimeglio and colleagues (55) reported high success
rates with the use of a continuous passive motion machine.
These two approaches are difficult to implement in the

to length of follow-up, criteria for evaluation, and rate
of excellent and good outcomes. It is hoped that such
studies are forthcoming. In the short term, one should
learn to master Ponseti's method, reserving one's standard

health care environment.

Surgery is indicated if there is failure to achieve satisfac
tory clinical and radiographic evidence of deformity correc
tion by nonoperative methods. The definition of satisfactory
is debated. Also debated are the timing of surgery, the tech
nique of surgery, the importance and type of short-term

and long-term postoperative management, the definition of
recurrence or other secondary deformity, and the indica

tions for additional surgery. The definition of satisfactory
deformity correction is also debated for clubfeet that are
treated operatively. These debates will not be resolved until
there are more comparative long-term data on clubfeet that
have been treated by the different modalities in use at pres
ent. Cooper and Dietz (89) reported the only truly longterm results of a single treatment method for clubfoot. They

evaluated 45 patients with 71 clubfeet, at an average age of
34 years (range, 25 to 42 years), who had been treated from
infancy by Ponseti's method (83-85). This method is the
least invasive of the proposed surgical methods. All feet
undergo a total of five to eight manipulations and castings
at intervals of 5 to 7 days. More than 90% of clubfeet
undergo percutaneous tenotomy of the Achilles tendon in
the clinic at between 2 and 3 months of age after the manip
ulations and castings, initiated at birth, have corrected all
but the equinus deformity. Full-time bracing is replaced by
nighttime bracing that continues for 2 to 3 years. Somewhat
less than 50% of patients undergo transfer of the tibialis
anterior to the lateral cuneiform, after walking age. Cooper

and Dietz (89) used pedobarographic and electrogoniometric analyses, in addition to clinical and radiographic assess
ment. With the use of pain and functional limitations as

the outcome criteria, 35 of the 45 patients (78%) had excel
lent or good outcomes, compared with 82 of 97 individuals
(85%) who did not have congenital foot deformities. The
authors reported that excessive weakening of the triceps

comparable to the Cooper and Dietz series with regard

operative approach for failures.

The more extensive surgical approaches are each attrib
uted to an individual. Each is based on a slightly different
understanding of the pathoanatomy, with an often dramati
cally different approach to management of the soft tissues,
yet the reported short-term results are almost identical
The Turco procedure (90,91) was very popular in the
1970s. A medial incision was used to achieve posteromedial
release. The subtalar joint was opened like a book with its

binding along the lateral border of the foot. Excessive inter
nal rotation of the foot and valgus deformity of the hindfoot
were commonly seen in follow-up.

The Goldner procedure (47,79) is based on the premise
that the primary deformity is internal rotation of the talus
in the ankle joint. Correction requires lengthening of the
deltoid ligament. The subtalar joint is not circumferentially
released.

Carroll and colleagues (68,69,92,93) and McKay (94)
agreed that circumferential release and rotation through the
subtalar joint were necessaiy to correct the deformity. They

believed in the importance of preservation of the talocalcaneal interosseus ligament, if possible. They disagreed with
Goldner and with each other on the alignment of the talus
in the anlde joint. Carroll and colleagues (68,69,71) be
lieved that it was externally rotated, and McKay (74) be
lieved that it was in neutral alignment.

Simons (95) presented the most extensive release yet
described for management of the clubfoot. His was a cir
cumferential release of the subtalar joint, with release of the
talocalcaneal interosseus ligament, and often with circum
ferential release of the calcaneocuboid joint. This release
completely destabilizes the bones and joints, risking the
creation of gross translational deformities, from which it is
extremely difficult to recover. Simons (58) brought atten
tion to the alignment at the calcaneocuboid joint. Debate
surrounds the implication of the apparent or real me-
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dial subluxarion at that joint. His approach is to release
the joint circumferentially, and realign it. Others perform
a partial plantar-medial release, allowing the joint to open
without complete destabilization (69,92). The Hueter-

Volkmann law may work in this situation to correct the
pathoanatomy, which in many cases is a varus deformity of
the anterior calcaneus with a medial tilt of the calcaneocuboid joint.

Although some authors have an all-or-none approach to

surgery (96,97), many support an a la carte approach
(54_56). It makes sense that if there is a spectrum of sever

ity for clubfeet, and some do not require surgery at all, there
should be a spectrum of releases that can be performed,
regardless of the pathoanatomic approach chosen. Wientroub and Khermoush (98) have written an excellent review

and comparison of several of the most popular surgical pro
cedures for clubfoot.

The type of skin incision is debated, but this is certainly
less important than the procedures performed under the

cast management, type and duration of postcast splinting,

and length of follow-up, are not controlled or comparable
between studies. Ponseti (84,85), for example, believed that
the prolonged splinting that followed Achilles tenotomy was

critical to the success of the method. Finally, evaluation
rating systems vary from study to study.
These factors force one to choose an operative approach
based on one's understanding of the pathoanatomy of the
deformity, an impression of the results seen in one's train
ing, and one's own experience. The pathoanatomy is one

of severe inversion of the subtalar joint complex around the
talocalcaneal interosseus ligament, with equinus, adductus,

and cavus deformities. The techniques described by Carroll
(69,92) and McKay (94) best address the pathoanatomy.

They both stress the importance of preserving the talocalca
neal interosseus ligament which, if released, puts the calca
neus at risk for lateral translation—a disastrous complica
tion. The alignment of the talus in the ankle joint is proba
bly a moot point, because the talus rotates spontaneously

skin [^7.1]. Most surgeons use the Cincinnati incision,

during the release and repositioning.

because it is safe, extensile, and cosmetic (99). It can be
used for revision surgery, even crossing longitudinal scars
from previous operations. Another approach is Carroll's
two-incision technique (69,92). It is safe and extensile, but

should be performed. The argument for early surgery and
realignment is that it allows for better remodeling of the
cartilage anlage. Neonatal surgery has been reported

less cosmetic.

In a severe clubfoot that has not responded well to cast
ing, it may not be possible to immediately approximate the
edges of the Cincinnati incision with the foot in the fully
corrected position without compromising the circulation of
the skin. It has been suggested to leave the skin edges sepa
rated with the foot in the fully corrected position, and allow
for wound closure by secondary intent (100). Alternatively,
the skin edges can be approximated, a pin can be inserted
across the talonavicular joint, the cast can be applied with
the foot in plantar flexion, and the foot can be manipulated
safely into further dorsiflexion during a cast change under
anesthesia 1 to 2 weeks later (90,91,95,99). Variable success
in stretching the soft tissues has been reported with the use
of a preoperatively inserted tissue expander (101-103).
Debate also surrounds the need for internal fixation with
wires. Procedures that are more extensive, with regard to
capsular releases, tend to require fixation. Among the chal
lenges of wire fixation is the determination of the proper
alignment of bones that cannot be seen well clinically or
radiographically.

Unfortunately, a review of the short-term and intermedi

ate-term follow-up studies on these procedures does little
to help one choose the best operative approach. A basic
problem created by the lack of a universal classification sys

tem for clubfeet is that the studies cannot be compared.
The clubfeet in the studies may not be comparable with
regard to severity, rigidity, or some other important fac
tor^). Other variables that may have significant influences

on the outcome, such as age at initiation of casting, number
of casts, age at surgery, type and duration of postoperative

Controversy surrounds the age at which clubfoot surgery

(104-106). The technique is demanding, the results are

variable, and the anesthetic risks are higher than for the
older child. This approach obviates the avoidance of surgery

that might result from manipulation and casting. Data do
not support an optimal age range during which clubfoot
surgery should be performed. Most surgeons operate on the
child between 3 and 12 months of age (91,92,97,107,108).
Anesthetic risks, difficulty with venous access, and the tech
nical challenge related to foot size are greater with children
younger than 6 months of age.

General anesthesia, with supplemental caudal epidural
anesthesia, has been shown to decrease the postoperative

narcotic requirement, provide good pain control for several
hours after surgery, and shorten the hospital stay (109).
The need for additional surgery after the first operation

is reported to range from 5 to 50% (91,93,110-113). These
data are not helpful, because there are no strict indications
for additional surgery. Painless recurrent or residual defor
mity might be an indication for surgery at one center, but
not at another. The data are also of limited validity, because
of the different lengths of follow-up in these studies.
The complications of nonoperative treatment were dis
cussed above. There are many potential complications of
surgical treatment (110,114,115). They include wound
problems, neurovascular injury, bone/cartilage damage,
avascular necrosis of the talus or navicular, residual defor
mity, recurrent deformity, dorsal bunion, and overcorrection at the talonavicular, talocalcaneal, and talocalcaneonavicular joints.

The Cincinnati incision is safe if it is placed at least

1 cm proximal to the deep posterior skin crease. Lower

Congenital Deformities

placement may risk slough of the heel pad. The posterior

tibial artery is usually the most important and possibly the
only blood supply to the clubfoot (36). It should be isolated
early and protected throughout the procedure.
Residual and recurrent varus deformity of the hindfoot
in the young child is treated with repeat soft tissue release.
Painful residual adductus of the forefoot in the older child
is treated with opening-wedge osteotomy of the medial cu

neiform (116,117), closing-wedge osteotomy of the cuboid,

or both (118-121) [*7.6]. The choice depends on the radiographically determined site(s) of deformity and the age
of the child. In residual adductus deformities of the fore

foot, the medial cuneiform is usually trapezoid-shaped,
with medial deviation of the first metatarsocuneiform
joint. Opening-wedge osteotomy will correct this defor

mity, but it cannot be performed until there is adequate
ossification of the cartilaginous anlage, which is often not
until after 4 years of age. There is also often a varus defor
mity of the cuboid, although it is more difficult to docu
ment the site of the deformity along the lateral border of
the foot. The cuboid ossifies very early, and can undergo
closing-wedge osteotomy to improve adductus deformity
in the younger child. The ideal situation is to wait until
the child is old enough to undergo the combined proce
dure. There are other techniques for correcting the shape
and length of the lateral column of the foot (78). The
correction of forefoot adductus can be combined with

hindfoot soft tissue release in the older child with residual
or recurrent deformity at both sites.

There is imbalance of the tibialis anterior and the peroneus longus and tertius in up to 50% of clubfeet (85). This
is manifest as a dynamic, then rigid supination deformity
of the forefoot. There may be accompanying adductus of
the forefoot and inversion of the hindfoot. This imbalance

ultimately leads to the development of a dorsal bunion.

Lateral transfer of the tibialis anterior to the lateral cunei
form (85) will improve muscle balance and prevent the de
velopment of a dorsal bunion. This transfer can be com
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but the long-term results have not been reported. This pro
cedure entails capsulotomy of the talonavicular joint, con
tinuing between the cuboid and navicular, the cuboid and
lateral cuneiform, and finally between the base of the third
and fourth metatarsals. The medial column of the foot is
thereby separated from the lateral column, which allows the
navicular to align completely and without tension with the
head of the talus. Treatment in the older child must be
individualized, and includes resection of the prominent dor
sal portion of the subluxated navicular, talonavicular arthrodesis, and triple arthrodesis [>»7.9].
Overcorrection of the hindfoot can occur as an excessive
eversion of the subtalar joint complex or as a lateral transla
tion of the calcaneus under the talus. The latter is more

likely to occur if the talocalcaneal interosseus ligament has
been transected. Painful impingement of the calcaneus and
lateral malleolus can be treated with posterior calcaneus me
dial displacement osteotomy (181). The calcaneal lengthen
ing osteotomy described by Evans (124) is effective for
management of the overcorrected clubfoot attributable to
excessive eversion around an intact interosseus ligament.

Finally, it is important to evaluate the alignment of the
anlde joint in cases of apparent overcorrection of a clubfoot.
The subtalar joint may be well aligned. Valgus deformity of
the ankle joint may account for the deformity seen. Medial
malleolus screw hemiepiphysiodesis is a safe, simple, and
effective treatment for the skeletally immature individual
(125,126). Supramalleolar osteotomy is necessary after clo
sure of growth plates.

Metatarsus Adductus
Definition

Medial deviation of the forefoot on the hindfoot, with neu

tral or slight valgus alignment of the hindfoot, is the most
common congenital foot deformity (Fig. 29-7). The termi-

bined with midfoot osteotomies, as described above, if there

is rigid adductus deformity of the forefoot. If a rigid and
symptomatic dorsal bunion has already developed in the

older child, tendon transfer is indicated, in addition to other

procedures (122). These include plantar release of the first
metatarsophalangeal joint, transfer of the flexor hallucis lon
gus to the neck of the first metatarsal, and plantar flexion
osteotomy of the medial cuneiform or the base of the first
metatarsal.

Overcorrection is a worse complication than recurrence,
and can occur at different sites. Dorsal subluxation of the
navicular on the head of the talus can occur as a result of
excessive release of the talonavicular joint, external rota
tional malalignment of the joint, and residual cavus defor
mity secondary to failure to release the plantar fascia. The
Third Street procedure, described by Barnett (123), is an
effective method for realigning the joint in the young child,

FIGURE 29-7. Metatarsus adductus in an infant. Note convex lat
eral border and neutral hindfoot alignment.
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nology used to describe this deformity has been inconsistent
and confusing, and has included metatarsus adductus, meta
tarsus varus, metatarsus adductovarus, and skewfoot.

Epidemiology

Wynne-Davies (28) reported the incidence of metatarsus
varus at 1 per 1,000 live births and 1 per 20 siblings of

patients with metatarsus varus. Hunziker et al. (127)

documented an overall frequency of 12% in full-term
single births, and an even higher frequency for twin births.

The actual incidence is unknown, because of the lack of
a strict definition of the condition. The increased reported
incidence during the past century is probably attributable
to an increased awareness of the condition by primary
care physicians (4,128-130). Although earlier studies
(131,132) indicated an association of metatarsus adductus
with hip dysplasia, more recent studies (133,134) have
shown no significant association between these two condi
tions.

FIGURE 29-8. Metatarsus adductus in an older child with trape
zoid-shaped medial cuneiform. (From ref. 141, with permis
sion.)

Pathogenesis

The cause of metatarsus adductus is unknown. The theory
that it is the result of in utero positioning is supported by
the high rate of spontaneous resolution (5) and the strong
association with twin pregnancies (127,135). Variations in
anatomy have also been proposed as possible causes. Some
authors have proposed the cause to be muscle imbalance
resulting from contracture and anomalous insertion of the
tibialis anterior (129,136,137) or tibialis posterior (138).
Two studies on cadavers with metatarsus adductus have doc
umented an abnormality in the shape of the medial cunei
form (139,140). The bone is trapezoid-shaped, and the first
metatarsal-medial cuneiform joint is tilted medially, i.e.,
in varus alignment (141) (Fig. 29-8). It may be that the
position theory applies to those feet that correct sponta

neously, and the anatomic theories apply to those that do
not.

Clinical Features

Adduction of the metatarsals creates a concave medial bor
der of the foot, a convex lateral border, and prominence at

the base of the fifth metatarsal. There may also be varying

degrees of forefoot supination. The hindfoot is in neutral
or slight valgus alignment, and there is full and free motion
at the ankle and subtalar joints.
Bleck (142,143) published two classification systems:

one based on the severity and one on the flexibility of the
deformity. The severity of metatarsus adductus is deter

mined with the use of the heel bisector method (142)
applied to a photocopy of the child's foot in the weight-

bearing position (144) (Fig. 29-9). The other classification
system (143) defines a foot with metatarsus adductus as

flexible if the forefoot can be passively abducted beyond
the midline heel bisector while holding the heel (Fig.
29-10). A partly flexible foot can be abducted only to
the midline, and an inflexible, or rigid, foot cannot be
abducted to the midline.

Radiographic Features

Radiographs are not necessary, nor indicated, to diagnose
metatarsus adductus in infants. Berg (145) developed a clas
sification system for metatarsus adductus and skewfoot
based on radiographs of the feet of a small group of children
between the ages of 2 and 17 months. The system is inher
ently flawed, because it is strongly dependent on assessment

of the relationship between the talus and the navicular. The
navicular does not ossify until 4 to 5 years of age. Cook et
al. (146) documented poor interobserver and intraobserver

agreement using this system, and showed no correlation
between classification and response to treatment.

Radiographs are indicated for the older child or adoles
cent with severe residual deformity, pain, or other disability,
when operative intervention is being considered. A standing
anteroposterior radiograph will show the trapezoidal shape
of the medial cuneiform and the medial deviation, or ad
ductus, of the metatarsals on the tarsal bones. The severity
of adductus decreases from the first to the fifth metatarsal.

enital Deformities
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FIGURE 29-9. The heel bisector
method. The severity of metatarsus

NORMAL

VALGUS

MILD

MODERATE

SEVERE

adductus is determined by the rela
tionship between the toes and the
distal end of the line bisecting the
heel. The severity does not correlate
with prognosis. (From ref. 142, with
permission.)

Normal hindfoot alignment is seen on the anteroposterior
and lateral views.

Natural History

Rushforth (5) prospectively studied the natural history of
metatarsus adductus in 83 children with 130 affected feet

who received no treatment. Eighty-six percent were normal,
10% were moderately deformed and asymptomatic, and 4%
were deformed and stiff at an average follow-up of 7 years.
Rushforth stated that it was not possible to determine prog
nosis before the age of 3 years.

Ponseti and Becker (4) followed 379 children with meta
tarsus adductus, and documented improvement by 3 to 4
years of age in 335 patients who had flexible feet, as defined
by Bleck (143). Forty-four patients (11%), with partly flexi

ble and inflexible deformities, underwent treatment with
corrective plaster casts. Farsetti et al. (3) rated 26 of 29 feet

(90%) in this treated group as good, at an average followup of 32 years. There were no poor results or long-term
functional disabilities in patients with mild or moderate
residual deformity. No patient required surgical correction,
and hallux valgus was not an identified problem.
The percentage of feet with metatarsus adductus that
undergo spontaneous correction without treatment may ac
tually be even higher than reported in these studies, because
of the likelihood of underreporting of mild, flexible cases.

Treatment
FIGURE 29-10. Bleck's (143) flexibility classification of metatar
sus adductus. A: Metatarsus adductus in an infant. B: A flexible

foot can be passively overcorrected into abduction with little ef
fort. C: A partly flexible foot can be passively corrected only to
the midline. D: An inflexible foot cannot be passively corrected
to the midline. (From ref. 141, with permission.)

The proposed nonoperative management for metatarsus ad
ductus includes observation, stretching exercises, splints/
braces, corrective shoes, and stretching casts. Many types of
operative procedures have been recommended for resistant

deformities, including soft tissue releases and osteotomies.
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The prognosis for spontaneous correction of flexible de
formities without treatment is excellent (3,4,136). The effi
cacy of passive stretching exercises is not documented. Kite

(129) believed that stretching exercises performed by the
parents were not effective, and Ponseti and Becker (4) be
lieved that they were potentially harmful.
The efficacy of shoes, braces, and splints in correcting
foot deformities in children has never been shown. The

Denis-Browne bar has no ability to concentrate corrective
forces at the site of deformity, the tarsometatarsal joints.
Furthermore, some authors believe that it can do harm by
creating valgus deformity of the hindfoot (4,144).
Ponseti and Farsetti and colleagues (3,4), Bleck (143),
Berg (145), and others have documented the efficacy of
manipulation and serial casting for the correction of partly
flexible and inflexible deformities. The upper age limit for

this treatment modality is not known, but most authors
recommend initiation in children younger than 1 year of

age (4,143,145). Anecdotal experience indicates no need to
begin this treatment before 6 months of age. The details of
the casting technique are important. Care must be exercised
to avoid excessive valgus stress on the hindfoot (4,129).
Long-leg casts are preferred. Holding casts or postcast

FIGURE 29-11. Correction of symptomatic metatarsus adductus
in an older child with an opening-wedge osteotomy of the medial
cuneiform and a closing-wedge osteotomy of the cuboid.

splints and shoes have been recommended to decrease the
risk of recurrence after casting, which has been reported at

8 to 37% (129,143,147).
Surgery is rarely if ever indicated for metatarsus adductus
(3). Spontaneous resolution of the deformity can occur up

change the malformed bone from a trapezoid to the normal

to 4 years of age (3,4), and minor residual deformity does

rectangular shape, and, thereby, correct the orientation of

not necessarily lead to disability (3,5). There are no reported

the first metatarsal-cuneiform joint (116). This procedure

series examining long-term disability from residual defor

[*-7.6] can be combined with closing-wedge osteotomy of

mity. Nevertheless, many different operative procedures

the cuboid (Fig. 29-11), or with osteotomies at the bases

have been proposed to correct the deformity. Release of the

of metatarsals two through four, in the more severe and

abductor hallucis has been associated with the development

resistant case (118—121). These osteotomies have been

of hallux valgus (148). Medial midfoot capsulotomies have

shown to be safe and effective, although they are rarely

been reported without clearly stated indications or natural

indicated. Careful preoperative assessment of the hindfoot
is necessary to determine if the apparent metatarsus ad

history controls (136,149).
Heyman et al. (150) described mobilization of the fore

ductus is, in fact, a skewfoot deformity.

foot by capsulotomy of the tarsometatarsal joints and release
of the intermetatarsal ligaments. Long-term follow-up stud
ies (151,152) showed a 41% failure rate, with complications
including skin slough, avascular necrosis of the second and

third cuneiforms, dorsal prominence of the first metatarsal-cuneiform joint, and early degenerative arthrosis of

Skewfoot
Definition
"Skewfoot" is the term used most commonly to designate a

those joints with pain. Osteotomies at the base of the meta-

rare and poorly defined foot shape that combines adduction

tarsals have been used as an extraarticular alternative ap

deformity of the forefoot with valgus deformity of the hind

proach

to

avoid

the

complications

of capsulotomies

foot, i.e., metatarsus adductus plus flatfoot. This is a consen

(153,154). However, shortening of the first metatarsal from

sus definition that has been adopted recently in the medical

a nonunion or physeal injury, a devastating complication,

literature (157-161), but it has not been officially adopted

has been reported in 5 to 30% of patients (153,155,156).

in medical dictionaries. It is not known how much valgus

In the rare situation of an older child with disability

deformity of the hindfoot is necessary to reclassify a foot

related to residual deformity, it seems logical to perform

with presumed metatarsus adductus as a skewfoot, or how

the operative correction at the site of the deformity. An

much forefoot adductus is required to reclassify a presumed

opening-wedge osteotomy of the medial cuneiform will

flatfoot as a skewfoot. Skewfoot is generally discussed in the
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literature in relation to metatarsus adductus; however, disa

shaped, as it is in metatarsus adductus (157,158). A thick

bility caused by this condition is most often related to the
hindfoot deformity (159). Inconsistent terminology was
used in the three seminal articles on this deformity in the

ened portion of the tibialis anterior courses along an oblique

English literature. Peabody and Muro (137) labeled it "con
genital metatarsus varus," McCormick and Blount (130)
coined the term "skewfoot," and Kite (128) called it "ser

of these findings is unknown.

dorsal-to-plantar groove on the concave medial border of
the medial cuneiform (157,158). The etiologic significance

pentine metatarsus adductus." Interestingly, McCormick

and Blount (130) used the term "skewfoot" to describe a
group of deformities of the foot that included the shape

Clinical Features

that is now called skewfoot. Consistency was found in these
articles in the reported rarity of the deformity, and in the
difficulty of correcting and maintaining correction of the

skewfoot in an infant. The forefoot is adducted on the mid-

deformity.

It is challenging to differentiate metatarsus adductus from
foot, there is frequently the presence of a medial skin crease,
and there is normal ankle mobility. Slight valgus and severe
valgus are difficult to quantify in a tiny foot with normal

baby fat. In some infant feet with forefoot adductus, how

Epidemiology

ever, the subtalar joint is sufficiently everted that the head

The lack of a strict definition has contributed to the lack

of the talus can be visualized and palpated medially (Fig.

of information on this deformity, including its incidence,

29-12). The author would label such a foot a skewfoot.

pathogenesis, natural history, and treatment. It has been
stated, without verification, that the diagnosis cannot be

Valgus deformity of the hindfoot, with adductus of the fore
foot, can be better appreciated in older children, adolescents

made in the newborn. Some researchers have stated that

(Fig. 29-13), and adults, although the deformity is often

the deformity occurs as a result of improper cast treatment

misclassified, even in the orthopaedic literature.

of metatarsus adductus and clubfoot. There are, however,
clearly idiopathic cases.

older individual are not well documented. Callusing devel

The types of disability associated with skewfoot in the
ops under the head of the talus (Fig. 29-14), as it does in

a flatfoot, and at the base of the fifth metatarsal, as it may

Pathogenesis

in severe metatarsus adductus (157—159). Shoes may wear

The cause is unknown. Some authors believe that a skewfoot

unevenly, as occurs with a severe flatfoot. Pain develops

deformity can be created in a foot with metatarsus adductus

under the callused head of the talus when there is a coexis

by applying abduction pressure to the forefoot without sta

tent contracture of the Achilles tendon. This is identical to

bilizing the hindfoot (4). Most cases, however, are idio

the pain and callus experienced in a flexible flatfoot with a

pathic. The medial cuneiform in a skewfoot is trapezoid-

short Achilles tendon (157-160).

FIGURE 29-12. Probable skewfoot in an infant. Apparent metatarsus adductus, but with the
head of the talus visible and palpable medially. This indicates coexistent eversion of the subtalar
joint with abduction of the navicular on the head of the talus. (From ref. 157, with permission.)

1166

Chapter 29: The Foot

FIGURE 29-13. Adolescent skewfoot, i.e., valgus deformity of the hindfoot
with adductus of the forefoot. A and B: Photographs. C and D: Radiographs.

Radiographic Features

Radiographs are not indicated for the diagnosis of skewfoot
in the infant. Berg (145) attempted to classify metatarsus
adductus and skewfoot radiographically, but his system was

based on assessment of the relationship of the navicular to

the talus at a time of life when the navicular in not ossified.
The classification system was found to have poor inter-

observer and intraobserver reliability, by Cook et al. (146).
Standing anteroposterior and lateral radiographs of the
foot in the older child, adolescent, and adult will confirm
the deformities that are appreciated clinically, i.e., adductus
of the forefoot on the midfoot and valgus deformity of the

FIGURE 29-14. Painful callus that developed under the head of

the talus in a skewfoot with contracted Achilles tendon.

hindfoot. Mosca (157) was the first author to stress that
the skew, or zigzag, deformity is present in both the frontal
and sagittal planes (Fig. 29-15). Previously, only the frontal
(anteroposterior) plane deformity was assessed and discussed
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FIGURE 29-15. Anteroposterior (A) and lateral (B) radiographs of a skew-

foot demonstrating skew, or zigzag, deformities in both planes. (From
ref. 159, with permission.)

in the literature. Mosca (159) also identified the flaw in
using the standard talus-first metatarsal angle to assess de
formity between the forefoot and the hindfoot. The skewfoot has two deformities, in opposite directions from each
other, between the talus and the first metatarsal, in both
the frontal and sagittal planes. These angular deformities
tend to cancel each other out when the talus-first metatarsal
angle is measured. For that reason, a skewfoot with severe
valgus deformity of the hindfoot will appear less deformed
than a flatfoot with less valgus deformity, when both are

correct a skewfoot, and that additional care must be exer

cised to avoid valgus stress on the already deformed hindfoot
(4,128-130,143,145). Berg (145) cautioned against the use
of reverse last shoes and Denis-Browne bars, for the same
reason.

Some older children, adolescents, and adults with skew
foot deformity will report pain and callusing under the
prominent head of the plantar-flexed talus (157—160). In
variably, they have contracture of the Achilles tendon, and
symptomatically resemble patients with flexible flatfoot

assessed clinically and radiographically.

with a short Achilles tendon (157-160). Attempts can be

Natural History

or casts. Rigid orthoses increase the pressure under the head

The natural history of skewfoot is unknown. One would
assume that some children undergo spontaneous correction
of their skewfoot deformities with age, as occurs with meta
tarsus adductus (4,5) and flexible flatfoot (8,9), when each
exists as an isolated deformity. The prevalence of long-term
disability attributable to residual deformity is unknown,
but some children have pain, callosities, and difficulty wear
ing shoes, as early as the end of the first decade of life
(128-130,137,157-161).

Nonoperative management generally holds little hope of

made to stretch the Achilles tendon by means of exercises
of the rigidly plantar-flexed talus, and should be avoided.

relieving symptoms. Less commonly, children with skew
foot will present with isolated or coexisting pain and callosi
ties at the head of the first metatarsal or the base of the
fifth metatarsal (160).
Surgery is indicated when nonoperative management

fails to relieve the pain and callosities (157-160). Sugges
tions for operative management can be found in the litera
ture, but most are based on theory, and not on reviews of
operative

results.

Historical recommendations have in

Despite the inability to definitively differentiate metatarsus
adductus from skewfoot in infancy, it is reasonable to treat
all feet with partly flexible and inflexible forefoot adductus
with serial long-leg casting. Several authors have reported

cluded tarsometatarsal capsulotomies or osteotomies at the
base of the metatarsals to correct the forefoot deformity
(137) and subtalar or triple arthrodesis for the hindfoot
(152,153,161). Reported complications from these proce
dures on the forefoot are enumerated in the section of this
chapter on metatarsus adductus (151-153,155,156). Re

success with this approach, noting that it takes longer to

ported complications and disability from subtalar and triple
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FIGURE 29-16. Preoperative, intraopera-

tive, and postoperative radiographs of a
painful skewfoot in a 13-year-old adoles
cent. A: Preop anteroposterior (AP) view.
B: Intraop distraction of calcaneal osteot

omy. C: Corrected deformity on AP radio
graph with grafts in place. D: Preop lateral.
E: Postop correction. Calcaneal lengthen
ing osteotomy, medial cuneiform open
ing-wedge osteotomy, and Achilles ten

don lengthening were used. (From ref.
157, with permission.)

arthrodesis are enumerated in the section of this chapter on
flatfoot (19-26). Mosca (158) proposed correction of symp

tomatic skewfoot by combining the best and safest methods
for correcting the individual deformities of the forefoot and
hindfoot. In 1993, he reported the short-term results of the

midfoot sags in a plantar direction with reversal of the longi
tudinal arch, and the forefoot is supinated in relation to the
hindfoot. "Flexibility" refers to the mobility of the subtalar
joint and the longitudinal arch, and the ability of both to
reverse their malalignment.

largest series ofoperatively treated skewfoot deformities using

a single technique. The technique consists of calcaneal
lengthening osteotomy, modified from the technique of
Evans [-7.5] (124,159); medial cuneiform opening-wedge
osteotomy, according to Fowler et al. (116); and lengthen
ing of the Achilles tendon (Fig. 29-16). Nine of 10 severe
skewfoot deformities achieved satisfactory clinical and radiographic outcomes while maintaining joint mobility.
Flexible Flatfoot
Definition

"Flatfoot" is the term used to describe a weight-bearing foot
shape in which the hindfoot is in valgus alignment, the

Epidemiology

The true incidence of flexible flatfoot is unknown, primarily
because there is no agreement on strict clinical or radiographic criteria for defining a flatfoot. Nevertheless, it is
believed that most children (8,9) and at least 20% of adults
(7) have flatfeet, most of which are flexible. Harris and
Beath (7) used their own criteria when they identified flatfoot in approximately 23% of the 3,619 adults whom they
examined. They classified them into three types and empha
sized that the flatness of the arch in weight bearing is less
important than the mobility of the joints and tendons. The
flexible, or hypermobile, type of flatfoot was characterized
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by good mobility of the joints and tendons. It accounted
for two-thirds of the flatfeet, and was found to be of little
or no clinical concern as a potential cause of disability. Contracture of the Achilles tendon was associated with a flexible,
or hypermobile, flatfoot in 25% of the total. This type was
found to be a cause of pain and disability (7,162). The least
common type was the rigid flatfoot, which was characterized

by restricted mobility of the subtalar joint. This type was
usually caused by a tarsal coalition, and painful disability
was sometimes observed. Flexible flatfeet are said to run in

families, although there are, to my knowledge, no data to
support this statement. The frequency of flatfeet may be
the basis of this observation.

Pathogenesis

There are two main theories explaining the pathogenesis of
flexible flatfoot. Duchenne (163) used faradic stimulation
of the peroneus longus muscle to produce a longitudinal
arch in a child's flatfoot. He felt that subclinical muscle
weakness was responsible for the flexible flatfoot, a theory
that has been supported by other authors. That theory was
fairly decisively refuted by Basmajian and Stecko (164), who
demonstrated little or no electromyographic activity in the
muscles of the foot and ankle, when physiologic loads were
applied to the static plantigrade foot in study subjects. They
concluded that the bone-ligament complex determines the
height of the longitudinal arch, whereas the muscles main
tain balance, accommodate the foot to uneven terrain, pro
tect the ligaments from unusual stresses, and propel the
body forward. Mann and Inman (165) confirmed this the
ory. They also found that the intrinsic muscles are the prin
cipal stabilizers of the foot during propulsion, and that
greater intrinsic muscle activity is required to stabilize the

transverse tarsal and subtalar joints in a flatfooted individual
than in an individual with an average height arch.
Harris and Beath (162) and others supported the theory

that the shape and function of the foot is dependent on
the design, configuration, and relative position of the tarsal
bones. They were unable to determine whether the abnor
mal shape of the bones and joints was primary or secondary
to the lax ligaments.

The effects of extrinsic factors on the shape and develop
ment of the longitudinal arch is suggested by studies from
developing countries. Sim-Fook and Hodgson (166), in
China, and Rao and Joseph (167), in India, found a higher
prevalence of flatfeet among children who wore shoes com
pared with children who did not.

Clinical Features

The clinical assessment should consist of a general examina
tion of the musculoskeletal system in addition to the specific
foot and ankle examination. The general examination is
aimed at assessing ligament laxity, torsional and angular
variations of the lower extremities, and the walking pattern.

FIGURE 29-17. The arch elevates and the heel corrects from valgus to varus in a flexible flatfoot during toe standing, as a result

of the windlass effect of the plantar fascia. (From ref. 157, with
permission.)

Assessment of the foot and ankle begins with the recognition
that a flatfoot is not a deformity. It is a combination of
deformities that includes a valgus deformity of the hindfoot
and a supination deformity of the forefoot. There is a lateral
rotational deformity as well. The axis of the subtalar joint
complex is in an oblique plane, such that eversion creates

valgus, external rotation, and dorsiflexion of the so-called
pes acetabulum around the talus. The mobility, or flexibil
ity, of the subtalar joint in a flexible flatfoot is revealed by
toe standing (Fig. 29-17), and by the Jack toe-raise test
(168) (Fig. 29-18). These two maneuvers take advantage of
the windlass action (169) of the plantar fascia to mobilize
the subtalar joint into inversion and create a longitudinal
arch (Fig. 29-19). Supination deformity of the forefoot on
the hindfoot is revealed when the hindfoot deformity is
passively corrected by inversion. Functional motion of the
ankle joint, as assessed by excursion of the Achilles tendon,
is important yet difficult to evaluate accurately. A compo
nent of eversion of the subtalar joint is dorsiflexion of the
calcaneus in relation to the talus. Therefore, the subtalar
joint must be held inverted to neutral to isolate and assess
the motion of the talus at the ankle. The knee is then flexed,
the anlde is dorsiflexed, and the knee is extended while
trying to maintain maximum dorsiflexion of the ankle. Dor
siflexion is measured as the angle between the lateral border
of the foot and the anterior tibial shaft.
A family history of flatfeet should be ascertained, with
particular attention paid to the existence of pain or other
disability.

Radiographic Features
Radiographs of the flatfoot are not necessary for diagnosis,
but they may be indicated for the assessment of pain or
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FIGURE 29-18. The arch elevates in a flexible flatfoot with the Jack toe-raise test, as a result of
the windlass effect of the plantar fascia. (From ref. 157, with permission.)

decreased flexibility, and for surgical planning. Weight-

relarion to the talus, with abduction and dorsiflexion of the

bearing anteroposterior and lateral views are generally suffi

navicular on the head of the talus. The axis of the calcaneus

cient to evaluate the flexible flatfoot, whereas the addition

is frequently difficult to assess on the anteroposterior radio

of the oblique and axial, or Harris, views is necessary to

graph, because of technical considerations. Therefore, as
sessment of the relationship at the talonavicular joint is criti
cal. Unfortunately, the child's navicular ossifies eccentrically
beginning laterally, making it unreliable for positional as

evaluate the rigid flatfoot. Radiographs can define the static

relationships between bones, but they cannot provide infor
mation on flexibility or function. They should not be used
as an indication for treatment. This was the conclusion of
the study on radiographs of the adult foot by Steel et al.
(170) and the study on radiographs of the child's foot by
Vanderwilde et al. (9).

The lateral radiograph of a flatfoot reveals plantar flexion
of the calcaneus, measured by the calcaneal pitch, and an
even greater degree of plantar flexion of the talus, measured
by the talus—horizontal angle (Fig. 29-20). Dorsiflexion of

the navicular on the head of the plantar-flexed talus creates
a midfoot sag with lowering of the longitudinal arch that can
be quantified using the talus—first metatarsal angle. Meary

sessment. The anteroposterior talus-first metatarsal angle
has been used as an alternative means of evaluating that
relationship, but it is unreliable as well. As discussed in the
skewfoot section of this chapter, abduction or adduction at
the tarsometatarsal joint will falsely exaggerate or minimize
the apparent deformity at the talonavicular joint if assessed
using the talus-first metatarsal angle (159).
Radiographs can also be used to determine if a painful
midfoot prominence is the head of the talus or an accessory
navicular.

(171) determined that the normal talus—first metatarsal angle

Natural History

is zero degrees, or a straight line, but there is in fact a range

in a flatfoot is excessively everted, a malalignment that com

Flatfeet are ubiquitous in infants. Footprint (8) and radiographic (9) studies have confirmed that the average arch
height is lower in the child than in the adult. The height
of the longitudinal arch generally increases spontaneously
during the first decade of life in most children. And there
is a wide range of normal arch heights at all ages (particularly

bines external rotation and dorsiflexion of the calcaneus, in

in young children) (Fig. 29-21).

of normal values. The lateral view can also be used to identify
alternative or additional sites of midfoot sag.
The anteroposterior radiograph is less helpful in quanti
fying flatfoot deformity in a child. The subtalar complex

FIGURE 29-19. The windlass effect of
the plantar fascia. The drum of the
windlass is the head of the metatarsal.
The handle is the proximal phalanx,
and the cable wound onto the drum
is the plantar aponeurosis, through its
attachment to the plantar pad of the
metatarsophalangeal joint. Dorsiflex
ion of the toes creates elevation of the
longitudinal arch. (From ref. 169, with
permission.)
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FIGURE 29-20. Weight-bearing lateral radiograph. The

calcaneal pitch (CP) and the talus-horizontal angle (T-H)
are the best measurements to assess valgus deformity of
the hindfoot. T-1MT, talus-first metatarsal angle. (From
ref. 159, with permission.)
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Treatment

There are no long-term, prospective clinical studies on the
natural history of flexible flatfoot. The information that has
been presented is cross-sectional and inferential. Much of
the understanding of the benign nature of flexible flatfoot
has only recently been elucidated. Most authorities now

agree that the flexible flatfoot is an anatomic variant, and
not a potentially disabling deformity (7,157,170). Never
theless, controversy abounds.

Earlier, uncontrolled studies indicated an efficacy of orthotic devices and shoe modifications in the development of
the arch in the child's foot (172). More recent, prospective,
randomized, controlled studies revealed no benefit from
shoe modifications and inserts, compared to spontaneous

development of the longitudinal arch (10,11,173). Driano
et al. (174) reported long-term negative psychologic effects
on adults who had worn shoe modifications as children

sis of one or more joints, and interposition of bone or syn

thetic materials into the sinus tarsi. Any procedure should
be judged by its ability to achieve and maintain relief of
pain and correction of even severe deformity. There have
been very few long-term outcome studies on any of these
procedures. Nevertheless, those that have been reported
have helped to narrow the surgical choices. Mosca (157)
recently reviewed the literature, and can be referred to for
more detail on these procedures.

Procedures that rely entirely on soft tissue plications and
tendon transfers fail in the short term. Osseous excisions

were abandoned years ago, because of their obvious destruc
tive nature. Arthrodesis of one or more of the joints in
the subtalar complex has been abandoned, because of the
detrimental effect of eliminating the shock-absorbing func

compared with controls. Therefore, one must conclude that
the management of the asymptomatic flexible flatfoot is

tion of that important joint complex. Subtalar and triple
arthrodesis shift stress to the ankle and midtarsal joints,
leading to premature degenerative arthrosis at those sites
(19-26). The most popular procedures used during the last
60 to 70 years are the many modifications of Hoke's limited

education of the child and family.

midtarsal arthrodesis (16-18,168,176-178). These proce

Some children with flexible flatfoot have activity-related
pain in the leg or foot. The pain is usually diffuse and
nonlocalized, and it is believed to represent an overuse, or

fatigue, syndrome. This is consistent with the findings of
Mann and Inman (165) that flatfooted individuals demon
strate greater intrinsic muscle activity than normal. Overthe-counter and custom-molded shoe inserts have been
shown to relieve or diminish symptoms, and to increase
the useful life of shoes without a simultaneous permanent

increase in the height of the arch (175). There is no scientific
justification for surgery in these children.

Some children with flexible flatfoot have pain with
weight bearing and callosities under the head of the plantar
flexed talus. The Achilles tendon is contracted in these chil
dren. The contracted Achilles tendon prevents normal dor-

siflexion of the ankle joint during the midstance phase of
gait, and shifts the dorsiflexion stress to the subtalar joint

complex. The talus remains rigidly plantar flexed. The soft

dures combine arthrodesis of one or more midtarsal joints
with soft tissue plication across the talonavicular joint. Fa

vorable short-term results have been reported consistently,
but unsatisfactory long-term results were reported in 68 of
138 cases (49%) by Butte (16), 16 of 32 cases (50%) by
Seymour (18), and 7 of 9 cases by Crego and Ford (17).
The unsatisfactory feet in these series frequently showed
degenerative changes at the talonavicular joints, in addition
to persistence or recurrence of pain and deformity. Further
more, the originators of these procedures acknowledged that
the procedures were not capable of correcting severe valgus
deformities. They recommended triple arthrodesis for those
feet.

"Arthroereisis" is the term applied to procedures that
limit, but do not eliminate, the motion of a joint with ab
normal mobility. Arthroereisis of the subtalar joint in flexi
ble flatfeet has been reported using bone, silicone, and ultrahigh-molecular-weight polyethylene pegs in the sinus tarsi

direct axial loading and shear stress. Firm or hard arch sup
ports exaggerate these pressures. An aggressive stretching
program for the Achilles tendon, performed with the subta

(179,180). The bone grafts frequently undergo resorption.
Reported complications of the prosthetic implants include
pain, malpositioning, breakage, extrusion, infection, and re
active synovitis. Most orthopaedists prefer a biologic ap

lar joint inverted, may relieve the symptoms in this clinical

proach to deformity in children.

tissues under the head of the talus are subjected to excessive

situation. Failure to relieve this localized pain with pro
longed attempts at conservative management is an indica
tion for operative reconstruction of the foot (159).

Surgery is rarely, if ever, indicated for flexible flatfoot.
Nevertheless, numerous surgical procedures to correct flatfoot have been proposed during the last century. The indica
tions for these procedures, whether for correction of defor
mity, relief of symptoms, or prophylaxis, are difficult to
ascertain from a review of the literature. The procedures
can be categorized as soft tissue plications, tendon lengthen
ings and transfers, osseous excisions, osteotomies, arthrode

Osteotomy is the last category of procedures. This is a
biologic approach that avoids arthrodesis and its known

complications. There are two types of osteotomies of the
calcaneus that address valgus deformity of the hindfoot. Me
dial displacement of a posterior calcaneal osteotomy (181)
will improve the valgus appearance of the hindfoot by creat

ing a compensating deformity. It does not correct the malalignment of the subtalar joint, which includes external rota
tion of the foot under the talus and dorsolateral
displacement of the navicular on the head of the talus. Rathjen and Mubarak (182) reported good correction of flatfoot
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deformities by combining this osteotomy with closingwedge osteotomy of the medial cuneiform, opening-wedge
osteotomy of the cuboid, and medial reefing of the talonavi-

from early degenerative arthrosis by avoiding arthrodesis

cular joint.

tendon is always necessary [^7.16, 7.17]. Supination of the
forefoot is an additional deformity in a flatfoot that is

The other osteotomy for correction of valgus deformity
of the hindfoot is the calcaneal lengthening osteotomy
[»7.5] described by Evans (124). It has been shown to
correct all components of even severe eversion of the subtalar complex (valgus deformity of the hindfoot) at the site

of deformity (124,159,183-185). Additionally, it restores
the function of the subtalar complex, relieves symptoms,
and, theoretically, protects the ankle and midtarsal joints

(124,159,183-185). Based on the stated pathology and
the indications for treatment, lengthening of the Achilles

rotationally in the opposite direction from the hindfoot

deformity. If it is a structural deformity, it must be treated

with an additional procedure on the medial column of the
foot, such as a plantar-based closing-wedge osteotomy of
the medial cuneiform (159,183). It is only when all three
deformities are corrected that the flatfoot has been cor
rected (159) (Fig. 29-22). There are few indications for

Closing wedge osteotomy
FIGURE 29-22. A: Calcaneal lengthening osteotomy. Dashed line indicates the position of the

oblique osteotomy between the anterior and middle facets of the calcaneus. B and C: Insertion
of the trapezoid-shaped tricortical iliac crest bone graft corrects all components of the valgus
deformity of the hindfoot. D: A plantar-based closing-wedge osteotomy of the medial cuneiform
corrects the supination deformity of the forefoot. Lengthening of the gastrocnemius orthe Achil
les tendon is almost always necessary. (A, B, and C from ref. 159, with permission; D from ref.
183, with permission.)
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surgery for flexible flatfeet, except in those with tight
Achilles tendons. There are no surgical panaceas, but the
combination of procedures just described has the best
chance of long-term success, while leaving other surgical
options for the future.

Congenital Vertical Talus (Congenital
Convex Pes Valgus)
Definition

Congenital vertical talus is a dorsolateral dislocation of the
talonavicular joint, and occasionally the calcaneocuboid
joint, associated with extreme and rigid plantar flexion of
the talus, eversion of the subtalar joint, and fixed dorsiflexion of the midfoot on the hindfoot (186). Other historic

terms used to describe this deformity include congenital
rocker-bottom foot, congenital convex pes valgus, and con
genital flatfoot with talonavicular dislocation.
Epidemiology

The incidence of this deformity is unknown. Several large
series have reported that this rare deformity occurs as an

isolated congenital abnormality in approximately half of all
cases, and is associated with neuromuscular and genetic dis
orders in the rest (187-190). There is no sex predilection,
and approximately 50% of children have bilateral involve
ment (189).

Clinical Features

Congenital vertical talus has a rigid, convex plantar surface,
giving the foot the appearance of a Persian slipper (Fig. 29-

23). Lloyd-Roberts and Spence (193) described the clinical
appearance as "a prominence in the sole from which the
heel and forefoot rise in a gentle curve." The Achilles tendon
is contracted, and the hindfoot is in a fixed equinovalgus
position. There are few posterior heel creases. The head of
the talus is palpable on the plantar-medial aspect of the
midfoot. The midfoot is dorsiflexed and abducted on the
hindfoot, and cannot be plantar flexed. There is a crease

overlying the narrow, concave sinus tarsi. The hallmark
finding in congenital vertical talus is that none of the de
formities is correctable by manipulation. The arch cannot

be created, nor can the head of the talus be covered by the
navicular.

Oblique talus is a term often mentioned in discussions

of congenital vertical talus. To the author's knowledge, there
is no consensus definition of this deformity or any primary

literature on the subject. The author's belief is that oblique
talus exists as a milder and more flexible form of congenital
vertical talus, but that it is a more severe and rigid deformity
than flexible flatfoot with a short Achilles tendon.
It is important to differentiate congenital vertical talus
from positional calcaneovalgus, congenital posteromedial
bowing of the tibia, and equinovalgus foot deformity associ

ated with fibula hemimelia. The feet in these conditions are
flexible, and the arch can be exaggerated by manipulation.

Pathogenesis

Radiographic Features

There are probably multiple causes of this deformity. There
is evidence that some cases of the isolated deformity are
transmitted as an autosomal dominant trait with incomplete
penetrance (190,191). Cases associated with neural tube de
fects, such as myelomeningocele, sacral agenesis, and diastematomyelia, are attributable to muscle imbalance (192).
It is a different type of muscle imbalance that creates the

Lateral radiographs of the foot, obtained with the foot in
maximum plantar flexion and maximum dorsiflexion are
recommended to confirm the diagnosis, notwithstanding

deformity in children with arthrogryposis.

the limitations of radiographs discussed in the section on

clubfoot (192). The talus, calcaneus, and metatarsals are
ossified at birth, and the cuboid generally ossifies within
the first month of life. These centers of ossification enable
one to confirm the diagnosis radiographically soon after

FIGURE 29-23. Congenital vertical talus in
an infant. A: Medial. B: Lateral.
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FIGURE 29-24. A: Lateral dorsiflexion radiograph of congenital vertical talus, showing persistent

plantar flexion of the talus and calcaneus. B: Lateral dorsiflexion radiograph of a normal foot
showing full dorsiflexion of the talus and calcaneus. C: Lateral plantar flexion radiograph of
congenital vertical talus, showing persistent dorsal translation of the forefoot on the hindfoot.
D: Lateral plantar flexion radiograph of a normal foot, showing good alignment of the forefoot

on the hindfoot.

birth. The maximum dorsiflexion view shows the persis
tence of plantar flexion of the talus and calcaneus, caused by
contracture of the Achilles tendon and posterolateral joint
capsules (Fig. 29-24A). In a normal foot, the talus dorsiflexes to a right angle with the tibia and the calcaneus

dorsiflexes at least 20 degrees past a right angle with the tibia
(Fig. 29-24B). The maximum plantar flexion view shows
persistent dorsal translation of the forefoot on the hindfoot,
caused by fixed dorsal dislocation of the navicular on the

head of the talus (Fig. 29-24C). In a normal, unstressed
foot, the axes of the talus and first metatarsai create a nearly
straight line. In a normal foot that is maximally plantar
flexed, those lines intersect in the midfoot, creating an apex
dorsal angle (Fig. 29-24D). The position of the cuboid in

relation to the calcaneus should also be noted, because it
may be dorsally subluxated to varying degrees in congenital
vertical talus.

The author believes that an oblique talus can be charac
terized radiographically, although there is no literature to
confirm or refute this statement. With manipulation of an
oblique talus deformity, the talus will partially dorsiflex and
the midfoot will plantarflex to an improved, but not com
plete, alignment at the talonavicular joint.
Pathoanatomy

Postmortem dissections have provided some consistent pathoanatomic findings. Several authors have reported abnor
mal contractures of the extrinsic muscles, but reached differ
ent conclusions on the primary muscle imbalance that leads

to the deformity (194-197). Most found contractures of the
tibialis anterior, extensor hallucis longus, extensor hallucis
brevis, peroneus tertius, peroneus longus, peroneus brevis,
and Achilles tendon. The peroneus longus and peroneus

1176

Chapter 29: The Foot

brevis were anteriorly subluxated at the lateral malleolus.

does not address the pathology. Additionally, it leaves no

The tibialis posterior was noted to be atrophied and anteri

options for treating future problems that may arise. The

orly subluxated at the medial malleolus. There was dorsal
extension of the articular cartilage of the talar head, to ac

primary choices for operative treatment of congenital verti

commodate the proximal articular surface of the navicular,
which was wedge-shaped with a hypoplastic plantar seg

age are one-stage and two-stage circumferential release and
reduction. The first stage of the two-stage procedure consists

ment. The severe plantar flexion of the talus resulted in

of lengthening of the contracted dorsolateral tendons and

minimal contact of only the most posterior aspect of the

release of the contracted dorsolateral joint capsules, with

cal talus in a child younger than approximately 2 years of

talar dome with the tibia. The head of the talus was oval-

reduction of the forefoot on the hindfoot. The second stage

shaped. The calcaneus was severely externally rotated and

consists of posterolateral release of the contracted capsules

everted, and in close proximity to the lateral malleolus. The

and lengthening of the Achilles and peroneal tendons. The

sustentaculum tali was hypoplastic, and the anterior subtalar

one-stage procedure simply combines the two steps into

facet was absent. The posterior facet of the subtalar joint

one. Ogata et al. (190) found an increased incidence of

had an increased lateral tilt. The dorsal capsule of the talo-

complications with the two-stage procedure, including avas-

navicular joint was thickened and contracted, whereas the

cular necrosis of the talus. Most authors now recommend

plantar calcaneonavicular (spring) ligament was attenuated.

the one-stage procedure (190,192,198-201), reporting re

The plantar half of the cuboid was hypoplastic, and the

sults that are comparable to or better than those reported

entire bone was dorsolaterally subluxated on the calcaneus.

with the two-stage approach (189,202,203). Several authors
have reported the addition of a full or split transfer of the

Natural History

tibialis

Congenital vertical talus persists and causes disability if un

(192,198,199,204,205). Although the efficacy of these
transfers has not been scientifically proven, the split transfer

treated. The rigidly plantar-flexed head of the talus becomes
the predominant weight-bearing surface of the foot, with
the development of callosities and pain. The heel does not

contact the ground. There is no push-off. The gait simulates
that of someone with a Syme amputation, but without the

well-cushioned heel pad under the weight-bearing bone. If
one accepts the author's definition of oblique talus as exist
ing on a continuum between congenital vertical talus and

flexible flatfoot, with a short Achilles tendon (but closer to
the vertical talus), the prognosis for the untreated foot is
poor.

anterior

to

the

head

or

neck

of

the

talus

adds little time and no morbidity, and makes sense theoreti
cally. The peroneus longus, the plantar flexor of the first ray
of the foot, is congenitally contracted and strong. Complete
transfer of the tibialis anterior, the dorsiflexor of the first
ray, could lead to muscle imbalance and the progressive
development of a cavus foot deformity. The split transfer
leaves some dorsiflexion power on the first ray, while adding
supplemental support to the head of the talus.
It is not clear if there is an upper age limit for this recon
structive approach. There is disproportionate growth of the
medial and lateral borders of the foot with chronically unre

duced vertical talus. Physiologic compression that is nor

Treatment

mally associated with a reduced talonavicular joint is lack

As with clubfoot, treatment for the congenital vertical talus

ing. Longitudinal overgrowth of the medial border occurs

and the oblique talus begins with manipulation and serial

according to the Hueter-Volkmann law. Excessive compres

casting, but with the forces applied in exactly the opposite

sion along the lateral border of the foot inhibits normal

direction. The foot is stretched into plantar flexion and

longitudinal growth. This phenomenon may be seen as early

inversion, in an attempt to elongate the contracted dorsolat-

as 2 to 3 years of age. It manifests as an inability to fully

eral tendons, joint capsules, and skin. It is not possible to

reduce the deformity, or as residual deformity, despite full

concurrently manipulate the hindfoot into dorsiflexion and

reduction of the talonavicular joint. Shortening of the me

inversion, because of its small size and dense capsular con-

dial column and lengthening of the lateral column of the

tractures. Essentially 100% of vertical talus deformities and

foot are two approaches to management. Some authors

an undocumented percentage of oblique talus deformities

(206,207) have recommended naviculectomy as both a pri

will fail to achieve deformity correction with casting, and

mary and a salvage procedure for congenital vertical talus.

will require surgery. Nevertheless, casting is considered im

It is an effective technique for shortening the medial column

portant to stretch the dorsal soft tissues and, thereby, de

of the foot. The proximal articular surfaces of the cuneiform

crease the complexity of the operation (189,190,192,196).

bones have a combined configuration almost identical to

Surgical treatment options include one-stage or two-

that of the proximal articular surface of the navicular. They

stage circumferential release,

talectomy,

naviculectomy,

create a reasonably congruous articulation with the talar

subtalar arthrodesis, triple arthrodesis, and lateral column

head, which is further improved over time according to the

lengthening. Talectomy was recommended by Lamy and

Hueter-Volkmann law. Posterolateral release is combined

Weissman in 1939 (186), but was soon abandoned. It is a

with naviculectomy for full deformity correction in this

destructive, rather than a reconstructive, procedure that

group of slightly older children (Fig. 29-25). The upper
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FIGURE 29-25. Radiographs before (A and B) and after (C and D) naviculectomy for congenital vertical talus in an older child. Arrow indicates the
navicular.

age limit for this procedure is unknown. The alternative

have been reported for this condition, as they have for

approach of lengthening the lateral column for the older

almost every major foot deformity in the child. The litera

child with residual vertical talus deformity has not been

ture clearly shows that these techniques are associated with

reported. The congenitally contracted skin along the lateral

a high rate of complications, including the development

border of the foot limits the applicability of this technique.

of degenerative arthritis at the ankle and midtarsal joints

Early diagnosis and treatment should eliminate the need

(19-26). Napiontek (208) reported overcorrection of the

for other surgical options in young children. Nevertheless,

valgus deformity in half of his patients who underwent

subtalar (204,205) [>-7.iO] and triple arthrodeses [»7.9]

peritalar reduction combined with subtalar arthrodesis.
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Arthrodeses of the joints of the hindfoot, therefore, should

vertical talus is the most important condition from which

be reserved as salvage procedures for the adolescent and

to differentiate positional calcaneovalgus. In contrast to the

adult with painful recurrent deformity or painful degener

latter condition, congenital vertical talus is characterized by

ative arthritis.

Positional Calcaneovalgus
Definition

fixed equinus and valgus of the hindfoot, rigid dorsiflexion

of the midfoot on the hindfoot, and the inability to create
a longitudinal arch by manipulation. Congenital postero-

medial bowing of the tibia may also be confused with posi
tional calcaneovalgus, but physical examination and radiog

Positional calcaneovalgus deformity is characterized by

raphy can easily differentiate it. Paralytic calcaneovalgus,

marked dorsiflexion of the entire foot at the ankle joint with

due to lack of active plantar flexion, can be seen at birth in

mild and flexible eversion of the subtalar joint (Fig. 29-26).

children with myelomeningocele. The underlying diagnosis

The soft tissues of the dorsal and lateral aspects of the foot

should be apparent.

are contracted and limit, but rarely prevent, plantar flexion
and inversion. The dorsum of the foot is often in contact

with the anterior shin.

Epidemiology
Wetzenstein (209) reported the incidence at 30 to 50%,
and Wynne-Davies (135) reported it at 1 per 1,000 live
births. The true incidence figures are not known, but posi
tional calcaneovalgus may be the most common deformity
of the foot seen at birth. It is more common in girls, first
born children, and children of young mothers.

Pathogenesis
The probable cause is intrauterine malpositioning.

Clinical Features

Radiographic Features
Radiographs of a foot with positional calcaneovalgus defor
mity show normal interosseus relationships, and are not
necessary for diagnosis. They can be used to rule out con

genital vertical talus, and to confirm congenital posteromedial bowing of the tibia.

Natural History
The prognosis for spontaneous correction

is

excellent

(6,210).
Treatment

Larsen et al. (6) found no difference between calcaneovalgus
feet that underwent manipulation and bandaging versus ob

The importance of discussing this condition is to differen

servation alone, when assessed at 3 to 11 years of follow-

tiate it from other, more serious deformities. Congenital

up. The majority of the feet were normal. The severity of
contractures found at birth appeared to have no influence

on the final results. Wetzenstein (209) noted a high degree
of correlation between the severity of calcaneovalgus defor
mity in the newborn and flexible flatfoot in the older child.

Flexible flatfoot is a normal foot shape, so there should be
no negative implication from this finding. Based on this
information, one can conclude that positional calcaneoval
gus is a benign deformity with excellent prognosis without
treatment. Certainly no treatment is required for a mild
deformity in which the foot can be plantar-flexed and in
verted beyond the neutral position. In an attempt to hasten
correction, passive stretching exercises can be performed by

the parents for a moderate deformity in which there is diffi
culty in manipulating the foot to the neutral position. It is
a rare foot that requires serial casting to hasten correction

of the contracted tissues. Surgery is never required.

Congenital Overriding Fifth Toe

Definition
Congenital overriding fifth toe is a dorsomedial subluxation

of the metatarsophalangeal (MTP) joint of the fifth toe that
is present at birth. The entire toe is dorsally and proximally
displaced, adducted, and externally rotated, lying across the
FIGURE 29-26. Positional calcaneovalgus foot deformity.

base of the fourth toe (Fig. 29-27A and B).
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FIGURE 29-27. A and B: Congenital overriding fifth toe. C-E:

The Butler procedure for congenital overriding fifth toe. Double
racket-handle incision with dorsal V-to-Y advancement and
plantar-lateral Y-to-V advancement.

Epidemiology

Clinical Features

The incidence is unknown, but congenital overriding of the

The toe has a characteristic appearance that is different

fifth toe is a common condition. There is no sex predilec
tion. Bilateral involvement is seen in 20 to 33% of cases
(211-213).

Pathogenesis

The cause is unknown, but there is a familial tendency
(212).

from that of other congenital and developmental deformi
ties of the toes. The interphalangeal joints are in normal
full extension. The skin in the web between the fourth
and fifth toes is out of alignment with the other web
spaces, yet there is no stress or tension on the skin. The
toe was formed in that position, not secondarily con
tracted. The toenail is normal, and the toe has active
flexion and extension. Except for possible bilaterality, this
is an isolated deformity.
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Radiographic Features

Although difficult to image, radiographs would show dorsolateral subluxation at the MTP joint.
Pathoanatomy

A

There is contracture of the dorsomedial capsule of the fifth
MTP joint, but the toe is not clawed. There is also shorten
ing of the extensor tendons to the fifth toe that matches
the degree of proximal positioning of the toe. The toe seems
to have emerged from the end of the foot, translated more
proximally and dorsally than the other toes.
Natural History

Approximately half of affected individuals experience pain

FIGURE 29-28. Curly third toe.

Pathogenesis

and disability (212).

The cause is unknown.

Treatment

Clinical Features

Conservative measures, such as stretching, taping, and strap

The third and fourth toes are most frequently involved. The
distal phalanx or the distal and middle phalanges underride
the more medial toe, because of the flexion, varus, and exter
nal rotation of the distal and/or proximal interphalangeal
joints. The nail plate of the affected toe faces laterally. Con
trary to the situation seen with congenital overriding fifth
toe, the skin in the web spaces is normally aligned. The
deformity is flexible in early childhood. The interphalangeal
joints can be extended fully when the MTP joint is flexed.
This maneuver indicates that the deformity is caused by

ping, have no proven efficacy. This is not surprising consid
ering the pathoanatomy. Therefore, education about the
reasonably good prognosis is the recommended early treat
ment.

Surgery is indicated for the roughly 50% of adolescents

and adults who experience difficulty with shoe-fitting be
cause of pain over the dorsum of the fifth toe (212). Numer
ous surgical procedures have been proposed. Those involv
ing partial and complete excision of the proximal phalanx,
with syndactylization to the fourth toe, have had only fair
results, and have led to secondary deformities (214). Ampu
tation should be considered a salvage procedure. The Butler
procedure [>»7.20] originally reported by Cockin (212), is
the most successful procedure available (Fig. 29-27C-E).
A double-racket-handle incision is used to release the con
tracted soft tissues and mobilize the neurovascular bundles.
The toe is then translated plantar-laterally, which is like
"changing gear in a car" (212). There is a risk of neurovas
cular compromise, but that complication has not been re
ported.

Curly Toe
Definition

Curly toe is a congenital deformity of one or more of the
lesser toes, in which there is flexion, varus, and lateral rota
tion of the interphalangeal joints, causing the toe to curl
under the adjacent more medial toe (Fig. 29-28).
Epidemiology

This is a very common deformity, although the incidence
has not been reported. It is usually bilateral and symmetric
(215,216). There is a high familial incidence.

contracture of the flexor tendon(s).

Radiographic Features

Radiographs are not needed or helpful.

Pathoanatomy

The flexor hallucis longus and/or flexor hallucis brevis ten
dons to the affected toe are contracted (217). Joint capsules
are not contracted.

Natural History
Curly toes are asymptomatic in young children. Many im
prove in shape spontaneously (216,217). They may become

symptomatic in older children, adolescents, and adults, as
a result of exaggerated pressure on the skin and nails of the
malaligned toes.

Treatment

Stretching, taping, and strapping have no proven efficacy in
correcting curly toes (216). The family should be educated

Congenital Malformations

regarding the fact that most affected individuals will have
no long-term disability, even with residual deformity.
Surgery is indicated for pain, callosities, and blistering
resulting from pressure on the tip of the curly toe or over
the interphalangeal joints of the more medial toe that over

rides the curly toe. Another indication is an unacceptable

problem with growth of the nail on either or both toes.
Tenotomy of the flexor hallucis longus [*7.21], with or
without tenotomy of the flexor hallucis brevis, has been
successful in 95 to 100% of cases (215,217). A double-

blind, randomized, prospective study, comparing simple
tenotomy of the flexor hallucis longus with transfer of the

flexor hallucis longus to the extensor mechanism (Girdlestone-Taylor procedure), showed no difference in out
come (218). Simple tenotomy of the flexor hallucis longus

is the recommended procedure for individuals with symp
toms.
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clusive evidence of a cause-and-effect relationship between
the two conditions, which was historically believed (13).
The prominence of an accessory navicular is in close prox
imity to the head of the talus, which is prominent in a

flexible flatfoot. Inverting and everting the subtalar joint,
with one's thumb on the prominence, is helpful for differen

tiating the two. If the prominence moves, it is an accessory
navicular. If it remains stationary, it is the head of the talus.
Individuals with an accessory navicular may present for
evaluation because of the prominence, but more commonly

they present because of pain at the site. The typical patient
is an active adolescent girl with a history of minor trauma,

who presents with pain, callus formation, tenderness, red

ness, and, occasionally, swelling over the bony prominence.
Because of the frequency of this anatomic variation in the
general population, one must be careful not to assume that
a radiographically confirmed accessoiy navicular is the cause

of the foot pain, without thorough evaluation (225).

CONGENITAL MALFORMATIONS

These are conditions in which the structure(s) was formed

improperly. Examples include too large, too small, improp
erly connected, too many, too few, wrong shape. In some
cases, the abnormality does not manifest for several years.
Accessory Navicular
Definition

"Accessory navicular" is the term applied to plantar and
medial enlargement of the tared navicular bone beyond its
normal size. It may consist of a separate ossicle connected
to the main body of the navicular by fibrous tissue or carti

lage, or it may be a solid bony enlargement of the bone.
Other terms for the separate ossicle include os tibiale externum, navicular secundum, and prehallux.

Epidemiology

The accessory tarsal navicular is the most common accessory
bone in the foot, occurring in between 4 and 14% of the
population (7,12,219). It is frequently bilateral, and occurs
more commonly in females.

Pathogenesis
McKusick believed that the accessory navicular was inher
ited as an autosomal dominant trait (220).

Clinical Features

The accessoiy navicular produces a firm prominence on
the plantar-medial aspect of the midfoot. There may be a
coexistent flexible flatfoot (221-224), but there is no con

Radiographic Features
An accessory navicular can usually be seen on standing anteroposterior and lateral radiographs, but an internal

oblique view may be necessary for identification. There are
three types of accessory naviculars (226) (Fig. 29-29). Type
I is a rarely symptomatic, pea-sized sesamoid bone located in
the center of the most distal portion of the tibialis posterior
tendon. Type II, the most frequently symptomatic type, is
a bullet-shaped ossicle joined to the tuberosity of the navicu
lar by a syndesmosis or synchondrosis. Type III is a large,
horn-shaped navicular that probably results from fusion of
a type II accessory navicular with the body of the navicular.
Pathoanatomy

There is proliferating vascular mesenchymal tissue, cartilage
proliferation, and osteoblastic and osteoclastic activity in
the tissue between the ossicle and the main body of the
navicular in painful type II accessory naviculars (226). These
histologic findings are consistent with healing microfractures, substantiating the opinion that pain at this site is

related to chronic, repetitive stress. There are at least two
other possible sources of pain. One is pain from pressure
on the skin overlying the bony prominence. The other is
tendinitis in the tibialis posterior, the tendon in which the
ossicle resides. Any or all of these sources may exist in the
same painful foot.

Natural History

Most accessory naviculars are asymptomatic (223).
Treatment

Nonsurgical treatment will often relieve symptoms. Pain is
caused by inflammation of the skin, tendon, or cartilage.
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FIGURE 29-29. Accessory navicular. A: Type I. B: Type II. C: Type

Strenuous, pain-exacerbating activities should be curtailed.
Shoes should be examined to assess the area of contact with
the prominence. Shoes can be stretched. Alternatively, shoes
that provide softness in that area should be purchased. An
over-the-counter orthotic device can be used to elevate the
arch and change the site of contact between the prominence

and the shoe. This may also decrease the stress on the tibialis

posterior, and relieve the tendinitis. If pain is acute and
persistent, the foot can be immobilized in a below-knee cast
for 4 to 6 weeks.

Surgery is indicated for relief of symptoms after the fail
ure of prolonged attempts at conservative management. The
Kidner procedure was developed as a means of removing

the ossicle and reestablishing the support of the arch by
advancement of the tibialis posterior tendon (221,222).

This was based on Kidner's belief that the height of the
longitudinal arch was related to its muscular support, a the
ory that has since been disproved (164,227). Several studies
have shown good to excellent results in 90% or more of
cases by simple excision of the ossicle and shaving of the
medial enlargement of the main body of the navicular
through a tendon-splitting approach (13,219,228-231).

The incision should be placed slightly dorsomedially to
avoid creating a painful scar.

a congenital failure of differentiation and segmentation of
primitive mesenchyme.

Epidemiology

Tarsal coalition has been described in the archeologic re
mains of several civilizations since pre-Columbian times

(232). The association of the anatomic abnormality with
the clinical syndrome of a painful flatfoot occurred 26 years
after the introduction of radiographic imaging in 1895. In
1921, Slomann (233) linked the so-called "peroneal spastic
flatfoot" with calcaneonavicular coalitions seen on radio

graphs. Almost three decades later, Harris and Beath (234)
linked peroneal spastic flatfoot with talocalcaneal coalition.
Tarsal coalition has also been linked, since 1965, with the
infrequently occurring tibialis spastic varus, or cavovarus,

foot (235,236).

Some tarsal coalitions are associated with other congeni
tal disorders, such as fibular hemimelia (237), clubfoot
(238), Apert syndrome, and Nievergelt-Pearlman syn

drome. They tend to be quite extensive in terms of the
number of tarsal bones involved and the percentage involve
ment of the subtalar joint. Their natural history and prog
nosis, although not well studied, seem to be good.
The focus of this section is on the more common types

of tarsal coalitions that occur as isolated anomalies in about
Tarsal Coalition

1% of the general population (234). The most common

Definition

sites of coalition are the middle facet of the talocalcaneal
joint and between the anterior process of the calcaneus and

Tarsal coalition is a fibrous, cartilaginous, or bony connec
tion between two or more tarsal bones, which results from

the navicular. These talocalcaneal and calcaneonavicular co
alitions occur with about equal frequency, and together they

Congenital Malformations

account for approximately 90% of all coalitions (239). They
coexist in a small percentage of feet (240), and are bilateral
in 50 to 60% of cases (241,242). Talonavicular, calcaneocu-

boid, naviculocuneiform, and cubonavicular coalitions are
uncommon (239). The true incidence of tarsal coalition,

the relative frequency of affected joints, and the frequency
of bilaterality are not known, because most affected individ
uals are asymptomatic and go uncounted.
Pathogenesis

Wray and Herndon (243) suggested an autosomal domi
nant pattern of inheritance with variable penetrance, based
on a single-family study. Leonard (14) confirmed an autoso
mal dominant pattern with almost full penetrance in a study
of 31 index patients and 98 first-degree relatives.
Clinical Features
Progressive flattening of the longitudinal arch, with valgus

deformity of the hindfoot, generally predates symptoms,

1183

but it is rarely the presenting complaint. The insidious onset
of vague and aching pain, in the region of the sinus tarsi
or the medial aspect of the hindfoot of a child between the
ages of 8 and 16 years, is characteristic. The pain is usually
aggravated by activity and relieved by rest. Occasionally,
children will report recurrent ankle sprains. Pain under the

head of the plantar-flexed talus, which is induced by weight
bearing, as occurs in flexible flatfoot with a short Achilles
tendon, is often reported in feet with the most severe valgus
deformities. There is usually tenderness at the site of coali
tion, and there may be tenderness on the dorsal aspect of
the talonavicular joint.

The flatfoot deformity has been variously described as
rigid and peroneal spastic. Rigidity refers to restriction of
subtalar joint motion, which can be assessed in several ways.
It is important to isolate and manipulate the subtalar joint
with the ankle joint held in neutral alignment. The subtalar
joint will not invert, and the arch will not elevate during
toe standing (244) (Fig. 29-30) and with the Jack toe-raise

test (168) in a foot with a talocalcaneal coalition. Feet with

D

FIGURE 29-30. A,B: Rigid flatfoot. C,D: The arch will not elevate, and the hindfoot valgus will
not correct to varus during toe standing, because of immobility of the subtalar joint (From ref

244, with permission.)
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FIGURE 29-31. A: A calcaneonavicular coalition (arrow) is best seen on an oblique radiograph
of the foot. (From ref. 244, with permission.) B: Lateral radiograph demonstrating the anteater
nose sign (arrows), indicating a calcaneonavicular coalition.

Other Imaging Studies

calcaneonavicular coalitions are generally less rigid and less
flat than feet with talocalcaneal coalitions, which makes in
herent sense, because the former type does not cross the

Magnetic resonance imaging can be used to identify a symp

subtalar joint and the latter does.

differentiation, if the plain radiograph and computed to

Radiographic Features

A calcaneonavicular coalition is best seen on an oblique

radiograph of the foot (Fig. 29-31 A). A cartilaginous coali
tion has the appearance of an articulation with somewhat
undulating subchondral bone surfaces. An osseous coalition
is obvious. Its presence is suggested on the standing lateral
radiograph by an elongated process of the anterior calcaneus, which is called the "anteater nose sign" (245; Fig. 2931B).

Other radiographic findings that are best seen on the
lateral view may include dorsal beaking on the head of the
talus, broadening and rounding of the lateral process of the

tomatic tarsal coalition that is still in the fibrous stage of
mography scan are nondiagnostic (249). It should not be
a first-line study. A bone scan can help to identify the true
cause of pain in a foot that has radiographic evidence of a
tarsal coalition, but an atypical history or pain pattern (247).

Other Diagnostic Studies

Other causes of rigid flatfoot include juvenile rheumatoid
arthritis, septic arthritis, and osteomyelitis. A complete
blood count, with differential, estimated sedimentation rate,

C-reactive protein, antinuclear antibody test, and rheuma-

talus, and narrowing of the posterior talocalcaneal facet joint

(242,246). The C sign, a C-shaped line formed by the me
dial outline of the talar dome and the inferior outline of
the sustentaculum tali, is a very reliable indicator of a talo
calcaneal coalition (Fig. 29-32) (246A). An anteroposterior

radiograph of the ankle should also be obtained. A ball-

and-socket ankle may be seen in cases of long-standing tarsal
coalition, particularly with the large coalitions seen in the
nonidiopathic types (242,246).
A talocalcaneal coalition can be seen on an axial, or Har

ris (234), radiograph, but the best way to assess a coalition
in this location is with computed tomography (247,248).
The images must be obtained in the coronal plane using 3-

to 5-mm-thick slices (Fig. 29-33). A computed tomography
scan should be obtained before resection of a calcaneonavi
cular coalition, because of the known risk of a coexisting
talocalcaneal coalition (240).

FIGURE 29-32. A dorsal talar beak (white arrow) in a foot with
a talocalcaneal coalition. This represents a traction spur, not de

generative arthritis. The C-sign of Lefleur (black arrows) is a very
reliable indication of a talocalcaneal coalition.
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The cause of the pain is unknown (234,239). It has been
attributed to ligament sprain, peroneal muscle spasm, sinus
tarsi irritation, subtalar joint irritation, fracture through the
synchondrosis, stress shift to adjacent mobile joints, and
degenerative arthrosis (232). A recent histologic evaluation
of nonosseous tarsal coalitions suggested that repetitive
stress seemed to induce pain via free nerve endings in the
periosteum and the articular capsules surrounding the coaliton (251A). There was evidence of microfracture, repair,
and remodeling in the boundary between the coalition and
the bone.
Natural History

FIGURE 29-33. Talocalcaneal coalitions are best seen on com
puted tomography scans taken in the coronal plane. The middle

facet is narrow, irregular, and down-sloping. (From ref. 244, with
permission.)

toid factor may be warranted, if evaluation fails to confirm
a suspected tarsal coalition.

Pathoanatomy

In genetically programmed individuals, a tarsal coalition
begins as a syndesmosis with fibrous tissue between two
bones of the foot that do not join together in 99% of people.
The fibrous tissue undergoes metaplasia to cartilage to be
come a synchondrosis, then to bone, to become a synostosis.
This process occurs during late childhood and early to mid
dle adolescence (234,250).
Restriction of subtalar motion caused by a coalition
blocks the normal eversion of the subtalar complex that
occurs during gait. A component of eversion is dorsiflexion
of the pes acetabulum (anterior calcaneus, spring ligament,
and navicular), which occurs as it rotates and glides around
the head of the talus. When rotation and gliding are elimi
nated by the coalition, the dorsiflexion force is concentrated
at the talonavicular and calcaneocuboid joints (251). They
are converted to hinge joints that widen inferiorly and nar
row superiorly. The dorsal proximal edge of the navicular
impinges on and overrides the head of the talus. This over
riding causes elevation of the talonavicular ligament and
periosteum on the neck of the talus. The osseus repair of
this periosteal elevation leads to the talar beaking that is
visible radiographically. The reason for progressive flatten
ing of the longitudinal arch is not established. The author

theorizes that this occurs because the eversion forces that
are applied during loading in early stance are greater than

the inversion forces that exist when the load is eliminated
later in the gait cycle. The joint cannot recover its position
as it gradually loses motion.

According to Leonard (14), only about 25% of individuals
with tarsal coalitions become symptomatic. The onset of
pain usually coincides with metaplasia of the coalition from
cartilage to bone, but it may occur earlier in its evolution.
This generally occurs between 8 and 12 years of age for
children with calcaneonavicular coalitions, and between 12
and 16 years of age for children with talocalcaneal coalitions.
Metaplasia of the coalition also coincides with the develop
ment of progressive valgus deformity of the hindfoot, flat
tening of the longitudinal arch, and restriction of subtalar
motion. All of these findings are more severe in feet witli
talocalcaneal coalitions (242,250).
Treatment

The goal of treatment is the relief of pain, not the elimina
tion of the coalition or the reestablishment of the longitudi
nal arch. Treatment is, therefore, indicated only for symp
tomatic tarsal coalitions (234,241,242). It is not clear what
causes some coalitions to become painful, but inflammation
underlies the pain. An attempt should be made to relieve
symptoms by nonoperative means, including activity modi
fication, nonsteroidal antiinflammatory drugs, over-thecounter shoe inserts, and immobilization in a cast-type
walking boot or a below-knee walking cast. Pain is generally
relieved completely within 24 to 48 hours of cast applica
tion. Approximately 30% of patients remain free of pain

after cast removal 6 weeks later (250). An over-the-counter
shoe insert may help to maintain pain relief.
Surgery is indicated for patients with recurrent and disa
bling symptoms. Surgical options include resection of the
coalition, osteotomy, and arthrodesis. Resection of calca
neonavicular coalitions [^7.2] was first reported by Badgley
(252) in 1927. Interposition of the extensor digitorum
brevis was added to the resection procedure, and reported
by Bentzon (253) in 1930. The combined procedure, com
pared with resection alone, has been shown to decrease

the incidence of recurrence, and to increase the incidence
of long-term pain relief (254-256). According to one re
port, resection of a calcaneonavicular coalition with muscle
interposition is indicated in a patient younger than 16
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years of age who has a cartilaginous bar with no other

some stress relief for the ankle joint. They can be fused at

coalitions present, and no degenerative arthrosis, and who

a later time if they develop painful degeneration.

has undergone unsuccessful nonsurgical treatment (255).

Osteotomies may have a role in treating symptomatic

However, the age limit, the coalition tissue type, and the

tarsal coalitions as an alternative to arthrodesis. A medial

influence of coexisting coalitions have not been scientifi

closing-wedge osteotomy of the posterior portion of the

cally established. The presence of a talar beak is not indica

calcaneus has been shown to improve foot shape and relieve

tive of degenerative arthrosis, and is not, by itself, a contra

symptoms in certain feet with severe valgus deformity for

indication for resection (257-260).

which arthrodesis was being considered (263B).

The role of surgical resection of a talocalcaneal coalition

An additional surgical procedure that has been shown to

[»»7.3] is less clear. This coalition is located on the tension

relieve symptoms in certain feet with tarsal coalitions and

side of the valgus deformity of the hindfoot, and additional

to correct even severe valgus deformity of the hindfoot, is

progressive flattening of the arch may occur after resection.

the calcaneal lengthening osteotomy [*»7.5] described by

Investigation has only recently focused on a historically

Evans (124). It corrects valgus deformity of the hindfoot,

frequently quoted, but unproven, statement in the litera
ture, that a talocalcaneal coalition should not be resected
if it occupies greater than half of the width of the subtalar

joint surface (257). Wilde et al. (260) reported unsatisfac
tory results of resection in feet in which the ratio of the
surface area of the coalition to the surface area of the poste
rior facet was greater than 50% (as determined by com
puted tomography mapping of the entire joint). There was

excessive valgus deformity of the hindfoot in all of these
feet. Many of the feet with poor outcomes also had narrow

ing of the posterior facet and impingement of the lateral
process of the talus on the calcaneus. The independent

influence of the size of the coalition was not determined

even with osseous coalitions in the middle facet of the
talocalcaneal joint. It should be considered for the rigid
flatfoot with severe valgus deformity and contracture of
the Achilles tendon, pain under the head of the talus, and
no degenerative arthrosis. It can be performed as an iso
lated procedure, if the coalition is too large to resect. Or
it can be performed with concurrent or staged resection
and interposition grafting in a foot with a resectable cartila

ginous coalition and severe foot deformity. Long-term
studies have not been reported, but short-term anecdotal
experience has been good, and must be considered in light
of the known poor long-term results of triple arthrodesis
(19-21,26).

in this or any study to date. These are, however, the most
objective criteria for determining the resectability of a talo
calcaneal coalition.

Degenerative arthrosis should be considered a contra

indication to resection, but that diagnosis is difficult to es

Congenital Hallux Varus

Definition

tablish. Historically, the presence of a dorsal talar beak was

Congenital hallux varus is a medial deviation of the hallux

considered to be evidence of degenerative arthrosis (Fig. 29-

on the first metatarsal that is present at birth. It may be

32). That theory has been replaced with the belief that the

an isolated deformity, but very often it is associated with

beak represents a traction spur, because it recedes with suc

other malformations of the foot. These include a short and

cessful resection of the coalition. Its presence, therefore, is

thick first metatarsal, longitudinal epiphyseal bracket of the

not a contraindication to resection (257-260).

Successful resection and interposition grafting of talocal

caneal coalitions have been reported in up to 89% of cases
at 10 years of follow-up (261), although most published

first metatarsal (264), accessory metatarsals and phalanges,
duplication of the hallux, and a fibrous band that extends
from the medial side of the hallux to the base of the first
metatarsal (265,266).

and unpublished studies have documented a lower success

rate at even shorter follow-up (258,260,262). The poor re
sults have been attributed to poor indications, and indica
tions are evolving. Interposition can be with fat (257,263)
or a split portion of the flexor hallucis longus tendon (262).

Documented

degenerative

arthrosis,

particularly

in

adults, and persistent or recurrent pain after resection of a

Epidemiology
This is a rare condition, but the incidence has not been
reported. Sex predilection, bilaterality, and genetic factors
are unknown.

coalition, represent reasonable indications for triple arthrodesis (232). However, one should establish which joint or

joints are arthritic. If the talocalcaneal joint is the only one

Pathogenesis

that is degenerated, it is reasonable to perform a subtalar

Congenital hallux varus is a deformity that has been re

arthrodesis and avoid arthrodesis of the talonavicular and

ported to be associated with multiple malformations. There

calcaneocuboid joints (263A). Those joints can help com

are probably multiple causes, none of which have been iden

pensate for the loss of subtalar joint mobility and provide

tified.

Congenital Malformations
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FIGURE 29-34. A: Clinical appearance of congenital
hallux varus. B: Fibrous band between the hallux and
the cartilaginous duplicate tarsal anlage.

Clinical Features

The hallux is adducted by as much as 90 degrees, and cannot
be aligned by passive manipulation (Fig. 29-34A). There is
a broad web space between the hallux and the second toe.
A firm subcutaneous band of fibrous tissue may be palpable
along the medial forefoot. There may be duplication of the
hallux as a separate toe, or it may be associated with simple

alignment of the hallux with the foot. The MTP joint may
be congruous, although there have been no published ana
tomic studies on this aspect of the deformity. The MTP
joint congruiry is similar to that seen in the opposite direc
tion with juvenile hallux valgus, and, as with the latter con

dition, it requires an operative approach that preserves joint
congruity.

or complex syndactyly. Congenital hallux varus with com

plex polysyndactyly is commonly seen in Apert syndrome.
Radiographic Features
An anteroposterior radiograph will provide only partial ana
tomic detail of the abnormalities. The varus alignment will

be obvious. Duplication of the phalanges in a hallux associ

ated with polysyndactyly will also be apparent. A rudimen

tary metatarsal duplication at the base of a fibrous band

may not be visible because of the lack of ossification at
birth. A longitudinal epiphyseal bracket will be suggested
by the "D" shape of the metatarsal, with no cortical differ
entiation along the convex medial border of the diaphysis
(264) (Fig. 29-35A).

Pathoanatomy

A possible explanation for a single toe varus deformity is
that two great toes, and perhaps a metatarsal, originate in
utero, but the medial or accessory one fails to develop. The
rudimentary medial structure forms a fibrous band that acts
as a taut bowstring and pulls the more fully developed hallux
into a varus position, creating an incongruous first MTP
joint (267) (Fig. 29-34B).

In the foot with a longitudinal epiphyseal bracket, there

is a varus deformity of the metatarsal, creating the varus

Natural History

Shoe fitting would be difficult or impossible without treat
ment (266).

Treatment

There is no role for conservative management of this defor
mity. Surgical management is mandatory, and depends on

the individual pathoanatomy. The literature is not particu
larly helpful in providing direction for operative treatment
because of the historical failure to appreciate the frequency
with which a longitudinal epiphyseal bracket is associated

with the hallux varus.

Soft tissue release and resection procedures with or with
out syndactylization to the second toe, as described by

McElvenny (265) and Farmer (268), are appropriate when
the metatarsaJ is normal. Mills and Menelaus (266) found
that unsatisfactory surgical results using these techniques
were generally caused by the shortness of the first metatarsal

and rarely by svmptoms or recurrent deformity. Longitudi
nal epiphyseal bracket was not recognized at the time of
that study, as indicated by the radiographic images in the

article.

Mubarak et al. (264) demonstrated that resection and
interposition grafting of a longitudinal epiphyseal bracket
K7.15] is an effective technique that leads to gradual cor-
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B,C

FIGURE 29-35. A: Radiographic appearance of congenital hallux varus with a metatarsal longitu
dinal epiphyseal bracket. B: Pins mark the extent of the resection of the longitudinal epiphyseal
bracket. C: Radiographic appearance 5 years after resection and fat grafting of the longitudinal
epiphyseal bracket. The metatarsal has grown normally.

rection of the varus deformity of the first metatarsal, and
allows longitudinal growth of the bone (Fig. 29-35B and
C). The interposition material can be fat, Silastic, or
methyl methacrylate. With adequate resection of the ab
normal epiphysis and good anchoring of the graft, fat is
an excellent choice, and avoids the risks and potential com
plications of the foreign materials. This procedure is com

bined with distal soft tissue release and resection of dupli
cated parts, as indicated. Hypercorrection of the first MTP

joint should be avoided to prevent joint incongruity and
progressive hallux valgus.

Late onset of degenerative artlirosis of the first MTP joint
can be managed by arthrodesis (266). Residual shortening
of the metatarsal, with pain, callosities, or metatarsalgia, can
be addressed with metatarsal lengthening or amputation.

formities are symmetric (271). There is polydactyly of the
hands in 34% of patients (271). Polydactyly is seen in ge

netic syndromes, but most often it occurs as an isolated
trait. It has an autosomal dominant inheritance pattern with
variable expressivity (272). Thirty percent of affected indi
viduals have positive family histories (271).

Pathogenesis

The cause is unknown. Polydactyly has been experimentally
induced in rats by in utero exposure to radiation and cytotoxins, and by folic acid deprivation. The limb bud mesoderm is disturbed, leading to failure of differentiation of
the apical ectodermal ridge during the first trimester (271).
The implications of this information for humans are not
known.

Polydactyly/Polysyndactyly
Definitions

Clinical Features

Polydactyly is a congenital condition in which one or more
toes are duplicated. The metatarsal may be fully or partially
duplicated as well. With polysyndactyly, the duplicate toe
is joined to the more normal toe by soft tissue (simple) or

Temtamy and McKusick (272) classified polydactyly as pre-

bone (complex).

Epidemiology

The incidence of polydactyly is 0.3 to 1.3 per 1,000 live
births in whites, and 3.6 to 13.9 per 1,000 live births in
blacks (269,270). There is no sex predilection. Approxi

mately 50% of cases are bilateral, and 62% of bilateral de

axial, if the hallux was duplicated; postaxial, if the fifth toe
was duplicated; and central, if there was duplication of the
second, third, or fourth toe. Phelps and Grogan (271), in
their review of 194 supernumerary toes in 125 patients,
found that 79% were postaxial, 15% were preaxial, and 6%
were central. More than one type may exist in a foot (Fig.

29-36). Polydactyly can be further classified as well-formed
and articulated (type A) or rudimentary and vestigial (type
B). The duplicate toe may be entirely separate, or there

may be simple or complex syndactyly. The toenails may be
separate or conjoined in cases of polysyndactyly.

Congenital Malformations
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polydactyly of the foot (Fig. 29-37). Unfortunately, there
often is not enough ossification of the phalanges, even in
the first few years of life, to accurately classify the deformity
before surgical treatment. There is clearly no indication for

radiography at birth. To help with surgical planning, an

anteroposterior radiograph is obtained immediately before

surgical ablation. It will reveal a metatarsal abnormality and
may suggest the true pathoanatomy of the phalanges.
Natural History

FIGURE 29-36. Preaxial and postaxial bilateral polydactyly.

Untreated polydactyly will commonly cause shoe-fitting
problems, particularly when the hallux is duplicated.
Treatment

The central and postaxial duplicate toes are usually well
aligned with the other toes. The preaxial duplicate toe is
often deviated medially. One must consider the possibility
of a longitudinal epiphyseal bracket of the first metatarsal
in the presence of preaxial polydactyly and polysyndactyly
(see section on congenital hallux varus) (264,273).

Radiographic Features
Venn-Watson (274) proposed a morphologic classification

of the abnormalities of the metatarsals and phalanges in

A child and family may choose to retain the duplicate digit
if it is well formed, well aligned, and does not extend beyond
the border of the foot. Wide shoes may be all that is re
quired.

Surgical treatment, performed at about 1 year of age, is

indicated to improve shoe tolerance. Improved cosmesis is
a by-product. The most malaligned toe is resected, which
is usually the medial duplication in preaxial polydactyly and
the lateral duplication in postaxial deformity (271,275). Di
vision of a synchondrosis at the base of the proximal phalan

ges is quite safe. It is reportedly safe to reduce the size of

I Ji 4
Y metatarsal

T metatarsal

Wide metatarsal
head

Complete
duplication

sification of polydactyly. A: Postax
B Short block first metatarsal

Wide metatarsal head

ial. B: Preaxial. (From ref. 274, with

permission.)
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ter outcome expected. Resection of central ray duplication

does not reliably narrow the foot (271).
Syndactyly
Definition

Syndactyly of the toes may be classified in two types. Zygo-

syndactyly is cutaneous complete or incomplete webbing,
usually between the second and third toes (Fig. 29-39).
Polysyndactyly has been described in the preceding sec
tion.

Epidemiology

Zygosyndactyly is a common and often inherited trait that
is frequently bilateral.
Pathogenesis
The cause is unknown.

Clinical Features

B

FIGURE 29-38. Postaxial polysyndactyly. Clinical (A) and radiographic (B) appearance.

The webbing may be complete to the ends of the toes or
it may be extremely subtle and shallow. There is rarely devia

tion or deformity of the toes, and there is no widening of
the forefoot.
Radiographic Features

an enlarged metatarsal head by performing osteotomy per

pendicular to the physis (271). However, one may choose a
safer approach, and shave down the cartilaginous epiphysis,
with care taken to avoid the perichondrial ring. A duplicate
metatarsal, as well as the abnormal limb of a Y-shaped meta

tarsal, should be resected. The MTP joint capsule should
be repaired if possible.

In cases of polysyndactyly, the most malaligned phalan

Radiographs are not indicated, because there will be no
findings.

Natural History

Zygosyndactyly remains asymptomatic throughout life. It
does not cause shoe-fitting or functional problems.

ges and the associated toenail are enucleated through a dor
sal racket-handle incision (271,274,275). The nail fold
must be carefully recreated to prevent chronic ingrowth. A
common pattern of postaxial polysyndactyly involves me
dial duplication of the middle and distal phalanges of the
fifth toe, wedged into a simple syndactyly that includes the

fourth toe (Fig. 29-38). If surgery is elected, the medial

duplicate phalanges should be resected without disturbing
the syndactyly between the fourth and fifth toes. Otherwise,
lateral deviation of the fifth toe might result (275).
One can expect close to 100% good and excellent results

with surgical treatment. Most of the reported poor results
were in patients with residual hallux varus and a short first
metatarsal after resection of a preaxial duplication. Some or

all of these patients may have had a longitudinal epiphyseal
bracket, which with present knowledge, would have under
gone resection and interposition grafting (264), with a bet

FIGURE 29-39. Clinically benign zygosyndactyly.
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Treatment

Surgical treatment is not warranted, because of the excellent

prognosis for comfort and function. The surgical scars are
less cosmetic than the condition itself.
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Trenaunay-Weber syndrome, lymphangioma, and Proteus
syndrome. In 1988, Kalen et al. (276) reported the largest
series, and reviewed the English language literature to date

on the isolated type that is the focus of this discussion. The
incidence is extremely low. There is a slight male predomi

Macrodactyly

nance. The second digit is most commonly involved (Fig.

Definition

29-40A and B), followed by the third digit. Multiple digit
involvement is seen in approximately 50% of cases.

"Macrodactyly" is the term used to describe enlargement
of the digits of the feet or hands. The term means large
digit, but the metatarsal or metacarpal may also be enlarged.
Epidemiology

Macrodactyly may occur as an isolated phenomenon or as

part of a syndrome, such as neurofibromatosis, Klippel-

Pathogenesis

The cause is unknown. There is no evidence that inheritance
plays a role (276). Turra and colleagues (277) and others
hypothesized a nerve trunk disease as the cause for macro
dactyly, but this theory has not been confirmed (276).

FIGURE 29-40. A: Second ray macrodactyly with some en

largement of the hallux and third toe. B: Radiographic ap

pearance. C: Clinical appearance after second ray resection
and third toe interphalangeal disarticulation. D: Radiographic appearance 1 year later.
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Clinical Features

The enlarged digit is apparent at birth. Features of KlippelTrenaunay-Weber syndrome and neurofibromatosis should
be sought, although features of neurofibromatosis are rarely
present at birth. The relative size of the entire extremity
should also be assessed to rule out hemihypertrophy as the
underlying disorder.

of central longitudinal fissuring and central ray deficiency
(283). The term "ectrodactyly," which means congenital
absence of all or part of a digit, is an acceptable synonym.

"Lobster-claw foot," coined by Cruveilhier in 1829 (283),
is no longer acceptable.

Epidemiology
Cleft foot is a rare congenital anomaly with an incidence

Radiographic Features
Standing anteroposterior and lateral radiographs are useful
for monitoring the relative growth rates of the digits, and
for surgical planning.

of 1 per 90,000 live births (284). In the typical form, the
malformation

is bilateral, usually associated with cleft

hands, and has an autosomal dominant pattern of inherit
ance with incomplete penetrance (284-286). In the less
common presentation, the cleft foot is unilateral without
associated hand malformation, and with no evidence of fa

Pathoanatomy

milial inheritance. The incidence of this form is 1 per

There is enlargement in length and circumference of the
involved bones. An overabundance of fibrofatty tissue

family history (287). Boys are affected more often than girls.

makes up the bulk of the soft tissue enlargement.

Natural History
Macrodactyly may be static, in which the digit is enlarged
at birth and growth is proportional to that of the normal
digits, or it may be progressive, in which the involved digit
grows disproportionately faster than the normal digits
(278). The latter type is more common in the foot (276).

Although the appearance is often quite grotesque, the main
disability is with shoe fitting.

150,000 live births (284). Ten percent of patients have no

Pathogenesis
The apical ectodermal ridge (AER) induces the normal de
velopment oflimb buds by interaction with the underlying

mesenchyme (288,289). A defect of the AER, caused by
genetic or toxic influence, could induce osseous syndactyly
by deficient differentiation, polydactyly by excessive differ
entiation, or a central defect by some other mechanism.

Watson and Bonde (290) proposed a hypothesis for cleft
formation as selective damage of the AER localized at the
second or third ray, the typical central location of the defect.
They further proposed that the extent of damage to the

Treatment

AER in the transverse direction would determine the width

Treatment must be individualized. The goal is not cosmesis,
per se, but the ability to wear shoes of similar size comforta

at the base of the conical defect, and that the time and
duration of the damage to the AER would determine the

bly. Surgical options include soft tissue debulking, ostec-

proximal extent of the defect.

tomy, epiphysiodesis, complete or partial toe amputation,

and ray resection, either as isolated procedures or in combi
nation (276,277,279-282). Ray resection has had the best
reported results for decreasing the rate and risk of recur
rence and achieving the goal of improved shoe-fitting
(276,277,281) (Fig. 29-40C and D). Most patients, even

those who undergo ray resection, will need more than one
operative procedure, because all of the pathologic soft tissue

cannot be removed. An aggressive approach, therefore, is
desirable.
A combination of soft tissue debulking and epiphysi

odesis of the proximal phalanx, the metatarsal, or both, is

recommended for mild, static deformities. Repeated debulking procedures may be necessary.

Clinical Features
Variations of the malformation known as cleft foot range
from a mere deepening of the interdigital commissure to

the typical central ray deficiency to the monodactylous foot
(288). The width of the foot at the metatarsal heads is exces

sive, compared with the hindfoot, particularly in those feet
with greater deficiency of rays. Associated anomalies include

cleft hand, cleft lip and palate, deafness, urinary tract abnor
malities, triphalangeal thumb, and tibial hemimelia.

Radiographic Features
Blauth and Borisch (288) have classified cleft foot into six
groups based on the number of metatarsal bones (Fig. 29-

Cleft Foot (Ectrodactyly)

41). They identified two additional forms, a polydacrylous

Definition

type and a diastatic type. The latter is characterized by monodactyly with lower-leg diastasis, tibial aplasia, or both.

Cleft foot, or split foot, is the accepted term for a congenital

Other variations of morphology in this condition, such as

malformation of the foot in which there are varying degrees

crossbones and synostoses, are well described in their article.

Congenital Malformations
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FIGURE 29-41. Cleft foot classification according to Blauth and Borisch. (From ref 288 with
permission.)

Other Diagnostic Studies

Treatment

Renal ultrasonography is indicated to rule out renal anoma

Treatment begins with education of the physician on the

lies that are occasionally present in individuals with cleft
foot.

Pathoanatomy

The pathoanatomy is one of variable degrees of failure of
formation, with occasional duplication and malorientation
of bones. Synostoses may be seen at the margins of the cleft
and in the tarsals (288).

treatment used in the family member(s) from whom the

malformation was inherited (Fig. 29-42). All patterns of
cleft foot malformation can be accommodated in shoes dur
ing the first few years of life. Thereafter, the width of the

forefoot may make it impossible to wear standard shoes
without creating painful callosities over the medial and lat
eral metatarsal heads. At that point, custom-made shoes are
an expensive option. The alternative is surgical reconstruc
tion. Interestingly, functional disability is rarely a problem
with cleft feet.

Natural History

Most patients with cleft foot function well without pain

with the use of accommodative shoes. This is certainly the
case for feet with shallow clefts and few ray deficiencies.
Marked splaying of the forefoot may develop, making it
difficult or impossible to find shoes that fit comfortably.
Painful callosities develop over the medial and lateral meta
tarsal heads.

Surgical techniques for the symptomatic cleft foot must

be individualized. The problem of symptomatic splayfoot
can be addressed effectively with an osteotomy or osteoto
mies at the base of the lateral, and occasionally the medial,
ray of the foot (Fig. 29-43). The soft tissues in the cleft can
be partially plicated to improve the appearance and help
maintain the corrected deformity (291). Hallux valgus and
digiti minimi varus deformities are often severe. Soft tissue
reconstructions, such as those used to correct hallux valgus,

FIGURE 29-42. Father and son with cleft feet.

Chapter 29: The Foot

1194

FIGURE 29-43. Preoperative (A) and postoperative (B) radiographs of
symptomatic cleft foot treated with osteotomies.

are ineffective. Distal osteotomies of the metatarsals can be

thirds of patients who seek treatment for a painful high arch

used to improve the malalignment, but recurrence of these

will have an underlying neurologic problem, and half of

distal deformities is common, even after osteotomies. Com

these will have Charcot-Marie-Tooth disease (294). There

plex plastic surgery procedures that create the appearance

are many other causes of cavus foot deformity. It is helpful

of toes have not added sufficient functional benefit or cos

to consider those that cause unilateral versus bilateral defor

metic improvement to justify their use (292).

mity when evaluating the patient (Table 29-2).
Calcaneocavus deformity is seen almost exclusively in

DEVELOPMENTAL DEFORMITIES

children with myelomeningocele and poliomyelitis (Fig. 2944).

Developmental deformities consist of malalignment of
bones at their joints that develop over time.

Cavus

Epidemiology
The incidence of cavus is variable, and is related to the
prevalence of neuromuscular disorders at any time.

Definition
Cavus refers to a fixed equinus (plantar flexion) deformity
of the forefoot in relation to the hindfoot, resulting in an
abnormally high arch. The high arch may be along the me
dial border of the foot or across the entire midfoot. The heel
may be in a neutral, varus, valgus, calcaneus (dorsiflexed), or
equinus position. There may be an accompanying clawing

of the toes. There are two common patterns of cavus defor
mity (293). Cavovarus, or anterior cavus, is the most com

mon pattern. Calcaneocavus, or posterior cavus, occurs less
frequently.

Pathogenesis
Cavus is a manifestation of a neuromuscular disorder with
muscle imbalance, until proven otherwise. At least two-

Clinical Features
The clinical features depend on the underlying pathogene
sis. Some of the underlying neurologic abnormalities are
known at the time of presentation and some are not, some
are treatable and some are not, and some are static and some

are progressive. The resultant muscle imbalance, however,
always leads to progressive foot deformity. The clinical man
ifestations are instability of gait with frequent falling, a feel

ing that the ankle is "giving out," and a history of repeated
ankle sprains. Painful callosities develop under the metatarsal heads, lateral to the base of the fifth metatarsal, and over
the dorsum of the proximal interphalangeal joints of the
progressively clawing toes. In the calcaneocavus foot, callus
formation occurs almost exclusively under the calcaneus.

Developmental Deformities
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TABLE 29-2. CAUSES OF CAVUS FOOT DEFORMITY
Bilateral

Charcot-Marie-Tooth disease
Friedreich ataxia

Dejerine-Sottas interstitial hypertrophic neuritis
Polyneuritis
Roussy-Levy syndrome

Spinal muscular atrophy
Myelomeningocele
Syringomyelia
Spinal cord tumor

Diastematomyelia

Spinal dysraphism (tethered cord)
Muscular dystrophy

Cerebral palsy—paraparesis or quadriparesis (although usually
planus deformities)

Familial (consider Charcot-Marie-Tooth disease)
Clubfoot/recurrent clubfoot
Idiopathic cause (diagnosis of exclusion)

A history of progressive change in foot shape and func
tion must be ascertained, even in situations of a known

underlying neurologic abnormality. A sudden increase in
cavus deformity in a child with myelomeningocele or lipo
meningocele could represent evidence of a tethered spinal
cord.

A family history of cavus foot deformity should be inves
tigated as an aid to diagnosis. Charcot-Marie-Tooth disease,
an autosomal dominant disorder with variable manifesta
tions, is one of the most common causes of cavus foot defor
mity (294).

A detailed neurologic examination of the upper and
lower extremities, including motor, sensory, and reflex test
ing, is mandatory. The spine must be examined for midline

Unilateral

Traumatic injury of a peripheral nerve or spinal root nerve
Poliomyelitis
Syringomyelia

Lipomeningocele
Spinal cord tumor

Diastematomyelia
Spinal dysraphism (tethered cord)
Tendon laceration

Overlengthened Achilles tendon
Cerebral palsy—hemiparesis
Clubfoot/recurrent clubfoot
Compartment syndrome of the leg
Severe burn of the leg

Crush injury of the leg

defects, hairy patches, dimples, or other evidence of spinal
dysraphism.

The foot is examined with the child seated, standing,
and walking. The longitudinal arch is excessively elevated
along the medial border of a weight-bearing cavovarus foot
(Fig. 29-45). The lateral border of the foot is convex and
plantigrade, and the base of the fifth metatarsal is prominent
and often callused. The hindfoot is in varus alignment. At
rophy of the intrinsic muscles is apparent. There may or
may not be contracture of the gastrocnemius or the triceps
surae. In many cases, as in most cavovarus deformities sec

ondary to Charcot-Marie-Tooth disease, the forefoot equinus gives the false impression of a hindfoot equinus. The
thigh-foot angle is usually neutral, despite the internal rota-

FIGURE 29-44. Calcaneocavus deformity in a child with myelomeningocele. A: Transtarsal cavus
with thick callosities under the calcaneus and the metatarsal heads. B: Radiograph of the calcaneo
cavus "pistol-grip" deformity.
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FIGURE 29-46. The tripod effect. The hindfoot must assume a
varus position when weight bearing if the first metatarsal is fixed
in plantar flexion. (7) Initial contact of plantar-flexed first meta

tarsal. (2) Fifth metatarsal makes contact through supination of
the forefoot (arrow), which also drives the hindfoot into varus.
(From ref. 296, with permission.)

unbalanced. Bearing weight on the plantar-flexed first meta
tarsal causes the forefoot to supinate, thereby driving the
subtalar joint into inversion, or varus (296) (Fig. 29-46).
The flexible hindfoot varus deformity eventually becomes
rigid as the medial soft tissues of the subtalar joint contract.
The cavovarus foot, therefore, has two major rotational de
formities in opposite directions from each other: pronation
of the forefoot, and supination (varus and inversion are

other descriptive terms) of the hindfoot. It appears as if the
foot is wrung out. Determination of the flexibility or rigidity
of each deformity is important when planning an operation.

FIGURE 29-45. Cavovarus deformity in a child with CharcotMarie-Tooth disease. A: The arch is elevated only along the medial
border of the foot. B: Varus and adduction can be appreciated.

tion deformity in the subtalar joint. The reason is that exter
nal tibial torsion is always associated with a developmental
cavovarus deformity. The two rotational deformities are in
opposite directions and cancel each other out. It is impor

tant to discuss this with the patient and family, because the
external tibial torsion will become obvious after correction
of the foot deformity.

Despite differences in the patterns of muscle imbalance
that lead to cavovarus, the pattern of deformity develop
ment is fairly constant (295-297). The first metatarsal be
comes plantar flexed, giving the appearance of pronation of
the forefoot on the hindfoot. The deformity is flexible at
first but becomes rigid with time. The plantar fascia and
the other plantar soft tissues become contracted. The in
completely ossified bones change shape as a result of exces
sive compression on their plantar aspects (Hueter-Volkmann law). The normal tripod structure of the foot becomes

Flexible deformities are treated with tendon transfers, and
inflexible deformities are treated with soft tissue releases,
osteotomies, and, occasionally, arthrodeses. Coleman and
Chesnut (298) devised the block test to help evaluate the
flexibility of the hindfoot (Fig. 29-47). The patient stands
with a block of wood under the lateral border of the foot
to recreate the tripod while allowing die first metatarsal to
plantar flex. A flexible varus deformity of the hindfoot will
correct to valgus alignment, whereas a varus deformity
that is already contracted and rigid, will not. In the first
situation, surgery for deformity correction is confined to
the forefoot. In the latter case, forefoot and hindfoot proce
dures are needed.

The arch is elevated across the entire midfoot in the
calcaneocavus deformity (Fig. 29-44). The calcaneus is dorsiflexed and vertically aligned, giving it the appearance of
posterior truncation. The plantar heel pad is thickly callused
from excessive pressure over a small surface area.
Radiographic Features

Standing anteroposterior and lateral radiographs of the foot
are indicated on initial evaluation. There is normally a
straight-line relationship between the axis of the talus and
that of the first metatarsal on the lateral view (171). An
apex dorsal angulation between those lines indicates a cavus

Developmental Deformities
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FIGURE 29-47. The Coleman block test for determination of
hindfoot flexibility. The flexible varus deformity of the hindfoot
will correct to valgus when the plantar-flexed first metatarsal is
allowed to drop down off the edge of the block of wood. Failure
to correct to valgus indicates the need for surgical correction of
the hindfoot, in addition to the procedures on the forefoot. (From
ref. 298, with permission.)

deformity. Varus is indicated on the anteroposterior radio
graph by parallelism between the talus and the calcaneus,
and by adduction between the talus and the first metatarsal.
The author obtains a standing anteroposterior Colemantype block-test radiograph to document the flexibility of
the hindfoot. The author finds that the clinical and radiographic block tests are more reliable if a Plexiglas block is
placed under the lateral metatarsal heads alone (Fig. 2948).

Standing anteroposterior and lateral radiographs of the
spine are indicated if any physical examination findings
suggest spinal dysraphism, spinal cord tumor, or diastematomyelia.

Other Imaging Studies
Magnetic resonance imaging of the spine may be indicated.
B

Other Diagnostic Studies
The DNA blood tests for Charcot-Marie-Tooth disease,
electromyography with nerve conduction studies, and mus
cle biopsy are other possible investigations. Consultation

FIGURE 29-48. Standing block test radiograph with Plexiglas
under the lateral metatarsal heads. The flexibility or rigidity of
the subtalar joint can be documented by assessing alignment at
the talonavicular joint using the talus-first metatarsal angle. A:
Without block. B: With block, the hindfoot varus is corrected.

with a pediatric neurologist is appropriate.

Pathoanatomy
Several patterns of muscle imbalance can create the cavovarus deformity. A common pattern is that seen in CharcotMarie-Tooth disease (295,297). Denervation begins in the

intrinsic muscles of the foot (297). The weakened lumbricals allow the long toe extensors to extend the metatarsophalangeal joints and the long-toe flexors to flex the interphalangeal joints, thereby creating claw toe deformities. These
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same forces create elevation of the longitudinal arch during

shortening, which lead to secondary contracture of the plan

ble, even with successful arrest of the neurologic deteriora
tion. The foot deformity, therefore, progresses.
There is little role for nonoperative management of cavus
deformities, because most are progressive and of an ad

tar fascia. This creates a bowstring between the anterior and

vanced degree of severity at the time of diagnosis. The com

gait, by the windlass effect of the plantar fascia (169) (Fig.
29-19). The intrinsic muscles undergo atrophy, fibrosis, and

posterior pillars of the arch, which draws them closer and

plexity of reconstruction increases with the severity and ri

produces equinus of the forefoot on the hindfoot. The tibi-

gidity of the deformities (296). Inexpensive, accommodative

alis anterior, a dorsiflexor of the first metatarsal, becomes

arch supports and shoe modifications may be used to ame

weak, whereas the peroneus longus, a plantar flexor of the

liorate symptoms during the time it takes to diagnose and,

first metatarsal, remains relatively strong (293). The exten

if possible, treat the underlying cause.

sor hallucis longus is automatically recruited in an attempt

Operative indications include evidence of progressive de

to provide additional dorsiflexion strength along the medial

formity, painful callosities under the metatarsal heads or the

column of the foot, but it creates a paradoxical effect of

base of the fifth metatarsal, and ankle instability. There are

plantar flexion, as a result of the windlass effect of the plan

three principles of operative management: correct all of the

tar fascia. The first metatarsal starts to plantar flex, and with

segmental deformities, balance the remaining muscle forces,

time, this creates more contracture and shortening along

to the hindfoot. The tripod effect (296) accounts for the

and leave reasonable treatment options available for the re
currence of deformity and pain. There is also a principle of
patient management: educate the patient and family that
there are no treatment panaceas, and that more surgery may

varus position that the hindfoot must assume during weight

be required in the future (19-21,293,296,299-301).

the plantar-medial than along the plantar-lateral border of
the foot. The forefoot becomes rigidly pronated in relation

bearing, as a result of the fixed pronation of the forefoot.

There is a very long list of operative procedures that can

Also contributing to the varus deformity of the hindfoot
is the muscle imbalance between the tibialis posterior, an

be used to correct the individual deformities and balance
the muscle forces in the cavus foot (293,296,299,302). No

inverter of the subtalar joint, which remains strong, and

single procedure can accomplish both goals. Although some

the peroneus brevis, an everter of the subtalar joint, which

rigidly deformed in varus, because of contracture of the

authors have tried (296,299), no one has yet developed an
algorithm to help one choose the combination of procedures
that will best address the unique pathology in any particular

plantar-medial soft tissues, including those of the subtalar

case.

becomes weak (295). The subtalar joint eventually becomes

joint complex. Although the triceps surae does not become

The cavus foot deformity must be classified based on the

contracted in Charcot-Marie-Tooth disease, it does in some

flexibility of the segmental deformities. Correction of the

of the other diseases that cause cavus.
The calcaneocavus deformity develops when there is little

deformity begins with soft tissue releases, such as fasciotomies, capsulotomies, and muscle or tendon lengthenings,

or no strength in the triceps surae, but strength exists in

with the goal of realigning joints. For the cavovarus foot,

the muscles that plantar flex the forefoot and toes. The

this means plantar fasciotomy, proximal release of the ab

tibialis posterior, peroneus brevis and longus, flexor hallucis

ductor hallucis, and possibly talonavicular joint capsulot-

longus, and flexor digitorum longus bypass the calcaneus

omy and tibialis posterior tendon lengthening (296). Some

and plantar flex the entire forefoot on the hindfoot, without

of the bones in the child's foot will grow abnormally when

creating varus. Contracture of the plantar fascia, elongation

unbalanced muscle forces are placed on them for a pro

of the paralyzed triceps surae, and preservation of functional

longed period of time. Osteotomies are used to correct these

strength in the tibialis anterior contribute to the dorsiflexion

bone deformities, which can be identified only after soft

posture of the calcaneus.

tissue release and realignment of the joints. The first ray
becomes plantar flexed early in the course of development
of the cavovarus foot deformity. The site of that deformity

Natural History

is the medial cuneiform. Treatment with a plantar-based

Muscle imbalance from both static and progressive neuro

opening-wedge osteotomy of the medial cuneiform is safe,
effective, reliable, and inherently stable without the need

logic disorders leads to progressive cavus foot deformity.

for internal fixation (116,296,303) (Fig. 29-49). Osteotomy
of the first metatarsal (304) |W7.7] is less desirable because

Treatment
Treatment of the underlying neurologic disorder should
precede treatment of the foot deformity. Unfortunately,
there is no known treatment or cure for many of the neuro

it puts the growth plate at risk for arrest, requires internal

fixation, puts the second metatarsal head at risk for a stress
transfer lesion, and is not located at the site of deformity.
The lateral column of the foot may require shortening if
adductus and varus persist after the procedure(s) on the

logic conditions that lead to cavus deformity. Furthermore,

medial column (78). Alternatively, posterior calcaneus lat

established muscle weakness and imbalance are not reversi

eral

displacement

(181)

or

closing-wedge

osteotomy
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FIGURE 29-49. Lateral radiograph of a cavovarus foot de

formity before (A) and after (B) a medial cuneiform plan
tar-based opening-wedge osteotomy. The axis lines of the
first metatarsal and the talus cross each other in the body
of the medial cuneiform, indicating that as the site of de
formity. (From ref. 303, with permission.)

(305,306) can be used. With these techniques, all but the
most severe and rigid cavovarus deformities can be cor

rected with preservation of motion in the subtalar joint.
Midfoot osteotomies f-7.8], such as those described by
Cole (307), Japas (308), Jahss (309), and Wilcox and Weiner (310), correct the cavus deformity by sacrificing the
midtarsal joints to arthrodesis. These procedures, there

fore, should be considered second-line treatment for the
cavovarus foot. Triple arthrodesis should not be used as a
primary, or perhaps even a secondary, reconstructive tech
nique in a child or adolescent with a cavus foot deformity.
It causes stress shifting and premature degenerative arthrosis (19-21,26) or Charcot arthropathy (311) in adjacent

unfused joints. Furthermore, it cannot by itself correct the
coexisting deformities of the forefoot and the hindfoot.

Arthrodesis should be reserved as a salvage procedure in
cases of existing severe arthritis or recurrent deformity in
older individuals. Mild recurrences in younger individuals
may be amenable to additional tendon transfers with or

without deformity correction.

Deformity correction in the calcaneocavus foot requires
radical plantar fasciotomy and release, as well as bony proce

dures. Dorsal displacement of a posterior calcaneal osteot

omy lowers the longitudinal arch by elevating the heel. It
is an effective procedure that has the added benefit of pre

serving joint motion. Alternatively, midfoot wedge resection
osteotomies (307-310) can be used. Joint preservation is

the goal when treating all deformities in the child's foot.

The elimination of midtarsal joint motion has fewer neeative long-term consequences than the elimination of subta
lar joint motion.

Correction of deformity lends itself more readily to an
algorithm than does muscle balancing. And balancing mus
cles in a mobile foot is more challenging than in a foot that
has undergone subtalar or triple arthrodesis. The challenge
must be accepted.

There are several principles of tendon transfers. A transfer
should eliminate a deforming force and bring strength to a
site of weakness. It should not leave behind weakness that
could shift the balance of forces in the opposite direction.
Phasic transfers are better than transfers that are out of
phase. Dynamic tendon transfer cannot correct static bony
deformity. The deformity must be corrected concurrently.
One must know the present strength of all muscles. A ten
don will lose at least one grade of strength when transferred.
When choosing tendons to transfer, one must also anticipate
the future strength of the muscles if there are underlying
neurologic disorders in which there will be progressive dete
rioration. And always leave treatment options available for

the next operation.
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Juvenile Hallux Valgus
Definition

Juvenile hallux valgus is defined as greater than 14 degrees

of lateral deviation of the hallux on the first metatarsal
that has its onset in the preteen or teenage years, when
the growth plates of the first metatarsal and proximal pha

lanx are still open. This age of onset applies regardless of
the age at the time of treatment. Other features include
minimal bursal thickening over a relatively small medial
eminence, and good range of motion and lack of degenera
tive changes in the first metatarsophalangeal joint.
Epidemiology

The incidence is unknown. It is much more common in

girls than in boys, with girls accounting for greater than
80% of operative cases (312).

Pathogenesis

The cause is also unknown. There is maternal inheritance
in more than 70% of cases (313,314). Studies and case

metatarsal has been implicated in the incidence, severity,

and recurrence of juvenile hallux valgus deformity. Cough
lin and Roger (313) have recently provided data showing
that the relative lengths of the first and second metatarsals
in children with juvenile hallux valgus are statistically similar
to those of the normal population.

The shape of the first metatarsal may be an etiologic
factor in the development of juvenile hallux valgus. The
articular cartilage on the distal end of the first metatarsal
normally aligns almost perpendicularly with the long axis
of the bone. Lateral deviation, or orientation, of the articular
cartilage can occur, thereby effectively creating a very distal
valgus deformity of the metatarsal. The distal metatarsal
articular angle (DMAA) quantifies this alignment
(312,313,324,325) (Fig. 29-50). A higher angle indicates
greater valgus deformity of the metatarsal. Coughlin and
Roger (313) reported that 48% of juveniles with hallux
valgus had an increased DMAA with a congruous first meta
tarsophalangeal joint, significantly greater than the percent
age of adults with this finding (324). The remainder of his
juvenile patients had lateral joint subluxation with a nearly
normal DMAA, the usual finding in adults (Fig. 29-51).
Coughlin and Roger (313) noted that the DMAA was sig-

reports indicate that juvenile hallux valgus may be associated
with X-linked dominant, autosomal dominant, or polygenic
transmission (312,315).

Controversy surrounds each of the many extrinsic and
intrinsic factors purported to influence the development
and progression of juvenile hallux valgus deformity. Studies
in developing countries have shown an increased risk of
hallux valgus in children who wear shoes, compared with
children who do not (166,316). However, the majority of
evidence supports the conclusion that, in most cases, juve

nile hallux valgus deformity does not appear to be influ
enced by a history of constricting footwear (313,314,317).
Poorly fitting shoes play a small role in the cause of this
condition.

Pes planus and ligamentous laxity have been reported to
be associated with the development of juvenile hallux val
gus, based on patient populations that included children
with collagen and neuromuscular disorders (318). Studies
by Trott (319) and Coughlin and Roger (313) in normal
children concluded that pes planus in juveniles had no sig
nificant association with the magnitude of the hallux valgus

DMAA

deformity. Coughlin and Roger (313), Kilmartin and Wal

lace (320), and Canale et al. (321) found no correlation
between pes planus and the success rate of surgical correc

tion of juvenile hallux valgus. These data, however, should
not be used to completely discount the effect of severe valgus
deformity of the hindfoot and significant ligamentous laxity
on the development and progression of the juvenile hallux
valgus deformity.

The association of juvenile hallux valgus with the length
of the first metatarsal is also controversial. An excessively
long (313,322,323), as well as an excessively short (80), first

FIGURE 29-50. The distal metatarsal articular angle (DMAA)
quantifies the angular relationship between the articular surface
and the shaft of the metatarsal. The DMAA is the angle between
the metatarsal shaft (C-D) and the line (W-Z) that is perpendic
ular to the articular surface (X'-V). (From ref. 312, with permis

sion.)
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Hallux valgus
(< 15°) angle

FIGURE 29-51. Subluxated (A) and congruous (B) first metatarsophalangeal joint. X' and Y: extent of metatarsal articular sur
face; X and Y: extent of proximal phalanx articular surface. (From
ref. 312, with permission.)

nificantly higher in patients with positive family histories,
in patients with early onset of hallux valgus (younger than

10 years of age), and in patients with long first metatarsals.
The orientation and flexibility of the first metatarsocuneiform (MTC) joint may be etiologic features ofjuvenile

hallux valgus (312,314,322,326,327). Medial deviation of
the MTC joint creates metatarsus primus varus. Metatarsus

1 -2 Intermetatarsal
(<9°) angle

FIGURE 29-52. Hallux valgus and 1st-2nd intermetatarsal angle.
A-B: axis of proximal phalanx; C-D: axis of 1st metatarsal; E-F:
axis of 2nd metatarsal. (From ref. 312, with permission.)

primus varus, or a lst-2nd intermetatarsal angle (Fig. 29-

52) of greater than 8 degrees, is abnormal, and is frequently
seen in children with juvenile hallux valgus. The literature
is inconsistent in identifying an association between ad-

ductus of all of the metatarsals and juvenile hallux valgus
(313,328).

Clinical Features
Most adolescents with hallux valgus are asymptomatic and
have learned to choose their shoes to avoid pressure and
pain on the medial aspect of the first metatarsal head. Some
are merely dissatisfied with the appearance of the foot. Oth
ers report pain only when wearing certain stylish shoes that

fit poorly and are biomechanically inferior. Still others are
symptomatic despite attempts to modify their shoe wear.

The pain is located in the superficial soft tissues, because
of pressure from the shoe on the bony prominence of the
first metatarsal head. There may also be pain associated with
the overlapping of the second toe on the distal end of the

hallux. Intraarticular pain is rare in juvenile hallux valgus.
Likewise, it is rare to find restriction of motion of the metatarsophalangeal joint.

Although it is difficult to quantify, the mobility of the
MTC joint should be evaluated. The foot should be assessed
in weight bearing to determine the alignment of the midfoot and the hindfoot, with particular note being made of

the presence or absence of valgus deformity. Contracture
of the Achilles tendon must be ascertained. A thorough
motor and sensory examination is performed. Gait is ob
served, with a focus on the position of the forefoot during
push-off. The shoes are inspected for the pattern of wear.
Most importantly, the child's major concerns, symptoms,
expectations, and goals must be elicited.

Radiographic Features
Standing anteroposterior and lateral radiographs of the foot
are necessary to evaluate juvenile hallux valgus. Assessment
of overall foot alignment, including the midfoot and the

hindfoot, is important. Forefoot assessment includes mea
surement of the hallux valgus angle, the lst-2nd intermeta
tarsal angle, DMAA, MTP joint congruity, relative lengths
of the metatarsals, MTC orientation, proximal phalanx ar
ticular angle, and lesser metatarsal orientation (312) (Figs.
29-50-29-52). The importance of determining the DMAA
has been stressed. Unfortunately, identification of the extent
of the articular cartilage of the metatarsal head is difficult in
children and many adolescents. Additionally, a radiographic
study on cadavers by Vittetoe et al. (329) showed that, al
though intraobserver reliability for DMAA measurement
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was high, interobserver reliability for this measurement
technique was poor.

Pathoanatomy

Valgus alignment of the hallux on the first metatarsal is the
final deformity that may result from one or more anatomic
variations.

Natural History

The natural history of juvenile hallux valgus is not known.
Piggott (324) concluded that congruous joints with juvenile
hallux valgus were stable and less likely to progress than
those with subluxation. In this situation, the degree of hal
lux valgus is equal to the DMAA. Nevertheless, a hallux

foot should be traced on a piece of paper, and compared
with the outline of the shoe.
Surgery is indicated when prolonged attempts at conser

vative management have failed to relieve the pain over the
first metatarsal head. The age of the patient at the time of
surgery is a consideration. Poor results with high complica
tion rates have been reported consistently in 30 to 60% of
cases of surgery for juvenile hallux valgus (323,332-335).
These results have been attributed to several factors. They
include recurrence of deformity as a result of further epiphyseal growth (336), growth arrest secondary to injury of the
growth plates at the proximal ends of the first metatarsal
and the proximal phalanx, and the application of a single
technique that did not take into consideration the unique
pathoanatomy of each foot (334). Coughlin and Roger

require surgical correction if the severity of the deformity
leads to disability. A congruous first MTP joint is found in

(313) and others (80,335) have performed successful surgi
cal reconstruction with few complications in adolescents
with open growth plates with juvenile hallux valgus. These
authors have stressed, however, that there is rarely urgency

9% of adults (324) and 47% of juvenile patients (313) with
hallux valgus. Joint incongruity leads to progressive defor

possible.

valgus deformity with a congruous first MTP joint may

mity and degenerative arthrosis at an unpredictable rate.
Treatment

The reason for seeking treatment must be ascertained. The
natural history of juvenile hallux valgus is not known, and
the complication rate from surgery is high. Cosmetic sur

gery, therefore, is contraindicated. Such treatment could be
far worse than the condition itself.
Treatment can be divided into those methods that relieve
pain and those that relieve pain through deformity correc
tion. Nonoperative and operative modalities may be success

ful in relieving pain. Deformity correction can obviously be
achieved through operative means. Contrary to expecta

tions, Kilmartin et al. (330) found that hallux valgus defor
mity increased more in patients who used rigid, thermoplas
tic, biomechanical foot devices than in patients who did not.
There is only one report indicating a possible nonoperative

means for correcting deformity. Groiso (331) demonstrated
improvement in the hallux valgus and lst-2nd intermeta-

tarsal angles in approximately 50% of feet that were treated
with a moldable thermoplastic night splint, in combination

with daytime active and passive stretching exercises. Others
have not reproduced this experience.
Conservative measures will relieve symptoms without

correcting the deformity in most patients with juvenile hal

lux valgus. The object is to make the shoe look like the
foot, rather than vice versa. Shoes with an adequate toe box,
a soft upper, and a low heel are most likely to provide pain
relief. A running shoe is the most acceptable shoe that meets
these requirements for this age group, although it is not
appropriate for all social situations. Bunion stretchers are
available where shoes are sold and repaired. When contem
plating the purchase of a pair of shoes, the weight-bearing

in performing the sutgery and that it should be delayed, if
Perhaps the most challenging management decision to
be made concerns the adolescent athlete who is performing
at a high level, albeit with pain. In this patient, surgery, with
its known risks and complications, could have a deleterious
effect on future performance.

No single surgical procedure is suitable for all patients
with juvenile hallux valgus deformity. All elements and
components of the deformity must be analyzed clinically
and radiographically. The goal is to correct the deformity
to relieve pain and functional disability, while maintaining

a flexible first MTP joint and a normal weight-bearing pat
tern of ambulation. The principle is to correct all compo
nents of the deformity at the site(s) of deformity without
creating compensating deformities. Knowledge of the
DMAA and the congruency of the first MTP joint is central
to appropriate surgical planning, for it is this information

that determines whether the correction will be intraarticular
or extraarticular. The surgeon must have the knowledge and
skills to perform the many and varied techniques that may
be needed to address the pathoanatomy at all sites.
Surgical treatment for a juvenile hallux valgus deformity
with a subluxated MTP joint consists of distal soft tissue
realignment. A medial cuneiform or base of the first meta
tarsal osteotomy should be combined with the soft tissue
realignment, if the subluxation is combined with an intermetatarsal angle greater than 8 degrees, i.e., metatarsus pri

mus varus (312,313,333). An opening-wedge osteotomy of
the medial cuneiform is a particularly good choice if the
MTC joint is medially deviated, the metatarsal growth plate
is open, and the first metatarsal is shorter than the second.
The treatment of a juvenile hallux valgus deformity with
a congruous MTP joint involves osteotomies to correct the
bone deformities and to realign both the joint and the first
ray. A distal metatarsal osteotomy is used to correct the
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FIGURE 29-53. A: Preoperative radiograph of
juvenile hallux valgus. IMA, intermetatarsal
angle. (From ref. 303, with permission.) B: Radio
graph after medial cuneiform opening-wedge
osteotomy and distal first metatarsal closingwedge osteotomy.

DMAA, whereas a proximal metatarsal osteotomy or a me

dial cuneiform osteotomy is used to correct the metatarsus
primus varus (312,337) K7.12-7.14] (Fig. 29-53). In some
cases, an additional osteotomy at the base of the proximal
phalanx is indicated. The distal metatarsal osteotomy can

be a simple closing-wedge procedure or a more complex
biplanar chevron (312) or Mitchell osteotomy (312,321,
332,334,336,338-341). Standard uniplanar chevron and
Mitchell osteotomies do not correct the DMAA. There
is a risk of interrupting the blood supply to the metatarsal
head, with resultant avascuiar necrosis, when a lateral
soft tissue release is combined with a distal metatarsal
osteotomy (342).

Postoperative complications are frequent after surgical
correction of juvenile hallux valgus. Recurrence, overcorrection to hallux varus, avascuiar necrosis of the metatarsal
head, metatarsalgia, joint stiffness, and growth arrest are
among the most serious complications.

The most reasonable approach to the adolescent with
symptomatic hallux valgus is to exhaust all modalities of
conservative management to treat the pain before consider
ing surgery. Then, carefully assess the deformity both clini

cally and radiographically, and choose the combination of
techniques that addresses each of the segmented deformities
in that individual. Pay particular attention to the DMAA
and the congruity of the MTP joint. Have a plan for the
potential complications.

ACQUIRED AFFECTIONS
Kohler Disease
Definition

In 1908, Kohler described a self-limited painful condition
of the tarsal navicular in young children that was charac
terized on radiographs by flattening, sclerosis, and irregular
rarefaction. Diagnosis is dependent on the clinical and radiographic findings.

Epidemiology

This condition is uncommon. It occurs four times more
frequently in boys than in girls (343,344), and it may be
bilateral (344,345).

Pathogenesis
Kohler disease is considered an osteochondrosis, an idiopathic condition characterized by disordered endochondral
ossification, including both osteogenesis and chondrogenesis, which arises from a previously normal growth mecha
nism (346). More specifically, it has been classified by Siffert
(346) as a secondary articular osteochondrosis, because in
volvement of the articular and epiphyseal cartilage, if any,
is a consequence of avascuiar necrosis of the subjacent bone.
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The navicular is located at the apex of the arch of the foot,
and is subjected to compressive forces during weight bearing

that could disrupt its blood supply. There is evidence that
the disease develops in navicular bones that are constitution

ally and biologically inferior and, therefore, vulnerable to
damage by mechanical forces that normal bone is able to

quently coalesce (348). This should not be mistaken for

Kohler disease if the clinical picture does not correlate.
Abnormalities of ossification are more frequent in boys, and
are more common in naviculars that ossify late. Radiographs
of both feet should be obtained for comparison if the
changes are subtle.

withstand (347).

Other Imaging Studies
Clinical Features

Typically, a child younger than 6 years of age presents with
an antalgic limp, bearing weight on the lateral border of
the foot. Pain is reported to be located over the dorsomedial
aspect of the midfoot. There may be tenderness, swelling,
redness, and warmth, signs that might suggest an infection
or an inflammatory arthropathy. Range of motion of the

No other imaging studies are indicated when the clinical
presentation and radiographic findings are typical, although
the use of bone scanning has been reported. The clinical
findings may suggest infection, which is extremely unlikely
in this location without a penetrating injury. Complete
blood count, sedimentation rate, and C-reactive protein
should be obtained, if that possibility exists.

joints is normal.
Pathoanatomy
Radiographic Features

Standing anteroposterior and lateral radiographs reveal the
characteristic findings of sclerosis, fragmentation, and ante
rior-to-posterior flattening of the navicular bone (Fig. 2954). The tarsal navicular is the last bone of the foot to ossify.
The average age of appearance of its ossific nucleus is 18
to 24 months in girls and 30 to 36 months in boys (348).
Irregularity in the ossification of this bone is common, and
may manifest as multiple ossification centers that subse

Waugh (349) investigated the vascular anatomy of the na
vicular and found two patterns of blood supply. The most
common pattern was a diffuse network supplied by five or
six arteries. A less common pattern was a single dorsal or
plantar artery. He felt that compressional forces could oc
clude the vessels and produce avascular necrosis of the bone.
Histologic examination of affected bones has disclosed areas
of necrosis, resorption of dead bone, formation of new bone,
and interference with normal ossification.

FIGURE 29-54. Kohler disease of the right
tarsal navicular. A: Manifest as sclerotic and
flattened. B: Normal left navicular.
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Natural History

Clinical Features

This is a self-limiting condition that never has its onset in
later childhood, adolescence, or adulthood. The navicular

Typically, a mid- to late adolescent girl presents with fore
foot pain that is exacerbated by weight-bearing activities
and is relieved by rest. There is soft tissue swelling, tender
ness, and restriction of motion of the involved metatarsophalangeal joint. When the pain, swelling, and tenderness
are located more proximally on the metatarsal shaft, and
there is full motion of the metatarsophalangeal joint, the
diagnosis is more likely to be metatarsal stress fracture.

reconstitutes itself in 4 months to 4 years, and is normal at

skeletal maturity (343-345). There is no residual deformity
or disability in adults who were affected as children.
Treatment

Treatment is symptomatic. An over-the-counter longitudi
nal arch support may relieve mild symptoms. More intense
pain can be relieved with a below-knee cast. Borges et al.
(345), Ippolito et al. (343), and Williams and Cowell (344)
found that treatment with a below-knee cast for a mini
mum of 8 weeks reduced the duration of symptoms to
approximately 3 months. The duration of symptoms was 7
to 15 months for patients casted for less than 8 weeks and
patients treated with other regimens. A walking cast was as
effective as a nonwalking cast. Except for the duration of
symptoms, treatment had no effect on the final outcome

of die disease (343-345). There is no role for surgery.

Radiographic Features

Radiographic findings are evident on anteroposterior and
oblique radiographs of the forefoot within several weeks of
the onset of symptoms. The radiographic findings of Frei
berg infraction, like the physical findings, are varied and
tend to correlate with the pathologic stage of the disease, but
not necessarily with the physical complaints. The prognosis
cannot be determined by the extent of involvement seen
radiographically. Various authors have proposed different
staging schemes (351-353), correlating physical and radiographic findings to various treatment options (Fig. 29-55).

Freiberg Infraction
Definition

Pathoanatomy

In 1914, Freiberg (350) reported on a painful condition

There are three stages of pathologic changes (354). The
intraarticular and periarticular soft tissues are thickened and
edematous during the first stage. In the second stage, the
cells of the epiphysis, which receive nutrition by diffusion
from the joint fluid, are deprived as a result of the edematous

affecting the second metatarsal head, which was character
ized radiographically by flattening of the articular end of
the bone. He labeled the condition an infraction, because
he postulated a traumatic origin.
Epidemiology

The incidence is unknown, but the condition occurs most
commonly in adolescent girls. Freiberg infraction is the only
osteochondrosis with a predilection for females. The second
metatarsal is most commonly affected, followed by the
third; the first, fourth, and fifth metatarsals are rarely in
volved. Less than 10% of affected individuals have bilateral
involvement.

Pathogenesis

The cause is unknown. Like Kohler disease, Freiberg infrac
tion is considered an osteochondrosis, an idiopathic condi
tion characterized by disordered endochondral ossification.

pressure from chronic synovitis. Blood vessels within the
epiphysis are incompetent secondary to thrombosis or microfractures of the trabeculae. The epiphyseal contour be
comes deformed because of this disordered osteogenesis and
chondrogenesis. Repair takes place during the third stage,

with gradual replacement of the necrotic bone. Alterna
tively, the necrotic bone segment(s) may separate as an intra
articular loose body, leaving a defect in the articular surface.
Natural History

The disease can either progress through the various stages
of involvement, or it can be arrested at any level by healing
of the subchondral bone. The distribution of cases is un
known. The long-term result depends on the final severity
of the deformity and the integrity of the articular cartilage.

However, unlike Kohler disease, it has been classified by

Siffert (346) as a primary articular osteochondrosis that may
or may not progress to disruption of the subjacent bony

epiphysis. These histologic changes occur in constitutionally
and biologically susceptible metatarsal heads for unknown
reasons. Proposed theories include trauma, repetitive stress,
vascular anomalies, and high-heel shoe wear (347,351).

Treatment

Nonoperative treatment is indicated to relieve symptoms
and to allow healing, as will occur in many cases. Modalities

include restriction of activities, avoidance of weight bearing,
cast immobilization, use of metatarsal bars and other shoe
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FIGURE 29-55. A: Freiberg infraction of
the second metatarsal head. Early stage
with crescent sign. B: Later stage with col
lapse of the metatarsal head. The patient,
a young woman, was asymptomatic.

inserts to relieve pressure under the metatarsal head, and
modification of shoe wear.
Surgery is indicated when prolonged attempts at nonoperative management have failed to alleviate the symptoms;

however, there is no consensus on the best technique. Surgi

Epidemiology
Sever calcaneal apophysitis is the most common cause of
heel pain in the immature athlete (359). The average age
of clinical presentation is 11.5 years, with the majority of

cal options include joint debridement with removal of loose

patients presenting between 10 and 12 years of age. It is

bodies (350,352,355), elevation of the collapsed head with
bone grafting (353), excision of the metatarsal head, exci

Bilateral involvement occurs about 60% of the time (359).

two to three times more common in boys than in girls.

sion of the base of the proximal phalanx, metatarsal shorten
ing (356),

metatarsal dorsiflexion osteotomy (351,352,

355), and joint replacement. Debridement of the metatarsal
head is a minimally morbid procedure that preserves the
length and function of the metatarsal, and usually gives

satisfactoiy symptomatic relief (350,352,355). Satisfactory
restoration of joint motion has been reported. In more ad
vanced stages of the disease, joint debridement alone might

Pathogenesis
The cause is unknown. Sever apophysitis is considered a
nonarticular

osteochondrosis

(346).

Repetitive

micro-

trauma, or overuse, results in injury to the apophysis in

constitutionally susceptible children (359).

not be sufficient. The addition of a distal metatarsal dorsi
flexion osteotomy (351,352,357) has been reported to re

lieve symptoms and to restore joint motion and patient
function at any stage of the disease. Attention to the details
of the procedure is important to avoid iatrogenic disruption

of the vascularity of the metatarsal head and the creation
of transfer lesions to adjacent metatarsal heads (351).

Sever Apophysitis
Definition

Clinical Features
The typical patient with Sever apophysitis is a 1 0- to 12-

year-old avid male soccer player with activity-related heel
pain, who has recently undergone a growth spurt. The child
continues to play despite the pain. There is no redness,
swelling, warmth, or night pain. The classic physical finding
is pain on medial-to-lateral compression of the apophysis.

Other possible causes of heel pain can usually be diagnosed

In 1912, Sever (358) described an inflammatory disorder

with careful and specific palpation (360) (Fig. 29-56). The

of the apophysis of the os calcis, which caused heel pain in

child with calcaneal apophysitis will usually have mild con-

the

tracture of the Achilles tendon.
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FIGURE 29-56. Sites of heel pain: Achilles tendinitis

{A); calcaneal apophysitis (fi); retrocalcaneal bursitis
(O; calcaneal stress fracture (0); plantar fasciitis/
calcaneal bursitis (£); and fat-pad shear syndrome (f).
(From ref. 360, with permission.)

Radiographic Features

and radiographs are nondiagnostic. It is particularly helpful

The diagnosis of Sever apophysitis is a clinical one, because
there are no diagnostic or pathognomonic radiographic fea

to rule out a stress fracture.

tures. Irregularities of ossification, with sclerosis and frag
mentation, represent the normal radiographic appearance

Pathoanatomy

of the apophysis of the os calcis in the growing child (361)
(Fig. 29-57). Lateral and axial (Harris) radiographs are not
necessary in the face of a classic histoiy and physical exami

nation, but they can be used to rule out other causes of heel
pain, particularly if there is local swelling, redness, warmth,
or a history of night pain.

Other Imaging Studies

A bone scan can be helpful in localizing the site of pathology
in cases of heel pain when symptoms, physical findings,

The apophysis of the os calcis experiences opposing traction
forces from the Achilles tendon and the plantar fascia during
weight bearing (346,362,363). It is also subjected to power
ful compressive forces at right angles to the traction forces
during heel strike. Siffert (346) believed that, in constitu
tionally susceptible children, mechanical disruption of the
endochondral mechanism might be evident as microfractures that do not heal because of repeated trauma. He felt
that the disruption of chondrogenesis and osteogenesis
could account for the clinical symptoms and the radiographic changes that, although not diagnostic, are often seen
with Sever apophysitis. Liberson et al. (363) had the oppor
tunity to study pathologic specimens of the apophysis of

the os calcis in children. Their histologic and computeraided analyses supported the hypothesis of a stress remodel
ing process that occurs subclinically in every child at a cer
tain stage of apophyseal development. They determined that
it is caused by bending of the apophysis under the repetitive
stresses of traction and impact. They concluded that pain,
radiographic changes, or both, result when remodeling ex
ceeds certain rates.

Natural History

Sever apophysitis is a self-limited and age-limited condition.
It cannot occur after maturation and closure of the apophy
sis of the os calcis.

Treatment
FIGURE 29-57. Lateral radiograph showing the normal irregu
larities of ossification of the apophysis of the os calcis in the grow
ing child.

Treatment is symptomatic. It includes restriction of activi
ties that cause pain, Achilles tendon stretching exercises,
strengthening of the anterior compartment muscles, and the
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addition of a soft heel pad and lift. Nonsteroidal antiinflammatory medications and/or a short-leg cast can be used for
a brief time if the pain is significant. This is the same treat
ment regimen recommended for most causes of heel pain
in the child. The average time to symptomatic relief with
this regimen is 2 months, with a range of 1 to 6 months
(359). Recurrence of symptoms is possible before skeletal
maturation. There is no evidence that continued participa

of triple arthrodesis in children. Orthop Clin North Am 1976;
7:895.
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Chapter 30: The Limb-deficient Child

The incidence of upper-extremity amputations is not

EPIDEMIOLOGY

precisely known. However, two general facts are easily ac

There is little information on the incidence of congenital

cepted. Although upper-extremity amputations of all types

limb deficiency in the population, and what is reported

are unusual, in children, congenital amputations are far

varies widely from 1 per 4,264 in Canada (1), to 5 per

more common than acquired amputations. In one multi-

10,000 in Australia (2), to 310 per 10,000 in Tayside, Scot

center review, 85% of bilateral deficiencies were congenital

land (3). This illustrates that caution needs to be used in

(6). Few physicians, other than those working in a limb

the interpretation of the information, since the methods of

deficiency program, will have much experience with these

gathering the information vary.

amputations.

Although such figures, if available, would be of use to
health planning agencies, the fact for the orthopaedic sur

geon, is that the child with a limb deficiency will not be a
common problem. The majority of limb deficiencies seen

CLASSIFICATION

in childhood are congenital in origin. This is followed at a

The attempt to classify congenital anomalies has taken many

distant second by trauma, and lastly as a result of tumors;

paths, and most clinics choose to use some combination

thus, there is a need for these patients to be seen in an
organized program where knowledge and experience are

of these classification systems to best categorize the child's

available.

deficiency. These different classifications are an attempt to

Fibular deficiency is the most common long-bone defi
ciency. The incidence is between 7.4 to 20 per million live

more precisely convey the particular anomaly.

births (4,5). The prevalence of tibial deficiencies is far less,

congenital anomalies was that of Frantz and O'Rahilly (7)

The first attempt to devise a classification system for

and is reported to be approximately 1 per million live births.

(Fig. 30-1). This system was widely adopted in the United

The incidence of proximal femoral focal deficiency (PFFD)

States and is still widely used by clinicians today to describe

ranges from 1 in 50,000 to 200,000 live births. Although

longitudinal deficiencies. However, it was not acceptable to

this is a more common anomaly than fibular deficiency, the

European physicians, because of problems created in trans

explanation lies in the difficulty in separating congenital

lating terms, e.g., "hemimelia." This resulted in the classifi

short femur from true PFFD.

cation system devised by the International Standards Orga-

Congenital skeletal limb deficiencies

Terminal deficiencies

Intercalary deficiencies

There are no unaffected parts distal to

Middle portion of limb is deficient but

and in line with the deficient portion.

proximal and distal portions are present

/

/

\

\

Paraxial

Central

Paraxial

Defect extends transversely

Only the preaxial or postaxial

Entire central portion of limb

Segmental absence of preaxial

across the entire width of limb

portion of limb is absent

absent with foreshortening

or postaxial limb segments

Transverse

intact proximal and distal.

Incomplete

Radial

Amelia-

hemimelia
Incomplete
,

Ulnar

phocomelia

hemimelia

Radial

Ulnar

hemimelia

hemimelia

hemimelia
Complete
phocomelia
Complete
hemimelia

Tibular

Fibular

Fibular

hemimelia

hemimelia

hemimelia

FIGURE 30-1. Diagrammatic representation of the Frantz and O'Rahilly classification of congeni
tal limb deficiencies. (From ref. 7, with permission.)

Classification
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TABLE 30-1. CLASSIFICATION OF CONGENITAL SKELETAL LIMB DEFICIENCIES
Terminal (T)
Transverse (-)

Longitudinal (/)

1. Amelia (absence of limb)

1. Complete paraxial hemimelia (complete absence of one of

2. Hemimelia (absence of forearm and hand or leg and foot)
3. Partial hemimelia (part of forearm or leg is present)

the forearm or leg elements, and of the corresponding
portion of the hand or foot)- R, U, Tl, or Fla

4. Acheiria or apodia (absence of hand or foot)

2. Incomplete paraxial hemimelia (similar to above, but part of

5. Complete adactylia (absence of all five digits and their

defective element is present)- r, u, ti, or fia

metacarpals or metatarsals)

3. Partial adactylia (absence of one to four digits and their

6. Complete aphalangia (absence of one or more phalanges

metacarpals or metatarsals): 1, 2, 3, 4, or 5

from all five digits)

4. Partial aphalangia (absence of one or more phalanges from

one to four digits): 1, 2, 3, 4, or 5
Intercalary (I)
Transverse (-)

Longitudinal (/)

1. Complete phocomelia (hand or foot attached directly to

1. Complete paraxial hemimelia (similar to corresponding

trunk)

terminal defect but hand or foot is more or less complete) -

2. Proximal phocomelia (hand and forearm, or foot and leg,
attached directly to trunk)
3. Distal phocomelia (hand or foot attached directly to arm or
thigh)

R, U, Tl, or Fla

2. Incomplete paraxial hemimelia (similar to corresponding
terminal defect but hand or foot is more or less complete) r, u, ti, or fia

3. Partial adactylia (absence of all or part of a metacarpal or
metatarsal): 1 or 5

4. Partial aphalanguia (absence of proximal or middle phalanx,
or both, from one or more digits): 1, 2, 3, 4, or 5

Note: A line below a numeral denotes upper limb involvement, e.g., T-2 represents terminal transverse hemimelia of the upper limb. A line
above a numeral denotes lower limb involvement, e.g., 1-1 represents intercalary transverse complete phocomelia of the lower limb. -,
transverse; /, longitudinal; 1, 2, 3, 4, or 5 denote digital ray involved; Fl or fi, fibular; I, intercalary; R or r, radial; T, terminal; Tl or ti, tibial; U
or u, ulnar.

3 In capital letters when the paraxial hemimelia is complete, in small letters when the defect is incomplete.
(From ref. 7, with permission.)

nization (ISO) and the International Society for Prosthetics
and Orthotics (ISPO) (8).

The classification of Frantz and O'Rahilly begins with

The ISO/ISPO system of classification of deficiencies
present at birth (ISO 8548-1 Method of Describing Limb
Deficiencies Present at Birth) was adopted by the Interna

seven descriptive terms derived from Greek root words.

tional Organization for Standardization (ISO) and the In

Three of the terms are from the root word melos, meaning

ternational Society for Prosthetics and Orthotics (ISPO)

limb: amelia, absence
large part or half of a
like limb [pboke; seal).
complete, partial, and

of a limb; hemimelia, absence of a
limb; and phocomelia, or a flipperThe hemimelias can be divided into
paraxial. The remaining four terms

(8,9). In this system, the deficiency is first described as trans
verse, in which all of the limb distal is missing, or longitudi

nal, in which all or part of one or more bones in a limb is
missing. In a longitudinal deficiency ("paraxial" in the

refer to the hands {cheir), feet {pous,podos) metacarpals {daktylos), and phalanges [phalanx) (Table 30-1).

Franz and O'Rahilly classification), there may be parts of

The hemimelias can have three additional descriptions:

deficiencies, the part of the segment in which the limb ends

complete, when the entire distal one-half of the limb is
missing; partial, when only a portion of the distal half is

is named, and an amount may be stated. A complete loss
of the limb distal to the tibial tubercle would be "transverse

the limb present distal to the deficiency. In the transverse

missing; and paraxial, when either the preaxial or postaxial

leg upper third." In a longitudinal deficiency, the bone or

side of the distal portion of the limb is missing. The hemi

bones missing is named and described as "partial" or

melia is named after the missing portion of the limb. Thus,

"total." Thus, a fibular deficiency with part of the distal

a complete absence of the fibula is a fibular hemimelia.
Next, the deficiencies are either terminal, in which all of

fibula present would be described as "longitudinal fibula

partial." Because this system does not characterize deficien

the parts of the limb distal to and in line with the defect are

cies, e.g., proximal femoral focal deficiency, phocomelia,

affected; or intercalary, in which the parts of the limb proxi

and amelia, these terms may still be used.

mal and distal to the defect are present. Finally, the terminal

and intercalary deficiencies are further divided into trans

A second system for describing acquired (traumatic or
surgical) amputations (ISO 8549-2.1) uses three adjectives:

verse, where the defect extends across the entire limb; and lon

trans, disarticulation, and partial. Trans is used to describe

gitudinal, where only the pre- or postaxial portion is affected.

any amputation across the axis of a long bone. A child who
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distal to the wrist or ankle joint. Thus, a Boyd amputation
is a partial foot amputation, with qualifiers added to distin

examination for other abnormalities is necessaiy; and any
heritable genetic defect should be identified. The possibility
of a teratogen always arises in the parent's mind. Although
there may be many suspected agents, to date, thalidomide
remains the only drug proven to have caused a large number
of congential limb deficiencies. The role of retinoic acid
and low cholesterol on gene expression are discussed in

guish it from a Chopart amputation.

Chapter 1.

has an amputation performed through the upper third of
the tibia is not a below-knee (B-K) amputation in this classi
fication, but a "transtibial, upper third." "Disarticulation"
is any amputation through a joint. Thus, a Syme amputa

tion is an ankle disarticulation. Partial is any amputation

ETIOLOGY

There are at least three ways in which limb deficiencies can
be caused: errors in the genetic control of limb development,

disruption of the developing arterial supply, such as "the
subclavian artery supply disruption sequence" (10), and mtrauterine amputation from amniotic bands.
The oldest and most commonly held etiology for con
genital amputation in the past was the mechanical amputa
tion of limbs by amniotic bands. Streeter, whose name is
attached to this mechanical concept of limb deficiency, ac
tually felt that the bands and constrictions were due to an

intrinsic defect in the growth of the fetal limb (11). There
is, however, evidence that amniotic bands can form a con
striction around the developing limb that interferes with
the growth of the limb. The resulting constriction can result
in any degree of damage, from a constriction band around
a limb that is otherwise normal, to a complete transverse

amputation. The previously developed limb has actually
been recovered at the time of birth, indicating the mecha
nism (12). Most children with amniotic band syndrome

have either craniofacial abnormalities or other evidence of
band formation.

Modern genetics has shown that the development of the

limb is a complex phenomenon that requires the precise

interaction of a large number of genes and their effects,
which are described in Chapter 1 and other review articles
(13,14). The opportunity for errors in this system is great,

and animal experimentation has identified the probable
mechanism in several limb anomalies.

The disruption of the subclavian artery and its supplied
tissue explains the overlap of many of the common ortho
paedic conditions seen, e.g., Poland syndrome, Klippel-Feil

syndrome, Mobius syndrome, Sprengle deformity, and
transverse limb deficiencies. There are several possible
mechanisms by which this disruption may occur. For more

detail, the reader is referred to an excellent review article
(15).

This understanding of the various etiologies has impor

tance for the clinician. With genetic control and vascular
disruptions playing a large role in the development of the
limb and having consequences in other organs and systems,
the association of limb deficiencies with other abnormalities
creating syndromes is likely. The implications are two:
When children present with limb deficiencies, a thorough

Although the vast majority of congenital limb deficien
cies are sporadic and not transmissible (transverse belowelbow), a small number are (tibial deficiency and cleft hand
and foot). For parents, this is often something they desire
to know. Understanding the cause of the deficiency is im

portant to the resolving of the guilt that parents will initially
feel. The possibility of a transmissible defect is certainly
something their affected offspring will need to know. A
recent study from the Medical Birth Registry of Norway

showed that children born to a mother with a limb defi
ciency had a relative risk of 5.6 of having the same defect
as the mother (16). This is similar to the relative risk of
clubfoot. For the physician, knowing the existence of other
problems and the natural history of the syndrome, is neces

sary for the care of the child.

THE CHILD WITH AN AMPUTATION
Psychosocial Development

The child with an amputation is essentially differ
ent—something that no child wants to be. However, almost
all children are different in various ways. Some differ in
physical appearance, some in physical ways that are not

immediately visible, and some in personality and intellectual
development. The more the child perceives him- or herself
different from peers, the more they understand their disabil
ity. Children's understanding of their disability is general
and incomplete at 6 years of age, but within a few years,

around the age of 8 or 9 years of age, they come to a much
more complete understanding of their handicap (17). Thus,
if parents have not discussed this with the child, they can
expect the more difficult questions to begin at this age.
All children with disabilities are vulnerable to social isola

tion. This in turn can have negative effects on the develop
ment of self-esteem, body image, and the child's identity,
which are developed through the interaction with parents,

teachers, friends, classmates, and others. As children develop
these interactions, the issue of "first appearance" becomes
important, because it serves as a clue to perceived personal
characteristics, and can be an obstacle to further healthy
interaction. Children in peer groups tend to devalue those
with handicaps, a factor that may greatly interfere with these
relationships (18). Parents especially understand this and
fear for their child in this regard.

The Parents
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There has been a great deal of study on the nonhandicapped child's reaction to various handicaps, showing that

limbs at an early age. However, bilateral upper-extremity
loss in the older child who has functioned with both hands

children prefer other children without handicaps, and that
they dislike some handicaps more than others (19-21). In

for years will not be well compensated for by use of the
feet.

addition, it is known that young adults show signs of anxiety
when face to face with a handicapped person. However,
there is some evidence that young children do not share
their parents values toward various handicaps when young,
but between the ages of 6 to 18 years of age, they gradually

develop values almost identical to their parents (20). This
would suggest that among young children, these values may
be subjected to modification, and emphasizes that organized
discussions with classmates in school about the child's hand
icap may be of great value.
Despite the negative "first impression" that physical dif
ferences hold for children, there is evidence that demon
strates that the age of the patient, the gender, the degree of
limb loss, or socioeconomic status are not predictors of low
self-esteem or depressive symptoms. Rather, social factors,
e.g., stress and hassle, parental discord, social support from
classmates, parents, and teachers, along with the child's own
perceptions of competency and adequacy, gained through
peer acceptance, scholastic achievement, and athletic ac
complishments, play the largest role in the development of
self-esteem (22-24).

The importance of this information for parents, physi
cians, therapists, prosthetists, and teachers is that, while the

limb deficiency is the visible problem, and subject to little
modification, the important factors in the development of
self-esteem are independent of the deficiency, and can be
positively affected.

THE PARENTS

When a child with a congenital deformity or congenital
amputation first presents, one of the first concerns has to

be the parents. The child does not need a doctor yet, but
the parents do. The issues around the child's deficiency,
especially if amputation or surgery is required, are not ur
gent. However, the mental turmoil in the parents' lives is

urgent. They did not expect to give birth to anything but
a healthy normal child, unless forewarned by ultrasound.
They are now there to see a doctor with the certainty that
their child is anything but normal and with the unrealistic
desire for an expert to make the limb normal.

One of the earliest emotions the parents will have is guilt.
What did I take or do during my pregnancy to cause this?
Even worse, they may be wondering from which side of the

family did this affliction come. It is a time of anticipated
joy that has turned into a period of great stress for both the
individuals, and often for the marriage. Taking time at the
first visit, and again looking for the opportunity later, to
explain what is known about the cause of these problems
is essential. Obtaining a genetic consultation, even when

the deficiency is not known to be hereditary or caused by
teratogens, can be therapeutic in this regard. It is usually
much more thorough than what one can do, and is done
by an expert in that particular area, giving the parents addi
tional reassurance.

Differences in Amputees
The difference between the juvenile amputee and the adult
are as different as are the child and the adult. Acquired
amputation in the adult is usually lower extremity and in

volves only one limb. The child is most often congenital,
and more frequently has upper- and multiple-limb involve
ment.

The more important difference, however, lies in the fact
that children are born dependent, and are naturally in the
process of becoming independent, whereas adults and older
children are independent and far less changeable. The child
with a congenital amputation or congenital deformity re
quiring an amputation will adapt far better to a missing

limb than will an older child or adult who suddenly loses
a limb. In addition to adaptability in the physical arena,

they will have far more adaptability in the psychologic arena.
Similar differences apply to congenital and acquired juve
nile amputees. The congenital amputee has a difference; the
acquired amputee must adjust to a loss. The difference is
dependent on the age and the deficiency. A child born with
bilateral amelia will learn to use the feet for all activities of
daily living, as will a child with traumatic loss of both upper

Quickly, the feeling of guilt will be mixed with anxiety
about the child's future. Will he walk? Can he play sports?
Will she have children of her own? The parents probably
have never known an amputee, and have no frame of refer
ence to answer these questions. Although one may try to

anticipate and answer many of their questions, one is un

likely to have much success in alleviating their fears. The
best one can do during the first visit is gain their confidence
and give them realistic hope. Fortunately, there are usually
no emergent decisions to be made, and there is time to help
the parents answer these question for themselves.
Because "seeing is believing," the next several months

are a good time for the parents to meet children with similar

deficiencies, and their parents to see what their child might
actually be like in the future. This makes known the previ
ously unknown, and the problems become easier to deal

with. In addition, the parents can see the various surgical
options that might be recommended for their child. Because
there is not a need for intervention in the congenital defi
ciency for a few months to a few years, the parents have
time to learn about their child's problem. Introducing the
family to other families who have children with similar limi
tations is one of the most important interventions.
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With information from the lay press or the Internet,

ORGANIZATION OF CARE

and encouraged by well-meaning friends, many parents will

ask about a miracle cure: sew on a new arm, for example.

The management of pediatric limb deficiency is considered

Carefully listening to and explaning what they have read or

a specialized area of practice. There are several reasons for

heard will usually suffice for most. Seeing other patients
and talking to their parents is also of great help, because
they are parents who went through the same thing, and
they likely asked the same questions.
During this initial period physicians also need to be
careful about what they tell the parents. In an effort to help

the parents feel better, while not knowing how to deal with
this difficult role, physicians may offer false hope and men

tion treatments that are totally unrealistic. Physicians who
do not know, or who do not wish to take on this role should
assure the parents that they are referring them to the best

possible care.
The relationship between the parents and the physician

(as well as all members of the team) is important. In that
regard, the first thing the parents must be made to under
stand is that all of the decisions will be theirs. No one will
make them do anything they do not wish to do. In this

regard, it becomes the role of the physician to educate the
parents. This occurs through repetitive explanation and an
swering of patient's questions. It is helpful if this occurs,
not only with the physician, but also with the therapist
and prosthetist, who all should be working together. Again,

nothing helps like seeing other patients and parents.
Parents will often refuse a recommendation, e.g., an am

this. First, these anomalies are rare to any one practitioner

outside of a limb deficiency center. The experience of an
orthopaedic surgeon, therapist, or prosthetist who has
treated several of these different anomalies can be important.
Second, all patients and parents benefit by knowing they
are not alone. In particular the new parent, and later the
children, will benefit immeasurably by seeing other parents
and children like themselves. No amount of explanation,
pictures, or movies can educate parents like talking to other
parents like themselves, and seeing children like their own.
The team should be made up of a physician and surgeon,
prosthetist, physical and occupational therapist, and social

worker or child psychologist, all ofwhom are knowledgeable
in normal childhood development, and who can anticipate
the deviations in development that will occur. The acquired

adult amputee knows what he or she had and what he or
she wants. The child and parents of a congenital amputee
know little, and need education and guidance that usually
can not be provided by an orthopaedic surgeon referring
the patient to a prosthetist. The parents will be making

decisions for their child that the child will live with for the
remainder of their life. The professionals caring for the fam
ily must provide the necessary education and framework in
which the parents can make these decisions.
Family involvement is the essential setting of the treat

putation (25). It is important for the treating physician to

ment program (26). The child has a condition he or she

recognize the factors that affect their decision and do his

will accommodate to. This is not a disease that will be cured.

or her best to educate the parents. Frequently, the child will

Hence, the condition should not be "medicalized," but

have a near normal-appearing foot, and all the parents see

rather treated within the context of family, home, school,

is a small amount of shortening. The child may be able to

play, etc.

walk in the first few years of life, and the parents may not

understand the progressive shortening that will develop.

Along with these observations, they share the popular public

GENERAL CONSIDERATIONS

belief that modern science can cure everything; next year,
if not now. They have all heard of miraculous lengthening
of limbs in the popular press, and more recently, the "suc
cessful" transfer of limbs.

Finally, it may need to be constantly reinforced that the

child with a limb deficiency is more normal than abnormal.
During this first year, the parents need to resolve their disap
pointment and loss, accept the child, and see the potential

for the future. They need to bond to the child and begin
to think of the child as an independent person. Most parents
will begin to see their children this way as they grow and
develop. Again, this process can be accelerated by seeing

other children with similar problems. One recommendation
that often needs repeating to the parents is that children

Growth
It has been observed that the percentage of shortening in a

congenital limb deficiency remains relatively constant. The
principle has been established for congenital short femur

(27-29), and fibular hemimelia (30,31). Clinical experience
would indicate this to be true for the tibial hemimelias also.
It is important for the clinician and the parents to be aware

that this percentage difference will translate into significant

differences as the limb grows. Thus, in discussing centime
ters of shortening and planning treatment, it is important
to calculate what the discrepancy will be at maturity.

Because the percentage of shortening remains relatively
constant, it is possible to calculate the ultimate discrepancy

rend to acquire the fears of their parents, and that support

in centimeters at an early age. Knowing the percentile height

to participate in any activity the child expresses interest in

of the child, the length of the femoral and tibial segments

will allow the child to develop his or her natural abilities

of the normal limb can be estimated from the Green and

to the fullest.

Anderson growth charts (32) (Tables 30-2 and 30-3). Then,
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TABLE 30-2. GIRLS: LENGTHS OF THE LONG BONES INCLUDING EPIPHYSES

Orthoroentgenographic Measurements from Longitudinal Series of 67 Children
Femur

Distribution
No.

Age

30

Mean

+ 2trd

-1o-d

-2«rd

14.81

0.673

0.082

16.16

15.48

14.14

13.46

52

2

18.23

0.888

63

0.109

3

20.01

21.29

19.12

0.134

4

23.92

23.49

16.45

66

1.100

17.34

1.339

22.39

5

26.32

26.60

19.09

66

0.164

20.19

25.26

1.437

22.58

21.24

66

0.176

6

29.19

28.52

27.76

1.616

0.197

24.88

31.75

23.45

30.14

26.90

25.29

67

7

30.60

1.827

67

0.223

8

32.72

34.25

1.930

32.43

28.77

9

34.71

36.59

26.95

67

0.236

2.117

34.66

0.259

30.78

38.94

28.85

36.83

32.59

30.48

67

10

36.72

2.300

67

0.281

11

41.32

38.81

39.02

2.468

34.42

32.12

67

0.302

12

43.75

40.74

2.507

41.28

0.306

36.34

33.87

45.75

43.25

38.23

35.73

67

13

42.31

2.428

67

0.310

14

47.17

43.14

2.269

44.74

39.88

37.45

67

0.277

15

47.68

43.47

2.197

45.41

40.87

0.277

38.60

67

16

47.86

43.58

2.193

45.67

39.08

67

17

0.268

41.27

43.60

47.97

45.77

18

0.268

39.19

67

2.192

41.39

43.63

47.98

45.79

2.195

41.41

0.269

39.22

48.02

45.82

41.44

39.24

+ 2aij

+ 1<rd

Tibia
Distribution
No.

Age

Mean

<*d

61

1

11.57

0.646

0.082

12.86

12.22

-1«d

-2<rd

10.92

10.28
13.03

67

2

14.51

0.739

67

0.090

3

16.81

15.99

15.25

0.893

13.77

67

4

0.109

18.00

18.86

17.70

1.144

15.92

0.140

15.02

21.15

20.00

17.72

16.57

67

5

20.77

1.300

67

6

0.159

23.37

22.53

22.07

1.458

19.47

18.17

67

7

0.178

25.45

24.22

23.99

1.640

21.07

67

0.200

19.61

8

25.89

27.50

25.86

1.786

22.58

9

27.56

29.46

20.94

67

0.218

27.68

1.993

0.243

24.10

31.55

22.32

29.55

25.57

23.57

67

10

29.28

67

2.193

11

0.259

31.00

33.67

2.384

31.47

0.291

27.09

35.77

24.89

33.38

28.62

26.23
27.76

67

12

32.61

2.424

67

13

0.296

33.83

37.46

2.374

35.03

0.290

30.19

34.43

38.58

2.228

36.20

0.272

31.46

38.89

29.08

36.66

32.20

29.97

67

14

67

15

34.59

67

2.173

0.265

16

38.94

34.63

36.76

2.151

32.42

30.24

67

17

0.263

34.65

38.93

2.158

36.78

18

34.65

38.97

30.33

67

0.264

32.48

2.161

36.81

0.264

32.49

38.97

30.33

36.81

32.49

30.33

knowing the length of the normal segments and the percent
age by which the affected segments are short, the length of
the affected segments at maturity can be estimated.

Although the above method of calculating the eventual
discrepancy at maturity is clinically valid, the clinician
should be aware of the effect surgical procedures could have
on the growth of the limb. Following amputation, the epiphysis of the bone may not grow at the normal rate. Christi

et al. showed that in 20 below-knee amputations in chil
dren, only three tibias grew at the expected rate (33). The
congenital group grew 36% of what would have been ex-

pected, and the acquired group at 53%. Various reasons for
this may be the lack of stress across the growth plate, the
decreased blood flow to the bone, or the result of the con
genital insult producing the limb deficiency.
Timing of Amputation

The timing of an amputation in a congenital limb-deficient
child is best understood in the context of the purpose of
the amputation and the development of the child. The am
putation is done to provide improved function, compared
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TABLE 30-3. BOYS: LENGTHS OF THE LONG BONES INCLUDING EPIPHYSES
Orthoroentgenographic Measurements from Longitudinal Series of 67 Children
Femur

Distribution

Jo.

Age

21

1

57

2

Mean

tr&

14.48

0.628

-2o-d

+ 2o-d

+ 1o-d

0.077

15.74

15.11

13.85

13.22

19.02

17.28

16.40

18.15

0.874

0.107

19.90

0.126

23.15

22.12

20.06

19.03

65

3

21.09

1.031

66

4

23.65

1.197

0.146

26.04

24.85

22.45

21.26

66

5

25.92

1.342

0.164

28.60

27.26

24.58

23.24

67

6

28.09

1.506

0.184

31.10

29.60

26.58

25.08

0.205

33.61

31.93

28.57

26.89

67

7

30.25

1.682

67

8

32.28

1.807

0.221

35.89

34.09

30.47

28.67

0.236

38.23

36.29

32.43

30.49

67

9

34.36

1.933

67

10

36.29

2.057

0.251

40.40

38.35

34.23

32.18

0.276

42.63

40.40

35.92

33.69

67

11

38.16

2.237

67

12

40.12

2.447

0.299

45.01

42.57

37.67

35.23

0.338

47.70

44.95

39.40

36.64

67

13

42.17

2.765

67

14

44.18

2.809

0.343

49.80

46.99

41.37

38.56

0.307

50.71

48.20

43.19

40.67

67

15

45.69

2.512

67

16

46.66

2.244

0.274

51.15

48.90

44.42

42.17

67

17

47.07

2.051

0.251

51.17

49.12

45.02

42.97

67

18

47.23

1.958

0.239

51.15

49.19

45.27

48.31

Tibia
Distribution
No.

Age

Mean

(Tm

+ 2crd

+ 1o-d

-Vd

— 2o-d

61

1

11.60

0.620

0.074

12.84

12.22

10.98

10.36

67

2

14.54

0.809

0.099

16.16

15.35

13.73

12.92

67

3

16.79

0.935

0.114

18.66

17.72

15.86

14.92

67

4

18.67

1.091

0.133

20.85

19.76

17.58

16.49

67

5

20.46

1.247

0.152

22.95

21.71

19.21

17.97

67

6

22.12

1.418

0.173

24.96

23.54

20.87

19.46

67

7

23.76

1.632

0.199

27.02

25.39

22.13

20.50

67

8

25.38

1.778

0.217

28.94

27.16

23.60

21.82

30.91

28.95

25.02

23.06

67

9

26.99

1.961

0.240

67

10

28.53

2.113

0.258

32.76

30.64

26.42

24.30

67

11

30.10

2.301

0.281

34.70

32.40

27.80

25.50

67

12

31.75

2.536

0.310

36.82

34.29

29.21

26.68

67

13

33.49

2.833

0.346

39.16

36.32

30.66

27.82

67

14

35.18

2.865

0.350

40.91

38.04

32.32

29.45

67

15

36.38

2.616

0.320

41.61

39.00

33.76

31.15

67

16

37.04

2.412

0.295

41.86

39.45

34.63

32.22

67

17

37.22

2.316

0.283

41.85

39.54

34.00

32.59

18

37.29

2.254

0.275

41.80

39.54

35.04

32.78

67

(From ref. 32, with permission.)

to what is provided by the deficient limb, correct a severe
discrepancy in length, or to facilitate prosthetic fitting, so
that the child can keep pace with normal motor milestones.
In general, elective lower-extremity amputations, de
signed to aid prosthetic fitting of congenital deficiencies,

are performed at the time the child is ready to walk as
indicated by their pulling to stand. For children with tibial
and fibular deficiencies who will be treated with amputa
tion, pulling to stand and cruising are the signals that the
child is ready to begin walking. This would be the time
for an amputation and prosthetic fitting, so the child can

maintain normal developmental sequence. In some unusual
cases in which the deformed extremity is interfering with
crawling and other prewalking activities, amputation may

be performed earlier. However, prosthetic fitting should
wait until it will be of some value. It is very difficult to
keep a prosthesis on a crawling child.
In other cases, e.g., proximal femoral focal deficiency,

prosthetic fitting will usually be done when the child is
ready to walk, but definitive surgical treatment to permit a
more functional prosthesis will be done later for technical
reasons.

Complications

Finally, there will be cases in which leg lengthening is
the treatment of choice, but the difference in length must
be compensated for prior to lengthening at a later age.
Occasionally, it will be necessary to fit such patients with
nonconventional prostheses, when shoe lifts are not suffi
cient.

Although it is poorly documented, there is the impres
sion among both parents and surgeons that with early ampu
tation the child does not suffer the loss in body image that
accompanies amputation at a later stage. Also important is

that as a general rule, the earlier the amputation, the better
the child's neurologic plasticity adapts to the alteration.
COMPLICATIONS
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When a patient presents with pain and bursa formation,
prosthetic modification and other conservative measures
should be used first, unless a bony spike is felt. Once over
growth occurs in a limb, it is likely to recur during remain
ing growth, and may possibly result in shortening of the
residual limb. If revision surgery is necessary, consideration
for a capping procedure should be given. Age is a paramount

factor in the decision, since bony overgrowth is very unusual
after the age of 12 years. In the case of a primary amputa
tion, it is advisable to use available parts from the amputated
portion of the limb to cap the end of the bone, if conditions
permit. The most common procedure is the use of the proxi
mal fibula to cap the tibia. As in any revision, adequate
resection of bone, to provide a healthy soft tissue envelope,
is essential (Fig. 30-2).

Overgrowth

Bony overgrowth at the end of the residual limb is the most
common problem in juvenile amputees. Its occurrence is
reported to be between 4 and 35 percent, and depends on
the age of the patient at the time of amputation, and of
the bone involved (34-36). The condition has not been
reported after the completion of growth. Overgrowth occurs
most often in below-knee amputations, with the fibula
being the problem more often than the tibia, and in transhu-

meral amputations.

Contraction of the soft tissue and growth of the bone,
pushing it through the skin, were the most common reasons
given for the problem. Aitken disproved these theories when

he demonstrated by implanting metallic markers that the

overgrowth took place distal to the end of the bone (34,37).
Experimental and clinical work that has demonstrated that
plugging of the medullary canal can prevent bony over
growth is explained by the normal occurrence of wound
contracture. This mechanism has been demonstrated by
Speer (38).

The patient will often notice pain on weightbearing or

prosthetic use. An antalgic gait with decreased stance time

may be noticed. Decreased range of motion, to limit pulling
of the skin at the end of the limb, is an additional symptom.
Clinically, the patient presents with tenderness and pain at
the end of the residual limb. There may be inflammation,
bursal formation, or the bone end may be protruding

through the skin. Commonly, the bony spike can be pal
pated within a small, tender bursa. Careful medical supervi
sion can often anticipate the problem, which in turn allows
the patient to plan for surgical correction.
Various plastic and metallic devices have been used to

cap or plug the end of the bone. However, these have been

abandoned because the results have not been as good as
with biologic material (39,40). Marquardt reported in the
mid-1970s, in the German literature, on the capping of the

bone end with a cartilage-bone graft. Various reports for
both acquired and congenital amputees would indicate gen
erally favorable results, with most revisions being for techni

cal reasons (39-42).

Following surgery, the therapist should supervise and ed
ucate the child and parents in edema control to hasten re
turn to prosthetic use. In addition, range of motion and
strengthening exercises speed, and may even be necessary
to regain, full function of the prosthesis. Myoelectric users
may need readjustment of their electrodes, and may have
difficulty for a while activating the prosthesis. This is be
cause of swelling and reshaping of the limb, which may alter
the optimal sites for electrode placement.

Phantom Sensation/Pain
The term "phantom limb" was coined by the neurologist
Silas Weir Mitchell in the middle of the 19th century. He
described these sensations as replicas of the lost limb, some
being painful and some not. Phantom sensation of the limb
is often described by the patient as the feeling that they can
move the part, tell how the part is positioned, itching, or
tingling. Phantom pain, however, is perceived by the patient
as just that: painful. It often is the same as the pain before
an amputation, or may be cramping, shooting, burning, or

of any other characterization.
It has been a general teaching that children born without

limbs do not have sensations of them, nor do these children

experience phantom pain or phantom sensation as seen in

the acquired amputee (43). Recent reports call this com
monly accepted truism into question (44,45). Whatever this
pain is, it will be recognized by those who care for children

with limb deficiencies that these children do not have the
same problem as the true chronic phantom pain seen in
adult amputees.

Melzak and colleagues reported that phantom limb was
present in at least 20% of the congenially limb-deficient

children, and in 50% of those who underwent amputation
before age 6 years (45). In addition, 20% of the congenitally
deficient group described the sensations as painful, whereas

42% of the acquired amputees described them as painful.
To explain the phenomenon of phantom limb in a child
who has never had a limb, Melzack et al. have proposed
that there is a genetically or innately determined neural
network that is distributed in the cortex (not focal), which
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FIGURE 30-2 The end of the tibia with the bony overgrowth removed with the head of the
fibula inserted into the medullary canal of the tibia (A) and (B). C: The anteropostenor view of
the tibia six weeks after the Marquardt procedure.

is responsible for the representation of the limb, even
though the limb bud development was not normal.
Phantom pain and stump pain are also associated, and

in general, seen to be associated with other pains, e.g., head

ache, bone, or joint pain (44,46). The phantom sensations
may occur frequently or rarely. They are often triggered by
a wide variety of stimuli. Feeling nervous or happy, not
wearing a prosthesis, being cold, or being ill are frequent.
Fortunately, these sensations do not interfere with the
child's usual activity, and most say they just try to ignore
the sensations (47).

There is no single highly successful treatment of phan
tom limb pain, most likely because there is usually not one
single cause. Because many of these problems resolve with
prosthetic alterations or physical therapy modalities, a mul-

tidisciplinary team approach has proven to be the best inter

vention in evaluating and properly treating phantom limb
phenomenon when it becomes a problem.
A properly fitting socket, with appropriate suspension

and sock thickness, is the best and first treatment of choice
(47,48). A heavy, tight shrinker, either worn inside the pros

thesis or when the prosthesis is off, may give relief. Physical

therapy interventions including weightbearing and graduat
ing pressures, such as tapping, rubbing, and massage to the
residual limb, have been reported to give temporary or per

manent relief. Rubbing and massaging the uninvolved limb
at similar points to those in which they are experiencing
the phantom limb sensation may provide relief. Various

physical modalities have been utilized in the treatment of
phantom sensations in children, including transcutaneous

Congenital Deficiencies of the Lower Extremity

electrical nerve stimulation (TENS), biofeedback, ultra
sound, and the physical agents of heat and cold (49).
For the occasional adolescent amputee who has problems
with phantom pain following an amputation, gabapentin
(Neurontin, Park-Davis) has proven a useful medication.

CONGENITAL DEFICIENCIES OF THE LOWER
EXTREMITY

Fibular Deficiency
Classification
According to the ISO terminology, fibular deficiency is lon
gitudinal deficiency that is either partial or complete. But
this does little to accurately portray the spectrum of defi
ciency that is seen.

Numerous classifications specific for fibular deficiency

have been proposed (25,30,50-52). To be useful a classifi

cation should guide treatment or aid in prognosis. As treat

ment changes, it may be reasonable to expect that classifica
tions change.

Most classifications are anatomic, and are based on the
radiographic appearance. Maffulli and Fixsen describe total
aplasia of the fibula and a formefruste of the same condition
in which the fibula and tibia are short to varying degrees
(53,54). A more specific classification, which is probably
the most widely used today, was proposed by Achterman
and Kalamchi (30) (Figs. 30-3-30-5). They correlated the
classification with the discrepancy in length, and recom
mended treatment based on the classification.
Recently, Birch et al. have proposed a functional classifi
cation based on the functionality of the foot and the limblength discrepancy as a percent of the opposite side (55).
As they point out, however, the problem is picking the
correct treatment for the individual patient. Given the large
variation in the different aspects of fibular deficiency, in

cluding the parents' desire, it remains unlikely that classifi
cations will provide anything more than a rough guide and

a method of comparing patients in different reports.

FIGURE 30-3. A, B: The radiographs of a 3-month-old boy with type IA fibular deficiency of
Achterman and Kalamchi. Although the bones may seem normal to the casual observer, the
proximal fibula is short. C, D: Anteroposterior and lateral radiographs of the same patient at age
7 yr 6 mo. The shortening of the fibula is more apparent and the ball-and-socket ankle joint is
easily seen, (continued)
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FIGURE 30-3. (continued) E: The foot at the
same age, with the lateral two rays missing. F:
At age 13 yr, the leg was lengthened 7 cm.

FIGURE 30-4. A, B: Type IB fibular deficiency, in which the proximal
fibula is missing. This type is often associated with proximal focal
deficiency, as it is in this child.

Congenital Deficiencies of the Lower Extremity

Clinical Appearance

The appearance of a limb with fibular deficiency can vary
from barely detectable to severely deformed. The typical
limb is characterized by a valgus foot, shortening of the leg,
variable anterior bowing of the tibia with a dimple over the
apex, and variable valgus of the knee. The foot is often

deformed, missing one to several lateral (post axial) rays
(Fig. 30-5E and F).

Examination of the limb will demonstrate anteroposterior instability of the knee, a small patella, variable degreeof fixed valgus and equinus of the ankle, and rigidity of the

hind foot.

The appearance and physical findings of the leg are indic

ative of the widespread abnormality that may be present,

along with hypoplasia or absence of the fibula, which gives

the deficiency its name.

Frequently, the femur is short as well as the tibia. The

femoral shortening may be slight to severe, with the associ
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ated diagnosis of proximal femoral focal deficiency. Amstutz
(28) reported femoral deficiency in 15% of those with fibu
lar deficiency, whereas Bohne and Root (56) reported femo
ral deficiencies in almost two-thirds of their patients. Kalamchi noted that 70% of type I and 50% of type II
deficiencies were associated with shortening or deformity

of the femur (57).

The abnormality extends into the knee joint, where the
condylar notch of the femur is shallow, the tibial spines
small, and there is laxity in the anteroposterior direction
(58).

There is also a valgus deformity of the knee, which is
not associated with varus/valgus instability (58), but reflects
from a small hypoplastic lateral femoral condyle (59). The
natural history of this deformity is that it usually worsens
with growth (31,56,60,61). In some cases, the degree of
valgus is more severe than can be explained by the smaller
lateral femoral condyle alone.
The anterior bow of the tibia is variable, being more

B,C

FIGURE 30-5. A, B: Anteroposterior and lateral radiographs of a type II fibular deficiency in which
the entire fibula is missing. Note the missing lateral rays of the foot and the severe angulation of
the tibia. C, D: The limb 6 weeks after Syme amputation and an anterior closing-wedge osteotomy
of the tibia. Placing the pin through the anterior cortex of the proximal fragment provides rigid
fixation, which is not obtained if the pin is simply passed up the medullary canal The pin was
removed in the office at the time of cast removal, (continued)
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FIGURE 30-5. (continued) The clinical appearance of the same deficiency at the time of surgery
in another patient is seen in E and F. Note the short tibial segment, the valgus knee and foot,
and the dimple over the tibia.

severe in the more severe deficiencies. It is not always of

Treatment Options

clinical significance.

The main problems in the treatment of fibular deficiency
are the limb length discrepancy and the deformity and insta

The ankle may appear normal in some patients with mild
deficiencies. The classic appearance is the ball-and-socket
ankle joint, which is seen in less-severe deficiencies (Fig.
30-3C and D). There is disagreement about the origin of
this abnormality: some authors feel that it is congenital in
nature (62), while others feel that it develops secondary to
the tarsal coalitions (63). If caused by the tarsal coalition, it
is difficult to explain its absence in tarsal coalitions without
fibular deficiency.

In more severe cases, if the fibula is present, it is short
and may not reach the level of the ankle joint. The distal
tibial epiphysis shows a triangular appearance.

The foot may appear normal, but more frequently is
missing one or more lateral rays. It is a common and para
doxical observation that it is the shorter, more severely in
volved limbs that are usually missing four or five rays,
whereas the less involved longer limbs are frequently missing
only three rays or less (31).

Although not seen on radiographs at birth, tarsal coali
tions are present in the majority of the feet associated with
fibular deficiency. Grogan et al. noted such coalitions in
54% of anatomic specimens, although the abnormality

could be seen on only 15%, radiographically because of
the cartilaginous nature of the coalition (64).

bility of the foot and ankle. It is very important to realize
that the discrepancy will become worse with growth, and
it is the ultimate discrepancy at maturity that is important.

Amputation. Until the 1960s, amputation for fibular defi
ciency was recommended only as a last resort (65). Based
on the results of these early attempts to save the limbs,
several reports emphasized the advantages of amputation

for severe cases (31,66-68). The indications are based pri
marily on the length difference and the functionality of the
foot. Wood et al. recommended amputation for a discrep
ancy of three inches or more at the time of decision, or if
predicted at maturity, for a nonfunctional foot, for a limb
that would have severe cosmetic or functional problems, or
for children who cannot endure the psychologic trauma
of repeated hospitalizations and surgery (68). These recom

mendations were reaffirmed in a later publication from the
same institution, following many of the same patients (31).
More recent recommendations begin to stretch the
amount of length that can be restored, reflecting improve

ments in limb lengthening. Westin et al. suggested amputa
tion for any discrepancy that would be greater than 7.5 cm
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at maturity (31). For Letts and Vincent, the number was

greater than 10 cm (25), and for Hootnick et al. it was
between 8.7 and 15 cm (69).

Although modern prosthetics have made amputation a
somewhat more acceptable alternative, the improved ability
to lengthen limbs has also made limb salvage a more feasible

option. The recommendations of Birch et al. are an effort
to account for these changes (55). They would recommend
amputation for those with a nonfunctional foot, regardless

of length, unless the upper extremities were non-functional.

For those with a functional foot, but a length discrepancy

of 30% or more, amputation would be recommended. For
those with a functional foot and a discrepancy less than

10%, epiphysiodesis or lengthening is reasonable. There is
little disagreement about these indications today.
It is between these two groups where the controversy
regarding treatment lies today, and the greater the discrep
ancy in length, the greater the controversy. According to
Birch et al., those patients with a functional foot, and a

discrepancy between 10 and 30%, are candidates for either
amputation or lengthening (55). The parents who are the

decision-makers are weighing the hope for their child to

retain their limb against what that will entail. They most

likely have never seen a child or adult with an amputation;
they visualize something horrible. They cannot really know
what a lengthened limb will be like at the end of treatment;
they see the limb as normal. Although they may understand
that they will need two or three lengthening procedures,
they cannot know what the impact will be on their child
or their family, what complications they will encounter on
the way, nor how their child will look or function at the
end of treatment.

As yet, there are but a few preliminary reports of length
ening in fibular deficiencies with discrepancies greater than
10 cm. These preliminary reports, using the Ilizarov meth
ods, deal mainly with the amount of length achieved, often

before maturity, but with little information on cosmetic

and functional result (70-74).

One way to begin to assess the problem is to look at

what amount of length is required. The combined femoral

and tibial length for a girl of average height at maturity
will be approximately 80 cm (32) (Table 30-2). A 10%

discrepancy would be approximately 8 cm, a 20% discrep

ancy would be 16 cm, and a 30% discrepancy would be 24
cm. To achieve greater than 10 cm of length in a congenital

limb deficiency with anteroposterior knee instability, ankle
instability, foot deformity, and congenitally short soft tis
sues, is a significant undertaking (75-77).

Reports comparing Syme amputation with lengthening
are few and incomplete, but begin to give an appreciation

for the problems associated with lengthening severe defi

ciencies (50,78,79). These authors conclude that lengthen
ing should be reserved for those with more normal feet and
less discrepancy in length, while early Syme amputation is
the best treatment for the more severe problems. Herring
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gives a philosophical perspective on the dilemma (80). Birch
et al. reviewed a series of adults who were treated with Syme
amputation in childhood. They performed physical exami
nation, prosthetic assessment, psychologic testing, and

physical performance testing, and commented that the re
sults of multistaged lengthenings for this condition would
have to match these results to be justified (80a). They cur
rently offer lengthening to patients whose limb length dis
crepancy is 20% or less.

Bilateral. In patients with bilateral fibular deficiency, the
three problems are the foot deformity, the discrepancy in
length between the two limbs, and the overall shortening
in height as a result of two short limbs. Without extenuating
circumstances, e.g., nonfunctional upper extremities, disarticulation of the foot and prosthetic fitting is the best solu
tion. For those children with nonfunctional upper extremi

ties who will use their feet for many of the activities of daily
living, amputation of the feet is not an option.
In children with bilateral fibular deficiency, there is usu
ally little discrepancy between the two limbs, but rather a

discrepancy in their height, compared to what it should be.
As they enter into their peer group this becomes an increas

ing problem. This problem is most easily solved by the
prosthetist. If there is a significant difference between the

length of the two limbs that cannot be solved by prosthetic
adjustment, lengthening of the short limb becomes an at
tractive option.

It is easy to miss a patient with bilateral deficiency when
the deficiency on the opposite side is mild. The focus on
the severe deficiency distracts the examiner. The deficiency
will become apparent with time, causing disappointment
and loss of confidence.

Syme and Boyd Amputation

The amputation described by Syme (81) K7.22] seems to
have been accepted for adults before children, and its use
in boys was advocated before its use in girls because it
was said that the Syme amputation produced an unsightly
bulkiness around the ankle. This resulted in many children
receiving a transtibial amputation, rather than a Syme am
putation. It was subsequently learned, however, that the

ankle does not enlarge following amputation in a young
child, and the cosmetic appearance is excellent as the child
grows.

Thompson et al. were the first to recommend the Syme
amputation, rather than transtibial amputation, although

only as a last resort (65). Subsequent reports by Kruger and
Talbott (67) and Westin et al. (31) not only confirm the
advantages of the Syme amputation in both boys and girls,
but also advocated its early use for severe deficiencies. Sev
eral studies now confirm the value of Syme amputation
(61,67,80,82-86).

One of the major advantages of the Syme amputation is
the ability to bear weight on the end of the residual limb.
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One of the major complications of the Syme amputation

is migration of the heel pad off the end of the residual limb.

This is particularly true in congenital limb deficiencies, in

which the heel may be on the back of the tibia, making
repositioning of the heel pad on the end of the limb difficult
or impossible. Although suggestions to remove a piece of
the Achilles tendon, suture the extensor tendons into the
anterior portion of the heel pad, or fix the heel pad with a
Kirschner wire, may each have their place, most authors
agree that migration of the heel pad does not produce any
insurmountable problem for the patient or the prosthetist
(60,82). Most other problems in patients with Syme ampu

tation are caused by the other effects of the underlying disor
der (60,61,82,84).

In the most complete study to date on the outcome of
Syme amputation in children, Herring et al. examined the
functional and psychologic status of 21 patients with a
Syme amputation (60). They noted that family stress was

the factor that had the greatest influence on the patients'
psychologic functioning, and that children who had am
putation after several failed attempts at salvage were at con

siderable risk for emotional disturbance. Functionally, the
patients were able to function at the average for their age
group, and they did not find that adolescents were less likely
to participate in athletics (as Green and Carey also found)
(87). In summary, they concluded that Syme amputation
may be compatible with the athletic and psychologic func
tion of a nonhandicapped child.

A variation of Syme amputation was described by Boyd
(88). In the Boyd amputation [-7.23], the talus is excised
and the retained calcaneus with the heel pad is arthrodesed
to the tibia. The operation was initially devised to avoid
the complication of posterior migration of the heel pad
seen in some children with Syme amputation. However,

the main complication of the Boyd amputation is the mi
gration of the calcaneus if arthrodesis is not achieved. This

advantages to having the deficient limb shorter. The first

is the ability to make a narrower and more cosmetic ankle
in the prosthesis. The second is that some shortening, rather
than additional lengthening, makes it easier to fit more du

rable energy-storing feet. In fibular deficiencies, length is
never a problem, because these limbs are always short.
Correction of Tibial Bow

The anterior bow in the diaphysis of the tibia varies from

nonexistent to severe. Severe bowing is usually seen in the
more severe deficiencies with complete absence of the fibula.
Westin et al. reported this to be of little consequence (31).
However, observations in the authors' center have shown
this to be a frequent prosthetic problem, requiring osteot

omy during the first decade.
With the tibial bow, the foot is displaced posterior to

the weight-bearing axis that passes through the knee. If the
foot is placed at the distal end of the tibia (which the parents

want for cosmetic reasons), the ground reaction force places
a large moment through the toe-break area, leading to pre

mature failure of the foot component and skin problems
caused by abnormal pressure. The problem is then blamed
on the foot component or the prosthetist.
A reasonable recommendation would be to correct any

significant bow at the time of Syme amputation. A small
anterior incision, removal of an anterior-based wedge of the
tibia, and fixation with a temporary Steinmann pin, placed

up through the heel pad, solves the problem, and does not
result in any delay in prosthetic fitting (Fig. 30-5). When
correction of the bow is necessary in older children who are
already in their prosthesis, the authors have preferred the
Williams rod technique [-6.11], because this speeds re
sumption of prosthetic wearing.

requires an additional operation, which is often conversion

Correction of Valgus

to a Syme amputation. A real advantage of the Boyd ampu
tation is that with the retained calcaneus the heel pad
tends to grow with the child, rather than remaining small
as in the Syme amputation. The Boyd amputation also
adds additional length. This can be a problem in children
who do not have significant shortening of the limb, when
fitting various prosthetic feet, and may require a shoe lift

Development of progressive genu valgum has long been
known as a complication of fibular deficiency. It is one of
the major problems seen in gait in children with this prob

on the normal side.
Eilert and Jayakumar (83) compared the two operations,

and found the migration of the heel pad to be the only
complication in the Syme amputation, whereas the Boyd
amputation had more perioperative wound problems and
migration or improper alignment of the calcaneus. In the
authors' clinic, all of the children, even bilateral amputees,

can and do walk on the ends of their residual limbs, either

with or without the heel pad in place. If the heel pad mi

grates posteriorly, it may alter the weight bearing aspects of
prosthetic fitting, especially as the child gets older.
In fitting a Syme amputation, there are two prosthetic

lem. At first, it is merely cosmetic, and can be accommo
dated with prosthetic alterations. However, if it becomes

more severe, it will increase the forces on the lateral com
partment and make good alignment impossible.
The cause of the deformity has been controversial. Ini
tially, it was thought to result from tethering by the fibular
anlaga; however, release of this lateral band did not prevent
or lessen the deformity (28).

Westin et al. noted that the tibia often developed an
anterior flexion along with the valgus, and attributed the
problem to an abnormality in growth in the lateral and
posterior portions of the proximal tibial physis (31). This
is separate from anterior bow in the diaphysis of the tibia.
Most recently, Boaks et al. documented a decrease in the
height of the lateral femoral condyle that was not present
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prior to walking, and correlated with the amount of valgus
(59). They suggested that tibial osteotomy IW6.1-6.5], to
correct the anteromedial bowing, might prevent the

changes in the lateral femoral condyle. If the deformity
was present in the lateral femoral condyle, they suggested
temporary stapling of the medial femoral condyle [*4.2i],
since osteotomy had a very high recurrence rate unless
performed near the end of growth.

Ankle Reconstruction
Any attempt to save the limb of a child with significant

fibular deficiency will require efforts to realign and stabilize

the ankle. There is renewed interest in this subject with
attempts to lengthen the leg.

The Gruca procedure is designed to provide lateral stabil
ity to the foot in the absence of the fibula. Serafin gives the

first report of the technique in the English literature, and
recounts the various attempts at bone grafting and other
procedures that were described before Gruca developed his
technique (89).

In the Gruca procedure the tibia is split longitudinally.
The medial segment is displaced proximally with the talus,
leaving the lateral fragment as a lateral buttress. Thomas
and Williams describe the early results in nine patients
treated with this procedure. The follow-up is short, and the
evaluation of function incomplete (9.0). The operation has
not been widely used, and would seem to have little to
recommend it.

Arthrodesis of the talus to the distal tibia is a logical plan
in conjunction with leg lengthening, but there are no reports
on its outcome. It is likely that this would also require release

of all of the tendons crossing the ankle joint to prevent
foot deformity.

The ball-and-socket ankle joint, seen in the Kalamchi
type LA deficiencies, usually require no treatment. The au

thors have, however, seen several children with increasing
valgus during adolescence or following leg-lengthening,
who become symptomatic with normal athletic activity.
These have been successfully treated by a Wiltse osteotomy
[w-6.6] of the distal tibia.

Prosthetic Management
Prosthetic management of the fibular-deficient limb is
treated differently than a comparable traumatic adult with
a Syme disarticulation. In the child, the prosthesis is de
signed to accommodate growth, and to help stabilize knee
laxity and hyperextension through socket design and align
ment. Emphasis is placed on socket alignment and minimiz
ing rotational forces acting on the knee.

The socket fitting for a Syme amputation may be de
signed to take all of the weight on the end of the residual
limb, as intended, all of the weight on the patellar tendon
and flare of the proximal tibial condyles, as in a transtibial
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amputation, or both. As the child grows, it is a good idea

to begin to shift some of the weight bearing to the proximal
structures, to prepare the child for the time when full weight

bearing on the end may not be possible. Failure to shift
weight bearing proximally with age usually results in prob
lem fittings resulting from tolerance issues. This discomfort
probably arises from the small distal weight bearing surface
seen in many of the congenital limbs. This is an important
consideration in the bilateral amputee, in whom dispropor
tionate weight shifting to the sound side is not possible for
comfort.

As with most amputations done at a young age, the con
dyles will be small at the time of amputation, will not grow
to normal size, and therefore, do not need to be trimmed

as in the adult. The brim of the socket is designed with
supracondylar medial and lateral trim lines, in an effort to
control any knee valgus instability and/or patellar instabil
ity. The type of suspension will depend on the size of the
distal end of the residual limb. If very large, an obturator
or window may be necessary. With further growth, the distal
end may not be sufficient for suspension, and a different
design will be necessary. These are discussed later.
To best utilize current prosthetic feet in children who
are older and large enough to take advantage of them, it is
necessary that at least 4 cm of space be available at the distal
end. If the prosthetist is to offer the latest in technologic
advances in components, greater residual limb length differ
ences will be required. This need can be anticipated and an
arrest of the distal or proximal tibial and fibular physes
performed at the appropriate time. This length differential
is usually not a problem in children with congenital limb
deficiency, because the deficient limb will usually be shorter
than the opposite. It is relevant in children with acquired
deficiency treated by Syme or, more often, Boyd amputa
tions. Although the longer lever arm of the Syme amputee

tends to compensate for the lack of more elaborate compo
nents, when fit is possible, they can be an advantage.

Tibial Deficiency
Classification

There are two classifications specific for tibial deficiencies,
both based on the radiographic findings. Anatomic studies
of available specimens have not proven of value (91,92).
The simplest classification is that of Kalamchi and Dawe
(93). Type I is complete absence of the tibia (Fig. 30-6).
Type II is absence of the distal tibia, with a proximal portion
that forms a relatively normal articulation with the femur
(Fig. 30-7). Type III is distal tibiofibular diastasis (Fig. 308).
The classification of Jones et al. divides the type I of
Kalamchi into la and lb. In neither is the proximal tibia
visible radiographically at birth. In type la, it is actually
absent and without an extensor mechanism, whereas in type
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FIGURE 30-6. A, B: Radiographs of an infant

with a type I tibial deficiency of Kalamchi and
Dawe (Type 1a of Jones et al.), in which the
entire tibia is absent. There was no extensor
mechanism and no proximal tibia. If there were
a proximal remnant of tibia that would later

ossify, this would be a type 1b deficiency of
Jones et al. C: The clinical appearance with the
medial deviation and severe equinus of the
foot, and the absence of any tibial structure
below the distal femur.

FIGURE 30-7. A: Anteroposterior radiographs of a 4-month-old child with type I tibial deficiency

of the right leg and type II deficiency of the left leg. B: On the right leg, he underwent a Brown
procedure. Despite the favorable radiographic appearance 4 years after surgery, he developed a
severe valgus/flexion deformity, and subsequently had a knee disarticulation on this side. On the
left leg, he underwent a synostosis of the fibula to the tibia and a Syme amputation. It is best to
excise the proximal remnant of the fibula when performing this procedure, because the continued
growth of the proximal fibula produces a large prominence that will interfere with prosthetic
fitting. This was resected at the time of his right knee disarticulation.
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FIGURE 30-8. A, B: Anteroposterior and lateral views of a type III of Kalamchi and Dawe, or type

4 of Jones et al. This is sometimes referred to as a diastasis of the ankle mortise. Notice the
shortened tibia and the disruption of the normal relationship between the tibia and the fibula.

lb, it is present as a cartilaginous remnant that will later
ossify, and which suggests that the extensor mechanism is
intact.

The Jones classification adds an additional type: a very

unusual variant, with a diaphyseal and distal remnant of
tibia, but no proximal tibia, is type 3. The diastasis of the

distal tibiofibular joint is now type 4 in this classification.
The most important point in deciding on the treatment
is the presence of active knee extension, which implies an
adequate active quadriceps muscle and insertion on the
tibia. This usually depends on the presence of a proximal

tibial segment. Because this proximal portion of the tibia
may be present, but not visible in the Jones Type 1 b defi
ciencies, some authors have recommended direct surgical
exploration, sonography (94), or magnetic resonance imag
ing, to detect its presence. This should seldom be necessary,
because it is extension power to the tibial segment that is
important, not the presence of a tibial segment. A good
radiographic clue is that, in those with the presence of a

proximal portion of the tibia, the distal femoral condyle
will be wider, and the ossification of the epiphysis better,
than if it is not present.

An unusual type of tibial deficiency is that seen in associa
tion with fibular dimelia. Kumar and Kruger summarized

the sporadic reports until 1993, and presented the findings,
associated anomalies, and treatment in six patients (95). In

this deficiency, the tibia is absent and there is a duplication
of the fibula. There is a high incidence of other anomalies,
including visceral anomalies in these patients. These authors
recommended knee disarticulation, if the femur is of normal

length, and fusion of the fibula to create a sufficient lever
arm, if there is associated PFFD.

Clinical Appearance
The characteristic appearance of an infant with tibial defi
ciency is a markedly shortened tibia with a rigid equinovarus-supinated foot pointing toward the perineum (Fig.
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30-6C). Preaxial polydactyly is relatively characteristic of

tibia (96,107,108,110,111). Simmons et al. were satisfied

tibial deficiencies, although absence of the preaxial rays can

with their results (109). Their satisfaction was based more

also be seen. The fibula is relatively long. Other congenital

on the patients feelings than objective assessment.

limb anomalies will frequently be seen in association with
tibial deficiency.

Children with congenital tibial deficiencies, regardless of

It has been said that it is difficult to assess active quadri
ceps function clinically, prior to surgery (96). However, it

might be a wise clinical decision to consider quadriceps

type, frequently have other associated abnormalities, fre

function at least inadequate if not absent, if it cannot be

quently musculoskeletal (96,97). The incidence of associ

observed during the first year of life by an experienced physi
cian and therapist.

ated anomalies is reported to be between 60 and 75%
(93,98,99). Although the majority of these anomalies are

In patients with Jones type lb deficiency, in which a

in the musculoskeletal system, there may occasionally be

radiographically invisible cartilaginous remnant of tibia is

problems in other organ systems (100).

present, it is important to assess it over time for ossification

In addition, many of the children with tibial deficiency

and other anomalies will represent an inherited syndrome

and development, as well as to verify good active extension.
It is possible that this remnant will be present, but good

(96,97,101,102). Although it is not necessary for the ortho

active extension will be absent and/or it will not ossify. If

paedic surgeon to know all of these syndromes, he or she

there is active extension, but the remnant is not sufficiently

must be aware of the need for a thorough examination of

ossified by 1 year of age, the surgeon may choose to attempt

affected children, and of the high potential for genetic trans

to transfer the fibula to the unossified segment or perform

mission of the disorder (102,103).

a Syme amputation, fit with a prosthesis, and wait for ossifi
cation before performing the transfer.

Treatment

In those patients with type I deformities and proximal
femoral deficiency, with a very short limb, the best option

The treatment of the type I of Kalamchi and Dawe or the

may be to arthrodese the fibula to the distal end of the

la of Jones is knee disarticulation. Without the presence of

femur. The goal of this procedure is to increase the lever

active knee extension, there is no possibility for reconstruc

arm of the femoral segment, for the same reasons that a

tion of the leg. Notwithstanding this common orthopaedic

knee fusion is performed in children with PFFD.

principle, there have been attempts to centralize the fibula
under the femoral condyle.

Adopted from others (104,105), and popularized in the

In type II deficiencies in either classification, the tibial
remnant will ossify and form a satisfactory joint. In these
cases it is usually best to create a synostosis between the

United States by Brown (106), the Brown procedure, as it

existing fibula and the tibial remnant, to increase the length

is commonly known in the United States, is the centraliza

of the lever arm. A Syme amputation [w-7.22] is performed

tion of the fibula under the femur. It was Brown's recom

at the same time, and the patient is fit with a below-knee

mendation that fibular centralization be done only with

prosthesis. In performing the synostosis, it is important to

active extension. Apparently, there are occasional deficien

achieve good alignment of the fibula in relation to the knee

cies in which some part of the extensor mechanism inserts

joint. The residual proximal fibula should be removed to

into the fibula. In reviewing the literature on the results of

avoid problems with prosthetic fit.

Brown's procedure, it is not apparent that this is always

Type 3 deficiencies of Jones (not classified by Kalamchi

present before surgery. The operation has now been evalu

and Dawe) are very unusual, and there is not a lot of pub

ated in several clinical trials (96,97,107-111). This proce

lished experience. Jones et al. reported one case that was

dure is distinct from synostosis of the fibula to a tibial rem

bilateral (114). They described a cartilaginous portion of

nant, a point that may not always be clear in reports on the

knee disarticulation (96,97,108). Loder (112) examined 87

the tibia proximal to the ossified portion, and that it was
"under voluntary muscle control." Their patient was treated
with excision of the proximal fibula and Syme amputation.
Fernandez-Palazzi et al. had two cases in their report. Both
were treated with Syme amputation, implying that there

cases from the literature using the minimal requirements

was an active quadriceps mechanism (115).

for a good result, suggested by Jayakumar and Eilert of
acceptable gait, active knee motion of — 10 degrees to 80

classification) presents a unique problem. At birth, the foot

subject.
The majority of those reporting on the procedure recom
mend against it, preferring the early function obtained with

Type III deficiency of Kalamchi (Type 4 in the Jones

degrees of flexion, varus/valgus instability less than 5 de

is deformed, often appearing like a clubfoot to the inexperi

grees, and no flexion contracture (113). He found that 53

enced. In addition, the amount of tibial shortening that will

of the 55 cases ofJones type la deficiency treated by Brown's

result is not apparent. All of this makes it difficult for the

procedure had a poor result because of flexion contracture.

parents to accept amputation. The difficulty for the surgeon

This echoes the reported experience of most others, and

is that this deformity is a spectrum of deformity. Garbarino
et al. have emphasized the distinction between a short tibia
with a varus foot and a true congenital diastasis of the ankle

emphasizes the need for strong, active knee extension, which
is usually not present without a remnant of the proximal
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joint (116). The former is usually amenable to reconstruc

and allow an articulating knee at approximately 3 to 5 years

tion according to Schoenecker (99), whereas the true type

of age. In contrast, Wilk et al. (121) advocate the use of

4 deficiency with diastasis of the ankle joint usually is treated

articulating knees in children as early as 17 months. It is

with amputation (114,117).

the authors' experience that the very early installation of

There are reports of reconstruction for the type 4 defi

articulated prosthetic knees, when the children begin to

ciencies, but in general the follow-up is short and the prob

pull-to-stand around 10 to 12 months of age, has proven

lems of a plantigrade foot and limb length discrepancy just

clinically successful. The children learn how to handle the

beginning (116,118,119). The only long-term follow-up of

knee very quickly, and there is very little need for any type

a reconstruction is that of a girl followed to age 15 years

of device to temporarily stabilize the knee. The use of a

of age, with what was described as satisfactory ankle func

knee joint at this stage permits more normal development,

tion and 6.5 cm of shortening (120).

allowing bent-knee sitting, side sitting, crawling and kneel

In their review of tibial deficiencies, Schoenecker et al.
reported on ten Jones type 4 deficiencies, of which nine
had initial reconstruction of the foot. A Syme amputation

ing on hands and knees, and easier pull-to-stand.
In type II cases, in which a tibial segment has been pre

served or the fibula has been joined to the tibial remnant,

was subsequently done in six, usually at the parents' request.

a modified transtibial prosthesis or a Syme prosthesis is uti

Of the four who retained their foot, two had contralateral

lized. Unlike the standard transtibial design, the socket will

deficiencies in which the prosthesis accommodated the

incorporate supracondylar and suprapatellar proximal brim

length discrepancy. One had lengthening of 4.6 cm and

lines that will aid in the control and stability of the knee

one remained 4.8 cm short.

and prevention of a hyperextension moment, respectively.

From the available information it would seem reasonable

In some instances in which knee stability is less than opti

to attempt to retain the foot, if the deformity is at the less

mal, outside joints and a thigh cuff or lacer may be required.

severe end of the spectrum, or if there is a significant contra-

These are used as a last resort, and often contribute to in

lateral deficiency. In most other cases, Syme amputation

creased weakening of the musculature as a trade-off for in

seems most reasonable.

creased control and alignment.

Prosthetic Management
With various surgical interventions dependent on the sever
ity of the anomaly, there are several prosthetic approaches

Femoral Deficiency
Classification

to management. In those children with type I tibial defi

There have been numerous classifications of proximal femo

ciency who have been treated with knee disarticulation and

ral focal deficiency (PFFD) (27,29,52,122-126). These

have a flare at the condyles, the prosthetic socket consists

classifications range from attempts to unify all radiographic

of a nonischial weightbearing design with rotational control

defects of femoral development to a simple two-part classifi

achieved through the intimate fit of the distal end of the

cation based on limb length inequality. Some classifications

socket over the femoral condyles and a well-formed gluteal

are radiologic, some functional, and some are designed to

impression. Suspension is usually achieved with the use of

suit the authors' preferred treatment. In addition, no classi

a segmented liner or bladder design that allows the wider

fication is able to account for the length, radiographic, and

condyles to pass through, while maintaining pressure over

muscle abnormalities, all of which are important in the

the femur just proximal to the condyles.

treatment and outcome.

In cases in which the condyles are absent, or there is the

The most widely used classification is that proposed by

need to fit with a transfemoral socket, rotational control is

Aitken (122). It divides the true PFFD cases into four cate

achieved through proper contouring of the socket relative

gories based on the radiographic findings. It is important

to the femur—the musculature surrounding the femur has

to keep in mind that in PFFD, as in other congenital defi

a slight triangular shape in a cross-sectional view, and the

ciencies, the bone may be late in ossifying, and thus may

more proximal one moves on the lateral side, the flatter the

be present but unseen on radiographs. Also, these different

shape. This allows a locking of the musculature, and with

groups are not distinct, but rather form a continuous spec

proper socket fit, decreases rotation. In addition, a silicone

trum.

sleeve suspension may be used in conjunction with a pull-

In class A, the femur is short, with its proximal end at

through strap to secure the liner. If all else fails, a standard

or slightly above the acetabulum (Fig. 30-9). There is a

Silesian belt (around the pelvis) may be utilized. However,

defect in the subtrochanteric region. The femoral head may

this will interfere with toileting and potty training.

be absent, but will later ossify, and its presence is indicated

In the knee disarticulation (or transfemoral) prosthesis

by a well-developed acetabulum. The subtrochanteric defect

young children are able to handle an articulated knee. Cur

will eventually ossify, establishing bony continuity, al
though usually with considerable varus deformity. The loca

rent established practice is to first fit with a locked knee,

tion of this varus deformity in the subtrochanteric region,

for children, there are differences of opinion as to when
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The femoral shaft is shorter than in class B, and the entire
proximal portion of the femur, including the trochanters,
will not appear.

In class D, the femoral shaft is extremely short, often

with only a tuft of irregularly ossified bone proximal to the
distal femoral epiphysis (Fig. 30-12). The lateral pelvic wall
is flat, without hint of an acetabulum.
Gillespie (124) proposed classifying femoral deficiencies
into three groups for purposes of treatment. Group A are

those with congenital short femur indicated by clinical hip
stability, lack of significant knee flexion contracture, and

the foot of the affected extremity lying at or below the mid
point of the opposite tibia. These patients may be candidates
for limb-lengthening. His group B patients include those
classified as Aitken class A, B, and C, whereas his group
C represents the Aitken class D patients. He recommends
lengthening for his group A patients, and prosthetic treat

ment for his group B and C patients.
An unusual variant of PFFD is that seen with a bifurcated
(not duplicated) femur. In this condition, the femur has

two distal ends, which form a "Y" (127). There is always
an associated type I tibial deficiency without active exten
FIGURE 30-9. Anteroposterior pelvis of an 18-month-old child
with bilateral proximal focal femoral deficiency. The right hip is
an Aitken class A, and demonstrates the presence of the ossific
nucleus and a good acetabulum. The femoral metaphysis lies
above the level of the ossific nucleus. There is a cartilaginous
connection between the metaphysis and the femoral head, which
will usually ossify by skeletal maturity, but often with a significant
varus deformity. The opposite hip is a class C PFFD. This patient
demonstrates the difficulty with limb length difference in some
patients with bilateral PFFD.

sion, and treatment is by knee disarticulation and removal
of the segment of femur in poorest alignment.

Clinical Appearance
The appearance is classic and should be easily recognized.
It will be bilateral in 15% of the cases. The femoral segment
is short, flexed, abducted, and externally rotated. The hip
and knee joint exhibit flexion contractures. The proximal
thigh is bulbous and rapidly tapers to the knee joint. Fibular

rather than the femoral neck, is what distinguishes PFFD
from congenital coxa vara.
In class B, there is a more extensive defect or absence of

deficiencies are so common in association with PFFD that
the valgus foot and other characteristics of fibular deficiency

are almost a part of PFFD (Fig. 30-13). PFFD is associated

the proximal femur (Fig. 30-10). The femoral head is pres

with fibular deficiency in 70 to 80% of cases (128). In

ent, although its ossification may be delayed. There is usu

addition, about 50% of the patients will have anomalies

ally a bony tuft on the proximal end of the femoral shaft.

involving other limbs (122,128).

The defect will not heal spontaneously, and the proximal
end of the femur will be above the acetabulum.
In class C, the femoral head is absent, and will never
ossify. The acetabulum is severely dysplastic (Fig. 30-11).

Examination of the hip joint is difficult because of the

bulbous thigh and short femoral segment. Pistoning may
be apparent because of associated hip instability. The knee
is always unstable in the anteroposterior direction.

FIGURE 30-10. A: Anteroposterior radiograph of the pelvis and limbs of a newborn female with
Aitken class B proximal focal femoral deficiency. Note the short femoral segment and the welldeveloped acetabulum, although the femoral head is not visible. B: By 5 years of age, the femoral
head is ossified and the cartilaginous connection between the femoral head and the subtrochanteric region of the femur has undergone considerable ossification. However, a pseudarthrosis per
sists and a significant varus deformity has developed. C: The femur after correction of the varus
with a spike type of osteotomy [t»4.4]. The result 1 year later is seen in D. Now faced with a
projected discrepancy of 20 cm, the parents elect a van Nes rotationplasty. This was done with
part of the rotation through the knee arthrodesis, and the remainder through the tibia. The
radiographic result is seen in E. The patient had one additional derotation performed through
the midtibia at age 10 years.

Congenital Deficiencies of the Lower Extremity
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FIGURE 30-11. The anteroposterior

pelvis and limbs of a newborn boy (A)
and at 3 years of age, just before sur
gery (B), with Aitken class C proximal
femoral focal deficiency. Note the very

short femoral segment and the lack of
acetabular development. The same pa

tient is seen in C at the age of 12 years,
following a Syme amputation and
knee arthrodesis with preservation of
the proximal tibial physis. There is still
no appearance of a proximal femoral
ossific nucleus.
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FIGURE 30-12. Anteroposterior radiograph of the pelvis and

femur of a 1 yr 5 mo old male with Aitken class D proximal focal
deficiency. There is little femur present, and no sign of acetabular
development. He underwent knee arthrodesis and Syme amputa

tion at 2V2 years of age.

Treatment

FIGURE 30-13. This photo of a 12-month-old female who is pull
ing to stand demonstrates the clinical features of proximal focal
femoral deficiency: a very short and bulbous femoral segment,
which is flexed, abducted, and externally rotated.

The treatment aims to compensate for the functional prob
lems the patient experiences. The most obvious of these is
the shortening of the limb. Less obvious is the problem with
hip function and its relationship to alignment of the limb.
Because of the flexed and externally rotated femoral seg
ment, the knee remains flexed, and the leg and foot are

anterior to the axis of the body (Figs. 30-13 and 30-14D).
With or without skeletal hip stability, there is deficiency of
the muscles around the hip, resulting in significant lurch,
to shift the center of gravity in single-leg stance. The knee

will have varying degrees of instability. The function of the
foot will depend on the severity of any associated deficien

cies of the leg, e.g., fibular deficiency.
There are more options and variations in the treatment

and foot. In such cases, multiple staged lengthenings can

be planned. The riming and staging of these procedures
depends on the choice of the physician, but will usually not
start before the age of 3 years. Although it is possible to
obtain this much length, there are as yet no good reports
on the functional outcome of such lengthenings in patients
followed to maturity and into adulthood.
If the discrepancy is predicted to be greater than 20 cm
at maturity, or for any other reason lengthening is not cho
sen as a treatment, a decision should be reached about the
best approach to prosthetic fitting.
This initial treatment of children with unilateral PFFD

of PFFD than almost any other congenital limb deficiency.

is, as in other congenital deficiencies, to parallel normal

Fortunately, most of these decisions can be postponed until
2V2 to 3 years of age, because this is the best age to perform

development. Therefore, when the child is ready to stand,
regardless of the treatment planned for the future, he is

these surgical options. Prior to this time, several important

fitted with a prosthesis to equalize the leg lengths and permit

decisions need to be made. The first is whether or not the

standing and walking. The prosthesis is often called a "non-

child is a suitable candidate for limb-lengthening.

conventional" or "extension" prosthesis. It is designed to

According to most literature on this subject, the limb

fit the extremity without any surgical modification to the

may be judged to be suitable for lengthening if the predicted

extremity (Fig. 30-14). The flexion, abduction, and external

discrepancy at maturity is not greater than 20 cm, the hip

rotation of the proximal segment (the femur) are accommo

is or can be made stable, and there is a good knee, ankle,

dated in the alignment. Although it is usual to omit a knee
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joint, the authors have found that if there is sufficient room,
a knee joint can be used in the initial prosthesis.
In the authors' clinic knee joints are placed, whenever
possible, within limits of the short prosthetic tibial section.
This is to allow the infant knee flexion during all develop
mental functions: one-half kneel, squat, pull-to-stand and
climb on toys and furniture. The authors' have found that
infants who are fitted with knees learned very rapidly to
extend their hips to control knee extension throughout all
their movements. Less vaulting and deviations on the nonprosthetic side are also noted if a knee joint is placed within
the prosthesis. There is no knee joint in the prosthesis if
the length of the limb is too long to fit a prosthetic foot,
including a knee.

This nonconventional prosthesis will permit ambulation
for the young child. However, as the child grows older, the
limitations of this prosthesis soon become apparent (Fig.
30-14D). The continued flexion, abduction, and external
rotation of the femoral segment, with limb alignment ante
rior to the body's axis, along with the hip instability and
the flexed knee, which is difficult to contain within the
prosthesis, are all factors that make a veiy poor lever arm
to move the prosthesis. The foot frequently lies at the level
of the midcalf of the opposite limb, making the placement
of the knee joint less than ideal. Surgical correction of these
problems is designed to make the limb a more efficient
lever arm for the prosthesis. Among the usual surgical
choices are knee arthrodesis, amputation of the foot, rotationplasty of the limb, and reconstruction of the hip. Addi
tional possibilities are iliofemoral arthrodesis with or with
out rotation, and prosthetic fitting without modification to

the limb. Thigh reduction by surgical resection and liposuction are of great value in prosthetic fitting as the patient
grows older.

The treatment of children with bilateral PFFD is very
different. In these children, the feet should be preserved,
and knee fusion is not indicated. This is because these chil
dren will spend the majority of their lives walking without
prostheses. The two biggest problems in these children are
foot deformities and unequal limb lengths. Surgical release
of the foot and long-term orthotic use can usually provide
for a useful foot. Limb length discrepancy when significant
is more difficult, because of the problem of shortening the
child more, on the one hand, and the difficulty of lengthen
ing these limbs, on the other. No firm recommendation
can be made regarding this, and each case should be decided
on its own merits.

Knee Arthrodesis

Arthrodesis of the knee joint is a standard procedure in
children with PFFD. It creates a single longer and more
efficient lever arm, which is easier to contain within the
prosthesis. This will greatly enhance prosthetic function and
lower energy consumption. Within 6 months of knee fusion
and prosthetic fitting, the abduction and flexion deformity
at the hip joint will correct, thus aligning the limb under
the axis of the body.

Depending on the length of the femoral segment and
the limb as a whole, it is usually desirable to remove at least
one of the growth plates at the knee at the time of fusion.
This is usually the case in Aitken class A, B, and C deformi
ties. If this is not done, the limb will remain too long for
fitting of a suitable knee joint at maturity. In some cases,
depending on the length, it may be advisable to remove
both or neither growth plates (129). Calculation of the an
ticipated length of both limbs at maturity by means of the
Green-Anderson growth charts (Tables 30-2 and 30-3), as
described earlier, will help with the answer.
The fusion is usually performed between 2 and 3 years

of age. After excision of the epiphysis and physis from one
side, usually the femur, and the joint surface from the other,
the femur and tibia are fixed with a rigid rod, e.g., a Rush
rod placed from proximal to distal. This is supplemented
with a spica cast. The patient is usually ready for prosthetic
fitting in 6 weeks and ambulation as soon as the prosthesis
is ready.

Amputation of the Foot

With the knee fused, ablation of the foot is desirable in
most situations. One reason is length: the new lever arm,

consisting of the femur and the tibia, needs to be short
enough to accommodate an internal knee joint when the
child is older. The foot adds unnecessary length. In addi
tion, as the foot grows, it becomes increasingly difficult
to accommodate in a cosmetically acceptable socket. The
advantages and disadvantages of the Syme and Boyd ampu
tations have been discussed. Amputation is best performed
at the time of knee fusion.
van Nes Rotationplasty

In the van Nes rotationplasty, the limb is rotated 180 de
grees, either through the knee arthrodesis, the tibia, or a

FIGURE 30-14. The nonconventional or extension prosthesis allows the child to "stand" on the
prosthesis, extending his limb to the floor and accommodating the deformity. A and B show this
prosthesis without a knee joint, which is usual. It is possible to add a knee joint to the prosthesis.
C: The children rapidly learn to control the knee joint. D: Lateral view of the patient in the

prosthesis, demonstrating why this prosthesis is not a good long-term solution. The knee is at the
brim of the socket, is poorly contained, and provides a very poor lever arm. The weightbearing
line of the leg remains anterior to the axis of the body; the flexion and external rotation of the

hip persist.
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combination of both. The goal is to have the ankle of the
short limb at the level of the knee on the long limb at

Additional preoperative preparation includes toe and
ankle strengthening, in particular, since these are the struc

maturity. The foot now functions like the residual tibia in

tures that will power the new knee joint. Equinus position

a below-knee amputation, thus giving the patient function

should be emphasized, because this will place the foot in the

more like a B-K amputee than a knee disarticulation (Fig.

best mechanical position. Children who have mild equinus

30.15). An obvious prerequisite is reasonable function of

contractures of 30 degrees or less will usually stretch these

the foot and ankle. Because this procedure is also used in

out with prosthetic use, and do not need special attention

the treatment of both malignant skeletal tumors around the

preoperatively. Crutch training should be done preopera-

knee and traumatic loss of the knee with its corresponding

tively, as in all elective surgery that will require crutch use

growth plates, it is important to keep in mind that these

postoperatively.

patients are very different from those with PFFD. Although

The improvement in function with the rotationplasty,

some lessons from one group are applicable to the other,

compared to other procedures, has been documented both

care must be taken.

for tumor patients (136-138) and for those with PFFD

The rotationplasty was first described in 1930 by Borg-

(135,139). These studies demonstrate that those with rota

greve (130) for an acquired limb length discrepancy, and

tionplasty function better than those with knee arthrodesis

later by van Nes (131) for three cases of congenital defi

and Syme amputation, not quite so well as those with a

ciency of the femur. Initial reports of rotationplasty for

below-knee amputation, and not as well as those who have

treatment of PFFD by Kostuik et al. (132), and Torode

rotationplasty for noncongenital conditions, e.g., tumor.

and Gillespie (133) have been followed by more recent re
ports by Friscia et al. (134) and Alman et al. (135).
The main complication of the procedure is either failure
to achieve sufficient rotation at surgery or subsequent derotation with growth. Kostuik et al. (132), in one of the earli
est reports on this procedure, recommended waiting until
the child was older to perform the operation. However, this
delays the procedure many years beyond when the patient
can learn to use the prosthesis and benefit from the proce
dure. Because the complication is easily treated, there seems
little reason to wait. Subsequent reports have not found this
to be so great a problem.
A potential problem that is of concern to patients, par
ents, physicians, and prosthetists, when this procedure is
considered, is the cosmetic appearance. It appears, however,
that the problem is overrated by medical staff, compared
to the patients themselves. The procedure has been more
widely used and accepted in Canada than the United States,
and in large limb deficiency centers. Alman et al. found no
difference in the perceived physical appearance of children
treated with rotationplasty, compared to knee arthrodesis

and Syme amputation (135). In the report of Friscia et al.,
one patient subsequently had a Syme amputation at the
parents' request (134). This emphasizes the importance of
proper preparation of the parents, and patient if old enough.
This is best accomplished by seeing other patients with a

rotationplasty, along with using videos of patients, teaching
dolls, etc.

It needs to be emphasized that the ankle must be suffi
ciently normal to serve as a knee. This is particularly impor
tant, because up to 70% of children with PFFD will also

have a fibular deficiency on the same side. Although some

Stabilization of the Hip
Most patients with PFFD who are to be managed with

prosthetic fitting will have hip instability. This is not only
because of the deficient bony anatomy, but also the deficient
musculature. This has resulted in some controversy about

the value of surgical procedures to stabilize the hip. Some
feel that nothing of functional value is gained and surgical
intervention is not warranted (128,129,140), whereas oth
ers feel that surgical correction can

be of value (27,

141-143). It is the authors' opinion that, in Aitken class
A and B patients, who have a femoral head within the ace-

tabulum, surgical correction of the pseudarthrosis, with cor
rection of the varus deformity, is beneficial [*»4.4] (Fig. 3010B-D).

There are two problems to consider: the pseudarthrosis
and consequent malalignment, and the bony stability of
the femoral—pelvic articulation. In those patients for whom
lengthening is planned, it is necessary to obtain good con
tainment of the femoral head, which may require an acetabular procedure. In these patients, retroversion and varus are
usually present, and should be corrected prior to length
ening.

In patients with Aitken class B PFFD, there will be a
pseudarthrosis of the femoral neck. This can be repaired
while, at the same time, restoring more normal alignment.
It may not be necessary to wait until complete ossification
of the femoral neck to perform this procedure (144). Ossifi
cation may accelerate after realignment.

Iliofemoral Arthrodesis

valgus alignment of the foot and ankle can be compensated

There are two types of iliofemoral arthrodeses described.

for in the prosthetic alignment, the deformity may tend to

These procedures are an attempt to address the problem of

become greater with age. Severe valgus and equinus deform

hip instability.

ities, with a deficient foot, is a contraindication to the proce

In 1987, Steel described arthrodesis of the distal fem
oral segment to the pelvis, in the region of the acetabu-

dure.
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FIGURE 30-15. The results of a van Nes rotationplasty are seen in

this 17-year-old female with PFFD (same patient as Fig. 30-10). With
the ankle rotated 180 degrees, dorsiflexion of the ankle (A) results
in flexion of the prosthetic knee (B), and plantar flexion (C) results
in extension of the prosthetic knee (D).
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lumin four patients (145). The femur was flexed 90 degrees,

thesis, except for the need for ischial weight bearing and

so that it was perpendicular to the axis of the body. This

high lateral brim containment to aid in hip stability. Weight
bearing is divided between the ischium and the distal heel

results in knee extension being equivalent to hip flexion,

and knee flexion equivalent to hip extension.
More recently, Brown has described a rotationplasty in
conjunction with iliofemoral arthrodesis (146). In this pro
cedure, the distal end of the femur is rotated 180 degrees,

before it is joined to the ilium with its axis in line with that
of the body. The knee now functions as the hip joint, and
the ankle now functions as the knee joint, as in a van Nes
rotationplasty.

Both of these procedures have had limited use. There

pad. Full distal weight bearing would severely compromise
hip function over a period of time, because of the inherent
instability of the hip with possible proximal migration of
the femur. Prosthetically, fusion of the knee, with correction
of the angular deformities, results in improved gait and ease
of fitting, because of a single skeletal lever arm (149). Dur
ing growth, the child should be evaluated periodically for

the relative length of the two limbs so that, if needed, distal

are significant problems in achieving an arthrodesis, and the

femoral epiphysiodesis can be performed. This will allow
fitting of an optimal knee joint when the patient is fully

distal femoral segment cannot be allowed to grow too long.

grown, while maintaining the knees at the same level.

Additional surgical procedures are to be expected. As yet,

In the small child, and when the residual limb is longer

there are only very limited reports on the functional advan

than the opposite femoral segment, external knee joints may

tages (145-147).

be used. As the child grows, an internal four-bar knee can
be used. More about the indications and selection of knee

Thigh Reduction

joints is discussed later in the chapter.

The bulbous proximal portion of the thigh makes prosthetic

A Syme amputation without knee fusion results in diffi
culty with prosthetic management. Movement within the

fitting difficult in some patients, and results in discomfort
for others. This problem can be resolved by thigh reduction
with a combination of surgical excision and liposuction.

prosthesis, at the level of the anatomic knee, and the in

creased need for an intimately fitted socket, fosters a de
creased stride length and increased pelvic movement. How
ever, in the child with an Aitken class D PFFD and only

Prosthetic Management

a remnant of distal femoral epiphysis in which knee fusion

Initial prosthetic management of the child presenting with

will have little to offer, this may be a suitable choice.

PFFD begins with the extension or nonstandard prosthesis,
with or without an activated knee joint (Fig. 30-14). With
the foot positioned in plantar flexion, the limb is cast proxi
mal to the hip joint, and the prosthesis fabricated with a
prosthetic foot positioned under the shortened limb. The
socket was commonly referred to as a "ship's funnel" design
with ischial containment, because of the resemblance to the
engine air intake funnels of ocean vessels. This drastic socket
design is necessary because of the flexed hip and knee that
must be contained within the socket while attempting to
gain ischial support.

The purpose of the extension-type prosthesis is to equal
ize the length between the prosthetic and sound limb, in
preparation for early ambulation, while affording time for
surgical decisions. There are four indications that have been

identified relating to the fitting of nonstandard prostheses
(148):
1. While awaiting the proper age for surgical conversion.

2. When the patient or parent refuses surgical intervention,
and a prosthesis is necessary for ambulation.

3. In bilateral cases, when extra height or better balance is

The van Nes rotationplasty requires a nonconventional

prosthesis with the ankle functioning as the new knee. This
is a very difficult prosthesis to align and fit, although it gives
excellent function (134,150). The prosthesis has a lower
padded foot socket that contains the rotated foot in full

plantar flexion. Lateral and medial external joints are at
tached to the upper thigh section, to increase stability and
to prevent hyperextension of the lower shank (150). The
original design incorporated a laminated thigh section with

ischial weight bearing. With good hip stability, e.g., in
tumor and trauma patients, the laminated section is often
replaced with a leather thigh lacer and no ischial weight
bearing. It is imperative for proper function that the external
joints be aligned with the axis of rotation of the ankle/

subtalar complex, while maintaining the line of progression.

Failure to ensure this alignment, regardless of the anatomic
joint, will result in a poor gait pattern and skin breakdown.

The prosthetist should incorporate mechanical joint place
ment with slight external rotation on a new prosthesis, in

anticipation of the mild internal derotation inevitable dur
ing growth.

the goal.

4. When there is lower-extremity involvement, combined
with bilateral upper-extremity absence, requiring the feet
for ADL.

When a Syme amputation with knee fusion option is
chosen, the prosthesis resembles a knee disarticulation pros

CONGENITAL DEFICIENCIES OF THE UPPER
EXTREMITY

Some of the differences between upper- and lower-extremity
amputations have been discussed previously. One additional

Congenital Deficiencies of the Upper Extremity

difference requires emphasis here: upper-extremity amputa
tions are very visible. The hand is one of the most noticed
parts of the human body. Thus, unlike the child with a

below-knee amputation who walks without a limp and can
often match his peers in physical activity, the child with an
upper-extremity amputation is more easily seen as different.

This section deals with those congenital deficiencies of
the upper extremity that are transverse in nature. The longi
tudinal deficiencies, e.g., radial club hand and the other
classic anomalies that are confined to the hand, are discussed
in Chapter 22.

Most transverse deficiencies of the upper extremity will

be treated by prosthetic fitting, if they are treated at all. An

upper-extremity prosthesis is a way to improve the ability

of the deficient limb to assist the intact limb in its activities;
it does not replace the function of the missing part as ade
quately as it does in the lower limb.

The main purpose of the upper extremity, or a prosthetic
substitute, lies in the function of the hand, with the rest of
the limb used to position the hand. In addition, the upper
limb, or a prosthesis also plays a role in support, balance,
and trunk stability. In these latter functions, the prosthesis
can do well, but in the main function of prehension, it
functions poorly when compared to the normal hand. A
prosthesis has no sensory feedback, which requires that the
child watch the prosthetic hand in use. This, plus the
thought and mental practice that goes into making a me

chanical device work, makes the upper-extremity prosthesis

a far less efficient tool than the lower-extremity prosthesis.
It is important to recognize that many transverse upper-

extremity deficiencies will not be well served by prosthetic
prescription. If the prosthesis does not afford the child a

functional gain or cosmetic benefit, he or she will be quick
to reject it. The prosthesis must aid the child in some func
tion he or she wishes to do, i.e., age-appropriate functions
that require the use of two hands. The reasons for some
children becoming good users of a prosthesis, whereas others
with the same characteristics reject it, are not well under
stood. Although the parent's acceptance and compliance are
important, this is not the whole answer. The inability of

the prosthesis to substitute for a normal limb, and the hand
in particular, is also a partial explanation. These facts, cou

pled with the incredible ability of the young child to learn
to use one hand assisted by the residual limb with so little
concession to activities that are assumed to require two
hands, must also be a significant factor.

1247

and what they actually do with it in their normal activities,
can be very different. Although some children develop an
amazing facility with the prosthesis in their everyday activi
ties, many will demonstrate this facility in the medical set
ting, but continue to use the prosthesis much as they would
their residual limb, and not as a prehensile tool, during
daily activities. Standardized tests have been developed to
measure spontaneous use versus voluntary control as it re

lates to age-appropriate activities. The University of New
Brunswick test of myoelectric control is used by therapists to
assess the child's ability to use the prosthesis in a controlled
situation. The Prosthetic Upper Extremity Functional

Index is a self-reported measure of the child's functional
abilities during daily activities.

Although children often will not use a hand for func
tional purposes, the importance of the hand in appearance
must be remembered. Besides the face, it (or its absence) is
the most readily noted feature of the body. Good cosmetic

hands can be of great help to children, especially adolescents,
who desire them, and should not be minimized because of
their nonfunctional nature.

The higher the deficiency, the more the disability, the
harder it is to replace the function with a prosthesis, and
the less will be the patient's acceptance of it. Lack of heat
dissipation, weight, energy expenditure, concentration nec
essary to work it, and lack of functionality are all reasons

why children with more proximal deficiencies will be less
likely to use a prosthesis.

The main purpose of the upper extremities is grasp and
manipulation of objects. Early in infancy the upper extrem
ity reaches and touches objects within the visual fields and
provides a rich sensoiy feedback to the child. This sensory
feedback is an essential element of upper-extremity func
tion. For the child with a limb deficiency or high-level am
putation, especially if bilateral, sensation seems to be the

single most desirable attribute of the extremities. Thus, if
the upper extremities meet in the midline, the child will
usually reject a prosthesis. If the extremities will not meet,
or sometimes, when they meet where they cannot be seen,

the patient may prefer a prosthesis for the function it affords.
The fitting of an upper-extremity prosthesis is much
more individualized than a lower-extremity prosthesis. For
those with a unilateral below-elbow amputation, fitting with
a passive hand around 4 to 6 months of age is an easy

Judging the success of an upper-extremity prosthesis is

decision because it is relatively inexpensive, well-tolerated
by the patient, and helpful in deciding on later fitting with

tify. The hours of use alone is not a good criterion. Many

amputations, especially bilateral, such a program of routine

What the child can do with the prosthesis when asked,

fitting will frequently result in failure (6).
The age for fitting is based on the normal development
of the child. By 4 months of age, the child brings the hands
to midline while supine, and props on elbows while prone.
Eye—hand coordination develops as the hands are brought
into the visual fields. By 6 months, the child is beginning

very specific to the particular patient, and difficult to quan

children will use the prosthesis for specific tasks (riding a
bike), and prefer to remove it for others (swimming). Some
children will wear it very little during the summer while
playing, but will wear and use it every day in school, when
bimanual motor tasks are a significant part of the activity.

a more complex prosthesis. However, in cases of high-level
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to prop on the extended arms when sitting, and is rolling

a family, children, and employment. Until the physician

in all directions. Early prosthetic fitting between 4 and 6

becomes acquainted with a child or, preferably, an adult

months allows the infant to incorporate the prosthesis in

with bilateral amelia, she or he cannot understand the extent

all gross and fine motor functions that are developing.

to which the legs and feet can substitute for the arms and

Children with bilateral high level amputations will pri

marily use adaptive performance techniques with their

hands. Most of these children will reject prostheses.
The question of prosthetic fitting most often arises in the

mouth, chin, neck, shoulder, and feet. Therapeutic inter

child with bilateral amelia and significant lower-extremity

ventions should focus on promoting these techniques first,

anomalies that limit their substitution for upper-extremity

and secondarily adapting the environment to assist the child

function. In such cases, unilateral fitting may be indicated,
but is likely to gain limited acceptance, and then only after

in age-appropriate activities. Attempts should not be made
at this point to modify the child with prosthetics. Children

with high levels or complete absence of the upper limbs will

many years of struggle, coupled with need for the limited
function the prosthesis provides.

use their feet to accomplish everyday two-handed activities.

Children with bilateral amelia will often walk late. They

The use of the foot in play, and in activities of daily living

will need help in pushing to stand. In addition, the fear of

appropriate for the child's stage of development, should be

falling, because they cannot protect themselves, comes early.

incorporated in all therapy home programs. It may take

Helmets or some protective head gear are needed until the

considerable persuasion to win the parents to this view.
Children with bilateral high-level amputations should

child is independent in gait. Therapy is directed at trunk

control and strength, along with training in the use of their

probably be given an opportunity for prosthetic use. In addi

feet for all activities. These children are also prone to de

tion to possible functional gains, the families experience a

velop a progressive scoliosis, often before adolescence. This
presents a difficult problem. Bracing restricts the use of their

significant benefit in knowing that all has been tried, and
the patients gain a valuable experience in having tried

feet in activities of daily living. Surgical fusion does the

prostheses. A multicenter review of bilateral upper-limb de

same. However, often these curves will require fusion, and

ficiencies showed that 50% were still wearing a prosthesis

in such cases, as short a fusion as possible should be done.

at age 17 years or older (6). Fitting in such children should
rarely be attempted before 1 year of age, despite the parent's
anxieties. Fitting should be done to help the child perform

Phocomelia

appropriate tasks for his or her stage of development, or to

In phocomelia, the distal portion of the extremities appear

aid in certain specific activities. It is usually best to fit a
child with only one prosthesis at a time, because the prob

to attach directly to the body. There are wide variations in
this deficiency. In some, the hands may be close to normal,

lems with two may lead to early rejection.

with some remnants of the arm bones, whereas in others

the hand may be no more than a single functionless digit
Amelia

with little residual of the arm. Patients with phocomelia
usually have some mobility in their residual limbs, and thus

The child with unilateral absence of the arm will be less

differ in one significant way from the child with bilateral

likely to fully accept a functional prosthesis than those with

amelia: they have a sensate limb often capable of some

lower levels of amputation. If body-powered components

grasping function. The function of these limbs depends on

are used, the patient has difficulty in controlling the devices,

the function of the hand and the length and function of

because there is no lever arm. Externally powered prostheses

the arm itself, and the ability to bring the hands together

are heavy. The weight, and the increased body heat, because

in the midline or to the face.

of the necessary suspension, make this a difficult prosthesis

Those children who cannot bring their hands to the mid-

to wear. When coupled with the problems of function in

line or to the mouth will use their feet to substitute in the

using an artificial shoulder, elbow joint, and hand, the child

activities of daily living (Fig. 30-16A-D). They should be

will usually choose to function without the prosthesis.

encouraged from an early age to develop their foot skills

Many children with amelia of the upper extremity are

and the body strength that is necessary to use the feet. In

bilateral. The choices for these children are to help them

those with better function and length, little else than adap

develop their lower extremities to substitute for the upper

tive equipment to aid in dressing, etc. may be necessary

extremities, to fit them with prostheses, or to attempt a

(Fig. 30-16E).

combination of both. There is universal agreement that
there is no place for attempting to limit the child's use of

Therapy to increase the range of motion of the scapula
and limbs, and to strengthen any muscle power in the resid

their feet and attempting to provide all of their upper ex

ual digits, may prove of benefit. Adaptive equipment to aid

tremity function with prostheses. The feet are the best sub

in the use of their residual limbs can be very useful for some

stitute for the hands. Children with bilateral amelia and

activities, e.g., feeding and dressing as well as other activities.

relatively normal lower extremities can usually master all of

The residual limbs can manipulate switches for powered
prostheses, and thus, the temptation for a prosthetic solu-

the activities of daily living, while leading full lives with

Congenital Deficiencies of the Upper Extremity
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FIGURE 30-16. A child with bilateral amelia or bilateral phocomelia, when

the hands cannot meet in the midline, will use the feet for most activities.
In such children, the use of the feet should be encouraged and developed
from an early age (A). When older, these children will need the use of their
feet to accomplish the activities of daily living (B, C). If there is any motor
power in the extremities, they may be capable of useful function assisting
the feet (D). When the hands can meet in the midline and have good motor
power, excellent function is possible (E).
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tion to their problem. However, like the child with bilateral
amelia, these children will function in most activities by
substituting foot function for what they cannot do with
their upper extremities. Fitting the older child with a unilat
eral prosthesis for specific function may be indicated, but
routine wear is not common.

Transverse Complete Humeral Deficiency

There is little published experience in this deficiency. Al
though some children with unilateral above-elbow amputa

tion will develop surprising facility with this prosthesis, they

will often wear it only for specific activites, e.g., sports, or

for cosmetic reasons. If there is a humeral segment of any
reasonable length, the humeral-thoracic pinch provides

Despite the fact that congenital below-elbow amputees

are ideal candidates for prosthetic use, not all children will
remain good prosthetic users during their childhood. Scot
land and Galway reviewed the experience at the Ontario

Crippled Children's Center, and found that 32% had
stopped using their prosthesis, with follow-up of 7 to 17
years (152). How many of these may resume use of the
prosthesis in the work environment is unknown. They, like
Brooks and Shaperman (153), noted greater acceptance of
the prosthesis if fitting was done before the age of 2 years.
In the congenital group of Brooks and Shaperman (153),
22% of those fitted before 2 years of age, and 58% of those
fitted after, had stopped using their prosthesis. However,
of those who continued to use their prosthesis, there was
no difference in the amount of use between the two groups.

useful assistance for the normal opposite extremity. Pros

The most common age at which patients discontinued use

needs, and will generally relate to specific tasks. These may
be as limited as riding a bicycle or as broad as full-time use
at school. These patients should be offered the opportunity

metic, and that they could do everything without it. Sorbye
(154) reported that, of the patients in their clinic below age
24 years, 87% were using their myoelectric prosthesis, and
65% of these used it all day and for all activities. Hubbard

thetic use will be in accord with the patient's functional

for prosthetic fitting.

Patients with bilateral congenital transhumeral deficien

cies are more inclined to use their own body, rather than
a prosthesis. These children may benefit more from assistive

devices than prostheses for their needs. Such patients will
often prefer prosthetic fitting on one side, utilizing the hu
meral-thoracic pinch, with intact sensory feedback on the
other side, along with their feet. It is important to again
make the distinction between the congenital and acquired
amputee. The congenital amputee will be less inclined to
use prostheses and the traumatic more inclined.
For the patient with bilateral above-elbow transhumeral
deficiencies, Marquardt has recommended an angulation
osteotomy of the humerus (151). The osteotomy angles the
distal 3 to 5 cm of the distal end of the humerus anteriorly
70 to 90 degrees. It allows for suspension without the usual
shoulder cap, is easier to put on, permits better shoulder
motion, and gives better control of rotation. This procedure
should only be performed if the humeral length is sufficient
and there is a need for a unilateral prosthesis.
Transverse Complete Forearm Deficiency
(Congenital Below-elbow Amputation)
The congenital below-elbow amputation is the most com
mon of all of the upper-extremity deficiencies. It is usually
the left arm (Fig. 30-17). It is sporadic and without known

cause. Children with this deficiency are the most ideal
upper-extremity deficiencies for prosthetic fitting. Children

was age 13 years, and the most common reasons were cos

et al. (155), reporting on the Toronto experience, found

that 70% of the below-elbow amputees were using their
prosthesis, whereas 30% had rejected it.
With this and other evidence, it is now the usual practice
to recommend fitting around the age of 4 to 6 months with

a passive hand to aid in normal development. At 4 months,
the child brings the hands to midline while supine and props

on the elbows while prone. By 6 months, the child will
prop on extended arms while sitting and rolling over. This
lightweight prosthesis is used to have the child become com

fortable with a prosthesis, and to acquaint the child with
the two-handed activities that a normal child would use, in
an effort to develop the central cortical pathways for bimanual dexterity.

Depending on the child's acceptance and use of this pas
sive prosthesis, and the choice of a terminal device, a more
functional terminal device is fit between 15 and 18 months

(26,156). Today, there are a number of terminal devices
available (157). There are two choices to power the device:
battery (myoelectric) and body (cables). Although there will
be many factors to consider in the selection (cost and fund
ing, clinic philosophy, and parent choice), virtually all cen
ters today in North America are fitting the majority of
children with a myoelectric-powered terminal device (Fig.
30-17). Table 30-4 compares the advantages and disadvan
tages of a myoelectric and body-powered terminal device
for the child with a congenital below-elbow amputation.

with this deficiency are unlike those with a transverse ampu

tation through the carpal bones, which usually have partial
grasping function with sensation. They are also unlike the

above-elbow deficiencies, in that they have a normal shoul
der and elbow that allows accurate placement of a relatively
light prosthetic terminal device.

Terminal Transverse Transcarpal
Deficiency

The congenital transcarpal amputation is the second most
common deficiency of the upper limb, and occurs in a char-

Congenital Deficiencies of the Upper Extremity
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FIGURE 30-17. A: A typical patient with a
congenital below-elbow amputation. There
is usually enough length to fit a prosthetic
arm and still permit good active elbow mo
tion. B, C: Two different children with trans
verse incomplete forearm deficiency fitted

with a myoelectric-powered hand perform
ing common functions of childhood. Many
of the children who use the prosthesis de

velop amazing skill in its use.

acteristic pattern, with some or all of the proximal row of

carpal bones preserved. The existing flexion of the carpals
on the radius allows for limited grasping function that
along with normal sensation, makes this an assistive hand
for which no prosthesis can substitute (Fig. 30-18). Occa

sionally, children will benefit from a volar opposition post

for certain activities. They will usually wear it only for cer
tain tasks, e.g., a guitar pick adapter or to grasp the handle
bars on a bicycle.

The authors' experience with such children is that they
have much more difficulty with the cosmetic aspect of their
deficiency that do those children with transverse amputa
tions at higher levels. In the older child and adolescent, it

may be wise to explore the desire for a cosmetic hand that
would be used in certain circumstances or provide a psychosocial benefit. Some cosmetic hands have a passive spring
grasp to provide limited function.

Prosthetic Management

Generally, upper extremity prostheses and their control sys
tems can be subdivided into three categories: passive, exter
nally powered, or body-powered devices. The Ballif arm (circa
1400) was the first body powered prosthesis to introduce the
use of prosthetic hand operation by transferring shoulder
movement to activate the terminal device (158). A harness

Chapter 30: The Limb-deficient Child
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TABLE 30-4.

COMPARISON OF MYOELECTRIC- TO BODY-POWERED PROSTHESIS
Myoelectric

Weight

Heavier—however, passive prostheses are weighted

Body-powered
Weight spread across the shoulders

to prepare for the myoelectric system

Grip Strength

Stronger than a body-powered, built into the

system—less work for the child

Strength is provided by rubber bands that increase or decrease
tension and force needed to open the hand—more work
needed through scapular control

Cosmesis

More accepted—resembles the hand—more self-

esteem by the child, greater parental acceptance
Maintenance

Requires gloves—maintenance and

electronics—electrodes lose contact and require occasional
adjustment—adjustments for growth

Harness

No harness—suspension through socket—no straps

Hooklike orclawlike in appearance; usually rejected by the
child or parent—object of ridicule by other children
Requires gloves; frequently requires repair for broken cables
caused by friction; requires gloves if mechanical hand used;
adjustments for growth on a regular basis
Harness—bulky on a toddler; difficult to keep on without
pinning to undergarment; children dislike harness especially

on body

in summer months

Muscle Control

Uses muscles in limb to control terminal

device—prosthetic hand—direct "cause and effect"

Uses muscles distant from the terminal device—biscapular
abduction to control hand or hook—very confusing for
toddler whose control and balance is developing—easier for
older children

Grip Control

Maintain grip easier through muscle contraction

Toddlers loose grip very easily, overall gross movements allow

at the end of the residual limb; is the most successful type of

the object being grasped to release and fall involuntarily—

control

tension on the cable to the harness does not remain
constant—becomes very frustrating for the child

over the contralateral shoulder is connected with a thin cable

thesis look as natural as possible, at the sacrifice of function.

and housing to a terminal device. Through the use of scapu

Most hooks are canted in design, and this allows a full field

lar abduction, the fixed cable is stretched over a greater

of view, compared to the mechanical hand that obstructs

distance and causes the prosthetic hook or hand to open or

the view and results in an awkward arm positions to grasp

close, depending on the configuration of the terminal de

objects.

vice. A good analogy is the braking system on most bicycles.

The externally powered prosthesis can be further subdi

Most parents prefer the cable-operated prosthetic hand over

vided into switch control or myoelectric control. In both sys

the cantered hook for cosmetic reasons. Unfortunately, the

tems, a battery, relay switch, electric hand, and electronic

hook is far superior in function, but has fallen from favor,

control system are present. It should be noted that the elec

because of parental and public pressure to have the pros

tric hand is the only terminal device available for children

FIGURE

30-18. This

young

boy with

a

transverse transcarpal deficiency demon
strates the partial grasp at the flexor crease
that, when combined with sensation, usu
ally proves superior in function to a pros
thesis.

Congenital Deficiencies of the Upper Extremity
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FIGURE 30-19. This example of the myoelectric prosthesis was made with a clear socket
for teaching purposes. The proximal portion
of the socket, which fits on the residual limb,
contains the electrodes that pick up the sig

nals from the muscles. This fits into the pros
thesis, which contains the electrical and me
chanical working parts of the Otto Bock
Electrohand.

using the externally powered prosthesis. In the myoelectric
prosthesis (Fig. 30-19), an electrode placed on the surface

of the skin acts to pick up the electromyographic signal
(EMG), which in turn is amplified with the help of an
electronic relay switch, and this, in turn, operates the electric
hand (159). The entire system is generally referred to as a

one-site or two-site system. This denotes the number of
electrodes that are used for signal recognition.

The one-site system can be further categorized as volun
tary opening—automatic-closing, rate-sensitive, and levelsensitive. The first fitting of a myoelectric arm occurs at

under 2 years of age, and utilizes a voluntary opening—au
tomatic-closing (cookie-cruncher) configuration. The mus
cle signal opens the electric hand, and relaxing of the signal
causes the hand to close automatically. This system is used
for children under 4 years of age. The rate-sensitive and
level-sensitive control systems use one muscle to control two
functions, and are generally fitted to children over 4 years
of age, when two sites are not available. The choice of a
system depends on the muscle signal strength, muscle con
trol, and prosthetic design factors (26).
In the two-site system, each electrode operates a specific

task. Children can often operate this more complex system

by 3 to 3V2 years of age. The EMG signal of the flexors is

used to close the hand, while the EMG signal of the exten

sors is used to open the hand. This system is used when
children have established good control and use of their myo
electric prosthesis, and have demonstrated the ability to con

trol both the flexors and extensors independently of each

other.

Patients with a higher level of upper-extremity amputa

tion are generally good candidates for switch-controlled ex
ternally powered prosthesis. The electrode is replaced with
a miniature switch that can be either a push-pull configura
tion, a force-sensing resistor, or simple on-off design. The
incorporation of these switches into the prosthesis depends
primarily on the level of amputation and the design of the
prosthetic socket or frame.

Multiple Limb Deficiencies
Management of the patient with multiple limb deficiencies,
involving both the upper and lower limbs, is a challenge that
requires a team with experience, to achieve the maximum

function for the patient. The problem of bilateral upperextremity amputation has been covered earlier. Children

with one upper and one lower extremity pose no problems
beyond the management of each individual limb. Children
with bilateral knee disarticulation or transtibial amputations
will walk without support, and thus a unilateral upper-ex
tremity amputation in association poses no special problem,

other than donning and doffing the prostheses. With ampu
tations above the knee disarticulation level, however, walk
ing without support, and thus the need for upper-extremity

function, becomes a problem, and may require a wheelchair

for long distances and to conserve energy.
A special caution needs to be given in regard to those
children with bilateral upper-extremity amputation and
lower-extremity anomalies that might ordinarily be treated

with amputation and prosthetic fitting. No amputations of
the lower extremity should be performed until it is certain
that the child will not require the use of the feet for grasping
activities.

One of the most common types of patients seen in the
pediatric age group with this problem is the quadrimembral
amputee as a result of meningococcemia. In these patients,

it is often necessary to cover the residual extremities with
split-thickness skin grafts to maintain length. These grafts,
if not adherent to bone, do very well in the prosthesis, and
are not a hindrance to fitting. Treatment must be individu
alized for each patient with certain general guidelines. The
first is to help the patient maximize function with his or her
residual limbs. This is especially true with the upper extremi
ties, where sensation is so important to function. Although

these children will become proficient in the use of bilateral
upper-extremity prostheses, if their residual limbs are long
enough, they will usually perform many of their daily activi
ties, especially at home, without their prostheses.
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A common mistake is to attempt to fit all four extremi

In the child with a congenital quadramembral deficiency,

ties of these children with quadramembral loss at the

there will usually come a time when the parents, and perhaps

same time. Although the pressure to do so is enormous,

the child desire prosthetic fitting. Again, it is best to avoid

it may result in actual delay in functional recovery and

fitting all four extremities at once, but rather focus on meet

rejection of the prostheses. In the vast majority of situa

ing specific needs. Although experience shows that most of

tions, it is best to first fit the lower extremities and

these children will use their prosthetic devices in a limited

achieve ambulation. After this is accomplished, fitting of

fashion, if at all, they and their parents need and are entitled

the upper extremity is done.

to the experience at least once (Fig. 30-20).

FIGURE 30-20. This child with congenital bilateral
hip disarticulation and transhumeral amputations (A)
was fitted with four prostheses (B), which she quickly
abandoned in favor of her power chair and simple
assistive devices (C).

Acquired Deficiencies

ACQUIRED DEFICIENCIES
Causes

Children may suffer an amputation for a variety of reasons.
Although there are no good statistics, trauma is the major

cause of amputation in childhood (160). In this group,
power lawnmowers lead the list of causes, and most com
monly, it is a child riding with a family member. Motor
vehicle accidents, farm injuries, and gunshot wounds follow
in that order (161). In war-torn countries, land mines may
be the leading cause of amputation. Because amputation of
the digits is most often caused by machinery, upper extrem
ity amputations are more common than lower extremity.
Boys are affected about twice as often as girls.

Tumors, vascular occlusion caused by meningitis or vascu
lar catheterization, and burns are additional causes, and each
has its own unique set of circumstances. Indeed, the differ
ences in acquired amputation defy a detailed analysis. Some
are semielective, and allow for some preparation ofthe patient
and the parents, whereas traumatic amputation do not. It is
possible, however, to discuss the common principles that are
applicable to acquired amputations in children.
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bone occurs from the distal physis. A 5-year-old child with

a midthigh amputation will have less than ideal length as
an adult. In the leg, however, little is lost, so long as an

adequate portion of proximal tibia, where the majority of
the growth occurs, is preserved, and in fact, shortening the
bone to achieve good soft tissue coverage may be the best
course.

The common teaching that skin grafts do not make
suitable coverage for a residual limb that will bear weight
in a prosthesis, is not applicable to children, especially very
young children. In children, skin grafts do make good cover
age so long as they are not adherent to bone. Split-thickness
skin grafts are frequently needed to preserve length in meningococcemia, burns, and some cases of trauma. In older

children with traumatic amputations, free vascularized flaps
can provide excellent coverage.

Where possible, disarticulations will avoid the problem
of bony overgrowth. It is not necessary, or perhaps even
advisable, to remove the cartilage from the bone end. Taper
ing of the bone ends, e.g., at the distal tibia, is not necessary,
unless the child is approaching adulthood. The bony promi
nences will not develop to adult proportions, and thus do
not represent a prosthetic fitting problem. If a young child

has a through-bone amputation, it may be possible to sal
Principles

When the surgeon is faced with an acutely mangled extrem

ity, it can be difficult to decide on amputation versus limb

salvage. The usual criteria and classifications that are applied
to adults are not easily transferred to children. It is often
necessary to gain the input of a vascular surgeon and others,

to make the best assessment, while always remembering the
tremendous healing and adaptive capacity of the child, com

pared with the adult.

When dealing with feet mangled in a power lawnmower,
it is often wise to attempt salvage at the first operation.
However, in the case of a mangled leg that will require
vascular and nerve repair, along with bone reconstruction
and free tissue transfer, the decision needs to be made more
realistically. The more energy expended in saving the limb,
the higher the parents' expectations of the result.
The surgeon rarely will have options regarding the level

of amputation in trauma. The lack of preparation, coupled
with the parents' expectations, usually dictates saving as

much of the limb as possible. This often results in less func
tional level of amputation than one more proximal. The
most obvious example is preservation of the talus and calca-

neus, which the parents and child may see as having at least

part of the foot, whereas the result will may be a worse gait,

worse cosmesis, and more prosthetic problems than a Syme
amputation.

In the child, it is usually advisable to save as much length
as possible in amputations of the long bones. This is espe
cially true in the femur, where 70% of the growth of the

vage a portion of bone and cartilage from the amputated

part for capping the bone. This is similar to performing a
Marquardt procedure, and has the potential to substantially
reduce problems of overgrowth.

It is important not to forget the child during the acute

phase of the amputation. Often the surgeon has enough
problems dealing with the parents' emotions, and can easily
forget that the child also needs emotional as well as physical
attention.

In many circumstances, the amputation will be elective.
Such is the case with children who have posttraumatic inju
ries, and are electing surgical modification for better func
tion and prosthetic fitting. Children with gigantism, Klippel-Trenauney-Weber syndrome, and malignant tumors
not suitable for limb salvage, also are in this categoiy. In
many cases the need is obvious, and the child and parents

have come to their decision after careful consideration.

In the case of tumors, however, it is not so easy, and
there is generally not complete acceptance for what is a lifesaving procedure. In all cases, the more preparation by the

professionals, and the parents and patient talking with other
patients the better. It needs to be emphasized that the chal
lenge is to live, and that the operation is necessary for that.
The options revolve around the functional and cosmetic
aspects of the different procedures.

There remains a difference of opinion as to whether or
not it is worthwhile to fit the acquired juvenile amputee in

the immediate postoperative period. In the young child with
a congenital deficiency, there seems little to be gained. How
ever, in the older child, especially when the amputation is
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caused by trauma, there can be large psychologic benefits

levels should be used only as a guideline to aid the practi

to placing the child in an immediate postoperative pros

tioner.

thesis. This also aids in control of edema and phantom pain.

PROSTHETICS

In the prosthetic fitting of the pediatric amputee, the single
most important guiding principle is that function should
never be sacrificed for cosmesis. When dealing with the

adult population, overall biomechanical forces resulting
from prosthetic alignment can do relatively little damage to
skeletal integrity. This is not the case for the pediatric pa
tient, in whom skeletal development is ongoing. Incorrect

alignment can have far-reaching and often pronounced neg
ative results.

Fitting the pediatric amputee leads to unique issues not

normally seen in the adult population. Disarticulations lead
to long residual limbs with knee centers lower than the
sound side. Ischial containment sockets are not normally
recommended (unless needed because of hip instability) be
cause of problems with soft tissue containment and diapers
in infants. Location of bony landmarks is obscured by fatty
baby tissue, and casting is difficult and nonexact.

The various stages involved prior to receiving a prosthesis

are generally standard within the profession. Upon referral
to a clinic, the child is assessed by the team, and a treatment
protocol is established. The stages involved in prosthetic
fitting include:

1. CASTING of the residual limb.

2. TEST fitting of the modified interfacing socket.
Role of the Prosthetist

The role of the prosthetist is to ensure that the highest
level of functional need of the patient is achieved through
prosthetic intervention, or the wisdom for no intervention

at all. The skilled prosthetist is able to assess anatomic
and functional deficiencies, and recommend socket design
and component selection. In addition, he or she must pos

sess the clinical skills, medical knowledge, and ability to
communicate that will enable timely and appropriate flow
of knowledge to the other team members and parents, so

that realistic expectations can be identified and achieved.

Routine servicing of the prosthesis is extremely important

to minimize, extensive repairs and anticipate the need for a
new prosthesis. Children are generally not happy to be with
out their prosthesis.

Fitting Techniques

Technique will vary, based on the experience of the prosthe
tist, team approach, integration of ever-changing technol
ogy, and the severity of the deficiency. Physiologically, the
child is in a constant state of growth and the prosthetic
device must be designed to permit weight bearing, and allow
for the greatest amount of growth without compromising
fit and function. Most congenital lower-extremity amputees

are able to bear some weight on the distal end of the residual
limb, and the prosthetist is able to allow for a slightly less

intimate fit of the prosthetic socket than might be the case

for the acquired amputee. Unlike the adult, the child's skin
has greater tolerance for skin breakdown. The increased ac
tivity levels of the child amputee place tremendous expecta

tions on the prosthetic devices and the components. All
of these factors are constant challenges to the prosthetic
prescription, and emphasize the need for a nonstructured

approach to fitting. What may be suitable for one child may
be unsuitable for a different child with the same anomaly.
Rigid time schedules are discouraged, and developmental

3. DYNAMIC alignment and gait training.

4. DELIVERY of the completed prosthesis.

Socket Design and Suspension Systems

The cast or impression forms the foundation for the pros
thetic design (162). It is only after a well-fitting and com

fortable socket-skin interface is achieved that the additional
componentry can be added and expected to function as
designed. Casting usually involves the placing of a casting

sock on the residual limb, marking all landmarks and wrap
ping circumferentially with plaster or synthetic bandage.
This becomes the negative impression. It is then filled with
molding plaster and stripped, forming the positive cast ready
for modification. This positive cast is then modified to dis
tribute forces and relieve pressure in the socket for proper
hydrostatic control of the residual limb.
Through the use of a clear test or diagnostic socket, fabri
cated over the positive mold, the practitioner is able to ascer

tain the areas of high and low pressure, and to ensure that
they are directed over the appropriate areas. Common fit
ting problems can be flagged and corrected before final
socket design.

Computer-aided design-computer-aided manufacture
(CAD/CAM) has been used as an alternative tool to plaster
casting and modification of the prosthetic socket. In its most

simplified form, a residual limb is scanned with an optical
laser. The information is relayed to a computer, where

modifications can be made to the scanned shape, to allow
for increased or decreased weight bearing areas. The finished
design is transferred to a computerized milling machine to
form a positive model. This, in turn, is used to fabricate
the finished device. Slowly, CAD/CAM is becoming more

widely used within the profession, because of advantages
of design reproducibiliry, record keeping, and flexibility in
remote locations (163). Its advantages in the pediatric set
ting have yet to be proven. All current CAD/CAM systems

Prosthetics

rely on surface topography of the residual limb, therefore
disregarding crucial data, such as tissue density, tissue mo

bility, and underlying skeletal structures (164).
During dynamic alignment in the crawling infant, the

prosthetist initially focuses on creating a prosthesis that will
aid the infant in preparation for ambulation, transitioning
from crawling to standing, with little consideration at this
point to gait. Sutherland concluded that mature gait pat

terns were established by 3 years of age (165), whereas others
place the time frame closer to 6 years of age. Early infant
gait patterns are, in fact, the processes of suppression of
primitive reflexes and the acquisition of postural responses

(166). Dynamic alignment is the manipulation of relative
position of the socket to the foot and knee, while the pros
thesis is moving through the various stages of gait. Through

the use of alignment mechanisms in the components, the
prosthetist is able to shift, tilt, and rotate the knee and
foot in relation to the socket. Once independent gait is

established in the infant, further refinement to gait can be
achieved through prosthetic alignment.
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Hip Disarticulation
Amputees at the hip disarticulation level require extensive
prosthetic intervention. The socket encompasses the ampu

tated pelvic remnant, and encloses the contralateral side for
suspension. The traditional socket design rises proximally to
the waist, and fits similar to a Boston spinal orthosis. The Di
agonal socket is a modified version of the standard design,
and it affords a more comfortable fit and increased flexibility.

Prosthetic hips are single axis, and are mounted on the outside
anterior distal aspect ofthe affected side. Hip and knee flexion
are easy to activate, if the prosthesis is perfectly aligned. The

hip is anterior to the weightline and the knee is posterior. This
allows for a stable stance and a smooth gait. The endoskeletal
system is used exclusively for this level ofamputation because

of an increased level of cosmesis and decreased weight. Chil
dren at this level can achieve remarkable gains, when fitting
begins while the child is pulling to stand, and when therapy
intervention and parental training are incorporated. It is rec
ommended that the knee be locked, initially, so that hip con
trol can first be learned. Once the child is walking indepen
dently, the knee can be activated.

Lower-extremity Socket Design
The design and fitting of lower-extremity prostheses encom
passes numerous biomechanical principles and their applica

Transfemoral Prosthesis
Transfemoral socket design has evolved significantly over

tion to the residual limb—socket interface, and it is the suc

the last 10 years. The quadrilateral socket was the socket

cessful manipulation of these forces that ensures a patient's

design of choice until 1987, when the International Society

comfort and function. The accommodation for differences

for Prosthetics and Orthotics (ISPO) formulated recom

in tissue compressibility, pressure tolerance, underlying

mendations on the narrow medial lateral (ML) socket design

bony structures, and vascular integrity are factors taken into

(167). Variants of this design (ischial containment socket)

account prior to socket design. Dynamic forces exerted

continue as the CAT-CAM

through ground reaction forces and resulting moments, in

chanteric/controlled alignment method), NSNA (normal

cluding torque and shear forces, increase the vulnerability

shape, normal alignment), and the modified quad design,

of the skin-socket interface.

to name a few (Fig. 30-21). The underlying principle is to

(contoured adducted tro-

Bony lock

Counter
force

FIGURE 30-21. A: The quadrilateral socket is useful
forthe young child, especially if end-bearing is possi

ble. However, it fails to stabilize the femoral seg
ment in a transfemoral amputation. B: This has led
to the popularity of the narrow medial lateral socket

design, e.g., the ischial containment socket shown
here. This design can prove impossible in small in
fants, because of the fatty thigh and buttocks as well
as diapers.
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adduct the femur, while locking the ischial tuberosity within
the socket, thus providing a more anatomically correct
alignment during all phases of gait (168). The controversy

limb, and at the completion of skeletal growth. Short limbs,
volumetric changes, and severe scarring are contraindica
tions for the suction suspended socket.

over these designs has been increasingly dispelled, with fur
ther clinical experience.

There are various suspension mechanisms that may be
utilized for the secure attachment of the socket to the resid
ual limb. These devices may be auxiliary suspension, which
is attached to the socket to suspend or enhance suspension.

The suspension may be incorporated in the socket itself,
e.g., suction sockets, supracondylar sockets, etc.
Pediatric amputees are usually fitted with a Silesian belt
system of suspension (Fig. 30-14A and B; Fig. 30-22A),
until adequate development of the residual limb allows for
silicone suspension, at approximately 2 to 3 years of age.
The Silesian belt attaches to the anterior/medial aspect and
the lateral aspect of the transfemoral socket, and lays across
the pelvis at the waist. Tightening the Silesian belt prevents
the socket from slipping distally. The total elastic suspen
sion (TES) belt may be used instead of the Silesian belt.
The TES belt is a neoprene suspension system that is applied
over the proximal portion of the transfemoral socket, then
secures around the waist.

Suction sockets are not typically used for the pediatric
population because of tight tolerances in fitting that cannot

be maintained by a growing child. With the suction socket,
the residual limb is pulled into a socket that incorporates

a one-way valve in its design (Fig. 30-22B). Once the valve
is in place, the amputee expels air every time the prosthesis
is in contact with the ground. During swing phase, the
negative pressure within the socket holds the prosthesis in
place. Air that leaks into the socket is quickly expelled
through the one-way valve, and a constant negative pressure

is maintained. Total contact suction sockets are generally
used for the transfemoral amputee with a mature residual

Transtibial Prosthesis

The transtibial prosthesis is used the least in the pediatric
population. Although most amputations in children are disarticulations, growth changes in the fibular deficiency often
result in a transtibial-level residual limb that is distal end
weight bearing. The true transtibial socket is most often
required for the traumatic amputee. Total contact design
allows for increased pressure-bearing over the patellar ten

don, medial flare of the tibia, medial shaft of the tibia, and
lateral shaft of the fibula, and the anterior and posterior
compartments. Similarly, weight-sensitive areas most af

fected include the tibial crest, fibular head, distal tibia and
fibula, peroneal nerve, and the patella. The socket design
is comprised of an outer shell, inner soft liner, and a cos
metic cover.

The patellar-tendon-bearing (PTB) socket is the standard
socket (Fig. 30-23A). It provides the least suspension, and
for that reason, is not often suitable for young children.
The supracondylar/suprapatellar (SCSP) transtibial socket
design (Fig. 30-23B) allows for suspension without the need
for belts or cuffs. The medial, lateral, and anterior walls
extend proximally, to fully enclose the patella and femoral
condyles. The supracondylar (SC) transtibial socket (Fig.

30-23C) is almost identical to the SCSP design, except the
anterior proximal brim does not enclose the patella, and
therefore allows greater freedom and range of motion. Con

traindications for both the SCSP and SC design include
obese or muscular limbs, patients with severe ligamentous

laxity, and patients with heavy scarring around the knee.
Supracondylar cuff suspension is a common form of sus-

FIGURE 30-22. Methods of suspension for
transfemoral prostheses. A: The Silesian belt
is almost universally used in the young pedi
atric patient, to suspend a transfemoral pros
thesis, and occasionally a knee disarticulation
ortranstibial prosthesis (see also Fig. 3O-15B).
B: The suction socket is a tight-fitting socket
design with a one-way valve that allows air
to be expelled with weight bearing to main
tains a suction fit on the residual limb. It is
best suited for the older child or adolescent,

who has a mature limb that is not changing
in size.
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FIGURE 30-23. Common sockets and suspensions for transtibial pediatric amputees. A: Patellartendon-bearing (PTB) socket is most useful for the mature patient. It gives the most freedom of
motion, but the least secure suspension. B: The supracondylar suprapatellar (PTB-SCSP) design
gives the most secure suspension and best knee control of any of the sockets that incorporate
the suspension in the socket. C: The supracondylar (PTB-SC) socket eliminates the suprapatellar
portion of the socket anteriorly, for better range of motion with less control of hyperextension.
D: The supracondylar cuff suspension is a common suspension used in the pediatric age range.
E: The neoprene sleeve suspension provides very secure suspension for the very active amputee.

This can also be used for the transfemoral amputee.

Anterior
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pension for the pediatric transtibial amputee (Fig. 30-23D).

placed on the prosthesis, the tighter the liner grips the resid

The cuff is fabricated from leather, and encompasses the

ual limb. This system is used extensively in young children.

femoral condyles and patella. It is attached to the medial
and lateral aspects of the socket. The neoprene sleeve sus
pension is another useful suspension in the pediatric ampu

tee (Fig. 30-23E). It can also be used for the transfemoral
amputee. It tends to be hot, and is poorly tolerated by some
children for this reason, but for the very active child, it
provides a great level of security that the prosthesis will not

come off.
Silicone suspension liners have become increasingly pop
ular as a method of suspension without the need for belts
or cuffs (Fig. 30-24). The liner is rolled onto the residual
limb. At the distal end of the liner is a serrated pin. Inside
the distal end of the socket is a shuttle or receptacle mecha

Ankle Disarticulation Prosthesis (Syme)
The obturator (medial opening) design is most often used
when the distal bulbous end is large and the medial malleolus is prominent (Fig. 30-25A). The removable or seg
mented liner socket incorporates a full foam liner that has

been built up to the same circumference as the distal bul
bous end. A laminated shell is then formed over this insert.

The patient dons the liner first, then slips this into the
laminated receptacle (Fig. 30-25B). An atrophied residual
limb with a small heel pad is best suited for this design,
and the degree of cosmetic restoration will be very good.

nism. Once the liner is donned, the amputee places the

The silicone or bladder prosthesis utilizes an inner elastic

limb in the socket, and the pin and shuttle engage and lock

area that stretches to permit passage of the bulbous end of

into place. Pressing of a button hidden on the medial distal

the residuum through the narrower circumference of the

aspect of the prosthesis releases the pin and the residual limb

tibia and fibula, then constricts once the distal end has

can be removed from the socket. Because of the physical

passed through (Fig. 30-25C). All of the above designs

characteristics of the liner, the greater the distracting forces

maintain total contact, and the proximal brim is at the level

r

FIGURE 30-24. The silicone suspension liners (Triple S
socket) have become very popular. The soft silicone liner
has a serrated pin incorporated into the bottom of the
liner. The patient rolls the liner on the residual limb (A),
then inserts the limb into the prosthesis (B). At the bottom
of the prosthesis is a socket where the pin locks. It is re
leased by pushing the button on the medial side of the
prosthesis.
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FIGURE 30-25. Common socket de
signs for Syme amputation. A: Obtur
ator design is often needed if the dis
tal end of the residual limb is large
and bulbous or the medial malleolus
is prominent. It is the least cosmetic.
B: The removable or segmented liner
consists of a complete separate foam
liner, which has a split in the side to
allow the distal end of the limb to
pass. Once the patient applies the
liner, they slide the limb covered by
the liner into the prosthesis. The pa
tient must have the manual dexterity
and strength to use this suspension,
which will eliminate some patients
with hand anomalies. Limbs with a
small heel do best with this system.
C: The bladder design has a built-up
silicone sleeve, which the patient
slides the limb past. This socket fits
more loosely, and does not stabilize
the heel pad as well as the other de
signs.

of the patellar tendon. This ensures that the biomechanical

knee, based on amputation level, functional level, and body

forces are adequately spread up to a load bearing landmark

size. In general, the single-axis internal knee without any

to increase comfort and function.

control unit is the first knee to be used on the child, because
of its light weight, short lever arm, and simplicity. In the

Prosthetic Knees
It has been estimated that more than 100 prosthetic knees
are commercially available, and the number is growing each

year (169). Although the majority of these are for adults,

single-axis knee joint, the lower shank rotates around a sin
gle point in relation to the socket.
A polycentric knee was introduced in 1998 for the infant

and toddler, and may also be used if space permits. Internal
polycentric knees move around a center of rotation that

recently there are a number of new knees available for chil

varies with the flexion angle of the lower shank (169). The

dren. The prosthetic knee is comprised of the knee mecha
nism or frame, and may contain a control unit. The control
unit consists of either a pneumatic, hydraulic, or mechanical

and the most widely used by prosthetists (170) (Fig. 30-

four-bar linkage knee is the most common polycentric knee
26). The inherent stability during stance, the fluid knee

system, or some combination of these three. The control

flexion movement, and the mechanical design, to give more

unit responds to changes in cadence and dampens sudden

ground clearance during flexion, increases patient and prac

abrupt changes. The faster a hydraulic or pneumatic unit

titioner confidence in the unit (170).

is compressed, the faster the energy is released, and this

Changes in design and technology have now widened

helps to regulate the lower shank of the prosthesis. The

the boundaries and age distinctions for the prescribing of

prosthetic knee unit can be further subdivided into single

specific knees. Traditionally, an articulating knee would be

axis and polycentric.

introduced in a congenital amputee around 3% to 4 years

The maturation of gait from infant to adult carries with

of age. This age was used, in part, because of limitation in

it the need for sound practice in selecting the appropriate

size and function of the components. In the experience at
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Prosthetic Feet
Variations in the materials, design, and alignment of the

foot can have profound effects on the performance of the
prosthesis. Functionally, prosthetic feet can be categorized
into five main groups (171):
■ Solid ankle cushion heel
■ Single axis
■ Multi axis

■ Elastic keel
■ Dynamic response

The solid ankle cushion heel (SACH) foot contains no artic
ulating parts, and foot motion depends on the various com-

pressive properties of the materials used between heel-strike
and toe off (Fig. 30-27A). It is generally considered when
amputees require maximum late-stance stability because of
weak knee extensors, knee-flexion contractures, or poor
mid- to late-stance balance (172). The SACH foot is used

in pediatrics when the foot size is below 12 cm, but has
mostly been replaced by the dynamic response or energy-

storing feet.
The single-axis foot usually contains rubber bumpers that
allow passive dorsi- and plantar flexion. By changing the
hardness of the bumper, the prosthetist is able to effectively
change the properties of the foot. This foot is best suited
for the transfemoral amputee, in whom full-foot contact
with the ground is necessary to increase stability. The mulFIGURE 30-26. Four-bar-linkage is an internal polycentric knee
that provides many advantages to the patient, e.g., increased
stability and better ground clearance during swing phase. As indi
cated in this illustration, the point of rotation varies with the
degree of flexion. With the knee flexed, the leg folds under the
thigh segment, and thus is very useful for longer residual limbs.
There is also a hydraulic version of the four-bar linkage for chil
dren.

tiaxis foot allows passive dorsi- and plantar flexion, inversion

and eversion. The multiaxis foot is best suited for the ampu
tee who requires flexibility in foot position because of un
even terrain, or when lifestyle, such as golfing or various
sports, require some rotational control. These feet do not
find much use in the pediatric age group.
Once the child's foot size exceeds 12 cm, the prosthetist
can move the child into a dynamic-response foot. This
group of feet is distinguished by a spring mechanism in the

the authors' center, as well as others, introduction of a pros

keel that deflects during gait (Fig 30-27B). Originally called

thetic knee without a locking feature can be used in the

an "energy-storing foot," this class of foot is ideally suited

first prosthesis when the child first pulls to stand. A recent

to the child amputee. Although the variety of componentry

report demonstrated the benefits of early fitting with articu

for children is still much less than for adults, there is a wide

lated knees in children as young as 17 months. All children

variety of feet with different performance characteristics

learned to walk with an articulated knee, despite their age

available. It is important to use components that will maxi

differences (121).

mize performance, and at the same rime be appropriate for

As the child develops and grows, more sophisticated con

trol systems (e.g., hydraulic knees) can be incorporated into

the patient (173).
At slower walking velocities, there is little difference be

the prosthesis. Most components carry specific weight

tween the dynamic-response foot and the SACH foot (174).

guidelines, and many children reach these ranges well before

Generally, children are not fitted with highest performance

adulthood. For example, an adult hydraulic polycentric

dynamic-response feet, because of constant growth and

knee is routinely used on 8-year-old boys whose weight has

weight changes, and high costs associated with foot replace

surpassed 100 lb. This does not mean that every child of a

ment. The involvement in competitive sports is usually a

certain age and weight should have a particular knee. Placing

good benchmark to initiate fitting adolescents with highest-

a sophisticated knee and control system on an individual

performance dynamic-response feet.

who has neither the hip range, muscle strength, nor residual

In the transfemoral amputee, it is crucial to properly

limb length to activate the knee, often results in contralateral

choose a foot that will enhance gait, but, also to choose the

hip and lower back pain, and patient frustration.

complementary knee that will aid in controlling the foot

Prosthetics
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FIGURE 30-27. A: The solid ankle cushion heel (SACH) foot. The length of the keel controls the
toe lever arm, and thus the hyperextension moment at the knee, while the compression of the
material at the heel absorbs the forces at heel strike. B: The Seattle foot is one of the many
varieties of energy-storing feet. It incorporates a flexible keel in the foam foot This is one of the
most common feet used in the pediatric amputee. C: The Flex-foot is another energy-storing foot

but with much different performance characteristics than the Seattle foot. It is used for the older'

stronger, and physically active child who has the physical ability to use such a foot.

during all aspects of the gait cycle. A common mistake is
to prescribe a dynamic-response foot with a simple, friction-

controlled knee that is incapable of preventing uncontrolled
heel rise. The same is true of the transtibial amputee, who
lacks muscle strength to control the foot, often resulting
in premature muscle fatigue. In the selection of multiple
components, the prosthetist must marry the characteristics

of all components, so that maximum benefit can be available
to the amputee.

foot complex, and activity of the child, all play a role in
determining the prescription and design of the prosthesis.
Complete or partial absence of the toes usually requires
little more than a shoe filler. A carbon fiber insert, to better
control forces from heel to toe-off, may be incorporated
in the shoe filler. In the case of the very young child, no
intervention may be required until a need has been demon
strated, e.g., the inability to keep the shoe on, especially
when the child becomes more active in sports.

The prosthesis most commonly used for the moderate/

Partial Foot Prosthesis

The most important consideration in the fitting of the par
tial foot amputee is to ensure that adequate load-bearing is
designed into the prosthesis of choice. As a general rule,
the more proximal the level of amputation, the higher the
prosthesis must fit over the ankle complex and proximal on
the tibia/fibula. Tissue condition, function of the remaining

short partial-foot amputee is the Lange silicone partial-foot
prosthesis (Fig. 30-28). This incorporates a cosmetic foot
shell, silicone laminated socket with modified foot sole, and
a posterior zipper for ease of donning and doffing. The

prosthesis is fabricated over a modified model of the pa
tient's partial foot. The socket trim line is proximal to the
malleoli, and is fitted intimately, to ensure adequate control.
The design of a partial foot prosthesis may also include a
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FIGURE 30-28. A: The Lange silicone partial-foot prosthesis is a custom-made prosthesis that can
incorporate a keel to aid in foot stability and push-off in gait. B: It is useful for children with
partial amputations of the foot or congenital longitudinal deficiencies of the foot, shown here.

it is not useful in feet with insufficient length, e.g., the Chopart amputation.

removable insert, to accommodate the need for corrective

In simple terms, the terminal devices can be divided into

alignment of the residual foot. The prosthesis is then cos-

hands and hooks, and they can be body-powered (cable and

metically finished to resemble the contralateral limb. Over

harness) or externally powered (electric). Hands and hooks

all, this type of prosthesis is perfectly suited for the child

can be either voluntary opening or closing. Patton lists the

amputee, and resists premature wear and tear. If needed, a

functional and prescription criteria for the various terminal

partial-foot prosthesis should be prescribed once the child

devices (175a).

is pulling to furniture, so that foot control will begin at an
early age. It should be noted that a low-profile insert (distal
to the malleoli), used in conjunction with a high-top boot,
will offer adequate function and cosmesis until a lower-cut
shoe is requested by the parent.
The Chopart, or midtarsal amputation is rarely used,

except in special instances (175). In the Chopart partialfoot amputation level, the prosthesis is modified to encom
pass the calcaneus and talus, and this results in a prosthesis
that is often longer than the contralateral limb. The pros

thesis must encompass the ankle joint, and often rises proximally to the patellar tendon in an effort to reduce forces
on the tibial crest-socket interface. Selection of prosthetic
feet is compromised, because of the lack of space distally,
and commercially available carbon foot plates require per

manent attachment with vulcanizing rubber cement. This
negates any changes caused by growth, and realignment to
compensate for gait changes is virtually impossible.

The initial fitting of a child with upper-extremity limb
deficiency begins at 4 months of age in a passive prosthesis

with a clenched fist passive terminal device (Fig. 30-29A).
This allows for equal arm lengths for the development of
propping up on the amputated side and greater acceptance

by

the

parents.

Following initial

sitting

balance,

the

clenched-fist terminal device is exchanged for a small infant
passive hand. When the infant begins to reach (at approxi
mately 15 to 18 months of age), the clinic team begins to
assess the need for either body-powered or externally pow
ered prostheses. If body-powered is recommended, a cableoperated Hosmer 12P plastic-covered hook (Fig. 30-29B)
or an ADEPT infant hand (Fig. 30-29C) will be prescribed.
The canted design of the 12P hook allows for greater visual
feedback to the wearer. In the event that a myoelectric de
vice is warranted, the Variety Village 0-3 (W 0-3) electric
hand (Fig. 30-29D) or the Otto Bock Electrohand (Fig.
30-19) is used. In the pediatric W 0-3 hand, the thumb
and opposing two fingers operate to form a three-point
chuck grip. In the OB 2000 hand, the same principle is

Terminal Devices for the Upper Extremity

applied, except that from the open to close position, the

The choices left open to the prosthetist are numerous and,

ing fingers upon close.
Progression from this starting point through the various

at times, controversial. Where some clinics maintain rigid
protocols for terminal device selection, other clinics rely

thumb sweeps from a lateral position to meet the two oppos

more on patient and parent input, combined with historic

component sizes and versions allows for a relatively smooth
transition into adulthood. Prescription criteria are reviewed

success rates for device types. Clinics that maintain veiy

during each clinic visit, and changes are made based on the

high myoelectric caseloads, for example, will most likely

child's changing needs. In today's environment of active
children and sports activities, the use of sports or other
adaptive terminal devices is essential for the amputee. Ther
apeutic Recreation Systems Inc. (TRS) has developed nu-

have far more experience in fitting externally powered
prostheses, compared to a clinic that may only see a handful
of potential myoelectric candidates.

Prosthetics
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FIGURE 30-29. A: The passive fist or hand, which is used as the first hand for a child. This would
commonly be fitted between 4 and 6 months of age. The fist has proven more useful than the
open spoon-shaped passive hand since it allows the child to prop on the hand. Active hands are
divided into two categories: body-powered and externally (electric) powered. B: The ADEPT is a
voluntary closing body-powered hook that would be fitted around 15 months of age, if the child
were ready and a body-powered device was desired. C: The Lite-Touch is a voluntary closing hand
that would find the same indication as the ADEPT hook. It looks a bit more like a hand, which
often makes this the parents' choice. D: The Variety Village hand is one of the most commonly
used myoelectric hands in the pediatric age group. The Otto Bock Electrohand is shown in Figure
30-19. Both of these electric hands are covered with a cosmetic glove.

merous devices for use in sports and recreational activities.
These can be interchanged on the prosthesis, so that only
one socket is required.

transradial prostheses are constructed exoskeletally, and

transfemoral, knee disarticulation, hip disarticulation and
transhumeral, and shoulder disarticulation levels are con
structed endoskeletally.

Endoskeletal versus Exoskeletal
Construction
The structure or construction of a prosthesis is referred to as

an endoskeletal (internal structure) or exoskeletal (external
structure) prosthesis. Generally, transtibial, partial foot, and

Exoskeletally finished prostheses are more durable and
better suited to the growing child. There are various tech

niques and materials used in the construction of the exoskel
etal prosthesis. Generally, following the completion of dy
namic alignment, the ready-to-be-finished prosthesis is
placed within a transfer jig that allows the socket to be
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separated from the foot, while maintaining alignment. A

abnormal, and ensure that the initial bonding to the parents

rigid polyurethane foam is added, and the prosthesis is cos-

occurs. The therapist will frequently need to advocate for

metically shaped to equal the sound limb. The structure is

the patient to insurance companies and other agencies, to

then laminated with acrylic resin forming the outer "shell."

help provide for the patient's needs. When the child starts

The advantages of this construction are increased durability,

into day care, then school, the therapist will assist in the

easy to clean, and structurally stronger. The major disadvan

child's transition into a new world by educating the teachers

tages are lack of further alignment capabilities, and they are

and the child's peers about the child's differences. This can

less cosmetically acceptable.

be extremely important for the child's acceptance and social

Endoskeletal design was initially used in the immediate

ization. Later, the same role may be necessary with physical

postoperative period as a temporary method to initiate am-

education teachers and coaches, to ensure that the child can

bulation, while maintaining the ability to alter the align

participate in all the activities he or she is able to.

ment. This quicldy became the norm for fitting in the adult

The therapist (or nurse) with these roles is the ideal liai

population, and has been used primarily for the knee disar-

son with the team members. This close teamwork can spare

ticulation or transfemoral prosthesis. The prosthesis is

the child and parents countless visits to clinics and delays

modular and comprised of a pylon (tube) and connecting

in treatment: a very important goal in avoiding the medicali-

hardware, and allows for quick changing of damaged com

zation of a condition for which there is no cure, only good

ponents. In the event that realignment is necessary, the en

management.

doskeletal design incorporates alignment jigs within the at

The traditional role of the therapist will be far more

tachment couplings, and only the cosmetic soft cover needs

home/community-based

to be removed for adjustment. In children, advanced com

many reasons. First, the child's condition will be permanent.

than

hospital/office-based,

for

ponents tend to be engineered for use in this system for the

This means adapting to the environment in which the child

above reasons. The disadvantages of the endo system are

exists. None of the child's activities (toileting, eating, dress

lack of durability of the cosmetic cover, increased mainte

ing, play, sports) will take place in the hospital or an office.

nance, and increased costs. This is outweighed by the in

Therefore, they should be learned in the normal environ

crease in function and ease of adjusting length.

ment. Second, the parents will be with the child, and are

responsible for the child's development and learning. They
will have unlimited access to the child for this "therapy."
ROLE OF THE PHYSICAL/OCCUPATIONAL

Finally, the child should not come to think of him- or

THERAPIST

herself as a medical problem, but rather as a child with a
difference that they will successfully adapt to. Unnecessary

The role of the physical/occupational therapist in the care

hospital/clinic/office visits are not a good way in which to

of the limb-deficient child is mostly nontraditional, but at

communicate this goal of independence.

the same time, central. In addition to the traditional role
of physical/occupational therapist is the role of teacher, ad

The traditional medical model does have a role in acute
situations, as it does in many diseases or postsurgical situa

vocate, friend, and liaison (176). In some situations, all but

tions. These are times when specific therapeutic exercises

the traditional role of therapist may be filled by a nurse. In

or the use of new prostheses must be performed, supervised,

some cases, the role may be shared. What is important is

and taught. During the first months of life in a congenital

to recognize the need for all of these activities.

amputee, the parents are seen by the therapist every 6 to 8

The first role of the therapist will usually be that of educa
tor. In this role, it is important that the therapist, physician,

weeks. The child's development is monitored, and the par
ents are taught activities appropriate for the stage of develop

and prosthetist all be of one mind regarding the patient's

ment, e.g., rolling over and coming to stand from sitting.

treatment. First is the education of the parents. Like nurse

These visits are used to monitor the parents' coping, to

practitioners, the therapists will usually have more time and

listen and answer questions, review treatment options, and

be better heard than the doctor when relaying information

arrange for the meeting with other parents and children.

to the parents about their child. The therapist will be able

Following surgical intervention and prosthetic fitting,

to reinforce with the parents the options that have been

the medical model is more appropriate, and the frequency

discussed at the initial meeting with the physician. Most

of the visits increase briefly, while the child and parent are

importantly, they can arrange for the family and child to

taught the use of the prosthesis. In addition to the usual

meet others with similar deficiencies during routine ses

goals of increasing or maintaining motion and strength fol

sions. Throughout the child's life, the experienced therapist

lowing surgery, the therapist plays a critical role in edema

can be of immense value to the child and young adult, in

control. This is very important if the patient is to resume

anticipating problems and helping with solutions.

The therapist's first role as advocate will start with the

first meeting with the parents. The importance in this role
is to bring the parents to see the normal, as well as the

prosthetic wear quicldy. Teaching and supervising elastic
wrapping obtaining shrinkers are important postsurgical is
sues.

Older children need to be taught ways to become inde-

Refere
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pendent in donning and doffing the prosthesis, toileting,

skills, and cooperating as a team member are a few of the

and other activities with the prosthesis. Fitting of a new

benefits that a child carries throughout his/her life. Improv

prosthetic component, e.g., a hydraulic knee joint, will usu

ing physical fitness, developing balance, strength, coordina

ally require specific training to maximize the benefits of the

tion and motor skills, increasing endurance, and weight con

new components.

trol are benefits of physical activity.

As the child grows out of infancy, the therapist can be

Over the years, there has been an increased awareness of

helpful in designing and modifying age-appropriate play

adapted sports and recreation for individuals with physical

activities. With the approach of school

and mental impairments. The Paralympic and Special

age,

emphasis

switches to independence in the activities of daily living,

Olympics initiatives have been the most obvious, and have

and later, fine motor skills that may be needed for classroom

sparked an increase in availability of programs for special-

activities. Adaptations for sports, e.g., special terminal de

needs children. Laws also have been passed for children to

vices, if desired, or a swimming leg, are important, as is

receive education in the least-restrictive environments. PL

the advocacy role to allow the children to participate in all

94-142 provides free and appropriate education for all chil

possible activities.

dren with disabilities (Campbell S, Physical Therapy For

In adolescence the need for specific therapeutic interven

Children, 1994). Physical therapy and recreation are related

tions is usually minimal. The child has now become fully

services included in this legislation. This allows for adapted

aware of his or her differences and their significance. The

physical education to be included in a child's everyday

child will usually dictate the needs. Appearance being im

school activities. Physical therapists need to be aware of the

portant, more cosmetic prostheses and improved gait be

resources and adaptations that provide accessibility of a

come important issues.

sport to a child within limits of his/her physical abilities in

At this time, driving becomes one of the major issues

the school and community settings. Gross motor achieve

defining independence. The therapist can play a critical role

ments are a measure of a child's development. Learning to

in directing the child and parents to the appropriate agency

toss a ball, jump, run, hop, and ride a bicycle are activities

for the rules of the state, and to a source for evaluation and

included on standardized developmental screenings and

modifications to the vehicle. As with any adolescent, the

tests. It is important that these activities be included in the

amputee should attend driver education training, using

child's plan of treatment, so that a child can be offered the

modifications if needed. Modifications can range from sim

same age-appropriate physical challenges as his/her peers.

ple to complex. Switching the brake and gas pedals to ac

Special adaptations and specific sports-related prostheses

commodate unilateral lower-limb loss is one of the most

are available, depending on the degree and level of the disa

common examples. Many amputees, even with bilateral

bility. All of the adaptations are too numerous to mention.

lower-extremity loss, drive without adaptations. This must

Recreational and sports-related terminal devices are avail

be closely monitored and evaluated by the state's examiners.

able for the upper-extremity amputee (177,178). Adapta

Hand controls are used most commonly in bilateral lower-

tions can be as simple as raising the handlebars on a bicycle

extremity loss. A ring adaptation can be used to modify the

and adding a toe strap to highly sophisticated prosthetic

steering wheel for upper-extremity amputees. A handicap

components specific to each sport (179). Information and

license is appropriate for individuals whose mobility is lim

resources for sports and adaptive recreation for the amputee

ited. The higher-level amputee, and those with multilevel

can be obtained through the Amputee Coalition of America

limb loss, may benefit from a handicap parking license. All

(e-mail: www.amputee-coalition.org;

modifications are listed on the amputee's driver's license.

5669). The Association of Children's Prosthetic and Or-

College is often the patient's first test of complete inde

phone

1-888-267-

thotics Clinics is an excellent resource for services in geo

pendence, and the needs may be greater than the child antic

graphical regions (e-mail: www.acpoc.org; phone 847-698-

ipates. The therapist can be of great value in assessing the

1637).

situation, counseling the patient, and helping with the tran
sition.
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many of these are the torus fractures, greenstick fractures,
and physeal injuries that are common to children, the prolif
eration of youth athletics has increased the incidence of
overuse syndromes and other injuries (1). The role of reha

bilitation in the treatment of sports-related injuries is recog
nized, and there is a growing emphasis on prevention of
M. T. Busch: Department of Orthopaedics, Children's Healthcare of At

lanta at Scottish Rite, Atlanta, Georgia 30342.

these injuries (2).

The volume of organized sports activities and levels of
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intensity for youth training and competition have grown
tremendously in recent years. The United States Consumer
Product Safety Commission reported that approximately 2

million medically attended sporting injuries occur annually
to youths between the ages of 5 and 14 years (3). In response
to this problem, preparticipation physical examinations,
heat illness education, safety reviews, school athletic train

ers, team physicians, and health education programs for
grade school and high school sports participants have
evolved (4).

Sports have important effects on strength, speed, and
stamina. If appropriately organized, sports can be a positive
social experience, with opportunity for character growth and
development. Competition is often emphasized, but the
lifelong values of health, exercise, and recreation should not
be overlooked. Particularly during the elementary school
years, programs should be available that emphasize the par
ticipation by all children, not just the physically advantaged
(5). Involving younger children in elite-level sports training

and competition should be done with caution, because there
is a risk of exploiting the child and producing long-term
emotional consequences (6). However, many important be
havioral needs of youths can be satisfied by athletic partici
pation and competition (7).

Approximately 2% of children suffer from chronic medi
cal problems that restrict their activity (8). Besides having
to live with the inherent aspects of these conditions, these
children are often excessively restricted from physical activi
ties. Most children with asthma, cystic fibrosis, congenital
heart disease, or juvenile rheumatoid arthritis can benefit
from an appropriately structured exercise and sports recrea

tion program (8,9). Recommendations are available from
the American Academy of Pediatrics for sports participation

by youths with special health conditions, although a physi
cian's assessment of the individual situation should always
be considered (10,11).

Programs such as the Special Olympics have grown from
the recognition that children with physical impediments
can benefit from the personal, social, and physical aspects
of sports participation. Children with a variety of chronic
illnesses, including asthma, can benefit from exercise condi
tioning (12); however, this should be done with the advice
and direction of their physicians.

Nutrition

Everyone seriously involved with youth sports should be
familiar with the facts and myths concerning nutrition. This
area has received much attention in the medical and lay
literature. Inaccurate nutritional information leaves the
impressionable and naive young athlete easy prey for food
faddists and nutrition charlatans.

Vigorous training increases the consumption of calories,

but does not significantly alter the athlete's need for essential

nutrients (13). Minerals and electrolytes are replaced by a
normal diet, unless the athlete is experiencing daily fluid
losses of 4 to 6% of body weight because of excessive sweat
ing. Nutritional supplements, such as vitamins and protein
powder, are unnecessary if the youth eats a basic mixed daily
diet consisting of four fruit or vegetable servings, four grain

/ings, two diaiy products, and two high-protein foods
(13,14). As many as 15 to 20% of menstruating female
athletes may require an iron supplement. Children from low
socioeconomic backgrounds may also lack adequate iron in

servint

their diet (15).
Young athletes have increased energy requirements re

lated to rapid growth and exercise expenditure. The in
creased need for food energy is best met through complex
carbohydrates. A high-carbohydrate and protein diet pro
vides the needed calories, while increasing muscle and liver

glycogen stores, which are important for athletic perfor
mance (16). Simple sugars provide a readily available source
of carbohydrate calories. They may be a needed component
of an active athlete's diet to meet total caloric requirements.

The disadvantage of simple sugars is that they are absorbed
quickly. This induces an insulin response that can lower
serum glucose and result in fatigue.

The recommended caloric intake is 50 to 60% carbohy
drate, 10 to 15% protein, and 30 to 35% lipids (17). The
ratio of complex carbohydrates to these other components

can be achieved with fruits, leafy vegetables, and starches
such as potatoes, rice, pasta, and breads. Greasy and salty
foods should be discouraged.
Carbohydrate loading during the days before competi

tion can enhance glycogen stores to optimize energy avail
ability for prolonged muscle performance (18-20). The
pre-game meal should consist primarily of light carbohy
drate foods consumed approximately 3 h before the activity
(19). Foods high in fats and salt slow gastric emptying and
increase water retention in the gut (13).

Fats are a rich source of energy, but they are poorly mobi
lized for a short-term energy expenditure. A diet high in
fat fails to enhance the body's glycogen stores, which are
important for athletic performance. Excessive consumption
of fats also carries the associated risks of elevating serum
cholesterol and triglycerides (17).
Proteins are complex amino acids. They are necessary

components for building new muscle tissue. Proteins should
account for approximately 15% of total caloric intake, and
any surplus is metabolized for energy or excreted in urine

(17). Most protein supplement preparations are solely ex
pensive sources of calories. Gains in muscle strength and
mass are made by training, and have not been proven to

result only from providing a high-protein diet (20).
A variety of minerals and vitamins are important. Be
cause potassium is primarily an intracellular ion, losses asso
ciated with sports are slow and gradual. Potassium does not
need to be replenished acutely, but it is needed over the
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prolonged course of serial competition and training (17).
Magnesium is a key component in the adenosine triphos-

phate (ATP) cycle. Bananas are an excellent source of mag
nesium and potassium. Iron deficiency is still a problem in
teens, especially females, vegetarians, and individuals from

lower socioeconomic groups (14). Adolescents should be
encouraged to eat iron-fortified foods, such as whole grain

breads and lean red meats. When combined with citrus
fruits, the bioavailability of iron increases. Athletic activity
theoretically depends on all vitamins, but emphasis has been
placed on vitamin C and B complex vitamins, because of
their roles in the metabolism of proteins, fats, and carbohy
drates for energy (17). However, there is no evidence to
suggest that an intake in excess of normal requirements im
proves performance (17).

Heat Illness and Fluids
Heat illness is almost entirely preventable through awareness
and education (21) (Table 31-1). Between 70 and 80% of

the energy consumed in muscle contraction is transformed
to heat (22). Heat loss is promoted by increased blood flow
to the skin, and by increased sweating. Cooling is provided
by thermal conduction, convection, radiation, and evapora
tion. Extrinsic factors affecting heat exchange include ambi
ent temperature, humidity, clothing, sunlight, and wind.

The spectrum of heat illness can be divided into four
clinical entities: heat cramps, heat syncope, heat exhaustion,
and heat stroke (23). Heat cramps are painful muscle spasms
that typically occur in the gastrocnemius and soleus, ham
strings, quadriceps, and spine extensors. Because the spasms
are primarily caused by fluid depletion, the key elements of
treatment are fluid replacement, stretching, and cooling.
Heat syncope usually involves a feeling of fatigue and re

solves with cooling, fluids, and rest. Heat exhaustion is char
acterized by extreme weakness, exhaustion, headache, al-
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tered consciousness, and profuse sweating. This is a much
more advanced stage of the heat illness continuum, and

should be treated aggressively with fluid replacement, cool
ing, and restriction of further participation in sports for the

day. Occasionally, intravenous fluids and hospitalization are
necessary.

Heat stroke is a true medical emergency resulting from
dehydration with severe hyperthermia. There can be severe
abnormalities affecting the brain, heart, clotting system,
kidneys, and liver. Edema of the brain and meninges, as well
as petechial hemorrhage, can lead to loss of consciousness,
dysphoria, headache, dizziness, weakness, confusion, eu
phoria, coma, and seizures. Myocardial injury and increased
pulmonary vascular resistance can lead to tachycardia, hypo
tension, and shock. Systemic petechial, gross tissue hemor

rhage, and consumptive coagulopathy are thought to be
triggered by thermal injury to the vascular endothelium.
Renal tubular dysfunction and acute tubular necrosis can
result in severe dehydration and marked hypokalemia and

hyponatremia. Occasionally, there is liver damage, includ
ing centrilobular necrosis and cholestasis resulting in hyper-

bilirubinemia and jaundice (24). Maximal cooling efforts
should be made at the site, and the victim should be rapidly
transported for emergency medical care (23).

Children are less efficient thermal regulators than adults
and acclimatize more slowly than adults. They have a lower
sweating capacity, especially before puberty. Children also

produce more metabolic heat per mass, and have a decreased
ability to conduct heat to the skin (25). They have a greater
ratio of surface area to mass, which increases heat transfer
from the environment on hot days. Additional risk factors
for children can include obesity, fever, recent gastroenteritis
with dehydration, and cystic fibrosis (26).

Sweat is hypotonic to body fluids, containing 40 to 80
mEq/L of sodium and less than 5 mEq/L of potassium.

TABLE 31-1. GUIDELINES FOR PREVENTING HEAT

Sweating increases serum electrolyte concentrations. Elec
trolyte solutions for replacement are recommended only
after 1 or 2 h of rigorous activity (27). Initially, plain water
adequately replace these losses. The water should be cooled

Proper acclimatization at the beginning of the workout season

to stimulate thirst. Cool liquids do not significantly slow
gastrointestinal emptying, but delayed motility can be a side

ILLNESS

Evaluate weather conditions for temperature, humidity, and
sunlight
Schedule rest in the shade

Identify participants at particular risk
Hydrate before practice and competition

Have chilled fluids readily available at the practice site
Enforce periodic drinking

Never use water restriction as discipline

Discourage deliberate dehydration for weight loss
Make appropriate clothing adjustments
Schedule events to avoid peak hours of heat and sun
Educate the players and parents

Record daily weights to ensure adequate rehydration between
practices

effect of electrolyte solutions with high osmolalities. Salt
tablets, once popular, are dangerous, because they can pro
duce intracellular dehydration by their osmotic effect in the
serum (22).

Situations that increase heat gain include rigorous exer
cise, bright direct sunlight, and dark clothing. Cooling is

inhibited by dehydration, high humidity, high air tempera
ture, a lack of wind, and equipment or clothing that act

as insulation. Acclimatization is also important, because it
reflects the body's capacity to transfer heat to the skin for
convection and the body's ability to produce sweat for evap
oration. With this as background, the guidelines in Table
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31-1 outline most of the key components for avoiding heat

Performance-enhancing Substances

illness.

The use of drugs with which athletes hope to enhance per

formance has become common (40). Frequently involved
substances include amphetamines, analgesics, tranquilizers,
Strength Training

Weight lifting should be differentiated from weight training.
Olympic lifting and power lifting are the two categories of
weight lifting. The Olympic lifts consist of snatch and cleanand-jerk lifts. The dead lift, squat lift, and bench press are
the three power lifts. In both categories of weight lifting,
the object is to perform a one-repetition maximum lift.
Weight training refers to the use of free weights and ma
chines to enhance strength and endurance. Submaximal
weights are lifted repeatedly with a large variety of exercises
typically intended to enhance performance for other sports,
rather than for a specific contest (28).

Children can increase strength by 20 to 40% in a wellsupervised program, with a relatively low risk of injury
(29,30). Females and prepubescent males do not produce
significant hypertrophy of their muscles in response to

weight training because of insufficient circulating andro-

c*ens. The strength gains that occur result from enhanced
recruitment of motor units and synchronization rather than
significant muscular hypertrophy.

Common injuries associated with weight lifting include
patellofemoral pain, meniscal tears, pelvic apophyseal avul
sion fractures, and clavicular osteolysis (31,32). Lumbosacral injuries, including disc herniation and spondylolisthesis, are the most common problems in adolescent weight
lifters (33). The most common injuries from weight lifting
are muscle pulls, tendinitis, sprains, and other minor inju

ries (33). Stress fractures and a variety of acute physeal,
metaphyseal, and diaphyseal fractures have been reported
in weight lifters (28,34-36). Despite concerns, there does
not seem to be any substantial evidence that weight training
using submaximal loads harms the physeal plates. However,

power lifting or Olympic weight lifting is generally not rec
ommended for skeletally immature youths (37).
Many high schools run successful and safe weight-train
ing programs. A proper strength-conditioning program
should be a prerequisite to participation in contact sports.

For safe participation, there should be a structured program

supervised by an educated and attentive staff. Proper tech
nique should be emphasized, using repetition without maxi

diuretics, anabolic steroids, and creatine. The evidence for
actual performance enhancement is questionable, but the
potential complications are well known. Most widely
abused are the anabolic steroids used in conjunction with
weight training and weight lifting. The use of anabolic ste
roids, for example, has been reported to be as high as 5 to
11% of high school males and 2.5% of females (41-43).
Up to two-thirds of the users start before 16 years of age
(41,43).

Creatine supplements are legal, readily available, and in
creasingly popular with adolescents. Muscles convert cre
atine to phosphocreatine, which serves as a reservoir for the

high-energy phosphate bonds of ATP. The idea behind the
supplements is that excess phosphocreatine will lead to a
higher rate of ATP synthesis, so the supplements are

thought to delay the fatigue that results from ATP deple
tion. This may have some benefit in activities requiring

short bursts of high-intensity muscle contraction; however,
there is little evidence that it is helpful in endurance sports
(44,45). Some argue that it allows athletes to train more

intensely. Because the long-term effects are unknown, the
use of creatine is generally not endorsed.
Anabolic steroid use appears to be spreading, despite the
known side effects, which include premature epiphyseal clo
sure, jaundice, acne, behavioral changes such as aggressive
ness and mood swings, fluid retention, hematoma, hepatocellular carcinoma, testicular atrophy, and female hirsutism
(42,46-48). Physicians dealing with adolescent athletes
should be aware and suspicious of these problems. Unfortu
nately, physicians are occasionally the source for these drugs
(41,43,47).
Young athletes are easily influenced, so the health aspects

of reputed performance-enhancing substances must be ad
dressed frankly. The efficacy of most of these substances is
questionable. Those trying to offer easy alternatives to better

conditioning and training rarely explain the risks. Rather
than concentrating solely on competition or achievement,

sports programs should stress the overall importance of
health and activity.

mal weight lifts. Equipment must be in good repair. An

Antiinflammatory Drugs

attentive partner (i.e., spotter) is important when free

Nonsteroidal Antiinflammatory Drugs

weights are used. A conscientious, concurrent stretching
program is also important (29,34). Although the scientific
documentation is just evolving for warm-up and stretching,
they appear to be important for preventing injuries (38,39).
Stretching and warm-up exercises apparently enhance mus
cle, tendon, and ligament elasticity, and may improve per

formance by nervous system recruitment and psychologic
effects (38,39).

The principles for using nonsteroidal antiinflammatory
drugs (NSAIDs) in sports-produced inflammation include

decreasing the pain of inflammation to allow compliance of
rehabilitation and to avoid pain-induced atrophy, reducing
inflammation in freshly healed and relatively vascular tissues
during retraining, and limiting the zone of edema-induced

tissue necrosis after acute injury. Although their effects, effi-
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cacy, and roles are still being clarified, it is important to be

gram, urinalysis, and liver function profile at 2 weeks, 6

familiar with these medications, because they are commonly

weeks, then every 6 months after therapy is begun. Rarely,

used by young athletes.

NSAIDs can cause peptic ulcer, severe liver or renal toxicity,

NSAIDs work primarily through inhibition of cyclooxy-

or severe allergic reactions (50). The use of NSAIDs in

genase in the pathway of prostaglandin synthesis (49). The

young children, or for prolonged periods in older children

three main clinical features are analgesic, antipyretic, and

and teens, is probably best supervised by a rheumatologist

antiinflammatory effects. In inflammatory conditions, the

or an experienced pediatrician.

response may take time. In rheumatoid arthritis, only one-

half of the patients have an adequate response to the NSAID
within 2 weeks, and an additional 30% respond by 10 weeks

Corticosteroids

(50). Fifty percent of patients who experience no relief from

Oral and parenterally administered steroids have multiple

the first type of NSAID improve after another is tried, and

a trial of several drugs may be needed before a satisfactory
response is achieved. In cases of prolonged use, a drug may

become ineffective with time, requiring substitution of an
other NSAID (50).

The principal metabolic pathway of NSAIDs is hepatic,
with renal excretion of the conjugated metabolites. All

NSAIDs are extensively bound to proteins, giving them the
potential to displace other drugs, but this seldom produces
significant potentiation of other drug effects. The potentiation of anticoagulants is therapeutically significant, but
these agents are seldom used in children and adolescents.
Occasionally, two NSAIDs are used concomitantly, but this

should be done under careful scrutiny for toxic side effects.
Aspirin, ibuprofen, naproxen, and tolmetin sodium are
the only NSAIDs approved by the U.S. Food and Drug
Administration for children younger than 13 years of age.
Among the NSAIDs, aspirin is the least expensive, but has

inhibitory effects on inflammation. Their action is more
potent, but they may produce harmful side effects, includ
ing the retardation of healing (51).
There are concerns that intraarticular injection of ste

roids can damage articular cartilage, possibly by inhibiting
the synthesis of chondral matrix (52). In adults, there are

several reports of adults undergoing rapid radiographicallyevident degeneration after intraarticular injections,

but

these are probably anecdotal. The risk of adult tendon rup
ture after steroid injection appears to be substantially more
founded (51). Intraarticular triamcinolone hexacetonide, in

the management on children with juvenile rheumatoid ar
thritis, has been effective with relatively few side effects (53).
Because there is no definitive evidence regarding the safety
and efficacy of oral or parenteral steroids for sports-related

maladies in children, these treatment options should proba
bly be avoided or used sparingly (54).

the highest rate of minor side effects. Most parents are reluc
tant to administer aspirin because of the well-publicized

association with Reye syndrome. Naproxen has the advan

tage of twice-daily dosing, and is available in liquid suspen
sion form. Ibuprofen is used widely, because it is relatively
inexpensive and available without prescription.

Most of the information available about the use of these
agents in younger patients derives from experience in treat
ing juvenile rheumatoid arthritis. Their use in musculoskel-

etal inflammation secondary to trauma and overuse syn
dromes is less well documented, particularly in youths.
Although these drugs are widely used, their efficacy in
sports-related disorders is largely empiric and not well docu

OVERUSE SYNDROMES

The term "overuse syndrome" categorizes several musculoskeletal maladies that are characterized by connective tissue
failure in response to repetitive submaximal loading. In the
course of normal activities, a small amount of tissue break
down usually occurs. With repetition, musculoskeletal tis
sue hypertrophies and this is the essence of athletic training.

If the rate of tissue fatigue exceeds the reparative response,
failure occurs. Inflammation ensues and leads to clinical
symptoms (55) (Fig. 31-1).

mented in placebo-controlled studies (49).
Occurring in as many as 10% of patients, the most com

mon side effects of NSAIDs are gastrointestinal: gastritis,
abdominal pain, nausea, diarrhea, and, occasionally, consti

Classic Stress Fractures
Stress fractures are partial or complete disruptions of the

pation. Hematuria, proteinuria, and marrow suppression

bone secondary to an inability to withstand repetitive, non

also can occur. Most NSAIDs inhibit platelet function, and

violent loads. Normally, the bone remodels itself in response

can lead to bleeding-related complications. Newly released

to microtrauma. However, with excessive use, the mechani

cyclooxygenase-2 inhibitors avoid these problems, although

cal fatigue and bone resorption can outpace the osteoblastic

safety in children is still being studied. Rarely, tinnitus,

response. Although the classic example of stress fractures

blurred vision, exacerbation of asthma, mood changes,

are the "march fractures" of young adult military recruits

drowsiness, and mouth ulcers are seen. These side effects

(56,57), stress fractures do occur in younger athletes, includ

usually resolve after discontinuance of the medication. Pa

ing adolescents and occasionally children (58—61). In a se
ries of 200 stress fractures occurring in all ages, 36.5% oc-

tients on prolonged NSAID therapy should have a hemo-
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FIGURE 31-1. Cyclic loading of all tissues leads to tissue
fatigue. Normally, these tissues heal and remodel, per
mitting continued activities. Athletic training involves
increasing activity and converting the healing and re
modeling process into hypertrophy of the tissues. This
strengthens tissue, allowing increased tissue loading
and greater performance. Excessive training leads to tis
sue fatigue by exceeding the rate of healing or remod
eling.

curred in 16- to 19-year-old adolescents, and 6% occurred

sponse on bone scan (61). If clinically asymptomatic, these

in youths 15 years of age or younger (60).

other areas of bone scan uptake do not warrant treatment.

Adolescents with stress fractures closely parallel their

Osteoid osteoma, malignancies, and infection can have

adult counterparts, with a few exceptions (60,61). The prox

presentations and radiographic appearances similar to stress

imal third of the tibia is the most commonly affected site;

fractures. The differential diagnosis of tibial stress fracture

metatarsal fractures are rare in youngsters (60). There is

includes all of the causes of shin splints. Occasionally, a

equal distribution among male and female patients. Al

biopsy is indicated, but this should be avoided if possible,

though most stress fractures in adolescents are associated

because the surgical defect may delay healing or precipitate

with endurance running, the average training distance is

a complete fracture. If a biopsy is performed, an adequate

typically not excessive (60).

sample must be obtained and the interpretation reviewed

Engh reported stress fractures of the proximal tibia in a
series of nine children younger than 12 years of age, with

carefully. A healing fracture can have many features similar
to a malignancy.

the youngest diagnosed at 21 months of age (59). In many

Stress fractures of the proximal femur can have serious

of these cases, there was no clear history of athletic overuse,

complications, including avascular necrosis if displacement

so these cases likely represent an entity distinct from sports-

occurs. These occur in young adults, with a few cases re

related stress fractures.

ported as young as 16 years of age (56,72). Only rarely has

Stress fractures about the knee can involve the distal fem
oral physis, the proximal tibial physis, and the patella

stress fracture of the femoral neck been reported in skeletally

(62-64). Although the lower extremities are most com

slipped capital femoral epiphysis, should be considered in

immature children (73,74). Other diagnoses, particularly

monly affected, cases of adolescent athletes with stress frac

the young athlete complaining of vague hip, thigh, or groin

tures of the metacarpal, radius, ulna, humerus, and olecra-

pain related to activity.

non have been reported (65-68). Spondylolysis is often the
result of a stress fracture of the pars interarticularis, and is
most commonly seen in young gymnasts and football line

the cycle of repetitive trauma. This usually can be done

by eliminating running, while permitting normal walking.

men (69,70) (see Chapter 20).

Crutches or a cast can be used for fractures that seem to be

The treatment of most stress fractures involves breaking

The typical histoiy of a stress fracture is one of insidious

at particular risk for displacement or for the uncooperative

onset of pain in the area of fracture that is initially relieved

adolescent (71). Alternative training, such as swimming,

by rest. The pain eventually increases. It persists after activ

cycling, or pool jogging, can be used for maintaining aerobic

ity, and affects normal walking. On examination, the ten

conditioning in the serious athlete. Compliance is critical

derness can be localized to the site of fracture in about two-

in ensuring that a complete fracture does not occur (75).

thirds of cases, and swelling occurs in about one-fourth (71).

Healing takes 2 weeks to 3 months. Recommending when

Approximately 10% of initial radiographs are abnormal

to return to sports is a complex judgment, and prevention

(71). With time, the osteoclastic process may lead to cortical

of reinjury by modifying the athlete's training program is

disruption, and even to a displaced fracture. Bone scintigra-

essential. Distal fibular stress fractures have little risk of re

phy is helpful for establishing the diagnosis, especially dur

sidual complications. For these, the use of a pneumatic leg

ing early stages. As many as 50% of adolescents with stress

brace is useful for the early return to sports (76). Tibial

fractures show multiple asymptomatic areas of stress re

stress fractures deserve special attention, because nonunion

Overuse Syndromes

occasionally occurs, even after 4 to 6 months of conservative
care (77). Femoral neck stress fractures should be treated

aggressively and may require internal stabilization.
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The primary differential diagnoses include rotator cuff ten
dinitis, acromioclavicular joint injury, shoulder instability,
and bony lesions of the proximal humerus, such as a solitary

bone cyst.

Repetitive Physeal Injuries

Epiphysiolysis of the Proximal Humerus

Adolescents may develop widening of the proximal humeral
physeal plate associated with shoulder pain during rigorous
upper-extremity activities, such as baseball pitching. Coined

by Dotter, the descriptive term "Little League shoulder" is

not precise because other overhead sports may be involved

(78). The pathology has not been delineated, because biopsy

is not indicated for this self-limiting disorder. The patho-

mechanics are presumed to be repetitive traction or torsional
forces at the physis (79). The exact incidence of Little

Initially, a sling may be indicated if the shoulder is ex
tremely sore, although treatment primarily involves modifi
cation of activity. Gradual return to activity can begin
within 1 or 2 months. Radiographic resolution may take
up to 6 months (80). Callus or periostea] new bone may

develop (81). The physeal plate gradually returns to normal.

Initially, the athlete should avoid or minimize the precip
itating activity, and symptoms should be monitored as
sports are resumed. Baseball pitchers and catchers can usu

ally tolerate infield positions. Permanent restriction of
pitching until skeletal maturity is reached probably is not
necessary, because there are no known sequelae to this con

dition (81,82).

League shoulder is unknown (80).

The typical patient with epiphysiolysis of the proximal
humerus is a male baseball player between the ages of 12
and 15 years. Typically, the pain begins during throwing,
without an inciting event. Initially, the youth may continue
to play despite the pain, with the discomfort resolving be
tween games. Playing ability diminishes as the pain becomes
more constant.

Tenderness is primarily in the proximal humerus or
shoulder. Pain is elicited with active internal rotation against
resistance (80). The shoulder has a full range of motion.

Plain radiographs demonstrate widening and irregularity
of the physeal plate (Fig. 31-2A), and a comparison view
of the unaffected shoulder is helpful (Fig. 31-2B). Bone
scans do not demonstrate greater than normal activity (80).

Epiphysiolysis of the Distal Radius

Physeal abnormalities of the distal radius have been reported

in young female gymnasts (83). These are stress injuries of
the physis. Radiographs demonstrate widening of the
growth plate, and there are often lucent defects of the adja
cent metaphysis and irregularities of the metaphyseal margin
(83,84) (Fig. 31-3). Bone scans may be normal (84). This

process resolves with rest, although it may take 3 months

or longer for resolution of the radiographic abnormality
(83) (Fig. 31-4). Mild cases become asymptomatic in as
little as 4 weeks, and result in no growth inhibition or resid
ual deformity (83,84). However, more severe cases are slow
to resolve, and can lead to premature physeal closure of the
distal radius (85). Premature closure can lead to relative

FIGURE 31-2. Radiographs of the proximal humerus in a 14-year-old, right-handed baseball
pitcher with shoulder pain that progressed over the final few weeks of the season A- Wideninq

and irregularity of the physeal plate are present in the right shoulder. B: Radiograph of the left
shoulder is provided for comparison.
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FIGURE 31-3 Bilateral epiphysiolysis of the distal radii in a highly competitive, 11-year-old gym
nast The left is more symptomatic than the right. A: The anteroposterior view shows widening
of the left distal radial physis, compared with the right. The metaphyseal margins are irregular.
B: The lateral view of the wrists shows definite cupping of the distal metaphyses, which is greater
on the left than the right.

overgrowth of the ulna and subsequent carpal impingement.

Rest and training modification sufficient for resolution ap
pears warranted.

of the tibial tubercle is formed anterior to the tibial metaph-

ysis. In Osgood-Schlatter disease, there appears to be a par
tial avulsion of the developing ossification center and over

lying hyaline cartilage from the anterior surface of the
apophysis (86).

Apophyseal Conditions
Osgood-Schlatter Disease

In 1903, Osgood and Schlatter separately described the tibial tuberosity disturbance that commonly affects active ado
lescents. Through membranous ossification, the apophysis

Patients are usually 10 to 15 years of age at the onset of

the disorder, with the lesion typically occurring in girls
about 2 years earlier than boys (87,88). Boys are more com

monly affected than are girls. Approximately 15% of teen
age boys and 10% of teenage girls develop pain in their
tibial tubercles (88). The incidence may be as high as 20%

J1-4. Sequential radiographs of the patient shown in Figure 31-3. She was asymptomatic

6 weeks after the initial presentation, and gradually returned to activities. She remained asymp

tomatic The radiographs demonstrate progressive, but incomplete resolution. A: Anteroposterior

radiographs were taken at the time of presentation, 6 weeks later and 5 months after initial
presentation. B: Lateral radiographsshowgradual resolution ofthephysealwidenmgand metaphy
seal cupping.
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in athletic youngsters, compared with 5% in nonathletes
(88). The incidence of bilaterality is 35 to 55% in boys and
as low as 18% in girls (88,89). There may be a familial

have occurred, and there is the potential of this becoming

component as well, with an incidence of 20 to 30% among

the physeal plate, although as many as 20% of patients have

youngsters whose siblings had Osgood-Schlatter disease

(88). Biomechanical malalignment of the lower extremity,
including increased quadriceps angle, genu valgum, femoral

anteversion, and forefoot pronation, may be a contributing

factor (90). Youths with one of the osteochondroses are
likely to develop others; as many as two-thirds of athletes
with Sever disease later develop symptoms of OsgoodSchlatter disease (88).

The pain is localized to the tibial tubercle, which is often
prominent, and may have some local swelling. Abnormal
findings of the joint itself are absent.

In unilateral cases, radiographs are indicated, unless the
history is typical of Osgood-Schlatter disease and the find
ings are directly localized to the tubercle. Radiographs are
not usually necessary in bilateral cases. The radiographic
findings include prominence and irregular ossification of
the tibial tubercle (Fig. 31-5A). One or more ossicles may
exist. The diagnosis should not rely solely on the x-ray film,
because fragmentation of the tibial tubercle may be an
asymptomatic normal variant. Radiographic blurring of the

infrapatellar fat pad has been described, and probably results
from the associated inflammatory response (87). Tumor and
infection involving the tibial tubercle are rare occurrences,
but should be considered in the unilateral case. If there is

a history of an acute injury, a tibial tubercle fracture may

displaced (91).

Most symptoms spontaneously resolve with closure of

some residual tenderness with kneeling (89). The treatment
is primarily reassurance, symptomatic treatment, and occa
sional activity modifications. After being assured of the be
nign nature and self-limited course of this problem, most
parents and youngsters are satisfied with tolerating some

discomfort during certain activities; occasionally, restriction
from sports may be necessary to control symptoms. Avul
sion of the tibial tubercle associated with Osgood-Schlatter
disease has been described in a young athlete (91). This
appears to be an uncommon complication, and probably

does not dictate that all young athletes must be curtailed
from sports in an attempt to eliminate this risk.
Additional measures that may be helpful for young ath
letes include intermittent NSAIDs and hamstring stretch
ing. Pads or braces may reduce local trauma, and commer
cially available straps and knee sleeves appear to help. In

view of the risks and unsubstantiated efficacy, steroid injec
tion is not recommended. If a significant biomechanical
abnormality exists, such as excessive foot pronation, foot
orthoses may be helpful (90). Casts are seldom used because
immobilization weakens ligament insertions (92).
Occasionally, an ossicle and painful bursa forms deep in

the tendon, and this remains symptomatic (Fig. 31-5B). If
symptoms persist after physeal closure, excision of the ossicle

offers simple and successful treatment (93).

FIGURE 31-5. Osgood-Schlatter dis
ease. A: Typical radiographicfindings in
clude a prominence of the tibial tuber
cle with irregularity of the bone at the
insertion of the patellar tendon. B: In
some cases, a separate ossicle may form

and not unite. If persistently symptom
atic, this ossicle may require excision.
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indicative of Sinding-Larsen-Johansson disease or patellar

Sinding-Larsen-Johansson Disease
Sinding-Larsen and Johansson independently described a
condition in adolescents consisting of painful fragmentation

of the patella's inferior pole (Fig. 31-6). Although associated
with conditions involving spasticity of the lower extremities,
this is more commonly seen in healthy, active, and athletic
youngsters (94-96). Many analogies are made between this
entity and the Osgood-Schlatter lesion, and both processes
may occur in the same patient (96). In the early stages,
there may not be radiographically detectable changes in the
inferior pole of the patella, and some youngsters with similar
clinical findings never develop abnormal calcification. This
latter group is often diagnosed with "jumper's knee," or
patellar tendinitis, and Sinding-Larsen-Johansson disease
may represent a specific variant of this disorder. Calcifica

tendinitis. A lateral radiograph of the knee should be able
to confirm the presence of a calcified area separated from
the patella. An MRI is rarely indicated, but does show
edema and irregular calcification at the inferior pole of the
patella.

This entity is self-limited. Typically lasting 3 to 12
months, it is shorter in duration than the Osgood-Schlatter
condition. Management focuses on reassurance, and for dis
cussion with parents, the term "condition" may be more

appropriate than "disease." Activity modification, ice, and
NSAIDs may be helpful. Immobilization is seldom needed,
and surgery is not indicated (96). While activity modifica
tions may reduce symptoms, restriction from athletics is not

absolutely indicated.

tion and ossification at the inferior pole of the patella pre
sumably occur in response to persistent traction in a grow

ing individual.
The presenting complaints are typically pain in the knee

Calcaneal Apophysitis
Heel pain in the area of the calcaneal apophysis is a common

running,

complaint in young athletes. The age of onset is typically

climbing stairs, and kneeling. Tenderness is confined to the

9 to 14 years of age (97). The condition is bilateral in 60

inferior pole of the patella, with no other significant knee

to 80% of cases (98).

associated

with

rigorous

activities,

especially

findings. Other conditions that cause inflammation of the
fat pad or anterior knee synovium can produce similar find
ings when the patient is examined with the knee in exten
sion. With 90 degrees of knee flexion, the finding of tender
ness at the inferior pole of the patella is more precisely

This was first described by James Sever in 1912, and is
often referred to as Sever disease. Although histologic analy
sis is lacking, the clinical condition is that of an inflamma
tion of the apophyseal growth plate of the calcaneus. It is
a self-limited disorder, without documented complications

or residual problems. The symptoms resolve after fusion of

the apophysis, and treatment is therefore symptomatic. Like
the other apophyseal overuse conditions, ice, oral NSAIDs,
and activity modification can be helpful. Heel pads or lifts

seem to improve symptoms. Cast immobilization may be
indicated for the unusual case with severe, unremitting
symptoms (98). For athletes such as gymnasts, for whom
shoe wear modifications are not practical, taping the heel
and arches may provide symptomatic relief (97).

Apophysitis of the Fifth Metatarsal
Often referred to as Iselin disease, apophysitis at the base
of the fifth metatarsal is much less common than an apophy
sitis of the tibial tubercle or calcaneus. Symptoms typically
occur in adolescents who have tenderness of the promi
nence of the proximal fifth metatarsal without acute trauma.
Typically, there is a prominence of the tubercle, soft tissue

swelling, and pain with resisted eversion. Oblique radiographic views may show enlargement and irregular ossifica

tion of the apophysis (99,100).
The natural history is apparently benign. Like the unre
solved Osgood-Schlatter lesion, a persistently symptomatic

ossicle has been described (99). Treatment is primarily
FIGURE 31-6. Sinding-Larsen-Johannson disease. The lateral ra
diograph best demonstrates the irregularity at the inferior pole
of the patella.

symptomatic, consisting of ice, oral NSAIDs, and reassur
ance. Arch supports or foot taping may have a role (100).
A cast may be indicated if the symptoms are severe (99).

Overuse Syndromes

Olecranon Apophysitis
Pain at the tip of the olecranon can occur in young athletes,

and may be associated with ossification irregularity (101).
This is thought to result from repetitive traction forces
(102), or may result from hyperextension impingement,

particularly in young gymnasts. Olecranon apophysitis is

relatively uncommon (101). It appears to have a benign
natural history, and should respond to conservative mea
sures.

Apophysitis of the Hip and Pelvis

There are six major apophyses in the hip and pelvis: iliac
crest, anteriosuperior iliac spine, anterioinferior iliac spine,

ischial apophysis, greater trochanter, and lesser trochanter.
Each of these can be affected by an apophysitis.
The iliac crest is a common site for apophysitis, and it can
be troublesome, particularly for young runners (103,104).
Tenderness is localized to the iliac apophysis, and it is often
bilateral (105). Resisted trunk rotation produces pull by the
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trocnemius-soleus flexibility, and inappropriate training

surfaces or shoes (108,109). Tenderness should be localized
to the tendon itself.

The differential diagnosis includes calcaneal apophysitis,
retrocalcaneal bursitis, symptomatic pump bumps, and
symptomatic os trigonum. Radiographs are usually unneces

sary, but they may show minor soft tissue changes.
Treatment in young athletes is almost exclusively nonoperative. Training modification, heel lifts, custom foot or-

thotics, ice, stretching, and oral NSAIDs are used in combi
nation, depending on the individual circumstances. If an
underlying training error is identified, educating the patient
and parent about the principles of overuse syndromes
is helpful for treatment and prevention of recurrence. Im
mobilization and surgery are rarely indicated in young in

dividuals.

Popliteus Tendinitis

The popliteus resists internal rotation of the tibia during

abdominal oblique muscles, and reproduces the athlete's

gait (110). Popliteus tendinitis likely results from overuse of

because there is no history of direct injury. The differential
diagnosis should include avulsion of one the iliac spines,

pronation (111). This is exacerbated by running on banked

pain. This is different from an iliac contusion or hip pointer,

Perthes disease, slipped capital femoral epiphysis, tumor,
and infection. Radiographs are negative in iliac apophysitis.
It is a self-limited disorder that improves with rest and train
ing modifications (103-105). Likewise, apophysitis of the
other growth centers about the pelvis are usually innocent

problems.

Tendinosis

Overuse injuries of tendons and their surrounding sheaths
have been classified into three groups by Puddu et al. (106).
Group I tenosynovitis or tenovaginitis is an inflammation
of only the paratenon, whether lined by synovium or not.
Tendinitis and tenosynovitis often occur together, and it is

difficult to differentiate the two clinically. Group II tendini

tis is an injury or symptomatic degeneration of the tendon

from a resulting inflammatory reaction of the surrounding

paratenon. Group III tendinosis involves degeneration of

the tendon, caused by aging, accumulated microtrauma, or
both. Although tendinitis is much more common in adults,
it is seen in younger athletes. Typically, young athletes have
tenosynovitis, and occasionally have tendinitis; degenera
tion and tendon rupture is rare.

Achilles Tendinitis

Inflammation of the Achilles tendon is typically localized 2
to 6 cm above the insertion of the tendon into the calcaneus
(107). Contributing factors include overtraining, sudden
changes in training, extreme forefoot pronation, poor gas-

the muscle tendon unit, usually caused by excessive forefoot

surfaces and down hills (112). There may be additional

irritation of the tendon caused by friction as the popliteus
tendon courses beneath the fibular collateral ligament.
Young athletes are particularly prone to tendinitis at the
beginning of a sport season, when they are often out of

shape, inexperienced, and impatient with proper stretching
and warm-up exercises. The lateral joint line pain of poplit

eus tendinitis is typically brought on by activity. Pain may

subside during the workout, only to return after practice.

Sitting cross-legged exacerbates the pain.
On physical examination, the course of the popliteus
tendon along the lateral femoral condyle and beneath the

fibular collateral ligament is tender (Fig. 31-7). Joint effu

sion or ligamentous instability usually is not present (112).

Popliteus tendinitis is occasionally associated with clicking,
and may simulate a discoid meniscus or iliotibial band fric

tion syndrome. Although typically negative, radiographs

should be obtained to exclude any osseous pathology. Occa

sionally, a small site of ossification is adjacent to the origin
of the tendon (112). Magnetic resonance imaging (MPJ)
may have a role in excluding other sources of symptoms.
Treatment of popliteus tendinitis consists of "relative
rest." This involves diminishing the running component

of training and, for the serious athlete, substituting other

activities, such as swimming, cycling, pool running, and

weight training (112). NSAIDs and ice massage are helpful.
The runner's shoes should be checked for any obvious im
balance related to uneven wear. A foot orthosis may be
helpful to control excessive pronation (113). A graduated,
progressive running program with proper warm-up and

stretching exercises is begun as symptoms resolve. Steroid
injection usually is ineffective for this condition, and not
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FIGURE 31-7. Popliteus tendinitis is most easily de
tected with the leg in a figure-four position. The popli

teus tendon courses from the proximal tibia to the distal

femur, passing beneath the fibular collateral ligament.

In this position, the lateral collateral ligament is promi
nent; tenderness is elicited along its anterior and poste
rior margins, where the tendon passes.

recommended in young athletes; steroids are never injected
into the tendon itself.

tion by relative rest, NSAIDs, and the application of ice
after activity (119). An isometric strengthening program
can be started early, and the athlete advances to progressive

resistance exercises as pain permits. Therapeutic modalities
Shin Pain

Shin pain in young athletes accounts for as many as 10%

of all athletic complaints (114,115). These problems can
significantly interfere with training and performance, but
most forms of shin pain have no long-term sequelae. The
term "shin splints" has been applied to a variety of symptom
complexes characterized by exercise-induced pain in the
middle part of the leg (116). Although there may be multi
ple factors involved in the etiology of this problem, periosti
tis is the most common source of the pain. Other common

such as ultrasound may help. Crutches may be indicated.
Casts are seldom used, but a foot orthosis may be appropri
ate for the patient with an obvious biomechanical abnormal

ity (120). The issues of good shoe wear, training surface,
and exercise program should be addressed before running
is resumed. Rest and shoe modifications may be the most

effective components of this program (121). After the pa
tient is pain-free during walking and strengthening exer

cises, a graduated running program is begun and monitored
closely.

sources of shin pain include chronic compartment syn

drome, muscle herniation through the fascia, and superficial
nerve entrapment.

Periostitis

The differential diagnosis of shin pain should also in
clude stress fractures, sciatica, deep venous thrombosis, pop
liteal artery entrapment, varicose veins, muscle strain,

Medial tibial stress syndrome, also called the "soleus syn
drome," is the most common form of periostitis in athletes,
and is characterized by localized tenderness over the poste

evaluated for a specific diagnosis, because shin splints are

About 75% of running athletes with shin pain have postero-

tumor, and infection (116). Shin pain in youths should be
uncommon in patients younger than 15 years of age (117).
Radiographs are likely to be positive if the nonacute symp

toms are caused by a tumor or infection. If the radiographs
are negative, a bone scan may be needed to rule out subtler
pathology or stress fractures (118).
Regardless of the cause of pain, patients with shin splints,
and most of those with more specific diagnoses for shin
pain, often respond to the same fundamental empiric treat

ment. The first stage of treatment is to diminish inflamma

rior medial edge of the distal third of the tibia (122,123).
medial tenderness (121). The pain probably results from
periostitis, which has been documented histologically and
by bone scan (118,122,123). The soleus muscle and its in
vesting fascia originate in this area, and are also implicated
in causing the syndrome (122).

The pain is bilateral in as many as one-half of the cases

(117). Both sexes are equally affected (123). Predisposing

factors include muscle weakness, running shoes with a lack
of heel cushion, inadequate arch support, and hard running

Overuse Syndromes

surfaces. Training errors, such as sudden increases in inten
sity or mileage, are common factors (120). Contributing

biomechanical abnormalities include varus hindfoot align

ment, excessive forefoot pronation, genu valgum, excessive

femoral anteversion, and external tibial torsion (120).

Initially, the pain is related to activity; later, it persists
after the activity is stopped. There is no associated numb
ness. The history should include the intensity of sports par
ticipation, training and competition schedule, any recent

change in regimen or shoes, and surface training conditions.
The localization of pain, intensity, onset, duration, and any
associated numbness are important in the differential diag
nosis.

The physical examination should include evaluation of
gait, leg lengths, sagittal-plane alignment, rotational abnor
malities, muscle laxity or tightness, joint motion, and mus
cle strength (113,120). An attempt should be made to local
ize the painful site. The only significant physical finding is
tenderness localized to the margin of the bone. The discov
ery of a fascial defect, for example, may indicate that the
pain is secondary to muscle herniation. A positive Tinel sign
indicates sensory nerve compression. Tenderness transverse
across the subcutaneous margin of the bone may indicate
stress fracture, whereas tenderness over the muscle compart
ments during exercise is suggestive of chronic compartment
syndrome.

Radiographs occasionally show periosteal new bone.
When positive, bone scans demonstrate a diffuse longitudi
nal area of uptake along the bone, rather than the transverse
pattern characteristic of a stress fracture (122). Radiographs
and bone scans are indicated when there is a clinical suspi
cion that symptoms and findings are not typical of perios
titis.

If the patient is unresponsive to the usual treatments for
shin splints, release of the periosteum localized to the area
of pain may provide relief (115,122,124). Surgery should be
undertaken only after a substantial attempt at nonoperative
treatment has failed (123).

Chronic Compartment Syndromes
In contrast to the acute compartment syndrome, which re
sults from trauma or arterial insufficiency, chronic compart
ment syndromes are induced by exertion, relieved by rest,

and seldom result in tissue necrosis or residual disability
(125). The elevated interstitial pressure of chronic compart
ment syndromes is secondary to inadequacy of the osseofascial compartments to accommodate exercise-induced vol
ume and pressure changes. When compartment pressures
exceed capillary filling pressure, the muscle becomes ischemic and produces pain. The anterior compartment is
the most commonly involved, although any of the four com
partments in the lower leg may be affected (126).

Typically, the patient complains of aching pain, tight
ness, or a squeezing sensation brought on by and interfering
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with athletics (126). A history of bilateral symptoms should
be specifically sought. After unilateral surgical release, pa
tients frequently increase their activity levels, only to de
velop pain on the side that had been asymptomatic (126).
The pain usually lasts only a short time after exercise. The
athlete may experience transient footdrop. Typically, there
are paresthesias across the dorsum of the foot, with an ante
rior compartment involvement or plantar paresthesias with

chronic posterior compartment syndrome. Fascial defects
with muscle herniation may be discernible over the anterior
and lateral compartments (127).

Mubarak et al. pointed out that the symptoms attributed
to a chronic deep compartment syndrome frequently are
clinically indistinguishable from periostitis (123). Because
the physical findings are nonspecific, the diagnosis is made
by measuring compartment pressures (128). In chronic
compartment syndrome, resting pressures typically are not
elevated. With exercise, the pressures rise to 70 to 100 mm

Hg, whereas normal compartments rise to less than 30 mm
Hg. The degree of compartment pressure elevation corre

lates with the level of symptoms (124). All compartments
should be assessed, because symptoms may not be adequate
to identify all involved compartments.
As in any other form of shin pain, initial treatment in

cludes activity modification, orthoses, physical therapy, and
time. About one-third of patients find these efforts to be
helpful. Definitive treatment involves fasciotomy, which
can be performed by a variety of techniques. All involved
compartments should be released. This can be done through

limited skin incisions, rather than through the extensive
releases suggested for adequate management of the acute
traumatic compartment syndrome (125,126,129,130).
Care must be taken to protect the saphenous vein, saphenous nerve, and the superficial branch of the peroneal nerve
(130).

A success rate of at least 90% can be expected with sur
gery. Failure can result from not recognizing, preoperatively,

that multiple compartments can be involved; from inade
quate decompression, especially of the deep posterior com
partments; and from excessive scar tissue response (126,
130). Few patients require repeat compartment releases

(126,130). Recurrence secondary to excessive scarring is best

treated by fasciectomy, although this is not recommended
as the primary procedure, because it may reduce strength
(126).

Muscle Herniation and Superficial Peroneal
Nerve Compression

Styf's series of 90 patients with exercise-induced anterior
leg pain included 13 patients with documented compression
of the superficial peroneal nerve (117). Compression of this
nerve can be caused by increased muscle pressure within the
compartment during exercise. Muscle herniation through a

fascial defect, entrapping the nerve, may also produce these
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symptoms. Patients typically experience diminished sensa

tibial torsion, pes planovalgus, and pes cavus (133—135).

tion over the dorsum of the foot with exertion, and they

Slight swelling may occur if a bursitis develops, but there

have point tenderness where the nerve exits the compart

usually is no joint effusion. Tenderness extends from the

ment. Nerve conduction velocities can help confirm the

lateral epicondyle to the joint line from the anterior to poste

diagnosis, but one-half are normal at rest and require exer

rior margins of the condyle. Frequently, there is a contrac

cise testing for documentation of this problem (117).

tion of the iliotibial band that can be detected by the Ober

Ischemia of the entrapped tissue in cases of muscle herniation has been theorized to cause shin pain during activity.

This may occur in as many as 60% of chronic compartment
syndromes (127).
Limited fasciotomy is performed for persistently symp

test (Fig. 31-8). This maneuver reproduces pain and dem
onstrates restricted adduction.

Radiographs are normal. The differential diagnosis in
cludes lateral meniscus tear, discoid lateral meniscus, stress

fracture, popliteus tendinitis, biceps femoris tendinitis, and

tomatic peroneal nerve compression or muscle herniation.

patellofemoral pain syndrome (136). These usually can be

Specific attention should be directed to the exit point of

differentiated by careful history and physical examination.

the superficial peroneal nerve to ensure it is free (125).

Initial treatment involves relative rest or a change in
training habits, ice massage, NSAIDs, and a rigorous iliotib
ial band—stretching program (135-137). This condition

Iliotibial Band Friction Syndrome
Iliotibial band friction syndrome is an overuse phenomenon

caused by the iliotibial tract rubbing over the lateral epicondylar prominence during repetitive knee motion (131,132).
Although most commonly seen in adult distance runners,

adolescents involved in recreational and team sports also

may take 6 weeks or more to resolve (132,133). Foot ortho-

ses are often helpful, particularly if an alignment abnormal
ity exists. Extraarticular steroid injection may help recalci
trant cases (134), In young athletes, surgical release of the
distal iliotibial band and excision of the bursa rarely are
required (135,136).

can be affected (133). Iliotibial band friction syndrome is
more common in males.
Symptoms typically commence at the beginning of sports

Breaststroker's Knee

training session. Two-thirds of cases are associated with a

Competitive breaststroke swimmers are prone to develop

recent increase in running intensity or distance (134). The

medial knee pain along the course of medial collateral liga

athlete complains of pain over the lateral aspect of the knee,

ment, medial facet of the patella, and the plica (138,139).

especially during running or cycling, and the pain occurs

The whip-kick technique, which is a more powerful modifi

with every knee flexion (135). Usually, there is no history of

cation of the frog kick, has certain variations that are

injury or mechanical symptoms, such as locking or catching.

strongly implicated in the cause (138). This condition may

Typical physical findings include genu varum, external

begin in the first few years of competitive swimming, and

FIGURE 31-8. The Ober test is used to de
tect tightness of the iliotibial band. With
a patient lying on his or her side, the hip
is first abducted and extended, with the
knee held flexed. The test is then per
formed by attempting to adduct the knee
to the midline. Palpation along the lateral
femoral epicondyle typically elicits tender
ness at this site, if iliotibial band friction
exists.

Overuse Syndromes
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may occur in swimmers as young as 6 years of age (138),

although the frequency is related to increasing age of the
swimmer, increasing years of competitive swimming, in
creasing breaststroke training distance, and decreasing
warm-up time (140,141). Other than medial knee tender

ness, there are no other consistently associated physical or
radiographic findings.

Initially, the symptoms are reversible with rest or training
alterations, although with time, chondromalacia and medial
facet patellar arthritis may occur (138-141). Measures to
quiet inflammation of the medial plica, such as ice,
NSAIDs, and phonophoresis, may help (141). Most impor
tant is altering the swimmer's whip-kick technique, particu

larly by keeping the legs together during the recovery and
rapid extension phase of kicking (138). Arthroscopy is only
occasionally indicated, because it typically shows medial
synovitis without other significant derangements; it is only
occasionally indicated (142).

Valgus Overload Injuries of the Elbow

The most commonly affected athletes are baseball players

(particularly pitchers), gymnasts, American football quarter
backs, and potentially, other throwing and racquet sport
athletes (143,144). Such activities can lead to a variety of
abnormalities of the capitellum, radial head, and medial

epicondyle (145).

During the throwing and racquet motions, a significant
valgus moment is generated at the elbow (Fig. 31-9). The
result is excessive and repetitive compression forces through
the radiocapitellar joint, and tension across the medial epi
condyle and collateral ligaments. Collectively, these are re
ferred to as Little League elbow.

Osteochondral Lesions of the Capitellum
Primarily based on age, repetitive use lesions of the capi
tellum can be divided into Panner disease and osteochondrosis of the capitellum.

Panner described a lesion of a young boy's capitellum

that he compared with Legg-Calve-Perthes disease (146).

In children younger than 10 years of age who have Panner
disease, the course is usually benign (147,148). The entire
ossific nucleus of the capitellum may demonstrate irregular
ossification, but an osteochondral loose body does not form.
The lesion completely resolves with reconstitution of the
capitellum.

Adolescent baseball pitchers and gymnasts can develop
fragmentation of the capitellum's subchondral bone and
dislodgment of the articular surface. Based on the belief that
a low-grade inflammatory process was responsible, Franz
Konig called this condition "osteochondritis dissecans."
Histologically, there are no inflammatory cells present, so

the term "osteochondrosis" is more appropriate (143,149).

The causes of Panner disease and osteochondrosis of the

FIGURE 31-9. Pitching produces a valgus moment (large curved

arrow) at the elbow. There are compressive forces (straight ar
rows) across the radiocapitellarjoint, and tension (curved arrows)
across the medial epicondyle and medial collateral ligament.

capitellum are unknown. The two entities may represent
the same process in persons of different ages, but the course
and prognosis contrast sufficiently to consider the disorders
separately. Heredity may be a factor (143). Repetitive microtrauma frequently occurs in throwing athletes, and dis
turbance of the blood supply has also been implicated. By
8 years of age, the capitellum's vascularity is solely from a
group of end vessels (150). These vessels traverse the chon-

droepiphysis posteriorly, with no significant collateral con

tribution. Upon closure of the physis, the blood supply of

the epiphysis and metaphysis becomes interconnected
(143).

Patients with Panner disease and osteochondrosis of the
capitellum typically complain of pain with throwing. Ten

derness is maximal over the radiocapitellar joint, and there
may be crepitus. The elbow typically lacks 10 to 20 degrees
of full extension, and flexion is mildly limited (147,149).
Initial assessment should include bone detail radiographs
with anteroposterior, lateral, and oblique views. There is
irregular ossification of the capitellum and rarefaction
within a crater (79,147) (Fig. 31-10A). Tomograms or com
puted tomography (CT) scans are occasionally helpful to
better define bony pathology (Fig. 31-10B). Loose bodies
may be present. Arthrograms are unreliable for cartilaginous
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FIGURE 31-10. Osteochondral lesion of the capitellum in a 15-year-old baseball player with a
painful elbow. A: The subchondral plate of the capitellum appears intact. Subchondral cysts are

present. B: The computed tomography scan with three-dimensional reconstruction demonstrates
the bony defect of the capitellum, including loss of the subchondral plate in that area.

loose bodies, because filling defects related to synovial con
volutions can lead to false-positive studies. False-negative
results can occur if the loose bodies are completely enve
loped by synovium or hidden in joint space recesses (149).

Initial treatment should include restriction of forceful
upper-extremity activities, application of ice, and NSAIDs.

A sling or splint is occasionally needed (144). It may take
6 or more weeks for the pain to subside, at which time
range of motion and strengthening exercises are begun.

After almost full and pain-free range of motion with good
strength is achieved, a graduated and well-supervised pro
gram for returning to upper-extremity activity is initiated.
Throwing technique should be reviewed to minimize un

necessary valgus load to the elbow. The prognosis for return
to competitive pitching, however, is guarded (144,147).
Baseball players should be switched to a position, such as
the infield, that requires less throwing. For gymnasts, partic

ularly stressful maneuvers or "tricks" are modified from
their workout, and most can continue to participate.

The athlete is monitored for recurrent symptoms. Radio
graphs may remain abnormal, and symptoms are followed
closely. Activities are gradually advanced, and readjusted if
pain recurs (143). Persistent difficulty should prompt fur
ther investigation for a loose body or a chondral flap in the
articular cartilage. In this situation, given the indeterminate
reliability of CT and MRI, arthroscopy may be the most

Flaps of articular cartilage from the surface are debrided,
because loose chondral fragments produce synovial inflam
mation (152). Bone grafting and internal fixation of the
fragment are rarely indicated, because most procedures
other than simple excision have been unfavorable in the
elbow (144,147). Drilling of the base of the defects may
stimulate a fibrocartilaginous response; however, the advan
tage of drilling over simple debridement of the lesion is not
well documented (144).

The prognosis for the more advanced lesions is less favor
able. After surgeiy, many athletes are unable to resume their
prior levels of competitive throwing (144,149).
The most important lesson about this condition is the
opportunity for prevention. Junior baseball programs
should all have rules limiting the duration that a youngster
pitches. Typically, this is a maximum of three innings per
game and up to six innings per week. Training and practice
are difficult to regulate, making it essential to educate par
ents, coaches, and physicians about this condition.

Osteochondral Lesions of the Radial Head
Osteochondral lesions of the radial head are much less com
mon than those of the capitellum (153,154). Most patients
are boys between 8 and 15 years of age (153). Because repeti
tive valgus loading occurs, the mechanical stress of throwing

(144,149). Whether open or arthroscopic surgery is per

is implicated as the cause. Because osteochondrosis of the
radial head is an uncommon problem, a more generalized
disorder should be considered (153). Radiographs should be
obtained of the other elbow, and if abnormal, a radiographic
survey should be done of the other major joints. The treat
ment principles are similar to those for symptomatic lesions

formed, loose bodies should be searched for carefully (151).

of the capitellum.

prudent next diagnostic step, and offers the advantage of
being potentially therapeutic.

Indications for surgery include a locked elbow, a symp
tomatic intraarticular loose body, or failure of nonoperative
program to adequately diminish pain and restore motion

Sports Trauma

Injuries of the Medial Epicondyle

Traction on the medial elbow structures is the counterpart
to radiocapitellar compression during valgus stress. With
excessive throwing, the medial epicondyle may become
prominent and intermittently painful. Active adolescent
baseball players frequently develop accelerated growth, and
widening of the medial epicondylar apophysis and fragmen
tation of the medial apophysis (154). The prognosis is excel
lent, with the pain usually resolving after rest (148).
Avulsion of the medial epicondyle can occur with force
ful throwing. This results from the tension forces exerted
by the ulnar collateral ligament and the pull of the forearm
flexor muscles. If the elbow is stable and the fragment is
minimally displaced, the elbow is immobilized for 3 weeks,
after which range of motion is begun, and the athlete is

gradually returned to activity.

Significantly displaced fractures probably should be re
paired. Elbow instability can be disabling to throwing ath
letes, wrestlers, and gymnasts (155). If there is question of
valgus instability, a stress radiograph should be obtained
(156). Other standard indications for internal fixation in
clude intraarticular incarceration of the fragment and ulnar
nerve dysfunction (156).

SPORTS TRAUMA

Epidemiology

The number of youth sports participants, the amount of
coaching, the intensity of training, and the level of competi
tion are increasing. Injuries are inevitable, and parents often
seek advice regarding the risk of injury from sports participa
tion, particularly contact sports. Most trauma in children
occurs from activities such as running, tree climbing, and
skate boarding (157). Organized sports account for only
about one-third of sports injuries, with the remainder occur
ring in physical education classes and nonorganized sports
(11,158).

In youths 5 to 14 years of age, the sports related to the

most total injuries, in order of frequency, are football, base
ball, basketball, gymnastics, other ball sports, soccer, wres
tling, volleyball, and ice hockey (3,159). When injury data
are adjusted for the number of participant hours, the general
trend is for American football to be the highest-risk sport,
followed by basketball, gymnastics, soccer, and baseball
(157). Injuries occur most frequently in contact sports. Each
year, as many as 20 to 40% of high school football players

are injured; however, about 75% of these injuries are minor,
resulting in a loss of fewer than 7 days of participation
(160-162). The risk of injury in sports must also be
weighed against the risk in normal activities. As many as

one-third of junior sports participants are sidelined by inju
ries they sustained outside of their sports program.
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Although it may intuitively seem that the younger child
is at greater risk in contact sports, the converse is true, with

fewer injuries occurring among younger athletes. Soccer,
for instance, results in injuries to about 3% of players in
elementary school, 7% in junior high school, and 11% in
high school (7,163).
In junior American football programs (9 and 15 years

of age), the incidence of injury is only 2%. Of an estimated
463,000 football-related injuries treated in 1980, 37% oc
curred in 5- to 14-year-old children, and 63% occurred in
athletes 15 years of age and older (3). Most injuries are mild,
with about 10% resulting in hospitalization, 15% requiring
minor procedures, and 2% needing reconstructive surgery
(164,165).

Contusions, sprains, and simple fractures of the upper
extremity account for most injuries in younger athletes

(164,165). Teenagers have more lower-extremity trauma,
with the knee injuries being common and the knee reinjury
rate being as high as 25 to 60% (160,161,166,167).
Tragic injuries do occur occasionally in youth sports.
The U.S. Consumer Product Safety Commission reported
that almost 1.8 million sports-related, medically attended
injuries occurred in 5- to 14-year-old children from 1973

through 1980. Of these, 93 were fatalities. Baseball ac
counted for 40 deaths, with most related to bat or ball blows
to the chest or head. Football resulted in 19 fatalities, almost
all secondary to head and neck injuries. Surprisingly, golf
was related to 13 deaths, with 11 children being struck by
clubs and 2 with balls. Many of these children were not
actually participating in golf at the time; they were struck
by an adult who was playing or by a playmate. Eight chil
dren were killed by equipment falling on them, including
four soccer goals, two football goal posts, one baseball back
stop, and one trampoline (3).
Prevention

Although the prevention of all injuries related to sports par
ticipation is not realistic, the rate and severity of injuries
can be reduced significantly. Many sports injuries can be
avoided or ameliorated with conscientious supervision, ap
propriate rules, safe equipment, and adequate rehabilitation
of injuries (2,158). Stretching and warm-up exercises are
key components of injury prevention, although the scien

tific basis of these standard training techniques are just start
ing to be understood (39,168). Because there is significant
individual variation in body types, accurate and specific ad

vice is still evolving (169-171). A preseason conditioning
program,

consisting

of warm-up,

stretching,

running,

weight training, and skill development, appears to have a
positive impact on preventing injuries, especially in collision
and contact sports (172).

Medical evaluations are commonly required before
young athletes are allowed to participate in sporting pro-
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grams, particularly on the interscholastic level. This is often
done through a preparticipation screening evaluation. The
principle is to identify young athletes at high risk for sportsrelated injuries or illness. Unfortunately, there is no consen

sus of opinion regarding the components of an optimal
screening program (173). The yield of identifying disquali
fying conditions is low on initial sports screening examina
tions, and becomes even lower on repeated examination
(4,174). Although the cost of doing such screening may

appear minimal at first look, unnecessary exclusions and
referrals can result in a significant health care cost (175).
To produce a favorable cost-benefit ratio, the screening
process must focus on the relevant history and pertinent
physical examination. Medical history is the most sensitive
and specific component. The history should include prior
musculoskeletal injury, neurologic injury, infectious disease,
and cardiopulmonary problems. Questions related to gen

eral health, immunization status, hospitalizations, and
limitations of function are helpful. Athletes should be spe
cifically asked about prior history of concussion, uncon

initial management, triage, prevention, and rehabilitation
of athletic injuries. Used effectively, athletic trainers are liai
sons between physicians and athletes, and provide impor
tant educational information for athletes, partners, and
coaches.

Although they are widely used for college and profes
sional sports programs, it is estimated that only about 10%
of the U.S. high schools have certified athletic trainers (160).
An estimated 636,000 injuries occur annually among Amer
ican high school football players. Half of these occur during

practice, when physician medical coverage is seldom avail
able (160). Many injuries can be prevented through safe
equipment, proper supervision, appropriate instruction,
training, and injury rehabilitation (2,3,158). To take advan
tage of this opportunity, the involvement of certified athletic
trainers in high school and other youth sports programs
should be strongly encouraged.
Ankle Injuries

sciousness, paresthesias, and prior musculoskeletal treat

Ankle Sprains

ment or rehabilitation (173). Syncope can be an important

Ankle sprains are among the most common injuries in

clue to undetected heart disease, specifically, idiopathic hypertrophic subaortic stenosis, which is one of the most com
mon causes of sudden death in young athletes (176). De
spite conscientious screening, this uncommon but tragic
event is not completely preventable. Athletes and parents
should always be informed that screening cannot ensure

detection and prevention of all problems.

The general medical examination should include blood
pressure measurement, cardiopulmonary examination, and
review for any contagious skin lesions (177). Ideally, a dy
namic evaluation of recovery after exercise should be per
formed, but this is usually impractical (178).
Since inadequate rehabilitation probably accounts for al
most one-fourth of sports-related injuries in children, the
musculoskeletal examination should focus on prior injuries
and any residual problems from them (4). A screening exam

ination of the ankles, knees, and neck range of motion
should be included for all athletes, and other areas of the
musculoskeletal system should be examined, based on the
individual's prior history.

Evaluation of athletic performance, joint laxity, and vis
ual acuity are optional components. Otoscopy, ophthalmoscopy, and hernia evaluations are probably unnecessary. Rou
tine laboratory testing does not appear to be cost-effective
(4,173,174).

Athletic Trainers

Athletic trainers have been caring for sports injuries since

ancient times. The education, ability, and role of athletic
trainers have evolved considerably since the founding of
the National Athletic Trainers' Association in 1950. These
allied health professionals have rigorous credentialing re
quirements. They can provide valuable help in recognition,

sports. They occur in approximately 6% of all high school
sports participants, and in as many as 70% of all high school
basketball players over the course of 4 years of participation

(179). Most ankle sprains involve the lateral ligaments. Ap
proximately 3% of sprains are medial, with wrestling being
the only sport that is associated with a significant number
of these (179,180). Inversion and supination injuries se

quentially tear the anterior ankle capsule, the anterior talofibular ligament, and the calcaneofibular ligament (181,
182). Although most ankle sprains are minor, one-third of
these injuries lead to more than 2 weeks of disability (183).
For severe ankle sprains, a minimal intervention approach is
not universally favorable, and treatment does have a positive
impact (184,185).

For the purpose of this discussion, the following classifi

cation is used:

Grade I: mild sprains involve stretching and minimal
interstitial tearing of the ligament, with little swelling, limp,
and disability.

Grade II: moderate sprains involve partial disruption of
the ligaments, with modest swelling, diffuse tenderness, and
difficulty with weightbearing.

Grade III: severe sprains result in complete ligament dis
ruption, often with extensive bleeding swelling, instability,
and disability.

Knowing the mechanism of injury may be helpful. The
common lateral ligament complex sprain usually results
from an inversion injury, whereas anterior tibiofibular
sprains (high ankle sprains) typically result from a dorsiflexion injury. Recollection of a popping sensation varies, but
a history of prior ankle injuries is important for the assess
ment of acute or chronic instability.

Sports Trauma

If the patient is first seen after considerable swelling has
developed, it may be difficult to localize the tenderness.
Examination of the acute injury should be directed toward
pinpointing the maximally tender structures. The entire

length of the tibia and fibula should be inspected, with
specific attention to the area of the physeal plates. Gentle
percussion of the physis and epiphysis by the examiner's
fingertip is a useful technique for differentiating physeal

fractures from ankle sprains. A more reliable assessment of

tenderness and stability can often be achieved after several
days of rest, ice, elevation, and compression.
The anterior drawer maneuver primarily tests the stabil
ity of the anterior talofibular ligament complex. This can

1291

be performed by securing the distal leg with one hand and

applying an anterior pull on the heel, with the foot held in
gentle plantar flexion (Fig. 31-11A). Alternatively, with the
patient supine on a table, and with the knees flexed about
90 degrees, a posterior force is applied to the lower leg while
the foot is held flat on the table top (Fig. 31-1 IB).
Routine views of the ankle should include anteroposterior, lateral, and "mortise" views. Clinical judgment ulti
mately dictates the decision to obtain radiographs. For
adults, tenderness along the posterior edge of malleoli, or
inability to bear weight, are reliable indicators to prompt

anlde radiography. Although not as well studied in youths,
similar criteria probably apply. Tenderness over the navicu-

B

FIGURE 31-11. The anterior drawer test of the ankle is used to evaluate stability of the anterior
talofibular ligament. A: The heel is pulled anteriorly, with the foot held in gentle plantar flexion
Counter force is applied at the tibia. B: Alternatively, the foot is held firmly on a table top, with
the hip and knee flexed at 90 degrees, and posterior force is applied to the lower leg.
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lar, cuboid, and base of the fifth metatarsal should prompt

ics may offer an advantage over tape, which loosens after a

additional views of the foot (186).

short period of exercise (197,199,200).

The indication for other studies depends on the index

Grade II sprains involve more extensive tissue injury and

of suspicion for injury, and treatment philosophy. Antero-

result in an average of 2 weeks of disability (195). Crutches

posterior or lateral view stress radiographs are intended to

are often helpful for several days, as weight bearing is pro

demonstrate ligamentous laxity (187). Unfortunately, the

gressively increased. For the athlete concerned about an

reliability is affected by individual variation, timing, muscle

early return to sports, early phases of a supervised rehabilita

spasm, the patient's pain tolerance, foot position, and vari

tion program should be directed toward diminishing the

ability of manual technique (188). Even with an apparatus

swelling and regaining motion. Initially, ice pack and inter

and local anesthesia, the overlap between normal and abnor

mittent compression boots are useful modalities (201). Iso

mal is considerable (189). Ankle arthrography can reliably

metric exercises are started immediately, and progressive re

detect anterior talofibular and calcaneal fibular injuries, al

sistance exercises are subsequently introduced. Satisfactory

though the clinical relevance is unproven (190).

strength of all muscle groups, particularly the peroneals,

If subtalar motion is limited after resolution of the acute

must be restored to ensure dynamic protection from a repeat

injury, radiographs of the foot should be obtained to look

injury. Proprioceptive training may be helpful as well (202).

for tarsal coalitions. The athlete's risk for recurrent ankle
sprain is increased by the presence of a coalition (191).
The primary differential diagnoses include physeal frac

For the serious athlete, aerobic conditioning is continued
during rehabilitation by swimming, using an upper body
ergometer, running in a pool, or cycling. Upper body condi

ture of the distal fibula, triplane fracture, osteochondral frac

tioning is continued. The use of ankle supports in grade II

ture of the talus, subluxation of the peroneal tendons,

sprains is the same as that for a grade I sprain.

fracture of the base of the fifth metatarsal, sprains of the

Treatment of grade III sprains remains the most contro

midfoot ligaments, and Maisonneuve fracture (181). Acces

versial. Options include taping, casting, and surgical repair.

sory ossification centers, at the tip of the medial and lateral

Tape and immediate motion theoretically minimize stiff

malleoli in youths, should not be confused with avulsion

ness. Treatment with a dorsiflexion cast reduces the talus

fractures (192). Localization of maximal tenderness and

in the mortise, and theoretically reapproximates the torn

radiographs can differentiate most of these.

ligament fibers to their premorbid location (183). Advocates

Nondisplaced Salter-Harris type I physeal fracture of the

of surgical treatment feel that other soft tissues may prevent

distal fibula is the most commonly occurring problem that

anatomic reduction of the torn ligament fibers, especially

closely imitates an ankle sprain. Fingertip percussion over

if there is an associated bony fragment. Most series reporting

the physeal plate usually differentiates the two; in cases of

surgical outcomes report no difference over immobilization

fracture it is distinctly positive. If doubt remains, immobi

and therapy protocols, or they fail to have an adequate con

lizing the ankle in a cast for 3 weeks adequately treats the

trol group to demonstrate a clear superiority of one treat

fracture, without being overtreatment of a sprain.

ment approach over another (184,203,204).

Although treatment of ankle sprains varies considerably,

The author prefers to treat grade III sprains initially with

a few sound principles have evolved (193). Sprains are ini

a posterior plaster mold and compression dressing. This

tially treated with rest, ice, compression, and elevation

controls the initial hemorrhage and swelling. In 7 to 10

(R.I.C.E.). The goal of the initial treatment is to limit bleed

days, as swelling starts to resolve, the patient is placed in

ing, edema, and any further soft tissue injury. Ideally, these

an articulated ankle orthosis (164). This permits plantar

occur at the time and site of injury. After the degree of

flexion and dorsiflexion but protects against inversion and

injury is determined, an appropriate course is planned. Each

eversion. An intermittent compression boot device and

progressive step of the rehabilitation is based on functional

other physical therapy modalities are used to reduce swell

goals, rather than an arbitrary calendar (194).

ing. Weight bearing progresses as tolerated. The rehabilita

A grade I sprain is a minor injury. The pain usually

tion program is advanced in the same fashion as outlined

resolves, and motion returns in less than 1 week (195).

for grades I and II sprains. The orthosis is used continuously

In some cases, the athlete may be able to return almost

for 8 weeks. The athlete may return to competition wearing

immediately to sports competition. The athlete must have

the device, if pain-free motion and adequate strength have

minimal pain and be able :o run, cut, and perform specific

been regained. This typically occurs 4 weeks after injury

tasks relevant to the activity to which he or she is about to

(205).
Recurrent severe sprains occasionally lead to chronic liga

return.

Supporting the ankle by taping, a laced stabilizer, or a

mentous laxity. A variety of reconstructive procedures are

semirigid orthosis facilitates early return and diminishes the

available, but are uncommonly needed in youths (206,207).

risk of recurrent injury (196,197). Taping restricts extremes
of ankle motion and shortens reaction time of the peroneal
muscles, probably by affecting the proprioceptive function
of the ankle (198). The lace stabilizers and semirigid orthot-

surgical repair, further supporting the approach of nonoperative treatment of most ankle sprains, particularly in young

Results of delayed reconstruction are comparable to primary

athletes (208).
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Anterolateral Ankle Impingement
After ankle sprains, chronic anterolateral ankle pain occa
sionally develops, because of impingement of the anterior
inferior tibiofibular ligament or the synovium in that area
(209,210). Tenderness is localized along the anterolateral
corner of the joint. Some patients experience popping with

dorsiflexion of the ankle. Radiographs are normal. MRI may
be helpful to rule out other sources of pain, such as osteochondral injuries and subtalar pathology. Occult instability
of the ankle and subtalar should also be considered.
Rest, immobilization, NSAIDs, and physical therapy
modalities may be tried to reduce the symptoms (211). In
jection of local anesthetic and a steroid can be both diagnos
tic and therapeutic. If pain persists, arthroscopic inspection
debridement of the reactive synovium and resection of the

inferior fibers of the tibiofibular ligament should resolve the
problem, unless significant instability exists (209,210).
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(217-219). The results after these injuries are favorable in
children and adults.

The grading of collateral ligament sprains requires com
parison of the injured with the uninjured knee, because the
normal degree of laxity varies considerably. A mild sprain
(grade I) has little or no disruption of the ligament's me

chanical integrity and no increased laxity on examination.

Moderate sprains (grade II) result in plastic deformation of
the ligament without complete disruption; the examination
demonstrates increased laxity, but there is a distinct end
point. Severe sprains (grade III) are complete ligament dis
ruptions, resulting in significant laxity, and do not have
distinct end points (220).
The histoiy of injury obtained from youngsters is often
poor, so the examination must be relied on heavily. Often,
tenderness can be localized to the physeal plate or to the

path of the collateral ligaments themselves. The collateral
ligaments are tested with the knee flexed 20 to 30 degrees,
to relax the posterior capsule and posterior cruciate ligament

Distal Tibiofibular Sprains
Isolated injuries of the distal tibiofibular syndesmosis are
uncommon, but need to be recognized (212). These may

be associated with injury of the deltoid ligament. Pain and
tenderness are located principally at the anterior aspect of
the syndesmosis and interosseous membrane. Tenderness is
elicited by squeezing the tibia and fibula together, and by
dorsiflexing and externally rotating the foot at the ankle
(186,213). Radiographs occasionally demonstrate an os
seous avulsion. The CT scan and bone scan are occasionally
helpful in demonstrating occult degrees of injury to the
tibiofibular ligament complex (214).
Sprains of the distal tibiofibular ligament and syndesmo
sis are usually treated nonoperatively, with rehabilitation

principles similar to those for lateral complex sprains (215).
The athlete should be aware that the recovery process is

typically twice as long as for a severe ankle sprain (213).
Impingement of the anlde joint created by disrupted fibers
can cause chronic pain (210). Occasionally, immediate sur
gical repair or reconstruction of the syndesmosis becomes

necessary if there is significant diastasis (215).

(221). The joint line should be palpated while varus and
valgus stresses are applied. Standard radiographs are ob
tained to look for physeal fractures or bony avulsions.

If there is instability, a stress radiograph must be obtained
to differentiate opening of the joint space, because of severe
sprain, from motion through the bone, because of an un
stable physeal fracture. If an effusion is present in the knee,

it can be aspirated, and the area can be infused with a local
anesthetic to facilitate the examination.
If a hemarthrosis is detected, a cruciate ligament injury
should be suspected. MRI is very useful for defining the

injury.

Isolated collateral ligament sprains in the knee are treated

according to the degree of injury, and by the same principles
that are established for adults. Definitive studies of collateral
ligament sprains in children are not available. All partial
tears are treated nonoperatively. Most sprains are immobi
lized only until pain subsides (222). Sports are resumed

when there is full motion, good muscle strength, and ability
to run, cut, and perform necessaiy sport-specific activities
(220,223,224). The use of these functional criteria is partic
ularly helpful for the adolescent athlete who is anxious to
return to sports. Grade I sprains result in an average of 10

Knee Injuries

Collateral Ligament Injuries of the Knee

days lost from activities, and grade II sprains average 20
days (225). For grade III collateral ligament sprains to the

knee, the same rehab principles are applied. The recovery

Ligaments of the knee originate from the distal femoral

is slower than more mild sprains. Residual laxity is generally

epiphysis, and insert into the proximal tibial epiphysis, with

well tolerated. Double-upright, hinged functional braces

the exception of the superficial portion of the medial collat

provide medial stability, and therefore have a logical role

eral ligament, which inserts into the proximal tibial metaph-

in the protection of more severe medial collateral ligament

ysis distal to the physeal plate (216) (Fig. 31-12). The liga

sprains as they heal (226).

ments are generally stronger than the physeal plates, so

significant bending injuries usually produce physeal frac

Although a few studies have suggested operative treat
ment for grade III collateral ligament sprains of the knee,

tures, although pure ligament disruption can occur in chil

isolated injuries in adults appear to have good clinical results

dren. Complete rupture of the medial collateral ligament

without surgery (227-229). Successful nonoperative treat

has been reported in children as young as 4 years of age

ment is predicated on establishing that the grade III sprain is
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Superficial lateral

Superfical medial

collateral ligament

collateral ligament

Deep lateral

Deep medial

collateral ligament

collateral ligament

FIGURE 31-12. The collateral ligaments of the knee insert into the epiphyses, with the important

exception of the distal insertion of the superficial medial collateral ligament. Bending injuries of
the immature knee typically disrupt the physeal plates, which are usually the "weak link in the
chain."

isolated. Concomitant meniscal tears or an anterior cruciate
disruption must be considered.
Bony avulsions of the collateral ligaments are best man
aged operatively (218).

Anterior Cruciate Ligament Injuries

Anterior cruciate ligament (ACL) injuries occur far less
commonly in children than in adults. Throughout adoles
cence and young adulthood, these injuries become more
frequent. The principles of evaluation and treatment are

very similar to those used for adults, although the specifics
must take into account the open physes and high activity
level of youngsters.

In children, the collagen fibers of the ACL blend from

sion from the distal insertion through the chondral-bony
interface also may occur.

Fractures of the distal femoral and proximal tibial physes

have a significant incidence of associated ligament injuries

(234). The presence of a physeal fracture of the knee does
not preclude ligament damage, so ACL injury can easily be
overlooked.

Meniscal tears are commonly associated with ACL
sprains (235,236). Evaluation of the menisci by MRI may

be useful, particularly if nonoperative treatment is being
considered (237).

The history of injury in the adolescent is usually one of
hyperextension, direct blow, or sudden twisting in the open
field or court. Occasionally, a pop is heard, and the early
onset of swelling caused by hemarthrosis is common (236).
The younger child is typically a poor historian of the event.

ligament to perichondrium to epiphyseal cartilage. Adult
ligaments insert directly into bone by means of the Sharpey

fibers (230). This difference probably accounts for the child

As in tibial eminence fractures, bicycle accidents commonly
cause ACL injuries in children (238,239). The amount of
initial pain is variable, with discomfort lasting over the ensu

hood tibial eminence avulsion fracture, which usually spares
the ligament itself, although interstitial tears of the ACL

ing days. Instability may be noticed if the youngster at
tempts to return to play.

can occur in children. Midsubstance disruption has been
reported in a 3-year-old child (231). Avulsion of a bony
fragment from the femoral attachments occurs less often,

and rarely from both ends of the ligament (232,233). Avul

The physical examination typically reveals effusion, dif

fuse tenderness, and limited motion. Although the anterior
drawer test has been the classic test of anterior cruciate sta

bility, the Lachman test and pivot-shift signs are felt to be
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more sensitive and specific (221,240,241). Instrumented

knee laxity testing is useful, if the physical examination is
equivocal (242). The degree of inherent or congenital laxity
must be considered in grading these tests, particularly for
children. The other knee can usually provide a control
against which the injured extremity is compared.
Routine anteroposterior and lateral radiographs of the
knee are obtained, to look for osteochondral fractures and
physeal fractures. A tunnel view may show bony fragments
avulsed from the femoral origins of the cruciate ligament.

A hypoplastic intercondylar notch, with a diminished tibial
spine, is a sign of congenital absence of the cruciate liga
ments (243,244).

MRI is fairly reliable for identifying injuries of the liga
ments, menisci, and cancellous bone. Most clinically signifi
cant ACL injuries are adequately diagnosed by history and

manual examination, so the indications for MRI must be
weighed against its cost (245-247). Imaging studies are
most valuable if management decisions will be influenced
by the results. MRI is particularly useful if the presence of
an associated injury, such as a meniscal tear, is eoins to
influence the decision to operate. If a reconstruction is al

ready decided on, the menisci can be evaluated at the time

of arthroscopy.

The natural history of ACL tears in adults depends on
patient age, activity level, expectations, degree of instability,

ability to rehabilitate muscle strength, and the patient's re
solve to modify activities as needed (248-250). Similarly,
the decision to stabilize a young person's knee must be indi
vidualized, and the risk of reinjury, leading to subsequent
damage of the menisci should be given strong consideration

(251). Most should be reconstructed.
Left unstabilized, complete ACL disruption and instabil
ity generally have unfavorable results. Of McCarroll et al.'s
16 patients treated without reconstruction, nine gave up
their sport because of instability. Each of the remaining
seven had episodes of instability; four of them had multiple
reinjuries, recurrent effusions, and pain (252).

Young athletes with partial tears (grade II, using the sys
tem previously defined for collateral ligament sprains of the

knee) of the ACL can be treated without surgery, if there
is no significant meniscal pathology. This usually is success

ful, if the knee does not demonstrate significant instability
on examination. The examination is most accurately done

under anesthesia with arthroscopy, to document the insta
bility, degree of ACL disruption, and associated meniscal
tears. The knee should be soundly rehabilitated before re
turning to sports. A functional brace is probably indicated.

If instability with episodes of subluxation and pain develop,
or if there is a subsequent injury, steps need to be taken to
prevent further injury, especially to menisci. The activities
must be substantially modified or the knee surgically stabi

lized.

For complete ACL tears, nonoperative treatment is an
option, particularly if the physeal plates are open and the
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patient is relatively inactive. However, children and adoles
cents tend to be active, rambunctious, and poorly attentive

to rehabilitation. Despite the guarded prognosis, nonopera
tive treatment is occasionally selected in very young patients

with substantial growth ahead. Healing of complete midsubstance ACL disruptions is apparently no more favorable
in youths than in adults, and primary suturing, as an isolated
procedure, is minimally effective (217,253-255).
Numerous braces have been developed with the intent

of protecting the ligaments of the knee. The first were func
tional braces that had double-upright knee hinges. Although
the hinges, strapping, brace fitting, and materials have

evolved considerably, the stability imparted by these braces
is marginal. Braces may prevent hyperextension injury, but
rotational control is poor, and therefore raises doubt about
the overall efficacy. A simple upright "prophylactic" brace
was developed as a less cumbersome measure to protect
uninjured athletes. Most well-designed studies have failed
to demonstrate any statistically significant effect of these
lateral stabilizing knee braces (256,257).
For the skeletally mature adolescent, the indications for
standard reconstructive techniques used for adults apply.
The remaining growth is best evaluated in adolescents
by bone age (258,259). Because little growth occurs during
the last year that the physes are open, the risk of growth
arrest complications are minimal.

Several techniques for reconstruction of the ACL can be
considered in patients with open physes. Although extraarticular procedures avoid the physeal plates (252,260,261),

they are probably not adequate to prevent a significant pivot
shift and thereby protect the menisci (252,260-262). Intra-

articular procedures more accurately reproduce the ana
tomic and biomechanical properties of the ACL, and pre
vent subsequent loosening (263). Most intraarticular ACL
reconstructions involve crossing the physeal plates. The po

tential complications of shortening or angular deformity are
particularly worrisome in the knee region, because approxi
mately 65% of the leg's growth occurs from the combined
distal femoral and proximal tibial physeal plates (264).
Complications are uncommon in reported series of intraar
ticular reconstructions of patients with open physeal plates;
however, caution must be used in extrapolating these data
to significantly younger patients (252,265).
For the active adolescent with open physeal plates and
more than 1 year of growth remaining, the author thinks
a semitendinosus and gracilis graft makes the most sense.
Drilling a hole across the physis, and filling it with a soft
tissue graft is analogous to resecting a physeal bar. If a central

bridge does occur in the proximal tibia of an adolescent, it
is unlikely to produce an angular deformity or functionally
significant shortening. The primary concern rests with the
femoral tunnel, because the distal femoral physis has the
most rapid growth in the lower limb, and the eccentric
location of the resulting physeal bar could lead to a signifi-
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cant angular (valgus) deformity. This is still a controversial
area.

Posterior Cruciate Ligament Injuries

Posterior cruciate ligament (PCL) sprains are much less
common in children than ACL injuries (266,267). They
are significant, because of the serious potential morbidity.
The mechanism of injury can be hyperextension or a fall
onto a flexed knee. The patient typically has popliteal fossa
tenderness, and recurvatum may be present, if the injury
was caused by hypertension. The results of the posterior

drawer and reverse pivot-shift tests are usually positive, al
though examination under anesthesia may be necessary to
demonstrate this resultant laxity. Although midsubstance

injuries may occur, avulsion of the femoral origin of the
ligament should be suspected, even if a bony fragment is

not seen on radiographs. MPJ should be obtained to look
for avulsion of the PCL, as well as concomitant injury to
the articular and meniscal cartilages.
Primary repair of osteochondral avulsions appears supe

rior to nonoperative treatment. Repair of a femoral end
avulsion can be done through an anterior approach, with
sutures passed through the epiphysis without crossing the
physeal plate (266,267). Tibial end avulsions are better han
dled through a posterior approach. If a midsubstance PCL

tear is encountered in an adolescent, the principles of adult
PCL injury treatment should be applied (268-271).
Meniscal Tears

The menisci serve several important functions in the knee,
and are no longer considered expendable. The menisci pro

vide stability for the joint, and apparently nourish the artic
ular cartilage by distributing synovial fluid (272). They
transmit and distribute load between the articular surfaces
(273).

Most tears in young individuals are sports-related, with
some injuries resulting from falls and automobile accidents
(274). The exact incidence of meniscal tears in youths is
unknown. Large series of meniscectomy cases typically in
clude about 5% of cases involving youths younger than 15
years of age. Less than one-third of these cases are acute

traumatic tears. Most meniscal tears in children are related
to discoid menisci, or occur with concomitant injury to
the cruciate ligaments (275,276). These younger children

typically have a more vague history of injury (277).
Adolescent meniscal tears usually result from a significant
injury, and typically involve a twisting mechanism. Often
a pop is heard or felt. After injury, complaints of popping,
intermittent swelling, limping, and giving way are common
(276,278,279). Concomitant ligament injuries are com

mon. The diagnosis may be delayed as long as 12 months
(274). Rarely, the onset is atraumatic, as is so often the case
in the middle-aged patient (276).

Joint line tenderness and effusion are the most common

signs (278). The McMurray test, Apley grind test, and quad
riceps atrophy may be helpful in the diagnosis of a chronic

lesion, but typically, the acutely injured knee is too painful
for these maneuvers to be performed effectively (280). With
a bucket-handle tear, the knee may become locked. Ligamentous laxity, common in children, results in hypermobility that can produce a false-positive McMurray test (277).
The differential diagnosis includes collateral ligament
sprain, synovial contusion, acute plica syndrome, osteochondritis dissecans, chondral fracture, patellar subluxation,
discoid meniscus, and popliteus tendinitis (281).
Routine radiographs of the injured knee should be ob
tained. Further investigation must be tailored to the degree
of suspicion for a tear and the perceived urgency for defini

tive diagnosis and treatment. Imaging is particularly useful
in diagnosing the patient with a known medial collateral
ligament sprain, for whom joint line pain from the sprain
cannot be separated from that potentially caused by a con
comitant meniscal tear (220). Imaging can help determine
whether early arthroscopy or trial rehabilitation should be
recommended (282).

Although arthrography is minimally invasive and rela
tively inexpensive, it is rarely used for the diagnosis of menis
cal injuries, because MRI has become so readily available.
MRI scanning for meniscal tears has a reported accuracy as
high as 98% (245,247,283).

Several series of total meniscectomy in youths have

shown that well over one-half of the patients are symptom

atic within 5 to 8 years of surgery. Most of these have signifi
cant degenerative changes demonstrated on radiography
(274,278,279,284). While patients undergoing arthro-

scopic partial meniscectomy generally do better than total
meniscectomy, the long-term outcome studies are still pend
ing. Meniscal injuries in youths should not be neglected,
because of the predictable consequences.

The key issue to meniscal healing appears to be vascularity. Although the embryonic human meniscus has vessels
throughout its substance, with age and development, the
inner portion becomes completely avascular (285,286). Microangiographic studies have shown that about 30% of the
capsular margin of the adult meniscus receives its blood
supply from a plexus of circumferential vessels arising from
the medial, lateral, and middle geniculate arteries (287) (Fig.
31-13). A proliferation from the interstitial vessels and the
adjacent synovium had been experimentally shown in dogs,
in response to injury. Mesenchymal cells fill the gap with
a cellular fibrovascular scar tissue. With time, the lesion
remodels to reflect the contours of the normal meniscus
(287,288).

Children and adolescents seem to have a high percentage
of peripheral detachments and vertical longitudinal tears
near the capsular margin, which are good candidates for
repair (277,289). Repair yields an 80 to 90% success rate

and minor deterioration over time (254,289). Several open
and arthroscopic techniques for meniscal repair have been
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FIGURE 31-13. Vascularity of the human meniscus, as seen
in a frontal section of the medial compartment of the knee.
Branching vessels from the perimeniscal capillary plexus
penetrate the capsular third of the adult meniscus. (From
ref. 286, with permission.)

developed, and each has its merits. There are several key

worsen the prognosis, players and coaches should be edu

principles. The meniscus should be reduced anatomically

cated to recognize this injury (294).

and secured by multiple closely placed sutures (291). Since

Bleeding typically occurs in the fascial compartment, and

healing is slow, the sutures should be a nonabsorbable or a

a variable amount of thigh swelling results. Swelling and

slowly resorbable material. They must be passed carefully

muscle spasm then limit knee flexion.

to avoid neurovascular structures, and should be tied down
directly on the knee capsule (289,291).

The differential diagnosis should include fracture of the
femoral shaft, physeal fracture, stress fracture, myositis ossif-

A variety of bioabsorbable fasteners have been developed

icans, osteomyelitis, and sarcomas of the bone or soft tissues.

recently. Most of these offer the advantage of being inserted
with arthroscopy alone. The efficacy of these is still being

The keys to the correct diagnosis are a careful history, de

evaluated.

radiographs must be of good quality and checked for subtle

Currently, vertical suturing

is

the standard

against which these newer devices are being compared.

Rasping the synovium to stimulate a vascularized tissue

tailed review of the radiographs, and timely follow-up. The

evidence of bone resorption and periosteal new bone, which
may indicate the problem to be an infection, tumor, or

response, much like a pannus formation, seems to augment

stress fracture that has come to attention because of inciden

healing (289,291). Puncturing the capsular margin of the

tal trauma.

meniscus may create channels for vascular ingrowth, and

the addition of fibrin clot into the repair may augment
healing (287).
Because of the slow healing of the meniscus, the aim of

rehabilitation after surgery is to shield the repair from the
mechanical stresses of extreme motion and weightbearing.

The knee is placed in a brace, to limit motion for 6 weeks,
and weight bearing is restricted. Rigorous strengthening is
started after 6 weeks. Cycling is started at 3 months postoperatively. Straight-ahead jogging is started at 4 months, with
full-speed running and sports at 6 months (292).

Initial treatment consists of rest, ice, compression, eleva

tion, immobilization, and crutches. After pain and spasm
subside, gentle active range of motion exercise is begun.
After good motion is achieved, progressive strengthening
and conditioning are pursued. Athletes with greater than
90 degrees of knee flexion, within 48 h of injury, have an

average of 1 week of disability. Severe contusions of the
quadriceps may take several months to resolve (293).
Premature return to activity can result in recurrent hem
orrhage. The athlete is returned to sports based on the

functional parameters of pain, motion, strength, and agility.
A padded guard should be fashioned to protect the area

Quadriceps Contusion

from reinjury. Aspiration of the hematoma and injection

of proteolytic enzymes or steroids have not been proved

Blunt trauma to the anterior thigh musculature is a common

efficacious. These may create complications and are not

sports injury, occurring most often in soccer, American

recommended.

football, lacrosse, and rugby (293). Although simple contu

Ossification may be an incidental finding after minor

sions may be a daily event for young athletes, severe quadri

trauma. Myositis ossificans traumatica can occur after severe

ceps hematomas can result in marked disability. Because
continued participation, despite injury, can significantly

phase (295). Ossification of the soft tissue typically appears

contusions, particularly if reinjury occurs during the healing
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on radiographs 2 to 4 weeks after injury (294,295). After
localized trauma, the course of myositis ossificans is much
more benign than after head trauma. Ossification in the
midportion of the muscle belly rarely produces significant
limitation of motion (293). The patient is cautiously rehabi
litated until normal function is regained. Excision of the
lesion is rarely indicated (294,295).

Avulsion Fractures of the Pelvis
Avulsion fractures of the apophysis about the hip and pelvis
are most commonly related to athletic injuries during ado
lescence (296-298). The usual mechanism is a sudden
forceful concentric or eccentric muscle contraction. This
occurs with rapid acceleration or deceleration. Excessive pas

sive lengthening or stretch, such as a cheerleading split, and
a variety of gymnastic maneuvers may also be responsible.
Rarely, a direct blow produces these injuries.

The amount of displacement is related to the degree of
injury to the associated soft tissue attachments (Fig. 31-14).
The anterior inferior iliac spine is avulsed by the direct head
of the rectus femoris, but migration is limited by the re
flected head. The iliac crest apophysis is avulsed by the
abdominal muscles, and tethered by the attachment of the
gluteus medius, iliacus, and tensor fascia lata muscles. The
pull of the iliopsoas on the lesser trochanter, the sartorius
on the anterior superior iliac spine, and the hamstrings on
the ischium are relatively unopposed, resulting in greater
potential for displacement.

Typically, the athlete experiences an acute onset of pain
that may be accompanied by a popping sensation. Tender
ness is usually confined to the area of avulsion. The patient
is most comfortable in a posture with the attached muscletendon unit relaxed. Pain is reproduced by active or passive
stretch. Anteroinferior iliac spine avulsions may be particu
larly hard to localize, because of their location, and the incit
ing event may not be recalled (296). The avulsed fragment
usually is seen on routine radiographs. Occasionally, special
views are needed, but for most cases, MRI and radionuclide
scans are unnecessary (296).
A history of antecedent apophysitis is common. Persis
tent tenderness of the anterior iliac crest can result from

an apophysitis, which may be associated with radiographic
discontinuity of the apophysis. Neoplasm and infection
should be considered, especially if the history is atypical
(299,300).

Initially, the patient rests, with the injured region in a

FIGURE 31-14. Avulsion fractures of the growing pelvis result
from traction injuries where major muscle groups insert into or
originate from apophyses about the pelvis. A: The abdominal and
trunk muscles insert into the iliac apophysis. B: The sartorius origi
nates from the anterior superior iliac apophysis. C: The direct head
of the rectus femoris originates from the anterior inferior iliac
apophysis. D: The iliopsoas inserts into the lesser trochanteric
apophysis. E: The hamstrings originate from the ischial apophysis.

With time, bone is laid down in response to the injury.
Relative shortening of the muscle, prominence of the bony
mass, and potential interference of the sciatic nerve have
been sighted as causes of residual disability. Limitation of
athletic ability rarely occurs, and is apparently only related

relaxed position. Generally, crutches are recommended for

to severely displaced ischial avulsions (301). In rare cases,
troublesome bony fragments should be resected (302). Sur

the first 2 weeks, then a phased rehabilitation program

gical reduction and fixation are seldom indicated (297,298).

should be guided by functional improvement. The goal
should be to restore motion, strength, and sports-specific
functioning. Premature return to play may delay recovery
or further displace the apophysis. The decision for early or

safe return to competition is not easily made and must weigh
the clinical findings and radiographic evidence of healing.
Complete healing may take 6 weeks to several months.

Spinal Injuries

Serious injuries to the head and neck are infrequent, but
often devastating. Football, trampoline, ice hockey, rugby,
and diving are the most common activities associated with

these injuries to younger athletes (303-305).
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American football remains a serious risk to the young
athlete, despite improved equipment and changes in tack
ling techniques; 72% of high school athletes suffering
quadriplegia were attempting to make tackles. Defensive

backs are the most commonly injured players. Ironically,
the improved protective capabilities of the helmet and face
mask during the 1960s and 1970s resulted in the use of the
head as a primary point of contact in blocking and tackling
(305). Fifty-two percent of quadriplegics between 1971 and
1975 were injured by "spearing," which is the use of the

head to ram an opponent. In 1975, the National Collegiate

Athletic Association and the National Federation of State
High School Associations adopted football rule changes that
prohibit spearing. Since then, there has been a downward
turn in the incidence of serious cervical spine injuries, and
a dramatic decline in quadriplegia (305). Although the inci
dence of spine injuries is approximately 5 per 100,000 play
ers (1 quadriplegic per 100,000), this remains a serious
problem because of the tragic nature of the injury.
In the United States, trampolines and gymnastics are
second to football in causing sports-related spinal cord inju
ries (306). At least 114 cervical spine injuries resulting in
quadriplegia are known to have resulted from the trampo
line and minitrampoline (307). In 1977, the American
Academy of Pediatrics issued a policy statement that promp
ted most schools to eliminate trampolines. Since then, the
estimated frequency of head and neck injuries associated
with trampolines has declined by almost two-thirds. The
trampoline is a dangerous apparatus, and spine injuries can
occur even in experienced athletes taking reasonable pre
cautions (307).

Cineradiography has shown that most cervical spine inju
ries from sports are caused by axial loading, with the neck
in a slightly flexed position (307,308). Improper tackling
(American football), checking into the boards (ice hockey),

diving into shallow water, and trampolines are clearly causes

of spine fractures and paralysis.
Recognizing that these injuries are not just freak acci
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Anatomy and Biomechanics

Evolving in upper-level primates, the patella is a sesamoid
bone of the quadriceps mechanism (310). The patella fur
nishes a site of convergence for the four components of the
quadriceps muscle, to provide an extension moment arm
through the entire knee range of motion (311,312). Phylogenically, the vastus medialis was the last of the quadriceps
group to develop (313). The trochlear shape of the distal
femur stabilizes the patella's tracking.

The hyaline cartilage of the patella is the thickest in the
body. It provides a low-friction surface that is able to bear
high compressive loads, and the patella protects the distal
femoral surface from direct blows during a fall (311).
The inferior pole of the patella first contacts the trochlea
at 20 degrees of flexion with a relatively low-contact surface
area (313). With further flexion, the contact site moves
more superiorly, and the surface area increases. The most

medial facet or "odd facet" only comes into contact with
the trochlea between 90 and 130 degrees of knee flexion.
The patellofemoral articulation is subject to extremely
high compressive loads, particularly with progressive knee
flexion (314). With the knee flexed 9 degrees during walk
ing, the patellofemoral joint reactive force is approximately
one-half of the body weight. This increases to 3.3 times
body weight at 60 degrees of flexion, during activities such
as stair climbing. The contact forces reach 7.8 times body
weight with full knee flexion during a deep knee bend
(311).

The alignment of the quadriceps relative to the patellar
tendon has a valgus relation, much like that of the tibia and
femur. This angle is influenced by the patient's height and
pelvis width. The quadriceps vector is approximated by a
line from the anterosuperior iliac spine to the center of the
patella. The line of pull through the patellar tendon runs
from the center of the patella to the tibial tubercle. The
relation between these two lines is referred to as the quadri

tions, and equipment improvements. Players should be in

ceps angle, or Q angle. As this angle increases, the vector
created by the extensor mechanism tends to translate the
patella laterally (Fig. 31-15A). As the Q angle increases, so
does the degree of that laterally directed force (315). The
Q angle increases even further with external rotation of the
tibia, which occurs dynamically as the tibia externally rotates
during terminal extension. There may be a developmental

letes.

sion) as well.
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oral and lateral meniscopatellar ligaments, add to the lat

dents provides the opportunity to diminish their occurrence
by research, education, rule changes, technique modifica
formed of the hazards, and programs for strengthening neck
muscle are essential (308,309). Management of these inju
ries is beyond the scope of this text, but prevention should
be a primary interest of everyone dealing with young ath

degree of outward rotation of the tibia (external tibial tor
The lateral retinaculum, including the lateral patellofem

Patellofemoral Disorders
Disorders of the patellofemoral joint include a variety of
overuse syndromes, congenital and developmental abnor

malities, and instabilities. In adolescents, patellofemoral

problems account for almost 10% of all sports injuries
(216).

erally directed moment of the extensor mechanism (316).
The sum of these forces is resisted by the medial parapatellar-stabilizing soft tissues, and the pull of the vastus medialis
(Fig. 31-15B). The lateral patellotrochlear articulation is
the other key component balancing these forces, and any
deficiency of any of these components can exacerbate lateral
maltracking or instability of the patellofemoral joint
(314,315,317) (Fig. 31-15C).
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Quadriceps vector

Lateral retinaculurrv

vastus lateralis,

Medial retinaculum
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Net vector

vastus medialis

iliotibial band

Patellar tendon vector

Patellofemoral joint
reaction force

Horizontal
translation

component

FIGURE 31-15. Patellofemoral biomechanics. A: The Q angle relates the direction of pull of the
quadriceps mechanism to that of the patellar tendon. These are the two most powerful forces
exerted on the patella. Their vector sum is directed laterally. B: There are additional soft tissue

forces applied to the patella. C: The laterally directed net vector is opposed by the patellofemoral

articulation If the groove is shallow, there is less potential resistance to horizontal translation
than for knees with a deeper femoral groove. The dysplastic patellofemoral articulation results
in less resistance to lateral translation, and therefore greater articular surface sheer forces.

Anterior Knee Pain
Mechanics and Diagnosis
"Patellofemoral pain syndrome" is a descriptive term ap

plied to patients with nonspecific anterior knee pain. Malalignment or maltracking appears to be a significant predis
posing factor. Lateral tracking or subluxation of the patella,
demonstrated arthroscopically, is highly correlated with the

patellofemoral pain syndrome. In some people, lateral track
ing is associated with pain and instability. Other patients
complain primarily of instability, and have relatively little

pain. For the purpose of this discussion, patellofemoral pain
syndrome is separated from patellofemoral instability, al

though some patients have components of both.
Chondromalacia patella is not typically found in these
younger patients. Several hypotheses have been proposed
for the mechanism of pain production. Ficat and associates
have proposed that excessive pressure from the lateral facet
is transmitted to the sensate subchondral bone, leading to
the perception of pain (318). Hejgaard and Diemer found
increased interosseous pressure of the patella in many pa

tients with patellofemoral pain (319). James proposes that
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the cause in many patients is an underlying overuse syn

greater ground reaction forces being translated to the knee

drome, resulting in excessive rotational forces in the peripa-

(120).

tellar soft tissues (320).
Factors predisposing to patellofemoral pain syndrome
include habitual overloading related to overuse, a variety of

The Q angle, patellar tilt, and lateral glide should be
considered (315,323). Medial and lateral peripatellar ten
derness most often is related to inflammation of the soft

lower-extremity malalignments, poorly developed quadri

tissues, rather than a painful articular surface. Thigh circum

ceps muscles, and various dysplastic changes about the patel

ference and vastus medialis atrophy are signs of long-stand

lofemoral articulation. One particularly common aggregate

ing dysfunction, and may even be contributing factors

of these abnormalities is commonly seen in adolescent girls,

(323). Tightness of the hamstrings and iliotibial band

and has been called the ''miserable malalignment syn

should be checked, because they can lead to increased patel

drome." These patients have increased femoral anteversion,

lofemoral contact forces (324-326). Anterolateral or ante-

external tibial torsion, genu valgum, excessive Q angles, heel

romedial joint line tenderness may overlap the symptoms

cord contracture, and pronated feet (320,321).

and findings associated with meniscal problems (327,328).

The pain in most patellofemoral disorders is generalized

Radiographic evaluation should include anteroposterior,

to the anterior part of the knee. The pain is typically related

lateral, and tangential views of the patella. The anteroposter

to activity, and patients feel more comfortable at rest.

ior and lateral views may identify bipartite patella, Sinding-

Climbing stairs is particularly troublesome, because of the

Larsen-Johansson disease, osteochondritis dissecans, and

excessive patellofemoral loads. Prolonged sitting may pro

dorsal defects of the patella. The lateral view can be used

duce discomfort and the need to move the knees. Patients

to identify patients with patella alta or patella infera. Insall

may complain of stiffness after prolonged sitting. Erythema

et al. described a ratio of the maximal patella length to the

and effusion are uncommon. The patient may experience

patellar tendon length; normal was defined as a ratio of

catching or giving way, but true locking is unusual. Training
errors usually related to the change in intensity, duration,

l:l±20% (329). Lancourt and Cristini have correlated

patellar instability and chondromalacia to a decrease in this

or training surface are common factors in patellofemoral

ratio (330).

disorders (320). The complaints are frequently bilateral, al
though not necessarily concurrent.

the patella's anatomic relation to the trochlear groove and

The physical findings include diffuse medial and lateral
peripatellar tenderness. The combination of increased femo
ral anteversion and external tibial torsion causes the patellae

to face toward each other to some degree when the feet are

directed forward; this has been called "squinting patellae."
Frequently, the lateral retinaculum is contracted; this can

be demonstrated by the inability to elevate the lateral margin
of the patella during the tilt test. Crepitus may signal signifi
cant articular irregularity, although this must be tested in

at least 20 degrees of flexion, to ensure that the patella is
articulating with the trochlea, rather than with the femoral

metaphysis. Perhaps the most important finding is the lack

of other specific abnormalities, because patellofemoral pain
syndrome is primarily a diagnosis of exclusion.
Because underlying biomechanical abnormalities are

common, the evaluation must include a thorough inspec
tion of the entire lower extremities and the athlete's shoes,
which may demonstrate asymmetric wear patterns, a find
ing that can be particularly helpful if the problem is unilat
eral (320,322). Even if wear is symmetric, breakdown of

the medial counter of the shoe indicates excessive pronation.
A wedged pattern of heel wear suggests a valgus heel strike,

which is typical of runners with excessive pronation. As the

foot rolls during pronation, the tibia rotates inward, and
the extensor mechanism experiences greater stresses to resist

Various tangential views have been developed to evaluate

to the femur (318,331,332). Merchant's technique is per
formed with the knee minimally flexed over the edge of the
table and supported by an apparatus (332) (Fig. 31-16).
Supine positioning relaxes the quadriceps and avoids direct

pressure to the patella. This allows a maltracking patella to
rest in a subluxated position, probably making the Mer

chant's view the most sensitive plain radiographic tech
nique. Patellar views done with the knee simply flexed, often
called "sunrise views," pull the patella into the distal femoral

sulcus, and can lead to a false impression that the patella is
tracking centrally. CT and MRI can also demonstrate patel

lar subluxation, but are probably not indicated for the rou
tine case (333,334). A variety of lines, angles, and ratios
have been developed to quantitate static patellar tilt and
subluxation as an indicator of tracking (332,333,335).
However, the usefulness of this information in determin
ing treatment has not been definitively demonstrated
(327,336).

Bone scans may demonstrate increased radionuclide ac
tivity in the patella, suggesting increased metabolic activity

of the bone, but for patellofemoral pain, the sensitivity,
specificity, and predictive values of bone scans in younger

patients have not been proved (337-340).
Treatment

this (113). If the shoes demonstrate wear on the lateral edge

Many patients only need reassurance that the problem is

of the heel, this suggests a hindfoot varus strike, possibly
caused by a cavus foot. The more rigid cavus foot pattern

sleeve, and other isolated modalities may be adequate to

can result in less shock absorption at the foot and relatively

control the symptoms. If the symptoms are persistent and

not more serious. The intermittent use of NSAIDs, a knee
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FIGURE 31-16. Tangential x-ray view for
evaluating the patellofemoral joint. Mer

chant's view allows the quadriceps mecha
nism to relax. The patella is not artificially
held reduced in the distal femoral groove.

troublesome, a more formalized program is helpful. The
importance of genuine and concerted efforts at nonopera-

tive management of the patellofemoral pain syndrome
should be emphasized. Most patients should be successfully
managed without surgery (324,325,341,342).
The treatment program can be divided into four phases,
which blend together, rather than being separate steps

(343).

Phase 1 concentrates on symptom reduction. The initial
management of symptoms includes modification of activi
ties, ranging from elimination of activities, such as stairclimbing or hill-running, to complete cessation of sports.
For the serious athlete, modification of training or substitu
tion of an alternative, such as swimming, is critical. NSAIDs
may be helpful. Many patients find that use of a knee sleeve
with a patella cutout reduces pain, especially when they
have pain with daily activities (344). Isometric quadriceps-

strengthening exercises and hamstring stretching should be
started in this initial phase. Ice is used in conjunction with
exercise. Occasionally, the knee may require a brief period
of splinting. Crutches are rarely needed. Several bracing and
strapping techniques have been advocated to improve patel-

simple knee extension exercise apparatus or the use ofa weight
boot (343). Specific instructions are necessary, and most ado
lescents require some supervision to ensure compliance.
Isokinetic exercise has been shown to be an excellent
method of strengthening muscles; however, there can be
disadvantages to its use in the early phases of rehabilitation.
Isokinetics may result in excessive patellofemoral contact

forces being generated by a rigorous contraction. With ap
propriate precautions, eccentric strengthening can be used
effectively, although this is usually unnecessary until the
advanced stages of reconditioning (345).
A general lower-extremity strengthening program, in

cluding hamstring stretching and strengthening, is included
in phase II. Physical therapy modalities, such as high-voltage
galvanic stimulation (i.e., Highvolt) or transcutaneous elec
trical nerve stimulation may be helpful, particularly for the
athlete who has limited exercise capacity because of pain.

A patellar "stabilizing" sleeve may also be helpful in control

Phase 2 concentrates on reconditioning. When the pa
tient is able to tolerate isometrics comfortably, a quadricepsstrengthening program is advanced. Straight-leg raising and

ling pain and facilitating weight lifting (346).
In phase 3, activities are gradually resumed. After a pa
tient demonstrates consistent progress in quadriceps
strengthening, a graduated running program is instituted.
This can commence when the patient is performing quadri
ceps strengthening at about one-half of projected goal.
DeHaven et al. outlined recommendations for this in terms
of a young adult male eventually progressing to 60 lbs, using
a weight-added isometric technique (343). If using a weight
boot or ankle weights, the goal should be 10 pounds for
straight-leg raises and terminal extensions, before initiating

terminal extension quad arc-strengthening exercises are

a running program.

lar tracking. The McConnell taping technique appears to

be the most successful of these. An experienced therapist
can work with this technique and, if successful, teach it to
the patient.

begun. Weights are later added. Isometrically loading the
quadriceps, or the use of terminal range of motion strength
ening exercises, minimizes the excessive patellofemoral con
tact forces generated in flexion past 20 degrees (311).

DeHaven et al. achieved excellent results with the use of a

The running program is based on prior training experi
ence and ability, but it should include a period of stretching
and warm-up exercises, gradually increased duration and
speed, initial avoidance of hills, ice after running, good shoe
wear, and a foot orthosis, if there appears to be a significant

Other Common Knee Problems

biomechanical anomaly. Running should initially be done
every other day, with the phase 2 weight program on the
alternate days.

In phase 4, a maintenance level is reached. Stretching

and warm-up exercises before all activities are continued.

In addition to the athlete's usual training program, weight
training is continued two or three times each week. The
athlete is advised that minor setbacks can be expected; the
program is backed up to the prior comfortable step and
progressed more gradually as symptoms permit.
Although the results of surgical treatment for patellofem
oral pain are generally good, failure can result in significant
disability. This emphasizes the importance of a sincere effort
to have patients persevere with a conservative rehabilitation
program, until all reasonable attempts have been made. Pa
tellofemoral pain syndrome typically does not resolve until
adequate strength gains are made. Often, the stumbling
block is that adequate strength gains cannot be made, be
cause of the pain encountered with each attempt to progress
the exercise program. Surgery is not a substitute for exercise
therapy; instead, it should be viewed as an aid to improve

the patellar tracking, and thereby facilitate strengthening
(347).

Lateral Retinacular Release

Contracture of the lateral retinaculum is a common finding
in patellofemoral pain syndrome. The contracture may be
the underlying cause of the problem or a manifestation of
it. The principle is to release the tight structures, and thereby
improve tracking. The role of retinacular release in the treat
ment of the patellofemoral pain in adolescents is controver
sial. Most patients will respond to conservative means.
The indications for lateral release then include intractable
patellofemoral pain, findings such as tenderness over the
lateral retinaculum with a tight lateral retinaculum, and no
other explanation for the problem (348). The prerequisites
include failure of substantial conservative measures, a tight
lateral retinaculum with evidence of lateral tracking, and
peripatellar pain (349,350). Evidence of lateral tracking or
subluxation should be confirmed arthroscopically (328,
351,352). The relative contraindications include reflex sym
pathetic dystrophy, poor cooperation with rehabilitative ex
ercises, psychosomatic illness, and ulterior motives, such as
a desire to establish a compensation-related disability
(353-355).

Arthroscopy should be performed at the time of lateral
release to thoroughly assess the knee, identifying concurrent
pathologic processes or other problems with symptoms that
could lead to misdiagnosis (328). The incidental finding of
lateral tracking in an otherwise asymptomatic knee should
not be an indication for lateral retinacular release (328,347).
Lateral retinacular release can be performed through
an open incision, or percutaneously (326-328,336,350,

356-362). The release should transect the lateral menisco-
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patellar fibers inferiorly, and extend just above the superior
pole of the patella. Adequacy of the release should be dem
onstrated by an intraoperative manual tilt test. The vastus

lateralis should not be detached from the superolateral pole
of the patella, because this can be associated with significant
atrophy of the vastus lateralis and postoperative medial subluxation of the patella (363).
Hemarthrosis is a relatively common complication, and

can be associated with delayed rehabilitation, persistent synovitis, and poor overall results. Specific attention is paid to
the superolateral branch of the geniculate artery, which is
typically transected. Although cautery is theoretically an ad
vantage of the open technique, the arthroscopic use of elec
tric cautery has also been proven effective (364).

Postoperatively, the use of a sleeve that fills with ice
water, such as the Cryocuff (Aircast Corporation, Summit,
NJ), seems to greatly reduce pain, swelling, and hemarthro
sis. Therapy is begun a few days later, to restore the range

of motion and prevent adhesions from forming. Within a
short time, strengthening should be better tolerated than
before surgery (347).

The overall results of most studies of lateral retinacular
release are 75 to 85% favorable (327,328,347,350,
359,361,362,365). Complications include persistent pain,
painful hemarthrosis, synovitis, reflex sympathetic dystro
phy, recurrent medial subluxation, patellofemoral osteoarthritis, saphenous neuritis, and thrombophlebitis. Factors
associated with poor results include reflex sympathetic dys
trophy, ligamentous instability, and high-grade chondroma-

lacia (331,353,354,362,365).
Chondral Shaving

Cartilaginous debris in a joint produces synovitis. This is
the rationale for debriding or shaving articular cartilage in
the treatment of patellofemoral pain with advanced grades
of chondromalacia patella (152). Ogilvie-Harris and Jack
son demonstrated reasonable results from chondral debridement in cases of trauma in which there is no underlying
maltracking (365). In these cases, a lateral retinacular release
is only indicated if there is demonstrated concurrent mal
tracking. In cases of patellofemoral pain with concurrent
grade II or III chondromalacia, cartilage debridement
should be viewed as an adjuvant procedure only.
Other Procedures

Advancement of the vastus medialis and distal realignment
procedures may be indicated for specific cases with medial
soft tissue defects or excessive Q angles (348). For patello

femoral pain without overt symptoms of instability, lateral
retinacular release is usually the first line of treatment. If
the lateral retinacular release fails, secondaiy procedures
should be approached cautiously, first confirming that there
is no other diagnosis to explain the symptoms.
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Chondromalacia
The term "chondromalacia" refers to softening and degen
eration of the articular cartilage (313). Adults with maltracking frequently have these cartilage changes, but it is
probably incidental in many cases. Significant cartilage fi
brillation or fissuring is not typically present in younger
patients with signs of patellofemoral pain syndrome. Occa
sionally, these cartilage changes are seen in larger adoles
cents, and sometimes result from direct trauma to the patella

or occur after patellar dislocations. Symptomatic chondro
malacia is much less responsive to rehabilitation efforts than
patellofemoral pain. These patients occasionally respond to

arthroscopy and chondral shaving, but the physician must

beware of other concurrent or underlying processes that
have led to the chondromalacia.

Most bipartite patellae are asymptomatic. In some, pain
apparently stems from the motion at the interface between

the patella and its secondary ossification center. This is anal
ogous to a symptomatic accessory tarsal navicular or a frac

ture nonunion. In some cases, the articular portion of the

bipartite patella is incongruous with the rest of the joint.
Typically, these are sloped posterolaterally. The surround
ing synovium becomes inflamed, often because of chondro
malacia of the surface beneath the secondary ossification
center.

Most bipartite patellae are asymptomatic, with the diag
nosis being made as a coincidental finding on a radiograph
obtained for other reasons. In some youngsters, the second

ary ossification center becomes symptomatic after a direct
load blow to the patella, typically from a fall. The rigors of
training for competition can also precipitate symptoms.
Often, the patient will have localized pain at the supero

Saphenous Nerve Entrapment
Anterior thigh pain extending to the superomedial pole of

lateral pole of the patella. A prominence and/or cleft may

be palpable, along with tenderness of the surrounding joint
capsule and synovium. Effusion, instability, or other find

the patella can be produced by an entrapment syndrome of

ings should suggest that the bipartite patella is coincidental,

the saphenous nerve. This branch of the femoral nerve en

rather than the primaiy source of the patient's complaint.

ters the adductor canal alongside the superficial femoral ar
tery. It then penetrates anteriorly through the dense fascia

Most bipartite patellae can be adequately visualized on

connecting the adductor magnus to the vastus medialis 10

plain radiographs of the knee with the Merchant's view
demonstrating this the best. Occasionally, CT and MRI aid

cm proximal to the medial femoral condyle.

in evaluation.

Although most reported cases have involved patients past

The initial treatment includes reassurance, ice, NSAIDs,

their teens, this condition can be seen in adolescents (366).

and a knee sleeve. Occasionally, rest, activity modifications,

Medial thigh and knee pain is typically produced with walk

and a few weeks of immobilization are helpful.

ing or running. It is often aggravated by quadriceps exer

For persistently troublesome symptoms, excision of the

cises. The most reliable finding is point tenderness, where

smaller bipartite fragments may become necessary. For

the nerve exits Hunter's canal. Saphenous nerve entrapment

these, sports can be resumed at 1 to 2 months postopera-

should be considered in the differential diagnosis of anterior

tively. If the bipartite segment is large, internal fixation may

knee pain, and not mistaken for patellofemoral maltracking

be preferable to excision, depending on the quality and con
tour of the articular surface.

or plica syndrome.
Injection of a local anesthetic into the affected site re

lieves the pain and produces an area of numbness in the
distribution of the saphenous nerve. If the condition is unre
sponsive to rest and NSAIDs, a steroid can be injected. This
may need to be repeated, and the pain may not completely

resolve (367).
The results of surgical release and neurolysis are mixed,
with failures apparently secondary to scar tissue entrapping

the nerve. Neurectomy may be necessary, but the patient
must be warned of the resultant numbness (366).

Bipartite Patella

Dorsal Defects of the Patella
Haswell and associates first described a lesion, now called
"dorsal defect of the patella" (368). Radiographically, there
is a round radiolucency surrounded by a zone of sclerosis.

This is typically located in the superolateral aspect of the
patella (Fig. 31-17). It occurs in persons as young as 10
years of age, and rarely persists past 30 years (368—370).
Histologically, it is composed of a vascular fibrous connec

tive tissue surrounded by sclerotic bone without inflamma
tion (371). Some necrotic bone may be present (370,372).
The cause is unknown, but the evidence suggests that dorsal

defects of the patella result from irregular ossification. This

Ossification of the patella begins between 4 and 6 years of

may result from stress exerted by the vastus lateralis inser

age, and is completed by adolescence. Secondary ossification

tion. Bipartite patella may have a similar etiology (370).

centers often occur, beginning around 12 years of age, and

are usually located in the superolateral portion of the patella.
In about 2% of the population, the secondary ossification

Although a rare occurrence, almost any benign or malig
nant tumor can appear as a radiolucent lesion in the patella

centers failed to fuse completely with the primary ossifica

(373). Osteomyelitis, Brodie abscess, and osteochondritis
dissecans of the patella should be considered in the differen

tion center.

tial diagnosis (374,375).
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At times, this condition appears to be a distinct entity,
causing anterior knee pain. Other problems, including pa-

tellofemoral pain syndrome, chondromalacia, and inflam

matory arthritis can inflame the fat pads. Differential diag
nosis also includes meniscal cyst, meniscal tear, soft tissue
trauma, patellofemoral pain, patellar tendinitis, and patellar
instability (378).

Hyperextension injuries to the knee can lead to acute

edema of the fat pads, as well as edema and bruising in the
bone. For these acute injuries, MRI can detect the edema
in the fat pads, and shows the changes in the subcortical
bone as well. For chronic or subacute cases, radiographs are
typically negative, and the value of the other imaging studies

has not been proven.

Nonoperative treatment includes rest, ice, NSAIDs, and
a sequential exercise program. Because terminal quadriceps
extension often produces impingement, the exercise range

of motion is modified to avoid terminal extension. Physical
therapy modalities including high-voltage galvanic stimula

tion and phonophoresis, or conophoresis with hydrocorti-

FIGURE 31-17. Dorsal defect of the patella. The typical lesion is
a round, radiolucent area in thesuperolateral pole of the patella.
The margins of the lesion are well circumscribed. This is best seen
on the anteroposterior radiograph. Typically, the lateral radio
graph is normal.

Dorsal defect of the patella is usually an asymptomatic,
incidental radiographic finding. It undergoes spontaneous
regression in most cases and requires no treatment (368,

372). In the adolescent, however, it may become symptom
atic, and can be associated with an underlying articular carti

lage defect (371,372,376). Most patients with this lesion

respond to rest, but surgical excision and grafting occasion
ally may be necessary (371,372,376).
Fat Pad Impingement

sone may be helpful.

Nonoperative therapy is usually effective. Occasionally,
arthroscopy becomes indicated for recalcitrant cases. The
difficulty in differentiating pathologic changes from normal
anatomy fuels the controversy in diagnosing this entity. A
normal fat pad should not be resected, so a knowledge of
the anatomy, including the normal basal prominences of
fat and the variability of fat pad size, is essential (377).
Generally, the texture and contour of the fibrotic fat pad
differs appreciably from the soft texture and yellow color of
normal fat. This can be used as a guide during arthroscopic
resection, but unfortunately, no proven guidelines are avail
able. Postoperatively, range of motion exercise is resumed
early, to minimize scarring. A standard patellofemoral reha
bilitation protocol is used, and the patient should demon
strate full return of function before participating in sports
activities.

Impingement of the anterior fat pad and its associated synovium was described in 1904 by Hoffa. Most patients are

females in their teens and early twenties (377,378).
The cause is unknown, although it is postulated that

hypertrophy or trauma initiates repetitive impingement, in
flammation, and fibrosis. The fat pad may be hypertrophic.
The characteristic histopathologic findings include the pres

ence of mononuclear inflammatory cells and some degree
of fibrosis. In chronic cases, the adipose tissue becomes re

placed by fibrocartilage (377).

Typically, the pain is related to activity, and is localized
to the anterior knee joint. There may be a history of trauma.
Prominence of the fat pad on each side of the patellar tendon

is by no means diagnostic. Hoffa described a test performed
by applying fingertip pressure to the fat pad while the knee
is passively extended (377). If pain is elicited near terminal
extension, the test result is considered positive.

Plica Syndrome

The symptomatic medial patellar plica can be considered
"the great imitator" of knee disorders. The challenge is to
recognize this disorder without diagnosing plica syndrome

for every case of knee pain associated with a tender synovial
fold.

Embryologically, the synovial cavity of the knee begins
as three separate compartments that fuse during the fourth
fetal month. The remaining membranes give rise to the
three commonly encountered plicae (Fig. 31-18).
The suprapatellar plica usually is a crescent-shaped fold

originating beneath the quadriceps tendon. It extends to
the medial or lateral walls of the joint (379). The suprapatel
lar plica may result in complete separation of the suprapatel
lar bursa from the knee. There may be a small opening in
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Suprapatellar plica

Medial patellar plica
Ant. cruciate ligament
Infrapatellar plica

FIGURE 31-18. Plicas of the knee. Superior plica. Medial
plica, the one most commonly symptomatic. Inferior plica
(ligamentum mucosum) overlying the anterior cruciate liga
ment.

the suprapatellar plica, called the "porta." The suprapatellar
plica is also rarely symptomatic.

The medial parapatelkr plica lies along the medial wall
of the joint, originating near the suprapatellar plica, and
coursing obliquely downward to attach near the infrapatel
lar fat pad (141,380,381). This is the plica that potentially
becomes symptomatic.

The incidence of plica varies, depending on the exam
iner's criteria for how large a fold must be to constitute a

plica. The lesions range from a small cord to a large shelf.
The plica may completely cover the surface of the medial

femoral condyle, and it may be fenestrated (382).
Inflammation or direct trauma can produce thickening
and fibrosis of the plica. This can lead to further impinge
ment of the plica in the patellofemoral joint, with the poten

tial for becoming a self-propagating problem. Pain may be
secondary to mechanical compression of the plica, or to the
plica applying traction to the fat pad (380). In advanced
cases, the articular surface may become eroded (379).
The presenting symptoms of plica syndrome include
anteromedial knee pain, popping, snapping, and giving way.

The pain may be referred to the medial or lateral joint line.
Symptoms often begin after repetitive activities, such as run
ning, jumping, and climbing stairs (379,380). Occasionally,
the plica becomes acutely inflamed after a twisting injury

or direct blow, and the patient may present with pseudolocking of the knee (380,381).
The plica can usually be palpated along the medial sur
face of the femoral condyle in symptomatic and asymptom
atic patients. Tenderness is invariably present, but it is not

a pathognomonic finding. Many abnormalities produce lo
calized or generalized synovitis that secondarily affects the
plica. To further confuse the examiner, the patient with
an inflamed plica may also have a false-positive Apley test,
McMurray test, or a patellar compression test. The medial

joint line may be tender anteriorly, and rarely, an effusion
may be present (380).

Radiographs usually should be normal, and other studies
have not proven to be efficacious (379). The diagnosis is

based on compilation of all available data and the exclusion
of other lesions. Even at arthroscopy, the determination of
a pathologic plica from an incidental finding is not always
clear, thus the potential for underdiagnosis and overdiagnosis (380).

It is imperative to search for other pathologic processes

of the knees, such as a meniscus tear, loose body, chondromalacia, significant patellofemoral maltracking, or instabil
ity (379). Initial treatment should include rest, ice,
NSAIDs, and a gradual patellofemoral exercise program.

Because terminal extension may impinge the plica, exercises
are modified to avoid that range. McConnell taping may

be helpful. Intraplical steroid injection has been used with
mixed results (141).

If persistently symptomatic, the synovial band is easily
resected arthroscopically, and the rest of the joint is carefully
inspected. Good and excellent results of more than 90%
have been achieved, with appropriate patient selection
(379_381). Because scarring may occur from simple divi

sion of the plica, complete resection is recommended. The
surgeon must keep in mind that the symptomatic plica may
be the early signs of patellofemoral maltracking, and this is
a common cause of surgical failure.
Acute Patellar Dislocation
Dislocation of the patella is often related to an underlying

dysplasia or a malalignment of the patellofemoral articula
tion (383). The depth of the patellofemoral articular groove,

patella alta, excessive Q angle, and ligamentous laxity have
been cited as predisposing factors (384). In as many as 75%
of patients with patellofemoral instability, at least one ele
ment of deficiency can be identified (352). There is a posi
tive family history for one-fourth of these patients (383).
A direct blow to the medial aspect of the patella accounts
for only 10% of cases (384). Most patellofemoral disloca-

Other Common Knee Problems

tions are lateral, although medial dislocations are a recog
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flexion. The reduction is performed without forceful manip

nized complication of an overzealous lateral retinacular re

ulation. Reduction is facilitated by turning the patient into

lease (363).

a prone position, so that the hip is extended and the ham

Most patellar dislocations first occur in patients from

strings become relaxed. The knee is gradually and steadily

14 to 20 years of age (352,383-385). Although football,

extended, usually leading to reduction. Afterward, the knee

baseball, and basketball commonly are involved, significant

can be aspirated if a tense hemarthrosis develops. The sur

numbers of patellar dislocations occur from simple falls,

face of the bloody fluid should be inspected for fat droplets,

gymnastics, dancing, cheerleading, and a wide variety of

which would suggest an osteochondral fracture.

other activities (386). The mechanism usually involves a

Rehabilitation begins as soon as practical, particularly

twisting event. Although affecting more girls than boys, pa

after a repeat dislocation from which there may be little

tellar dislocations must be considered in the differential di

acute damage to the medial stabilizers. The knee is placed

agnosis of acute knee injuries in young male athletes (331,

in an immobilizer for comfort and support during gait. It

352,386,387). A history of prior episodes of subluxation,

is unnecessaiy to continue immobilization arbitrarily for 6

anterior knee pain, and a family history may help to support

weeks, as some have suggested (384,388).

the diagnosis.
Most

patellar

Straight-leg—raising exercises are begun immediately, to
dislocations

reduce

spontaneously or

minimize quadriceps atrophy. The knee is periodically reex-

shortly after they occur, especially if the episodes are recur

amined (for up to 6 weeks), and when comfortable, a formal

rent. A patient with an unreduced patellar dislocation pre

patellar rehabilitation program is begun. Once range of mo

sents with the knee flexed and the hamstrings being tight.

tion is restored and the extensor mechanism is working ade

With the patella displaced laterally, the femoral condyles

quately to support the knee, the immobilization is discon

become prominent medially, often leading the patient or

tinued. The patient should be able to do straight-leg raises

lay observer to report that the dislocation was medial, rather

with 5 lb (2.25 kg) of anlde weights. A flexible knee sleeve,

than lateral. A wide array of activities can precipitate the

with the patellar cutout, is then used. As strengthening is

episode.

gained, activities progress, starting with biking and straight-

After reduction, the residual findings include diffuse par-

ahead running. Cutting and twisting activities are then rein-

apatellar tenderness, and a positive apprehension test. The

troduced. The patient is encouraged to continue with quad

medial capsule and retinaculum may have been stretched or

riceps exercises, particularly emphasizing the vastus medi

torn, and the tenderness may extend to the medial femoral

alis.

epicondyle. Medially, there may be a palpable defect of the

patella from avulsion of the vastus medialis insertion.
Hemarthrosis results from a capsular tear or a concurrent

After an acute patellar dislocation treated with an ade
quate rehabilitation program, most patients do not require
surgical stabilization. Cash and Hughston had acceptable

osteochondral fracture. The ligaments should be examined

results, after nonoperative care, for 75% of appropriately

carefully, because the mechanism of injury and findings

selected patients. Rather than surgically stabilizing all pa

with patellar dislocation are similar to those of a cruciate

tients, a group at high risk can be identified (352).

sprain.

Postreduction radiographs should be inspected for evi

Younger patients are at high risk for recurrent disloca
tion, with those less than 14 years of age having the highest

dence of osteochondral fragments. Bony fragments seen

incidence of recurrent dislocation

along the medial patellar margin often are not free in the

Highly active and competitive athletes may also benefit

(352)

(Table 31-2).

joint, but rather result from avulsion of the vastus medialis

from immediate stabilization. Those with congenital dyspla

insertion. A Merchant's view, showing both patellae, may

sia may be at higher risk for recurrence. The signs of this

demonstrate significant residual maltracking.

dysplasia include hypermobility of the patella, radiographic

The natural history of acute patellar dislocation in chil
dren is such that approximately 1 of 6 will develop recurrent
dislocations, 2 of 6 will have some minor residual symp
toms, and 3 of 6 will remain asymptomatic (388). The
incidence of redislocation after nonoperative treatment di

TABLE 31-2.

RISK FACTORS FOR RECURRENT

PATELLAR DISLOCATION

minishes considerably with advancing age. Cash and Hugh-

Osteochondral fracture

ston found a 60% incidence among patients between 11

Child younger than 14 years of age

and 14 years of age, 30% incidence among patients between

19 and 28 years of age, and few older than 28 years of age
(352).

Acutely, the extensor mechanism holds the patella trap
ped over the margin of the distal femoral condyles. With the
patella posterior to the axis of the knee, and the hamstrings
contracted in response to pain, the knee is firmly held in

Highly active or competitive youth
Mechanism other than direct blow
Palpable medial defect

Contralateral evidence of dysplasia

Hypermobility of the patella
Multiple prior dislocations
Positive family history
Patella alta
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evidence of a shallow intercondylar groove, contralateral
subluxation, a positive family history, patella alta, and a
mechanism of injury other than a direct blow (352,
383,389).

If there is an associated osteochondral fracture from the
lateral femoral condyle or patellar surface, removal of the
fragment or internal fixation is required, depending on the
size and location of the injury. Small pieces avulsed from
the medial edge of the patella usually are attached, and may
not require removal. Small loose bodies can be removed
arthroscopically. There are preliminary reports of successful
arthroscopic repair of a torn medial retinaculum and capsule
(352,390).

Early repair or advancement of the vastus medialis and
distal realignment procedures are sometimes indicated. If
there is an underlying malalignment or dysplasia accompa

nying a significant osteochondral fracture, both problems
should be addressed. Occasionally, there is significant avul
sion of the vastus medialis that requires primary repair

lateral release and plication of the vastus medialis
(391-393). The vastus medialis is advanced one-third to
one-half of the width of the patella. The suture repair needs
to be protected for at least 4 weeks after surgery.

Patients with an excessive Q angle can benefit from a
distal realignment to medialize the pull of the patellar ten
don. This can be accomplished by moving part of the patel
lar tendon itself, by moving the tibial tubercle or by transfer
ring another tendon to the patella.

The Roux-Goldthwait operation involves splitting the
patellar tendon, and transferring the lateral half beneath the
medial side (Fig. 31-19). For recurrent patellar dislocations,

Chrisman et al. reported 93% acceptable results with this
procedure, when combined with lateral retinacular release
and medial reefing (394). How much of the effect is the
result of the distal transfer is unknown.

The Galleazzi procedure transfers the proximal end of
the semitendinosus to the inferomedial pole of the patella,

leaving the distal end of the semitendinosus attached to the

(391).

tibia (395) (Fig. 31-20). This effectively redirects the vector

Recurrent Patellar Dislocations

complication is necrosis of the skin flap, so undermining
should be minimized. Baker and colleagues had 81% suc
cessful results with this procedure (387). Patients with ex
cessive ligamentous laxity have the highest risk of persistent

Although the risk of ongoing patellofemoral instability in
creases with each subsequent dislocation, many patients are
successfully managed without surgery. In most cases, even

young, active youths with other risk factors deserve a thor
ough trial of rehabilitation after a first patellar dislocation.

of force of the extensor mechanism. The next most common

instability.

Knee sleeves and foot orthoses, for those with severe prona-

tion and tibial torsion, may be helpful. Activity modifica
tions are another option.

The decision to treat recurrent patellar instability surgi
cally must be individualized [^5.1-5.2]. The degree of insta
bility and disability should be weighed against the risks
and benefits. Age is another factor to be considered. Com
pliance with rehabilitation is important, and tibial tubercle
transfers are generally contraindicated, if the physes are
open.

A lateral retinacular release is routinely combined with

medial advancements and distal realignments. The lateral
retinacular release procedure is discussed earlier in this chap
ter. Most studies of lateral retinacular release mix patients

with patellofemoral pain among those with patellofemoral
instability. Metcalf analyzed the 14 cases of recurrent patel
lar dislocation in his series of 79 patients, and found that
none dislocated subsequent to lateral retinacular release
alone (328). Nine were rated good and three rated excellent,
and there were no instances of medial instability. Although
it appears that lateral retinacular release has a role in the
treatment of patellofemoral instability, the degree of insta
bility that responds to this as an isolated procedure is still
being defined (334).

Patients with an obvious defect of the vastus medialis
insertion are probably best served with advancement of the
medial retinaculum and muscle. A variety of techniques
have been described, but the fundamental elements include

FIGURE 31-19. The Roux-Goldthwait procedure splits the patel
lar tendon. The lateral half is transferred beneath the medial
side and sutured to the periosteum along the metaphysis. This
redirects the patellar tendon vector more medially.

Other Common Knee Problems
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The Maquet procedure reduces the patellofemoral con

tact forces by elevating the tubercle through the use of a
bone block (Fig. 31-2ID). This does not medialize the pull

of the tendon, but it may be useful in cases of isolated
patellofemoral chondromalacia.

All of these procedures require adequate rehabilitation

to restore knee motion and maximize dynamic stability from
the quadriceps.

I

Vastus medialis

Semitendinosus

Popliteal Cyst

Often termed "Baker cysts," popliteal cysts are common
findings in youngsters. Typically, they are located subcutaneously along the medial side of the popliteal fossa. They
are simple, synovial-lined ganglion cysts that arise from the
semimembranous sheath in youths; they are rarely associ

ated with any other pathologic processes of the knee. Occa
sionally, they are associated with meniscal tears, inflamma
tory arthritis, pigmented villonodular synovitis, and others.
Popliteal masses deep to the fascia are often sarcomas.
The ordinary popliteal cyst is asymptomatic and is dis
covered coincidentally. These may wax and wane in size,
FIGURE 31-20. The Galeazzi procedure transfers the semitendi
nosus to the inferior pole of the patella. From there, it courses

through a drill hole placed obliquely through the patella, exiting
the superior lateral aspect. The tendon is then sutured to the soft
tissues. This provides a medial tether and effectively alters the
net vector of the patellar tendon toward the medial side. Typi
cally, the vastus medialis is advanced approximately one-third the
width of the patella.

but should not cause limp or disability. On examination,
these are superficial, firm or rubbery, smooth, nontender,
mobile and nonpulsatile. Most will transilluminate with a
simple handheld light, which should adequately confirm
that the mass is fluid-filled, rather than a solid tissue tumor.
Most often, history and physical examination are adequate
for making this diagnosis. Radiographs are not necessary,
unless associated articular pathology is suspected, for other
reasons. Aspiration can confirm the diagnosis. However,

For adolescents with closed physeal plates, the tibial tu

bercle can be transferred medially. This must be done in a
manner that does not move the insertion of the tibial tuber
cle posteriorly along the face of the upper tibia, as did the
Hauser procedure (396,397). The Elmslie-Trillat technique
avoids this problem by shifting a long segment of bone,

including the tubercle (Fig. 31-21A.B). If there is significant
growth remaining for the patient, tibial tubercle transfers
can lead to distal migration of the tubercle or genu recurva-

other tests should be undertaken, if there is a clinical suspi
cion of sarcoma or vascular anomaly. Ultrasound, CT, or
MRI each offer advantages, depending on the situation.
A simple popliteal cyst, arising from the medial ham
string sheath, rarely requires treatment. Typically, they do
not interfere with function, cause pain, or produce other

problems. They may wax and wane in size for a while, but
almost all resolve.

tum secondary to growth arrest (337,386).

Discoid Lateral Meniscus

Tibial tubercle transfers are routinely combined with a
lateral retinacular release. A vastus medialis obliquus ad

The discoid lateral meniscus is a congenital abnormality

vancement should be added, if the patella drifts laterally

when the knee reaches full extension and the quadriceps
relaxes (329). For patellofemoral instability, good results
can be expected in 80% of cases (398).

If there is a significant component of patellofemoral pain
or marked chondral injury of the patella, the Fulkerson
modification of the Elmslie-Trillat procedure can reduce
patellofemoral contact forces (399). Instead of the osteot
omy being in the coronal plane, it is tilted toward the sagittal
plane, such that the tubercle migrates anteriorly as it shifts
medially (Fig. 31-21C).

affecting approximately 1% of all lateral menisci. Occasion
ally, the medial meniscus is involved (approximately 3% of
all discoid menisci), and rarely, both are affected. There
may be a familial factor (400). The discoid meniscus was

once thought to be an arrest in the resorption of the central
portion of the mesenchymal layer between the ends of the

tibia and femur. However, a disc-like plate of fibrocartilage

is never seen in normal development. This anomaly is appar

ently caused by the abnormal formation of fibrocartilage in
the mesenchyme.

The most widely used classification system for categoriz
ing the varied features of the discoid lateral meniscus is
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A
FIGURE 31-21. A, B: The Elmslie-Trillat technique shifts the tibial tubercle medially. The tubercle
stays in the same plane. C: The Fulkerson modification involves an oblique cut that results in
anterior translation as the tubercle is moved medially. This reduces the patellofemorai contact
forces while shifting the pull of the patella medially. D: The Maquet procedure moves the tibial
tubercle anteriorly by inserting a block of bone. This diminishes the patellofemorai contact forces
but does not medialize the pull of the patellar tendon.

that proposed by Watanabe and coauthors (Watanabe). The

repetitive snapping may later be associated with an osteo-

Wrisberg ligament-type is the most anomalous. In this vari

chondritis dissecans lesion of the lateral femoral condyle.

ety, the lateral meniscotibial ligaments are absent, so the

meniscus is not attached to the tibial plateau. There are

The complete-type and the incomplete-type usually pres

ent with signs and symptoms more typical of a meniscal

meniscofemoral fibers present and the ligament of Wrisberg

tear. The patient complains of a sudden onset of unilateral

attaches to the PCL. In addition to the hypermobiliry of

joint pain, catching, and swelling. Often, they are younger

the lateral meniscus, the peripheral portion is quite thick

than typical for meniscal tear (less than 14 to 16 years of

ened, and contributes to the symptoms, as well as to the

age). The onset is often spontaneous or related to a minor

treatment dilemma. The complete-type discoid lateral me

injury.

niscus covers essentially the entire lateral tibial plateau. The

The differential diagnosis includes snapping popliteus

peripheral attachments are intact, so it is stable, although

tendon, snapping hamstring tendons, loose body, subluxat-

the capsular margin may still be thickened. Finally, the in

ing proximal tibiofibular joint, osteochondritis dissecans,

complete-type is similar to the complete-type, but covers
less of the plateau.

meniscal tear. Routine radiographs are done to rule out a

The discoid lateral menisci present in several ways. The

bony anomaly; if the discoid lateral meniscus is particularly

iliotibial band tendinitis, ACL laxity, and a conventional

Wrisberg ligament-type often presents with the classic pic

thick, there may be some widening of the lateral joint space.

ture of a "snapping knee." Usually, by 8 years of age, the

MRI is indicated in most cases, because it should be diag

child demonstrates remarkable snap and shift of the tibial

nostic, and should delineate the type of anomaly, including

plateau, as the knee moves. A visible and palpable mass

any concurrent pathology, such as a tear.

becomes prominent anterolaterally as the flexed knee ex

If a partial or complete discoid lateral meniscus is an

tends. Suddenly, the discoid meniscus reduces and disap

asymptomatic, incidental finding, excision of the discoid

pears, as the knee stutters, then moves freely into full exten

meniscus is not recommended. A study of total meniscec-

sion. With repetition, the knee may become sore. The

tomy for discoid lateral meniscus showed a 75% rate of
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Injuries of all types are the second leading cause of hospitali-

pared with adult bone. Bending strength is lower than in

zation among children younger than 15 years (1), and ac

adult bone, but the low modulus of elasticity allows for

count for 80% of deaths among teenagers and young adults

greater energy absorption before failure. Pediatric bone also

(2). Properly instituted injury prevention programs can be

has the capacity for plastic deformation, in which the bone

effective in reducing the number and severity of pediatric

does not return to its original shape. Microscopic mechani

trauma events (3). Musculoskeletal trauma, although rarely

cal failure, not evident on routine radiographs, occurs

fatal, accounts for 10 to 25% of all childhood injuries (3).
Boys have a 40% risk and girls a 25% risk of incurring

sion side of the bone. This produces no fracture hematoma

through oblique slip lines or microfractures on the compres

a fracture before the age of 16 years (3). The most common
sites of fracture are the distal forearm and hand, which ac

and minimal periosteal reaction during healing. Plastic de

count for 50% of pediatric fractures. The fracture rate in
creases as children grow, with the incidence peaking in early

is reached, but before the breaking point is reached. This
partly explains why greenstick fractures can occur when a

adolescence. Fortunately, most fractures are minor. Only

bending load is applied. Much of the strain energy is dissi

20% require reduction, whereas greenstick and torus frac
tures constitute approximately 50% of all fractures in chil
dren (3-5). Thus, the management of pediatric fractures is

while tension failure occurs on the convex side. This pre

formation results from an applied load after the yield point

pated through plastic deformation of the concave cortex,
vents larger, more catastrophic failure from occurring.

often straightforward, but one must know when to intervene

In addition to greenstick fractures, children can have

and when to allow nature to take its course. The skeleton
of a young child behaves differently than the skeleton of an

torus or "buckle" fractures from compression failure. This

older child. There are also musculoskeletal differences in

where the more rigid diaphyseal cortex meets the thinner

biomechanics, anatomy, and physiology between children
and adults. It is the purpose of this chapter to highlight the
unique aspects of managing fractures in children, and to
delineate age-appropriate treatment guidelines.

usually occurs at the metaphyseal-diaphyseal junction,
metaphyseal cortex. The less-rigid metaphyseal cortex buck

les and deforms without complete failure, creating a rela
tively stable injury. The rate at which the force is applied
also influences the fracture type. Higher load rates more
often result in complete fracture (6). Complete fractures

GENERAL FEATURES OF FRACTURES IN
CHILDREN

Biomechanical Considerations

display transverse, oblique, or spiral configurations, depend
ing on how the injury force was applied. Comminuted frac
tures are less common in children than in adults, because
pediatric bone can dissipate energy before failure and poros

ity inhibits fracture line propagation. The smaller diameter

The bones of children are less mineralized and have more

of pediatric bone also affects its strength compared with

vascular channels than adult bones. This results in a lower

adult bone. The polar moment of inertia of a structure,

modulus of elasticity (6). Thus, for a given stress applied

which measures resistance to torque, is proportional to the
fourth power of the radius of the structure. Thus, a relatively

to the same area of pediatric bone, more strain results com

General Features of Fractures in Children

small increase in the cortical diameter results in a large in
crease in a bone's ability to resist torsional load.

The epiphysis also affects the mechanical properties of
bone. In young children, the epiphysis is largely cartilagi
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to fracture healing, and should be preserved as much as
possible. Large segments of bone may regenerate and re
model as long as the periosteal tube is intact.
The majority of pediatric fractures unite by secondary

nous, and transmits injury forces to the metaphysis. Increas

fracture healing, which occurs without rigid immobiliza

ing ossification in the epiphysis occurs with age and imparts

tion, and involves a combination of intramembranous and

more rigidity to the epiphysis. This increased rigidity par

endochondral ossification. Trauma that results in fracture

tially explains why epiphyseal fractures and separations are

causes cellular injury and hematoma formation. Blood, mar

more commonly seen in older children.

row, and necrotic cells release cytokines that stimulate in
flammation and the proliferation of stem cells (8). The clot

Anatomic Considerations
Growth plates and their surrounding growth centers are
major anatomic features that distinguish children's bones
from those of adults. The physis, also called the growth
plate or the epiphyseal plate, is the area of growing cartilage
that contributes length to the growing bone. The epiphysis
is the region at the end of the bone. The epiphysis forms
a secondary center of ossification and determines the shape
and size of the articular surface. An apophysis is a secondary

growth center at a site of tendon attachment. Apophyses are
extraarticular and do not contribute to longitudinal growth.
Each of these structures ossifies at predictable times during
growth and provides information regarding skeletal matu
rity. Lack of ossification in young children, and variable
patterns of ossification during growth, make the diagnosis

of injury an even greater challenge in children than in adults.
Another anatomic characteristic of growing bone is the
thick, vascular, and highly osteogenic periosteum. The cam

bium or osteogenic layer lies directly on the cortex of bone.

The outer fibrous layer provides attachment for muscles and
ligaments. Between these two layers lie elastic fibers that
allow the fibrous layer to be stripped from the bone, leaving
the osteogenic layer intact (7). Muscle and periosteum are
firmly attached to bone in only a few places, such as the
linea aspera. The periosteum is also firmly attached to the
growth plate at the perichondrial ring of LaCroix, which
helps stabilize the physis. The thick periosteum in children
is rarely torn circumferentially after a fracture, and often
remains intact on the compression side of the injured bone.

This intact periosteal sleeve may then be used as a tension
band for fracture reduction and stabilization. Intact perios

teum may also prevent soft tissue interposition and facilitate
reduction. Conversely, the periosteum itself may become
interposed between the fracture fragments, and the longitu
dinally torn periosteum may interfere with reduction, by

allowing the bone to "button-hole" through the periosteal
defect.
Physiologic Considerations
Children experience considerably more rapid fracture heal
ing than adults. Children also have the potential for bone
remodeling and overgrowth after fracture. Nonunion is rare

in pediatric fractures. This is explained in part by the os
teogenic potential of the periosteum and the magnitude of
the vascular response in children (7). The periosteum is vital

gives rise to platelet-derived growth factor and transforming
growth factor beta. This leads to general cellular prolifera
tion. Stem cells produce bone morphogenetic proteins,
which lead to cellular differentiation. The exact relationship

between these factors and other factors involved in the coor
dination of fracture healing is the subject of ongoing re

search (9). During the second stage of fracture healing, angiogenesis occurs. This stage of bone healing is facilitated
in children by the highly vascular periosteum and preserva
tion of a viable muscle envelope. The periosteum also con
tributes bone formation by membranous ossification within
10 to 14 days of injury. Angiogenesis is followed by the
formation of soft callus. Low oxygen tension and fracture
motion promote cartilage formation as the initial stage of
endochondral ossification. This cartilage is subsequently re
moved and replaced by hard callus with woven bone (7,9).
Ultimately, the ossification phase gives way to a more pro
longed phase of fracture remodeling.

Remodeling of angulated fractures in children is a wellrecognized phenomenon (Fig. 32-1). The site of correction
and the mechanism by which remodeling occurs are poorly

understood. Remodeling at the fracture site occurs by bone
resorption on the convexity and deposition on the concavity
of the fracture. This phenomenon of "bone drift" is well
recognized clinically, and has been quantified in the rabbit
model (10). However, the majority of remodeling occurs
by reorientation of the growth plates, with improvement in
the overall alignment of the limb. Asymmetric and longitu
dinal growth of the physis contribute to this remodeling.

Therefore, measurement of angular remodeling at the frac
ture site alone gives an inadequate picture of the overall
limb alignment as remodeling occurs (10,11). Remodeling

capacity depends on the number of years of growth remain
ing, the proximity of the fracture to a rapidly growing phy
sis, the magnitude of angular deformity, and the plane of

angulation relative to adjacent joints. Remodeling may con

tinue for 5 to 6 years after fracture, as long as growth occurs
during the period of remodeling (11). The rate of remodel

ing is minimally influenced by age, but the completeness
of remodeling may be limited by the number of years of
growth remaining (11-14). Fractures in the plane of joint
motion and near a rapidly growing physis have the greatest

capacity to remodel. Fractures with smaller degrees of malunion are more likely to remodel completely (15). Remodel
ing of rotational deformity has also been noted in children,
but this is less predictable than angular remodeling (16,17).
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FIGURE 32-1. Periosteal bone formation. A: Complete fracture of the humeral diaphysis in a 6month-old child. The periosteum is presumed to be intact on the compression (concave) side. B:
Four weeks later, the periosteum has formed a complete column of new bone. C: Six months after
injury, there has been significant remodeling, with a 50% correction of the angular deformity.

It has been postulated that torsional remodeling occurs by
helical growth of the physis (10).

Another distinguishing physiologic response to bone
healing in children is the potential for growth stimulation

after fracture. The age of the patient and the amount of
periosteal stripping influence the amount of growth stimula
tion (7). This phenomenon is most commonly reported
after femoral fractures in children between the ages of 3
and 9 years, but it also occurs after other fractures (18-21).
The exact mechanism for growth acceleration is unknown,

transversely, while the lateral periosteum remains intact.

These findings support the observation that the periosteum

acts as a mechanical restraint on epiphyseal growth through
its attachments to the perichondrial ring (24). In older chil
dren, premature physeal closure has been noted after diaphyseal fracture (25,26). Perhaps the variable growth re
sponses after fracture can be partially explained by
differences in periosteal damage or asymmetric hyperemic
responses after fracture.

but increased blood flow to the growth plate and release of
periosteal tension after fracture are potential causes. Hyper-

emia as a cause of overgrowth is supported by the observa
tion that growth acceleration may occur with conditions
that cause increased vascularity, such as congenital vascular
anomalies, inflammatory conditions, and tumoral disorders
(19). Transverse sectioning of the periosteum also produces
overgrowth. Periosteal stripping or division close to the
growth plate increases the effect of transverse periosteal re
lease, but longitudinal incision of the periosteum does not
cause growth acceleration (7,22). Hemicircumferential re
lease of the periosteum causes asymmetric growth and sub
sequent angular deformity (23). This phenomenon is most

often seen clinically after fracture of the proximal tibial metaphysis in children, when the medial periosteum is torn

INJURY TO THE PHYSIS

Anatomy and Physiology of the Physis
Growth plates are located at the ends of all long bones and
contain the cells responsible for bone growth. Longitudinal
growth occurs as columns of cartilage form and undergo
endochondral ossification. Fracture of the growth plate gen

erally heals within 3 to 4 weeks, because this is a wellvascularized region that is growing rapidly and forming
bone at the time of injury.
The development, histology, and physiology of the
growth plate are described in greater detail in Chapter 1.
Several anatomic features are essential to the understanding

Injury to the Physis
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of trauma to the growth plate. The germinal zone of carti

physeal separation or occlusion of supporting vessels. The

lage formation is located on the articular side of the physis.

second pattern of epiphyseal blood supply is more common,

This zone consists of resting cells that initiate the process

and is seen in epiphyses that are extracapsular (e.g., the

of long-bone growth, by dividing to form the zone of prolif

proximal tibia and the distal radius). Vessels that supply

erating cartilage. The hypertrophic zone is next. This is a

circulation to the epiphysis and the growth plate penetrate

zone of maturation where the chondrocytes begin to en

directly through the side of the epiphysis where it is covered

large. On the metaphyseal side of this zone, vascular buds

with periosteum and capsular attachments. Extracapsular

grow into the degenerating columns of cartilage and initiate

epiphyses are less vulnerable to devascularization when

provisional calcification as the chondrocytes degenerate. Re

physeal separation occurs.

modeling into lamellar bone in the metaphysis rapidly fol
lows provisional calcification.
Fractures through the physis are usually the result of

Physeal Fractures

tension or shearing forces. Compressive forces tend to cause

Physeal fractures constitute 15 to 30% of all childhood frac

fracture through bone. Bright and colleagues (27), using

tures (29). The peak age for injury to the growth plate is

rapid loading techniques to simulate in vivo forces, demon

early adolescence (11 to 12 years), and physeal fracture is

strated that the weakest zone is the zone of provisional calci

uncommon in children younger than 5 years of age. Boys are

fication. However, fracture failure was rarely limited to one

affected twice as often as girls (29,30). Several classification

zone, and propagating cracks traversed, at least partially,

systems have been proposed since Foucher first described

the upper germinal zones in 85% of the animals tested. In

different types of physeal fractures in 1863 (31). The most

younger animals, the fracture was more likely to traverse

widely used classification of physeal fractures is that de

only the zone between the hypertrophic cells and metaphys

scribed by Salter and Harris (32). There are five types of

eal bone, avoiding the germinal zones. This is clinically rele

fractures in this classification. Rang has added a sixth that

vant, because injury to the germinal zone may be more likely

is commonly recognized (33) (Fig. 32-2).

in older children, and can cause arrest of bone growth.

Type I injury involves a transverse fracture through the

The perichondrial groove of Ranvier and the perichon-

entire growth plate without evidence of a metaphyseal frag

drial ring of LaCroix surround each physis circumferentially

ment. This type of fracture is most commonly seen in in

at the periphery. These structures constitute a separate

fants and young children. The epiphyseal fragment may

growth center that provides growth of the physis in width.

be nondisplaced or minimally displaced, making diagnosis

The groove of Ranvier consists of resting and proliferating

difficult. Localized swelling and point tenderness may con

cells, whereas the ring of LaCroix consists of cartilage cells

firm the diagnosis. The prognosis for resumption of growth

that extend toward the metaphysis and become continuous

is excellent with a few notable exceptions, such as physeal

with the metaphyseal periosteum. The groove and ring pro

separation of the proximal or distal femur. Partial growth

vide support to the physis and resistance to physeal separa

arrest may occur after severely displaced fractures, when

tion. Additional stability is provided by large and small un

reduction is difficult, or when the growth plate is impaled

dulations of the growth plate. The smaller projections are

on the corner of the metaphysis.

called mamillary processes. Larger contours include the lap

Type II fractures represent 75% of all physeal fractures.

pet formation, which is the overlapping shape of the physis

The fracture line passes through a portion of the growth

as it cups the metaphysis. The lappet formation is readily

plate and exits through a triangular segment of the metaphy

appreciated where the anterior portion of the proximal tibial

sis that remains attached to the intact portion of the growth

growth plate extends distally as the tibial tuberosity. Muscu

plate. The metaphyseal fragment (Thurston-Holland frag

lar, capsular, and ligamentous attachments to the epiphysis

ment) is on the compression side of the fracture. The prog

may provide additional stability. However, these structures

nosis for resumption of growth is good, but growth disturb

can also transmit force to the growth plate, resulting in

ance occurs in 10 to 30% of patients, depending on the

characteristic fracture patterns that vary with the specific

location of the fracture.

anatomy of a joint.
The vascularity of the growth plate is essential to its de

Type III injury results when the fracture line traverses a
portion of the growth plate, then crosses the epiphysis and

velopment. There is strict separation of the epiphyseal and

the articular surface. The prognosis for resumption of

metaphyseal circulation, because blood vessels do not cross

growth is more guarded with this injury, and depends on

the growth plate. There are two patterns of blood supply to

the vascularity of the physis and damage to the germinal

epiphyses (28). Some epiphyses are completely intracapsular

zone. These fractures are more common in older children

(e.g., the proximal femur and the proximal radius). Blood

in whom growth arrest may not be problematic (29). Ana

vessels for these epiphyses must enter the epiphysis around
the periphery of the growth plate, and through a narrow

growth arrest, and to restore the congruity of the articular

region between the articular cartilage and the physis. This
type of blood supply is very susceptible to damage during

tomic reduction is recommended to reduce the risk of

surface.
Type IV fractures vertically cross all zones of the physis.
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FIGURE 32-2. Salter-Harris classification. A:
Type I is a transepiphyseal separation without
evidence of a metaphyseal fragment. B: In type
II, the fracture line is through the physis, exiting
into the metaphysis, leaving a small triangular
portion attached to the physeal plate (i.e., Thurston-Holland fragment). C: The type III fracture
is an intraarticular fracture, with the fracture tra
versing the physis and exiting through the epiphysis. D: Type IV describes a vertical fracture line
that is intraarticular. It passes through the epiphysis, physis, and metaphysis. E: Type V fracture
describes a crush injury to the physis that usually
is not apparent on initial injury films. F: Type VI
fracture is a localized injury to a portion of the
perichondrial ring. Subsequent healing produces
bone formation across the perimeter of the phy
sis, connecting the metaphysis to the epiphysis.

These fractures are intraarticular and traverse the epiphysis,

develop after a Salter-Harris type IV fracture when displace

physis, and metaphysis. The prognosis for resumption of

ment allows the epiphyseal bone to remain in contact with

growth is poor (32). Precise anatomic reduction is recom

the metaphyseal bone. Peripheral defects result in greater

mended to realign the physis and restore the articular sur

deformities than central defects of the same size, because of

face.

their location. Also, small central defects may yield to the
force of growth in the remaining viable growth plate (34).

Type V injury results from a crushing force applied to

the growth plate. This injury may not be apparent on radio
graphs, because it does not always involve fracture fragment

The size and location of physeal arrest determine the

displacement. Growth arrest is common. Crush injury to

kind of deformity that eventually develops. Complete
growth arrest may produce limb-length discrepancy without

the germinal physeal cells can occur in combination with

angular deformity. The amount of discrepancy depends on

other Salter-Harris fracture patterns.
Type VI injury is a peripheral physeal injury at the level

the growth rate of the affected physis and the age of the
child. Contralateral epiphysiodesis should be considered as

of the perichondrial ring. This may result from ligamentous

a treatment option, as soon as complete arrest is diagnosed.

avulsion, direct trauma, burn, or other forces. Localized

No treatment is required when there is minimal growth

growth arrest may occur, and lead to asymmetric growth

remaining or the resultant lower-extremity discrepancy will

with angular deformity.

be less than 2 cm at maturity. Limb-lengthening is a treat
ment option, instead of contralateral epiphysiodesis, when

Physeal Arrest

the projected discrepancy will be greater than 5 cm.
Partial growth arrest is often a more serious problem than

Growth arrest after fracture of the growth plate can result

complete arrest, because partial arrest may result in length

from compromised vascularity of the physis, damage to the

discrepancy combined with angular deformity and/or joint

germinal cells, and bone bridge formation between epiphys-

incongruity. Early recognition is desirable to minimize com

eal and metaphyseal bone (34). Destruction of the epiphys-

plications. Partial growth arrest can be recognized as early

eal vasculature leads to central growth arrest followed by
complete epiphysiodesis. In contrast, destruction of the

as a few months after fracture, or may take up to 2 years
to become evident. A sclerotic bridge of bone or blurring

metaphyseal vasculature may temporarily interfere with os

and narrowing of the growth plate is often visible on plain

sification, but does not result in growth arrest (35). Direct

radiographs if the x-ray beam is tangential to the physis.

injury to germinal cells of the growth plate can also lead to

Another early sign of growth disturbance is the development

physeal arrest, but small areas of physeal damage, i.e., less

of an oblique growth arrest line (38) (Fig. 32-3). Magnetic

than 7% of the total area, do not usually cause permanent

resonance imaging (MRI) may also be useful to detect early

growth disturbance (36,37). Bone bridge formation can also

physeal arrest (39,40).

Injury to the Physis
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radiography should be performed with the beam centered
on the growth plate and tilted in the same plane as the
growth plate. Conventional multiplanar tomography with
thin sections has been used in the past to obtain radiographs
in the sagittal and coronal planes to detail the bony bar.
These radiographs are then used to construct a map of the
physis that demonstrates the exact extent and location of
the bar (42). Helical computed tomographic scanning and
MRI have largely replaced traditional tomography (43,44).
Three-dimensional reconstruction using these techniques
allows accurate identification of the size and location of the
bar.

Three patterns of partial growth arrest have been identi
fied (Fig. 32-4). The most common type is a peripheral bar,
which produces an angular deformity. The second type is
a central bar, which acts as a central tether, and results in
tenting of the physis with eventual articular surface distor
tion. The third pattern of bar formation is referred to as a

FIGURE 32-3. Distal tibial growth arrest. A: Distal tibial physeal

Salter-Harristype IV injury treated with cast immobilization with
out reduction. B: Two years later, there is varus angulation to the
distal tibia from a medial physeal bar. The Harris growth arrest

line is not parallel to the distal physis, and does not extend across

the entire width of the metaphysis.

"linear bar" and involves portions of the central and periph
eral physis. This last type is often the result of a Salter-Harris
type IV fracture that has healed in a displaced position.
Peripheral bone bridges are approached directly, with
excision of the overlying periosteum and removal of the

abnormal bone, until normal physeal cartilage is uncovered.
A high-speed bur, small curettes, and a dental pick facilitate
the removal of unwanted bone without damaging the nor
mal physis. Loupe magnification, a headlight, and a dental
mirror can facilitate visualization of the normal growth

Treatment of Partial Growth Arrest

There are many treatment options for partial growth plate
damage, depending on the location of the bone bridge, the
size of the bar, and the amount of growth remaining. Once
identified, partial arrest can be surgically converted to com
plete arrest to prevent further angulation. This approach
may be combined with contralateral epiphysiodesis, when
the resulting discrepancy would be greater than 2 cm, but
less than 4 to 5 cm. This method can also be combined with
osteotomy when angular deformity has already developed.

Epiphysiodesis with or without osteotomy is particularly
appropriate for growth disturbances of slowly growing

physes such as the distal tibia. An alternative treatment plan
involves epiphysiodesis with or without angular correction
and lengthening (41). This may be appropriate when the
predicted discrepancy is greater than 4 to 5 cm, or when
osteotomy for deformity correction is necessary. On rare
occasions, resection of the physeal bar, with interposition

of fat, cranioplast, or other materials, may be appropriate.
Physeal bar resection may be indicated when less than
50% of the physis is damaged, and more than 2 cm of
growth remains in the affected growth plate. Corrective os
teotomy is often unnecessary if the angular deformity is less

than 20 degrees. Before surgical excision, it is necessary to

clearly delineate the extent and location of the bar. Plain

plate. Alternatively, an arthroscope can be used to verify
complete excision. Interposition material is inserted to pre
vent the bone bridge from recurring. Fat and cranioplast
are the two most commonly used materials for interposition,
but cultured chondrocytes or other biologic tissue may be
useful in the future (45). The material must remain in con
tact with the physis during further growth. This is accom
plished by securing the interposed substance to the epiphysis. Radio-dense markers are usually inserted in the bone
to facilitate the measurement of subsequent growth (Fig.
32-5). Central bars are approached through a metaphyseal
window, or through an osteotomy when angular correction
is necessary. [*»4.22] An alternative approach is to remove

a wedge of metaphyseal bone and replace it after the bar
resection has been completed (46). The peripheral margins

of the physis are carefully preserved. Intraoperative fluoroscopy may help guide the approach to the bone bridge.

A linear bar is approached directly where it contacts the
periphery of the growth plate. The bone bridge is then
resected from one side to the other, creating a tunnel that
follows the original fracture line.
Results of excision of partial growth arrest are difficult
to evaluate, because long-term results reported in peer-re
viewed journals are generally lacking. Some excellent results

have been noted, and partial growth has been restored in
many cases (47). Williamson and Staheli (48) noted excel
lent results in 50% of cases with an average follow-up of 2
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Bony bar

A
Cross-section physis

Cross-section physis

Cross-section physis

FIGURE 32-4. Growth arrest patterns. A: Type I is peripheral growth arrest with a peripheral
bony bar. B: Type II is central growth arrest with central physeal tethering. The peripheral physis
and perichondrial ring are intact. C: Type III is combined growth arrest, demonstrating a linear
bar involving the peripheral and central portions of the physeal plate. This type of growth arrest
is more typical after a Salter-Harris type III or IV fracture.

FIGURE 32-5. Physeal bar resection. A: A distal physeal bar is depicted in this anteroposterior
hypocycloidal tomogram. B: This condition was treated with bar excision and insertion of cranioplast. Five months later, the physis remains open, and the two metal markers inserted at the
time of surgery are 28 mm apart. There is residual femoral tibial valgus deformity. C: Four years
later, there has been some improvement in the femoral tibial alignment, and growth of the distal
femur has resumed. The markers are 83 mm apart.

Initial Management Considerations

years. However, others have reported resumption of growth
in only 33% of cases (49). Recurrences and additional surgi

cal procedures are common. The resected growth plate may
also close prematurely. Therefore, parents should be advised
that the results of physeal bar excision are unpredictable.
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assessment can help detect worsening or recovery from brain
injury. A child with a Glasgow Coma Scale score of less

than 8 has a significantly worse prognosis for survival. The

score obtained at 72 h after injury is more predictive of
permanent impairment (54). The Pediatric Trauma Score

is an effective triage tool and a reliable predictor of injury
severity (55) (Table 32-2).

INITIAL MANAGEMENT CONSIDERATIONS
Multiple Trauma Evaluation and
Management

Accidents and injuries are the leading cause of death in
children, adolescents, and young adults after the age of 1
year (50). Death from trauma is most often attributable to
head injury, but preventable deaths still occur. These are
most often caused by airway obstruction, pneumothorax,
and hemorrhage (51,52). Children respond differently to
trauma than adults. The child's vascular system can main
tain systolic blood pressure for a prolonged period of time

in the presence of significant hypovolemia. Tachycardia
may be the only sign of impending hypovolemic shock,
which can occur precipitously. Hypothermia poses a greater
problem for children, because they have a higher ratio of
surface area to body weight than adults. The child also has
greater capacity to recover from neurologic injury and hy-

poxia. For these reasons, all children should be treated ag
gressively, with the expectation of survival and recovery of

Initial treatment consists of airway management, fluid
resuscitation, and blood replacement. Systematic, multidis-

ciplinary management of all organ systems is essential. Musculoskeletal injuries are common in the severely traumatized
child, and may be obscure. Children with multiple injuries
should be treated as though they have a cervical spine injury,
until this can be ruled out clinically or radiographically.
Regional examination of the spine, pelvis, shoulders, and
extremities should be complete, especially if the child cannot
communicate.

Management of fractures may need to be altered from
conventional methods to meet the general needs of the pa
tient. Armstrong and Smith (56) have recommended the
following principles for children with major trauma:

1. Make sure that any child with a major long-bone fracture
does not have any other significant injuries.
2. Early treatment of the fractures should be compatible
with the general care of the patient.
3. Fracture care should consider the need for early mobili
zation of the child.

function. Several scoring systems have been developed to
predict outcome and assess the need for transport to major

4. Care of fractures should facilitate the management of

trauma centers. The Glasgow Coma Scale is helpful in as

5. The initial method of fracture management should be
the definitive method, whenever possible.
6. Fracture care must be carefully individualized.
7. Treat all children as though they are going to survive.

sessing cortical brain function (53) (Table 32-1). Sequential

associated soft tissue injuries.

TABLE 32-1. GLASGOW COMA SCALE
Variable

Score

Open fractures result from high-energy trauma or penetrat

Opening of the eyes
Spontaneously
To speech
To pain
None

Best verbal response
Oriented

Confused
Inappropriate words

Incomprehensible sounds
None

Best motor response

4
3
2
1
5

4
3
2
1

Spontaneous (obedience to commands)
Localization of pain
Withdrawal
Abnormal flexion to pain
Abnormal extension to pain

4

None

1

6
5
3
2

The Glasgow Coma Scale is used to measure level of consciousness.
A score of less than 8 carries a worse prognosis for survival.
(From ref. 55, with permission.)

Open Fractures

ing wounds. The tibia is the most commonly involved site

in children and adults. Open tibial fractures are discussed
in the section on tibial fractures. The femur, forearm, humerus, and other bones may also sustain open injuries.
The traditional classification system of Gustillo (modi

fied by Mendoza) (57) is illustrated in Table 32-3. This
classification system is appropriate for children as well as
adults, and provides a method of assessment for purposes

of management and prognosis.
Management of open fractures requires prompt initia
tion of antibiotic and tetanus prophylaxis (58). Operative
irrigation and debridement should be performed as soon as
possible, to minimize the subsequent risk of infection (59).

All necrotic or devitalized material is removed. Bone devoid
of soft tissue attachments is removed, especially if it is grossly
contaminated. However, children frequently have less com
minution than adults, and periosteum is often attached to
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TABLE 32-2.

PEDIATRIC TRAUMA SCORE

Variable

Weight (kg)
Airway patency

Systolic blood pressure (mm Hg)
Neurologic

+1

+2

>20

10-20

Normal

Maintained

-1

<10

Unmaintained

>90

50-90

<50

Awake

Obtunded

Comatose

Open wound

None

Minor

Major

Skeletal trauma

None

Closed

Open or multiple

The Pediatric Trauma Score is a reliable predictor of injury severity. Each variable is given one of the
three scores. The scores are totaled (range, —6 to +12). A total of 8 or less indicates potentially
important trauma.
(From ref. 55, with permission.)

most segments. Avascular segments of bone that are clean

resulting in inadequate circulation to the nerves and muscles

may be preserved, if needed, to provide fracture stability.

of that compartment. There is little documentation of the

Bone should be stabilized to create optimal conditions for

incidence of compartment syndrome, but it has been re

soft tissue recovery. Cultures can be obtained, but their

ported in numerous anatomic regions, including the abdo

value for subsequent management is questionable. Partial

men. Increased intracompartmental pressure may develop

wound closure over a drain is acceptable for clean grade I

after athletic exertion, relatively minor injuries, and major

and grade II injuries (58,60). Early soft tissue coverage is

trauma (67—69).

advantageous, and may require local or free-flap reconstruc

Increased tissue pressure in a confined space leads to

tion (61). Patients with open wounds are returned to the

obstruction of venous outflow from the compartment. This

operating room in 48 to 72 h for repeat irrigation, debride-

contributes to further swelling and increased pressure.

ment, and possible delayed primary closure or flap coverage.

When the pressure increases above the arteriolar circulatory

Antibiotics are generally used for 72 h. Cephalosporins are

pressure to muscle and nerve, ischemia will occur, leading

used for grade I injury, and an aminoglycoside is added for

to irreversible damage to the contents of the compartment.

grade II or grade III injury. Specific antibiotic selection is

Muscle and nerve damage commences as soon as 4 to 6 h

made after the culture results become available.

after the onset of abnormal pressures.

Open fractures in children take longer to heal, and have

Pain out of proportion to the injury should alert the

more complications than closed injuries (16,62,63). Open

clinician to the possibility of impending or established com

fractures in children share many of the same complications

partment syndrome. Excessive pain is often the earliest

reported in the adult literature. However, the overall com

symptom. This is followed rapidly by clinical findings that

plication rates in children are less than in adults with similar

include sensory changes associated with nerve ischemia

injuries (64-66). This is especially true for children younger

within the compartment, excessive pain with passive move

than 12 years of age (64,66).

ment of the muscles within the compartment, and loss of
active movement of those muscles. Distal pulses and periph

eral capillary refill are unreliable indicators of compartment

Compartment Syndromes

syndrome. Peripheral circulation may be normal, because

Compartment syndrome develops when there is an increase

major arterial blood flow through the compartment is pre

of interstitial pressure in a closed osteofascial compartment,

served in the presence of increased pressures, which elimi-

TABLE 32-3.
Wound Type

CLASSIFICATION OF OPEN FRACTURES
External Wound Size

Fracture Pattern

Soft Tissue Damage

Type 1

<2 cm

Simple

Minimal muscle contusion

Type II

2-10 cm

Simple; minimal

Mild muscle damage; no

comminution
Type IMA

Extensive or gunshot

Type 1MB

Extensive or crush

Type IMC

Same as above

wound
injury

(From ref. 57, with permission.)

Comminuted or

segmental fracture
Extensive periosteal
stripping; bone loss

Same as above

crush
Adequate local soft tissue
coverage

Incomplete coverage;
exposed bone
Neurovascular injury

Initial Management Considerations
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Anterior
Deep
posterior

Lateral

Superficial

FIGURE 32-6. Orientation and entry points for measure
ment of compartment pressures. (From ref. 70, with per

posterior

mission.)

nate microvascular perfusion to the muscles and nerves

within the compartment. The injured extremity should not
be elevated when compartment syndrome is suspected, be
cause this maneuver reduces mean arterial pressure, causing
a reduction in perfusion that leads to further ischemia.
The diagnosis of acute compartment syndrome is based
on signs and symptoms. Tissue pressure measurements

should be obtained whenever the diagnosis is in doubt (70)
(Fig. 32-6). The pressure threshold for fasciotomy is not
clearly established. Mubarak and Owen (71) recommend
fasciotomy if compartment pressure exceeds 30 mm Hg.
Others recommend fasciotomy if the pressure is greater than
35 to 40 mm Hg or within 30 mm Hg of the patient's
diastolic pressure (70).

Fasciotomy of the forearm can be accomplished by the

volar Henry approach or the volar ulnar approach (69). It
is essential to decompress the deep flexor compartment, in
addition to the superficial flexor compartment muscles
(Figs. 32-7 and 32-8). Fasciotomy of the leg can be per

formed by single-incision or double-incision technique (70)
(Fig. 32-9). The two-incision technique facilitates de
compression of the deep posterior compartment. The fibula

should be left intact. Devitalized muscle is debrided when
necessary, but extensive debridement is usually performed
36 to 72 h later, when muscle viability is more readily deter
mined. Approaches for foot compartment syndromes are
discussed in the section on metatarsal fractures.

Anesthesia and Analgesia for Emergency
Department Management
Numerous techniques have been used to provide sedation
and pain relief for outpatient fracture management

(72-78). These can be categorized into three groups: blocks,
sedation, and dissociative anesthesia (75). When sedation
or dissociative anesthesia is used, it is advisable to follow
guidelines for monitoring and management that have been
established by the American Academy of Pediatrics (79).

Radial
nerve and
artery

FIGURE 32-7. A: Skin incision crosses the elbow crease and enters the palm along the thenar
eminence. B: The superficial fascia is divided. The deep compartment is approached by retracting

the flexor carpi radialis (FCR) to the ulnar side. The superficial radial nerve and brachioradialis
are retracted radially. The Henry approach is used for decompression of the volar forearm compart
ments. FDP, flexor digitorum profundus; FDS, flexor digitorum sublimus.
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Ulnar nerve
and artery

FIGURE 32-8. The volar ulnar approach (modified McConnell exposure) is more direct for decom
pressing the forearm compartments. A: Skin incision extends along the ulnar side of the forearm.
B: The ulnar nerve and artery are retracted to expose the deep flexor compartment. FDP, flexor
digitorum profundus; FDS, flexor digitorum sublimus; FCU, flexor carpi ulnaris.

Blocks
Local and regional blocks include hematoma blocks, nerve
blocks, and intravenous regional anesthesia. Hematoma
block is particularly useful for distal radius fractures. After
appropriate skin preparation, a needle is inserted into the
fracture hematoma. The hematoma is aspirated, and 3 to
10 mL of 1 or 2% lidocaine (maximum dose is 3 to 5 mg/
kg of body weight) is injected into the fracture site. This
technique has been shown to be safe and effective in adults,
without any reports of infection (72). Excessive volume of
injection should be avoided, because hematoma block can
increase carpal tunnel pressure and increase the risk of neu

rologic complications (80). A randomized prospective study
compared hematoma block with intravenous regional block,
and found that hematoma block required less time to ad
minister and provided adequate pain relief for reduction

(81). The technique of hematoma block may be difficult
when the hematoma is small, as in greenstick fractures, or
when the fracture hematoma has already coagulated.
Intravenous regional anesthesia, or Bier block, has been
reported to be successful by several authors (74,82). The
primary site of nerve block is thought to be small, peripheral
nerve branches. For this reason, it is suggested that nerve
blockade is better achieved with a larger volume of dilute
anesthetic (8,74). Intravenous access is obtained in a vein
of the dorsum of the hand of the injured extremity. It is
not necessaiy to have additional intravenous access to the
opposite extremity. The arm is then exsanguinated by eleva
tion, or by gentle application of an elastic bandage. A single
blood pressure cuff is then rapidly inflated above the elbow
to 100 mm Hg greater than systolic blood pressure. The
cuff may be taped to avoid Velcro failure, and the inflation
tube may be cross-clamped to prevent premature cuff defla-

FIGURE 32-9. A: Single-incision fasciotomy may be used to decompress all four compartments
of the leg. Excision of the fibula is not necessary. B: Double-incision fasciotomy allows a more
direct approach to the deep posterior compartment of the leg. (From ref. 70, with permission.)

Initial Management Considerations

tion. Two cuffs may be used to minimize tourniquet dis

comfort, but this is not usually necessary for fracture reduc
tions. Lidocaine, diluted with normal saline to a 0.125%

solution, is then administered in a dose of 1 to 1.5 mg/kg
of body weight (74). The tourniquet should be kept inflated

for at least 20 minutes to permit the lidocaine to become
fixed to the tissue, thus minimizing the risk of lidocaine
toxicity when the cuff is deflated. This method has proven
most effective for forearm fractures and less effective for
supracondylar, finger, and hand fractures (8).

Ulnar nerve block at the elbow, median nerve block at
the wrist, or digital blocks can be useful for reduction of
certain hand and finger fractures and dislocations. Axillary

block has proved to be a safe technique for a variety of
upper-extremity fractures in children (83). In most children,

the axillary sheath is superficial, and the pulse is easily iden
tified, compared with adults, who generally have more sub
cutaneous fat. Intravenous access in the uninjured extremity
is recommended, and can be used to administer low-level

sedation before axillary block. The arm is abducted and
externally rotated to a 90—90 position (i.e., hip and knee

flexed 90 degrees); 1% plain lidocaine is used at a dose of
3 to 5 mg/kg of body weight. Cramer et al. (83) recommend
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Sedation
Conscious sedation is defined as a level of consciousness
that maintains protective reflexes and retains the patient's
ability to maintain an airway independently. During con
scious sedation, the patient can respond appropriately to

verbal commands or physical stimulation. Deep sedation
is defined as a more profound state of unconsciousness,
accompanied by partial or complete loss of protective re

flexes and inability to respond purposefully to verbal or
physical stimuli. The American Academy of Pediatrics has
developed specific guidelines for monitoring and managing
pediatric sedation (79). These guidelines state that the risks
of deep sedation may be indistinguishable from those of
general anesthesia.

Narcotics

and

benzodiazepines are widely available

agents for intravenous sedation. Narcotics provide analgesia,
whereas benzodiazepines are primarily sedatives. These
drugs act synergistically to induce controlled sedation and

analgesia. Intravenous access and continuous monitoring of
pulse and oxygen saturation are advised. Respiratory rate

and blood pressure should be monitored periodically. An

continuous aspiration. Approximately two-thirds of the li

emergency cart with resuscitation equipment should be im
mediately available. Nasal oxygen and personnel skilled in
airway management increase the level of safety.
Numerous medications and combinations of medica
tions have been used (75) (Table 32-4). Varela and associ

docaine is slowly injected into the sheath on the opposite

ates (77) reported satisfactory pain relief in 98% of patients

side of the artery. Periodic aspiration is performed to mini

who were sedated by titrating meperidine (Demerol) and

mize the risk of intraarterial injection. The needle is with

midazolam (Versed). The target doses were 2 and 0.1 mg/kg

drawn just to the superficial side of the sheath, and the

of body weight for meperidine and midazolam, respectively.

remaining lidocaine is injected. This anesthetic technique

Meperidine is less potent than morphine, but it has a slightly

provides prolonged pain relief for complex manipulations,

faster onset and some euphoric properties (75). Fentanyl,

but requires considerable cooperation from the patient.

a potent narcotic, is sometimes used as a substitute for me-

the transarterial method of administration. A 23-gauge but

terfly needle is inserted through the axillary artery during

TABLE 32-4.

MEDICATIONS MOST COMMONLY USED FOR SEDATION IN

PEDIATRIC FRACTURE REDUCTION
Medication

Comments

Dosage

0.05-0.2 mg/kg IV

Benzodiazepine

1.0-2.0 mg/kg IV

Narcotic

Fentanyl

1.0-5.0/ug/kg IV

Potent, rapid-onset narcotic

Ketamine

1.0-2.0 mg/kg IV;

Manage emergence reactions with

Midazolam

(Versed)
Meperidine
(Demerol)

3.0-4.0 mg/kg IM
Naloxone

small doses of midazolam

1.0-2.0 /xg/kg IV

Narcotic-reversal agent

5.0-10.0 yug/kg IV

Benzodiazepine-reversal agent

(Narcan)

Flumazenil
(Romazicon)
Atropine

(maximum, 0.2 mg)
0.01 mg/kg IV or IM

Antisialagogue

(maximum, 0.5 mg)
Glycopyrrolate

4.0-10.0 fig/kg IV or IM

(maximum, 0.25 mg)
IM, intramuscular; IV, intravenous.
(Adapted from ref. 75, with permission.)

Antisialagogue
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peridine, because it reaches peak analgesia within 2 to 3

Fractures around the shoulder are generally easy to treat,

minutes, and has a shorter duration of action than meperi-

and rarely require reduction or surgical stabilization. The

dine. Hypoxemia and apnea are not uncommon after seda

wide range of motion in this region contributes to rapid

tion with midazolam and fentanyl. Monitoring of oxygen

remodeling and accommodates modest residual deformity.

saturation is essential, because hypoxemia can occur in the
absence of apnea. If respiratory depression occurs, reversal
agents should be administered. Naloxone is used to reverse

Shoulder Injuries in Infants

the narcotic effect, and the benzodiazepine is reversed with

Difficult birth can result in injury to the infant's shoulder

flumazenil (75).

(86). The most common injuries are fracture of the clavicle

and brachial plexus palsy. The differential diagnosis should

Dissociative Anesthesia

also include proximal humeral physeal separation, septic ar

Ketamine has gained popularity as a useful drug for emer

juries. Lack of arm movement in the neonatal period is the

gency department use (84,85). It induces a trance-like state
that combines sedation, analgesia, and amnesia, with little
cardiovascular depression. It has been suggested that protec
tive orotracheal

reflexes

are preserved,

but

respiratory

depression is dose-related (84,85). The intramuscular or in

travenous route may be used to administer ketamine. The
intravenous route permits titration and more rapid onset of
action, with quicker recovery. The target intravenous dose
is 1 to 2 mg/kg of body weight. The intramuscular dose is

4 mg/kg, and a repeat dose may be given after 10 to 15
minutes, if necessary. Ketamine increases upper-airway se
cretions, so atropine or glycopyrrolate are recommended
before sedation. Emergence hallucinations are more com
mon in children older than 10 years of age. Therefore, keta
mine may be a less desirable choice in older children. When
ketamine is used in older children, low-dose midazolam
(0.05 mg/kg) can reduce the risk of emergence reactions
(76).

thritis of the shoulder, osteomyelitis, and nonaccidental in
most common clinical finding for each of these problems.
Pain, swelling, and crepitus may be noted when fracture
has occurred. Often, birth fracture of the clavicle is unde
tected until swelling subsides and the firm mass of healing
callus is noticed in the midshaft of the clavicle. Parental

reassurance and gentle handling are all that are required for
managing birth fracture of the clavicle. Clavicle fracture is
occasionally confused with congenital pseudarthrosis of the
clavicle. Pseudarthrosis can be distinguished from birth frac
ture of the clavicle by the absence of pain, and by radiographic features of established pseudarthrosis.
Neonatal trauma may also result in Salter-Harris type I
physeal separation of the proximal humerus. This injury
may be difficult to diagnose radiographically, because the

proximal humeral epiphysis does not ossify until 3 to 6
months of age. Ultrasonography, MRI, or joint aspiration
may facilitate diagnosis in questionable cases. Closed reduc
tion is not indicated because healing is rapid and remodeling

is certain. Immobilization for 2 to 3 weeks provides comfort
INJURIES OF THE SHOULDER AND

and allows union to occur.

HUMERUS

Clavicle Fractures
The clavicle, scapula, and humerus articulate to form the
shoulder. The clavicle is flat laterally, triangular medially,

Clavicle Diaphysis Fracture

and has a double curve that is convex anteriorly in the me

The clavicle is frequently fractured in children, and the most

dial third and convex posteriorly in the lateral third. The

common portion injured is the shaft. The mechanism of

scapula is a large, flat, triangular bone that is connected to

injury is usually a fall on the shoulder or excessive lateral

the trunk by muscles only. The spine arises from the dorsal

compression of the shoulder girdle. The subclavian vessels,

surface and forms the acromion laterally, and the coracoid

brachial plexus, and apex of the lung lie beneath the clavicle,

process arises from the anterior surface. The clavicle and

but are rarely injured at the time of fracture.

scapula are attached at the acromioclavicular joint, and held

Treatment of clavicle shaft fractures in children and ado

in place by the coracoclavicular ligaments. The clavicle con

lescents is supportive; reduction is not attempted, except

nects the shoulder girdle to the axial skeleton at the sterno-

for fractures with extreme displacement. Both a figure-eight

clavicular joint. This joint is very mobile and allows the

harness and a sling are used initially to provide comfort.

clavicle to move through an arc of 60 degrees and accommo

After a few days, the sling may be discontinued. The figure-

date a wide range of scapular rotation. The shoulder girdle

eight harness is worn for 3 to 4 weeks, and sports are avoided

articulates with the humerus through the glenohumeral

for an additional 2 to 3 weeks. Uneventful, rapid healing

joint. This joint is a ball-and-socket joint that is supported

is the rule, although many fractures heal in a malunited

primarily by the articular capsule and surrounding muscle.

position with palpable subcutaneous callus. Parents should

Thus, the shoulder mechanism functions as a universal

be advised that, regardless of alignment, healing will pro

joint, allowing freedom of motion in all planes.

duce a bump that will remodel over the course of several

Injuries of the Shoulder and Humerus

months. Operative indications are rare, but include open
fractures, severe displacement with the bone end impaled
through the trapezius, and irreducible tenting of the skin

by the bone fragments. Even in these severe cases, internal
fixation is rarely required. Nonunion after clavicle fracture
has been reported in adolescents, but it responds to bone

grafting and plating (87).

Medial Clavicle Fracture

The medial clavicular ossification center appears at approxi
mately 17 years of age, but the physis does not close until
the person is 20 to 25 years of age (88). Thus, fractures of

the medial end of the clavicle consist of physeal separations,

mimicking sternoclavicular dislocation (89). These are Salter-Harris type I or II injuries, although the epiphyseal frag
ment is not visualized well on radiographs. The direction
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of displacement can be anterior or posterior. Posterior dis
placement can cause dysphagia or respiratory compromise,

especially when the child's head and neck are extended.
Apical lordotic radiographs are helpful, but computed to
mography (CT) scans best visualize the deformity (Fig. 3210).

Treatment of posteriorly displaced fractures consists of
closed reduction. This is performed under general anesthesia
for complete relaxation. The reduction maneuver entails
hyperextension of the clavicle combined with longitudinal
arm traction. It may also be necessary to capture the medial

clavicle with a percutaneous towel clip, and pull in an anterolateral direction. Posteriorly displaced fractures are usually
stable after reduction. A shoulder immobilizer or figureeight harness provides sufficient immobilization. Anteriorly

displaced epiphyseal separations are less stable, and partial
redisplacement may occur. However, remanipulation or op-

FIGURE 32-10. Sternoclavicular separation. This 14-yearold boy sustained an injury to the right clavicle during a
wrestling match when his shoulder was compressed against
his chest wall. He complained of shortness of breath, espe
cially when he extended his neck. A: The anteroposterior
radiograph demonstrates asymmetry of the sternal position
of the clavicle. B: The computed tomographic scan demon

strates posterior displacement of the medial end of the

right clavicle, which is in close proximity to the trachea. C:
A three-dimensional reconstruction, with a cephalic projec
tion, demonstrates the posterior and midline displacement
of the clavicle.
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Metaphysis

Epiphysis

Periosteal sleeve
with coracoclavicular

FIGURE 32-11. Lateral clavicle fracture-separation. The
swelling and dorsal prominence of the clavicle may suggest

ligaments

an acromioclavicular separation. However, the distal
epiphysis of the clavicle and acromioclavicularjoint remain
reduced. New bone forms from periosteum, with subse
quent remodeling of the prominence. (From ref. 90, with
permission.)

erative treatment is unnecessary, because fracture remodel
ing will occur.

Lateral Clavicle Fracture

The mechanism of injury to the distal clavicle is similar to

adult acromioclavicular separation. A fall onto the point of
the shoulder drives the acromion and scapula distally. This
results in distal clavicular physeal separation. The distal
epiphysis of the clavicle remains a cartilaginous cap into the
mid-20s (88), whereas the acromioclavicular and coracocla
vicular ligaments are firmly attached to the thick periosteum

of the clavicle. Typically, the lateral metaphysis displaces
through the injured dorsal periosteum, leaving the ligaments
intact and the epiphyseal end of the clavicle reduced in
the acromioclavicular joint (90) (Fig. 32-11). Because these
injuries represent physeal disruption with herniation of
bone from the periosteal tube, tremendous potential for
healing and remodeling exists.

Treatment of most distal clavicle fractures consists of
support with a sling or shoulder immobilizer for 3 weeks.
Reduction and fixation are unnecessary, except for the rare
instance in which the clavicle is severely displaced in an
older adolescent (91).

Acromioclavicular Separation
True acromioclavicular separation is very rare before the age
of 16 years. Fracture or physeal separation of the distal clavi

cle is more common, and has been called "pseudodislocation of the acromioclavicular joint" (92). Tenderness over

the acromioclavicular joint and prominence of the lateral
end of the clavicle are present with fracture, physeal separa
tion, and joint separation. Radiographs demonstrate in

creased distance between the coracoid process and the clavi
cle, compared with the opposite side. The MRI can
distinguish between these three similar injuries, but it is

rarely necessary, because the treatments are similar. When
true joint separation occurs, the injury may be a sprain,
subluxation, or dislocation. These have been classified as
grades I to III, depending on the severity of injury to the
acromioclavicular and coracoclavicular ligaments (93).
Treatment of all grades of separation is usually conserva
tive without attempting reduction. Therefore, it is unneces

sary to determine the degree of separation by stress radi
ography with handheld weights. A sling or shoulder
immobilizer is used for 3 weeks followed by a graduated
exercise program. Even in competitive athletes, shoulder
strength and range of motion are not impaired after rehabili
tation (94-97). In complete separations (type III), the clavi
cle remains prominent, but is usually asymptomatic. The
occasional patient who develops late symptoms of pain and
stiffness may be relieved by resection of the distal clavicle
(95).
Scapular Fracture

Fracture of the scapula, although rare in children, should
be suspected whenever there is shoulder tenderness or swell
ing after trauma. These fractures are usually the result of a
severe, direct blow of high energy. Therefore, initial evalua
tion should include a diligent search for more serious chest
injuries, such as rib fractures, pulmonary or cardiac contu
sion, and injury to the mediastinum. Fractures of the sca
pula can involve the body, glenoid, or acromion. Avulsion
fractures of the scapula have also been reported, and result
from indirect trauma (98). The CT is quite helpful for eval
uating scapular fractures and associated injuries.
Treatment for most scapular fractures consists of immo
bilization with a sling and swathe, followed by early shoul
der motion after pain has subsided. The scapular body is
encased in thick muscles, so displacement is rare and well
tolerated after healing (91). Fractures of the acromion or

coracoid require surgery only when severely displaced. Gle-

Injuries of the Shoulder and Humerus

noid fractures are the most likely to require reduction and
internal fixation. Intraarticular fractures with more than 3

mm of displacement should be restored to anatomic posi
tions. Large glenoid rim fractures can be associated with
traumatic dislocations. An anterior approach is recom
mended for anterior glenoid fractures, and a posterior ap

proach is used for scapular neck and glenoid fossa fractures
(99).

Shoulder Dislocation

Less than 2% of glenohumeral dislocations occur in patients

younger than 10 years of age (100). These may be traumatic
or atraumatic. Atraumatic shoulder dislocations and chronic

shoulder instability are discussed in Chapter 4 of this text.
Traumatic shoulder dislocation in the adolescent age group
is more common. Approximately 20% of all shoulder dislo
cations occur in persons between the ages of 10 and 20

years. Most displace anteriorly, and produce a detachment

of the anteroinferior capsule from the glenoid neck (i.e.,
Bankart lesion).

Treatment of traumatic shoulder dislocation in children
and adolescents is nonoperative, with gentle closed reduc
tion. This is accomplished by providing adequate pain relief,
muscle relaxation, and arm traction that is gravity-assisted
in the prone position. An alternative method is the modified
Hippocratic method, in which traction is applied to the
arm, while countertraction is applied using a folded sheet
around the torso. After reduction, a shoulder immobilizer

or sling is used for 2 to 3 weeks before initiating shoulder
muscle strengthening. The most frequent complication is
recurrent dislocation, which has an incidence between 60

and 85%, usually within 2 years of the primary dislocation
(101,102). Posterior dislocations of the shoulder may also
recur, and require surgical stabilization in children (103).

1335

sleeve is thicker and remains intact. The proximal fragment
is flexed and externally rotated, because of the pull of the
rotator cuff, whereas the distal fragment is displaced proximally as a result of the pull of the deltoid muscle. Adduction
of the distal fragment is caused by the pectoralis major mus
cle. The long head of the biceps may be interposed between
the fracture fragments, and further impede reduction. Re
markably, this is a relatively benign injury, because of the
rapid rate of remodeling with growth and the wide range
of shoulder motion (104,105).

The majority of these fractures are minimally displaced
or minimally angulated. These are managed in a shoulder
immobilizer for 3 to 4 weeks, followed by range of motion
exercises and gradually increased activity.
Severely displaced fractures pose a greater dilemma for
the treating physician. The alarming radiographic appear
ance invites overtreatment. These fractures are difficult to
reduce and almost impossible to maintain in a reduced posi
tion by closed methods. Traction and cast immobilization
have mostly been abandoned, because these techniques are
inconvenient, cumbersome, and have not been shown to
improve results. Current options for management include
immobilization without attempting reduction and reduc
tion under anesthesia with percutaneous pinning. Authors

who have studied these options have concluded that the
majority of severely displaced fractures should be treated
by sling and swathe immobilization (104-106). Complete
displacement, 3 cm overriding, and 60 degrees of angulation
may be accepted in all children and adolescents with open
physes (Fig. 32-12). Closed or open reduction under anes
thesia with percutaneous pinning may be indicated for frac
tures with deformity greater than this, or in situations in
which tenting could lead to skin breakdown, such as open
fractures, vascular injuries, and severe displacement (91)
(Fig. 32-13).

Proximal Humerus Fractures
Proximal humeral growth accounts for 80% of the length of
the humerus. The proximal humeral physis is an undulating
structure that forms a tent-like peak in the posteromedial

humerus quadrant, near the center of the humeral head.
The glenohumeral joint capsule extends to the metaphysis
medially. Thus, a portion of the metaphysis is intracapsular.
The proximal humeral physis remains open in girls until
age 14 to 17 years and in boys until age 16 to 18 years.
Mechanisms of injury that would produce a shoulder
dislocation in adults usually result in a proximal humeral
fracture in children and adolescents. These are usually Salter-Harris type II epiphyseal separations or metaphyseal

fractures. Metaphyseal fractures are more common before
the age of 10 years, and epiphyseal separations are more
common in adolescents. The distal fragment usually dis
places in the anterior direction, because the periosteum is
thinner and weaker in this region. Posteriorly, the periosteal

Humeral Shaft Fracture

Humeral shaft fractures are less common in children than
adults. Birth fractures of the humeral shaft may occur as a
result of difficult delivery. Humeral fractures in children
younger than 3 years of age are often the result of nonaccidental injury (107). Any time there is a delay in seeking
medical attention, inconsistent history of injury, or evidence
of concurrent injuries, there is an increased likelihood of
inflicted trauma. However, no particular fracture pattern is
diagnostic of child abuse. Fractures seen in older children
are usually the result of blunt trauma. The radial nerve is
susceptible to injury, because it is fixed by the intramuscular
septum as it passes lateral to the humerus at the junction

of the middle and distal thirds. The prognosis for radial
nerve recovery is excellent. Nerve injury with closed frac
tures of the humerus should be observed for 3 months before
considering intervention.

FIGURE 32-12. Proximal humeral fracture separa
tion in a 12-year, 3-month-old boy. A: The initial
fracture displacement was treated with sling and
swathe. Band C: Three months after injury, healing
and early remodeling are evident. D and E: Twelve
months after injury, anteroposterior and lateral ra
diographs demonstrate continued remodeling. F
and G: The patient recovered full range of motion
with a 2-cm length discrepancy.

Injuries of the Shoulder and Humerus
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FIGURE 32-13. Salter-Harris type II fracture of the proximal humerus in a 15-year-old adolescent.
A: Displaced fracture with 70 degrees of angulation. The proximal fragment is abducted and

externally rotated, because of the rotator cuff attachments. The shaft is displaced proximally by

the pull of the deltoid muscle, and is generally adducted by the action of the pectoraiis muscle.
The distal fragment is also internally rotated if the arm is placed in a sling. B and C: Anteroposterior
and lateral radiographs after closed reduction and percutaneous pinning. The arm is externally
rotated and abducted with longitudinal traction to achieve this position. D: Final alignment after
removal of the pins 4 weeks later.

Treatment of humeral shaft fractures consists of closed
management. Infants may be treated with gentle position
ing, a small coaptation splint, or the arm may be splinted
in extension, using a tongue blade and tape. Healing is

prompt in infants and young children. It is the authors'
opinion that up to 45 degrees of angulation can be accepted
before 3 years of age. Older children may be treated with
a coaptation splint and a sling to maintain alignment of the
arm. A hanging arm cast or collar and cuff may also be
used, but a U-slab coaptation splint allows better control

of the fracture. Occasionally, an abduction splint or pillow
is necessary to control varus alignment. In older children

and adolescents, complete displacement and 2 cm of short
ening are acceptable. In the proximal shaft, one can accept

25 to 30 degrees of angulation. Fracture deformity closer
to the elbow is more visible. Only 20 degrees of angulation
is acceptable in the middle third and 1 5 degrees in the distal
third of the humeral shaft (106,108). Greater degrees of

deformity are usually unacceptable cosmetically, even

though they may remodel without causing functional prob
lems. Operative indications include open fractures, multiple
injuries, and ipsilateral forearm fractures in adolescents (i.e.,
"floating elbow"). Fixation techniques include the use of
flexible intramedullary nails [*»1.9], antegrade insertion of
a Rush rod, and compression plating. Severe open fractures
can be stabilized with an external fixator, until union is
complete or until fracture stability and wound healing per
mit converting to splint immobilization.
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epicondyle and olecranon appear at 9 and 11 years of age,

THE ELBOW

respectively. The lateral epicondyle, trochlea, and capi

It is best to assume the worst when evaluating the child

age.

tellum coalesce to form a single epiphysis by 12 years of
with an elbow injury. Only full range of motion, complete

absence of swelling, and normal radiographs warrant the
diagnosis of sprain or contusion. Any swelling or restriction
of movement necessitates thorough evaluation with com
parison radiographs of the opposite elbow, whenever there

The elbow is a complex joint, and has three major articu
lations: radiohumeral, ulnohumeral, and radioulnar joints.
Except for the medial and lateral epicondyles, the other
ossification centers are intraarticular. Other intraarticular

is doubt regarding normal anatomy. Small fractures that

structures include the olecranon fossa and the coronoid fossa
and process. There are two fat pads: one in the olecranon

appear to be avulsions should be accurately diagnosed, be

fossa posteriorly, and the other in the coronoid fossa anteri

cause they may indicate major pathology. Arthrography,

ultrasonography, and MRI have been used to successfully

orly. Displacement of the posterior fat pad may be visible
on radiographs after elbow trauma. This is a reliable indica

diagnose occult elbow trauma in children (109-111). These

tion of intraarticular effusion. The anterior fat pad is some

techniques should be considered whenever there is doubt

times seen under normal conditions, and does not necessar

regarding the diagnosis.

ily indicate joint effusion. Most of the distal humerus has

The elbow region is injured frequently and accounts for

good collateral circulation, with the majority of the intraos-

8 to 12% of all fractures in children and adolescents. The

seous blood supply entering posteriorly. Caution should be

majority of injuries occur in the 5- to 10-year age group.

exercised to avoid disrupting this posterior blood supply

Supracondylar fracture of the distal humerus is the most

during surgical exposure of fractures (112). The trochlea

common, representing 75% of all elbow fractures, followed

and medial condyle are particularly vulnerable to avascular

by lateral condylar (17%) and medial epicondylar injuries.

necrosis, because they are perfused by sets of nonanasto-

T-condylar, medial condyle, and lateral epicondyle fractures

motic nutrient vessels that enter the bone posteriorly and

are rare, and have a combined incidence of less than 1%.

medially (113).

Delineating exact fracture patterns is a challenge in young

The clinical carrying angle of the normal elbow is a slight

children, because of the large cartilage composition of the

valgus alignment, averaging approximately 7 degrees. There

distal humerus; at birth, the distal epiphysis of the humerus

are several helpful radiographic lines and angles that can

is still completely cartilaginous. There are also multiple ossi

be measured to determine if there is adequate postinjury

fication centers that appear at different ages (Fig. 32-14).

alignment; a comparison view of the other elbow often is

The capitellum is the first to appear, at 6 months of age,

needed as a reference (Fig. 32-15). All measurements are

followed by the radial head and the medial epicondyle at

subject to the inaccuracies caused by elbow positioning, and

5 years of age. The trochlea ossifies at 7 years, and the lateral

this should be kept in mind when making clinical decisions.

7 years of age

(5-9 years)
11 years of age

(8-13 years)

1 year of age

9 years of age

(1-26 months)

(7-13 years)

FIGURE 32-14. Ossification of the secondary cen
ters of the distal humerus. The average ages are
specified, and the age ranges are indicated. The
ossification ranges are earlier for girls than for
boys. The lateral epicondyle, capitellum, and troch
lea coalesce between 10 and 12 years of age, subse
quently fusing to the distal humerus between 13
and 16 years of age. This is about the time that the
medial epicondyle fuses to the proximal humerus.
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FIGURE 32-15. Radiographic lines of the distal hu
merus. A: The Baumann angle is formed between the
capitellar physeal line and a line perpendicular to the
long axis of the humerus. As this angle becomes smaller,
more elbow varus will occur. This angle should be com
pared with that of the contralateral, uninjured elbow
with a similar anteroposterior view of the distal hu
merus. B: Line A is the anterior humeral line, which atypically passes through the middle of the capitellum.
Angle B demonstrates the anterior angulation of the
capitellum relative to the humeral shaft. This is approxi
mately 30 degrees. As angle B becomes smaller, the frac
ture site is moved into extension. Fracture alignment
with the capitellum behind the anterior humeral line
produces a hyperextension deformity and a loss of
elbow flexion.

The Baumann angle is used to assess the varus attitude of
the distal humerus, usually after a supracondylar elbow frac
ture. It is the angle formed between the capitellar physeal
line and a line perpendicular to the long axis of the humerus.
This angle normally should be within 5 to 8 degrees of the
contralateral elbow. An anteroposterior view of the distal
humerus, positioned parallel to the radiographic plate, is
necessary to reduce the variation of the Baumann angle that
occurs by rotating the arm. Ten degrees of rotation produces
a 6-degree change in the angle (114). Another measure of

coronal alignment is the medial epicondylar epiphyseal
angle. This angle is measured between the long axis of the
humerus and a line through the medial epicondylar physis
(115). It has the advantage of being reliably measured while
the elbow is held in flexion (i.e., Jones view), such as during
the reduction process. The medial epicondylar epiphyseal
line ranges from 25 to 46 degrees. This angle is not reliable
for children younger than 3 years or older than 10 years of
age (115). Sagittal alignment may be determined by the
lateral capitellar angle, which indicates the normal forwardflexed position of the capitellum. This angle averages 30 to
40 degrees. The anterior humeral line offers a similar means
to assess the position of the capitellum, and is measured on a

true lateral radiographic projection. A line along the anterior
humeral cortex should pass through the center of the capi
tellum (Fig. 32-15).
Supracondylar Fracture

This is the most common elbow fracture. The mechanism
of injury is an acute hyperextension load on the elbow from
falling on the outstretched arm. The distal fragment dis
places posteriorly (i.e., extension) in more than 95% of frac
tures. The medial and lateral columns of the distal humerus
are connected by a very thin area of bone between the olecra
non fossa posteriorly and the coronoid fossa anteriorly. The
central thinning and the surrounding narrow columns pre

dispose this area to fracture. As the elbow is forced into
hyperextension, the olecranon impinges in the fossa, serving
as the fulcrum for the fracture. The collateral ligaments
and the anterior joint capsule also resist hyperextension,
transmitting the stress to the distal humerus and initiating
the fracture (116) (Fig. 32-16).

The classification system most commonly used is that of
Gartland, who described three stages of displacement (117):
type I, nondisplaced or minimally displaced; type II, angu-
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cubitus varus attributable to unacceptable angulation (118)
(Fig. 32-17). After complete fracture, a small amount of
rotational malalignment allows tilting of the fragments, be

cause of the thin cross-sectional area in the supracondylar
region. This may also lead to malunion with cubitus varus
or, less commonly, cubitus valgus.
Associated injuries include nerve injuries, vascular inju
ries, and other fractures of the upper extremity, including
the ipsilateral forearm. The incidence of nerve injury is ap

proximately 15%; most often, nerve injury is a neuropraxia
that resolves spontaneously within 4 months. The nerve
injured is related to the position of the displaced fragment
(119). Median nerve injuries, including injury to the ante
rior interosseous nerve, are more common with posterome-

dial displacement of the distal fragment. Radial nerve inju
ries are seen more often with posterolateral displacement.
B V

Treatment

Nondisplaced or minimally displaced fractures may be

treated with an above-elbow cast for 3 weeks. Any medial
buckling or impaction of the medial metaphysis may indi
cate a fracture that requires reduction. This fracture is a
diagnostic trap, because the collapse of the medial wall may
be very subtle. The Baumann angle, or the medial epicondy-

lar epiphyseal angle, should be carefully measured bilater
ally. Greater than 10 degrees of varus impaction warrants
closed reduction and percutaneous pinning. It is difficult
to maintain the reduction by cast immobilization alone, and
residual deformity will not remodel (118,120).
Type II supracondylar fractures are usually extension in

juries, with an intact or nondisplaced posterior cortex. Type
II fractures, in which the capitellum is posterior to the ante
rior humeral line, have an unacceptable amount of exten
sion. Many of these are stable after closed reduction. How
ever, elbow flexion to 120 degrees is often required to hold
the reduction (121). This degree of flexion, in the presence

of excessive swelling, can result in decreased vascular perfusion to the forearm. This may prevent positioning with
FIGURE 32-16. A: The typical orientation of the fracture line in
the supracondylar fracture. Sagittal rotation of the distal frag
ment generally results in posterior angulation, although, less
commonly, it can be flexed. B: The cross-sectional area through
the fracture demonstrates the thin cross-sectional area of the su
pracondylar region. C: Any horizontal rotation tilts the distal frag
ment. Typically, medial tilting occurs, producing cubitus varus.
The lateral projection readily demonstrates this horizontal rota
tion, producing a fishtail deformity. In this instance, the distal
portion of the proximal fragment is obliquely profiled, although
there is a true lateral view of the distal humeral fragment.

adequate flexion to maintain reduction. In such cases, per

cutaneous pinning is recommended to avoid extreme flexion

with possible vascular embarrassment. Follow-up radio
graphs are made at weekly intervals until there is sufficient
healing, usually 3 to 4 weeks.
Type III supracondylar fractures are completely dis

placed. Treatment begins with a diligent examination for
ischemia and nerve palsies. Neurovascular problems are fre

quent, and management may be altered, if compromise oc

curred as a result of injury or as a result of treatment. Pri
mary closed reduction and percutaneous pinning is the
preferred treatment for type III injuries (122—124) (Fig.

lated with moderate disruption, but with a portion of the

32-18; see also Fig. 32-42) [»»1.1O]. Displaced fractures

cortex maintaining end-to-end contact; and type III, com
pletely displaced. Supracondylar fractures with medial im-

treated with closed reduction and casting have a higher
incidence of residual deformity, usually cubitus varus, than
those treated with closed or open reduction and percutane-

paction may appear to be nondisplaced, but may result in

Fractures and Dislocations About the Elbow
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D
FIGURE 32-17. Impacted type II supracondylar fracture. A and B: Anteroposterior and lateral
projections show medial impaction with hyperextension of the fracture. C: The Baumann angle
measures 6 degrees. D: Comparison radiograph of the opposite elbow demonstrates a Baumann
angle of 25 degrees, indicating a 19-degree varus deformity of the fractured humerus.

ous pinning (123-126). Closed reduction and casting also

The technique for closed reduction involves extension

has a higher risk of Volkmann ischemic contracture than
treatment with early pinning (124). This is probably be

of the elbow to 15 to 30 degrees, followed by correction of
the medial and lateral translation. Traction is applied, and

cause elbow flexion of more than 90 degrees is often re

the elbow is flexed, using digital pressure over the olecranon

quired to maintain reduction without pinning, whereas

to bring the distal fragment forward. The elbow is then held

elbow flexion is not required to maintain reduction when

in hyperflexion to lock in the position of the distal fragment.
If the fracture is medially displaced, the lateral periosteum

the fracture has been pinned.
Skin or skeletal traction has been used in the manage

is torn. For this condition, the forearm is pronated, tighten

ment of supracondylar fractures. However, this technique

ing the reduction against the intact medial periosteum,

requires longer hospitalization, and may not provide any

while helping to maintain closure of the lateral column

advantage over immediate reduction (127). The idea that

(128). Pronating the forearm is ineffective in holding some

the arm is too swollen for reduction is not valid, because

type III fractures, if the periosteal sleeve is completely dis

the appropriate bony landmarks are usually palpable. After
closed reduction and pinning, the edema lessens.

neous position, producing the "pucker" sign, and this frac-

rupted. Occasionally, the proximal fragment is in a subcuta
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FIGURE 32-18. Type III supracondylar elbow

fracture. A: This type III fracture demonstrates
lateral displacement. B: The lateral projection
also shows flexion of the distal fragment. The
treatment of this less common position is the
same as that for extension fractures. The poste
rior periosteum is torn, and hyperflexion of the
elbow will excessively forward-flex the distal
fragment. The elbow is best pinned at slightly
less than 90 degrees of flexion, because it is tech
nically difficult to pin the elbow in extension. C

and 6: Anteroposterior and lateral postreduc-

tion and pinning films.

ture is unreducible unless the muscles can be manipulated
back over the end of the bone. The elbow must be flexed

plaster immobilization, are often sufficient for stabilization

while this is attempted.

that extreme flexion can sublux the ulnar nerve from its

(130,131). When a medial pin is used, one should be aware

After reduction, and with the elbow in maximal flexion,

groove and increase the risk of damage during pinning.

anteroposterior radiographic images are obtained with the

When possible, it is advisable to place the medial pin with

arm slightly internally and externally rotated to evaluate

the elbow in less than full flexion, so that the ulnar nerve

the quality of the reduction. The shoulder can be gently

is farther posterior. It is also advisable to make a small inci

externally rotated to yield a true lateral view of the elbow.

sion over the medial epicondyle and dissect with a hemostat,

Percutaneous pinning is performed once reduction has been

so that the medial pin can be placed directly on bone. Con

achieved. Pins should be of adequate diameter to control

firmation of satisfactory alignment after pinning is docu

the fracture. The author prefers 2.5-mm diameter pins, ex

mented with anteroposterior and lateral radiographs of the

cept for in very small children, in whom 1.5-mm diameter

distal humerus. Anatomic alignment is preferred, but this

pins are used. In vitro biomechanical studies have concluded

may be difficult to achieve in some cases. The Baumann

that crossed-pin fixation is more stable than lateral pin con

angle should be within 10 degrees of the opposite side. It

figurations (129). However, clinical experience has demon

is the author's opinion that one may accept up to one-

strated that two laterally placed pins, supplemenred with

third translation of the distal fragment, 30 to 45 degrees of

Fractures and Dislocations About the Elbow

malrotation, and 20 degrees of extension after pinning, as
long as fixation is secure. Follow-up radiographs of the distal
humerus are obtained 7 to 10 days after reduction, to con
firm acceptable alignment. Immobilization is maintained

for 3 to 5 weeks, after which the pins are removed and
active range of motion exercises are instituted.
The rare irreducible fracture can be managed with open
reduction through a medial approach, adding a lateral inci
sion, if necessary |W1.11]. An anterior surgical interval (i.e.,
S-curved incision over the antecubital fossa) can also be
used, and is recommended if the neurovascular structures
need to be exposed. The posterior approach should be used
cautiously, because it disrupts any remaining intact soft

tissue, and may disrupt the primary vascular supply to the
distal humeral fragment (11).
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surviving on collateral vascularity, but long-term studies ad
dressing the problem are lacking (134).
For persistent true vascular insufficiency (e.g., avascular,
cold, pale hand), especially if there is nerve palsy or inade
quate reduction, anterior open reduction is recommended.

Frequently, the neurovascular bundle is found kinked at the
fracture site, and liberation of the artery restores the pulse.

There may also be evidence of brachial artery injury. Vascu
lar reconstruction should be performed if the vessel does not
respond to local measures (e.g., release of tether, adventitia
stripping, lidocaine, papaverine) and the hand remains avas
cular. The fracture should be stabilized before vascular re

pair. After reconstruction, there is a significant rate of
asymptomatic

reocclusion

and

residual

stenosis,

even

though the hand remains well perfused (134).
Nerve injury associated with supracondylar fracture

rarely requires exploration (Fig. 32-20). Patients with pre-

Complications
In the event of a pulseless extremity, prompt reduction of
the supracondylar fracture usually restores arterial flow
(132,133) (Fig. 32-19). Complete vascular disruption is un

common, because the thick local muscle envelope protects
the artery. Vascular evaluation after reduction requires dif
ferentiation of the pulseless, but pink and viable, extremity
from one that is cold and pale with vascular insufficiency.
The child who has a well-perfused hand, but an absent radial
pulse after satisfactory closed reduction, does not necessarily
require routine exploration of the brachial artery (119,122,

132,134). The pulse usually returns within 48 h, indicating
resolution of arterial spasm. The absence of a Doppler-detected pulse at the wrist is not an absolute indication for

operative nerve injury should undergo reduction and fixa

tion as described. Exploration of the nerve is not necessary

when the reduction is anatomic. However, failure to obtain
anatomical reduction may indicate that the nerve is inter

posed at the fracture site, and exploration may be indicated.
Postoperative neurologic deficit that was not present preoperatively may represent a preexisting nerve deficit that
was undetected at the time of the initial examination, or
an iatrogenic injury sustained during reduction. Median

and radial nerve injuries are more frequently seen as a result
of the initial trauma, and may be observed when the reduc
tion is anatomic. Postoperative ulnar nerve deficits are more

often iatrogenic, and result from placement of the medial

arterial exploration. The collateral circulation is vast and

pin (119,130,135). Recommendations for management of

often provides enough distal perfusion, despite brachial ar
tery occlusion. The hand may be warm and normal-colored,
with brisk capillary refill and 100% oxygen saturation.

is the author's opinion that the medial pin should be re

There is no clear evidence of a clinical problem with cold

exploration of the ulnar nerve. Spontaneous recovery is ex

intolerance or exercise-induced muscle fatigue for the hand

pected within 2 to 6 months.

this complication vary from observation to exploration. It

moved and the patient should be observed without early

VASCULAR OUT

IMMEDIATE CRPP

REASSESS VASCULARITY

PULSE IN

DOPPLER PULSE

NORMAL CAPILLARY REFILL

VASCULAR STILL OUT

NORMAL OXYGEN SATURATION

OBSERVE
EXPLORATION

FIGURE 32-19. Vascular compromise flow
sheet. CRPP, closed reduction percutaneous
pinning. (From ref. 119, with permission.)
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NERVE OUT

NERVE IN

NERVE IN POST-OP

REDUCTION ANATOMIC
REDUCTION NOT ANATOMIC

QUESTION OF NERVE INTERPOSED IN FRACTURE SITE

FIGURE 32-20. Nerve compromise flow sheet.
CRPP, closed reduction percutaneous pinning.
OBSERVE

EXPLORE

Cubitus varus is the most common late complication of

OBSERVE

(From ref. 119, with permission.)

plied to the medial and lateral columns of the distal hume

supracondylar fracture. This deformity represents fracture

rus. Internal fixation should be stable, to allow early motion

malunion and rarely results from partial growth arrest of

and preferably continuous passive motion during the early

the medial condylar growth plate (120). Malunion may be

postoperative period (140,141).

avoided by careful attention to the Baumann angle at the
time of initial management. Cubitus varus is principally a
cosmetic deformity, but increased risk of subsequent lateral

Lateral Condyle Fracture

condyle fracture and tardy ulnar palsy have also been re

Fracture of the lateral condyle is the second most common

ported (136,137). Osteotomy to correct deformity may be

elbow fracture in children. This injury is usually the result

performed at any age, but complications are not uncommon

of a varus force on the supinated forearm, in which the

(138). Full-length radiographs of both arms are recom

extensor longus and brevis muscles avulse the condylar frag

mended preoperatively for accurate planning. Torsional de

ment. The peak age range for this injury is 5 to 10 years,

formity does not require correction. Simple uniplanar clos

but it is often seen in older or younger children.

ing-wedge osteotomies have the lowest complication rates

(139).

This is a complex fracture, because it involves the physis
and the articular surface. It is a Salter-Harris type IV injury
in the majority of cases, but growth disturbance is rarely

T-condylar Fracture

seen, because the distal humerus contributes little to the
longitudinal growth of the humerus. A significant portion

The T-condylar fracture is a variation of the supracondylar

of the fragment is unossified, especially in children younger

fracture. The mechanism of injury is axial impaction with

than 5 years of age. The injury is identified by a thin lateral

resultant intraarticular fracture. This injury occurs predomi

metaphyseal rim of bone, but the fracture line continues

nantly in adolescents, around the time of physeal closure,

across the physis and into the elbow joint, through unossi

but it can also occur in younger children. The capitellum

fied cartilage. An internal oblique radiograph of the distal

and trochlea usually are separated from each other, and the

humerus usually provides the best view of this fracture.

two are separated from the proximal humerus.
Treatment of displaced fractures usually requires open

The fracture line may take several paths through the un
ossified cartilage of the distal humerus. Milch suggested two

reduction, with the primary goal of anatomic alignment of

fracture types: the first exits lateral to the capitellar-trochlear

the articular surface. A posterior approach is recommended,

groove (Fig. 32-21), and the second exits medial to this

by splitting the triceps, reflecting a distally based tongue of

groove, with resultant elbow instability (Fig. 32-22). The

triceps, or olecranon osteotomy. Re and colleagues (140)

Milch classification system has been shown to have poor

observed that the olecranon osteotomy approach resulted

correlation between preoperative radiographs and intraoper-

in better recovery of extension than the triceps-splitting ap

ative findings (142). However, it is important to have an

proach. Extensive dissection of the fragments should be

understanding of the possible fracture configurations before

avoided to minimize the risk of avascular necrosis of the

initiating treatment. The fracture may stop before passing

trochlea. Transverse fixation of the trochlea to the capi

completely through the cartilaginous epiphysis. This leaves

tellum is performed first, and this unit is secured to the distal

an intact hinge with inherent stability. The fracture line

humerus with sufficiently strong crossed pins or cancellous

may pass completely through the cartilaginous epiphysis,

screws. Alternatively, 2.5-mm reconstruction plates are ap

including the articular surface, and exit into the elbow joint

Fractures and Dislocations About the Elbow
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FIGURE 32-21. Milch type I lateral condyle fracture. A: The fracture line may stop before passing
completely through the cartilaginous epiphysis. B: The fracture may pass completely through the
articular cartilage lateral to the capitellar trochlear groove. C: Displaced Milch type I fracture
requires reduction, but does not lead to ulnar instability.

lateral or medial to the trochlear groove, as described by
Milch. When the fracture exits into or medial to the troch
lear groove, the ulna may displace laterally with the radius
and lateral condylar fragment. In young children, this may
be confused with fracture-separation of the entire distal hu
meral epiphysis. Determining the exact location and extent

of the fracture line is difficult by plain radiography. Arthrography may be helpful intraoperatively, to define the fracture
(Fig. 32-23).
Treatment depends on the degree of displacement and
the assessment of fragment stability, rather than the exact
classification. Fractures displaced 2 mm or less without ob
vious rotational deformity can be treated with cast immobi
lization (143,144)

(Fig. 32-24). Follow-up radiographs

should be obtained 7 to 10 days later, to detect any addi

tional displacement of the fragment. It is often necessary to
remove the cast to obtain adequate anteroposterior and lat
eral radiographs of the distal humerus. The internal rota
tion, oblique view is also helpful to determine fracture align

ment. Gentle cast removal and radiography will not cause

displacement if the fracture is incomplete and inherently
stable. Radiographs out of the cast will allow detection of

instability that has progressed in spite of immobilization.
FIGURE 32-22. Milch type II lateral condyle fracture. A: The frac
ture line passes medial to the capitellar trochlear groove. B: Dis
placement leads to lateral displacement of the ulna.

Healing for minimally displaced fractures is complete when
bridging callus is identified, usually by the fourth week of
immobilization.
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FIGURE 32-23. Fracture separation of the
distal humeral epiphysis in a young child
may include a small metaphyseal frag
ment. This can be easily confused with a
Milch type II fracture-dislocation of the lat
eral condyle, when the distal fragment dis
places laterally. A: A 14-month-old child
with apparent lateral condyle fracture-dis
location. B: Arthrogram confirms com
plete distal humeral separation (SalterHarris type II) with intact joint.

Operative intervention with pin fixation is indicated

ported for fractures separated 3 to 4 mm (147). An arthro

when displacement is 3 mm or greater. Some good results

gram may provide confirmation of joint surface congruity.

have been reported when greater degrees of displacement

However, many of these fractures display rotation of the

have been treated nonoperatively (145,146). However, non

condylar fragment, which is difficult to correct accurately

union, delayed union, and further displacement are more

by closed reduction. Primary open reduction, with restora

frequent complications of fractures displaced 3 mm or more.

tion of articular congruity, is preferred in the majority of

Closed reduction and percutaneous fixation have been re

cases requiring surgery (Fig. 32-25). In severe cases, the

FIGURE 32-24. Lateral condyle fracture. A: The anteroposterior projection shows a 3-mm gap.
The fracture is wider radially than it is medially, probably representing a stage II fracture, although
the articular cartilage could be intact. The stability of this fragment is not easily determined
radiographically, and must be closely followed for displacement. B: Lateral projection demon
strates minimal sagittal rotation of the lateral condylar fragment. C: Six weeks later, there is
complete fracture healing after closed treatment in an above-elbow cast.
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B,C
FIGURE 32-25. Lateral condylar fracture. A: The anteroposterior projection shows more than 3
mm of separation, with significant rotation of the condylar fragment. B: The lateral projection
shows some sagittal rotation of the fragments. C: Treatment consisted of open reduction and
fixation, with Kirschner wires crossing in the condylar fragment for greater stability.

condylar fragment may be rotated 180 degrees (Fig. 32-26).

zation is achieved with two smooth pins crossing the fracture

A standard lateral approach is used, but excessive soft tissue

site and exiting the opposite cortex. These pins will traverse

stripping posteriorly should be avoided, to reduce the risk

the physis, but growth disturbance is rarely a concern.

of avascular necrosis of the capitellum and trochlea. StabiliComplications
Management of the late-presenting lateral condyle mal-

union is an area of controversy. Displacement greater than
4 to 5 mm can be anatomically reduced and pinned, with
good results,

for as long as 6 weeks after the injury

(148,149). After this time, the ability to reduce the fragment
precisely is lessened, because of remodeling of the fracture
surfaces and soft tissue contracture. Excessive stripping of
the condyle to facilitate reduction may result in avascular
necrosis and greater joint stiffness. Two surgical approaches
are described in the literature for management of symptom
atic patients with

malunion. Supracondylar osteotomy,

combined with ulnar nerve transposition, has been per
formed with satisfactory improvement in function (143).
Intraarticular osteotomies, with partial reduction, have also
achieved satisfactoiy results in some patients (149).
Nonunion after lateral condyle fracture is seen most often
in untreated patients. Long-term sequelae include ulnar

neuritis, progressive valgus deformity, and elbow instability
with decreased strength. In established nonunions, the lat
FIGURE 32-26. Lateral condyle fracture may rotate laterally 180
degrees. Reduction requires medial rotation of the displaced
fragment.

eral condyle fragment should be pinned in a position that
preserves the best functional range of motion, realizing that
anatomic restoration is not possible. Bone grafting is neces-
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FIGURE 32-27. Nonunion of the lateral condyle. A: Anteroposterior view of a child who sustained
this fracture 4 months earlier. Symptoms consisted of pain and decreased range of motion. B:
Anteroposterior projection after stabilization of the condylar fragment with bone screws and
bone grafting of the nonunion. C: Lateral projection.

sary to achieve union (149-151) (Fig. 32-27). Any residual

may also be in the joint, and vigorous attempts at closed

if there are preoperative symptoms.

Treatment

Lateral Epicondyle Fracture

There is general agreement that operative intervention is
indicated when the epicondyle is trapped in the joint.
Otherwise, management is controversial. There are advo

valgus deformity can be corrected with a supracondylar oste
otomy. Ulnar nerve transposition may be needed, especially

Lateral epicondyle fracture is a rare elbow Injury that does
not involve the articular surface. This ossification center

does not appear until the second decade. This injury is often
misdiagnosed as an avulsion fracture of the lateral condyle.
Treatment is usually immobilization followed by early mo
tion, when comfortable. Displacement greater than 5 mm
may lead to joint stiffness. If this occurs, early excision of
the displaced epicondyle should be considered.

Medial Epicondyle Fracture

The medial epicondylar apophysis is fractured when a valgus
load is applied to the extended elbow. The displacement is
encouraged by the pull of the forearm flexor wad, which is
attached in this region. The medial collateral ligament also

originates from this apophysis, and may play a role in the
initial fracture displacement, especially when there is an ini

tial elbow dislocation. This injury typically occurs in chil
dren between the ages of 9 and 14 years, later than the peak
age for most other elbow fractures. Almost 50% of these
fractures occur concomitantly with posterolateral elbow dis
location, and the medial epicondyle may be trapped in the
joint after reduction. When this occurs, the ulnar nerve

manipulation should be avoided.

cates for the closed treatment of this injury, regardless of
the magnitude of displacement (152,153). Nonunion is a

frequent result of closed management; however, many pa

tients with nonunion are asymptomatic, and those who are
symptomatic can be treated with excision of the fragment.
Valgus instability to stress testing has been suggested as an

indication for operative stabilization (154). However, the
majority of medial epicondyle avulsion injuries will demon
strate instability when stressed acutely, so most patients will
require surgery if this test is used. The magnitude of dis
placement probably provides the best indicator for manage
ment. Fractures with less than 5 mm displacement have a
lower risk of nonunion and subsequent intervention than
fractures with more than 5 mm displacement. Excellent re
sults have been reported after operative stabilization of dis
placed fractures (155,156). Therefore, the authors recom

mend consideration of open reduction and fixation for
medial epicondyle fractures when displacement is greater
than 5 mm (Fig. 32-28) [-1.14]. Surgical inrervention
should be considered in highly competitive gymnasts or

throwing athletes with lesser degrees of displacement. The
goal is to restore the integrity of the medial collateral liga
ment, and to retension the forearm flexors for optimal
elbow function (I 54).
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FIGURE 32-28. A: Displaced medial epicondyle fracture in an adolescent. It is difficult to quantitate the amount of displacement based on the anteroposterior projection because the fragment
has also moved anteriorly. It also may be malrotated. B: Treatment with bone screws and early
motion. C: Lateral projection. A single screw is sufficient, if it is placed in a posterior-to-anterior
direction, capturing the anterior cortex of the distal humerus

In adolescents, fragment fixation can be accomplished
with a cannulated bone screw. It is important to understand
that the fragment tends to rotate forward from its posteromedial origin, and fixation should be directed from a poste
rior position to engage the anterior humeral cortex. Stable

fixation allows early postoperative range of motion exercises,

condyle. If the condyle is displaced more than 2 mm, it
needs open reduction and internal fixation (158).

Fracture-separation of the Distal
Humeral Physis

as soon as the patient is comfortable. Preadolescents may
require fixation with smooth Kirschner wires and cast im
mobilization for 3 weeks, to minimize the risk of growth

Fracture-separation of the distal humeral physis is seen pri
marily in infants and young children. The mechanism of

Medial Condyle Fracture

injury involves rotatory shear forces, resulting in a SalterHarris type I or type II fracture pattern. Abuse should be
suspected (159). This injury may present a diagnostic chal

arrest of the apophysis.

Fracture of the medial condyle of the humerus is an unusual
injury, and may be difficult to diagnose. Before ossification

of the trochlea, it is important to examine the radiographs
for a chip or flake of bone from the metaphysis (99,157).
Medial condyle fracture may be misdiagnosed as medial

epicondyle avulsion in children between the ages of 5 and
7 years, because the epicondylar ossification center is visible
on radiographs approximately 2 years before the trochlea
ossifies. The mechanism of injury is similar to that for me
dial epicondylar fracture, but medial condyle fracture is a
much more serious injury, because it involves the articular
surface. Thus, the radiographic appearance of a displaced
medial epicondyle fracture in a 5- to 7-year-old child should
arouse suspicion of a more serious injury, because the ossi

fied epicondyle may still be attached to the cartilaginous

lenge, because of the lack of ossification of the distal hume
rus in young children (Fig. 32-23). Diagnosis of this fracture

should be considered in any young child with significant
soft tissue swelling and crepitus on elbow motion. This frac
ture is most often confused with elbow dislocation and lat
eral condyle fracture (Fig. 32-29). Elbow dislocation is rare
in young children; the forearm is displaced laterally and the
long axis of the radius is lateral to the capitellum. A lateral
condyle fracture in a 2- to 3-year-old child may be confused
with transphyseal separation, especially if there is joint subluxation. However, the subluxation associated with lateral
condyle fracture is in the lateral direction, whereas distal

humeral physeal separations usually displace in a medial
direction. Arthrography, MRI, or ultrasonography can help
confirm the diagnosis of separation of the entire distal hu-
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FIGURE 32-29. A: Normal elbow demonstrating the alignment of the radius with the capitellum.
B: In a dislocation of the elbow, there is disruption of the radiocapitellar alignment. Most disloca

tions are posterolateral. C: In a displaced lateral condyle fracture, there is again disruption of the
radial capitellar alignment. D: Supracondylar elbow fracture, in which the radius and capitellum
remain aligned, despite displacement of the distal humeral fragment. E: Fracture-separation of
the distal humeral physis. The radiocapitellar relation is preserved, and typically, the distal segment
is posteromedially displaced. (Adapted from ref. 159, with permission.)

meral physis. Arthrography is a helpful adjunct at the time

guidelines. Radial neck fractures are predominantly Salter-

of definitive treatment to confirm the quality of fracture

Harris type I or II injuries. The radial head is largely cartila

reduction.

ginous, and is rarely injured. Proximal radius fractures occur

Treatment and complications are similar to those for

most commonly in the 9- to 12-year age group, but may

supracondylar fractures. Closed reduction and plaster im

occur at any age. The mechanism of injury is usually valgus

mobilization frequently lead to cubitus varus that does not
resolve (159-161). Therefore, fixation with two small-

stress, with compression of the radial neck from a fall on

diameter, laterally placed pins is recommended after reduc

angulation, translation, or both, or complete separation of

tion. Fractures diagnosed after 7 to 10 days should not be

the radial head from the radius. Angulation after union may

the extended elbow. Fracture displacement can result in

manipulated, because healing is rapid and growth arrest may

remodel, especially in younger children. Translation is more

result from vigorous attempts at reduction. It is better to

worrisome, and may limit motion as a result of a cam effect,

wait and perform supracondylar osteotomy for residual de
formity.

Radial Neck Fracture
Fractures of the proximal radius in children usually involve

the radial neck. Associated injuries are found in 50% of

because the congruity of the proximal radioulnar joint is

disrupted, and the radial head can no longer rotate in a
circle. Approximately one-half of children who sustain frac
tures of the radial neck will have some permanent limitation

of forearm rotation. Results are poorer in children older
than 10 years of age, when treatment is delayed, when the

cases, and include fractures of the medial epicondyle and

elbow has associated injuries, after open reduction, and

olecranon or dislocation of the elbow. Associated injuries

when the initial angulation was greater than 30 degrees or

should be treated independently, according to accepted

the displacement was greater than 3 mm (162—164).
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radial

neck

fracture in a 6-year, 5-month-old boy. A:
Angulation measures 30 degrees. B: Nine
months later, alignment is normal with
out treatment. The child regained full
range of motion.

Treatment depends on the age of the child and the
amount of angulation and translation (163). When angula

enough, a minifragment screw can be used instead of the
Kirschner wires.

tion is greater than 30 degrees, or translation is greater than

3 mm, closed reduction usually should be attempted, be
cause anatomic alignment is associated with better outcome

Complications

(Fig. 32-30). However, closed reduction may fail, and one
must decide whether to accept suboptimal alignment or to
resort to open reduction, with increased risks in each case.

loss of forearm rotation, radioulnar synostosis, injury to the

Age is important in this situation. For a child younger than

posterior interosseous nerve, nonunion, premature physeal

Complications of this fracture and its treatment include

10 years of age, the author will accept up to 45 degrees of
angulation and 33% translation, before resorting to open
reduction. In a child older than 10 years of age, up to 30
degrees of angulation and 3 mm of translation may be ac
cepted.

The manipulation technique for closed reduction con
sists of traction and varus stress, combined with digital pres
sure over the radial head [»»1.15]. If this is unsuccessful,
the forearm should be pronated and supinated, as pressure
over the radial head or metaphysis is maintained. Wrap
ping the arm firmly in an Esmarch bandage produces
compression and elongation forces that may also reduce
the fracture. Alternatively, a percutaneous pin proximally,
or a flexible intramedullary wire introduced distally, can
be used to manipulate and stabilize the proximal fragment
(165,166) (Fig. 32-31) N1.15]. Open reduction is per
formed when these methods fail to produce an acceptable
reduction. Another indication for open reduction is a dis
placed Salter-Harris type IV fracture involving more than
one-third of the articular surface. Fixation is best accom
plished with Kirschner wires placed obliquely across the
fracture, avoiding the use of a transhumeral pin [*1,15].
These wires are removed in 3 to 4 weeks to begin elbow
range of motion. If the metaphyseal fragment is large

FIGURE 32-31.

Radial neck fractures may be reduced by intro

duction of a percutaneous wire from the distal metaphysis. The
wire is rotated after it engages the proximal fragment. (From ref.
166, with permission.)
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arrest, and avascular necrosis of the radial head (167). These
complications are usually observed, unless they are progres

sive or disabling. Radial head excision may be performed

in growing children when symptoms warrant this procedure
(168).
Olecranon Fractures

Olecranon fractures are uncommon in children. In young

children, the spongy bone and thick surrounding cartilage
often prevent significant displacement. Older children and
adolescents are more likely to have displaced fractures and
associated injuries. The most common mechanism of injury
is an avulsion or flexion injury that disrupts the posterior

periosteum and fractures the cortex. Extension injuries leave
the posterior periosteum intact, but often result in angulated
fractures and associated fractures attributable to varus or

valgus forces acting on the extended elbow. Olecranon frac
tures may also result from a direct blow that causes commi
nution, but minimal displacement, because the periosteum
remains intact (Fig. 32-32).

Treatment consists of splint or cast immobilization for
2 to 3 weeks, if displacement is minimal. When displace
ment is greater than 4 mm in metaphyseal bone, or there
is a joint step-off in the coronoid fossa of greater than 2 mm,

closed reduction is attempted by reversing the mechanism of
injury. Open reduction with internal fixation is recom
mended when closed reduction fails, or when maintenance

of reduction is difficult as a result of fracture instability
(169,170). Internal fixation is achieved by standard osteosynthesis, using the AO tension band technique or its modi
fication, which involves placing the distal wire hole anterior
to the axis of the intramedullary Kirschner wires (171) (Fig.
32-33). This provides additional compression forces across
the articular surface of the olecranon. In younger children,
heavy absorbable suture may be used in place of the figureof-eight wire, because healing is rapid. Angulated meta
physeal fractures that do not align with closed reduction,
and which do not involve the articular surface, often can
be straightened with insertion of an intramedullary pin.
Elbow Dislocation

Elbow dislocation is a relatively uncommon injury in young

children; the peak incidence is in the second decade of life.

Often, there is an associated fracture, most commonly of
the medial epicondyle, but occasionally of the coronoid pro
cess or the radial neck. Elbow dislocation is predominantly
a male injury (70%) involving the nondominant arm

(60%). The most common pattern is posterolateral displace-

FIGURE 32-32. Olecranon fractures. A: Avulsion or flexion
injury is most common, and requires reduction in extension.
Internal fixation is frequently necessary to maintain reduc
tion. B: Extension-type fracture leaves the posterior perios
teum intact, and may be reduced by flexing the elbow. C:
Comminuted fractures result from a direct blow, and may
be minimally displaced.
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FIGURE 32-33. Olecranon fracture. A: Lateral projection showing displaced intraarticular olecra-

non fracture. There is also an impacted radial neck fracture. B: Treatment with standard tension
band technique. The slight variation from standard fixation is to capture the anterior cortex of
the ulna with the Kirschner wires (arrow). C: Standard AO technique, used in a similar case, with
parallel intramedullary Kirschner wires with the tension band transverse hole inferior (arrow). D:
Modified AO technique performed by placing the transverse hole anterior to the Kirschner wires
(arrow). The compressive force is anterior to the pin, which prevents the articular surface of the
semilunar notch from gapping. Ideal joint compressive forces are obtained with placement of the
Kirschner wires down the middle axis of the ulna and the transverse hole anterior to this axis.

ment of the proximal radius and ulna articulation from the
humerus, without disruption of the radioulnar articulation
(172).

Treatment is accomplished by prompt closed reduction,
usually in the emergency department, after establishing
pain control and muscle relaxation. The surgeon should

be aware of possible interposed fragments, such as from
the medial epicondyle, or unsatisfactory postreduction
alignment, suggesting soft tissue or cartilaginous interposi
tion. A posterior splint is applied for 2 weeks; thereafter,

elbow range of motion is initiated to minimize the risk
of fixed contracture.

1354

Chapter 32: Management of Fractures

Complications
The most common complication is loss of motion. This

can be minimized for stable reductions by initiating early
mobilization 2 weeks after injury (172). Stiffness, in the
absence of fracture, usually resolves within 6 to 8 months.
The author recommends avoiding the use of passive stretch
ing devices for at least 4 months, because recovery is ex
pected in children. Occult avulsion fractures should be ex
cised if range of motion has not returned by 6 months.
Rarely, operative release of contracture may be required in
older adolescents, when range of motion is less than func
tional (30 to 100 degrees) 8 months or more after injury
(173,174). Neurapraxia involving the median or ulnar

nerves occurs in approximately 10% of dislocations, and
usually resolves within 3 months. Arterial injury is rare.

Radial Head Dislocation and Nursemaid's
Elbow
Traumatic isolated dislocation of the radial head is a rare
injury (Fig. 32-34). The radial head dislocates anteriorly.

The majority of these injuries actually represent occult
Monteggia injuries, with plastic deformation of the ulna and
anterior dislocation of the radial head. Treatment consists of

closed reduction and immobilization, with the elbow in
flexion and supination.
Occasionally, a child with a previously undiagnosed con
genital radial head dislocation falls and injures the elbow.

Congenital dislocation of the radial head is distinguished
from traumatic dislocation by the fact that congenital dislo
cation is almost always in a posterior direction and the artic
ular surface of the radial head is convex or flat, rather than
having the normal concave contour.
Nursemaid's elbow, or pulled elbow, is a very common
injury in children between 1 and 4 years of age. Typically,
the child is being held by the hand and suddenly falls, or
is pulled upward. Pain is variable. The child will not move

the arm and will hold it in a slightly flexed and pronated
position. Radiographs are not indicated initially, and are
normal, because the injury consists of subluxation of the
annular ligament, rather than true joint subluxation (175)
(Fig. 32-35). When longitudinal traction is applied to the

FIGURE 32-34. Anterior radial head dislocation.

A: Anteroposterior projection demonstrating an

overlap of the radial metaphysis with the capitellum, suggesting disruption of this articulation.
B: Lateral projection indicating anterior disloca
tion of the radial head. There were no other frac
tures of the forearm or elbow. C: Anteroposterior
projection after closed reduction, showing more

normal radial capitellar alignment. D: Lateral pro
jection showing a reduced radius. A line drawn
down the long axis of the radius should bisect the
capitellum of the humerus, regardless of the de
gree of extension of the elbow.

Forearm and Wrist Fractures
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elbow, or "nursemaid's el

bow," occurs as the radial head moves distally. The
annular ligament is partially torn and displaced onto
the radial head. (From ref. 106, with permission.)

child's pronated arm, the annular ligament slips off the ra

separations are more likely in early adolescence, because of

dius and rides up onto the broader radial head, like a rope

the more adult shape of the radius, which concentrates stress

that has jumped out of the groove in a pulley wheel. The
child is unwilling to move the elbow until the stretched

closer to the epiphysis. In 10 to 15% of patients, forearm

annular ligament is reduced.

fractures are associated with elbow fractures. This highlights
the importance of a thorough clinical and radiographic ex

Treatment consists of flexing the elbow to 90 degrees,
then fully and firmly supinating the forearm. A click or

amination of the injured extremity.

snap is often felt as the ligament snaps back into place.

straight bone with a triangular cross section. The radius has

Occasionally, it is necessary to quicldy and fully pronate,

a more complex, curved shape, with a cylindrical proximal

then supinate the forearm, to achieve reduction. This is
especially true for delayed cases. The child should begin to

Anatomically, the forearm is unique. The ulna is a

portion, a triangular middle portion, and a flattened distal

third. The radius rotates around the ulna during forearm

move the arm within a few minutes after reduction. If this
is not the case, then radiographs should be obtained to rule
out occult fracture, and the arm may be immobilized in
a splint for 2 to 3 days, followed by repeat examination.

supination and pronation. There are three areas of soft tissue

Recurrences are not uncommon, but are treated in the same

are connected by the interosseous membrane, which is wider

manner as the initial injury. Eventually, children outgrow
this condition, and long-term sequelae have not been re
ported.

interconnection between the radius and ulna. Proximally,

there is the radioulnar articulation, which is stabilized by
the annular ligament. Centrally, the shafts of the two bones

distally. The fibers run obliquely from the ulna distally to
the radius proximally. This helps transmit force to the ulna
during load-bearing activities. Distally, the triangular fibro-

cartilage complex stabilizes the radioulnar joint by means
of the ulnar collateral ligament and the volar and dorsal
FOREARM AND WRIST FRACTURES

radiocarpal ligaments. The proximal and distal radioulnar
joints are most stable in supination, and the interosseous
membrane is widest with the forearm in a position of 30

accounting for 30

Fractures of the forearm and wrist are common in children,
to 50% of all children's fractures

degrees of supination. Because of these interconnections,

(4,5,176). Most forearm fractures occur in children older

both bones are usually injured at the time of fracture. When

than 5 years of age. The location of the fracture advances

only one bone is broken, there is frequently damage to the

distally with increasing age of the child, probably because

proximal or distal radioulnar articulation.

of the anatomic changes in the metaphyseal—diaphyseal

Forearm and wrist fractures are usually classified into

junction that occur with maturity (177). The younger

three major categories: fracture-dislocations, fractures of the

child's radius is more elastic, and has a gradual transition

midshaft, and distal fractures. Fracture-dislocations include

of the diameter of the radius from shaft to metaphysis,

the Monteggia and Galeazzi lesions. Midshaft fractures of

whereas the transition in diameter is more abrupt at the

the radius and ulna tend to follow three injury patterns:

metaphyseal-diaphyseal junction in the older child (177).

plastic deformation, greenstick fracture, and complete frac

The distal forearm is the site of 70 to 80% of fractures of

ture. Distal fractures are either metaphyseal fractures or phy

the radius and ulna. Most of these are nonphyseal. Physeal

seal separations. Each type of injury presents unique features
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with regard to mechanism of injury, recognition, and man

of the radial head is common with Monteggia fracture-dislo

agement.

cation (179,180).

Bado (179) devised a classification system of four basic
types of injury and several equivalent lesions. Type I in

Forearm Fracture-dislocations

volves anterior radial head dislocation (i.e., ulnar apex defor

The combination of forearm fracture with joint dislocation
is less common than other types of forearm fractures. Mis-

diagnosis may result if radiographs of forearm fractures fail
to clearly demonstrate the elbow and wrist joints. The peak
incidence occurs between 4 and 10 years of age. The
Monteggia lesion is more common, and involves dislocation
of the radial head. The usual mechanism of injury is a fall
on the hyperextended arm. The Galeazzi lesion involves
dislocation of the distal radioulnar joint, and is usually asso
ciated with a distal radius fracture.

mity anterior), which accounts for the majority of childhood

Monteggia injuries (179,180) (Fig. 32-37). Type II fracture

is the least common, and entails posterior or posterolateral
radial head dislocation. In Type III lesions, the radial head

is dislocated laterally, and the ulna fracture is usually in the
proximal metaphyseal region. Type III injury accounts for
25 to 30% of pediatric Monteggia injuries. Type IV frac

ture-dislocations involve anterior dislocation of the radial
head, in combination with fracture of the radius and ulna.
This may be considered a variant of the type I lesion. There
are numerous Monteggia equivalents that represent a multi

tude of variations. For example, the ulna fracture may be
Monteggia Fracture-dislocation

combined with a radial neck fracture, rather than a simple

The Monteggia lesion should be suspected with any pediat-

radial head dislocation (Fig. 32-38). Segmental fractures
and plastic deformation of the ulna are other forms of

ric forearm fracture, including minimally displaced greenstick fractures of the ulna. A true lateral radiograph of the
elbow provides the best assessment of the radiocapitellar
joint. In the normal elbow, a line drawn down the long axis
of the radial shaft will bisect the capitellum, regardless of
the position of flexion or extension of the elbow (178) (Fig.
32-36). Congenital dislocation of the radial head is distin

guished from traumatic dislocation by the fact that congeni
tal dislocation is usually posterior and the articular surface
of the radial head is convex. In contrast, anterior dislocation

Monteggia equivalent injury.
Treatment depends on the character of the ulnar fracture,

more than the direction of the radial head dislocation, be
cause stable, anatomic reduction of the ulnar fracture main
tains

anatomic

reduction

of the

radial

head.

Most

Monteggia injuries in children younger than 12 years of age

can be managed successfully by closed reduction and aboveelbow casting, with the elbow in full supination and 90 to
110 degrees of flexion. Weekly follow-up is suggested for
2 to 3 weeks, to detect recurrent radial head subluxation.
Transient nerve palsies, most commonly of the posterior
interosseous nerve, occur in approximately 10% of patients.
Operative intervention is indicated when there is a radial

neck fracture, instead of a simple dislocation. Another indi
cation is ulnar angulation that cannot be controlled, which

may be the case with oblique or segmental ulnar fracture
(181). The percutaneous insertion of an ulnar intramedullary pin is a simple and effective way to manage this prob
lem. Alternatively, the ulnar shaft can be plated. On rare
occasions, when the radial head is not reduced after correc
tion of ulnar length and alignment, open examination of

the joint is indicated. Interposition of the annular ligament
or an intraarticular osteochondral fragment may be found.

Transcapitellar pinning of the reduced radial head is usually
unnecessary and inadvisable.

\

Complications. Delayed diagnosis is the most frequent
complication associated with Monteggia fracture-disloca
tions. Patients presenting less than 3 weeks after injury with
persistent dislocation should be treated by attempting closed
reduction. If the ulna can be reduced and held, the radial
head will usually reduce and remain stable. Open reduction,

FIGURE 32-36. A true lateral radiograph of the elbow joint al
lows assessment of the integrity of the radiocapitellar joint. A
line drawn down the long axis of the shaft of the radius will bisect
the capitellum in all positions of flexion and extension. (From ref.
178, with permission.)

with reconstruction of the annular ligament, is indicated if
closed reduction fails, or when the injury is more than 4
weeks old. Ulnar osteotomy to restore length and alignment
may be necessary (182-184).
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FIGURE 32-37. Type I Monteggia lesion. A: The lat
eral projection shows an ulnar fracture angulated an
teriorly, with dislocation of the radial head in the
same direction. B: The anteroposterior projection
shows malalignment of the radiocapitellar joint. C:
Alignment after closed reduction and correction of
the ulnar angulation. A line through the central axis
of the radius points to the capitellum. This fracture
must be followed closely for recurrent angulation. D:
The anteroposterior projection shows early healing
of the ulna and normal alignment of the radiocapi
tellar joint.

Galeazzi Fracture-dislocation

Midshaft Fractures

The classic Galeazzi lesion is a fracture of the distal third of

Plastic Deformation

the radius, without fracture of the ulna, and is associated with
dislocation of the distal radioulnar joint. This is an uncom
mon injury in children. The triangular fibrocartilage complex
is disrupted, and the distal ulna is dorsally displaced, as viewed
on a lateral radiograph. Injury to the distal radioulnar joint
is frequently overlooked, and persistent joint subluxation is
responsible for poor long-term results (185). The Galeazzi
equivalent injury is represented by physeal separation of the
distal

ulna,

instead

of a

triangular

fibrocartilage

tear

(186,187). Long-term problems with this injury include pre
mature physeal arrest and loss of supination.
Treatment consists of closed reduction and above-elbow

Plastic deformation or traumatic bowing of the forearm is
possible, because of the elastic properties of young children's
bones. This injury represents a series of microfractures that
are not seen on radiographs. Bowing of both bones may
occur, but plastic deformation of one bone is often associ
ated with complete or incomplete fracture of the other fore
arm bone. Reduction is recommended, if deformity was
immediately obvious at the time of injury, or when angula

tion is greater than 20 degrees (188,189).

Treatment of plastic deformation usually requires general
anesthesia, because a prolonged corrective force must be

casting with the forearm in full supination. It is rarely neces

applied to permanently straighten the bone. The position

sary to place a smooth Kirschner wire across the joint or

of immobilization follows the principles outlined in the dis

the fracture to maintain reduction.

cussion of greenstick fractures.
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FIGURE 32-38. Monteggia equivalent lesion. A: There is an anteriorly angulated proximal ulnar

fracture with an anterior displaced radial shaft. There is also a fracture of the radial neck with
malalignment of the radiocapitellar joint. B: Anteroposterior projection. C: This fracture configura
tion usually requires open reduction. In this instance, a small plate was used on the ulnar shaft.
An alternative would have been an intramedullary rod. The radial neck fracture was treated
with a minifragment compression screw. D: The anteroposterior projection shows restoration of
alignment.

Greenstick Fractures

the distal segment; the child presents with the palm facing
down, relative to the apex of the fracture deformity (Fig.

A complete fracture of one cortex and plastic deformation
of the opposite cortex characterize greenstick fractures. Most
greenstick fractures represent a rotational malalignment, in
addition to angular deformity. Apex-volar greenstick frac

ture is the most common type, and results from excessive
supination forces applied to the distal segment, combined
with axial load. The child presents with the palm facing the
apex of the fracture deformity (Fig. 32-39). Apex-dorsal
deformity results from excessive pronation force applied to

32-40). Occasionally, greenstick fractures of the radius and
ulna are caused by direct force, producing mostly angular
deformity, without much malrotation. Reduction is indi
cated if deformity was immediately obvious at the time of
injury, or when shaft angulation exceeds 20 degrees in a
child younger than 8 years or 15 degrees in an older child.
Treatment of greenstick fractures requires adequate pain
relief for one quick reduction attempt that is usually success
ful. Reduction is accomplished by simply reversing the in-

FIGURE 32-39. Coupled relation of rotation and an
gulation. This fracture demonstrates volar angula

tion. The mechanism of injury was falling on the out
stretched hand. When the fractures of the radius and
ulna are at different levels, angulation cannot occur
without rotation. Note the anteroposterior appear
ance of the elbow and the lateral projection of the
wrist. This deformity is corrected with pronation of
the distal fragment.
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FIGURE 32-40. Coupled relation of rotation and
angulation. A: The radiograph shows deformity

with pronation of the distal fragment and dorsal
angulation of the radius. The ulna has under
gone plastic deformation. When a single bone
angulates, it must rotate around the other. B:
Alignment is restored with supination of the dis
tal fragment. The lateral projections of the elbow
and the wrist are now matched.

jury mechanism. Apex-volar deformity (apex of fracture in

proximal fragments are in a position of supination, as a

the direction of the palm of the hand) is reduced by pronat-

result of the actions of the biceps and supinator muscles.

ing the wrist, while applying pressure to the volar surface

When the fracture is more distal, the pronator teres has a

of the forearm. Apex-dorsal deformity (apex of fracture in

neutralizing effect on the proximal fragment. Evans (192)

the direction of the dorsum of the hand) is reduced by

plotted the rotational position of 50 complete shaft fractures

supinating the wrist, while applying pressure to the dorsal

and determined that the proximal radial fragment was in

surface of the forearm. Completing the fracture of the oppo

neutral to slight supination, when the fracture was in the

site cortex is unnecessary, although this occurs frequently

distal third. The proximal fragment was more frequently in

during the reduction maneuver. After reduction, the arm

supination, when the fracture was in the proximal third.

is immobilized in a well-molded sugar-tong splint or a bi-

None of the shaft fractures reviewed by Evans resulted in

valved long-arm cast. Three-point pressure is essential for

pronation of the proximal fragment.

the maintenance of reduction. Weekly follow-up is recom

Managing these fractures can be difficult, but nonunions

mended for 2 to 3 weeks after reduction. It is generally

and serious complications are rare after closed treatment.

necessary to change the cast for remolding as swelling sub

The principal concerns are the possibility of residual defor

sides during this period. Six weeks of immobilization are

mity and loss of forearm rotation. Guidelines for the man

usually adequate, but refracture is a risk when immobiliza

agement of complete forearm fractures are based on the

tion is discontinued too soon.

following observations:

Complications. Refracture is seen more often after greenstick

fractures

than

after

complete

forearm

fractures

(190,191). This is possibly attributable to resorption on the

fractured side, with the intact cortex preventing gap closure,
and leading to delayed union. One method to reduce the
risk of refracture is to complete the fracture of the intact
cortex at the time of reduction. Another option is to use a
longer period of immobilization in a cast or removable
splint, until union of both cortices is complete.

Complete Shaft Fractures
Complete fractures of the forearm result from higher-energy

1. Younger children with more distal fractures have the
best prognosis (12-14,193,194).

2. Children within 1 year of skeletal maturity should be

treated as adults (195).
3. Residual loss of supination (pronation deformity) is
more difficult to accommodate than loss of pronation.
When in doubt, immobilize the forearm in neutral or
moderate supination (196,197).
4. Cosmetic appearance is principally influenced by the
alignment of the ulna. A straight ulna usually produces
a straight-appearing forearm (192).
5. Rotational function is determined primarily by the po
sition of the radius (192,198).

6. The interosseous membrane is wider and more accom

trauma than greenstick fractures. The proximal segments

modating distal to midshaft. Mild loss of radial bow

usually assume a position dictated by muscle forces, because

and interosseous encroachment are acceptable distally

the muscle actions are unrestrained by an intact cortex. Most

(198).
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tion (199,200).

increasing the angular deformity, applying longitudinal
traction to lock in place and straighten the fracture, then
correcting any malrotation by supinating or pronating the
forearm. If this is unsuccessful, it is often helpful to apply
traction, using finger traps for a period of 10 minutes, before
another attempt is made. Rotational alignment is assessed

avoid cast slippage (201).

by observing the bone widths and matching their contours
on radiographs. Comparison radiographs of the opposite

7. Bayonet apposition is acceptable for all pediatric shaft
fractures, if rotation is correct and there is no angula8. Consider immobilization with the elbow extended for
children younger than 4 years, and for proximal third
fractures in all age groups. Incorporate the thumb to

9. Improvements in alignment can be made by gentle
molding in a new cast, or by remanipulation for 1 to
3 weeks after injury (202,203).

10. In children younger than 8 years of age, 15 degrees of
midshaft angulation is acceptable. For a more proximal
fracture, less deformity should be the goal (200,204).
11. Children older than 8 years should not be allowed to
develop more than 10 degrees of angulation of middle
or proximal shaft fractures, and should be held to less
than 15 degrees for fractures distal to the midshaft
(196,200,205).

12. Malrotation of 20 to 30 degrees is acceptable for a good
outcome (200,206).

13. Loss of forearm rotation of less than 30 degrees does not
result in significant functional limitations (207,208).
Treatment is usually by closed reduction and plaster im
mobilization. Adequate pain relief and muscle relaxation are
required, because more than one attempt may be necessary.
Regional (i.e., Bier or axillary block) or general anesthesia is

often preferred. The reduction technique typically involves

extremity, in various degrees of rotation, may be helpful in
determining rotational alignment (206). Alternatively, the
position of the bicipital tuberosity may serve as a guide to
rotation, because it is approximately on the side of the radius
opposite the radial styloid and thumb (192). Postreduction

casting entails a flat interosseous mold along the volar fore
arm, creating an oval shape, while keeping a straight lateral
border along the ulnar side. An above-elbow cast or splint
should be used. Fracture stability is improved with at least
50% bone apposition. If one bone disengages, shortening
may occur, followed by increasing angulation. This may
respond to remanipulation or require surgical stabilization.

Weekly reevaluation is recommended for the first 3 weeks
(Fig. 32-41). Union is usually complete in 6 to 8 weeks.
Nonunion is rare, and closed treatment produces excellent
results in greater than 95% of patients, when the physician
is
able
to
observe
the
management
guidelines
(196,200,204,209).

Operative intervention with internal fixation is indicated
for 7 to 10% of all complete shaft fractures (210). Indica-

FIGURE 32-41. Forearm with subsequent malunion fracture in a 10-year-old boy. A: Radio
graphs demonstrate displaced fracture of the ra
dius with greenstick fracture of the ulna. B:
Acceptable reduction is achieved with comple
tion of the ulnar fracture. The cast is poorly
molded along the ulnar border. The patient did
not return for follow-up as instructed, (con
tinued)
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FIGURE 32-41. (continued) C and D: Anteroposterior and lateral radiographs demonstrate
midshaft malunion. E: Radiographs and clinical
photographs 10 months later demonstrate re
modeling. F: Range of motion and function are
normal. The patient is not aware of any cos
metic deformity.
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tions include open fractures, soft tissue interposition block
ing reduction, refracture with displacement, and failed closed
management (211-213). Segmental fractures, multiple
trauma, and high-energy injuries constitute relative indica
tions for operative stabilization (Fig. 32-42). Intramedullary
fixation is usually preferred for children and adolescents, be
cause healing is rapid and supplemental casting does not lead

to loss of motion (210,214,21 5) [-1.16]. Fixation is usually
achieved by insertion of a small, flexible pin of 1.5 mm or

2.5 mm in diameter (211) (Fig. 32-43). The tip is dulled,
and a 30-degree bend is made at the very tip, to facilitate
passage across the fracture site. The ulnar pin can be inserted
proximally just lateral to the tip of the olecranon, or distally
in the flare of the ulna. The radial pin is inserted in the distal
metaphysis, avoiding penetration of the growth plate. An

oblique drill hole is made in the metaphyseal cortex, and the
wire is introduced into the medullary canal. It is tapped or
gently rotated into the medullary canal, until it passes the
fracture site. Occasionally, it is necessary to perform a lim
ited open reduction at the fracture site to facilitate passage

of the wire. Both bones are usually stabilized, but one is suf

ficient in some cases (216). It is usually best to bend the pins

and leave them under the skin, because they should be left
in place for 3 months to reduce the risk of early refracture.

Supplemental casting is used for approximately 6 weeks
after fixation.

Plating is rarely used in younger children, but it is indi
cated for comminuted fractures, or for adolescents within
1 year of skeletal maturity. This provides anatomic fracture
alignment, and allows early unprotected range of motion.
Plating requires more dissection, and has the disadvantage
of possible later hardware removal, which entails the added
risk of neurovascular injury and refracture (217,218).
Complications. Complications of forearm fractures in
clude refracture, malunion, decreased forearm rotation, syn-

ostosis, nerve injuries, and, rarely, nonunion or other prob
lems. Malunion is the most common complication, but
remodeling may be surprising, and function may return to

normal, despite malunion (200,204,205,209,219).
A 3- to 6-month period of observation is recommended
when deformity is less than 20 degrees. Shaft deformities

FIGURE 32-42. Displaced fractures of the ra
dius and ulna associated with type III supra-

condylar fracture. A: Radiograph at time of

presentation. No neurovascular deficits are
noted. B and C: Flexible intramedullary wires
were used to stabilize the forearm, with per
cutaneous pins to stabilize the humerus. This
facilitates postoperative management during
cast changes.
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nailing

proce

dure for flexible intramedullary nails. The
ulnar wire can be introduced digitally, as
shown, or through the olecranon. (From
ref. 210, with permission.)

greater than 30 degrees should be corrected as soon as some
strength and motion have been regained, usually 3 months
after the initial injury. Deformities between 20 and 30 de
grees may require early correction at 3 months, depending on

the clinical appearance, the age of the child, and the location

of the malunion. Results are better when deformity is cor
rected within 1 year ofthe initial injury (220). Intramedullary
fixation is usually sufficient for younger children (221). Older
children benefit from plate fixation, to begin early motion
after osteotomy to correct malunion (Fig. 32-44).

A-C

D-F

FIGURE 32-44. Malunion of the forearm in a 14-year-old child. A: Anteroposterior view of the

alignment after closed reduction and casting. B: The lateral projection shows acceptable align
ment. C: The anteroposterior projection 12 weeks after treatment shows malunion of the radius
and ulna. D: A lateral projection shows dorsal angulation. Clinical evaluation demonstrated only
15 degrees of rotation of the forearm. E: An anteroposterior projection after osteotomy and
internal fixation with 3.5-mm compression plates. F: The lateral projection shows restoration of
anatomic alignment. The range of motion was improved significantly, with full supination but a
loss of the last 20 degrees of pronation.
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Distal Metaphyseal Fractures of the

early adolescence (223) (Fig. 32-46). Friberg (12-14) ob

Radius and Ulna

served that dorsal tilt up to 20 degrees remodels 50% of

Distal metaphyseal fractures of the radius and ulna are com
mon, and are usually caused by a fall onto the hand with the

wrist in a pronated, extended position. Unicortical fractures
(i.e., torus or buckle fractures) are frequently encountered,
and are stable injuries. Treatment is directed toward patient
comfort and protection of the forearm from further injury.
Immobilization with a below-elbow cast or splint for 2 to

3 weeks is sufficient. Torus or unicortical fractures should
be differentiated from the minimally displaced bicortical
fracture that has a propensity for secondary angulation (222)
(Fig. 32-45). A well-molded cast is recommended for com
plete fracture, and should extend above the elbow, if there
is pain with forearm rotation. Follow-up radiographs are
recommended 1 week after complete bicortical fractures.
Fractures of the distal radial metaphysis have great poten
tial for remodeling, because of rheir proximity to the distal
growth plate. Bayonet apposition may be accepted until

these fractures in the first 6 months, and the remaining
50% in an additional 18 months, as long as the growth
plate remains open. Deformity greater than 20 degrees may

also remodel, but this is less predictable, especially in older
children. The guidelines for acceptable residual angulation
are age-dependent, and serve only as a general indicator of

expected results. Dorsal tilt (apex-volar angulation), up to
35 degrees, can be accepted in children younger than 5 years
of age. This decreases to 25 degrees for children between 5

and 12 years of age. In older children, the dorsal tilt should
be controlled at less than 15 degrees, to ensure a good out
come. Radial deviation remodels less than angulation in the
plane of flexion and extension. Therefore, radial deviation

should be kept to less than 15 degrees in children younger
than 12 years of age and to less than 10 degrees in older

children (223-225).
Treatment of displaced or angulated fractures consists of
closed reduction and plaster immobilization. In complete

fractures, the distal fragment is usually dorsally displaced,
but the dorsal periosteum is intact. Reduction is accom
plished by increasing the deformity, which relaxes the intact
periosteal hinge. Longitudinal traction is then applied with
digital pressure at the fracture site until length is restored.

The angular deformity is then corrected (Fig. 32-47). More
reduction force is required if the ulna is intact, and pronating the distal segment during the reduction maneuver assists
in fragment realignment. After reduction, the wrist should
be placed in slight palmar flexion and ulnar deviation. The
cast is molded with three-point pressure dorsally over the
distal fragment, centrally on the volar surface of the forearm,

and proximally on the dorsal surface of the forearm. The
cast molding technique is designed to counter the tendency
for later radial and dorsal fracture displacement. Most often,
an above-elbow cast or splint is used for immobilization,
but it has been demonstrated that a well-molded below-

elbow cast can also effectively control these fractures (226).
Fracture alignment should be monitored closely for the first
few weeks after injury, when the potential for redisplacement is greatest.

Occasionally, a distal third metaphyseal fracture is irre
ducible by closed manipulation. This may be accepted, ex
cept in patients approaching skeletal maturity, as long as
alignment is within the described guidelines. However, redisplacement is more common when bayonet apposition is
B
FIGURE 32-45.

Bicortical fracture. A: This minimally displaced
bicortical fracture (arrow) of the distal radius can easily be mis
taken for a simple dorsal buckle fracture. B: Three weeks later,
after cast removal, 35 degrees of dorsal angulation is seen. Al
though this probably will remodel during the next year, there
is considerable clinical deformity and loss of rotation until this
angulation resolves. This problem can be avoided through the
use of a well-molded below-elbow cast or a cast placed above
the elbow to control rotation.

accepted. The reported incidence of fracture redisplacement

varies considerably (226,227). Supination of the forearm
has been recommended to reduce the pull of the brachioradialis, and thereby reduce the incidence of delayed dorsal
angulation (228). Fractures that do not maintain their posi
tions can be remanipulated. Percutaneous pinning has been
recommended to avoid repeated manipulation (228), but

physeal closure has been reported with this technique (229).
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FIGURE 32-46. Distal radius and ulna fractures in a 14-year, 6-month-old boy. A and B: Bayonet
opposition was accepted in cast. C and D: Eighteen months after injury, radiographs demonstrate
satisfactory remodeling. E and F: Range of motion and function are symmetric.

Complications
Complications are rare. Significant residual deformity can
remodel. Dorsal tilt of 35 degrees and radial tilt of 15 de
grees should be given a chance to remodel before consider
ing osteotomy. Misdiagnosis of a Galeazzi-type fracture can

fracture of the ulnar styloid (186). Distal physeal separation
of the ulna is uncommon, but often leads to premature
physeal closure (187).
Distal Radius Physeal Fracture

also occur. Galeazzi-type fracture-dislocation should be sus

Fracture of the growth plate of the distal radius is the second

pected when an isolated radius fracture is associated with

most common physeal injury, with phalangeal fractures
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FIGURE 32-47. Reduction technique for a distal both-bone fracture. A: The fracture is 100%
translated and shortened. The dorsal periosteum is generally intact. Longitudinal traction alone
can tighten the soft tissues, preventing reduction of the fragment. B: The dorsal soft tissues need
to be completely relaxed, by hyperextending the fracture and providing longitudinal traction,
restoring length to the dorsal cortex. Digital pressure on the distal fragment generally helps with
this maneuver. C: The reduction is completed with volar flexion of the distal fragment. The goal
is at least 50% apposition of the bony surfaces with no angulation.

being the most common (29). Distal radius physeal fracture
accounts for approximately 15% of all forearm fractures
(177). Eighty percent are Salter-Harris type I or II injuries.

The germinal cells remain with the distal epiphyseal frag

ment, and anatomic reduction is unnecessary for continued
normal growth. Occasionally, more complex injuries occur,

Complications
Growth arrest has been reported after nondisplaced or mini
mally displaced fracture. If growth arrest occurs, corrective
lengthening osteotomy using iliac crest graft has been suc
cessful in restoring alignment and function (231,232).

with higher rates of premature growth arrest, and anatomic
reduction may be required.

Treatment for the type I and II fractures is similar to

the treatment of distal radius metaphyseal fracture described

FRACTURES OF THE THORACIC AND
LUMBAR SPINE

previously. Multiple reduction attempts may lead to growth
plate damage. Two or more attempts have produced growth

Clinical Features

arrest in slightly more than 25% of these patients (230).

Spine fractures in children represent 1 to 2% of all pediatric

Repeat manipulation should not be attempted more than

fractures (3). Most of these injuries involve the cervical

10 days after injury, because physeal healing has already

spine, and are discussed in Chapter 21. Thoracolumbar

commenced, and further growth plate trauma may result.

spine injuries are less common in children than in adults,

Cast immobilization can usually be discontinued 4 weeks

but the incidence is difficult to determine. The reported
incidence may be artificially low, because some children

after injury.

Fractures of the Thoracic and Lumbar Spine
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with injuries severe enough to cause spinal fracture may die

The ligaments and discs attach to this groove, which is
therefore an apophyseal ring. The ring apophysis develops

trauma (234,235).

fuses with the remainder of the vertebra at skeletal maturity

from associated injuries (233). Causes of spine injury in
clude falls, athletic activities, battering, and motor vehicle
There is a 50% incidence of associated injuries in chil
dren who sustain spine trauma from motor vehicle crashes
(234). Complete examination is essential when evaluating
a child with multiple injuries, because spine fractures are
occasionally overlooked (236,237). Examination may reveal

tenderness, swelling, ecchymosis, or a palpable defect poste
riorly along the spinous processes. A seatbelt mark across
the abdomen or injury of an abdominal organ should in
crease the index of suspicion. Any loss of sensory or motor
function should be accurately documented.
Spinal cord injury is less frequent in children than in
adults. Perhaps this is attributable to the fact that the pediatric spine is much more flexible than the adult spine, and
allows greater deformation without fracture. This increased
musculoskeletal elasticity is not shared by the spinal cord,
and may lead to the occurrence of spinal cord injury without
radiographic abnormality. The disproportionately large

head size and other structural features in children place the

cervical and upper thoracic region at greatest risk for spinal
cord injury. Trauma to the lower thoracic or lumbar spine
in children is rarely associated with spinal cord injury. The

prognosis for recovery from incomplete neurologic injury

is better in children than in adults, but complete lesions
rarely improve (234).

Plain radiographs should be obtained when spine trauma
is suspected, but these may be difficult to interpret. A CT
and/or MRI are indicated for evaluation of the majority
of patients, when thoracolumbar injuries are suspected or

known to be present (237). A CT is especially helpful to

evaluate the bony structures. Sagittal and coronal recon
struction can be used to evaluate alignment and spinal canal
encroachment. MRI is more useful than CT to evaluate
the spinal cord, intervertebral discs, and other soft tissue
structures (237). An MRI is indicated in all cases with neu
rologic deficit.

Anatomy and Classification

The thoracic and lumbar vertebrae form three main ossifica
tion centers, one for the left and right sides of the neural
arch and one for the body. The junction of the arches with

the body occurs at the neurocentral synchondrosis. This

junction is visible radiographically until the age of 3 to 6
years. It lies just anterior to the base of the pedicle, and can
be misinterpreted as a congenital anomaly or fracture in
younger children. Secondary centers of ossification occur
in flattened, disc-shaped epiphyses superior and inferior to
each vertebral body. These centers provide longitudinal
growth, but do not cover the entire vertebral body (238).
Ossification of these growth plates at the age of 7 to 8 years
creates the radiographic impression of a groove at the corner
of each vertebral body. This groove is circumferential
around the upper and lower end plates of each vertebra.

its own ossification center by the age of 12 to 15 years, and
(239).

Classification systems for thoracolumbar spine fractures
in children have not been proposed. The three-column the
ory of Denis (240) allows classification of adult fractures,
and also has relevance for the pediatric population. Accord
ing to this theory, the thoracolumbar spine consists of ante
rior, middle, and posterior columns. The anterior column

includes the anterior longitudinal ligament, the anterior half
of the vertebral body, and the anterior portion of the annu
lar ligament. Middle column structutes are the posterior
half of the vertebral body, the posterior annulus, and the
posterior longitudinal ligament. The posterior column in
cludes the neural arch, the ligamentum flavum, the facet
joint capsules, and the interspinous ligament. Spinal stabil
ity is primarily dependent on the status of the middle col
umn (241).

Denis (240) applied this three-column theory, to classify
minor or major thoracolumbar fractures. Minor injuries in

clude isolated fractures of the posterior elements. Major
fractures are subdivided into compression fractures, burst
fractures, seatbelt-type injuries, and fracture-dislocations.

Compression of the anterior column is usually stable, and
results from axial loading in flexion. Lateral compression
fractures of the vertebral body may also occur. Further
compression results in a burst fracture that is unstable, be

cause the middle column becomes involved. Lapbelt injuries
(Chance fractures) are unstable, because they disrupt the
posterior and middle columns by flexion and distraction

forces. Fracture-dislocations usually involve all three col
umns, and result from various combinations of forces.
Certain types of thoracolumbar injuries are unique to
children. These include most cases of spinal cord injury

without radiographic abnormality, posterior limbus or
apophyseal fractures, and fractures associated with child
abuse.

Treatment of Thoracolumbar Fractures
Older adolescents sustain injuries similar to those seen in
adults, and should be managed accordingly (242). The ma
jority of thoracolumbar spine fractures in children and
younger adolescents are minor, stable, and without neuro

logic deficit. Simple bed rest and gradual resumption of
activities are generally sufficient for management of these
injuries. In the active athlete with an acute fracture of the

pars intraarticularis, a thoracolumbar-sacral orthosis
(TLSO) is recommended for 6 to 8 weeks in an attempt to
obtain union.

Compression Fractures

The majority of compression fractures in children occur
in the thoracic spine (Fig. 32-48). Multiple compression

Chapter 32: Management of Fractures

1368

and rests over the abdomen, instead of the proximal thighs
and hips (246). The incidence of Chance fractures in chil
dren has increased since the introduction of mandatory seatbelt laws. Fortunately, this injury has a better prognosis
in children than in adults (247). Neurologic deficits are

infrequent, but intraabdominal injury is common and ob
scures the diagnosis of spine trauma (Fig. 32-49).
This is an unstable injury in most cases. Treatment con

sists of cast immobilization for 8 to 10 weeks, when there

is minimal displacement and the fracture line goes through
bone. Posterior surgical stabilization is indicated in the pres

ence of displacement or neurologic deficits, or when there
is a significant ligamentous component, instead of fracture

through bone. One-level posterior fusion is generally suffi
cient (139,236). This can be achieved by spinous process
wiring and cast immobilization, or by hook/rod and pedicle
screw fixation in older children.

FIGURE 32-48. An 11-year-old girl fell from a horse and sus
tained a compression fracture at T6, which is seen on this lateral
spine radiograph.

Limbus Fracture (Apophyseal Fracture)
This fracture is typically seen in the adolescent or young
adult, and presents clinically like a herniated nucleus pulposus. It often results from lifting a heavy object, but may

injuries are not uncommon. When wedging of the thoracic
or lumbar vertebra is less than 10 degrees, treatment consists

of bed rest with gradual resumption of activities, as toler

ated. When wedging is greater than 10 degrees and the
Risser sign is less than 3, immobilization in hyperextension

is recommended for a period of 2 months, followed by

occur from falls or twisting injuries. The patient may de

scribe a "pop" at the time of injury, followed by radiculopathy. Delayed diagnosis is common (248). Takata et al. (249)
described four types of growth plate injuries to the spine.
However, nonoperative management is rarely successful, re
gardless of the type (243,248). Once the diagnosis is con

bracing for 1 year or more (235). Surgical stabilization is

firmed, MRI and/or CT should be used to determine the

recommended when compression is greater than 50%, for
lateral compression greater than 15 degrees, or in adoles

sion is then performed by piecemeal excision of the limbus

cents near skeletal maturity (235,243).

exact location and configuration of the lesion. Surgical exci
fragment.

Burst Fractures

These injuries can be managed nonoperatively when the
posterior column is intact and there is no neurologic injury

Complications
Complications of thoracolumbar fractures in children are

(235,243,244). Treatment usually consists of hyperexten

uncommon, unless there is an accompanying neurologic

sion casting for 2 to 3 months and bracing for an additional

deficit. Major fractures in children can be unpredictable.

6 to 12 months. Surgical decompression and instrumenta

They may remodel or develop late deformity with sponta

tion are recommended for patients with neurologic compro
mise (243,244). Posterior distraction and instrumentation
may achieve decompression by ligamentotaxis with reduc
tion of the retropulsed fragments (245). Anterior de
compression has been recommended in the presence of mul
tiple

nerve

root

paralysis,

but

the

role

of anterior

decompression and instrumentation remains controversial
(246).

Lapbelt Fractures (Chance-type Fracture)

neous progression (234,235). Late deformity is common

when there is an associated neurologic deficit, or after wide
laminectomy (250). Remodeling is more likely in younger

children without spinal cord injury, particularly when the
iliac apophysis is incompletely ossified (Risser sign less than
3) (235). However, remodeling can occur in older children.

Spontaneous remodeling and redevelopment of the spinal

canal has been observed in adults after burst fractures with
canal encroachment (251). Long-term back pain is uncom
mon after spine fractures in children. Perhaps the juvenile

This flexion-distraction injury has been associated with the

discs and facet joints are relatively resistant to permanent

use of lapbelt restraints, when the lapbelt slides up the torso

damage (234).

Pelvic Fractures
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B,C
FIGURE 32-49. Lapbeit fracture (Chance fracture). A: Anteroposterior abdom
inal and chest radiograph of a 10-year-old girl involved in a motor vehicle
crash. She was restrained with a lapbeit only. This radiograph was taken after
laparotomy for a mesenterictear. B: Several days after laparotomy, the patient
complained of back pain. This lateral radiograph shows a flexion/distraction
injury through the body of L1, and posteriorly through the cephalad portion
of L1 and the spinous process of T12. C: Magnetic resonance image. Note the
injuries to the body of L1, and to the interspinous and supraspinous ligaments
at T12 and L1. The posterior column failed in tension. The patient was managed
successfully with an extension cast for 8 weeks.

PELVIC FRACTURES

tional fractures. Mortality rates are lower in children than
in adults, but death occurs in 3 to 15% of juvenile pelvic

Clinical Features
Fractures of the pelvis in children are uncommon. The an

nual incidence has been estimated to be 1 per 100,000 chil

dren per year (3). Avulsion fractures often result from ath
letic injuries in adolescent athletes. Avulsion injuries are

discussed elsewhere in this textbook. Other types of pelvic
fractures in children are usually the result of high-energy
trauma. However, pediatric pelvic fractures are often stable
and minimally displaced. The immature pelvis is more
malleable than that of an adult, largely because of a greater
component of cartilage and the greater flexibility of adjacent
joints. This allows greater energy absorption before fracture.

The flexibility of the pediatric pelvis also permits single
breaks in the pelvic ring to occur. High-energy, unstable
pelvic fractures are rare. The majority of unstable pelvic
fractures are caused by a pedestrian being struck by a motor

trauma cases (51,253-255,257). Death is most frequently
related to head injury, but exsanguination from fractures or
visceral injuries can occur. The risks of hemorrhage and

associated visceral injuries correlate with fracture patterns
(254,258). Patients with bilateral anterior and posterior
fractures are at greatest risk, whereas isolated pubic ramus
fractures have the lowest risk of hemorrhage and intraab
dominal injury.

Evaluation includes a careful physical examination for
associated injuries, including neurologic deficits. Any lacera
tion should be inspected to determine whether an open
fracture has occurred. Rectal examination is indicated to
look for hemorrhage signifying bone penetration into the
rectum, and to verify intact perineal sensation (i.e., sacral
plexus function). Pelvic stability should be tested with ante
rior and lateral compression of the pelvis. Peripheral arterial

(254—256). These associated injuries include head injuries,

circulation should also be noted. Plain radiographs are use
ful for screening, but may be difficult to interpret. Pelvic
inlet (40 degrees caudal), outlet (40 degrees cephalad), and
Judet (45 degrees oblique) views can help define the fracture
pattern and the potential involvement of the acetabulum.
However, these views have largely been replaced with CT

intraabdominal trauma, urologic disruptions, and addi

with or widiout three-dimensional reconstruction.

vehicle (252,253).
Approximately 20% of polytraumatized children have
pelvic fractures (52), and children with pelvic fractures

have associated injuries in approximately 75% of cases
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Anatomy and Classifications of Pelvic

of the pubic symphysis can occur in children, without insta

Fractures

bility of the sacroiliac joint posteriorly, because of the elas

The pelvis is formed from three ossification centers: the
ischium, the pubis, and the ilium. These come together at
the acetabulum to form the triradiate cartilage. Secondary
ossification centers can be confused with fractures. These

ticity of the child's pelvis. In young children, this fracture
usually represents separation at the bone—cartilage junction
rather than joint disruption.

appear at the apophyses between 13 and 16 years of age.

Type B: Rotationally Unstable Fractures

The apophyses that are principally associated with avulsion

This is a pelvic ring disruption that is stable in the vertical

injuries are located on the ischial tuberosity, the anterior

inferior iliac spine, and the anterior iliac crest. Secondary
centers of ossification can also develop along the pubis and
the ischial spine. Several other normal variants can also be
confused with fractures. An area of particular confusion is
at the junction of the inferior pubic ramus and the ischium.
Before ossification, this junction can have the appearance
of a fracture, especially when ossification is asymmetric. A
swelling may also occur in this area, and can simply be

observed when asymptomatic.
Several classifications have been proposed for pelvic frac
tures (253). The author prefers the classification proposed

by Watts (259):

plane, but unstable in the transverse plane. Mechanisms
include lateral compression causing, for instance, pubic and

ischial ramus fractures with contralateral sacral fracture. Al
ternatively, anterior compression may cause an "openbook" type of injury with pubic diastasis.

Type C: Rotationally and Vertically Unstable
Fractures

This group includes bilateral pubic rami fractures (straddle
injuries), which rarely displace in children; vertical shear
fractures through the ipsilateral anterior and posterior pelvic

rings, and anterior ring fractures with acetabular disruption.

1. Avulsions.

2. Fractures of the pelvic ring (stable and unstable).
3. Fractures of the acetabulum.

Fractures of the pelvic ring can be subclassified using the

AO/ASIF classification of adult pelvic fractures (257). This
classification is based on both the mode of injury and the

resulting stability characteristics of the fracture.

Type A: Stable Injury

Treatment of Pelvic Fractures
Pelvic Ring Fractures
Most pelvic fractures in children have a favorable result with
a minimum of treatment. Stable fractures are managed by
bed rest followed by gradual resumption of weight bearing,

as tolerated. Unstable pelvic fractures that do not involve
the acetabulum can be managed with more prolonged bed
rest (1 to 2 months), when displacement is minimal (less

Stable injuries include isolated fractures of the pubic ramus

than 1 cm, in the author's opinion). Careful observation

or iliac wing (Fig. 32-50). It should be noted that diastasis

with frequent radiographs is recommended to recognize and
treat any additional displacement. Union and remodeling
occur reliably, in spite of mild displacement (252,255,260).

Unstable pelvic fractures with greater amounts of displace
ment (more than 1 cm) should be reduced with traction or

open reduction. The author recommends reduction of
pubic diastasis (open-book) fractures, when the diastasis ex
ceeds 3 cm, or when stability is required for urologic recon
struction. Stabilization after reduction can be achieved with
pelvic sling and/or cast immobilization. Usually, external
and/or internal fixation are preferred for unstable open-

book or other type B fractures (253,257) (Fig. 32-51). Type
C fractures may require internal fixation of posterior injury,
in addition to anterior stabilization with external fixation
or other means. Surgical stabilization is also appropriate to
reduce retroperitoneal blood loss, and to facilitate mobiliza
tion of the child with multiple injuries.

Acetabular Fractures
FIGURE 32-50. A 16-year-old girl with an isolated right pubic
ramus fracture best visualized on this oblique radiographic view.

Acetabular fractures, except for stable posterior fracture-dis
locations, require precise restoration of joint congruity.

Pelvic Fractures

1371

FIGURE 32-51. A 10-year-old boy run over by a bus. A: Rota-

tionally unstable pelvic fracture with bilateral acetabular frac

ture. Note the pubic diastasis. B: Open removal of a loose frag
ment in the left acetabulum and anterior external fixation for

pubic diastasis were performed. C: Three months after surgery,
the pubic diastasis has healed. The patient was fully weight
bearing with no pain.

Nondisplaced acetabular fractures are managed closed.
When displacement is present, open reduction with stable
internal fixation and early motion is recommended (257).
Comminution is often less severe in children than in adults,
and the results of surgical management are generally satisfac
tory. Poor results after anatomic reduction may still occur,

because of the magnitude of the initial trauma (261).
Premature closure of the triradiate cartilage is a potential
complication that is unique to the immature skeleton (262).
Fractures that cause premature closure are usually nondis
placed, and do not require open reduction. Children
younger than 10 years of age are at the greatest risk for this
complication. Disturbance in growth leads to the develop
ment of a shallow acetabulum, because the triradiate carti
lage is responsible for growth in the height and width of

the acetabulum. Hip subluxation may follow, necessitating
redirectional pelvic osteotomy.
Complications

Acute management of pelvic fractures and associated inju
ries can be challenging, but long-term complications are
rarely attributable to the bony structures. Untreated, se

verely displaced fractures can result in a limp, rotational
deformity, or limb-length discrepancy. Acetabular injuries
are at risk for developing traumatic arthritis, in spite of
anatomic reduction. Premature closure of the triradiate car
tilage can be problematic in younger children. However,
residual morbidity is usually attributed to associated inju
ries, especially traumatic brain injury.
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FRACTURES AND DISLOCATIONS OF THE

Treatment

HIP

Treatment consists of closed reduction with adequate mus

Hip Dislocation

cle relaxation and analgesia. Early closed reduction within
6 h of injury is recommended. Reduction is rarely difficult

Dislocation of the hip in children is uncommon, represent

in children, but gentle reduction is especially important in

ing only 5% of all pediatric dislocations. Most hip disloca
tions are posterior, but anterior and obturator dislocations
can occur (263,264). This injury may result from minor

trauma, such as tripping or falling; from moderate force, as
in football or soccer; or from high-energy impact, as in
motor vehicle crashes. The mechanism of injury depends

the adolescent age group. Occult epiphyseal injury may be

present in this older age group, and epiphyseal separation

can occur during attempted reduction. The reduction tech
nique for posterior dislocation requires hip and knee flexion,

usually with adduction of the hip. Longitudinal traction is

somewhat on the age of the child. Hip dislocations in chil
dren younger than 10 years of age are frequently the result
of mild trauma, because joint laxity is common, and the

then applied, while an assistant stabilizes the pelvis. The
limb is then extended, internally rotated, and abducted.
After the hip is reduced, the stable arc or motion should
be assessed. Postreduction radiographs should include the
opposite hip to confirm a concentric reduction with symme

in children older than 10 years of age are likely the result
of moderate or severe trauma. Dislocation from moderate
trauma may result in spontaneous incongruous reduction
and capsular interposition (265). This is rare, but easily

widening, when instability is noted, and after reduction in
older children. A CT is not necessary in younger children
with stable concentric reduction and no evidence of acetab-

acetabulum is largely cartilaginous (263,264). Dislocations

misdiagnosed in children and adolescents. Any suggestion
of joint space widening after reduction should be investi
gated with CT (Fig. 32-52).

tric joint spaces. A CT is recommended for any joint space

ular fracture on plain radiographs. The child younger than

8 years should be immobilized in a spica cast or abduction
pillow, with strict bed rest for 4 to 6 weeks, to reduce the risk

FIGURE 32-52 Traumatic hip dislocation. A: Anteroposterior projection of a 3-year, 6-month-

old child with a low-energy injury producing a posterior hip dislocation. B: An anteroposterior

view of the pelvis after closed reduction of the hip, taken in an emergency department. Clinically,

a stable reduction was obtained, but there is significant joint space widening, suggesting an

intraarticular obstruction. C: The computed tomography scan confirms incomplete reduction
There is some radiodense material in the posterior acetabulum. D: Posterior open reduction ot

the hip was performed, and the interposed soft tissue was removed. There was no osteochondral
fracture. An anteroposterior radiograph of the pelvis confirms the concentric symmetric reduction
of the hip. A spica cast was applied for 4 weeks.

Fractures and Dislocations of the Hip

of recurrent dislocation. Stable closed reductions in older
children can be managed with activity restriction and de
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sue injury. Coxa magna does not seem to influence clinical
outcome.

creased weight bearing for 6 weeks, to allow capsular healing
and reduction of posttraumatic inflammatory response.
The indications for open reduction include unstable
closed reduction, nonconcentric reduction, or a large acetabular rim fragment with displacement of more than 2
mm. Open reduction is approached in the direction of the

dislocation, such as the posterior interval (i.e., KocherLangenbeck approach) for posterior dislocations. Postopera
tive management after open reduction is the same as that
after closed reduction.

Proximal Femur Fractures
Proximal femur fractures represent approximately 1% of all
pediatric fractures, and are usually the result of high-energy
trauma, typically a motor vehicle crash or a fall from a sub

stantial height. In 30% of cases, there is another significant
associated injury to the chest, head, or abdomen. The excep
tions to this mechanism of injury are children younger than

2 years of age who have been subjected to child abuse and
fracture through a pathologic lesion of the femoral neck
(e.g., bone cyst). Fortunately, proximal femur fractures are
rare. The consequences of this injury are significant, includ

Complications
The reported incidence of avascular necrosis in children is
3 to 10%, approximately one-half that of adults. The risk of

avascular necrosis is diminished when reduction is achieved
within 12 h, and preferably within 6 h, of injury (263,264).
Traumatic arthritis is infrequent. The long-term prognosis

for arthritis is related to the severity of the trauma, associated
fractures, and treatment delays beyond 24 h. Coxa magna

in the absence of avascular necrosis has been observed in

ing femoral head avascular necrosis, physeal damage with
growth arrest, malunion, and nonunion. Long-term studies
indicate an overall 47% avascular necrosis rate for proximal

femur fractures, with a 30% malunion rate (266,267). Most
patients who develop avascular necrosis need later recon
structive hip surgery, with almost one-half requiring total
hip arthroplasty (267).
Anatomy and Classification

many children after traumatic hip dislocation. The cause is

In the infant, the proximal femur is composed of a single,

probably reactive hyperemia secondary to extensive soft tis

large cartilaginous growth plate (268) (Fig. 32-53). The

4 months

Newborn

4 years

1 year

6 years

FIGURE 32-53. Development of the growth centers in
the proximal femur. (From ref. 268, with permission.)
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medial portion becomes the epiphyseal center of the femoral

head (ossifying around 4 months of age), forming the proxi
mal femoral physis. The lateral portion of the proximal
femur forms the greater trochanter physis, and this epiphysis
ossifies by 4 years of age. Injury to the proximal femur can
affect one or both centers of growth. The proximal femoral
physis is responsible for the metaphyseal growth of the fem

oral neck, and provides 13% of the total length of the femur.
The greater trochanter helps shape the proximal femur, and
damage to this apophysis, in children younger than 10 to

12 years of age, produces an elongated, valgus femoral neck
(269).
The vascular supply of the growing child's proximal

femur is jeopardized by these fractures, and the extent of
damage greatly affects the final outcome. The dominant
arterial source for the femoral head is the lateral epiphyseal
vessels, which are the terminal extension of the medial femo

ral circumflex artery. These posterosuperior and posteroinferior vessels are found at the level of the intertrochanteric
groove, where they penetrate the capsule and course along

the femoral neck toward the head, supported by the retinacular and periosteal tissue in the region (270,271) (Fig. 3254). The lateral circumflex system can supply a portion of
the anterior femoral head until 2 to 3 years of age, after
which it primarily supplies the metaphysis. In children older
than 14 to 18 months of age, the proximal femoral physeal
plate becomes an absolute barrier to the metaphyseal blood
supply, preventing direct vascular penetration of the femoral

head (270,271). Subsequently, the metaphyseal and epiphy
seal vascular networks remain separate in children, until
complete physeal closure occurs. This may account in part

for the higher incidence of avascular necrosis among chil
dren than adults. The vessels of the ligamentum teres do
not contribute a significant portion of the blood supply to
the femoral head, especially in children younger than 8 years
of age.

It is postulated that displaced fractures may leave the
vascular leash intact, but occluded until realignment is es
tablished (272). Nondisplaced fractures do not have the
same incidence of avascular necrosis as displaced fractures.
This fact further supports the concept that the magnitude
of initial fragment separation is a major determinant of vas

cular damage (273). It has also been suggested that prompt
decompression of the intracapsular hematoma contributes
to the restoration of normal vascular flow, and reduces the
incidence of femoral head avascular necrosis (272,274,275).
Delbet's classification (Fig. 32-55) offers a simple yet
useful system for the treatment and prognosis of proximal

femur fractures (277). Type I fractures are transphyseal sep

FIGURE 32-54. Arterial supply of the developing proximal
femur. A: The anterior view demonstrates the lateral circumflex
artery (LCA), which supplies the metaphysis and greater trochan
ter. The medial circumflex femoral artery (MCA) is the dominant
vessel to the femoral head. B: The superior view shows the lateral
ascending artery, which sends numerous epiphyseal and meta
physeal branches (arrows) that supply the greatest volume to the
femoral head and neck. These ascending cervical branches tra
verse the articular capsule as the retinacular arteries. The interval
between the greater trochanter and the hip capsule is extremely
narrow, and is the area where the lateral ascending cervical artery
passes. This may be a site of vascular compression or injury.

frequent delayed diagnosis and no apparent treatment
(276). Children who are younger than 2 years of age, with
type I fractures, have a better prognosis than older children.

arations. Although this physeal separation is occasionally

Older children experience an 80% avascular necrosis rate,

seen as a birth fracture, it is usually the result of high-energy

and the rate of osteonecrosis is much lower in younger chil

trauma, and it may also be the result of intentionally in

dren. This difference is mainly the result of the mechanism

flicted injury. Obstetric fracture-separations uniformly have
excellent clinical results without avascular necrosis, despite

More rapid healing and the reestablishment of transphyseal

of injury, which involves less force in younger children.

Fractures and Dislocations of the Hip
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FIGURE 32-55. Delbet's classification for proximal

femur fractures. A: Type I is a transepiphyseal frac

ture. B: Type II is a transcervical fracture. C: Type

III is a cervicotrochanteric fracture (basicervical). D:

Type IV is an intertrochanteric fracture.

vascularity are unique to children younger than 18 months

of age, and may help to prevent clinical avascular necrosis.
Transphyseal fracture is associated with dislocation of the
epiphyseal fragment from the acetabulum in 50% of cases

involving high-energy trauma (277). This combined injury
has an especially poor prognosis, with certain avascular ne
crosis and frequent proximal femoral growth arrest.
Type II fractures occur in the neck of the femur, between

the epiphyseal plate and the base of the neck, and are called
"transcervical fractures." They constitute approximately

one-half of all fractures of the proximal femur (267). Com

plications are frequent with type II fractures. The incidence
of avascular necrosis and physeal growth arrest approaches
50 to 60%. The nonunion rate is 15%. The proximal femo

ral physis is responsible for 0.125 inch (0.3 cm) of femoral
length per year, and a significant limb-length discrepancy
is only a potential problem for the preadolescent.

Type III fractures occur in the cervicotrochanteric or
basal neck region of the femoral neck. This is the second
most common location of proximal femoral fractures in

children. Avascular necrosis occurs in 30% of displaced frac

tures, and the malunion (i.e., varus) rate is 20%. Because
the fracture line is vertically oriented, shear forces can in
hibit bone union. Nonunion occurs in 10% of these pa
tients. This problem may be lessened by precise fracture

reduction, combined with compression across the fracture
site by means of cancellous bone screws (i.e., lag technique)
(278,279).

Type IV fractures occur in the intertrochanteric region.
This proximal femur fracture has the least risk of damage to
the femoral head vascular supply. The incidence of avascular
necrosis is between 0 and 10%. Varus deformity is the most

likely complication, but this often corrects with growth in
younger children (280). The malunion rate is approximately

1376

Chapter 32: Management of Fractures

30%, and malunion is more common in fractures treated
with closed methods (267,277).

fractures are reduced by gently flexing the hip while traction

is applied. The limb is then internally rotated and abducted.
Biplanar radiographs are obtained to confirm reduction.
Two cannulated bone screws provide compression across

Treatment

Proximal femur fractures should be treated as urgent cases,
preferably within 12 h of injury. Delay in treatment may

be necessary because of associated life-threatening injuries.
The author recommends joint aspiration for delayed cases,

to potentially reduce intracapsular tamponade of femoral
head circulation. Initial fragment displacement and delay
in fracture reduction may be the most significant factors
affecting the incidence of avascular necrosis.

Type I Fractures. Treatment with closed reduction and
casting is appropriate for minimally displaced fractures, and
for children younger than 2 years of age (281). In children
2 to 12 years of age, stabilization of the reduced fracture
may be accomplished with two smooth pins supplemented
with spica casting. In older children, the author prefers to
place the screws across the physis, when better stability is
required. Open reduction is often necessaiy if the epiphysis
is dislocated.

Type II Fractures. Nondisplaced fractures in patients

younger than 6 years of age can be treated with spica cast
alone with good results (267). Displaced fractures can usu
ally be reduced by closed methods, but a small incision to
open the hip capsule is recommended, because it might
reduce the risk of avascular necrosis (274,275). Fixation
is achieved by the percutaneous insertion of two or three
cannulated bone screws into the metaphyseal portion of the
proximal fragment (Fig. 32-56). If the proximal metaphys
eal fragment is too small for secure fixation, smooth pins
can be placed across the physis, to allow subsequent growth.
Stable fixation of the fracture should be given priority over

preservation of the proximal femoral physis (279). After the
age of 12 years, threaded screws may be placed across the
physis for better fixation. Spica casting is used to augment
fixation in children, especially when smooth pins have been
used. Open reduction is occasionally required if suitable

the fracture site, and are sufficient fixation if supplemented
with a spica cast. Larger-diameter compression hip screws

may be used in larger children or for comminuted fractures.
Caution is advised when using compression hip screws in

children, because dense bone may generate heat necrosis of
the femoral neck during reaming. An additional smooth pin
is recommended to improve rotational stability (Fig. 3257). Open reduction through an anterolateral approach is
indicated when reduction cannot be achieved by closed
means.

Type IVFractures. This fracture does not demand the ur
gency of the types I, II, and III fractures, but in polytrauma,
the prompt stabilization of this injury improves general
management. Nondisplaced fractures in this region are un
common, but can be managed by spica cast immobilization
and close follow-up in younger children. Displaced fractures
in infants and toddlers may be treated with early closed
reduction and casting, as long as the neck-shaft angle does
not decrease to less than 115 degrees. Displaced fractures
in older children can be managed by skeletal traction, fol
lowed by casting, but hospitalization is often lengthy. After

the age of 6 years, the author prefers open reduction with
internal fixation. Interfragmentary screws may provide suffi
cient stability when combined with cast immobilization,

but a pediatric-size hip screw with side plate, or an angled
blade plate, is recommended. The physis should be avoided.
The femoral neck should be stabilized before reaming, and
reaming should be performed slowly to avoid heat necrosis
of the femoral neck. Adolescents are treated in the same

manner as adults, with stable fixation across the physis, if
necessary, using a sliding hip screw or angled blade plate.
This avoids the need for a supplemental body cast for older
adolescent patients.

Complications

alignment is not obtained by closed means. An anterolateral
(Watson-Jones) approach is recommended, with opening of

The most frequent complications after fracture of the proxi

the anterior capsule to avoid damaging the posterior vascular

malunion, and nonunion. Other complications include in

network.

fections, premature closure of the proximal femoral growth
plate, and chondrolysis. Exact complication rates are diffi

Type HI Fractures. Nondisplaced fractures in young chil
dren can be treated with a spica cast, if there is anatomic

alignment, especially of the medial cortex. Serial radiographs
are necessary to monitor possible fracture migration that
would lead to varus malalignment. Nondisplaced fractures
in the older child or adolescent should be treated with inter
nal fixation to prevent late displacement. Displaced

mal femur in children are osteonecrosis of the femoral head,

cult to determine, because of changing patterns of treat
ment. Prompt, accurate reduction, joint decompression,
and appropriate internal fixation and immobilization reduce
all of these complications (275,278).

Avascular necrosis in children may involve a portion of
the femoral head, just the portion of the femoral neck be
tween the fracture and the physis, or the entire femoral neck

Fractures and Dislocations of the Hip
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FIGURE 32-56. Femoral neck fracture in an 11-year-old child. A: Anteroposterior radiograph
demonstrates a type II transcervical fracture. B: Stability was achieved with two screws and a spica
cast. The capsule was opened for decompression. A smooth pin across the growth plate may be
substituted for the second screw. C and D: Twelve months after injury, there is no evidence of
osteonecrosis.

and physis. Recovery is expected when only the neck is

teonecrosis of the femoral head is poor. The author recom

involved, but delayed physeal instability can result in subse

mends treating these adolescents in a manner similar to

quent slipped capital femoral epiphysis. Necrosis of the fem

adults, because the consequences of femoral head collapse

oral head occurs in approximately 30% of all hip fractures

are much more severe than the consequences of premature

in children, and often leads to poor results (279). Early

closure of the proximal femoral physis.

recognition is helpful, and can be obtained by MRI or iso
tope bone scanning. Children with osteonecrosis who are

Nonunion occurs in 6 to 10% of pediatric fractures
of the proximal femur (279). Treatment is recommended

younger than 12 years of age can be treated with contain

as soon as the diagnosis is established. Subtrochanteric

ment and/or prolonged non weight bearing. These patients

valgus osteotomy is preferred, with bone grafting, internal

have

fixation, and application of a spica cast for 3 months

a

possibility

(266,282).

The

of recovering

outcome

for

satisfactory

older children

function
with

os

(279,283). Supplemental vascularized bone grafting, with
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FIGURE 32-57. Comminuted type III femo
ral neck fracture. A: The anteroposterior
projection shows a cervicotrochanteric frac
ture with an associated fracture of the
greater trochanter. B and C: Open reduction
with internal fixation was necessary. Adoles
cent-sized lag screw fixation was supple
mented with a smooth pin for rotational sta
bility. The trochanter may be stabilized with
Kirschner wires instead of a tension band.
Spica cast immobilization is indicated when
fixation does not cross the growth plate.

Femoral Shaft Fractures

a vascular-pedicle graft from the iliac crest, should be
considered when there is a large defect in the femoral
head or neck (284).

Malunion and coxa vara occur in approximately 20% of
reported patients, but this complication has a lower inci
dence when internal fixation is used (279). Remodeling may
occur in younger patients (280). Subtrochanteric osteotomy
is recommended for persistent deformity.

FEMORAL SHAFT FRACTURES
Femoral shaft fractures account for 1 to 2% of all childhood
fractures (3,5,285). Boys sustain this injury 2.5 times more
often than girls. There is a bimodal age distribution, with
a peak incidence at 2 to 3 years of age and another peak in
adolescence. The cortical thickness of the femur increases
rapidly after the age of 5 years, and this may explain the
decreasing incidence of femur fracture in late childhood.
When obvious causes of fracture, such as motor vehicle
crashes are excluded, 65% of femur fractures in infants
younger than 1 year old may be attributable to abuse (286).
In children 1 to 5 years of age, the incidence of abuse de
creases. Children in this toddler age group may sustain frac
tures with relatively minor trauma, such as falling from a low

height or tripping while running. Intentional abuse should
always be considered in young children, but there are no
distinguishing clinical parameters or fracture patterns to
help determine which injuries are inflicted and which are
accidental (286). Approximately one-half of femoral shaft
fractures caused by bicycle crashes occur in the 4- to 7year age group. In the adolescent age group, motor vehicle

crashes account for the large majority of femur fractures.
As stated by Mercer Rang (106), "It does not require
a physician to diagnose a fractured femur." However, the

physician must carefully evaluate the entire patient. Chil
dren and adolescents with femur fracture have a 35 to 40%
incidence of associated injuries. Some of these injuries are
occult, and include femoral neck fracture, hip dislocation,
ligamentous instability of the knee, and visceral injuries
(287,288). Hemodynamic instability or steadily declining
hematocrit does not occur as a result of isolated closed femur
fracture. Other sources of blood loss must be evaluated in
these patients (288).
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from operative intervention. At one end of the spectrum,
there are low-energy injuries in young children, which are
managed with closed reduction and immediate spica cast
ing. At the other end of the spectrum, high-velocity injuries
in adolescents are managed with early operative stabiliza
tion. Occasionally, however, infants with life-threatening
trauma require surgical stabilization of femoral fractures to

facilitate life support. There are many treatment methods,
and fortunately, they all work well when applied properly.
Proximal fractures in all age groups are more difficult to
control, but residual deformity is better-tolerated, because
of multidirectional hip motion. Deformity is also less ob
vious proximally, because thick thigh muscles hide residual

angulation. Proximal fragments tend to flex, abduct, and
externally rotate as a result of the unopposed action of the
hip abductor, external rotator, and iliopsoas muscles. The
proximal fragment of a midshaft fracture also tends to flex,
abduct, and externally rotate, but the deformity is less ex
treme, because of adductor and hamstring attachments
proximal to the fracture. Fractures closer to the knee are
easier to control, and produce little proximal fragment an

gulation, except for supracondylar fractures, which tend to
hyperextend as a result of the posterior pull of the gastrocnemius muscle on the short distal fragment. Fractures of the
distal femur require more precise alignment, because defor
mity is more visible closer to the knee, and remodeling in
the coronal plane is limited.

The potential for remodeling determines the guidelines
for acceptable alignment. Children younger than 1 year of
age have considerable remodeling potential, because their
femurs will more than double in size before skeletal matu
rity. Remodeling potential between 2 and 12 years of age

is also excellent. Long-term studies have demonstrated that
up to 20 degrees of midshaft angulation in any plane can
be expected to correct satisfactorily (11,289,290) (Fig. 3258). Slightly greater deformity may correct in the sagittal
plane. Remodeling continues for up to 5 years, and results
from fracture site remodeling, as well as reorientation of the
growth plate. Rotational remodeling may also occur, but

the precise amount is unpredictable (17,291). Clinically sig
nificant rotational deformity is uncommon, even when fail
ure of remodeling has been documented (16,292).
Stimulation of growth after femoral fracture occurs rou
tinely in the 3- to 9-year age group (18,20). Unfortunately,
most authors reporting the overgrowth phenomenon do not

distinguish between "catch-up growth," which compensates

Treatment of Femoral Shaft Fractures
Principles of Management

The age of the child and the severity of the trauma are the
principal determinants of management. Younger children
are less likely to require prolonged traction or surgical stabi
lization. Higher-energy trauma is more likely to benefit

for fracture overriding, and true overgrowth, which results
in the fractured femur being longer than normal. Growth
stimulation is greater when overriding is greater, and may
continue for 5 years after fracture. Average growth stimula
tion is approximately 1 cm, and ranges from 0.5 to 2.5 cm.

Therefore, any femoral fracture that heals in a shortened
position should be observed for several years to determine
the final outcome (Fig. 32-59). Overgrowth has also been
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FIGURE 32-58. A: Femoral shaft fracture in a 10-year, 7-month-old boy, healed with 15 degrees
of varus and 19 degrees of anterior angulation. B: Discrepancy measures 1.9 cm. C: Eighteen
months later, the discrepancy has resolved, and there is no significant anterior bowing. D: The
varus deformity has corrected to 8 degrees with reorientation of the growth plate to produce a
normal mechanical axis.

Femoral Shaft Fractures

FIGURE 32-59. A 5-year-old boy with a femur fracture. A and B: Early spica cast application.
Alignment is good, but overriding is 3 cm in the initial cast. C: Four weeks after cast removal, the
leg-length discrepancy measures 4.6 cm. D: Two years later, the discrepancy measures 2.6 cm.
Equalization of length may continue for 3 more years.
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reported after rigid internal fixation, but the risk of over

depending on the severity of the fracture and social circum

growth in this circumstance has not been clearly defined

stances. Low-velocity injuries without severe displacement

(293,294). Parents are usually more forgiving when the in

or shortening may be managed by early spica cast immobili

jured femur grows longer than when the femur is allowed

zation (298,299). However, children in the 6- to 10-year

to heal in a markedly shortened position.

age group require a longer period of immobilization than

Special circumstances, such as open fractures, subtro-

younger children. This immobilization and dependency

chanteric fractures, floating knee, and multiple trauma, are

may pose a problem if both parents are working, or when

discussed at the end of this section.

the child lives with a single working parent. Operative stabi
lization may be beneficial in these and similar social circum
stances. High-energy fractures, with severe displacement,

Management Guidelines by Age

comminution, or shortening greater than 3 cm require

Age or weight is the first determinant of treatment choices.

be achieved by skeletal traction for 2 to 3 weeks, before cast

Age is used here with the understanding that age reflects
children of average weight and maturity.

maintenance of length in addition to alignment. This may
immobilization, or by incorporating a traction pin in the
spica cast (300). Alternatively, surgical stabilization with
internal or external fixation achieves the same objectives and

Infants. Infants younger than 1 year of age often sustain
femur fractures as a result of birth trauma or abuse. Osteogenesis imperfecta and other metabolic disorders should
also be suspected. Thick periosteum and rapid hematoma

allows early mobilization. Guidelines for acceptable align
ment in this age group are the same as for the 1 - to 6-year
age group, although remodeling and recovery may be more

prolonged in this older age group.

consolidation usually prevent worrisome shortening or angulation. Healing is rapid, and remodeling potential is great.

One can accept 2 to 3 cm of shortening and 30 degrees of
angulation in both the coronal and sagittal planes. Immobi

lization may not be necessary for infants with stable frac

tures, such as nondisplaced spiral fractures or impacted metaphyseal fractures. Unstable fractures in infants may be

Age 10 Years to Maturity. Children older than 10 years
of age are frequently best managed by operative stabilization
with internal or external fixation (138,301). Accurate resto
ration of length and alignment is desirable in older children,

because of limited remodeling potential. Operative stabiliza
tion permits early mobilization and return to school and

treated with immediate application of a conventional plaster

social activities. Various techniques for stabilization are dis

spica cast, a Webril spica cast, or a Pavlik harness (295).

cussed below. It is generally agreed that rigid reamed intra-

Modified Bryant skin traction, which consists of straight-

medullary nailing through a piriformis fossa entry point

leg traction at an angle of 45 to 60 degrees, can also be

should be avoided, because of the risk of iatrogenic avascular

used as definitive treatment (296). Immobilization for 2 to

necrosis of the femoral head (302). The risk of this compli

3 weeks is usually sufficient.

cation is present as long as the proximal femoral physis
remains open.

Age 1 to 6 Years. Children between the ages of 1 and 6
years are usually treated with early spica cast application.
All aspects of spica cast treatment are easier for preschool

Management Techniques

children than for older children (297). Children in this age

Techniques for management are selected according to the

group also heal rapidly, so immobilization time is brief.
Closed reduction and casting may be performed under seda

principles and guidelines discussed in the preceding para
graphs.

tion in the emergency department, but overnight observa
tion is recommended in most cases. More frequently, the
child is placed in skin traction for 1 or 2 days, to allow
swelling and pain to subside before applying the cast under
general anesthesia. Alignment should be as close to normal
as possible, but full functional recovery can be expected in
this age group if shortening at the time of union is no greater
than 3 cm and angulation is less than 20 degrees in any

plane. Fractures in the distal third should be angulated no

more than 15 degrees.

Early-fit Spica Cast. The typical candidate for early cast
immobilization is a child younger than age 10 years with a
low-energy closed femur fracture that has less than 2 cm

overriding at rest (298,299,303). The spica cast may be
applied in the emergency department under conscious seda
tion. More commonly, 1 or 2 days of traction are followed

by closed reduction and casting under general anesthesia.
Four to 5 lb of skin traction is sufficient for most children

younger than 7 years old. Skeletal traction is preferred for
older, heavier children, or when delay in cast application

Age 6 to 10 Years. Children between the ages of 6 and 10

may exceed 72 h. Several methods of cast application have

years may be managed by a wide variety of methods,

been reported (298,299,304) 1*4.12]. The author's pref-
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mal femur fractures. Adolescents are usually placed in bal
anced traction with a thigh sling and adjustable knee support
to allow 45 degrees of knee flexion (Fig. 32-62). The tech
nique entails insertion of a smooth or threaded traction pin
in a lateral to medial direction, into the metaphyseal region
of the distal femur, under local anesthesia and intravenous
sedation. Proximal tibial pins are avoided, although they may
not be responsible for some cases of growth arrest
(26,309,310). The pin should be approximately 2 cm proxi
mal to the distal femoral growth plate and aligned parallel to
the knee joint to reduce the risk of malalignment (311). A
traction bow is attached to the pin, and traction is applied.
Periodic radiographs are obtained to guide the weight and
direction of traction vectors needed to restore alignment.
After relative fracture stability has been obtained (17 to 21
days) and callus formation is confirmed on radiographs, a cast
is applied for an additional 4 to 8 weeks.

FIGURE 32-60. Early-fit spica cast. In children younger than 6

years of age, the usual position of reduction is 70 to 90 degrees
of hip flexion, 30 to 45 degrees of abduction, and slight external
rotation. Anterior and lateral molding of the cast helps prevent

varus deformity and anterior angulation.

erence is to use the image intensifier to assess alignment

and overriding. If the fracture fragments shorten more
than 3 cm with gentle longitudinal compression, then trac
tion, pins and plaster, or surgical stabilization may be more
appropriate than early spica casting (telescope test) (298).
After fracture alignment is obtained, a bent-knee, long-

leg cast is applied and molded anteriorly and laterally, to
prevent the tendency for later angulation into flexion or
varus. The foot may be left free. The popliteal area and

all bony prominences should be well padded. The hip is
held at 70 to 90 degrees of flexion, 30 to 45 degrees of
abduction, and slight external rotation (sitting position),
while the remainder of the cast is applied (304) (Fig. 3260). Slight traction may be applied to the cylinder cast,
while the cast is being completed, but this should not be
excessive to prevent skin breakdown, calf compartment

syndrome, or peroneal nerve palsy (305). After casting,
patients are usually discharged within 24 h. Two or three

weekly follow-up visits are necessary to monitor alignment
(Fig. 32-61). It is often helpful to tape a paper clip or
other small metallic object to the outside of the cast before
radiographic examination. This can be used to identify the
fracture site, if wedging of the cast is required.

Skeletal Traction. Skeletal traction is a safe, reliable, and
easily instituted form of management for almost any femur
fracture in any age group. There are several ways in which
balanced traction can be constructed (306-308). The sim
plest is the 90-90 position for preadolescents, and for proxi

Cast Brace and Home Traction. Cast brace management
of femoral shaft fractures in children has been reported by
several authors (312-314). A functional cast is applied from
groin to toe, using a quadrilateral mold or socket for the
proximal thigh. Polypropylene or metal hinges cross the

knee, to allow knee movement. Cast application usually
follows a period of traction, to allow early healing and in
creased stability. A distal femoral traction pin may be used
in the cast to help control alignment and permit earlier
cast brace application (312,313). Cast brace management
of pediatric femur fractures requires experience and close
follow-up. Potential problems include poor control of prox
imal fractures and patient discomfort attributable to in
creased levels of activity in the cast, compared with bed rest
activities in a spica cast (314,315).

Skeletal traction at home has been used successfully to
decrease length of hospitalization (316,317). These meth
ods require special beds or frames and close attention by
trained nursing staff (318). Readers are referred to the origi
nal articles for technical details.

External Fixation. The prime indication for external fixa
tion is a fracture with significant comminution or soft tissue
damage, as in open fractures or burns (319). Other relative
indications include polytrauma, in which multiple fractures
and the child's general medical condition favor the rapid and
bloodless stabilization that is possible with this technique
(Fig. 32-63). It may be considered as a form of ambulatory
traction, enabling the child to be partially weight bearing and
independent several days after sustaining the injury.

The technique involves the sequential insertion of two
pins above and below the fracture site and attaching

them to a unilateral frame [*»4.14]. Preferred pin location
should be far enough away from the fracture site that
pins avoid the fracture hematoma. However, pins should
avoid penetrating the femoral neck calcar or the distal
femoral physis. Under fluoroscopic guidance, final align-
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FIGURE 32-61. Spiral fracture of the femoral
shaft.

A:

The

anteroposterior

projection

shows some initial varus angulation. This child
was 4 years of age, and was placed in an earlyfit spica cast after closed reduction. B: One
week later, the fracture has drifted into varus
alignment. The cast is not molded correctly to
prevent this tendency. C: The lateral projec
tion shows adequate alignment and an ac
ceptable amount of shortening. D: Antero

posterior projection after application of a
new cast. The lateral aspect of the cast is
molded to correct the varus alignment
(arrow). E: The lateral projection shows the
flat anterior mold. There is a tendency for
these fractures to angulate anteriorly, and it
is important to have a flat anterior mold prox
imal to the fracture (arrow).
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FIGURE 32-62.
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Balanced traction with a

distal femoral pin, a thigh sling, and cast
suspension of the leg. This is easily con
verted to 90-90 traction for more proximal
fractures. Weight A supports the thigh,
weight 6 provides traction, and weight C
supports the leg in a cast.

FIGURE 32-63. Bilateral femur fractures. The distal location, proximity to the
growth plate, and marked comminution of the right femur fracture are best
managed through the application of an external f ixator. Although external fixa
tion could have been applied to the contralateral fracture, intramedullary fixa
tion was chosen because of the transverse pattern of the fracture.
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C,D

FIGURE 32-64. External fixation for open fracture. A: Injury film of grade III open femur fracture
in a 7-year-old child. B: Alignment and stabilization with external fixation after irrigation of the
wound and removal of the devitalized segment of the femoral shaft. C: The lateral projection
shows anatomic alignment. D: Twelve weeks later there is good callus formation and new bone
formation in the area of segmental bone loss. The child was ambulatory with full weightbearing
without assistance. The fixator was removed at this time.

mon (320,321). Rarely, deep infection may require intrave

shortening and rotation. However, the use of reamed rigid
nails introduced through the piriformis fossa has been
associated with avascular necrosis of the femoral head in
children and adolescents (302). Rigid nails in children
younger than 13 years of age have also been associated
with a high incidence of growth disturbance with femoral
neck deformity, including coxa valga and thinning of the

nous antibiotics or pin removal. In this instance, fixator

femoral neck (325,326). For these reasons, it is recom

ment can be adjusted as the pins are secured to the
body of the fixator (Fig. 32-64).

The most frequent problems encountered with the use
of external fixation are pin-track infections, delayed union,
and refracture after device removal. Pin-track inflammation
and superficial infection requiring oral antibiotics are com

removal before complete union can be managed by applica
tion of a cast. Delayed union and refracture are more fre
quent with transverse and short oblique midshaft fractures
that are anatomically reduced (322). Delayed healing has
also been associated with excessively rigid constructs and
lack of dynamization (321,323). Careful attention must be
paid to operative technique and postoperative management
to reduce the risk of complications.

Intramedullary Fixation. Two devices used for intramedullary fixation are rigid nails and flexible unreamed nails
(293,315,324). Rigid nails are ideally suited for adults, be
cause they can be locked proximally and distally, to control

mended that rigid reamed nails should be reserved for
adolescents who are closer to skeletal maturity. The tech
nique of insertion should be modified, so that entry is
through the tip of the greater trochanter, carefully avoiding
the piriformis fossa.

Flexible or elastic intramedullary nails have the advantage
of being applicable to the smaller and younger child, with
out risking damage to the trochanter, the femoral neck, or
the vascular supply to the femoral head. Flexible rods are
commonly inserted from the distal femoral metaphysis, ret
rograde, toward the proximal end of the femur, avoiding
the physes. Two C-shaped nails, one inserted medially and
one laterally, usually provide sufficient stability, if three-

Femoral Shaft Fractures

FIGURE 32-65.
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Flexible intramedullary fixation. A:

Short, oblique midshaft femur fracture in a skeletally
immature child. B: Flexible nails placed distal to proxi
mal. The starting point is in the metaphyseal flare of
the distal femur, and three-point fixation is obtained
by using curved nails. C: The lateral projection shows
that three nails were used to stack the femoral canal.
A cast is unnecessary.

point intramedullary contact is obtained (327,328) (Fig.

32-65) [*»4.13]. Another option is to use a unilateral ap
proach distally, and insert one C-shaped nail and one Sshaped nail. Alternatively, nails may be introduced proximally in the region of the greater trochanter when the
fracture is very distal. Additional nails may be added, if
needed. A transverse or stable fracture pattern is best for
this method of internal fixation. Comminuted, spiral, or
segmental fractures are unstable, and are not well suited for
this kind of fixation. The addition of a cast can supplement
unstable internal fixation, but this partially defeats the ad
vantages of operative stabilization.
Plate Fixation. Femoral plate fixation has not been widely
used for pediatric femur fractures (329). Ziv and Rang (330)
reported a high rate of deep infection when this method
was used in children with head injury, but Ward et al. (329)

reported satisfactory results without any infections in 25
cases. This method of fixation may be suitable for fractures
that are located in an area difficult to secure with an intra
medullary nail or external fixation (Fig. 32-66). The advan
tages of plate fixation of femoral fractures are anatomic re
duction and early mobilization. Disadvantages include
extensive dissection with additional blood loss, possible

plate breakage or delayed union, and the risks of plate re
moval, in some cases.

Complex Femoral Fractures

Femur fracture management may be altered in complex cir
cumstances, as seen in children with head injuries, multiple

trauma, open fractures, floating knee, or high subtrochanteric fractures. Children with head injuries or multiple

trauma benefit from more aggressive fracture stabilization
so that they can be transported and mobilized (52). The
general management of open fractures is discussed earlier
in this chapter. External fixation is recommended for open
fractures with severe soft tissue injury, but grade I and many
grade II open femur fractures can be managed in standard
fashion after appropriate wound care.
Floating Knee

Simultaneous ipsilateral fracture of the femur and tibia has
been termed the "floating knee" (331,332). This injury pat
tern has been classified by Letts and colleagues (332) (Fig.
32-67). The fracture usually is the result of high-energy
trauma, such as a pedestrian—motor vehicle collision. Knee
ligament damage occurs in approximately 10% of these pa-
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FIGURE 32-66. Compression plates and screws. A: Bilateral
subtrochanteric femur fractures in a 4-year-old child with a
closed head injury. B: Open reduction and application of 3.5mm compression plates and cortical screws. Supplemental
stabilization was provided with a spica cast, which was re
moved 4 weeks later. C: The anteroposterior view of the
pelvis 3 months after injury shows complete healing.

tients, and is better assessed after fractures are stabilized.
The juxtaarticular fracture pattern, and fractures in children
older than 10 years of age, have worse prognoses for early
and late problems (331). Operative stabilization of at least
one bone is recommended in most cases, especially in older
children (331,332).

quently necessary until callus formation has occurred
(334,335). Alternatively, children older than 8 years of age,
or younger children with very unstable fractures, may be
considered for surgical stabilization.

Complications of Femur Fractures

Subtrochanteric Fractures

Malunion with or without limb-length discrepancy is the
most frequent complication of pediatric femur fractures.

Subtrochanteric fractures usually result from high-energy

Compartment syndrome, neurovascular injuries, nonunion,

trauma and are difficult to treat closed, because of flexion,
abduction, and external rotation of the proximal fragment.
Union in the anatomic position is rarely achieved with
closed treatment, but remodeling potential is great in this
anatomic region. Fractures that are closer to the greater
trochanter, and fractures in children older than 8 years, have
poorer prognoses for malunion (333,334). Early spica cast

application in the "sitting" position may suffice in very

young children, but traction in the 90-90 position is fre

and infections may also occur. These latter complications

are more frequent after open injuries, and are discussed else
where. Management principles are similar to those in adults.
Malunion and limb-length discrepancy may resolve with
remodeling, as long as the deformities are within manage
ment guidelines. Osteotomy is performed to correct persis
tent deformity in older children, or when remodeling is
incomplete in younger children after a period of observa
tion. Persistent limb-length discrepancy is rarely severe, and
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ments of the joint capsule and the surrounding ligaments
expose the pediatric knee to certain characteristic avulsions
and physeal injuries. However, isolated ligamentous damage
can occur, especially in the maturing adolescent (336). Soft
tissue injuries of the juvenile knee and acute patellar disloca

or

tions are discussed in Chapter 31. The child presenting with

TYPEB

an acute hemarthrosis of the knee may have a soft tissue

Metaphyseal

injury, a fracture, or both. Physical examination may deter

and

mine the site of the injury; the clinician should note the

diaphyseal

precise location of tenderness, and test for ligamentous in
tegrity. Plain radiographs can usually confirm the diagnosis

closed

of a fracture. Stress views are sometimes useful, if there is
any remaining question about the nature of the injury. The
MRI has been used to provide additional information, but
this modality is much less accurate in children than in adults

(337,338). Arthroscopic evaluation is warranted when the
cause of hemarthrosis remains obscure. Radiographically si
lent osteochondral fractures have been noted in 7 to 67%
of juvenile patients undergoing arthroscopy for acute he
marthrosis (339,340).
TYPEC
Epiphyseal
and
diaphyseal

Distal Femoral Physeal Separations

Distal femoral physeal fractures constitute approximately
5% of all long-bone physeal fractures and 1 to 2% of all
fractures (29,176). The distal femoral growth plate has a
complex geometric configuration, and is securely anchored
to the metaphysis. Any fracture, whether displaced or not,
represents considerable trauma. The diagnosis is easily
made, except in cases of nondisplaced fractures. These inju

ries may mimic ligamentous instability on clinical examina
Open

tion. However, careful inspection will reveal that the area
of tenderness and swelling is proximal to the joint line.

TYPE E
Both open

Stress radiographs, with the patient sedated, can be used to
reveal the fracture. When the epiphysis is displaced, the
direction of displacement reflects the direction of the injur
ing force. Hyperextension of the knee produces anterior

Open

with major

epiphyseal displacement, and valgus or varus stress produces

__

soft tissue

medial or lateral displacement. Direct impact in the kneeflexed position causes posterior displacement of the femoral

injury

epiphysis.
FIGURE 32-67. Classification of the "floating knee" in children.
(From ref. 332, with permission.)

The Salter-Harris type III fracture of the medial femoral
condyle usually results from valgus force on the knee. The
medial collateral ligament and joint capsule transmit this
force to the condyle producing the fracture. Spontaneous

reduction is frequent, and may obscure the diagnosis. The
is usually managed by epiphysiodesis of the contralateral
extremity at an appropriate age.

Salter-Harris type III injury to the medial condyle may ap
pear innocuous, but is often associated with cruciate liga
ment damage and intraarticular osteochondral fragments
(341).

FRACTURES AND DISLOCATIONS ABOUT

Salter-Harris type I and II fractures account for the ma

THE KNEE

jority of distal femoral epiphyseal separations, but there is

Significant trauma to the knee in children usually results
in a fracture, instead of a ligamentous injury. The attach

hood of growth arrest (342,343). It has been observed that
growth arrest is more closely related to the severity of dis-

poor correlation between the type of fracture and the likeli
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placement (343,344). Fractures in the 2- to 11-year age
group are frequently caused by severe trauma, and have the

blocks closed reduction, for Salter-Harris type III and IV
injuries, for open injuries, and for fractures associated with

poorest prognosis for physeal arrest (80%) (344). Fractures

neurovascular disruption. Salter-Harris type III and IV inju

in the adolescent age group are often the result of less-severe
ance. Close follow-up is recommended to detect partial or

ries require precise alignment to restore the articular surface
and reduce the risk of growth arrest. At least two cannulated
6.5-mm-diameter screws are recommended to ensure stabil

complete growth arrest during the early stages of deformity

ity (Fig. 32-70).

development. In contrast to these fractures in the juvenile

After reduction and fixation, the patient is immobilized
in a long-leg or cylinder cast for 3 to 6 weeks. Pins can be
removed in the clinic, and gentle range of motion is initi
ated. Progressive weightbearing and strengthening are per
mitted as tolerated. Follow-up consists of repeat evaluation
for ligamentous laxity and observation for early growth dis

trauma, but still, they have a 50% risk of growth disturb

and adolescent age groups, distal femoral separations in in
fants and toddlers rarely lead to growth problems, and have
excellent remodeling potential.
Treatment

Nondisplaced fractures can be immobilized in a long-leg

turbances.

or cylinder cast for 3 to 4 weeks, until the fracture site
is nontender. Close follow-up is warranted to detect any
tendency toward displacement. Displaced distal femoral

physeal separations are probably best treated with prompt,
gentle, closed reduction under general anesthesia (343).
After reduction, fixation is recommended, using crossed
percutaneous pins to avoid redisplacement while in a cast.

Pins may be placed from proximal to distal, to avoid travers

Complications
Growth arrest is frequent after distal femoral epiphyseal sep
arations. Early diagnosis is helpful, and can be determined

by plain radiography or MRI 3 to 6 months after injury
(39,40). Management of physeal arrest has been discussed
in a previous section of this chapter.

ing the synovium of the knee joint (Fig. 32-68). If the metaphyseal portion of the Salter-Harris type II metaphyseal
fragment is large enough, fixation can be accomplished with
percutaneous insertion of one or two cancellous bone screws
through this fragment (Fig. 32-69).
Open reduction is indicated when periosteum or muscle

Tibial Spine Fracture
The terms "tibial eminence fracture" and "tibial spine frac
ture" have been used interchangeably to describe avulsion
of the tibial attachment of the anterior cruciate ligament.

FIGURE 32-68. Distal femoral physeal fracture. A: An anteroposterior radiograph shows a widen
ing of the distal femoral physis. B: The lateral view shows an anteriorly displaced Salter-Harris
type II fracture. C: Intraoperative anteroposterior view after closed reduction and crossed Kirschner
wire fixation. The pins are placed from a proximal to a distal direction. Smooth pins are used
when crossing the physis. D: The lateral projection shows the pins in the midaxis of the femur.
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FIGURE 32-69. Distal femoral physeal fracture. A:
An anteroposterior radiograph shows a displaced
Salter-Harris type II fracture of the distal femur. B:
Incomplete closed reduction and casting. C: The intraoperative view shows cancellous compression
screw placement over a percutaneous Kirschner wire
after closed reduction. The Thurston-Holland frag
ment was large enough for placement of the
threaded portion of the screw into it. When a single
screw is used, fixation should be supplemented with
a cylinder cast. D: At 6 weeks, reduction and fracture
healing are maintained. E: Lateral projection.
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FIGURE 32-70. Distal femoral physeal fracture. A: Salter-Harris type IV fracture involving the
lateral condyle of the distal femur. Although the injury film does not show significant displace
ment, fragment stabilization is recommended to maintain this alignment. B: Anteroposterior
projection after placement of cancellous bone screws. C: Lateral projection.

The tibial eminence consists of two bony spines, and is

to functional deficits or subjective feelings of knee instabil

located between the medial and lateral plateaus of the tibia.

ity. A more troublesome problem has been failure to regain

The anterior cruciate ligament attaches to the medial spine,

full knee extension. Wiley and Baxter (347) carefully evalu

but nothing attaches to the apex of the lateral spine. Be

ated knee range of motion, and determined that 60% of all
patients lost more than 10 degrees of extension. This loss

tween these spines are the attachments of the menisci. Avul
sion of the tibial eminence in children is usually caused by
a fall from a bicycle, a sporting injury, or some other indirect

of motion was noted in all type III injuries that were treated
closed, and in approximately one-half of the type III injuries

trauma to the knee. The typical age range for this injury is

treated with open reduction. Long-term functional results

6 to 15 years.

are generally excellent, except for those for displaced type
III fractures (346-348).

Myers and McKeever (345) classified this avulsion frac
ture by degree of displacement:
type I: minimally displaced, with only slight elevation of
the anterior margin;

type II: hinged posteriorly, producing a beak-like appear
ance on the lateral radiograph;

type III: completely displaced and elevated from its bed.

With displacement, the meniscus may become trapped un

Treatment

Type I injuries do not require reduction, and can be immo

bilized in a cylinder cast for 4 to 6 weeks. This is followed
by range of motion exercises, strengthening, and gradual
resumption of activities.

Type II fractures may be difficult to distinguish from

derneath the fragment and interfere with reduction. Long-

completely displaced fractures. Aspiration of the joint and

term studies have reported some residual knee laxity, regard

injection of local anesthetic facilitate reduction. Reduction

less of anatomic reduction with internal fixation (346,
347). This would suggest that the fibers of the anterior
cruciate ligament are stretched before bone failure. After
closed treatment of type I and II fractures, any residual
instability is mild, with a firm end point, and has not led

is then attempted by fully extending the knee and applying
a cylinder cast (Fig. 32-71). If radiographs after reduction

are inconclusive or demonstrate inadequate reduction, MRI
or arthroscopic evaluation may be necessary to determine
whether the posterior attachment is disrupted, and whether
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FIGURE 32-71. Tibial eminence fracture. A: Lateral projection of a type II avulsion fracture. This
fracture is probably in transition between type II and type III displacement. However, when the
knee was placed in full extension, the fragments were reduced to an acceptable degree. Treatment
was in a cylinder cast. B: Six weeks after injury reduction has been maintained, and there is
evidence of healing. C: The anteroposterior projection shows no significant elevation of the tibial
spine.

there is meniscal entrapment. The preferred position of im

rarely interfere with function. Occasionally, patients will

mobilization after reduction is controversial. Some authors
recommend immobilization in extension (349), whereas

present late with malunion that limits knee extension. This
can be treated with anterior closing-wedge osteotomy with

others recommend immobilization with 20 to 30 degrees

internal fixation (349).

of knee flexion to relieve tension on the anterior cruciate
ligament (349). The authors recommend immobilization
in extension, because loss of extension after union is more

Tibial Tubercle Fracture

problematic than joint instability when adequate reduction

The tibial tubercle is the anterior and distal extension of

has been achieved. Hyperextension should be avoided, be
cause this position becomes uncomfortable.

cation center and serves as the insertion site of the patellar

the proximal tibial epiphysis. It develops a secondary ossifi

Type III fractures are best treated with open or arthro-

tendon. Fracture of the tibial tubercle is an injury of the

scopic reduction and stable internal fixation (350). This

adolescent knee joint, usually occurring in boys between 13

can be achieved by using a small intraepiphyseal cancellous

and 16 years of age. During this period of growth, the proxi

screw. Alternatively, sutures or wires can be passed that enter

mal tibial physis is usually in the process of physiologic

the osteochondral fragment and exit through the periphery

closure. Tibial growth plate closure begins centrally, pro

of the epiphysis (351). Consideration should be given to

ceeds centrifugally, and finally proceeds distally to include

countersinking the fragment to achieve retention of the an

the tubercle. The mechanism of injury for avulsion of the

terior cruciate ligament. When fixation is secure, early mo

tubercle is forceful quadriceps contraction against resistance

bilization can be initiated to avoid loss of motion.

(e.g., jumping). There may be a preceding history of Os-

good-Schlatter disease (352,353).

Complications

Examination reveals swelling, deformity, and tenderness.

The ability to perform a straight-leg raise should also be

Some loss of motion and ligamentous instability are com

tested. The diagnosis is confirmed on a lateral radiograph

mon after tibial eminence fracture, even when management

by identifying the displaced fragment and a high-riding pa
tella. A classification was proposed by Watson-Jones, and

has been appropriate. These problems are usually mild and
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FIGURE 32-72. Classification of tibial tuberosity fractures. A: Type I fracture through the second
ary ossification center. B: Type II fracture located at the junction of the primary and secondary
ossification centers. Sometimes this fragment is in two pieces. C: Type III fracture, which is an
intraarticular fracture (Salter-Harris type III). This can also be a two-part fracture.

modified by Ogden and colleagues (353) (Fig. 32-72). Type

managed closed or by percutaneous methods. Bolesta and

I fracture is through the distal ossification center; type II is

Fitch (352) recognized this potential complication, and per

at the junction of the tubercle and the tibial ossification

formed prophylactic fasciotomy on selected patients.

centers; and type III involves the articular surface of the

Posttraumatic genu recurvatum can occur in younger

tibia.

patients after tibial tubercle avulsion fracture. This is caused

Treatment

plate. Patients with more than 1 year of growth remaining

by premature arrest of the anterior aspect of the growth

Treatment for all but minimally displaced type I fractures
consists of anatomic reduction and internal fixation. This
can be accomplished by open reduction and insertion of

cancellous bone screws (Fig. 32-73). In younger children
with significant growth remaining, smooth pins, placed

obliquely across the fracture, can be substituted for screws.

This can be supplemented with a tension band suture or
wire to the tibial metaphysis, if pin fixation is insecure. Knee

immobilization is used for 3 to 4 weeks, before beginning

active range of motion.
Complications

should be observed for development of this deformity. Bilat
eral proximal tibial epiphysiodesis is generally the preferred
procedure when deformity is mild. Greater degrees of defor
mity may necessitate proximal tibial flexion osteotomy to
restore normal alignment.

Patellar Fractures
Patellar fractures are much less common in children than
in adults. This may be attributable to the fact that the patella
is largely cartilaginous until adolescence. The child's patella
is also more mobile than the adult's, and is subjected to less
tensile force during quadriceps contraction. In adolescents,

injury (354). This may be attributable to the fact that the

the patellar anatomy approaches that of the adult, and is
more likely to be damaged by direct trauma. Osteochondral
fractures have also been reported in 40% of children and
adolescents sustaining acute patellar dislocations (355). The
patellar sleeve fracture is a type of patellar fracture that is

tubercle is in close proximity to the anterior compartment

unique to younger children. The age range for patellar sleeve

fascia, and bleeding from the fracture enters this compart

fracture is 8 to 12 years. This injury consists of an avulsion
of the cartilaginous portion of the distal patella from the
ossification center (356,357) (Fig. 32-74).

Avulsion fractures of the tibial tubercle have few associated
long-term problems. However, several authors have re

ported acute compartment syndrome of the leg after this

ment. Pape and colleagues (354) observed that compart
ment syndrome may be more frequent in patients who are
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FIGURE 32-73. Tibial tubercle fracture. A: The lateral radiograph shows a type III tibial tubercle
avulsion. This is a Saiter-Harristype III fracture. Open reduction and internal fixation are indicated.
B: The postoperative lateral radiograph demonstrates reduction of the fracture with intraepiphyseal cancellous screw placement. This type of fixation was chosen, because the patient was a
13-year-old boy who had significant growth remaining. In the older adolescent with less than 2
years of growth remaining, the screws can cross the physis.

FIGURE 32-74.

Patella injury. A: An anteroposterior radio

graph of the knee suggests proximal displacement of the
patella. B: The lateral view demonstrates patella alta, and a
faint calcification is seen 1 cm distal to the inferior pole of

the patella. These findings are consistent with patel la r sleeve
fracture, (continued)
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FIGURE 32-74. (continued) C: Lateral view after open re
duction and fixation with AO tension band technique. The
patella has returned to its normal position. D: The anteropos-

terior projection shows the configuration of the internal fix
ation devices.

The diagnosis of patellar fracture may be more difficult
in children than in adults. Palpation may reveal a defect,
but can be difficult to perform, because of pain and tense
hemarthrosis. Lack of function and abnormal movement of
the extensor mechanism on physical examination are gener

ally useful indicators of patellar injury. Radiographs can
be difficult to interpret. Bipartite patella (i.e., secondary-

ossification center) may be painful, and can be confused
with nondisplaced fracture. A fractured patella may be diffi
cult to diagnose accurately, as a result of incomplete ossifica
tion. This is particularly true for patellar sleeve fractures, in
which the lateral radiographs may demonstrate only patella
alta and a very small fragment of bone attached to the distal

unossified cartilage. The MRI can be diagnostic when there
is doubt regarding the nature of the injury.
Treatment

Treatment of patellar fractures in children is generally the
same as for adults (358). The patella is a sesamoid bone
that grows by apposition, so growth disturbances are un
common. Nondisplaced fractures with intact extensor
mechanisms may be treated by immobilization in extension

for 4 to 6 weeks. Open reduction with internal fixation is

indicated for displaced fractures. Stability may be achieved
by means of the AO tension band technique or by cerclage

wiring.

TIBIAL FRACTURES

Tibial fractures are the most common lower extremity frac
ture in children, and make up 10 to 15% of all pediatric

fractures (5,176). Many of these are toddler fractures or lowenergy nondisplaced fractures occurring from minor falls,
twisting injuries, or sports. Motor vehicle crashes and highenergy injuries are more common in older children, result
ing in displaced tibia and fibula fractures. Soft tissue injury
is more severe in displaced fractures, and adds to the com

plexity of fracture management. The location of the frac
ture, its severity, and the child's age influence treatment.

Proximal Tibial Epiphyseal Fracture
Separation of the proximal tibial epiphysis is uncommon

(Fig. 32-75). This is probably attributable to the supporting

ligamentous structures and the shape of the physis. The
fibula buttresses the tibia laterally, and the physis slopes
downward anteriorly in the region of the tibial tubercle.
The medial collateral ligament inserts on the metaphysis,
in addition to the epiphysis. Many of the musculotendinous

units that span the knee do not insert on the proximal tibial
epiphysis. Thus, varus and valgus stresses are not propagated
to the tibial epiphysis.

The mechanism of injury to this epiphysis is usually di
rect force to the knee, as in a fall from a height, lawn mower
injuries, or motor vehicle crashes. Hyperextension injuries
from sports may also injure this region. Lawn mower inju
ries are seen in younger children, but the majority of patients
are older than 12 years at the time of injury (359,360).
Most proximal epiphyseal injuries are Salter-Harris type II

fractures, demonstrating posterolateral or posteromedial
displacement. These are followed in frequency by type I
separations, which tend to displace posteriorly. This threat-

Tibial Fractures
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FIGURE 32-75. A: Salter-Harristype II fracture of the
proximal tibia. Compartment syndrome accompanied
this injury. B: Fasciotomies were performed for com
partment syndrome, and the fracture was treated
with closed reduction and percutaneous pin fixation.

ens the popliteal artery, because the artery is tethered to the

to avoid delay in vascular exploration and repair. If vascular

posterior aspect of the tibia by its branches. The posterior

repair is necessary or if ischemia has exceeded 4 h, prophy

branch passes under the arch of the fibers of the soleus

lactic fasciotomy is recommended (68). This prevents reper-

muscle, whereas the anterior branch passes into the anterior

fusion compartment syndrome from developing.

compartment just distal to the growth plate (Fig. 32-76).

Proximal Tibial Metaphyseal Fracture
Treatment

(Cozen Fracture)

Management consists of closed reduction in most cases, but

Metaphyseal fractures of the proximal tibia occur most com

percutaneous pinning or cannulated screw fixation is per

monly in children between the ages of 2 and 8 years. The

formed if the fracture is unstable, if vascular repair is neces

usual mechanism of injury is a valgus force applied to the

sary, or if early motion is required. Precise reduction is rec

extended knee, producing an incomplete fracture of the

ommended, because future growth may be impaired or

tibia, with or without fracture of the fibula. The lateral

insufficient to spontaneously correct residual deformity.

cortex of the tibia may be buckled or impacted, or may

Displaced type III and IV fractures are intraarticular inju

undergo plastic deformation. Pronounced displacement is

ries, and require precise reduction and internal fixation to

uncommon, except in instances of high-energy trauma. This

preserve joint function and reduce the risk of premature

innocuous-appearing fracture is often in more valgus than

physeal closure. These fractures should be followed closely

one readily appreciates from the initial radiographs. A com

for growth arrest, which occurs in 25 to 33% of patients,

parison radiograph of the opposite tibia is helpful to deter

regardless of the type of physeal separation (359,360).

mine the true deformity of the injured leg.

Complications

Treatment

Vascular compromise requires prompt reduction and stable

Management consists of closed reduction with the knee in

fixation. After reduction, blood pressures by Doppler pulse

extension. This position allows effective three-point cast

are compared with those in the opposite limb. Any signifi

molding to generate a varus force. The extension position

cant difference is an indication for arteriography. It is rec

also facilitates subsequent radiographic interpretation. After
reduction, the author recommends that an angle formed by

ommended that this be performed in the operating room
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(361,362). Overgrowth of the tibia, with tethering by the
intact fibula, has also been postulated as a possible cause,

but progressive valgus deformity can develop, even when
the fibula is fractured. Treatment of this deformity consists
of observation, because it usually resolves spontaneously
with the development of a slightly S-shaped tibia (364,365).
Tibial osteotomy and hemiepiphyseal stapling have been
reported for correction of more severe deformities
(358,366). However, McCarthy et al. (364) observed simi
lar results at follow-up, when surgically treated patients were
compared with untreated patients. In the authors' opinion,

osteotomy should be avoided, because of the high risk of
recurrent deformity. Although rarely indicated, hemiepi

physeal stapling in children younger than 10 years can be
performed with resumption of normal growth after staple
Popliteal artery\

removal.

Tibial Diaphysis

Fractures of the shaft of the tibia and/or fibula account for

Anterior tibial artery-

Posterior tibial artery-

FIGURE 32-76. Proximal epiphyseal fracture. The distal tibial
segment is displaced posteriorly, producing vascular occlusion of
the popliteal artery.

approximately 4 to 5% of all pediatric fractures (5,176).
These fractures generally fall into three categories: (i) nondisplaced, (ii) oblique or spiral, and (iii) transverse and com

minuted displaced fractures (367,368). In infants and
young children, the tibial shaft is relatively porous, and is
more likely to bend or buckle than to comminute. The
surrounding periosteum is strong and imparts stability to
the fracture site, limiting displacement and shortening. In
contrast, the adolescent tibial shaft is composed of more
dense cortical bone and a thinner, weaker periosteum. Frac

tures in the adolescent age group are more often the result of
high-energy trauma, and are associated with greater fracture
displacement, comminution, and slower healing rates than

a line through the physis and a line down the tibial shaft
should be within 5 degrees of the opposite intact tibia. The
cast is maintained until healing is complete, usually 6 weeks.

in younger children.

The remodeling potential of the tibia is limited. Rota
tional deformity does not remodel, although external rota

Displaced proximal tibial fractures in adolescents sometimes

tion deformity is better tolerated than internal rotation de

signs of excessive compartment swelling.

young children can correct approximately 50% of residual
angulation with growth. In children older than 10 years of

require operative stabilization to control alignment and ex
pedite mobilization. During the 48 h after closed reduction
and casting, the extremity should be closely monitored for

Complications

Progressive valgus deformity of the leg frequently develops
in children younger than 10 years of age who sustain this
fracture (361-363) (Fig. 32-77). Close review of the initial
postreduction radiographs occasionally reveals that an im

precise reduction was responsible for at least part of the
deformity. However, nondisplaced and anatomically
aligned fractures can also develop progressive valgus defor
mity (362). Angulation increase begins several weeks after
fracture and usually ceases by 12 months after fracture. The

cause of this problem remains somewhat obscure, but it

probably results from selective overgrowth of the medial
tibial physis, in response to asymmetric vascular stimulation

formity (368). Final alignment should be within 10 degrees
of angulation in any direction (367-370). Infants and

age, only 25% of the axial malalignment improves. Hansen

and Grieff (367) reported only 13.5% correction of angular
deformity with subsequent growth, but Shannak (368)
demonstrated that one-third of children with more than
10 degrees of angulation at healing had persistence of the
malunion at final follow-up assessment. In general, varus

malalignment seems to remodel more completely than val
gus deformity.

The ability to compensate for shortening decreases with

age. Children younger than 5 years of age show the greatest

capacity. Unlike the fractured femur, this increase in tibial

growth rate is less dramatic, and growth acceleration greater

than 5 to 7 mm is unusual (371). In a review of 142 tibial
fractures, Shannak (368) reported an average of only 4.35
mm of growth acceleration. Comminuted and long spiral

Tibial Fractures

FIGURE 32-77. A: Radiograph of a proximal metaphyseal fracture of
the tibia with valgus deformity. Closed reduction was performed. B:
Radiographic appearance at the time of union demonstrates satisfactory
alignment. C: Radiographs 8 months later demonstrate valgus align
ment attributable to asymmetrical growth stimulation.
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fractures displayed the greatest amount of overgrowth, in
cluding those that were treated with anatomic reduction
and internal or external fixation. Overgrowth is not rou

tinely seen in girls older than 8 years or boys older than 10
years of age.

Nondisplaced Fractures of the Tibial Shaft
Nondisplaced tibial fractures are more common in younger

children. So-called "toddler's fracture" is seen in the 1- to
4-year age group. A mildly traumatic event may have been
observed, but often the child presents with an acute limp

of unknown cause. Approximately 20% of these acutely
limping toddlers have sustained occult fractures, and onehalf of these fractures are in the tibia (372). Low-energy

torsional forces, as when the child twists a leg, usually cause
these fractures. The child limps or refuses to walk on the
affected lower limb. Examination may reveal a point of ten
derness or subtle swelling in the distal third of the leg, but
often the examination is unremarkable. Radiographs may

show a fracture, but frequently the fracture line is not ini
tially evident. Toddler's fracture is differentiated from pa
thology of the hip and femur by the child's ability to crawl
and a normal range of motion of the hip joint. Infectious
processes need to be considered in the differential diagnosis,
but these can usually be diagnosed by the presence of fever
and laboratory studies demonstrating increased sedimenta
tion rate, C-reactive protein, and leukocyte count. A triphase bone scan may help establish the diagnosis when pain
and limp are severe and the workup remains equivocal
(373). Treatment is initiated when fracture is suspected,
and the diagnosis is usually confirmed 10 to 14 days later,
when periosteal new bone has formed.
Treatment for nondisplaced fractures of the tibial shaft

B
FIGURE 32-78. A: Spiral or oblique fracture of the tibia, without
fibula fracture, is common in children. B: Radiograph at the time
of union demonstrates satisfactory alignment with acceptable
varus deformity.

in all age groups consists of immobilization in a cast until
union has occurred, usually 3 to 4 weeks for toddlers and
6 to 10 weeks for older children.

79). Angulation greater than 10 degrees in any direction
should be corrected, except in very young children, in whom

Oblique or Spiral Fractures of the Tibial Shaft

15 degrees may be accepted (367—370).

Isolated fracture of the tibia, with an intact fibula, is the
most common tibial shaft fracture in the pediatric age group
(370,374). A rotational or twisting force, resulting in a spiral

or oblique fracture at the junction of the middle and distal

Transverse and Comminuted Displaced Fractures

of the Tibia and Fibula

thirds of the tibial shaft (Fig. 32-78), usually causes these

Complete fractures of the tibia and fibula are more common

fractures. The most common mechanism of injury is indi

in older children. These fractures result from high-energy

rect trauma, such as sports accidents or falls. The intact

trauma, and are frequently unstable. Open fractures of the

fibula imparts stability, but may interfere with reduction of

tibia are not uncommon, and account for 4% of all tibial

displaced fractures and contribute to the development of

fractures in children and adolescents (375). Soft tissue dam

varus angulation.

age and periosteal stripping predispose to more severe com

Treatment consists of reduction and immobilization in

plications, such as compartment syndrome, delayed union,

an above-knee cast, with the knee flexed to 30 degrees and

and infection. Inherent fracture stability after reduction is

the anlde in 1 5 degrees of plantar flexion, to minimize varus

variable.

muscle forces (370,374). Unstable displaced fractures may

Treatment of closed injuries is similar to that for oblique

require fibular osteotomy and surgical stabilization (Fig. 32-

and spiral fractures. Closed reduction may be easier to

Fractures of the Ankle

1401

trauma, floating knee, vascular injury, and open fractures
requiring wound access.

Open Fractures of the Tibia
The general management of open fractures has been dis
cussed earlier in this chapter. Open fractures of the tibia
in children are the result of high-energy trauma, and are
associated with other injuries in 25

to 50% of cases

(59,375).
Treatment. Initial management consists of administration

of intravenous antibiotics and tetanus prophylaxis, followed
by aggressive wound irrigation and debridement (59,60,
66,375). Clean, grade I open wounds may be loosely closed
over a drain after adequate debridement, but the majority
of wounds should be left open, with repeated debridement,
before soft tissue coverage (60). Surgical stabilization facili
tates wound management. External fixation is generally pre

ferred, but satisfactory results have been reported with pins
and plaster, plates and screws, and flexible intramedullary

fixation (59,60,66,375).
Complications. Open fractures in children share many of
the same complications reported in the adult literature
(62,63). Kreder and Armstrong (59) noted that a delay of
more than 6 h correlated with a 25% infection rate, com
pared with a 12% rate for patients operated on within 6 h.
Others have noted that age is the most significant prognostic
indicator (64,66). Children younger than 12 years of age

require less aggressive surgical management, heal faster, have
FIGURE 32-79. A: Transverse fracture of the tibia, with an intact
fibula. B: Osteotomy of the fibula was necessary to obtain reduc
tion. After this, the fracture was very unstable and required fixa
tion. Flexible intramedullary nails, introduced through the metaphysis, also would have provided stabilization.

lower infection rates, and have fewer complications than
older children. Children older than 12 years of age have
fracture patterns and complications that are similar to those
in the adult population.

FRACTURES OF THE ANKLE
achieve than when the fibula is fractured, but there is a

Ankle fractures in children constitute approximately 5% of

tendency for the fracture to drift into valgus and procurva-

all pediatric fractures and one of six physeal fractures (17%)

tum, because of the greater muscle bulk posterolaterally in

(3,29). The same mechanisms that produce spiral fractures

the leg. An above-knee cast is used for 4 to 8 weeks, until

of the tibial shaft in younger children may produce epiphy-

initial stability has been achieved. Immobilization may then

seal fractures of the ankle in older children. Tillaux and

be continued with a patella-tendon-bearing cast, until heal

triplane fractures, referred to as transitional fractures be

ing is complete. Final axial alignment should be within 10

cause they occur in adolescents during the transition to skel

degrees in any direction.

etal maturity, are specific injuries that occur as the distal

Unstable fractures may require surgical stabilization to

maintain alignment or facilitate rehabilitation. The tech
niques for surgical stabilization are similar to the techniques

tibial growth plate is beginning to close (376).

The ossification centers of the distal tibial and fibular

discussed with regard to femur fractures, and include the use

epiphyses appear between the ages of 6 months and 2 years.
The medial malleolar extension forms around 7 to 8 years

of pins and plaster, flexible intramedullary nails introduced

of age, and is complete by age 10 years. Closure of the distal

through the metaphysis, plates and screws, and external fixa

tibial growth plate begins centrally, proceeds medially, and

tion. Additional indications for surgical stabilization of tib-

ends on the lateral side. This sequence of closure is responsi

ial fractures

ble for transitional fracture patterns. The fibular physis lies

include associated

head injuries,

multiple
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at the level of the talar dome, and closes 1 to 2 years later
than the distal tibia.

the clinical examination of foot position is combined with
the radiographic appearance. Classifications have also been

Ankle motion consists essentially of plantar flexion and

proposed that combine mechanism of injury with the type

dorsiflexion only, rendering this region susceptible to injury

ligaments and the calcaneofibular ligament. Strong ligamen-

of growth plate injury, but these classifications can be con
fusing and difficult to remember. The authors agree with
Vahvanen and Aalto (379), who stated: "The simultaneous
use of the classifications based on both type of trauma and
type of epiphyseal lesion for classifying ankle fractures in
children has led to unsatisfactory and unnecessarily complex

tous structures also bind the distal tibia to the fibula at

groupings. In children the mechanism of trauma can often

the level of the joint. The anterior tibiofibular ligament is

pally attach to the epiphyses distal to the level of die growth

not be identified, and experimental work, such as what
Lauge-Hansen did to support the mechanism-of-trauma
classification in adults, is lacking in children." Those au
thors subsequently proposed a simple classification to guide

plate. This anatomic arrangement transmits injury forces to

management and predict outcome. According to their sys

with twisting or bending forces. Medial stability is provided

by the deep fibers of the deltoid ligament that attach the
medial malleolus to the body of the talus. The lateral liga
ment complex consists of anterior and posterior talofibular

important in the pathomechanics of transitional fractures.
All of these ligaments, and others around the ankle, princi

bone, and results in physeal fractures in older children and

tem, ankle fractures in children can be classified into two

adolescents.

categories (379):

Diagnosis can be difficult in patients with nondisplaced

or minimally displaced fractures. This is particularly true
for distal fibular physeal separations and Tillaux fractures.
Swelling may be minimal. Careful palpation usually reveals
that the most tender area is the growth plate rather than
the joint or ligaments. Displaced fractures are painful, with
visible deformity attributable to the subcutaneous nature of
the ankle joint. The position of the foot relative to the tibia
provides evidence of the mechanism of injury, and indicates
the direction of manipulation

required for reduction.

Motor, sensory, and vascular assessments should be per

formed before reduction. Plain radiographs usually confirm
the diagnosis and define the fracture pattern. Ultrasound

group I: low-risk, including avulsion fractures and epi
physeal separations (Salter-Harris types I and II); and
group II: high-risk, including fractures through the epi
physeal plate (Salter-Harris types III, IV, and V) and transi
tional fractures.

In this classification scheme, transitional fractures would be
considered high risk. The authors prefer to consider transi
tional fractures as a separate category, because of the distinct

pathoanatomy of these injuries. Spiegel et al. (382) used
a slightly different classification of high-risk and low-risk
pediatric ankle fractures, with a third category for transi
tional fractures.

assessment has been used to diagnose nondisplaced SalterHarris type I separations of the distal fibula, but this has

Treatment

not altered treatment (377). CT scanning, with or without
three-dimensional reconstruction, is invaluable for the eval

Low-risk Fractures

uation and management of transitional fractures. An MRI

This category includes avulsion fractures that do not involve

does not offer great advantage over plain radiography, ex

the growth plate, and all Salter-Harris type I and II physeal

cept to evaluate complications such as growth arrest (378).

separations. Nondisplaced fractures are tteated with cast im

Malleolar

avulsion

fractures

are

more

common

in

younger children, whereas a variety of epiphyseal injuries

mobilization for 3 to 6 weeks. Close follow-up with frequent
early radiographs is recommended to detect any displace

may be seen in older children. Fractures with syndesmosis

ment in the cast.

disruption are uncommon in children until late adolescence.

Displaced low-risk fractures are usually managed by

The most common injury is avulsion of the tip of the lateral

closed reduction (Fig. 32-80). This can be attempted in the
emergency room, but complete muscle relaxation may be

malleolus, followed by separation of the distal fibular physis
(376,377,379).
Classifications
Ankle injuries in children have been classified by mechanism
of injury, by type of growth plate injury, and by combina

tions of both systems (380,381). Classifications based on
mechanism of injury have been proposed to help guide re

duction, but these classifications have been formulated inde
pendent of the clinical examination. Also, children rarely

have comminution or syndesmosis disruption, which have
poor prognoses in adult classification schemes. In children,

the steps necessary for reduction are usually evident when

required for successful manipulation. Interposed soft tissue
may interfere with reduction and necessitate surgical explo
ration. A flap of periosteum is usually found, but tendons
or neurovascular structures can also become interposed. In

ternal fixation with smooth pins or metaphyseal screws can
be used after open reduction, but this is not required if the
fracture is stable clinically. Minor amounts of displacement
and angulation can be accepted, especially in younger chil
dren, because these injuries are usually extraarticular and
have good prognoses for resumption of growth. Immobiliza
tion in an above-knee cast is recommended for the first
3 weeks after closed reduction. A below-knee cast, for an
additional 2 to 3 weeks, follows this.

Fractures of the Ankle
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FIGURE 32-80. Pronation and external rota
tion ankle fracture. A: The anteroposterior ra
diograph demonstrates a Salter-Harris type II
fracture of the distal tibia. The Thurston-Holland fragment is lateral. The fibular fracture is
transverse and located well above the fibular
physis. B: Lateral projection of the same injury.
C: This fracture was treated with closed reduc
tion and application of an above-knee cast. D:
A lateral radiograph demonstrates acceptable
alignment. This fracture was managed success
fully with closed reduction.

High-risk Fractures

fect," to restore the articular surface and minimize the risk

These fractures include Salter-Harris type III and IV frac
tures. They are usually intraarticular, with joint instability.

displaced fractures, but is rarely successful. Open reduction
is usually performed with fixation, using intraepiphyseal

Hairline fractures, in which the fracture line is 1 mm or

of growth arrest. Closed reduction may be attempted for

smooth Kirschner wires or small, cannulated screws (Fig.

less on all views, can be managed by immobilization in a

32-82). Lintecum and Blasier (386) described a technique

long-leg cast (Fig. 32-81). Greater degrees of displacement
require accurate reduction. Salter and others (383-385)

of direct visualization and reduction through an anterior

have noted that reduction of these fractures must be "per

ous fixation with cannulated screws inserted medially or

arthrotomy incision. This was accompanied by percutane
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FIGURE 32-81. A: A 9-year-old girl sustained an undisplaced Salter-Harris type III fracture of the distal tibial
epiphysis, as seen in this anteroposterior radiograph. B:
Management in a cast resulted in healing by 6 weeks.
This anteroposterior radiograph shows the result at 3
months. There is symmetrical growth of the physis at
the tibia and fibula.

FIGURE 32-82. Supination-inversion ankle fracture. A: The anteroposterior radiograph demon

strates a bimalleolar ankle fracture with ankle dislocation. There is a Salter-Harris type I fracture
of the distal fibula and a Salter-Harris type III fracture of the medial tibial epiphysis. B: Lateral
projection C Anteroposterior radiograph after open reduction and internal fixation. Transepiphyseal screws are used to avoid fixation crossing the growth plate. The joint surface is restored to
anatomical alignment. No fixation was required for the fibula fracture. A smooth Kirschner wire
can be placed across this physis, if needed, for ankle stability.

Fractures of the Ankle

laterally. Every effort should be made to avoid crossing the
growth plate with internal fixation devices. However, resto
ration of articular integrity is more important than preserv
ing growth at the ankle. The distal tibia and fibular epiphyses contribute only 3 to 4 mm of longitudinal growth per
year. In older patients with unstable fractures, it is occasion

ally advisable to place internal fixation devices across the
physis and perform epiphysiodesis to avoid subsequent an
gular deformity.

Transitional Fractures

These fractures are also high-risk, and include the Tillaux
and triplane injuries. These fractures occur as the growth
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plate is in the process of closing, so growth disturbance
in not a concern. Restoration of articular congruity is the
objective of treatment.

Tillaux fracture results from an external rotational force,
and consists of avulsion of the anterolateral portion of the

distal tibial epiphysis by the anterior tibiofibular ligament.
This is a biplane Salter-Harris type III injury that can be
difficult to detect on plain radiographs. Closed reduction
is performed, followed by internal rotation and immobiliza
tion in an above-knee cast. The quality of reduction should
be accurately documented. CT scans are helpful if plain
radiographs are inconclusive. Open reduction with internal
fixation is indicated when displacement after closed reduc
tion is greater than 2 mm (376,387) (Fig. 32-83). An anter-

FIGURE 32-83. Transitional fracture. A: The anteroposterior radiograph shows displacement of the an
terolateral distal epiphysis (Tillaux fracture). B: The

lateral radiograph demonstrates anterior displace
ment and rotation of the fragment. C: Postoperative
radiograph after open reduction and internal fixation
with cancellous bone screws. D: Lateral radiograph.
In this instance, the screws can cross the physeal line,
because this injury occurred in an adolescent after
the growth plate had begun physiological closure.
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FIGURE 32-84. Triplane fracture. A: On the anteroposterior radiograph, the fracture appears as a Salter-Har
ris type III fracture of the distal tibial epiphysis. B: On
the lateral view, the fracture appears as a Salter-Harris
type II fracture of the distal tibia. C: In the three-part
triplane fracture, the anterolateral epiphyseal frag
ment is displaced as a separate fragment.

olateral approach is used, and the fracture is repaired with
cancellous screws crossing the physis.

Triplane fracture is also caused by external rotation of

the foot (Fig. 32-84). On anteroposterior radiographs, it
appears as a Salter-Harris type III fracture, but on the lateral

projection, it appears to be a type II fracture (Fig. 32-85).

The triplane fracture may be a two-part fracture or a threepart fracture, but greater comminution can occur. The CT
scans of two-part fractures reveal a single fracture line on
the horizontal section through the epiphysis. Three-part
fractures demonstrate three radiating fracture lines

("Mercedes sign") on the transverse section through the
epiphysis. An extraarticular type of triplane fracture can also
occur when the fracture line exits through the medial malleolus, past the articular surface (376) (Fig. 32-86). Initial

management consists of closed reduction with internal rota
tion and application of a long-leg cast. CT is recommended
to confirm reduction. Open reduction with internal fixation
is indicated when displacement exceeds 2 mm after at
tempted closed reduction (376,387,388). The anterolateral
approach is satisfactory for reduction and fixation of twopart fractures. Three- and four-part fractures generally re
quire anterolateral and posteromedial exposures. Arthroscopic assisted reduction can also be performed.

Complications

Complications of pediatric ankle fractures are related to
joint incongruity and growth disturbance. Both of these are

B

FIGURE 32-85. Triplane fracture of the distal tibia in a 12-year-old girl. A: The anteroposterior
radiograph shows a Salter-Harris type III fracture. B: The lateral radiograph shows an apparent
Salter-Harris type II fracture. This indicates a triplane injury, (continued)

Fractures of the Ankle
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FIGURE 32-85. (continued) C: Computed tomography through the epiphysis confirms a twopart fracture. D and E: Three-dimensional reconstruction demonstrates the fracture from the
anterolateral and posteromedial views. F: Closed reduction was unsuccessful. Arthroscopically
assisted open reduction was performed. The fracture was stabilized with a single anterolateral

cannulated screw inserted percutaneously.

influenced by the adequacy of reduction. Kling et al. (384)
reported that 19 of 20 Salter-Harris type III and IV frac
tures, which were treated with accurate open reduction and
internal fixation, healed without growth disturbance. In

contrast, 5 of 9 similar fractures, which were treated by

closed means, developed bone bridges. Growth arrest leads
to angular deformity. The distal tibia and fibula grow 3 to

4 mm in length per year. Therefore, leg-length discrepancy
is rarely a major problem, except in younger children.
Complete epiphysiodesis, with or without contralateral
epiphysiodesis, should be considered as soon as growth

disturbance is recognized. Other alternatives for manage
ment of growth arrest are discussed in the physeal injuries
section of this chapter.

Restoration of joint congruity is essential to prevent

long-term disability (387,388). More than 2 mm of
displacement at the articular surface is poorly tolerated.
Every attempt should be made to restore articular surfaces
without interfering with growth. However, it is the au
thors' opinion that maintenance of articular integrity is
a higher priority than preservation of growth around the
ankle.
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FIGURE32-86. Two-parttriplanefracture.
A: The anteroposterior radiograph shows a
Salter-Harris type III fracture. In this in
stance, the fracture line does not come out
in the intraarticular portion, but exits inthe
medial distal epiphysis. B: The lateral radio
graph shows what appears to be a SalterHarris type II fracture of the distal tibia. De
spite closed manipulation, improvement in
alignment could not be obtained, and open
reduction and internal fixation were per
formed. C: The anteroposterior radiograph
shows anatomical alignment and the place
ment of distal metaphyseal screws. D: The
lateral view shows reduction of the dis
placed fracture.

FRACTURES OF THE FOOT

attributable to the fact that the juvenile foot is very flexible,
with a large component of cartilage until late adolescence.

Fractures of the metatarsals and phalanges of the toes are

The ossification center of the medial cuneiform does not

common, accounting for 7 to 9% of all pediatric fractures

appear until 4 years of age. Some of the secondary ossifica

(3,5,29). However, fractures of the tarsal bones are uncom

tion centers do not appear until 10 years of age or later.

mon in children, and account for less than l% of all child

Thus, there are numerous ossification centers in various

hood fractutes. The majority of these are nondisplaced, and

stages of development. This can make radiographic inter

may be an underreported cause of limping in toddlers

pretation difficult. Comparison radiographs of the oppo

(389,390). The rarity of midfoot and hindfoot fractures is

site foot should be obtained when the diagnosis of a

Fractures of the Foot

fracture is in question. A CT is often helpful to evaluate
complex fractures.
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placement jeopardizes the tenuous blood supply of the talus,
because the neck region is the primary site of vascular pene
tration into the talus. Fortunately, there are numerous vas

Anatomy

The calcaneus functions posteriorly with the distal first and
fifth metatarsals to form a tripod for weight bearing and

shock absorption. Ligamentous structures, joint capsules,
bone geometry, and dynamic muscular forces maintain lon

gitudinal and transverse arches. The talus is a complex bone
that links the tibia to the foot, and bears all the forces of
body weight. It is composed of three parts: head, neck, and

body. The talus is supported by the calcaneus, and the head
of the talus articulates with the tarsal navicular bone. The
cuboid laterally and the three cuneiforms medially consti

tute the distal row of tarsal bones.

The talus allows plantar flexion and dorsiflexion through
the ankle joint, and accommodates pronation-supination

motion through die obliquely oriented subtalar joint. This
articular function determines the fact that the talus is largely
covered with articular cartilage, leaving few avenues of entry

for nutrient vessels. Thus, the talus is particularly susceptible
to osteonecrosis after fracture. The navicular is also suscepti

ble to osteonecrosis, and lies between the head of the talus
and the cuneiforms. Idiopathic or posttraumatic necrosis of
the navicular is a self-limited condition without long-term
sequelae. However, this condition, also known as Kohler
disease, can cause pain and have the radiographic appear

ance of a fracture.

The calcaneus supports the talus with a bony architecture
that is much more cancellous, and has a thin cortical wall
with less articular covering. It has a direct weight-bearing
function through the complex subcutaneous septae and the
thick skin of the heel pad. Anteriorly, transmission of longi
tudinal forces is achieved at the calcaneocuboid joint. The

calcaneus is susceptible to compression failure and collapse
of the outer cortical shell when subjected to direct impact,
such as the force sustained in a fall from a height. In addi
tion, the wedge-like lateral process of the talus may be driven
into the superior region of the calcaneus between the poste
rior and middle or anterior surfaces of the subtalar joint.

This intraarticular mechanism of injury is seen more often
in adults and older adolescents. It results in division of the
calcaneus into anterior and posterior fracture fragments.
Talus Fractures and Dislocations
Talar Neck Fractures
Fractures of the talar neck are thought to result from forced
dorsiflexion. However, there is a 25 to 30% incidence of
associated medial malleolar fractures, which suggests a supination component to the deforming force (391). Most talar

neck fractures in children are nondisplaced. The majority
of displaced fractures are from high-energy trauma. Dis

cular anastomoses within the body of the talus. The princi
pal blood supply penetrates the neck from within the tarsal
canal that is formed by the sulcus of the calcaneus and the
sulcus of the talus at the base of the neck. The other major
blood supply is a deltoid branch from the posterior tibial

artery that enters the medial body of the talus along the
deltoid ligament (392).

Letts and Gibeault (393) proposed a classification for

pediatric fractures of the talus, which is helpful to determine
prognosis:

type I: minimally displaced fracture of the distal talar
neck (the incidence of osteonecrosis is low);
type II: minimally displaced fracture of the proximal
neck or body (the risk of osteonecrosis is also low with this

type);

type III: displaced talar neck or body fracture (os
teonecrosis is more likely);

type IV: talar neck fracture with dislocation of the body

fragment (osteonecrosis is expected in all of these fracture-

dislocations).

Treatment. Fractures that are minimally angulated (less

than 5 degtees on the anteroposterior view), and displaced
less than 2 mm, can be managed closed (394). The foot is
placed in slight plantar flexion to reverse the mechanism of
injury. Immobilization in a non-weight-bearing below-knee
cast is continued until union is evident, usually 6 weeks.

Then a full-weight-bearing cast is used for an additional 4
to 6 weeks. Displaced fractures require open reduction with
internal fixation. The anteromedial approach is preferred
for fragment reduction. Kirschner wires or cannulated
screws can be placed anterior to posterior or retrograde,

depending on the location of the fracture (Fig. 32-87). Lag
screws are recommended, because they may eliminate dis

placement better than smooth wires (391). Cast immobili
zation with non-weight bearing is maintained until union
is achieved.

Osteonecrosis in children does not usually prevent heal
ing of the fracture, and the long-term outcome may be
satisfactory. Prolonged non-weight bearing in a cast yields
the best results when osteonecrosis has developed (394).
Subchondral lucency may become visible in the body of the
talus 6 to 8 weeks after fracture (Hawkins sign). This sign
results from disuse osteopenia, and indicates that the body

of the talus is vascularized.

Osteochondral Fractures of the Talar Dome
Forced supination of the foot, as in a sprained ankle, may
produce osteochondral fracture of the medial or lateral mar
gin of the talar body. This lesion should be suspected when
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FIGURE 32-87. Talus fracture. A: Anteroposterior radiograph of the ankle of a 13-year-old gym
nast who injured her foot during a dismount. It appears that the head and neck of the talus are

displaced laterally toward the fibula. B: The lateral projection shows a type III talus fracture with
subluxation of the talonavicular joint. C: The intraoperative film shows provisional fixation with
Kirschner wires. The fracture is reduced with plantar flexion of the foot. D: Another intraoperative
anteroposterior view shows anatomical alignment of the talar neck with the body. The entry sites
for the screws are in the nonarticular portion of the talar neck. E: The postoperative film shows
cancellous screw placement. F: An anteroposterior radiograph shows restoration of the normal
alignment of the ankle. Compared with the injury radiograph, there is no longer a prominence
of the talar neck laterally.

a "sprained ankle" does not improve as expected. Medial

if symptoms persist after a period of immobilization. This

lesions tend to be posteromedial, and result from inversion,

frequently can be accomplished arthroscopically.

plantar flexion, and external rotation. Lateral lesions tend to
be anterolateral, and result from inversion and dorsiflexion.
Plain radiographs of the ankle mortis in plantar flexion and

Lateral Process Fracture

dorsiflexion may be necessary to visualize the fracture. A

Lateral process fractures of the talus may occur in an inver

CT is useful in problematic cases.

sion or twisting injury to the foot. The initial symptoms

Initial treatment after diagnosis is non-weight-bearing

are similar to those of an ankle sprain, but these fractures

immobilization for 6 to 8 weeks. Many patients become

are easily missed, unless there is a high index of suspicion

asymptomatic in spite of persistent defects (395). Drilling

and good-quality anteroposterior radiographs of the talus
are obtained. More commonly, the patient presents with

and pinning, or removal of the loose fragment, is indicated,

Fractures of the Foot
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persistent symptoms after an "ankle sprain" (396). The di
agnosis can be made with stress radiographs or CT scanning.

wall with an H-shaped or Y-shaped plate (Fig. 32-88). Ex

Displaced fractures are often associated with other fractures.
Treatment consists of cast immobilization for nondisplaced injuries. When the patient presents late or an acute
fracture is displaced, small fragments can be excised, but
large fragments should be treated with reduction and inter

usually good. Satisfactory long-term results have also been
reported after closed management of intraarticular calcaneal

nal fixation.

cessive comminution of the articular surface precludes this
type of surgery (400). Long-term results in children are

fractures in children (402).

Midfoot Fractures and Tarsometatarsal

Injuries

Calcaneus Fracture
Fractures of the calcaneus may be extraarticular, sparing the

subtalar joint, or intraarticular. Extraarticular fractures are
more frequent in younger children (75% of cases), whereas

intraarticular fractures account for the majority of calcaneus

fractures in adolescents and adults. Fracture of the calcaneus

may be minimally displaced, and can be easily overlooked
in children. Delay in diagnosis occurs in 30 to 50% of cases

(397-399). Swelling, pain, or localized tenderness after a
fall should alert the clinician to the possibility of calcaneus
fracture. Multiple radiographic views are recommended for
diagnosis. However, CT has evolved as the best method for
imaging calcaneal fractures for the complete assessment of

Injuries to the tarsometatarsal joints and fractures of the
cuboid or cuneiform bones are rare in children, but can
have long-term sequelae (403,404). Fracture of the base of
the second metatarsal is usually an indication of associated
tarsometatarsal joint injury. These injuries are often misdi-

agnosed and easily overlooked, and may occur more com
monly than recognized. The mechanism of injury may be
direct impact, but is more commonly forced plantar flexion

of the forefoot, combined with a rotational force (405).
Heel-to-toe compression of the foot can also produce these
injuries. Dislocations or displaced fractures require closed

reduction. Percutaneous pinning and cast immobilization
are usually necessary to maintain reduction (Fig. 32-89).

displaced fractures.

Schmidt and Weiner (399) classified calcaneal fractures

in children as extraarticular, intraarticular, or those with
loss of the insertion of the Achilles tendon and significant

soft tissue injury (e.g., lawnmower injury). Intraarticular
fractures in adults have been further classified by Sanders
et al. (400), to help plan operative management and predict
outcome.

Treatment

Nondisplaced and extraarticular fractures have good prog
noses. Closed injuries are usually treated with 4 to 6 weeks

of cast immobilization and progressive ambulation as toler
ated. Displaced avulsion fracture of the tuberosity of the
calcaneus is an extraarticular fracture that requires reduction
(401). This may be accomplished by closed reduction, using
direct pressure over the Achilles insertion, while the knee
is flexed and the ankle is plantar-flexed to relax the posterior
calf muscles. Open reduction with internal fixation is rec
ommended, if closed reduction is unsuccessful.
Open reduction and internal fixation are recommended

for displaced intraarticular fractures. The preferred ap
proach is lateral, through a long, L-shaped incision, lifting
the peroneal tendons within their sheath, and protecting
the sural nerve. The lateral wall of the calcaneus is folded
down to reveal the medial side, allowing elevation of de
pressed central fragments. Internal fixation of the posterior
facet is achieved by placing subchondral cancellous screws
into the medial sustentaculum, then buttressing the lateral

Fractures of the Metatarsals
Metatarsal fractures are common in children, accounting

for 5 to 7% of all pediatric fractures (3,5). The second
through fourth metatarsals are most commonly injured. The
mechanism of injury producing metatarsal fracture is usu
ally direct trauma or crush to the foot. Associated swelling
can be significant, and may cause compartment syndrome.
Fractures of the base of the fifth metatarsal are usually
avulsion injuries, and can cause diagnostic confusion.
Transverse fracture at the junction of the metaphysis and
diaphysis is called a "Jones" fracture. This fracture has a

high incidence of nonunion. An oblique avulsion fracture
through the tuberosity of the fifth metatarsal may be con

fused with the normal secondary ossification center of the

apophysis or avulsion of the apophysis. The apophysis does
not extend into the joint. Stress fractures may also occur at
this location. Prolonged casting is frequently required for
fractures at the base of the fifth metatarsal, and healing
should be verified before resumption of activities.
Nondisplaced and minimally displaced metatarsal frac
tures can be immobilized in a below-knee cast for 4 to 6
weeks, with weight bearing as tolerated. Operative treat
ment is indicated for open fractures, displaced fractures of

the metatarsal heads, and displaced intraarticular fractures
(Fig. 32-90). Kirschner wire fixation is usually adequate,
but the pinning technique requires securing the metatarsophalangeal joint in a reduced position. If this is not done,
extension contracture of the metatarsophalangeal joint can
result, with development of a prominent and painful meta
tarsal head. The wires are left in place for 3 to 4 weeks,
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D

FIGURE 32-88. Calcaneus fracture. This 12-year-old boy injured both feet after jumping off a
second-story deck. A: The lateral radiograph of his left foot reveals a minimal fracture of the body
of the calcaneus. The Bohler angle is subtended by a line connecting the anterior process of the
calcaneus to the highest part of the posterior articular surface, intersecting a line along the most
superior point of the caicaneal tuberosity. This angle normally is 25 to 40 degrees, and usually is
compared with the contralateral side. The crucial angle (c) is directly related to the shape of the
overlying lateral process of the talus. In axial compression fractures, the lateral process is driven
into the calcaneus, and the crucial angle is distorted. B: The radiograph of the more significantly
injured right calcaneus shows flattening of the calcaneus, reduction in the Bohler angle, and
flattening of the crucial angle. C: The computed tomography scan demonstrates displacement of
the posterior facet of the calcaneus, with impaction of the lateral fragment and widening of the
body of the calcaneus. The lateral wall is fractured. This injury should be treated with open
reduction and internal fixation. D: After reduction of the posterior facet, a cancellous bone screw
is placed through the lateral joint fragment into the sustentacular fragment, securing the subtalar

reduction. The lateral wall can be buttressed with a contoured Y-shaped plate or a small H-shaped
plate. The Bohler angle and the height of the calcaneus are restored.

with

non-weight-bearing

immobilization,

followed

by

weight bearing in a cast until union is complete.
Significant swelling, associated with unusually severe
pain, should be evaluated to exclude compartment syn

drome. Fasciotomy is indicated if compartment syndrome
is confirmed. Compartment syndrome of the foot can in
volve any of the four compartments: medial (i.e., abductor
hallucis), central (i.e., flexor brevis, lumbricals, quadratus),
lateral, and interosseous (406). Fasciotomy may be per
formed through a medial approach, with incision from the
medial malleolus to the first metatarsal head. The neurovascular bundle is identified and released, including the tarsal
tunnel. This releases the medial compartment, and allows

retraction for exposure of the central, lateral, and interos
seous compartments from the plantar side. Alternatively,

two longitudinal dorsal incisions are centered over the sec
ond and fourth metatarsals. Blunt and sharp dissection is
performed through each interspace to release all compart
ments. The dorsal approach can also be combined with a
medial incision to release the medial compartment.

Fractures of the Phalanges
A direct blow usually causes these common injuries. Frac

tures of the phalanges can be treated with closed manage
ment, such as buddy taping and use of a hard-soled shoe.

Fractures of the Foot

1413

FIGURE 32-89. Tarsometatarsal joint injury. This
4-year-old girl had a file cabinet land on the dorsum of her foot. A: There is widening between
the first and second metatarsals, and a small frag
ment of bone is seen in the space. This suggests
a partial incongruity, with lateral subluxation of

the metatarsals. B: The contralateral foot shows
a normal relation of the tarsometatarsal joint.

FIGURE 32-90. Tarsometatarsal displacement. A: Antero-

posterior projection of the foot of a 14-year-old boy who
sustained a plantar flexion injury in a motor vehicle crash.

There is complete dislocation of the first metatarsal-cuneiform joint and medial displacement. There are fractures of
the second, third, and fourth metatarsal shafts. The ipsilateral tibial fracture was treated with intramedullary fixa
tion. The swelling in the foot was attributed to the tibial
shaft injury, and diagnosis of the foot injury was delayed.
B: The postoperative anteroposterior radiograph demon

strates reduction and pinning of the fracture-dislocation.

Chapter 32: Management of Fractures
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The exception to this is an open fracture, which most often
occurs to the proximal phalanx of the great toe, and may
require open debridement and stabilization with Kirschner
wires. The physis of the great toe's proximal phalanx under
lies the nail bed, and may be injured in the same fashion
as a nail bed avulsion of the hand. Antibiotics should be
prescribed, if there is concern about a communicating skin
breach, and obvious contamination requires debridement.
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Few of us can tolerate with equanimity the concept of small

Over the centuries, parents have reacted to the stress and
frustration of everyday life by striking out at their children,
causing soft tissue and bone injuries. As for children, there

and defenseless children, the weakest members of our spe
cies, deliberately and cruelly being harmed by those who
care for them. Inflicted trauma is not a new occurrence.
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never has been a golden age. Throughout the history of
various societies, children have been killed, abandoned,
beaten, and sexually abused. However, only for the past
three decades has the attention of the medical community
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been focused on child abuse and neglect.
In 1946, Dr. John Caffey (1), a pediatrician and pediatric
radiologist in New York City, reported, for the first time
in die United States, the association of multiple fractures
in long bones with chronic subdural hematoma in six infants
who had no recorded history of trauma. He recommended
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investigation for subdural hematoma in infants with longbone fractures as well as investigation for long-bone frac
tures in patients with subdural hematoma. In 1953, Silverman (2) clearly implicated parents and guardians as the
cause of these traumatic lesions, and described, as part of
the syndrome, irregular fragmentation of one or more me-

taphyses in the tubular bones associated with new bone
formation external to the shaft. In 1960, Altman and Smith
(3) became the first authors to report cases of unrecognized
trauma in infants and children in the orthopaedic literature,
and concluded that removing the child from the home envi
ronment could be lifesaving.

Although many physicians contributed to the recogni

tion and understanding of child abuse, medicine as a profes
sion did not officially acknowledge child abuse until a paper
describing the battered-child syndrome was published by
C. Henry Kempe and associates (4) in 1962. The introduc
tion of the term "battered-child syndrome" was helpful in
attracting attention to this neglected medical and social
problem. Within a few years of the publication of this arti
cle, reporting laws were passed in all states, mandating that
health professionals report suspected cases of abuse. In

creased public awareness finally resulted in the passage of
the Child Abuse Prevention Act of 1974. The first large
study of patients with orthopaedic manifestations of this
syndrome was published in 1974 (5). In 1990, Schmitt and
Clemmens (6) reported that 35% of abused children will
be reinjured and 5% will die if they return to the original
environment without any intervention. Great strides have
been made, not only in the passage of child abuse legislation,
but also in the diagnosis, management, and understanding
of the social, psychologic, and epidemiologic aspects of this

problem. Unfortunately, the syndrome remains a major
cause of death and physical and mental disability among
our children.

DEFINITION

In 1968, Heifer and Kempe (7) defined child abuse as physi
cal injury inflicted on children by persons caring for them.
Since then, the concept of child abuse has been broadened
to include physical and emotional neglect, physical abuse,
and psychologic and sexual abuse. In addition, the list of
professionals required to report such abuse has been in
creased to include virtually all those who are responsible for
the care of children. Thus, the definition can vary, depend
ing on the professionals involved. This chapter deals mainly
with the diagnosis and management of physical abuse.

each year. The number ranges from 70,000 to 3 million
(8,9). In 1997, 45 states reported that nearly 3 million chil
dren were alleged victims of maltreatment (for a national
rate of 42 children per 1,000 children in the population).
One-third of investigations resulted in a disposition of either
substantiated or indicated child maltreatment (the rate of
victimization was 13.9 per 1,000 children). More than one-

half of all victims suffered neglect, and almost one-fourth
suffered physical abuse. The number of childhood deaths
attributable to abuse is difficult to estimate. This is particu
larly true in infancy, when many cases of homicide are likely
to remain undetected (4). In 1997, 41 states reported 967
child maltreatment fatalities, which were extrapolated to a
national estimate of 1,197 (for a rate of 1.7 per 100,000

children, or 123 child fatalities per 100,000 victims of mal
treatment). However, many states have indicated that the
actual number may be significantly higher. The number of
children who were victims of maltreatment peaked in 1993,
and has since decreased from 15.3 victims per 1,000 chil
dren to 13.9 per 1,000, and it is now only slightly higher
than the rate in 1990 (8). For every case that is reported,
many others are not. The case reports and statistics are heav
ily biased toward poor and minority children. Children of
the affluent may receive different diagnostic labels for their
problems (i.e., "accidents" rather than "abuse"), and practi
tioners may feel an obligation to protect more affluent fami
lies from the stigma of reporting to public agencies (5).
About 30% of fractures in children younger than 3 years
of age are nonaccidental (10,11). In a study of children

younger than 1 year of age, 56% of fractures were found
to be nonaccidental (12,13). The gender ratio is about
equal, but premature babies and stepchildren are at greater

risk. Besides parents, who are the perpetrators in threefourths of cases, boyfriends and stepparents are also frequent
abusers. Younger children, in general, are at greater risk,
because they are demanding, defenseless, and nonverbal. In
a study of 231 abused children, 50% were younger than 1
year of age, and 78% were younger than 3 years of age
(5). Although a larger percentage of maltreated children are
between birth and 4 years of age, the number of victims is
distributed across most age ranges between birth and 16
years. However, fatalities from physical abuse are seen most

often in children younger than 3 years of age (75%) (8).
DIAGNOSIS

In the spectrum of child abuse and maltreatment, orthopae

dic surgeons are involved more often in cases of physical
injury, and less often in cases of physical and emotional
neglect. Physical abuse and chronic neglect of young chil
dren tend to be recurrent, and often result in permanent

PREVALENCE

The prevalence of child abuse is difficult to determine. It

has been estimated that 1 to 1.5% of all children are abused

sequelae, such as skeletal deformities, brain injury, and even
death. The orthopaedic surgeon must be satisfied that each
injury seen in a child is adequately explained, and that the
injury is consistent with the history provided. The role of

The Investigative Interview
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the orthopaedic surgeon extends beyond simple treatment

child is increased fivefold (18). Households in crisis from

of the child's fracture.

job loss, marital separation, divorce, a family death, housing

To differentiate those lesions resulting from inflicted

difficulties, or money problems are more prone to abuse

trauma from those caused by accidents, physicians should

situations (19). Boyfriends and stepparents are frequent

have a high index of suspicion, as well as diagnostic skill.

abusers, as are relatives, baby-sitters, and even older siblings

Furthermore, they should be knowledgeable regarding the

(20,21). Young, unmarried mothers are more likely to have

patterns of normal growth and development, and the com

their infants die from intentional injury, with one Colorado

mon injuries of children (14,15). The diagnosis of child

study (22) showing a peak incidence of 10.5 intentional

abuse seldom is made without difficulty. A combination of

deaths per 10,000 live births for mothers 16 years of age.

the history given, the age of the child, the behavior of the

Parents of abused children often, themselves, were abused

parent, and certain clinical manifestations serves as a practi

in childhood (23). Typically, the adult who abuses a child

cal guideline for differentiating nonaccidental injury from

is young, poor, and socially isolated (24), but any adult

injury associated with pathologic conditions. Child abuse

from any social or economic level may be guilty of abusing

should be viewed in the same manner as any other medical

a child (13).

condition in which facts are gathered and evaluated and a

medical judgment, based on knowledge and expertise, is
formulated (16).

Because all cases of suspected inflicted injuries are possi
ble forensic cases, the diagnosis should include an expression
regarding the level of certainty to which the physician is
willing to commit. This might be a phrase such as "reasona
ble degree of medical certainty," "more likely than not,"
or "suspicious." All interventions other than voluntary ones
in child abuse cases require that the existence of the abuse
be proven at some specific level of certainty (17).

The Children
Certain groups of children are more likely to experience
abuse. Age is an important risk factor, because most abuse
involves children younger than 3 years of age, with infants
1 year or younger especially at risk. Stepchildren, premature
infants, and first-born children are at greater risk for abuse
(13). Children of families with two unplanned births have
a threefold higher risk of abuse than children from families

with no unplanned births (25). Handicapped children have
a 4.6% incidence of abuse, with severely disabled children
somewhat less likely to be abused, and marginally function

THE INVESTIGATIVE INTERVIEW

ing children at greatest risk (26). The incidence of sexual

The child abuse interview is usually taken in the chaotic

environment of a busy emergency room, and it is important

25% and 83%, with boys more likely to be abused (27).
Children who are repeatedly brought in for medical assess

to find a quiet area for the interaction, where tempers can

ment by their parents for vague illness, with a history of

abuse in handicapped children has been estimated between

cool and distractions can be minimized. The interview goes

multiple diagnostic or therapeutic procedures without de

beyond the usual history in many ways. Documenting the

finitive diagnosis, may be at risk for Munchausen syndrome

symptoms (or the absence of symptoms) of the injury is

by proxy (28). In this condition, the parents, through a

only the beginning; what is equally important is to discover

misguided sense of purpose, invent symptoms of illness for

enough details about the child's life, so that plausible sce

the child, and induce signs of disease, provoking needless

narios can be created to explain the injury. The orthopaedist

workup and treatment, which can lead to an 8% risk of

must become both social worker and detective in the inter

long-term sequelae from induced illness and a 9% risk of

view, calmly and methodically establishing how the child

death. Acute signs and symptoms cease only when the child

lives, seeking information about everyone, friends and fam

is separated from the parent.

ily, with access to the child, and determining how likely it

is that they might have contributed to the injuries.

A careful, detailed history of each adult family member
should be obtained individually in a quiet, private setting.
If the patient and siblings can communicate, they should

be interviewed separately from the parents. The crucial

At-risk Profiles
The Parents

questions to be answered are not only whether the history
of trauma given is sufficient to explain the severity of injury,

but also what possible scenarios could explain the injury if

Although any parent could be capable of child abuse, during

the volunteered explanation is not plausible. This involves

the interview specific "at-risk" profiles are developed for

establishing a working knowledge of how the family oper

the parents or other caregivers, to determine if they are more

ates: Who has access to the child? Which of those individu

likely to abuse a child. Substance abuse, whether by alcohol

als are unsupervised by family members when they are with

or other drugs, makes a parent more likely to abuse a child.

the child? What are the living conditions for the family?

With maternal cocaine use, the risk of physical abuse of a

Which adult is working and which is not? Who is the pri-
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mary caregiver for the child? Who is responsible for feeding
the child, as well as for toilet training and discipline? What

for reassurance, may avoid physical contact with adults, may
be overly compliant, and may appear wary of danger

are the sleeping arrangements for members of the house

(13,23).

hold? What is the marital status of the parents? Does the

injuries must first be searched for by careful physical exami

Careful documentation is critical. Chart notes may be
needed later in court as evidence in custodial hearings.
Record each account as faithfully as possible, using italics
for exact quotes, and specify who is giving the history. Not
infrequently, the family will wish later to change their story.
No changes should be made to the earlier record, but an
addendum should be added detailing the new account. The
record should be as detailed as possible, noting all accounts
of the mechanism of injury, family social history, past medi
cal history, any family history of diseases such as os-

nation and radiographic skeletal survey, before proceeding

teogenesis imperfecta, physical examination findings, and

with the full interview. Once a full injury assessment of the

radiographic and laboratory results. Photographs of soft tis
sue injuries should also be added to the record. The results
from any consultations are also placed in the chart note.
Along with the diagnosis of any injuries, the orthopaedist
must specifically include the diagnosis ofprobable ox possible
child abuse, if the evidence supports such a conclusion.
Treatment recommendations should include a care plan for
the acute injuries, and a status report for child protective
services involvement in the case. If child protective services
recommends emergency transfer of the child to a foster
home or shelter, the orthopaedist should summarize all
chart documentation in a separate notarized narrative,
which is preferred by the court system.

single parent have a boyfriend or a girlfriend? Is there any
history of substance abuse in the adults who have contact
with the child? Is there any past history of child abuse in
the family?

The interview is begun by asking the primary caregiver
in a nonjudgmental manner how the presentation injury
occurred. If the answer is vague or implausible, or if risk
factors are present for child abuse, other undocumented

child is complete, then the full interview can resume. To
avoid provoking emotions, any additional soft tissue or skel
etal trauma discovered should be brought up at the end of
the interview for explanation, once the presentation injury
has been thoroughly discussed. Each investigative interview
should follow a systematic review of symptoms: What hap
pened? Who was there? When was the injury recognized?
How long before medical treatment was sought? Inconsis
tencies between accounts are not contested, and the or
thopaedist should avoid volunteering more plausible expla
nations for the injury. The location where the incident
occurred and the individuals who were actually present are
determined. Leading questions are to be avoided. Do not

ask who caused the injury; rather, ask each person what he
or she saw or what he. or she thinks happened. Establish who

CLINICAL MANIFESTATIONS

discovered the injury, how soon the child received medical
attention, and where the child was taken for care (19). De

who hurt him or her. Ask the child what he or she was

When confronted with a traumatic lesion, the physician
must examine the whole child and look for other possible
clues. If there is any question regarding the general medical
examination, help should be sought from medical col
leagues. Often, it is the nonorthopaedic manifestations of

doing at the time of the injury, and compare that account

child abuse that lead to the diagnosis.

with what the adult witnesses state. If possible, also inter

Failure to thrive, or growth retardation secondary to
physical and emotional deprivation, is common in children

lays in treatment should raise the index of suspicion for an
abuse situation. Be as gentle as possible in questioning the
injured child, asking how he or she got hurt, rather than

view the siblings of the injured child, because they too are
at risk for child abuse.
Nonvisual clues during the interview may help to define

who have been subjected to repeated abuse. This should be
differentiated from the usual causes of growth retardation.

an abuse situation. Parents who are abusive can be evasive,
and may not readily volunteer information. They may be
self-contradictory, and may display irritation at inquiries
regarding their children's symptoms. They may show over-

Soft tissue injuries are strong indications of abuse. Soft tissue

reaction, such as hostility, or underreaction, such as casual-

injuries were found in up to 92% of children suspected of

ness or little evident concern. They may be unavailable or
refuse to give information or to consent to different tests.
Often, they have inappropriately delayed seeking medical
care. When they interact with their children, they may sel

being victims of child abuse (29). A variety of skin lesions,
including ecchymosis, abrasions, burns, welts, lacerations,
and scars, are by far the most common finding in cases of

dom touch or look at them, seeming indifferent to the
child's distress, or they may be critical and angiy with the
child, and not mention any positive or good qualities. The
abused child may be sobbing hysterically or may be quiet
and withdrawn. These children may not look to the parents

Soft Tissue Injuries

child abuse (30). Typical toddlers have bruises over the
shins, knees, elbows, and brow. They may have a few old
cuts or scars around the eyes or cheekbones as a result of
normal collisions. However, bruising of the buttocks, peri
neum, trunk, back of the legs, and especially the head or
neck, suggests inflicted trauma. These lesions may have the

Clinical Manifestations
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FIGURE 33-1. Rope marks on an infant who was a victim of repeated physical abuse.

same shapes or configurations as the implements used to

create them (Fig. 33-1). Loop marks or scars on the skin

Burn injuries are common and are seen in 10% of abused

children (13). These lesions can be scalding injuries, ciga

are inflicted by a doubled-over cord or rope. Human bite

rette burns, or burns caused by flames. Burns are most com

marks are distinctive, paired, crescent-shaped bruises that

mon among children between birth and 2 years of age (29).

face each other. McMahon et al. (29), however, found that
these pathologic patterns occurred in only 8% of their pa
tients. The skin lesions may be in various stages of healing

(Fig. 33-2). Wilson (31) has suggested some guidelines for
estimating the age of a bruise from its color. From 0 to 3

days after injury, a bruise usually is red, blue, or purple;

from 3 to 7 days, it is green or green-yellow; and from 8
to 28 days, it is yellow or yellow-brown. These guidelines

can be helpful in determining whether bruises are the result
of one or more traumatic episodes. When bruises are pres
ent, diseases such as leukemia, idiopathic thrombocytopenia
purpura, and hemophilia should be ruled out. Other cuta

neous manifestations of child abuse include bruises in the
shape of a hand print, alopecia or subgaleal hematoma from
pulling of the hair, and areas of abraded skin from bindings
or restraints. Impetigo in its various forms can be confused
with burns or inflicted injuries.
It is essential that photographs of skin lesions be taken

for the purpose of documentation and possible future use
in the courts. Informed consent should be obtained, and
the photographs can be taken by a member of the child
abuse team or by a social worker.

Cao-gio, or "scratch the wind," is a Vietnamese folk med
icine practice. It consists of using a boiled egg covered with

hair, a coin, or a similar object to scratch skin previously
massaged with hot oil. This leaves broad bruises or ecchy-

mosis. It is believed that these scratching maneuvers help
rid the body of "bad wind." These lesions should not be
confused with nonaccidental lesions (32).

FIGURE 33-2. Bruising of the back and buttocks, typical of physi
cal abuse. Bruises may be found in different stages of healing.
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The pattern of deliberate immersion burns often is symme

it can fail to reveal subarachnoid hemorrhage in the early

tric, with sharp lines between the burned and unburned

stages. After a few days, MRI can be helpful in detecting

skin. Accidental scald burns usually are distributed asym

cerebral abnormalities. MRI also is useful in patients with
chronic neurologic findings.

metrically (30).

Internal Injuries

Head Injuries

face to assail the person. The most convenient weapon for

Child abuse can produce injuries to the internal organs,
such as rupture of the pancreas and pseudocyst formation,
laceration of the liver and spleen, intramural hematoma of
the bowel, hemorrhage behind the peritoneum, laceration

striking a child is the human hand. An open palm, the

or contusion of the kidneys, perforation of the intestine,

knuckles, or a closed fist is sufficient to produce severe dam

and rupture of the ureter or bladder (34). Of the deaths

age to the brain, skull, or scalp, when used forcefully. Of

that result from child abuse, many are caused by internal
hemorrhage from the rupture of abdominal organs after
punches or kicks. Most such deaths occur in children 3
years of age or younger. The high death rate from these

The head is a convenient and vulnerable target. Because
"the face represents the person," it is logical to strike the

110 physically abused children seen by O'Neill and associ

ates (21), 32 had evidence of cerebral trauma. More than
50% of all cases of permanent disability occur among chil
dren younger than 2 years of age, and result, in large part,

injuries is attributable not only to the severity of the trauma,

from inflicted head injuries. The scalp may be swollen. Ex

but also to the delay of the abuser in seeking medical atten
tion. Unfortunately, the lack of a history of trauma and the
failure of the physician to notice other signs of abuse often
result in a delay of diagnosis as well.

tension of the swelling and ecchymosis to the eyelids and
face is a telltale sign of cranial trauma. Head injuries may
be severe and result in immediate death, or they may be

less severe and cause various subtle neurologic impairments.
Subdural hematoma can occur with or without skull frac

tures. Many children with brain injuries have no external
evidence of trauma. Caffey (33) suggested that violent shak
ing may cause stretching and tearing of the veins, creating

subdural hematoma. If the insult is repeated, causing minor
brain injury each time, it may result in additional brain

damage manifested by mental retardation, seizure disorders,
and other motor and learning disabilities, some of which do
not become apparent for months or years after the abusive
behavior has ended.

Careful neurologic assessment of all suspected victims of
abuse or neglect is essential. Conversely, the unexplained

appearance of central nervous system symptoms in an infant
should trigger suspicion of abuse. Fractures of the skull are

ORTHOPAEDIC MANIFESTATIONS
About one-third of all physically abused children require

orthopaedic treatment (5). The incidence of fractures in
child abuse cases varies from 11 to 55%. Skeletal injuries
are significantly more common in the younger age groups.
Factors that influence the reported incidence of fractures
relate to the age of the patient, the type of abuse, and the
type and quality of the imaging techniques used to detect
skeletal injuries. Fractures can occur in almost any bone of
the body. However, the long bones, ribs, and skull are com
mon locations. Fractures can be categorized as epiphyseal,
metaphyseal, diaphyseal, or miscellaneous (5).

not easy to produce in infants, because of the yielding elas
ticity of the thin cranial bones, which are not yet fixed at the
sutures. When present, they may be indicative of a forceful
nonaccidental impact to the skull. Several cases have been

reported of children with inappropriate widening of the
cranial sutures, which is believed to result from increased
intracranial pressure secondary to cerebral edema or subd
ural hematoma (5). Computed tomography (CT)

has

greatly improved the precision in differentiating accidental

and nonaccidental head injuries, and this test should be
performed in any child with unexplained acute or chronic
neurologic signs. A child with acute and unexplained un

consciousness should undergo head CT immediately after

Physeal Fractures
Physeal fractures, although rare, are seen most often in the
femur, tibia, and humerus, and are being recognized in more
cases of child abuse (35-37). A fracture through a growth
plate, especially when the epiphysis is not visible, can cause
difficulty in diagnosis. Metaphyseal lucency or irregularity
and soft tissue swelling may be the only findings on radio-

graphic examination. Arthrographic examination of the
joint, as well as MRI, can be helpful in certain cases, such

as fractures around the elbow (35) (Fig. 33-3).
Fractures of the proximal femur involving the epiphy

stabilization, often followed by abdominal CT and skeletal

seal—metaphyseal region are much less common than those
involving the shaft and distal femur. They are identical to

survey radiography. Magnetic resonance imaging (MRI) is

fractures caused by birth trauma. These fractures not only

not recommended as the primary imaging study, because

are difficult to detect, especially before the ossific nucleus

Orthopaedic Manifestations
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FIGURE 33-3. A 15-month-old infant was seen in the emergency department because she was

not able to move her right elbow. A: The exact location and severity of the fracture of the distal
humerus cannot be identified. B: An arthrogram of the elbow shows the outline of the distal
humeral epiphysis, which is separated.

has appeared, but they may result in the most severe deform
ities of the lower extremities caused by child abuse.

images. Kleinman and colleagues (38) believe that these le

sions are the most diagnostic fractures indicating nonaccidental trauma. They presented an extensive radiologic—his-

Metaphyseal Fractures
Metaphyseal fractures are classified as corner fractures, impaction injuries, buckle fractures, or irregular metaphyseal

deformities. Corner fractures are caused by forceful down

ward pulling on the extremity, and often are bilateral. They
may not be visible on the initial radiograph, but they can
result in periosteal separation and subperiosteal hemor
rhage, with subsequent new bone formation external to the
cortex. The periosteal new bone formation becomes visible
in about 7 to 10 days. These patients often have swollen
and painful extremities that cannot be moved. If the lesion

is already 7 to 10 days old, the swollen and warm extremity
with periosteal new bone formation, often associated with
fever, can be confused with osteomyelitis.
Metaphyseal injuries, especially corner fractures as op
posed to shaft fractures, are highly specific. However, detec
tion of these lesions often requires high-quality radiographic

topathologic study, and indicated that the fundamental
histologic lesion is a series of microfractures occurring in a
planar fashion through the most immature portion of the
metaphyseal primary spongiosa. The most subtle indication

of injury is a transverse lucency within the subepiphyseal
region of the metaphysis. These lucent lines occasionally are
indistinguishable from those found in patients with chronic
diseases, such as leukemia. The fracture fragment is made
up of epiphysis, physis, and a thin portion of metaphysis
(Fig. 33-4). In the peripheral margin, the disc-like fragment
is relatively thick, and can show evidence of different degrees
of density. It is this peripheral margin that has been called
a "metaphyseal corner fracture." A similar fragment often
is seen in the lateral and anteroposterior projections, indicat
ing that these apparently separate triangular fragments actu
ally are portions of the same larger disc-like fragment (Figs.
33-5 and 33-6).
In an impaction injury that is severe, the epiphysis is
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FIGURE 33-4. Metaphyseal lesions. A: A planar fracture through the primary spongiosa produces
metaphyseal lucency. B: If the metaphysis is tipped, or simply projected at an obliquity to the
x-ray beam, the margin of the resultant fragment is projected with a bucket-handle appearance.
C: If the peripheral fragment is substantially thicker than the central fragment, and the plane of
injury is viewed tangentially, a corner fracture appearance will result. D: If the metaphysis is
displaced or projected at an obliquity, as in B, a thicker bucket handle will be apparent. (From
ref. 16, with permission.)

impacted into an expanded metaphysis, and exuberant peri-

Diaphyseal Fractures

osteal new bone formation occurs subsequently (Fig. 33-7).
Simple buckle fractures are common in the metaphysis, and

Diaphyseal lesions are grouped into three categories:

often are multiple. Unlike other metaphyseal lesions, they

1. Transverse, spiral, or oblique fractures of the shaft, some

do not produce a significant amount of callus (Fig. 33-8).

times associated with exuberant callus, because of delay in

Gross irregularity of the metaphysis is seen after repeated

seeking medical help and lack of proper immobilization.

injuries, and frequently is associated with deformity of the

2. Multiple lesions in various stages of healing.

joint and limitation of motion (39).

3. Gross bony deformities.

B
FIGURE 33-5. Distal tibia of a 3-month-old abused infant. A: Specimen radiograph reveals a
corner fracture medially {arrow), in addition to a conspicuous metaphyseal radiolucency. B: Antemortem radiograph tangential to the metaphyseal margin also demonstrates the corner fracture
(arrow), with the suggestion of a radiolucent band. (From ref. 16, with permission.)
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FIGURE 33-6. Metaphyseal corner fracture or bucket-handle
fracture in the lateral view.

FIGURE 33-8. Metaphyseal buckle fractures involving the distal
end of the femur. These fractures often are bilateral.

The femur and humerus are the two long bones most

age, 30% were caused by child abuse (40). Anderson (41)

frequently fractured in abused children. The overall inci

described 117 patients with 122 femoral fractures. Of 24

dence of femoral fractures is 20% (5,21,37). In a series of

children younger than 2 years of age, 19 (79%) were abused.

80 femoral fractures in children younger than 4 years of

Of 18 children younger than 13 months of age, 15 (83%)

FIGURE 33-7. Bilateral impaction fracture of the distal end of the femur (A), with subsequent
exuberant periosteal new bone formation (B). (From ref. 5, with permission.)
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FIGURE 33-9. A 2-month-old boy reportedly fell from a sofa. A: Femur fracture was not very

specific. B: Because of the patient's age and vague history, a bone scan was obtained. The bone
scan showed increased uptake in the rib that was not seen on the plain radiographs.

were abused. In older children, there are more accidental
injuries causing femoral fractures.

Some authors have emphasized the frequency of spiral

and oblique fractures of the long bones caused by physical
abuse (42). However, it is increasingly evident that the usual
types of diaphyseal fractures (e.g., transverse fractures) are
common in cases of nonaccidental trauma. Therefore, in
long-bone fractures, especially in the femur, no specific type

of fracture (e.g., transverse, oblique) should be considered
pathognomonic of child abuse. Other criteria, such as his
tory and patient age, are more helpful in making the diagno
sis (43) (Fig. 33-9).
In a review of 429 fractures in 189 abused children, King

and associates (34) found the humerus to be the long bone
most often affected, and transverse fractures to be the most
common type. About 50% of their patients had only a single
long-bone fracture, 35% in the femur and 29% in the hu

are posterior or posterolateral, and can be in various stages

of healing (Fig. 33-11). They rarely are caused by cardiopulmonary resuscitation. In the absence of radiographic evi
dence of intrinsic bone disease or obvious major trauma,

unexplained rib fractures are specific for abuse. Rib fractures
usually are not suspected clinically. Radionuclide bone scan
ning has been shown to be extremely useful in the detection
of rib fractures in abused infants and children, and should
be used if nonaccidental injury is suspected and the skeletal
survey is negative.

Other miscellaneous fractures include spinal, clavicular,
scapular, and sternal fractures. Spinal and sternal fractures
are more specific than clavicular fractures. Although the

clavicle is one of the most common bones to be fractured
accidentally in children, it accounts for only 2 to 6% of
fractures associated with child abuse (5,20,44). Therefore, it
is not specific for child abuse. Spinal fractures are described

merus (Fig. 33-10).

separately.

to those resulting from accidental trauma. Careful attention
to the history and the age of the child could reveal the
nonaccidental nature of the injury. Because the risk for acci
dents begins with mobility, especially walking, when these
injuries occur in young, nonambulatory infants, they almost
always are inflicted in the absence of bone disease.

Spinal Injuries

Long-bone fractures caused by child abuse can be similar

Miscellaneous Fractures

Rib fractures account for 5 to 27% of all fractures occurring

in abused children (16). Fractures involving the ribs usually

The true incidence of spinal injuries is difficult to deter
mine. The reported incidence has varied from 0 to 3% in
large series (5,37,41). Abused children with spinal injuries
occasionally show mild kyphosis, but most do not have sig
nificant clinical symptoms referable to the spine. Therefore,
many of these injuries go unrecognized. Because spinal inju
ries are likely to be silent, but associated with extremely

violent assaults, routine evaluation of the spine in cases of
suspected child abuse is mandatory. Spinal radiographs, es-
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FIGURE 33-10. A 2-month-old infant with a nonaccidental transverse humeral fracture, a spinal
fracture, and cerebral hemorrhage. A: Transverse humeral fracture. B: L4 compression fracture
and anterior wedging. C and D: Humeral fracture at 2 and 3 weeks after injury, showing progres
sive healing and new bone formation.
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FIGURE 33-11. A 3-month-old infant with a history of a fall. The infant was

discharged, but returned dead. A: Unusual proximal humerus fracture. B: Lat
eral and posterior rib fractures. C: Metaphyseal fracture of the proximal right
tibia.

pecially a lateral projection of the entire spine, should be

volvement of the vertebral bodies, are described. Vertebral

part of the routine skeletal survey.

bodies can show varying degrees of anterior compression.

In a report of 85 spinal fractures in 41 children,
Kleinman (16) found the average patient age to be 22

There can be anterior notching, which usually is superior
(45). In cases of disc herniation, intervertebral disc narrow
ing can be present (Figs. 33-10 and33-12). Fracture disloca
tions, with or without neurologic deficits, have been re-

months. Most of the fractures involved the vertebral bodies.
Occasionally, fractures of the posterior arch, without in

Decision-Making
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FIGURE 33-12. Fracture-dislocation of the spine in a 10-month-old infant, a victim of abuse, who
had incomplete paraplegia. A: Lateral radiograph of the spine. B: Magnetic resonance image
showing cord compression. (Courtesy of Keith Gabriel, M.D., Cardinal Glennan Children's Hospital,
St. Louis, Missouri.)

ported. Spinal cord injuries or hematomas also can be seen

by infection usually is more severe than that caused by

without bony involvement. Significant fracture-disloca

trauma and disc herniation. The value of bone scanning in

tions, especially those that are not associated with neurologic

detecting spinal injuries is not clear. Standard radiography

deficits, may go unrecognized, and can result in significant

generally is regarded as the primary method of investigation.

spinal deformity later in life.
The mechanism of injury in most cases is hyperflexion,

In the presence of any neurologic findings, MRI is useful
for evaluation of the spinal canal.

extension, or both. Therefore, multiple compression frac
tures in a single patient are common. Occasionally, fractures
of the upper extremities are associated with these compres

DECISION-MAKING

sion fractures, when the child is held above a table or kitchen

counter and the buttocks are slammed against the surface.

Orthopaedic surgeons often are asked to give an opinion

The child uses outstretched arms to break the impact, caus

regarding the cause of certain fractures (i.e., accidental ver

ing fractures of the upper extremities. Most compression

sus nonaccidental). The presence of fractures alone may not

fractures are in the region of the thoracolumbar and lumbar

provide a sufficient basis for making such a determination.

spine. However, fractures and fracture dislocations of the

However, a major part of the recognition of child abuse
still depends on radiologic diagnosis. Certain fractures are
more specific than others in these cases. Again, the history

cervical and sacral regions also are seen.

The changes in vertebral bodies and discs that accom
pany normal development or infection can cause confusion.

and the age of the patient should be considered in making

Notching of traumatic origin generally involves a large por
tion of the anterior margin. Disc space narrowing caused

the determination.

In a study of 89 fractures in 36 children with docu-
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TABLE 33-1.

SPECIFICITY OF RADIOLOGIC

FINDINGS
High Specificity
Metaphyseal lesions

Posterior rib fractures
Scapular fractures
Spinous process fractures
Sternal fractures
Moderate Specificity3
Multiple fractures, especially bilateral
Fractures of different ages

Epiphyseal separations
Vertebral body fractures and subluxations
Digital fractures
Complex skull fractures
Common but Low Specificity8
Clavicular fractures
Long-bone shaft fractures
Linear skull fractures
a Moderate- and low-specificity lesions become high-specificity
lesions when a history of trauma is absent or inconsistent with
injuries.
(From ref. 16, with permission.)

regarding the dating of fractures based on their radiographic
FIGURE 33-13. Undisplaced oblique fracture of the tibia (tod
dler's fracture).

appearance (49,50). Obliteration of soft tissue planes is the
earliest sign of injury. Edema of the soft tissues is associated

clinically with pain and swelling that are accentuated by
any attempt to move the extremity. When fractures are not
displaced, the duration of acute inflammation can be only

merited histories of child abuse, the pattern of fractures was
found to be more helpful than the presence of multiple
fractures in various stages of healing in making the diagnosis
of child abuse (37). Suspicious fracture patterns included
metaphyseal corner fractures; lower-extremity fractures in
nonambulatory children; bilateral acute fractures; fractures
in special locations, such as the ribs and spine; and physeal

fractures in young children (46). As infants begin walking,
they may sustain a classic fracture known as the toddler's
fracture (47,48), which appears as an oblique lucent line

in the tibia (Fig. 33-13). Although there can be a good
explanation for this fracture, the history and any other avail
able clues should be evaluated carefully before the diagnosis
is made. In a very young patient of the right age without
a convincing history, even a fracture of the clavicle should
be considered suspicious.
Kleinman (16) suggests that relative specificities can be
applied to these fractures, based on their nature, location,
and chronicity (Table 33-1).

a few days. Infants and children can be free of pain as early
as 1 to 2 days after the original injury. Generally, new bone
formation occurs between 10 and 14 days after injury. In
young infants, this interval is shorter, probably between 7
and 14 days (50). In addition, solidification and remodeling
are more rapid in infants than in older children (Fig. 33-

14). The age of the child should be considered in dating a
fracture, along with the history, the presence of repetitive
injuries, and the degree of immobilization.

Although the actual date of a fracture can only be approx
imated, a few guidelines have been developed. A fracture

without periosteal new bone formation usually is less than
7 to 10 days old, and seldom is 20 days old. Slight but
definite periosteal new bone formation can be as recent as
4 to 7 days old. A 20-day-old fracture almost always has

well-defined periosteal new bone and typically has early
(soft) callus. A large amount of callus always indicates a
fracture more than 14 days old (Fig. 33-10). Loss of mar
ginal sharpness of the fracture line can be delayed for 7 to
14 days. Corner fractures may not cause significant perios
teal new bone formation, and can only be dated based on

Dating Fractures
The relation between the alleged cause and the timing of
an injury is one of the critical elements in the decisionmaking process. The literature contains little information

their loss of marginal definition. Chronic repetitive trauma
and lack of immobilization can lead to loss of fracture line
definition as the earliest finding.

The results of radionuclide bone scanning become posi
tive a few hours after injury, and remain positive for a long

Management
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FIGURE 33-14. A 6-month-old infant abused by his baby-sitter. A: Ten-day-old proximal tibial frac
ture and periosteal new bone formation. B: Significant remodeling has occurred 2 months later.

time (1 to 2 years). They are not helpful in establishing the
age of fractures. The role of MRI in the dating of fractures
has not been established. O'Connor and Cohen (50) have
outlined a timetable of radiographic changes in children's

thoracolumbar spine, as well as anteroposterior views of the
thoracic cage and extremities. The radiographs of the ex
tremities should include the shoulders, pelvis, hands, and
feet. Other imaging studies can add more information to

fractures (Table 33-2).

MANAGEMENT

The management of child abuse is divided into two phases:
diagnosis and documentation, and treatment. When physi
cal abuse is suspected, documentation is the first step. Skele
tal radiography, bone scanning, and CT are the usual imag
ing modalities. However, the indiscriminate use of these
tests in all cases of suspected child abuse contributes to
unnecessary radiation exposure and increasing health care

costs. Radiographic skeletal surveys are more helpful in chil
dren younger than 5 years of age who have clinical evidence
of physical abuse (51). The yield from skeletal surveys in
neglected and sexually abused children is extremely low, and
does not justify the investigation. The skeletal survey should
include anteroposterior and lateral views of the skull and

TABLE 33-2. TIMETABLE OF RADIOGRAPHIC
CHANGES IN CHILDREN'S FRACTURES
Category
1.

Resolution of soft

Early
2to5d

Peak

Late

4 to 10 d

10 to 21 d
14 to 21 d

tissues
2.

Periosteal new bone

4 to 10 d

10 to 14 d

3.

Loss of fracture line

10 to 14 d

14 to 21 d

definition
4. Soft callus3

10 to 14 d

14 to 21 d

Hard callus
6. Remodeling6

14 to 21 d

21 to 42 d

42 to 90 d

3 mo

1 yr

2 yr to

5.

epiphyseal

closure
Repetitive injuries may prolong categories 1, 2, 5, and 6.
s The stage of soft callus usually lasts 3 to 4 weeks, or until the
bony fragments are bridged by lamellar bone, and ends clinically
when fragments no longer can be easily moved.

b In this stage, both periosteal and endosteal bone begin to be

converted to lamellar bone and remodeling of the callus begins.
(From ref. 50, with permission.)
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that gained by the full skeletal survey, but the orthopaedist

nation of suspicious areas for confirmation. Skeletal surveys,

should be knowledgeable in the limitations of each tech

on the other hand, are more specific, rarely require patient

nique.

sedation, and are less subject to interpretive error. Thus,

Limitations of Imaging Techniques

radiographic skeletal surveys should be used first in the eval
uation of suspected child abuse cases. If these radiographs

A single film of the entire infant (i.e., the so-called babygram) usually is not helpful, because it lacks detail, is a
single anteroposterior view without an accompanying lateral
view, and subtle findings, such as metaphyseal corner frac
tures, may be obscured by the oblique projection of the
x-ray beam at the margins of the film. A full skeletal survey

is much more accurate, and a follow-up survey 2 weeks
later will detect additional fractures and aid in dating the
fractures in a majority of cases (52).
The use of radionuclide bone scanning as a screening
procedure for skeletal trauma is controversial. Some authors
have suggested that this is a more sensitive screening test
in cases of physical abuse, and are using it as part of the
initial evaluation (53,54). In a study of 261 cases of sus

pected child abuse, radiographic skeletal surveys and bone

scanning were performed, widi meticulous attention paid
to technique (54). Abnormalities were found at one or more
sites on bone scans in 120 patients and on radiographs in

do not show any evidence of trauma, despite clinical suspi
cion, a bone scan may prove valuable in identifying subtle
or occult injuries to the ribs, the diaphyses, and, occasion
ally, the epiphyses. Some of these occult fractures are not
visible on plain radiographs until 7 to 10 days after injury.
In these situations, a second radiograph 1 to 2 weeks later
usually is helpful. Bone scanning should be performed as
well, if the results of plain radiography are negative or ques
tionable (Fig. 33-9). Children older than 5 years of age
usually can provide a more reliable history. Radiographic
studies, in these cases, are selected based on the clinical

findings and the index of suspicion. CT often is helpful
when head or abdominal trauma is suspected, especially if
liver function test results show elevation of aspartate aminotransferase, alanine aminotransferase, and lactate dehydrogenase.

Differential Diagnosis

105 patients. False-negative results were obtained in 32 pa

Coagulation disorders, both hereditary and acquired, can

tients with radiography, but in only 2 patients with bone

produce bruises that can be confused with bruises caused

scanning. This report demonstrates the superior sensitivity

by physical abuse. Hereditary coagulation disorders include

of bone scanning to radiography under the conditions de

hemophilia and von Willebrand disease. Acquired coagula

scribed by those authors. However, this view is not shared

tion disorders, such as idiopathic thrombocytopenia pur-

by most pediatric radiologists, who still prefer the skeletal

pura and leukemia, also have been confused with physical
abuse (56). In cases of suspicious or unexplained bruising,

survey as the primary radiologic screening test in cases of
suspected child abuse. Bone scanning is more sensitive in

blood tests, such as complete blood count, partial thrombo-

assessing rib fractures, particularly those involving the costo-

plastin time, prothrombin time, platelet count, and bleeding

vertebral junction (55); acute, undisplaced long-bone frac

time, should be performed. A prolonged partial thrombo-

tures; and subperiosteal hemorrhage (38). Skeletal surveys

plastin time is seen in both hemophilia and von Willebrand

are more sensitive in detecting spinal fractures, bilateral me

disease.

taphyseal injuries, skull fractures, and scapular fractures.
Other factors also influence the use of these methods in

Many conditions can cause fractures, periosteal new bone

formation, and bone irregularities, and these should be con

the initial evaluation. Bone-seeking radionuclides concen

sidered in the differential diagnosis of physical abuse. Errors

trate in areas of increased blood flow and bone formation,

in diagnosis can result from suboptimal radiographic tech

so that fractures appear as hot spots. However, these find

niques or errors in interpretation.

ings are not specific for fractures, and can be seen in other

The most common difficulty in diagnosis involves the

conditions of rapid bone turnover, such as osteomyelitis

normally are increased near the growth plate, making it

differentiation of accidental from nonaccidental trauma, es
pecially in isolated, nonspecific fractures. An example of this
was discussed in the section on diaphyseal femur fractures.

more difficult to identify epiphyseal-metaphyseal fractures,

Normal variants, such as periosteal new bone formation and

and neoplasia. In addition, radionuclide uptake and activity

especially when they are bilateral.

Other disadvantages of bone scanning as the initial skele
tal imaging procedure include the limited availability of nu
clear medicine services at all hours in many hospitals, the
inexperience of many general radiology departments in tak
ing and interpreting pediatric bone scans, and the relatively

high radiation dose delivered to the patient's growth plates
(51). In addition, bone scans not only are more costly, but

they lack the ability to identify the age and mechanism of
the injury, often necessitating additional radiologic exami

cupping of the metaphysis, can be seen in healthy infants.

These findings are observed first at 1 to 3 months of age,
and usually resolve by 8 months of age (57).
Conditions to be considered in the differential diagnosis
are syphilis, osteogenesis imperfecta, scurvy, Caffey disease,
osteomyelitis, septic arthritis, fatigue fractures, osteoid osteoma and other tumors, rickets, hypophosphatasia, leukemia,
metastatic neuroblastoma, fractures in neurogenic disorders,
congenital indifference to pain, and osteopetrosis and the
so-called "temporary brittle-bone disease" (58). These con-

Management

ditions usually have additional signs of the primary disorder

and a history of previous disease, to distinguish them from
nonaccidental trauma.
Osteogenesis imperfecta (OI) may be easy to diagnose

when there is easy bruising, the presence of family history
of the disease, blue sclerae, thin cortices, osteopenia, and
the tendency to bowing and angulation, but some forms of
OI are difficult to identify and could lead to a mistaken
diagnosis of child abuse. Easy bruising is not unique to
OI, and could be caused by any condition associated with
coagulopathy or capillary fragility. There is no family history
when OI is caused by spontaneous mutation.
OI has been classified into types based on inheritance

and clinical features (52,59). Type I patients have blue
sclerae and normal stature, and most have hearing loss, little

extremity deformity, and autosomal dominant inheritance.
Type II patients have severe disease with marked deformity,
and may die soon after birth; their inheritance is usually
autosomal dominant, although, rarely it may be autosomal
recessive. Type III patients have gradual progression of de
formity and blue sclerae that may lighten with time; dentin-

ogenesis imperfecta, a central core darkening of the teeth,
is often present; stature is short, hearing loss is common, and
inheritance is autosomal dominant, although it is autosomal
recessive in some cases. Type IV patients have mild defor
mity and dentinogenesis imperfecta, some have short stat
ure, and inheritance is autosomal dominant.

Intensely blue sclerae is consistently present only in pa
tients with type I OI; it may be present at birth in type

II or III patients, but the sclerae may become normal by
adolescence; and blue sclerae may be completely absent in
type IV patients (52,58,60). On the other hand, blue sclerae

can be found in normal children. Long bones may have
normal density in types I and IV OI, whereas type II patients
frequently have osteopenic long bones. Type III OI, which

is usually associated with early death, has both long-bone
bowing and osteopenia. Wormian bones of the skull are
usually seen only in type III disease, whereas they are often
absent in types I and IV. In cases in which the diagnosis
of OI cannot be made clinically, fibroblasts obtained by
skin biopsy can be assayed for the abnormal procollagen

found in OI (59,61,62). Although the presence of OI could
explain the fractures and bruising of a child with a history
of minimal trauma, the orthopaedist should always remem

ber that children with OI can also be victims of child abuse

(63).
A controversial temporary brittle-bone disease was de
scribed by Patterson and co-workers (58) in 1993, as a var

iant of OI. They reported 39 patients with fractures ob
served only within the first year of life with later
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costochondral junction, and delayed bone age. Osteopenia
was seen in only 31 % of patients. A transient period of
copper deficiency was suggested as the cause of the disease,
but copper levels in selected patients were inconclusive.
Other medical authors (64,65) doubt the existence of tem
porary brittle-bone disease, because of the rarity of fractures
associated with proven copper deficiency. Judicial authori
ties (66,67) have commented that, although one patient in
the series by Patterson et al. had injuries attributable to
child abuse, this fact was not included in the study. They
had concerns that assumptions by medical experts that inju
ries are caused solely by disease may inhibit full investigation
of such injuries by civil authorities and place abused children
at risk.
Congenital indifference to pain has an autosomal reces
sive inheritance. These children have normal intelligence,
and the only abnormal neurologic finding is insensitivity
to painful stimuli. Repeated trauma to the growing skeleton

can go unrecognized and result in major changes and de
formities of the metaphysis, as well as the epiphysis. A care
ful sensory neurologic examination and history helps in

making the diagnosis.

Congenital syphilis involves multiple bones of the body,
most commonly the tibia, femur, and humerus. Destructive
changes are seen in the metaphysis and diaphysis between
the first and sixth months of life. Pathologic fractures of
the metaphysis and periosteal new bone formation can
mimic the skeletal findings of child abuse. The serologic
test for syphilis is most helpful in making the diagnosis.
In most conditions, radiologic features are helpful in dif
ferentiating the injuries of child abuse. In other conditions,

clinical findings of the disease provide diagnostic clues.
Fractures in the neonatal period often involve the hu
merus, clavicle, and femur. In these injuries, callus usually
appears on radiographs within 2 weeks of life. In this age
group, an unusual site or the absence of callus after 2 weeks

should alert the physician to the possibility of nonaccidental
trauma (42). Pathologic fractures caused by rickets also are
seen in neonates, especially premature infants.
Falling out of bed is a common history frequently related
when parents bring the child to the care of a physician.
Heifer and associates (68) studied 246 children younger

than 5 years of age who fell out of bed. There were only
three cranial fractures, three clavicular fractures, and one
humeral fracture. None of the children had neurologic im

pairment from skull fractures. In another prospective study
of 436 infants from birth to 1 year of age, 101 (30%) sus

tained falls (69). There were no limb fractures, and only
two skull fractures. Based on these statistics, falling out of

had vomiting, diarrhea, anemia, hepatomegaly, episodes of

bed is rarely the cause of fractures in young infants. A large
body of literature exists on the incidence of fractures in
children after accidents such as falls (68-72). The orthopae
dic surgeon must be familiar with this literature to interpret

apnea, edema, and neutropenia. On radiographs, there were

properly the history of the accident.

spontaneous improvement. Clinically, these children also

metaphyseal corner fractures, diaphyseal fractures, rib frac
tures, periosteal reaction of the long bones, lucency at the

If child abuse is suspected, every effort should be made
to protect the child. Although the statistics regarding the
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incidence of child abuse and the resulting mortality are ad
mittedly inaccurate, it is recognized that many children may
eventually die of these or subsequent injuries. The home
environment in which child abuse occurs is unquestionably
pathologic. Returning the child to this home in most cases

flicts; pressure by others not to report, and the threat of
lawsuits or other reprisals by parents; reluctance to get in

volved; and the belief that reporting would not really help
and may aggravate the situation.

The amount of time and effort required in these cases

poses the risk of repeated abuse, additional complications,

also can make orthopaedic surgeons reluctant to get in

and possible death.

volved. Each case can place a significant demand on a physi
cian's schedule for depositions, testimony, and court appear

The Team Approach

ances. To avoid such involvement, the responsibility can be
delegated to a child abuse team in the hospital. In most

Because child abuse is believed to be a symptom of family
distress, and a problem with multiple complex origins, it
should be managed by an interdisciplinary team that can
include a pediatrician, a social worker, a nurse, a psychia

hospitals, procedures are in place for reporting and subse
quent follow-up. All that may be required is that the physi

trist, and an attorney. When such a diagnostic unit is not

the orthopaedic surgeon may have no choice but to get

available, the physician must work with a social worker and
the protective agencies to which mandated reports are sent

in the management of these cases. A social worker should
be contacted at the time of the family's presentation, to

facilitate the social assessment and to form a helping rela
tionship. It is helpful to avoid confrontation. The parents
should be informed of the physician's responsibility, and
the fact that other professionals, such as a social worker,
will be talking to them. The child should be admitted to
the hospital only for medical reasons. In view of the cost
of hospitalization, most of the workup and referral should be
accomplished in the emergency department or an outpatient

facility. If this is not possible, the child should be admitted
to the hospital (73). In most cases, this is acceptable to the
parents, if the need is clearly explained to them. If the par
ents refuse admission of the child, the law in most states

allows the hospital or the physician to assume custody of
the child for a limited period until a court order can be
obtained. A report should be made to the local protective
services agency immediately. This usually is an oral report
followed by a written report within 24 h. Under the Child
Abuse Prevention and Treatment Act, a central registry of
child abuse is required in all states. Laws mandate reporting
in all states.

Abuse and neglect must be identified before child protec
tive agencies can deal with them. An increase in public
awareness has led to an increase in the number of reported
incidents of abuse and neglect. Professionals who work with
children are in a unique position to observe child abuse and
neglect, and are required by law to report suspected cases
to the authorities. Among these individuals are nurses, social
workers, physicians, daycare providers, teachers, and school
personnel. A reporter does not have to be certain that abuse
or neglect has occurred. All that is required is a reasonable
suspicion of maltreatment (74). However, some profession
als are hesitant to report suspected cases, for a variety of
reasons. Some of the reasons they hesitate to file reports are
lack of knowledge of the responsibility to report; lack of
knowledge regarding the type of cases to report, and to
whom to report them; concern about confidentiality con

cian start the process when suspicion of maltreatment exists.

When formal teams or other professionals are not available,
involved. However, the legal system is cooperative and un
derstanding. Physicians' schedules usually are accommo
dated, and compensation for their time is provided. Physi
cians should submit their hourly fees as they do for any
other legal work.
Education is the most effective way to overcome the
problem of underreporting. Since the creation of a nation
wide toll-free telephone hotline for 24-h reporting, the
number of reported cases has increased sharply. A physician
or any other reporter has immunity against any civil or

criminal liability (30). This means that a parent or caretaker
cannot bring a successful lawsuit against a physician for
defamation or for invasion of the family's right to privacy.

However, in many states, failure to report subjects the physi
cian to civil or criminal liability.

The most important phase in the management of child
abuse cases is the follow-up and rehabilitation of the child

and the family. In many cases, failure to provide such fol
low-up, because of lack of funding or personnel, has resulted
in a higher rate of reinjury or death.

The following seven axioms of child abuse management
appear in the literature on child abuse (75).

1. Once diagnosed, an abused child (especially an infant
younger than 1 year of age) is at great risk of reinjury
or continued neglect.

2. In the event that the child is reinjured, it is likely that
the parents will seek care at a different medical facility.
3. There rarely is any need to establish precisely who in
jured the child and whether the injury was intentional.
The symptoms themselves should open the door to a

helping alliance and the development of a comprehen
sive service plan for the child and the family.

4. If there is evidence that the child is at significant risk,
hospitalization may be appropriate to allow time for in
terdisciplinary assessment. The complex origins of the
child's injuries seldom are revealed in the crisis atmo
sphere at the time of presentation.

5. Protection of the child must be the principal goal of
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intervention, but protection must go hand in hand with

of the treatment and the responsibility of the family before

the development of a family-oriented service plan.

treatment is initiated. In this way, any necessary arrange

6. Traditional social casework alone may not adequately
protect the abused child in the environment in which

ments can be made before treatment is begun, to maximize
compliance.

the injuries were received. Multidisciplinary follow-up
is necessary, and frequent contact by all those involved in
the service plan may be needed to encourage the child's
healthy development.

7. Problems of public social service agencies in both urban

THE ORTHOPAEDIC SURGEON, CHILD
ABUSE, AND THE LAW

and rural areas, especially in the number of adequately
trained personnel and the quality of administrative and

Orthopaedic surgeons should be familiar with the law re

supervisory functions, mitigate against their effective op

garding child abuse. Questions about obtaining informed

eration in isolation from other care-providing agencies.

consent for testing, maintaining medical confidentiality, fil

Simply reporting a case to the public agency mandated

ing mandated child abuse reports, understanding court ac

to receive child abuse case reports may not be sufficient
to protect an abused child or to help the family.

tions, and testifying in a courtroom are common. Although

There is no doubt that prevention is the primary goal.
This goal can be achieved by identifying high-risk children
and helping families in distress. Orthopaedic surgeons can
play an important role in breaking the cycle of child abuse
and neglect by remaining aware, facilitating early detection,

and helping to initiate therapeutic and rehabilitative mea
sures for both the child and the family.

the law varies from state to state, the principal issues are

the same. Orthopaedic surgeons should obtain appropriate
legal counsel whenever necessary. The sensitive manage

ment of cases of family violence requires both medical and
legal expertise (76). In many hospitals, this is facilitated by
the use of a team approach, and by the maintenance of
continuous contact between the department of social ser
vices, protective agencies, and the police department.
Legal consent is required for any action taken to treat

an abused child. Parents or legal guardians can give this

Medical Neglect

consent. A minor child cannot give consent except in an
emergency or other exceptional situation. When there is a

During the usual course of therapy for an orthopaedic con

conflict with the parent or guardian, it is advisable to consult

dition, parents or caregivers may not follow the instructions
provided by their treating physicians, and may not adhere
to the treatment protocols. For example, the family of a
child with developmental dysplasia of the hip who is being
treated in a Pavlik harness may fail to bring the child for
follow-up appointments, or the family of a child with a

a hospital lawyer. Consent also is necessary for the release

of any information from the medical record, and for testify
ing in court, unless a court-ordered subpoena has been is
sued.

The physician's findings should be recorded as soon as
the patient is seen. The record in the chart should be legible,

may remove the device after returning home, and fail to

and any errors should be corrected by adding follow-up
entries rather than removing previous statements.

keep follow-up appointments. The family of a child with
idiopathic scoliosis may refuse to use a brace, when orthotic

children, all 50 states have mandatory reporting statutes.

treatment is likely to be effective. They may allow the curve

The basis of notification is "reasonable suspicion or belief."

positive Ortolani sign who is being treated with a harness

For the purpose of identifying and protecting abused

to progress to 55 to 60 degrees, then refuse surgical interven

Legally, it always is better for a mandated reporter to file

tion. Situations such as these are considered instances of

an abuse or neglect report, even if the allegation later proves

medical neglect.

erroneous, than to fail to file. All states have immunity pro

If the treatment is clearly advantageous, and the child is
harmed by the lack of treatment, intervention through the
proper authorities is indicated. There are situations in which
a chronic condition requires more complex treatment, and
the type and length of the treatment clearly present a hard

visions protecting mandated reporters. The question of pri
vacy statutes often arises, but abuse reporting requirements

override this privilege (76). After the child is examined, the
report should be filed by the professional who knows the
child best. This usually is the family physician, the pediatri

ship for the family. In these cases, help should be provided

cian, or a social worker; however, the orthopaedic surgeon

to the family through appropriate social workers and social

is responsible for reporting if he or she is suspicious, and

service agencies. In some cases, the presence of medical neg

no other report has been filed. Reports should be filed,

lect is uncertain. In these instances, the amount of harm

based on the reasonable cause of the injury, and not on the

caused by the lack of treatment should be compared with

characteristics of the family. Many people complain that

the benefits of treatment and an appropriate decision should
be made. In more complex cases, it often is helpful for both

even if a case is reported, the state does not provide appropri

a physician and a social worker to explain fully the nature

whether the state's response is helpful.

ate protection. Again, a report should be filed, regardless of
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Preparation for Court Testimony in Child
Abuse Cases

The number of physicians who are being required ro testify
in court is increasing because of the rapid increase in the
volume of child abuse reports, as well as a continuing trend
toward the use of litigation (77). The orthopaedist should
be well prepared before appearing as a witness, and should
determine the degree of certainty to which he or she is
willing to testify. Although most child abuse reporting laws
require reporting at the level of suspicion, actions of any
sort require proof at some higher level of certainty. The
process of substantiation or verification is always a medical
one in cases of physical abuse.
If a physician is not willing to carry out these examina

tions and to testify in court as an expert witness, no legal
action of any kind is possible in most child abuse cases (77).

In court, the burden of proof is on the plaintiff. In the
courtroom, for better or worse, it is evidence or proof that
matters, not reality or fact. Most judges feel that children
should remain with their parents whenever possible. The
testimony of the physician as an expert witness is an impor

tant part of the process. Often, court action is the result of
a "war between experts." Of greatest concern is what the
orthopaedic surgeon does not say on the witness stand or
in a deposition that he or she should say, and most physi
cians are reluctant to become actively involved in such cases.
Brent (78) has called attention to the problem of irresponsi
ble medical experts, and has provided guidelines for respon
sible conduct in court. These have been adopted by the
Committee on Medical Liability of the American Academy
of Pediatrics in a policy statement (79) (see Appendix).
The orthopaedist will usually serve as a material witness
in the courtroom. Testimony will be confined to his or her
personal involvement in the care of the child, although it
may include clarification of the information in progress
notes or other past documentation. The expertise of the
orthopaedist is also defined by the attorneys before testi
mony, and if this includes special knowledge of or experi
ence with child abuse, then he or she may be sworn in as
an expert witness who can render opinions about certain

Chadwick (77) as "certain as a physician should be in order
to recommend and carry out treatment for a given medical
condition." Cross-examination will search for inconsisten
cies in the testimony or unfamiliarity with the record to
discredit the orthopaedist's testimony. To avoid being a
poor witness, the orthopaedist should thoroughly review the
child's medical records and the recent literature on child
abuse (80).

Physicians should dress appropriately for the courtroom,

appear attentive, poised, and competent, and be at ease with
the testimony given (77). If they want to show radiographs,
they should make sure that the necessary equipment is avail
able.

Physicians should be objective and act as neutral experts.

When a question is asked, they should pause before answer
ing to consider the form and content of their response and
to give their attorneys a chance to object. Physicians should
listen carefully to each question, and answer only the ques
tion asked. They should not expand on the question or
open up new issues. Answers should be framed in clear
terms, understandable by anyone in the courtroom. It also
is a mistake for physicians to assume that they are credible
and effective just because they have a medical degree. If
they do not know the answer to a question, they should
say so.

Physicians should be prepared for their testimony; how
ever, they may review a patient chart to refresh their memory
on the witness stand, if necessary. Physicians should not
argue with the attorney, because invariably they will appear
foolish; rather, they should look to the judge for help. Attor
neys may ask confusing yes-or-no questions that could place
misleading words in the mouth of the orthopaedist; when
neither answer is appropriate, these may be answered in a
full sentence with the permission of the judge.
Another tactic in the courtroom is for the attorney to
frame a complex question that contains both elements that
the physician agrees with and others that the physician can
not agree with, then ending the question with the statement,
"Isn't that so, doctor?" This is a way for the opposing attor
ney to insert facts supportive of his or her case into the
testimony of the orthopaedist in a misleading manner. The

tion or trial (A. Brodeur, personal communication, July

orthopaedist should clearly split such questions into parts
that can be agreed with and parts that cannot be agreed
with (77). Attorneys may also offer hypotheses in their ques

1988). The American law system is adversarial, and the
courtroom is an unfamiliar, hostile environment for most

should point out the improbability of such theories. In mak

facts in the courtroom (80).
Preparation is of paramount importance before a deposi

orthopaedists, where the perception of truth is just as impor

tant as the truth itself. The testimony of a witness is a re
sponse to a series of questions asked to develop a logical
and progressive line of thought leading to a conclusion. In
child abuse cases, the testimony concentrates on the fact
that abuse has occurred, and that it has been appropriately

diagnosed. Questions about
faced by the legal term "is
tainty," which is a concept
most physicians. Reasonable

medical findings may be pre
there reasonable medical cer
that is poorly understood by
medical certainty is defined by

tions that are extremely unlikely; in their answers, physicians
ing conclusions, physicians should provide supportive facts,
and ensure that the link between the facts and the conclu
sion is clear.

Orthopaedists should become accustomed to dating frac
tures based on the amount of bone repair and the criteria
described above. More than anyone else, orthopaedists are
in a position to testify when children sustain broken bones.
This type of evidence is helpful in cases in which the evi
dence is cumulative, rather than direct and explicit. Chad
wick (77) has published an excellent article regarding prepa-

Refer

ration for court testimony (D. L. Chadwick, personal
communication, March 1999).
Finally, if physicians have any doubt or uncertainty, they
should consult with colleagues before testifying to formulate
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These principles have been adopted as guidelines by the
American Academy of Pediatrics for its members who as

sume the role of expert witness. (From ref. 79, with permis
sion.)

clear and reasonable opinions regarding the degree of cer
tainty to which they are willing to testify. Even when the

evidence is almost overwhelming, defense attorneys will at
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FGFR3 gene mutation and, 161,
166-167, 247
growth and development in, 247-248,
248
incidence of, 247
Madelung deformity and, 868
medical treatment of, 250
orthopaedic treatment of, 250—253
for genu varum, 250-251, 1068
for kyphosis, 251-252, 252, 253,
763, 764
limb lengthening, 251
for spinal stenosis, 253
prenatal diagnosis of, 246
radiographic features of, 248-250, 249
rhizomelic, 247
ACL injuries. See Anterior cruciate
ligament injuries

osteotomy, 1079-1080

preoperative evaluation, 1078,
1078-1079, 1079
Adolescent idiopathic scoliosis, 53,

120-121,681, 682, 695
Adolescents
examination of, 101, 120-129
Osgood-Schlatter disease in, 1280-1281,
1281

puberty, 41-43
stress fractures in, 1277-1279
Adrenal hyperplasia, 227
Adrenocorticotropin (ACTH), 225
Adriamycin. See Doxorubicin

Adverse reactions to radiographic contrast
materials, 64
AER (apical ectodermal ridge), 10-11, 11,
13-14, 14, 15, 17, 27, 1192
AFOs. See Ankle-foot orthoses
Agammaglobulinemia, X-linked, 394
Age

average developmental achievement by,
104t, 567t
changes and variants related to, 65—67

in cervical spine, 800-804
epiphyseal and apophyseal, 65, 65
on magnetic resonance imaging, 82

metaphyseal, 66-67, 66—67
physeal, 65-66, 66
round bone variant, 67
growth related to, 39-43
at onset of genetic disorders, 164

Alar plate, 22

513
hyperparathyroidism and, 200

hypophosphatasia and, 199

osteosarcoma and, 513
Allergic hypersensitivity

to radiographic contrast materials, 64

352-355
affecting hands, 872, 872-873
clinical features of, 352-353, 353
differential diagnosis of, 354
etiology of, 354
leg length discrepancy and, 1114
limb deficiencies due to, 352—355, 353,
355, 872, 1220

treatment of, 354-355, 355
Amoxicillin, 479t
Ampicillin, 479t
Amputation

congenital, 1227-1254 (See also Limb
deficiencies)
due to amniotic bands, 352-355,
353, 355, 872, 1220

lower extremity, 1227—1246
multiple, 1253-1254, 1254

upper extremity, 1246—1253
prosthetic fitting for, 1256—1266 (See
also Prosthetics)
surgical
for Gorham disease, 347
for Klippel-Trenaunay syndrome, 345
for leg length discrepancy, 1132

for limb-deficient child, 1223-1225
acquired deficiencies, 1255
fibula* deficiency, 1230-1232
foot amputation for proximal focal
femoral deficiency, 1243

tibial deficiency, 1236—1237
for osteosarcoma, 523-524, 526
for tibial bowing, 1091
traumatic, 1255—1256

digital, 895, 895, 896
fingertip, 887
Amyloidosis, 443
Analgesics, for fracture management, 1331,
1331c

Subject Inde.
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Anatomy, developmental, 1-29
early embiyogenesis and organogenesis,
2-8, 2-9

of hip, 906-909, 906-909
intrauterine growth, 39
of limbs, 9-18, 10-16
upper limb, 842
of nervous system, 5-7, 5-7, 22-23
brain, 563-564
terms related to, 27-29
of vertebral column, 18—22
cervical spine, 799-800

Anderson leg lengthening device, 1136,
1137
Androgens

bone formation and, 180
for Fanconi anemia, 380

growth and, 227
Anemia

of chronic inflammation, 391—392
Diamond-Blackfan, 380
Fanconi, 380, 861, 880

iron-deficiency, 383

sickle cell {See Sickle cell disease)
thalassemia, 389-391
Anencephaly, 6
Anesthesia
conditions associated with complications

of
Cornelia de Lange syndrome, 314
Goldenhar syndrome, 323
Larsen syndrome, 301
Rett syndrome, 329
Rubinstein-Taybi syndrome, 316

skeletal dysplasias, 246
for fracture management, 1329-1332
blocks, 1330-1331
dissociative anesthesia, 1332
sedation, 1331-1332, 1331t

Aneuploidy, 162, 163
Aneurysmal bone cyst, 540-542, 541, 542
histology of, 541, 542
radiographic features of, 541, 541
of spine, 541-542
cervical, 833-834
treatment of, 541
Angelman syndrome, 171, 319
Angiography
Klippel-Trenaunay syndrome on, 345
vascular malformations on, 341
Angle(s)
1-2 intermetatarsal, 1201, 1201
alpha and beta, of hip joint, 77
Baumann, 1339, 1339
carrying, of elbow, 1338
center-edge angle of Wiberg, 916, 918,
919

leg length discrepancy and, 1107,
1108

Cobb, 689-691, 690, 698, 701

distal metatarsal articular, 1200,
1200-1201

femoral neck-shaft, 1035, 1036
femoral or tibial metaphyseal-diaphyseal,
1066, 1067, 1068
foot-progression, 105, 105, 114, 1060

Hilgenreiner physeal, 1039, 1039-1041
popliteal, 114, 115

Q, 122-123, 123, 1299, 1300, 1301
rib-vertebral angle difference, 694-695,
695
slip, in spondylolisthesis, 783
thigh-foot, 1060
tibio-femoral, 1065
Ankle
in gait cycle, 139-140, 140

gait deviations associated with, 146
due to excessive dorsiflexion, 146
due to excessive plantar flexion, 146
ligaments of, 1402
motions of, 1402
in specific conditions
Achilles tendinitis, 1283
Becker muscular dystrophy, 644
Duchenne muscular dystrophy,
640-641
fibular deficiency, 1227, 1230, 1233

hemophilia, 410, 413
multiple epiphyseal dysplasia, 270
poliomyelitis, 666

spastic diplegia, 584-587
Ankle disarticular prosthesis, 1260-1261,
1261

Ankle-foot orthoses (AFOs)
for Duchnne muscular dystrophy, 640
for Friedreich ataxia, 656
for idiopathic toe walking, 1099
myelomeningocele and, 628—629, 62.9
for posterior medial bowing of tibia,
1093

for spastic diplegia, 583
for spastic hemiplegia, 589-590
for tibial pseudarthrosis, 1084

Ankle trauma, 1290-1293, 1401-1407
anterolateral ankle impingement, 1293

fractures, 1401-1407
classification of, 1402
complications of, 1406-1407
diagnosis of, 1402

high-risk, 1403-1405, 1404
low-risk, 1402, 1403
mechanism of injury, 1401
transitional, 1401, 1.405-1406
Tillaux fracture, 71, 1401, 1405,
1405-1406

triplane fracture, 1401, 1406,
1406-1408
sprains, 128, 128-129, 1290-1293

classification of, 1290
differential diagnosis of, 1292
examination of, 1291, 1291
radiographic evaluation of,

natural history of, 1295
nonoperative management of, 1295
radiographic evaluation of, 1295
surgical treatment of, 1295-1296
tests for, 124, 1294-1295
Anterior drawer test, 1291, 1291, 1294
Anteroposterior axis determination, 5,

10-11, 14-16
Antibiotics, for bone and joint sepsis,
476-480, 479t
Anticipation, genetic, 164
Anticonvulsant rickets, 181, 193
Antidiuretic hormone, 225
Antigens, human leukocyte (HLA)
juvenile idiopathic arthritis and, 441

enthesitis-related arthritis, 446-447
inflammatory bowel disease-associated
arthritis, 448
juvenile ankylosing spondylitis, 447
polyarthritis, 445

psoriatic arthritis, 445
Lyme disease and, 435
post-streptococcal arthritis and, 436

reactive arthritis and, 433, 435
Antinuclear antibodies, 433
Apert syndrome, 821-822

Apical ectodermal ridge (AER), 10-11, 11,
13_14, 14, 15, 17, 27, 1192
Apley test, 123, 1296
Apophyseal conditions, 1280—1283
apophysitis of fifth metatarsal, 1282
apophysitis of hip and pelvis, 1283
calcaneal apophysitis, 119-120,

1206-1208, 1207, 1282
fracture, 1368

normal age-related variants, 65
olecranon apophysitis, 1283
Osgood-Schlatter disease, 1280-1281,
1281

Sinding-Larsen-Johansson disease, 1281,
1281
Apoptosis, 27

p53 and, 509
synostoses due to failure of, 17
synovial joint development and, 12
Apprehension tests

patellae, 123, 123
shoulder, 126, 126, 127
Arachnodactyly
in Marfan syndrome, 218-219, 219
in type I homocystinuria, 221
Archenteron, 18

Areflexic dystaxia, 657t. See also Hereditary
motor sensory neuropathies
Arithmetic method for determining leg
lengrh discrepancy, 1124-1127,
1125

1291-1292

recurrent, 1292

treatment of, 1292
Ankylosing spondylitis, juvenile, 441,
447_448, 448

radiographic features of, 450, 450
Anterior cruciate ligament (ACL) injuries,
1294-1296

clinical features of, 1294
meniscal tears and, 1294

Arm span, 38

Arnold-Chiari malformation, 806

basilar impression and, 804
definition of, 813
myelomeningocele and, 602, 603, 605
torticollis and, 813
Arteries

embryology of, 12

epiphyseal, 27

Subject Index

nutrient, of diaphysis, 27
perichondral, 27
transverse intersegmental, 20
Arteriovenous malformations, 340. See also
Vascular malformations
Arthritis

conditions associated with, 434-435
acute lymphoblastic leukemia, 417,
438
acute rheumatic fever, 435-436
benign tumors, 438
cystic fibrosis, 437
foreign body synovitis, 437
inflammatory bowel disease, 448
Lyme disease, 435
serum sickness, 437
sickle cell disease, 388, 490
systemic autoimmune diseases, 437
transient synovitis of hip, 435
X-linked agammaglobulinemia, 394
definition of, 433
enthesitis-related, 446-447, 447
gonococcal, 496-497
gouty, 437
idiopathic (See Juvenile idiopathic
arthritis)
juvenile ankylosing spondylitis, 441,
447-448, 448
oligoarthritis, 429-430, 444, 444
polyarthritis, 430, 444-445
postinfectious (reactive), 388, 435
poststreptococcal
differentiation from juvenile idiopathic
arthritis, 436
differentiation from transient synovitis
of hip, 1046
psoriatic, 430, 445-446, 446
septic {See Septic arthritis)
systemic, 430, 442, 442-444, 443
Arthrochalasis multiplex congenita, 221
Arthrodentosteodysplasia, 327, 328
Arthrodesis
for foot deformities, 1153
congenital vertical talus, 1177-1178
flexible flatfoot, 1172
hip, for slipped capital femoral epiphysis,
1024, 1025
iliofemoral, for proximal femoral focal
deficiency, 1244-1246
for juvenile idiopathic arthritis, 452
knee, for proximal femoral focal
deficiency, 1243
for poliomyelitis, 665
for spondylolisthesis, 787
for spondylolysis, 783-785, 785
triple, 1153
for pes cavovarus, 660—661, 661
Arthroereisis of subtalar joint, for flexible

flatfoot, 1172
Arthrography

normal anatomy on, 70

technique for, 69—70
Arthrogryposis, 295-296
distal, 301, 301-302
Freeman-Sheldon syndrome and, 302,
303

pterygia syndrome and, 303-305,
303-305
Arthrogryposis multiplex congenita,

296-299
clinical features of, 296, 296-297, 850
congenital radial head dislocation and,
853

developmental dysplasia of hip and, 102,
297, 297-298

etiology of, 296
radiographic features of, 297, 297

treatment of, 297-299
upper limb involvement in, 298—299,
850-853, 851
incidence of, 850
nonoperative management of, 851
posterior capsulotomy and triceps
lengthening for, 851—852

tendon transfers for elbow flexion,
852

wrist and hand reconstruction for,
852-853
Arthropathy

Charcot, myelomeningocele and,
627-628, 628

in Down syndrome, 309—310
hemophilic, 409-412, 410, 411, 438
Arthroscopy, for bone and joint sepsis,
481-482

Arthrotomy, for septic arthritis, 481, 481
Ascorbic acid, 217
Askin tumor. See Peripheral
neuroectodermal tumor
Aspartylglucosaminosis, 398t
Aspiration

for bone and joint sepsis, 468, 473-474,
481

for hemarthrosis, 412
Aspirin, 1277

Ataxia, Friedreich, 656—657
clinical features of, 656
genetics and molecular biology of, 656

treatment of, 656-657
painful muscle spasms, 657
pes cavovarus, 656

spinal deformity, 121, 656—657
Ataxia-telangiectasia, 340t, 341
Ataxic cerebral palsy, 565
Athetoid cerebral palsy, 565
cervical spine problems in, 817
management of, 590
Athletic participation. See Sports medicine
Athletic trainers, 1290

McKusick-type metaphyseal
chondrodysplasia and, 272
measurement of, 802, 803
posterior Cl-2 fusion for, 807
Schmid-type metaphyseal
chondrodysplasia and, 273
spondyloepiphyseal dysplasia congenita
and, 264, 265
Atlantoaxial motion, 801-802
Atlantoaxial rotary displacement, 808—811
classification of, 809, 810
etiology of, 809-810
in Grisel syndrome, 810, 810
radiographic features of, 808-809, 809
spontaneous resolution of, 810
terminology for, 808
treatment of, 810-811
Atlantodens interval (ADI), 801, 801
transverse atlantoaxial ligament rupture
and, 824
Atlantooccipital anomalies, 805-807, 806
clinical presentation of, 805—806
natural history of, 806
radiographic features of, 805, 806
treatment of, 806-807
Atlantooccipital dislocation, 823-824, 824,
825
Atlas (Cl)
anomalies of, 805
atlantoaxial motion, 801—802 (See also
Atlantoaxial instability)
atlantoaxial rotary displacement,
808-811, 809, 810

components of, 800
embryology of, 800
in familial cervical dysplasia, 808
fracture of, 824
growth and development of, 800
nontraumatic occipitoatlantal instability,
817
unilateral absence of, 807, 807-808
Atropine, 133 It

Autoimmune diseases, arthritis and, 437
Autosomal chromosomes, 158, 158-159

abnormalities of, 162—163, 163
Autosomal dominant disorders, 164,
164-167
Autosomal recessive disorders, 167,
167-168
Avascular necrosis
familial dysautonomia and, 314
hip dislocation and, 1373
leg length discrepancy and, 1117
multiple epiphyseal dysplasia and, 270
proximal femoral fractures and,

1374-1377
Axis (C2)
anomalies of, 805
atlantoaxial motion, 801—802 (See also
Atlantoaxial instability)

in chondrolysis of hip, 1050—1051,

Atlanta Scottish Rite orthosis, for Legg-

atlantoaxial rotary displacement,

1051
contrast materials for, 64—65

Calve-Perthes syndrome, 985, 986
Atlantoaxial instability, 802
Down syndrome and, 305, 306, 802,

components of, 800

in developmental dysplasia of hip, 70
indications for, 69
in Legg-Calve-Perthes syndrome, 70,

70-71, 980-983, >&?, 985

802, 815-817, 818
juvenile idiopathic arthritis and,

448-449
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808-811, 809, 810

embryology of, 800
in familial cervical dysplasia, 808, 808
growth and development of, 800
spondylolisthesis of, 827

1-6

Subject Index

B

etiology of, 1075

Babinski sign, 634
in spastic cerebral palsy, 116

radiologic features of, 1076, 1077

Babygram, 1438

Back pain. See also Pain
acute lymphoblastic leukemia and, 417,

pathoanatomy of, 1075-1076

treatment of, 1077-1081
circular external fixation,
1080-1081

goals of, 1077-1078

417
Gaucher disease and, 401
osteopetrosis and, 214
Backboard, positioning child on, 823, 823
Baclofen, intrathecaJ, for spastic diplegia,

hemiepiphysiodesis, 1079

inherently stable internal fixator,
1080

limited internal fixation, 1080
monolateral external fixation, 1080

580

osteotomy, 1079-1080

Bailey-Dubow rods, 209, 210
Baker cyst, 123

Banayan-Zonana syndrome, 344
Bankart lesion, 128

Barlow provocative test, 103, 103, 913,
919

Basilar impression, 804-805
clinical presentation of, 804

cranial nerve involvement and, 804
primary vs. secondary, 804
radiographic assessment of, 804, 805
treatment of, 805
Battered child syndrome, 111, 1424. See
also Child abuse
Baumann angle, 1339, 1339
Bean syndrome, 340t, 341

preoperative evaluation, 1078,

1078-1079, 1079
developmental coxa vara and, 1038
infantile, 1068-1075

definition of, 1068-1069
differential diagnosis of, 1066
etiology of, 1069
Langenskiold's radiographic stages of,
1066, 1068, 1069, 1070, 1072

nonoperative management of,
1069-1070

pathoanatomy of, 1069
surgical treatment of, 1070-1075
complications of, 1075
goal of, 1070

moderate varus deformity, 7070,

Becker muscular dystrophy, 637, 644, 644,

1070-1071

645
clinical features of, 644
treatment of, 644

severe varus deformity, 1073—1075,
1074

worsening varus deformity,

Beckwith-Wiedemann syndrome, 320-321,

321, 344
genetics of, 170-171, 320
hemihypertrophy in, 320-321, 321,
348t, 350
Benzodiazepines, 1331, 1331t
Bier block, 1330-1331

Bilhaut-Cloquet procedure, 884
Biomechanics
of bone, 1320-1321

of patellofemoral joint, 1299, 1300

Biopsy of bone or soft tissue tumor,
517-518

Bipartite patella, 1304
Birth injuries
brachial plexus palsy, 109-110,
846-850, 1332

1071-1073, 1072

Blue rubber bleb nevus syndrome, 340t,
341
BMPs. See Bone morphogenetic proteins
Body cast, for spondylolysis, 783, 785

Body mass index, 39
Body plan, 9, 28
Bone

anatomy of, 1321
biomechanical properties of, 1320-1321
composition of, 204
cylinderization of, 27, 27

elongation of, 27, 27

embryology of, 11
fractures of, 1319-1414 {See also
Fractures)
funnelization of, 27, 27

cervical spine, 829

healing of, 204, 1321-1322, 1322

clavicular fracture, 1332

normal age-related changes and variants

humeral shaft fracture, 1335
physeal separation of proximal humerus,
1332

Bisphosphonates

of, 65-67, 65-67
on magnetic resonance imaging, 82
physiology of, 204-205, 1321-1322,
1322

for fibrous dysplasia, 230

radiographic appearance in newborn, 64,

for osteogenesis imperfecta, 209

64
remodeling of, 27, 27, 204, 1321

Blanch sign of Steel, 1005, 1005

Blastocyst, 3, 3, 4, 27
Blastula, 2, 28
Bleomycin, 528

Blount disease, 110, 369
adolescent, 1075-1081

clinical features of, 1076 1077
definition of, 1075

tumors of {See Tumors)
turnover of, 178-180
woven, 64
Bone age

delayed, conditions associated with, 43
determination of, 34, 43-45, 44-50,
68-69, 224, 1123, 1123-1124

Greulich and Pyle atlas, 42, 43, 1123
in paralytic child, 59
Sauvegrain method, 43, 44
inscoliosis, 53, 691, 691
Tanner-Whitehouse method, 1123,
1123-1124
leg length and, 1108-1112, 1109-1112,
1109c

puberty and, 41-43
Bone and joint sepsis, 459-500. See also
Osteomyelitis; Septic arthritis
chronic recurrent multifocal
osteomyelitis, 490-492, 491
definitions of, 460
diagnosis of, 466-474
aspiration, 468, 473-474
history, 466-467
imaging, 469-473
laboratory testing, 467-469, 468t
physical examination, 467
differential diagnosis of, 474-476
epidemiology of, 460
etiology of, 460-461
gonococcal arthritis, 496-497
in neonate, 486-488
pathophysiology of, 461—466
of pelvis and sacroiliac joint, 484-486,
486
puncture wounds of foot and, 494-496,

495
radiographic features of, 469—473
bone scan, 470-472, 471, 472
computed tomography, 472
magnetic resonance imaging, 470,

472-473, 473
plain radiographs, 469, 469-470,
470, 472
ultrasound, 473
results of, 482
sickle cell disease and, 386, 386-387,
387, 488-490, 489

skeletal tuberculosis, 497-500, 498, 499
of spine, 482-484, 483
subacute osteomyelitis, 492-494, 493,
494
treatment of, 476-482

antibiotic delivery for, 478
antibiotic efficacy and, 479-480
antibiotic penetration and, 479
antibiotics for, 479t
duration of antibiotic therapy, 480
organism identification for, 476—478
route of drug administration for,

478-479
surgical, 480-482, 481
Bone bridge formation
infantile Blount disease and, 1072,
1072-1073

physeal fracture and, 1324-1325, 1326
Bone cyst, 538-542
aneurysmal, 540-542, 541, 542
histology of, 541, 542
radiographic features of, 541, 541
of spine, 541-542
cervical, 833-834
treatment of, 541
lower extremity, 117

unicameral, 538-540, 540

Subject Index

Bone densitometry, 89—90

Bone scan. See Scintigraphy

Bruises

applications of, 90

Bony overgrowth, 1225, 1226

dual-energy x-ray absorptiometry, 90

Boston brace, 699, 699
Botulinum-A toxin (BTX), for spastic

BTX (botulinum-A toxin), for spastic

cerebral palsy, 579-580, 584,

cerebral palsy, 579-580, 584,

quantitative computed tomography, 90
radiation exposure from, 90

risks and limitations of, 90
trends in utilization of, 90
"Bone drift," 1321
Bone formation, 23-27, 64, 177-181, 204
calcium and phosphorus homeostasis
and, 181-186
cartilage formation and, 179-180
collagen and, 178, 179t, 204

1231-1232

Boys

characteristics in, 41

hormonal regulation of, 180

pubertal growth curve for, 42
remaining growth in lower limbs

178

periosteal, 214-217, 215t, 1321
Bone grafting
for aneurysmal bone cyst, 541
for fibrous dysplasia, 229-230
for unicameral bone cyst, 540
Bone infarction, 475
Bone marrow

detection of tumor cells in, 508
Gaucher cells in, 399
hematopoiesis in, 379

leukemic cells in, 417
normal age-related variants of, 84
Bone marrow failure syndromes, 379-383
cartilage-hair hypoplasia, 381
Diamond-Blackfan anemia, 380
Fanconi anemia, 380

Schwachman-Diamond syndrome,
380-381

thrombocytopenia with absent radius

syndrome, 381-383, 382, 382t
marrow transplantation
acute lymphoblastic leukemia, 419
cartilage-hair hypoplasia, 381
chronic granulomatous disease, 393

Bone
for
for
for
for Fanconi anemia, 380
for Gaucher disease, 402

for genetic diseases, 174-175
for Hurler syndrome, 325
for osteogenesis imperfecta, 209
for osteopetrosis, 213—214

for sickle cell disease, 389

for thalassemia, 391
Bone morphogenetic proteins (BMPs), 9,
178t

fibrodysplasia ossificans and, 218
in fibrodysplasia ossificans progressiva,
363-364
in neurulation, 6
role in limb development, 15, 15—16

Down syndrome and, 309
spastic diplegia and, 584
Burns

due to child abuse, 1427-1428

development of secondary sexual
leg length related to skeletal age of,

in osteopetrosis, 213

843-844
Bunions

Boyd amputation, for fibular deficiency,

embryonic, 23-27, 178
endochondral bone, 24, 178
genetic factors and, 180-181
growth plate structure and development,
24-27, 25, 26
intramembranous ossification, 24
mechanical force and, 180, 204
mineralization, 204
in acute lymphoblastic leukemia, 417
noncollagenous proteins and, 178, 204
osteoblasts, osteocytes, and osteoclasts,

due to child abuse, 1426-1427, 1427
due to coagulation disorders, 1438

843-844

Bowleg deformity. See Genu varum
Boxer fracture, 889

1109, 1110

lengths of long bones including
epiphyses, 1224t
normal growth chart for, 222

between ages 5 and 17 years for, 57
. sitting heights of, 37, 37t
standing heights of, 36t, 37t, 40-41, 43
subischial limb length of, 37, 40
weight of, 38, 43
Braces. See Orthotic devices
Brachial plexus birth palsy, 846-850, 1332
classification of nerve injury in, 847, 848
Erb type, 109
fractures and, 847
Homer syndrome and, 847
imaging evaluation of, 847
incidence of, 846
Klumpke type, 109, 850
pathoanatomy of, 847-848, 849
perinatal risk factors for, 847
physical examination for, 847
prognosis for, 847
total, 109
traumatic, 109

treatment of, 848-850
microsurgery, 848
nonoperative, 848

shoulder surgery, 848-850, 849t, 850
Brachial plexus development, 12
Brachydactyly, 17
in Albright hereditary osteodystrophy,
201
Brain

periosteal reaction and, 214, 215t

Burst fractures, of thoracolumbar spine,
1368

Buschke-Ollendort syndrome, 358
Butler-Albright syndrome, 192
Buttiens distal limb deficiencies syndrome,
17

C
Cl. See Atlas
C2. See Axis

Cafe-au-lait spots
in fibrous dysplasia, 229, 535-536

in neurofibromatosis, 289, 289, 685
Caffey disease, 214-216, 215t, 216

Calcaneal apophysitis, 1206-1208, 1282
clinical features of, 1206, 1207
definition of, 1206
epidemiology of, 1206
examination for, 119-120
natural history of, 1207
Osgood-Schlatter disease and, 1281

pathoanatomy of, 1207
pathogenesis of, 1206

radiographic features of, 1206—1207,
1207
treatment of, 1207-1208

Calcaneal osteotomy
for flexible clubfoot, 1172-1173, 1173
for pes cavovarus, 659—660
for tarsal coalition, 1186
Calcaneocuboid joint, 1152
Calcaneonavicular coalition, 74

Calcaneovalgus, positional, 1152, 1178,
1178

clinical features of, 1178, 1178
definition of, 1178

development of, 563—564

epidemiology of, 1178

injuries of, due to child abuse, 1428
torticollis and tumors of, 813

pathogenesis of, 1178

Brain stem

atlantooccipital anomalies and
compression of, 805
myelomeningocele and displacement of,
602, 605

Breaststroker's knee, 1286—1287
Breech birth, developmental dysplasia of
hip and, 102
Brittle-bone disease. See Osteogenesis

imperfecta
Brodie abscess, 492, 511
Brown procedure, for fibular centralization,
1234, 1236
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natural history of, 1178

radiographic features of, 1178, 1178
spontaneous correction of, 1152

treatment of, 1178
Calcaneus, 1409

in clubfoot, 1156-1157, 1157
in flexible flatfoot, 1170
fractures of, 1411, 1412
myelomeningocele and deformity of,
625-626, 626'
normal sclerosis of, 65, 65

ossification of, 65
in Larsen syndrome, 278, 279
Calciferol, 183, 183
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Calcifications
in chondrodysplasia punctata, 270—271,
271

intervercebral disc, 831-832, 832
soft tissue, 217-218
fibrodysplasia ossificans, 218
hypoparathyroidism and, 201

renal osteodystrophy and, 195, 195
tumoral calcinosis, 217-218
Calcitonin, 180

for hypercalcemia, 186
for Paget disease, 186
Calcitriol, 182

Calcium. See also Hypercalcemia;
Hypocalcemia
bone storage of, 181
dietary requirement for, 184
factors affecting absorption of, 185
homeostasis, 181-186
idiopathic juvenile osteoporosis and, 211
kinetics in normocalcemic,
hypocalcemic, and hypercalcemic
states, 184, 185-186, 186
osteopetrosis and, 213
phosphate and transport of, 182
to prevent corticosteroid-induced bone
loss, 228
provitamins D and, 182-183, 183
sites of cell-mediated transport of 181,
184

transport across gut cell, 181-182, 182

Calcium channel blockers, 22
Camptodactyly, 877-879, 878
cleft hand and, 871
definition of, 877-878

etiology of, 878
incidence of, 878
treatment of, 878-879
goals of, 878
indications for surgery, 878
Camurati-Engelmann syndrome, 355—357,
356
Cancer. See Tumors

Candidate genes, 161
Cao-gio, 1427
Capillary hemangioma, 340, 544
Capitellum, osteochondral lesions of,
1287-1288, 1288

Caput quadratum, 187
Car seat injuries, 829-830, 830

Cardiac defects
chondroectodermal dysplasia and, 257

cleft hand and, 870
Down syndrome and, 305
Duchenne muscular dystrophy and,

637-638, 643
Emergy-Driefuss muscular dystrophy
and, 645-646

fibrodysplasia ossificans progressiva and,
364

Hadju-Cheney syndrome and, 327
Holt-Oram syndrome and, 861
Larsen syndrome and, 278, 301

thrombocytopenia with absent radius
syndrome and, 382

Cefprozil, 479t

Ceftazidime, 479t

VACTERLS and, 321
Carditis, in acute rheumatic fever, 436

Ceftriaxone, 477, 479t
Cefuroxime, 478, 479t

Carpal bones. See also Wrist
in chondroectodermal dysplasia, 257
in pseudoachondroplasia, 268
terminal transverse transcarpal deficiency,

Cell differentiation, 9, 11, 28
Cell migration, 5

1250-1251, 1251
Carrying angle of elbow, 1338
Cartilage, 179-180
articular, 179

Cell motility, 28
Center-edge angle of Wiberg, 916, 918,
919

leg length discrepancy and, 1107, 1108
Central core disease, 649-650
Central nervous system disorders

composition of, 179

cerebral palsy and, 566

effects of known mutations on
development of 244, 245

myelomeningocele, 601-629 [See also
Neural tube defects)

in Kneist dysplasia, 261

Centronuclear myopathy, 650

physeal, 25-26, 178-179 (See also
Physis)
sensitivity to somatomedins, 180
triradiate, closure of, 42

Cephalexin, 479t

types of, 179
Cartilage-hair hypoplasia, 271-273, 272,
273, 381

Cartilaginous tumors, 528—534
chondroblastoma, 531-532, 532, 533

Cephalopolysyndactyly, Grieg-type, 17
Cerebral palsy, 43, 563-593
anatomic patterns of, 565-566
assessing results of treatment for,
568-569
ataxic, 565

athetoid, 565
management of, 590

chondromyxofibroma, 531, 531
enchondroma, 528-529, 529

brain development and, 563—564

exostosis, 529-531, 530

cervical spine problems in, 817-818,

periostea! chondroma, 532—534, 534

819
classification of, 565—566

Casting

for Kohler disease, 1205
for kyphosis, 755
manipulation and
forclubfoot, 1158-1159
fot metatarsus adductus, 1163
for spastic diplegia, 583
for skewfoot, 1167

central nervous system problems in, 566

diagnosis of, 566-567
history, 567, 567t
imaging studies, 567, 568
other tests, 567
physical examination, 567
etiology of, 564, 842

gastrointestinal system problems in, 566

Cauda equina, 22
Cauda equina syndrome, 794
"Cauliflower ear," 258
Cavernous hemangioma, 340, 544-545

genitourinary system problems in, 566

Cavus foot deformity, 1152, 1194-1199
calcaneocavus, 1194, 1195
myelomeningocele and, 627, 1152,

incidence of, 564-565, 842
leg length discrepancy and, 1117
mixed-type, 565
neuropathic types of, 565

1194, 1195

cavovarus, 1194
hereditary motor sensory neuropathies
and, 658-661, 659, 1152

clinical features of, 1194-1196, 1195,
1196
conditions associated with, 1195t

definition of, 1194
epidemiology of, 1194
examination for, 1195

Coleman block test, 116, 116, 1196,
1197, 1197
natural history of, 1198

pathoanatomy of, 1197—1198

growth in child with, 58—59
handedness and, 105
hypotonic, 565

prematurity and, 104
reflex testing in, 116
spastic, 565
Beckwith-Weidemann syndrome and,
320

management of spastic diplegia,

577-589 (See also Spastic diplegia)
management of spastic hemiplegia,
589-590 (See also Spastic

hemiplegia)

management of spastic quadriplegia,
569-577 (See also Spastic
quadriplegia)

pathogenesis of, 1194

toe walking due to, 113—116, 114—116

radiographic features of, 1195,

upper extremity involvement in,

590-593, 842-846
classification of, 843, 844, 845t

radial dysplasia and, 861

1196-1197, 1197
surgical treatment of, 1198-1199, 1199
CD44s, 16

Rubinstein-Taybi syndrome and, 316

Cefazolin, 479t

contractures of, 843

skeletal dysplasias and, 246

Cefotaxime, 479t

elbow surgery for, 591-592, 845

complications of surgery for, 846

Subject Index

hand surgery for, 592-593, 593,
845-846, 846
nonoperarive management of,
843-844

nonsurgical treatment for, 591
shoulder surgery for, 591
surgical indications for, 844
surgical principles for, 844-845
wrist surgery for, 592, 592, 845

Cervical spine, 799-835
congenital and developmental problems
of, 804-815
Klippel-Feil syndrome, 814-815
os odontoideum, 815
torticollis, 804-814

developmental and acquired stenoses and
instabilities of, 815-819
cerebral palsy and, 817-818, 819
Down syndrome and, 305-307,
306-307, 802, 802, 815-817, 818
nontraumatic occipitoatlantal

instability, 817

postlaminectomy deformity, 818-819,
820, 821

embryology of, 799-800
C3-7, 800
occipitoaxioatlas compound, 799—800

growth and development of, 50-51, 800
hematologic and oncologic conditions of,
833-835

benign tumors, 833-835, 834
malignant tumors, 835
inflammatory and septic conditions of,
830-833
intervertebral disc calcification,
831-832, 832

juvenile rheumatoid arthritis,
830-831, 831
pyogenic osteomyelitis and discitis,
832

tuberculosis, 832-833
normal radiographic parameters of,
800-804

atlantodens interval, 801, 801
atlantooccipital motion, 801-802,
802, 803

normal lower cervical spine motion,
804
pseudosubluxation, 802-803, 803
variations that may resemble injury,
803-804

ossificarion centers of, 800
in other conditions, 820-822

chondrodysplasia punctata, 271

Morquio syndrome, 326, 327

diaphyseal, 1430-1432, 1432-1434

mucopolysaccharidosis type I, 325
neurofibromatosis, 822

metaphyseal, 1429-1430, 1430, 1431,

pseudoachondroplasia, 267-269
spondyloepiphyseal dysplasia

physeal, 1428-1429, 1429
rib, 1432, 1434

congenita, 263, 264, 265
Cervical spine trauma, 822-830

backboard positioning for, 823, 823
in battered children, 829
birth injuries, 829

1434

spinal, 829, 1432-1435, 1433, 1435
head injuries due to, 1428
historical recognition of, 1423-1424
imaging evaluation for, 1437—1438
limitations of, 1438

car seat injuries, 829-830, 830

plain films, 69

causes of, 822

scintigraphy, 88-89

differentiation from anatomic variants,

specificity of radiologic findings,

803

fractures and ligamentous injuries,
823-827
C3-7, 827, 827, 828
occipital complex to Cl—2 complex,
823-827

atlantooccipital dislocation,
823-824, 824, 825

fractures of atlas, 824
odontoid fractures, 824-827, 826
spondylolisthesis of C2, 827
transverse atlantoaxial ligament
rupture, 824
gunshot wounds, 830
incidence of, 822

I436t

internal injuries due to, 1428
investigative interview for, 1425-1426

at-risk profiles of parents and children,

1425
documentation of, 1426, 1437
history taking, 1425—1426
legal issues related to, 1441-1443
guidelines for expert witnesses, 1443
informed consent, 1441
mandatory reporting statutes, 1441
preparation of court testimony,

1442-1443
management of, 1437—1441
team approach to, 1440-1441

radiographic evaluation for, 822-823
spinal cord injury without radiographic
abnormality, 827-829

medical neglect and, 1441
prevalence of, 1424

transient quadriparesis, 829

soft tissue injuries due to, 1426-1428
bruises, 1426-1427, 1427
burns, 1427-1428
underreporting of, 1440

CFBA1 gene, in cleidocranial dysplasia,
276

Chamberlain's line, 804, 805

prevention of, 1441

Chance fractures, 1368, 1369

Child protective services, 1440

Charcot arthropathy, myelomeningocele

CHILD syndrome, 17

and, 627-628, 628
Charcot-Marie-Tooth disease, 657-662,

Chimera, 3, 28

657t, 659-661, 1152. See also
Hereditary motor sensory
neuropathies
Charleston brace, 699, 700
Cheilectomy, for Legg-Calve-Perthes
syndrome, 990, 990

Chemotherapy, cancer, 527—528
drugs used for, 528

Chloral hydrate, 93
Chondroblastoma, 531-532, 532, 533
Chondrocytes, 25
in hemophilia, 409, 410
Chondrodysplasia punctata, 244, 270-271
clinical features of, 270-271

radiographic features of, 271, 271
treatment of, 271
Chondrodystrophy, 43

multidrug resistance and, 510
for osteosarcoma, 523
"Cherub dwarf," 258
Chiari osteotomy, for Legg-Calve-Perthes

Chondroectodermal dysplasia, 257—258
clinical features of, 257
radiographic features of, 257, 257

syndrome, 989
Chief complaint, 100

Chondrogenic core, 11

Child abuse, 111, 1423-1443

treatment of, 257-258

Chondrolysis of hip, 1048-1055
age at onset of, 1049

craniofacial syndromes, 821
craniosynostosis syndromes, 821—822
diastrophic dysplasia, 258, 259, 260
fetal alcohol syndrome, 311, 820

decision making regarding, 1435—1437

fibrodysplasia ossificans progressiva,

definition of, 1424

etiology of, 1049

diagnosis of, 1424-1425
differential diagnosis of, 1438-1440

historical descriptions of, 1048-1049
incidence of, 1049

364, 822

hemophilia, 833
juvenile idiopathic arthritis, 448-449,

449
Larsen syndrome, 278, 278, 301
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dating fractures, 1436-1437, 1437,

1437t
suspicious fracture patterns, 1436

osteogenesis imperfecta, 205—206,
1439
fractures due to, 1428-1435

clinical presentation of, 1049-1050
definition of, 1048

differential diagnosis of, 1050
epidemiology of, 1049

laboratory findings in, 1050

natural history of, 1052-1053
pathology of, 1052, 1052, 1053

1-10

Subject Index

Chondrolysis of hip {contd.)
radiographic features of, 1050-1051,
1050-1052, 1054
arthrography, 1050-1051, 1051
computed tomography, 1051, 1052
scintigraphy, 1051, 1051
slipped capital femoral epiphysis and,
1027-1029, 1028, 1049, 1053
treatment of, 1053-1055
Chondroma, periosteal, 532—534, 534
Chondromalacia patella, 1300, 1304
Chondromatosis, synovial, 549-551, 550
Chondromyxofibroma, 531, 531
Chondrosarcoma, 531
Chopart joint, 1152
Chordoma, 22
in cervical spine, 835
Chorea, in acute rheumatic fever, 436
Chorionic villus sampling, 174
Chromosome abnormalities, 9, 162-163
of autosomal chromosome number, 162
Down's syndrome, 162, 163, 305
of autosomal chromosome structure,
162-163
limb defects due to, 17
in sarcomas, 508, 508t

of sex chromosomes, 163
Chromosomes, 158, 159, 158-159
Chronic granulomatous disease, 392—394,
393

genetics of, 392-393
infections in, 393
management of, 393—394
osteomyelitis in, 392, 393
Chvostek sign, 201
Chylothorax, Gorham disease and, 346,

347, 347
Ciprofloxacin, 479t
Cisplatin, 528
for osteosarcoma, 523

Clavicle
in cleidocranial dysplasia, 276, 277
congenital pseudarthrosis of, 359-361,
1332

clinical features of, 360
etiology of, 360
histopathology of, 361
radiographic features of, 361, 361
treatment of, 361
fractures of, 1332-1334
due to birth injury, 1332
lateral, 1334, 1334
medial, 1333, 1333-1334

shaft, 1332-1333
in renal osteodystrophy, 196
Cleavage, 2, 2-3, 3, 28

Cleft foot, 17, 1192-1194
classification of, 1192, 1193

cleft hand and, 870, 1192
clinical features of, 1192, /193
definition of, 1192
epidemiology of, 1192
natural history of, 1193
pathoanatomy of, 1193
pathogenesis of, 1192
radiographic features or, 1192, 1194
treatment of, 1193-1194, 1194

Cleft hand, 17, 870-871, 871
classification of, 870
cleft foot and, 870, 1192
conditions associated with, 870
incidence of, 870

treatment of, 870-871
Cleft lip/palate
cervical spine problems and, 821
cleft hand and, 870
cleidocranial dysplasia and, 276
congenital constriction band syndrome
and, 354
diastrophic dysplasia and, 258
distal arthrogryposis and, 302
Kneist dysplasia and, 262
Larsen syndrome and, 278
Cleidocranial dysplasia, 276—277
clinical features of, 276
genetics of, 276
orthopaedic implications of, 277

radiographic features of, 276—277, 277
Clindamycin, 479t
Clinodactyly, 879
cleft hand and, 871
conditions associated with, 871
definition of, 879

treatment of, 879
Club hand
due to constriction rings, 18

radial, 861-865, 862, 863, 865 (See also
Radial dysplasia)
ulnar, 865-868, 867, 868 {See also
Ulnar dysplasia)
in VACTERLS, 321

Clubfoot, 1153-1161
classes of, 11 54
classification of severity and rigidity of,
1155

clinical features of, 1153, 1154-1155,
1155, 1158

conditions associated with, 1154t
arthrogryposis multiplex congenita,
298

chondrodysplasia punctata, 271
congenital constriction band
syndrome, 18, 353-354
congenital myotonic dystrophy, 649
diastrophic dysplasia, 259, 261
distal arthrogryposis, 302
fetal alcohol syndrome, 311
Freeman-Sheldon syndrome, 302, 303
Larsen syndrome, 278, 279, 299, 301

myelomeningocele, 623-625
nail-patella syndrome, 312
spondyloepiphyscal dysplasia

congenita, 263

definition of, 1153
epidemiology of, 1154
examination for, 1154—1155
incidence of, 11 54
inheritance of, 1154
intoeingand, 1060-1061
leg length discrepancy and, 1154
natural history of, 1158, 1158
nonoperative treatment of, 1158-1159
manipulation and casting, 1158—1159

pathoanatomy of, 1153, 1154,
1156-1158

pathogenesis of, 1154
prenatal diagnosis of, 1156, 1156
radiographic features of, 1155,
1155-1156, 1156
surgical correction of, 624—625, 625,
1159-1161

anesthesia for, 1160
Carroll procedure, 1159
choice of procedure for, 1160
Cincinnati incision for, 1160—1161
complications of, 1160
Goldner procedure, 1159
outcome of, 1159
overcorrection, 1161

repeat procedures, 1160, 1161
Simons procedure, 1159—1160

timing of, 1160
Turco procedure, 1159
Coagulation disorders, 408, 1438. See also
Hemophilia
Cobb angle

in kyphosis, 753
in scoliosis, 689-691, 690, 698, 701
"Coccygeal tail," 255, 255
Codman tumor. See Chondroblastoma
Cog-wheel rigidity, in spastic cerebral palsy,
116

COL1A1 gene, 158, 159

in osteogenesis imperfecta, 165, 245t
COL1A2 gene, in osteogenesis imperfecta,
165, 245t
COL2A1 gene

in Kneist dysplasia, 261
in spondyloepiphyseal dysplasia, 166,

245t, 265
COL7A1 gene, in Larsen syndrome, 278

COL9A2 gene, in multiple epiphyseal
dysplasia, 269
COL11A1 gene, in Stickler syndrome, 166
COL11A2 gene, in Stickler syndrome, 166
Coleman block test, 116, 116, 1196, 1197,

1197
Collagen, 178-179,204

ascorbic acid in synthesis of, 217
in Ehlers-Danlos syndrome, 220-221
structure of, 204
type I

gene locus for, 158, 159
in osteogenesis imperfecta, 205, 206,
208

types of, 178, 179t, 204
Collateral ligament injuries of knee,
1293-1294, 1294
COMP gene

in multiple epiphyseal dysplasia, 269
in pseudoachondroplasia, 267
Compaction of blastomere, 3, 28
Compartment syndromes

chronic, shin pain due to, 1285

clinical features of, 1328-1329
due to muscle hemorrhage in

hemophilia, 414, 414
after elbow injury, 119

Subject Index

fasciotomy for, 1329, 1329, 1330
after fracture, 1328-1329
pathogenesis of, 1328
tissue pressure measurements for, 1329,
1329

Compression fractures of thoracic spine,
1367-1368, 1368
Computed radiography, 69
Computed tomography (CT), 71-74
advantages of, 71
contrast materials for, 64

cost of, 851

helical (spiral), 71
indications for, 71-74
quantitative, 89-90

radiation exposure from, 92
risks and limitations of, 74
in specific conditions

achondroplasia, 248-249, 249
aneurysmal bone cyst, 541

atlantoaxial rotary displacement,
808-809, 809

atlantooccipital dislocation, 525
bone and joint sepsis, 472
brachial plexopathy, 847, 849t
calcaneus fracture, 1412
chondrolysis of hip, 1051, 1052
closed reduction of hip dislocation,
931
congenital kyphosis, 747

developmental dysplasia of hip, 72, 72
hip dislocation, 1372, 1372

infantile Blount disease, 1072
Jefferson fracture, 824
juvenile ankylosing spondylitis, 450
myositis ossificans, 368
osteoid osteoma, 515, 518, 520
scoliosis, 680, 691-693, 692
slipped capital femoral epiphysis,
71-72, 72, 1006, 1007

spondylolysis and spondylolisthesis,
782

sternoclavicular separation, 1333
tarsal coalition, 74, 1184, 1184
thoracolumbar spine trauma, 1367
triplane fracture of distal tibia, 1407
tumors, 514, 515
unilateral absence of Cl, 807
techniques for, 71
trends in utilization of, 74
Condylar fracture
lateral, 1344-1348
complicarions of, 1347-1348

differentiation from fracture-separation
of distal humeral epiphysis, 1345,
1346

mechanism of injury, 1344
Milch types I and II, 1344, 1345
nonunion of, 1347-1348, 1348
treatment of, 1345-1347, 1346, 1347
medial, 1349

Congenital abnormalities
causes of, 9

of foot, 1153-1194
genetic causes of, 16-18 {See also
Genetics)

infant mortality due to, 9
limb deficiencies, 16-17, 1217-1254
myelomeningocele, 601-629
prevalence of, 9
vertebral, 21-22
Congenital coxa vara, 1036, 1036
Congenital dislocation of knee, 1095-1098
clinical presentation of, 1096, 1096
definition of, 1095
etiology of, 1095-1096
nonoperative management of,

1096-1097
radiographic features of, 1096, 1096
surgical treatment of, 1097, 1097-1098
Congenital dislocation of radial head,
853-854, 854

Congenital fiber-type disproportion, 650
Congenital hallux varus, 1186-1188, 1187
clinical features of, 1187, 1187
definition of, 1186

epidemiology of, 1186
natural history of, 1187
pathoanatomy of, 1187
pathogenesis of, 1186
radiographic features of, 1187, 1188
surgical treatment of, 1187, 1187-1888
Congenital humeroulnar dislocation,
854-855
Congenital kyphosis, 744-749. See also
Kyphosis

anomalies associated with, 746
classification of, 744-745, 745t
clinical presentation of, 746
complications of treatment for, 749
etiology of, 745-746

imaging evaluation of, 746, 746-747
inheritance of, 746
natural history of, 746

treatment, 747-749, 748
type I deformities, 747-749

vertebral abnormalities and, 744-745,
745, 745t
Congenital muscular dystrophy, 651,
651-652, 652

Congenital muscular torticollis, 811-813,
813

Congenital myopathies, 649-651
central core disease, 649-650
centronuclear myopathy, 650
congenital fibet-type disproportion, 650
metabolic myopathies, 650-651
nemaline myopathy, 650
Congenital myotonic dystrophy, 649
Congenital radioulnar synostosis, 855-858,
857

anomalies associated with, 856
clinical features of, 856
embryogenesis of, 855-856
natural history of, 856

radiographic features of, 856, 857
surgical treatment of, 856-857
complications of, 857-858
Congenital scoliosis, 53, 724-733. See also
Scoliosis
classification of, 725, 725-727, 726
definition of, 724-725
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myelomeningocele and, 614
natural history of, 727, 727, 728
nonoperative treatment of, 727-728

surgical treatment of, 728-733

anterior fusion, 729-731
goals of, 729
hemivertebra excision, 732, 733
partial fusion, growth modulation,
hemiepiphysiodesis, 731, 731-733
posterior fusion, 729
posterior instrumentation, 729
preoperative assessment, 728-729,
730

Congenital spondylolisthesis, 777, 778, 779
Congenital stippled epiphysis. See
Chondrodysplasia punctata
Connective tissue syndromes, 218—221

Ehlers-Danlos syndrome, 220, 220-221
homocystinuria, 221
Marfan syndrome, 218-220, 219
Conradi-Hiinermann syndrome, 270—271
Conscious sedation, 1331
Constriction band syndrome, 17, 18,
352-355
affecting hands, 872, 872-873

clinical features of, 352-353, 353
differential diagnosis of, 354
etiology of, 354

leg length discrepancy and, 1114
limb deficiencies due to, 352-355, 353,
355, 872, 1220

treatment of, 354-355, 355
Contractures

abduction, of hip, 115

chondrolysis and, 1050, 1050
Duchenne muscular dystrophy and,
641

with extension contracture, in cerebral
palsy, 577
leg length discrepancy and, 1120
adduction, of hip, 115
cerebral palsy and, 115

developmental dysplasia of hip and,
103-104, 104

leg length discrepancy and,
1119-1120

spastic diplegia and, 588

in arthrogryposis multiplex congenita,
296-299, 850-853
in cerebral palsy, 115, 576-577,
584-588, 592-593, 843
in distal arthrogryposis, 301-302
in Duchenne muscular dystrophy,
640-641
in Emergy-Driefuss muscular dystrophy,
645-646
equinovalgus, of ankle and foot, in
spastic diplegia, 586, 586-587
equinovarus, of anlde and foot

in Duchenne muscular dystrophy, 640
in spastic diplegia, 585-586
equinus, of ankle and foot
in Duchenne muscular dystrophy, 640
in spastic diplegia, 584-585
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Contractures {contd.)
extension, of hip, in cerebral palsy,
576-577
in fetal alcohol syndrome, 311
finger, in cerebral palsy, 592-593
flexion, of hip
chondrolysis and, 1050
developmental coxa vara and, 1039
diastrophic dysplasia and, 259, 261
Duchenne muscular dystrophy and,
641

proximal femoral focal deficiency and,
1238

spastic diplegia and, 588
spondyloepiphyseal dysplasia congenita

and, 263
tests for, 114-115, 115
transient synovitis and, 1046
flexion, of knee
Duchenne muscular dystrophy and.
641
hemophilia and, 415-416, 416
myelomeningocele and, 622
proximal femoral focal deficiency and,
1238

in Freeman-Sheldon syndrome, 303
in hemophilia, 414-415, 414-416
leg length discrepancy and, 1119-1120
in melorheostosis, 357
in metatropic dysplasia, 255-256
in multiple epiphyseal dysplasia, 269
in nail-patella syndrome, 312
in poliomyelitis, 664
in pterygia syndrome, 303-305
in Rett syndrome, 329
Volkmann ischemic, 119, 414, 414
Contrast materials
adverse reactions to, 64
epinephrine and, 65
for magnetic resonance imaging, 80
for radiographic procedures, 64-65
Convex pes valgus, congenital. See Vertical
talus, congenital
Cooley anemia, 390
Cornelia de Lange syndrome, 313,
313-314, 314
cleft hand and, 870
clinodactyly and, 871
congenital radial head dislocation and,
853
ulnar dysplasia and, 865

Cortical hyperostosis, infantile, 214-216,
215t, 216
Cortical irregularity, normal metaphyseal,

67, 67
Corticosteroids

Cotrel-Dubousset instrumentation system
for kyphosis, 755
for scoliosis, 703
Court testimony in child abuse cases,

meniscal tears and, 1294
natural history of, 1295
nonoperative management of, 1295
radiographic evaluation of, 1295
surgical treatment of, 1295-1296
tests for, 124, 1294-1295

1442-1443
COX (cyclooxygenase) inhibitors, 450
Coxa magna

Legg-Calve-Perthes syndrome and, 967,
968
spondyloepiphyseal dysplasia tarda and,
266

transient synovitis of hip and, 1047
Coxa valga

progeria and, 317, 317
after reduction of developmental

dysplasia of hip, 935-936, 936
Rett syndrome and, 329
Coxa vara

acquired, 1036, 1037
classification of, 1036
conditions associated with
chondrodysplasia punctata, 271
cleidocranial dysplasia, 276, 277
fibrous dysplasia, 229
multiple epiphyseal dysplasia, 270
osteopetrosis, 212, 214
proximal femoral fracture, 1379
proximal focal femoral deficiency,
1114, 1114
spondyloepiphyseal dysplasia
congenita, 263-265, 264
congenital, 1036, 1036
definition of, 1035-1036, 1036
developmental, 1035-1044
clinical presentation of, 1038-1039
epidemiology of, 1037
etiology of, 1037-1038
gait in, 1038

histopathology of, 1038, 1038
historical descriptions of, 1037
incidence of, 1037
leg length discrepancy and, 1036,
1044
natural history of, 1040
nonoperative treatment of, 1040
physical examination for, 1038—1039
postoperative recurrence of,
1042-1044, 1044
radiographic features of, 1037, 1039,
1039-1040, 1042
surgical treatment of, 1040—1042,
1041-1044
Cozen fracture, 1397-1398, 1399
Cranial nerves, basilar impression and, 804
Craniosynostosis, cervical spine problems
and, 821-822

posterior, 124, 124, 1296

CT. See Computed tomography
Cubitus valgus
congenital humeroulnar dislocation and,
855
lateral condylar fracture and, 1347-1348
Noonan syndrome and, 318-319
Turner syndrome and, 318
Cubitus varus, supracondylar fracture and,
1344
Cuneiform osteotomy, for slipped capital
femoral epiphysis, 1019-1020,
1021

Curly toe, 1180-1181
clinical features of, 1180, 1180
definition of, 1180
epidemiology of, 1180
natural history of, 1180
pathoanatomy of, 1180
treatment of, 1180-1181
Cushing syndrome, 228, 228

systemic arthritis and, 443, 443
Cutaneous hemangiomas, 340
Cutaneous osteomatosis, 217

Cutis marmorata telangiectatica congenita,
341

Cyclooxygenase (COX) inhibitors, 450
Cyclophosphamide, 528
Cylinderization, 27, 27
Cyst

Baker, 123
bone, 538-542
aneurysmal, 540-542, 541, 542
lower extremity, 117
unicameral, 538-540, 540
hemophiliac, 415, 416
popliteal, 1309
Cystathione synthetase deficiency, 221
Cystic fibrosis, 168
arthritis and, 437
uniparental disomy and, 171
Cytoxan. See Cyclophosphamide

Dactinomycin, 528

Dactylitis

sickle cell disease and, 385-386
tuberculous, 498
DDH. See Developmental dysplasia of hip

de Lange syndrome, 313, 313-314, 314

for athletes, 1277
for Diamond-Blackfan anemia, 380

Crank rest, 126

for Fanconi anemia, 380
for hemangiomas, 340

Crankshaft phenomenon, 54, 705, 705

clinodactyly and, 871

Crescent sign, 270

congenital radial head dislocation and,

intraarticular injection of, 1277
for juvenile idiopathic arthritis, 451
for progressive diaphyseal dysplasia, 357
skeletal abnormaliries associated with,
228

for systemic arthritis, 443-444
for unicameral bone cysts, 540

Cretinism, 226

Crohn disease, rickets and, 192
Crouzon syndrome, cervical spine problems
and, 821-822
Cruciate ligament injuries

anterior, 124, 1294-1296
clinical features of, 1294

cleft hand and, 870

853
ulnar dysplasia and, 865
Debridement, surgical, for bone and joint
sepsis, 480-481, 481
Dejerine-Soffa disease, 657t, 658. See also
Hereditary motor sensory
neuroparhies

Subject Index

Demerol. See Meperidine
Denis-Browne bar, for metatarsus adductus,

1163
Dental abnormalities
osteogenesis imperfecta and, 204
renal osteodystrophy and, 196
rickets and, 187
Dermatome, 18, 19, 28
Dermatomes, 12, 12
Dermomyotome, 18, 19, 28

Determination (cellular), 9, 28
Development
in achondroplasia, 247-248, 248
average developmental achievement by
age, 104t
maturation of gait, 144—145
myelomeningocele and, 606-607
Developmental anatomy, 1—29
early embryogenesis and organogenesis,
2-8, 2-9

of hip, 906-909, 906-909
intrauterine growth, 39
of limbs, 9-18, 10-16
upper limb, 842
of nervous system, 5—7, 5—7, 22—23
brain, 563-564

terms related to, 27—29
of vertebral column, 18-22
cervical spine, 799-800

Developmental coxa vara, 1035-1044
clinical presentation of, 1038-1039
epidemiology of, 1037
etiology of, 1037-1038
gait in, 1038

histopathology of, 1038, 1038
historical descriptions of, 1037
incidence of, 1037
leg length discrepancy and, 1036, 1044
natural hisrory of, 1040
nonoperative treatment of, 1040
physical examination for, 1038—1039
postoperative recurrence of, 1042-1044,
1044
radiographic features of, 1037, 1039,
1039-1040, 1042
surgical treatment of, 1040-1042, 1041,
1042
indications for, 1041
premature physeal plate closure after,
1042, 1043
results of, 1042-1044, 1043, 1044

timing of, 1041-1042

Developmental dysplasia of hip (DDH),
905-946
causes of, 912
conditions associated with
arthrogryposis multiplex congenita,
102, 297, 297-298

fetal alcohol syndrome, 311
metatarsus adductus, 102, 1162

diagnosis of, 913-918
Barlow test, 103, 103, 913, 919
imaging, 915-919

computed tomography, 72, 73
magnetic resonance imaging, 919

radiographic measurements,
916-919, 918, 919

ultrasound, 75, 76, 77, 915-916,
917, 918

late, 913-915,914-917
Ortolani maneuver, 103, 103, 906,
909, 913
etiology of, 102

incidence of, 913
natural history of, 919—925
course in adults, 920, 920, 921
course in newborns, 919-920
course of dysplasia and subluxation,
921-925, 922-924
normal growth and development of hip,
906-909, 906-909
pathoanatomy of, 909-910
acetabular development and, 910, 911
dislocations in newborns, 909—910,
910

physical examination for, 102—104, 103,
104

risk factors for, 912-913, 913t
sequelae and complications of treatment

for, 935-946
disturbance of growth of proximal
femur, 941-946, 942, 944-946
residual femoral and acetabular
dysplasia, 935-941, 936-941
terminology for, 905-906
treatment of acetabular dysplasia in
children 6 months to 2 years of
age, 934
treatment of hip dislocation, 925—935
arthrography during, 70, 930
in children 6 months to 2 years of
age, 928-933, 929-933
closed reduction, 930-931,
930-931

open reduction, 931-933, 933
prereduction traction, 928—930,
930

in children older than 2 years of age,
933-934, 934
intraarticular obstacles in latediagnosed cases, 914
in newborns and infants younger than
6 months of age, 925-928,
926-928
Developmental history, 100
Developmental milestones, 104t, 567t
DEXA (dual energy x-ray absorptiometiy),
89-90

Diabetes insipidus, Langerhans cell

histiocytosis and, 403
Diabetes mellitus
fibrous dysplasia and, 535
maternal, 173
Diamond-Blackfan anemia, 380

Diaphyseal aclasia, 274-275
clinical features of, 274

genetics of, 274
orthopaedic implications of, 275
radiographic features of, 274, 274-275,
275
Diaphyseal dysplasia, progressive, 355-357,
356
clinical features of, 355
differential diagnosis of, 356
etiology of, 356

1-13

pathology of, 356
radiographic features of, 355—356, 356
treatment of, 356
Diastematomyelia, 22
myelomeningocele and, 608
Diastrophic dysplasia, 244, 258-261
classification of, 245t
clinical features of, 258, 258-260
clinodactyly and, 879
genetics of, 258
kyphosis and, 258, 259, 260, 765
prenatal diagnosis of, 260
radiographic features of, 259, 260, 260
treatment of, 260—261
Dicloxacillin, 479t
Digital Imaging and Communications in
Medicine (DICOM), 69
Digital radiography, 69
1,25-Dihydroxyvitamin D, 182-184,
183-184

idiopathic juvenile osteoporosis and, 211

for osteopetrosis, 213
to prevent corticosteroid-induced bone
loss, 228
renal osteodystrophy and, 194, 196
vitamin D-resistant rickets and, 192—193
Diplegia. See also Spastic diplegia
cerebral palsy and, 565
Disappearing bone disease. See Gorham
disease
Discitis, 482, 483
cervical, 832
Discoid lateral meniscus, 1309-1311
classification of, 1309-1310
clinical presentation of, 1310
differential diagnosis of, 1310
treatment of, 1310-1311
Wrisberg ligament-type, 1310, 1311
Dislocation
atlantooccipital, 823-824, 824, 825
elbow, 1352-1354
complications of, 1354
congenital humeroulnar, 854—855
examination for, 119
finger, 893-894
hip, 1372, 1372-1373
CT evaluation after reduction of, 72,
73

Down syndrome and, 308, 308-309
high-riding, 1112, 1113

Larsen syndrome and, 279, 300—301
McKusick-type metaphyseal
chondrodysplasia and, 273
mechanism of injury, 1372
spastic quadriplegia and, 575-576,
576spinal muscular atrophy and, 654
treatment of, 1372—1373
knee, congenital, 1095-1098
patellar
acute, 1306-1308
recurrent, 1308-1309, 1308-1310

radial head, 1354, 1354-1355, 1355
congenital, 853-854, 854
in nail-patella syndrome, 311, 312,
313
shoulder, 1335
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Dissociative anesthesia, 1332

Dwarfism, 244. See also Short stature

Distal interphalangeal joints, in
clinodactyly, 879

metatropic, 254-257, 255, 256
Russell-Silver, 317, 317-318
Dynamic electromyography, 149, 151

Distal metatarsal articular angle, 1200,
1200-1201

Dyschondrosteosis, 275—276

Distal muscular dystrophy, 648

clinical features of, 275

Distraction epiphyiolysis, 1138

genetics of, 275

Disuse atrophy, 211-212, 212

orthopaedic implications of, 276
radiographic features of, 275—276, 276

DMD gene, in Duchenne muscular
dystrophy, 169, 175
DNA, 2, 7-8

for mutational analysis, 161-162
of sarcomas, 508

structure of, 158, 159
translation of, 159-160
Dorsal root ganglia, 22

Dorsal-ventral axis determination, 5, 10,

Dysplasia epiphysealis hemimelica,
361-362
clinical features of, 362
etiology of, 362
histopathology of, 362
radiographic features of, 362, 363
treatment of, 362
Dystrophin, 639

11, 16, 16
Dorsalin-1, 23
Down syndrome, 305-310

atlantoaxial instability in, 305, 306, 802,
802, 815-817, 818

chromosome abnormality in, 162, 163,
305
clinical features of, 305-306, 306, 310
natural history of, 310
orthopaedic disorders in, 308-310

prenatal diagnosis of, 305
radiographic features of, 306-308,
306-308

Doxorubicin, 528

for osteosarcoma, 523
Dual energy x-ray absorptiometry (DEXA),
89-90

Duchenne muscular dystrophy, 637—644
cardiac involvement in, 637, 638

clinical features of, 637-638, 638
diagnosis of, 637-639
clinical, 637-638
electromyography, 638
genetic and molecular biology studies,

639
hematological studies, 638
muscle biopsy, 638
gait in, 146, 637
genetic and psychologic counseling
about, 644

genetics of, 169, 637, 639
progression of, 638
treatment of, 639-643
cardiopulmonary management, 643
fracture management, 640
functional testing, 640

gene therapy, 175, 639
orthoses, 640
physical therapy, 639—640

surgery, 640-643
foot and ankle, 640-641
hip, 641
knee, 641
spinal deformity, 641-643,
642-643
upper extremity, 641

wheelchair use, 643

lateral condyle fracture, 1344-1348,
1345-1348
lateral epicondyle fracture, 1348
medial condyle fracture, 1349
medial epicondyle fracture, 1348-1349,
1349
olecranon fracture, 1352, 1352, 1353
radial head dislocation and nursemaid's

elbow, 1354, 1354-1355, 1355
radial neck fracture, 1350-1352, 1351
supracondylar fracture, 1339—1344,
1340-1344
T-condylar fracture, 1344

Electromyography (EMG), 635
in Duchenne muscular dystrophy, 638
dynamic, 148, 151
myopathic, 635
Elmslie-Trillat procedure, 1309, 1310
Ely test, 115-116, 116

Ear abnormalities
in diastrophic dysplasia, 258

in Goldenhar syndrome, 322, 322
Ectoderm, 5, 5—7
Ectrodactyly. See Cleft foot
Ehlers-Danlos syndrome, 220, 220-221
clinical features of, 220
types of, 220-221
Elbow
assessment for bone age determination,
42, 43, 44-49
carrying angle of, 1338
congenital humeroulnar dislocation,

854-855
conditions associated with, 855
natural history of, 855
surgical treatment of, 855
"floating," 1337
joints of, 1338
in specific conditions

arthrogryposis multiplex congenita,
850-852

brachial plexopathy, 850
cerebral palsy, 591-592, 843, 845
hemophilia, 410, 413

juvenile idiopathic arthritis, 453
olecranon apophysitis, 1283
poliomyelitis, 665

Turner syndrome, 318
ulnar dysplasia, 866
synostosis, 858

valgus overload injures of, 1287,
1287-1289
• injuries of medial epicondyle, 1289
osteochondral lesions of capitcllum,
1287-1288, 1288

osteochondral lesions of radial head,
1288

Elbow replacement, for juvenile idiopathic

arthritis, 453

Elbow trauma, 1338-1355
compartment syndrome after, 119
dislocation, 1352-1354

evaluation of, 118-119, 1338-1339
fracture-separation of distal humeral
physis, 1349-1350, 1350

Embryogenesis, 2-9. See also
Developmental anatomy
cleavage, 2, 2—3, 3
clinical significance of, 9
conceptual insights of, 7-9

cell differentiation, 9
morphogenesis, 9
pattern formation, 8

early organogenesis, 5—7, 6—8
embryonic and fetal periods of, 2
implantation and gastrulation, 3-5, 4, 5
Embryonic stem cells, 28, 175
Emery-Driefuss muscular dystrophy,
644-646
cardiac involvement in, 645, 646

clinical features of, 644-645
genetics and molecular biology of, 645
treatment of, 645-646
physical therapy, 645

soft tissue contractures, 645—646
spinal stabilization, 646
EMG. See Electromyography

Encephalocele, Goldenhar syndrome and,
324

Enchondromas, 528-529, 529
leg length discrepancy and, 1117
Maffucci syndrome and, 341-342, 529
multiple (Oilier disease), 529
Endochondral bone, 24, 178
Endocrine disorders, 221-230
fibrous dysplasia, 228-230, 229
glucocorticoid-related abnormalities, 228,
228

gonadal abnormalities and sex steroids,
226-228

growth hormone deficiency and

hypopituitarism, 225, 225-226
growth patterns and, 222-224, 222-224
hypothyroidism, 226, 226—227

normal variant short stature, 224-225
slipped capital femoral epiphysis and,
1002

Endoderm, 5, 5-6
Energetics, 149, 151-152
Energy requirements of athletes,
1274-1275

Subject Index

Engelmann-Camurati disease, 214, 215c

Estrogens

Engrailed-1, 13

bone formation and, 180
growth and, 227
Ewing sarcoma, 507, 542-544
in cervical spine, 835
clinical features of, 542
differentiation from osteomyelitis, 474
histology of, 543, 544
molecular biology of, 508, 5O8t
radiographic features of, 542-544, 543
treatment of, 544
Exercise. See Sports medicine

Enthesitis-related arthritis, 429t, 430
screening eye exams in, 445t

Enzyme deficiency disorders, 167-168

mucopolysaccharidoses, 324-327, 324t
Eosinophilic granuloma of bone. See
Langerhans cell histiocytosis
Epiblast, 28
Epicondylar fracture
lateral, 1348

medial, 1289, 1348-1349
mechanism of injury, 1348
treatment of, 1348-1349, 1349
Epinephrine, use with radiographic contrast
materials, 65

Epiphyseal plate. See Physis
Epiphysiodesis

for
for
for
for
for

adolescent Blount disease, 1079
infantile Blount disease, 1073
juvenile idiopathic arthritis, 452
Klippel-Trenaunay syndrome, 345
leg length discrepancy, 56-58, 57,
1133, 1133-1134, 1134
open bone peg, for slipped capital
femoral epiphysis, 1016-1018,
1017

physeal fracture and, 1324
for posterior medial bowing of tibia,
1094
Epiphysiolysis
of distal radius, 1279-1280, 1280
distraction, 1138

of proximal humerus, 1279, 1279
Epiphysis, 178, 179, 1321

age and blood supply to, 462, 463
in dysplasia epiphysealis hemimelica,
361-362, 363
effect on mechanical properties of bone,
1320-1321

hemispherization of, 27, 27
in Kneist dysplasia, 262, 262
on magnetic resonance imaging, 82, 83

in metatropic dysplasia, 256
in multiple epiphyseal dysplasia, 269,
269-270
normal age-related variants of, 65, 65,
82

in pseudoachondroplasia, 268, 268
in rickets, 187-190, 188-189

in trichorhinophalangeal syndrome, 323,
323, 324

in type I homocystinuria, 221

Erlenmeyer-flask deformity, 399, 399
Erythema marginatum, 436
Erythrocyte disorders, 383—392

anemia of chronic inflammation,
391-392

iron-deficiency anemia, 383

siclde cell disease, 383-389, 384t,
385-387, 388t, 389

thalassemia, 389-391, 391
Erythropoietin, 9
Escherichia coli infection, 477
Escobar syndrome, 303, 303-305, 304

Exostosis, 529-531, 530
of cervical spine, 833
fibrodysplasia ossificans progressiva and,
364
growth of, 530
malignant degeneration of, 530
multiple, 531

secondary chondrosarcoma and, 531
multiple osteocartilaginous, 274,

Femoral fractures, 1373—1389
complex, 1387-1388
"floating knee," 1387-1388, 1389
subtrochanteric fractures, 1388
complications of, 1388-1389
distal, 80, 1431
due to child abuse, 1431-1432, 1432
leg length discrepancy and, 1118,
1379-1382, 1381, 1388

myelomeningocele and, 629
proximal, 1373-1379
anatomy and classification of,
1373-1376, 1375
avascular necrosis and, 1374-1377
due to child abuse, 1428-1429
malunion of, 1378
mechanism of injury, 1373
nonunion of, 1377-1378

treatment of, 1376, 1377, 1378
shaft, 1379-1387, 1380, 1381
cast brace and home traction for,

274-275, 275

Proteus syndrome and, 345
radiographic features of, 529-530, 530
sessile vs. pedunculated, 530
trichorhinophalangeal syndrome and,
323
Expert witnesses, 1443

EXT1 gene, in Langer-Giedion syndrome,
163, 323

1383

early-fit spica cast for, 1382-1383,
1383, 1384
external fixation of, 1383—1386,
1385, 1386
intramedullary fixation of,

1386-1387, 1387
management by age, 1382
management principles for,

Extensor carpi ulnaris muscle, in cerebral

palsy, 845
Extensor thrust reflex, 107-108, 108

Eye abnormalities
arthritis and, 444, 445t

Goldenhar syndrome and, 323, 323
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1379-1382

mechanism of injury, 1379

plate fixation of, 1387, 1388
skeletal traction for, 1383, 1385
stress, 1278

Femoral nerve palsy, after iliopsoas bleed in
hemophilia, 414
Femur

FABER test, 112, 112

anatomic and mechanical axes of, 1078

Factor IX deficiency, 408-409, 410
Factor VIII deficiency, 408-409, 411. See
also Hemophilia
Fairbanks dysplasia, 269
Falls, 111, 1439

antetorsion of, 72, 1060, 1061

Familial cervical dysplasia, 808, 808
Familial dysautonomia, 314-315, 315
Fanconi anemia, 380

radial dysplasia and, 861
thumb hypoplasia/aplasia and, 880
Farber disease, 396t
Fascial-genital-popliteal syndrome, 304,
305
Fascioscapulohumeral muscular dystrophy,
647-648

infantile, 646-647, 647
Fascioscapulohumeral muscular dystrophy,
infantile, 646—647
Fasciotomy for compartment syndrome,
1329, 1329, 1330
Fat

on magnetic resonance imaging, 78

on plain radiographs, 64, 67
Fat pad(s)
displacement or effacement of, 64, 67
at elbow, 1338
impingement at knee, 1305

congenital shortening of, 1114, 1114,

1115
correction of excess internal or external
rotation of, 1063-1064
distal
exostosis of, 530
hypophosphatasia and, 200
nonossifying fibroma of, 534
normal age-related distal epiphyseal
irregularity, 65, 65
normal metaphyseal cortical
irregularity of, 67, 67
■osteosarcoma of, 521, 523, 525,
526-527
growth of, 55

in idiopathic juvenile osteoporosis, 210
length including epiphyses, 1223t, 1224t

metaphyseal-diaphyseal angle of, 1066,
1067, 1068
neck-shaft angle of, 1035, 1036
ossification of, 65
in osteogenesis imperfecta, 207, 207
osteonecrosis of head of
in Gaucher disease, 401, 401
in sickle cell disease, 387, 388, 388t,
389
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Femur {contd.)
proximal (See also Hip)

anatomy of, 1373-1374
in chondrolysis of hip, 1050-1052,
1050-1053
deficiency of, 1237—1246 {See also

Proximal femoral focal deficiency)
in developmental coxa vara,
1035-1044 [See also Coxa vara)

in developmental dysplasia of hip,
905-946 (See also Developmental
dysplasia of hip)
fractures of, 1373-1379

growth disturbance after reduction of
hip dislocation, 941-946, 942,
943t, 944-946

histology of, 962, 962, 963
in Legg-Calve-Perthes syndrome,

957-991 {See also Legg-Calv6Perthes syndrome)

normal growth of, 907-909, 908
ossification of, 1373, 1373-1374
osteoid osteoma of, 117, 518
shortening of, for leg length
discrepancy, 1134—1135
skeletal dysplasias related to fetal
length of, 245-246
slipped capital femoral epiphysis,

999-1029 (See also Slipped capital
femoral epiphysis)

unicameral bone cyst of, 539, 540
vascular supply of, 77, 77, 959-960,
960, 1374, 1374
shortening of, for leg length discrepancy,
1135
"Fencing position," 107, 107
Fentanyl, 93, 1331-1332, 1331t

Fetal alcohol effects, 310
Fetal alcohol syndrome, 288, 310,
310-311

cervical spine and, 311, 820
a-Fetoprotein, 174
FGFR3 gene
in achondroplasia, 161, 166—167, 245,
245t, 247
in hypochondroplasia, 254
Fibrillin
Marfan syndrome and, 161, 680
scoliosis and, 680
Fibroblast growth factor, 13-14, 178t
Fibrodysplasia ossificans progressiva, 218,

362-366

clinical features of, 364, 365-366
cervical spine problems, 364, 822
etiology of, 363-364

histopathology of, 364
radiographic features of, 364, 365—366
treatment of, 364-366
Fibrolipomatosis, 350

Fibroma, nonossifying, 534, 534—535, 535
Fibroma molluscum, 289
Fibromatoses, 545-546, 546
Fibromyalgia, 439

Fibrous cortical defect, 534-535
Fibrous dysplasia, 228-230, 229,

535-536, 536

classification of, 228

clinical features of, 228—229
cutaneous features of, 229
differentiation from Albright hereditary
osteodystrophy, 202
histology of, 536, 536
leg length discrepancy and, 1117
management of, 229—230
McCune-Albright syndrome, 229
monostotic vs. polyostotic, 535
radiographic features of, 229
rickets and, 193
scoliosis and, 680
treatment of, 536
Fibula
Brown procedure for centralization of,
1234 1236
congenital pseudarthrosis of, 1091 — 1092
definition of, 1091
pathology of, 1091-1092
treatment of, 1092
distal
ossification centers of, 1401
tibiofibular sprains, 1293
fractures of, 1398, 1403
stress, 1278

transverse and comminuted,
1400-1401
Fibular deficiency, congenital, 1227—1230,
1227-1233
bony overgrowth and,
classification of 1227,
clinical appearance of,
incidence of, 1218
proximal femoral focal

1225
1227-1228
1229-1230, 1230
deficiency and,

1238

radiographic appearance of, 1227—1229,
1229-1230

treatment of, 1230-1233
amputation, 1230—1231

ankle reconstruction, 1233

bilateral deficiencies, 1231
correction of tibial bow, 1232
correction of valgus, 1232—1233
limb lengthening and limb salvage,
1231
prosthetic management, 1233

Syme and Boyd amputation,
1231-1232

Fingers. See also Hand; Thumb
amputations of, 895, 895, 896
fingertip, 887
camptodactyly, 877-879, 878
clinodactyly, 879
contractures in cerebral palsy, 592-593

dislocations of, 893-894
macrodactyly, 350-352, 351
mallet fingers, 888
polydactyly, 17, 876, 876-877, 877

symbrachydactyly, 870—871
syndactyly, 17, 873-875, 873-875
Flatfoot
examination for, 117-118, 118, 1169
flexible, 1152, 1168-1174

clinical features of, 1169, 1169, 1170
definition of, 1168

epidemiology of, 1152, 1168-1169
natural history of, 1170, 1171
nonoperative management of, 1172
pathogenesis of, 1169
radiographic features of, 1169-1170,
1171
spontaneous improvement in, 1152

surgical treatment of, 1172—1174,
1173

juvenile hallux valgus and, 1200
rigid
causes of, 1184

due to tarsal coalition, 1182—1186
out-toeing and, 1062
with talonavicular dislocation (See

Vertical talus, congenital)
Flexor carpi ulnaris muscle

in arthrogryposis multiplex congenita,
852-853
in cerebral palsy, 845

Flexor pollicis longus muscle, trigger
thumb and, 879
"Floating knee," 1387-1388, 1389
Flumazenil, 133 It, 1332
FMR1 gene, in fragile X syndrome, 169
Focal fibrocartilaginous dysplasia, 1068,
1069
Folate, neural tube defects and, 22, 23, 604
Follicle-stimulating hormone, 225
Foot, 1151-1208

acquired affections of, 1203-1208
Freiberg infraction, 1205-1206, 1206
Kohler disease, 1203-1205, 1204,

1409
Sever apophysitis, 119—120,
1206-1208, 1207, 1282
amputation of, for proximal femoral

focal deficiency, 1243
anatomy of, 1409
arthrodesis for deformities of, 1153
congenital deformities of, 1153-1181
clubfoot, 1153, 1153-1161,
1155-1158

curly toe, 1180, 1180-1181

flexible flatfoot, 117-118, 118, 1152,
1168-1174, 1169-1171, 1173
metatarsus adductus, 1152,

1161-1164, 1161-1164

overriding fifth toe, 1178-1180, 1179
positional calcaneovalgus, 1152, 1178,
1178

skewfoot, 1164-1168, 1165-1168
vertical talus, 1152, 1174,
1174-1178, 1175, 1177

congenital malformations of, 1181 — 1194
accessory navicular, 1181-1182, 1182

cleft foot, 1192-1194, 1193, 1194
congenital hallux varus, 1186—1188,

1187
macrodactyly, 1191-1192, 1191
polydactyly/polysyndactyly,
1188-1190, 1189-1190

syndactyly, 1190-1191, 1190
tarsal coalition, 1182-1186, 1183,
1184, 1185

Subject Index

developmental deformities of,
1194-1203
cavus foot, 1152, 1194-1199,
1195-1197, 1199
juvenile hallux valgus, 1200,
1200-1203, 1201, 1203

evaluation in weight-bearing position,
1153

fractures of, 1408-1414
calcaneus, 1411, 1412

metatarsals, 1411-1412, 1413
midfoot, 1411
phalanges, 1412-1414

talus, 1409-1411, 1410
growth of, 56
interventions related to growth and

development of, 1152
management principles for, 1151-1153
multiple deformities of, 1153
natural history of conditions of, 1152

normal tripod structure of, 1196, 1196
physiologic variations in shape of,
1151-1152

prosthetic, 1262-1263, 7263
partial foot prosthesis, 1263-1264,
1264
puncture wounds of, 494-496, 495
rotational variation of, 1059-1065 {See

also Rotational variation of lower
extremity)

in specific conditions

arthrogryposis multiplex congenita,
298

Becker muscular dystrophy, 644, 645
chondrodysplasia punctata, 271

diastrophic dysplasia, 259, 261
distal arthrogryposis, 302
Down syndrome, 309, 310
Duchenne muscular dystrophy,
640-641

fetal alcohol syndrome, 311
fibular deficiency, 1228, 1229, 1230,
1230

Freeman-Sheldon syndrome, 302, 303
Friedreich ataxia, 656
hereditary motor sensory neuropathies,
658-661, 659, 661

Larsen syndrome, 278, 279, 279, 299,
301

multiple pterygium syndrome, 304

myelomeningocele, 622—628, 1194,
1195

Foramen magnum compression, in

achondroplasia, 248, 248, 250
Forearm, 853-861

brachial plexopathy and, 850
congenital pseudarthrosis of, 860,
860-861

congenital radial head dislocations,
853-854, 854

congenital radioulnar synostosis,
855-858, 857

fasciotomy of, 1329, 1329, 1330
fractures of, 1355-1366
complete shaft fractures, 1359-1363,
1360-1363

complications of, 1362—1363, 7363
distal metaphyseal fractures of radius
and ulna, 1364-1365, 1364-1366
distal radius physeal fracture,
1365-1366

Galeazzi fracture-dislocation, 1357
midshaft green-stick fractures,
1358-1359, 1359

Monteggia fracture-dislocation, 1356,
1356-1358

plastic deformation, 1357
hyperpronation of, in cerebral palsy,
843, 845

osteochondromatosis of, 858-860, 859
poliomyelitis and, 665
radial dysplasia, 861-865, 862, 863, 865
transverse incomplete deficiency of,
1250, 7257

myoelectric vs. body-powered
prostheses for, 1250, 1252t

ulnar dysplasia, 865-868, 867, 868
Foreign body synovitis, 437

Forward-bending test, 114, 72ft 120-121,
685, 686
Fractures, 1319-1414. See also specific
types

ankle, 1401-1407
classification of, 1402

high-risk, 1403-1405, 1404
low-risk, 1402, 7403
Tillaux fracture, 71, 1401, 1405,
1405-1406
transitional, 1401, 1405-1406,

1405-1408
triplane fracture, 1401, 1406,

1406-1408
bone anatomy and, 1321

nail-patella syndrome, 312

bone biomechanics and, 1320-1321

poliomyelitis, 666

bone physiology and, 204-205,

popliteal pterygium syndrome, 304

1321-1322, 7322

Proteus syndrome, 295, 345, 346

buckle, 1320

Russell-Silver syndrome, 318

cervical spine, 824-827
atlas, 824

spastic diplegia, 585-587, 586

spondyloepiphyseal dysplasia
congenita, 263, 265

thalassemia, 390
Foot-placement reaction, 107t, 108, 109
Foot-progression angle, 105, 705, 114,
1060

C3-7, 827, 827, 828

odontoid, 824-827, 826
on computed tomography, 71-72
Cozen, 1397-1398, 1399
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due to falls, 111, 1439
elbow, 1338-1352

fracture-separation of distal humeral
physis, 1349-1350, 7350
lateral condyle, 1344-1348,
1345-1348
lateral epicondyle, 1348
medial condyle, 1349

medial epicondyle, 1348-1349, 1349
olecranon, 1352, 7352, 7353
radial neck, 1350-1352, 7357
supracondylar, 1339-1344,

7340-73^
T-condylar, 1344
femur, 1373-1389
complex, 1387-1388

proximal, 1373-1379
shaft, 1379-1387
subtrochanteric, 1388
foot, 1408-1414
calcaneus, 1411, 7472
metatarsals, 1411-1412, 7473

midfoot, 1411
phalanges, 1412-1414
talus, 1409-1411, 1410

forearm and wrist, 1355-1366

complete shaft fractures, 1359-1363,
736~0-7363
distal metaphyseal fractures of radius
and ulna, 1364-1365, 1364-1366
distal radius physeal fracture,
1365-1366

Galeazzi fracture-dislocation, 1357
midshaft green-stick fractures,
1358-1359, 1359

Monteggia ftacture-dislocation, 1356,
7356-735S

plastic deformation, 1357
green-stick, 1320
growth acceleration after, 1322

hand, 887-891
metacarpal, 889-890

phalangeal, 886, 887-889, 889
thumb, 890, 890-891
hangman, 827
healing of, 204, 1321-1322, 7322
hip, 1373-1379
incidence of, 1320
initial management of, 1327—1332
compartment syndromes, 1328-1329,
1329, 1330
emergency department anesthesia and

analgesia, 1329-1332
blocks, 1330-1331
dissociative anesthesia, 1332

sedation, 1331-1332, 1331t
multiple trauma evaluation and
management, 1327

Glasgow Coma Scale, 1327, 1327t
Pediatric Trauma Score, 1327,
1328t

dating of, 1436-1437, 7437, I437t

open fractures, 1327-1328, 1328t
Jefferson, 824

due to child abuse, 1423-1443

Jones, 1411
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Subject Index

Fractures (contd.)
knee, 1389-1396

tibial, 1396-1401

distal, 1401-1407, 1403, 1404
proximal epiphysis, 1396-1397, 1397,

distal femoral physeal separations,

1398

1389-1390, 1390-1392

proximal metaphysis, 1397-1398,

patellar fracture, 1394-1396,
1395-1396

tibia] spine fracture, 1390-1393,
1393

1399

shaft, 1398-1401, 1400, 1401
Tillaux, 71, 1401, 1405, 1405-1406
"toddler's," 1400, 1436, 1436

tibial tubercle fracture, 1393-1394,
1394, 1395

leg length discrepancy and, 1114-1116,
1115, 1116, 1118
"march," 1277
nonunion of, 1321
pelvis, 1369-1371, 1370
acetabulum, 1370-1371
avulsion, 1298, 1298
pelvic ring, 1370, 1371

phalangeal
foot, 1408, 1412-1414
hand, 886, 888-889, 889
physeal, 1114-1116, 1115, 1116,
1323-1327

growth arrest after, 1324-1327, 1325,
1326

genetics and molecular biology of, 656
treatment of, 656—657
painful muscle spasms, 657
pes cavovarus, 656

clavicular fractures, 1332-1334, 1333,

Fucosidosis, 398t

scapular fractures, 1334-1335
in specific conditions

brachial plexus birth palsy, 847, 1332
Duchenne muscular dystrophy, 640
familial dysautonomia, 314
fibrous dysplasia, 229
Gaucher disease, 400-401, 401
Hadju-Cheney syndrome, 327
hemophilia, 415-416
hypophosphatasia, 200

leukemia, 419
myelomeningocele, 629
nonossifying fibroma, 535

osteogenesis imperfecta, 204—209
osteopetrosis, 214
osteosarcoma, 524
progeria, 317

rickets, 198
thalassemia, 390

tumors, 511

Turner syndrome, 318
stress, 1277-1279

suspicious patterns of, 1436
thoracic and lumbar spine, 1366-1368
burst fractures, 1368
compression fractures, 1367-1368,

1368
lapbelt (Chance) fractures, 1368, 1369
limbus (apophyseal) fracture, 1368

132-133, 152

laboratories for, 132, 148
in myelomeningocele, 603, 603-604

birth injuries, 1332

1336, 1337

in cerebral palsy, 567
spastic diplegia, 578, 578, 579
clinical and research applications of,

Fragile X syndrome, 164, 169
Fragilitas ossium, 205
Freeman-Sheldon syndrome, 303
Freiberg infraction, 1205-1206
clinical features of, 1205
definition of, 1205
epidemiology of, 1205
natural history of, 1205
nonoperative management of,
1205-1206
pathogenesis of, 1205
pathological stages of, 1205
radiographic features of, 1205, 1206
surgical treatment of, 1206
Friedreich ataxia, 656-657
clinical features of, 656

spinal deformity, 121, 656-657
Frontal bossing, rickets and, 187

proximal humerus fractures, 1335,

Gait analysis, 148-152

historical studies, 131-132, 132, 133

1324

1334
humeral shaft fractures, 1335-1337

rickets and, 187
Trendelenburg, 117, 121

triplane, 1401, 1406, 1406-1408

Salter-Harris classification of,
1114-1116, 1115, 1323-1324,
scaphoid, 71, 891, 891
shoulder and humerus, 1332-1337

pseudoachondroplasia and, 267
renal osteodystrophy and, 195

Fukuyama congenital muscular dystrophy,
651
Fulcrum test, 126
Fulkerson procedure for patellar
dislocation, 1309, 1310

Funnelization, 27, 27
G
G proteins

Albright hereditary osteodystrophy and,
202

McCune-Albright syndrome and, 229
Gadolinium, 80

Gait, 131-148
antalgic, 145

cleidocranial dysplasia and, 276
common deviations of, 145-148
ankle, 146
hip, 147-148
knee, 146-147
primary vs. secondary, 145
developmental coxa vara and, 1038
Down syndrome and, 305
Duchenne muscular dystrophy and, 146,
637
foot-progression angle and, 105, 105,
114, 1060
idiopathic toe walking, 113-116,
114-116, 1098-1100, 1099

leg length discrepancy and, 1106,
1106-1107
Legg-Calve-Perthes disease and, 117
maturation of, 145
normal, 133-135, 134

observational, 148, 149
quantitative, 132, 148-152

dynamic electromyography, 149, 151
energetics, 149, 151-152

kinematic, 148-149
kinetic, 148-151
for toe walking, 1099
Gait cycle, 135-142
anlde in, 139-140, 140
hip in, 142, 142
knee in, 140-142, 141
pelvis/trunk/upper extremities in, 143

running, 143-145, 144
stance phase of, 135, 135, 136, 137t
swing phase of, 135, 135, 138, 138,
139t

Galeazzi fracture-dislocation, 1357

Galeazzi procedure for patellar dislocation,
1308, 1309

Galeazzi sign, 104, 104, 914, 914
Gallant reflex, 108
Gallium 67 scans, 513
Gastrointestinal disorders
cerebral palsy and, 566
nonsteroidal antiinflammatory drug-

induced, 566
rickets and, 192

Gastrulation, 3—5, 4, 5, 28
vertebral column development and, 18,
19, 21

Gaucher disease, 168, 396t, 398-402,
399-401
clinical features of, 398, 399
Erlenmeyer-flask deformity in, 399, 399

fractures in, 400-401, 401
Gaucher crisis, 399-400, 400
genetics of, 398-399
management of, 401-402
osteonecrosis in, 401, 401

GDF-5 (growth and differentiation factor
5), 16
Gene knock-out, 28
Gene therapy, 175, 509-510

Genes. See also specific genes
homeobox, 2, 6, 15-16, 16, 21, 28
limb development and, 17, 842
vertebral column development and, 21
homeotic, 8, 28

homologous, 28
oncogenes, 508-509
tumor suppressor, 508-509

Genetic counseling, 171, 173-174
about burden of genetic disease,
173-174

Subject Index

about Duchenne muscular dystrophy,
644
about skeletal dysplasias, 246
diagnostic precision for, 173

for estimation of recurrence risk, 173
indications for, 173
prenatal, 174
Genetics, 157-175
bone formation and, 180—181
chromosome disorders, 162—163, 163
developmental anatomy and, 2
genetic counseling, 171 — 172
of limb development, 16-18, 842
molecular basis of inheritance, 158,
158-160, 159
molecular basis of mutations, 160—162
multifactorial disorders, 171
neonatal and prenatal diagnosis of
genetic disorders, 174
single-gene disorders, 163-171
of specific conditions

achondroplasia, 161, 166-167
Beckwith-Wiedemann syndrome,
170-171, 320

chronic granulomatous disease,
392-393
cleidocranial dysplasia, 276

clubfoot, 1154
congenital kyphosis, 746
congenital myotonic dystrophy, 649

diaphyseal aclasia, 274
diastrophic dysplasia, 258
Duchenne muscular dystrophy, 169,
637, 639
dyschondrosteosis, 275
Emery-Driefuss muscular dystrophy,

645
fragile X syndrome, 164, 169
Friedreich ataxia, 656

Gaucher disease, 398-399
hereditary motor sensory neuropathies,
658

Huntington disease, 164, 169, 170
hypochondroplasia, 166, 254
hypophosphatemic rickets, 169
inborn errors of metabolism, 167-168
juvenile idiopathic arthritis, 441
Kneist dysplasia, 261
Larsen syndrome, 278, 299
limb deficiencies, 16-18, 842, 1220
limb-girdle muscular dystrophy, 646
Marfan syndrome, 161, 163-165, 218
McCune-Albright syndrome, 170
myelomeningocele, 604
myotonic dystrophy, 164, 169, 170
neural tube defects, 604
neurofibromatosis 1, 164, 167, 170,
291
osteogenesis imperfecta, 161,

164-166, 206, 206t
osteopetrosis, 212

polydactyly, ] 13

radial dysplasia, 861
retinoblastoma, 170, 509
scoliosis, 678-679
slipped capital femoral epiphysis, 1002

spinal muscular atrophy, 653
spondyloepiphyseal dysplasia, 166,
263, 265
Stickler syndrome, 166
triphalangeal thumb, 885
tumors, 507-510, 508t

of syndromes, 288
teratologic disorders, 171-173, 288
treatment of genetic diseases, 174-175,
175t

Web site for current information on,
157

Genitourinary problems, cerebral palsy and,
566

Genomic imprinting, 5, 170-171
in Beckwith-Weidemann syndrome, 320
in Cornelia de Lange syndrome, 313
in Prader-Willi syndrome, 319
Genotype, 28
Gentamycin, 479t

Genu valgum (knock knees), 110,
1081-1084, 1151
assessment of, 1081, 1082, 1083
conditions associated with, 1081
chondroectodermal dysplasia, 257,
257-258

Down syndrome, 309, 309
dysplasia epiphysealis hemimelica, 363
fibular deficiency, 1229, 1230,
1232-1233
melorheostosis, 357
Morquio syndrome, 326
multiple epiphyseal dysplasia, 270
progressive diaphyseal dysplasia, 356
Proteus syndrome, 295, 345, 346
pseudoachondroplasia, 269
renal osteodystrophy, 199
spondyloepiphyseal dysplasia
congenita, 264
Turner syndrome, 318
definition of, 1081
differential diagnosis of, 1081
measuring intercondylar distance in,
110, ///

natural history of, 1081-1082
nonoperative management of, 1082
physiologic, 1081, 1081
surgical treatment of, 1082-1084
complications of, 1084
Genu varum (bowleg deformity),
1065-1081, 1151
adolescent Blount disease, 1075-1081
conditions associated with
achondroplasia, 250-251, 1068
focal fibrocartilaginous dysplasia,
1068, 1069
McKusick-type metaphyseal
chondrodysplasia, 272, 272, 1 068
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infantile Blount disease, 1068-1075
measuring intercondylar distance in,
110, 111

physiologic bowing, 1065—1068

age and, 1065, 1065
assessment of, 1066
clinical features of, 1065—1066
definition of, 1065
differential diagnosis of, 1066—1068,
1067-1069
femoral and tibia! metaphyseal-

diaphyseal angles and, 1066, 1067,

1069
natural history of, 1068
radiographic features of, 1067
Germ layers, 5—7, 28
Germline mosaicism, 170
Germline mutations, 509
Giant cell tumor of bone, 511
Gigantism

localized, 350-352 {See also
Macrodactyly)
in neurofibromatosis, 292
in Proteus syndrome, 294—295
Gill procedure, 787
Gillette Children's Specialty Healthcare
Normalcy Index and Functional
Assessment Questionnaire, 569
Girls
age at menarche, 41, 42

development of secondary sexual
characteristics in, 41
leg length related to skeletal age for,
1110

lengths of long bones including
epiphyses, 1223t
normal growth chart for, 223
pubertal growth curve for, 42
remaining growth in lower limbs

between ages 5 and 17 years for, 57
sitting heights of, 37, 37t, 40
standing heights of, 35t, 37t, 40-41, 43
subischial limb length of, 37, 40
weight of, 43
Glasgow Coma Scale, 1327, 1327t
Glenohumeral joint. See also Shoulder
brachial plexopathy and, 849, 849t, 850
dislocation of, 1335
Glenoid version, 72
GLI 3, 17, 23
Glialization, 564
Glucocorticoids
bone formation and, 180
for hypervitaminosis D, 202
skeletal abnormalities associated with,
228

melorheostosis, 357

Gluten-sensitive enteropathy, rickets and,

metatropic dysplasia, 256
pseudoachondroplasia, 269, 1068

Glycopyrrolate, 133 It

Schmid-type metaphyseal
chondrodysplasia, 273, 1067 1068
thrombocytopenia with absent radius
syndrome, 382
X-linked hypophosphatemic rickets,
1066-1068, 1067
examination for, 110, 110, 111

192

GMj-gangliodosis, 396t
GM2-gangliodosis, 396t
Goldenhar syndrome, 322, 322—323

cervical spine problems and, 821—822
Gonadal abnormalities, 226—228
Gonococcal arthritis, 496-497
Gordon syndrome, 301—302
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Subject Index

Gorham disease, 346-347
histopathology of, 347

radiographic features of, 346—347, 347
treatment of, 347
Gout, 437
Gower sign, 637, 644, 644, 645
Grasp reflex, 106-107, 107, 107t
absence in infant with traumatic brachial
plexus palsy, 109
Green-stick fractures, 1320
of forearm, 1358-1359, 1359
Greulich and Pyle atlas for bone age
determination, 42, 43, 1123
Grieg cephalopolysyndactyly, 17

Grisel syndrome, 810, 810
Groove of Ranvier, perichondrial, 25—27,
27, 1323
Gross Motor function Measure, 569
Glowing pains, 438
Growth, 33-59

achondroplasia and, 247—248
assessment of, 222-223
biometric measurements of, 34-39
arm span, 38

sitting height, 36-38, 37 37t, 38
standing height, 35-36, 35t-37t
subischial limb length, 37, 38, 39, 40

weight, 38-39
bone age determination, 43-45, 44-50,
68-69,224, 1123, 1123-1124
changing body proportions during, 38,
39
chronology of, 39—43
from 5 to 10 years of age, 39—40
from birth to 5 years of age, 40-41
intrauterine development, 39
puberty, 41-43, 42
energy requirements for, 34
fetal alcohol syndrome and, 310
fractures and, 1322

physeal arrest, 1324-1327, 1325,
1326
lessons learned from, 59
limb deficiencies and, 1222-1223,
1223t, 1224c
of lower limb, 54-58, 55, 1108-1110,
1109t, 1110-1111

femur, 55
foot, 56
knee, 55-56
leg length discrepancy, 56-58, 57,
1111, 1111-1112, 1112

tibia, 55
microgrowth vs. macrogrowth, 33-34
myelomeningocele and, 608

normal growth chart for boys, 222
normal growth chart for girls, 223
normal variant short stature, 224-225
in paralytic child, 58—59
patterns of, 222-224, 222-224
progeria and, 317

ratio of sitting height to total height,
223

spondylolysis, spondylolisthesis and, 780
stimulation of, for leg length
discrepancy, 1135-1136

systemic arthritis and, 443, 443
of trunk and thorax, 50—54
scoliosis and puberty, 53—54
spinal column growth, 50-53, 51, 52
thoracic perimeter, 53
of upper limb, 58, 58
velocity of, 223, 224
Growth and differentiation factor 5 (GDF5), 16
Growth disorders. See also Short stature
diagnostic approach to endocrine-related
problems, 224
glucocorticoid-related, 228
hypopituitarism and, 225, 225—226
hypothyroidism and, 226, 226—227
renal osteodystrophy and, 195, 198
rickets and, 187
sex steroids and, 226-228
Growth factors, 178, 178t
somatomedins, 178t, 179-180, 959
Growth hormone, 179, 959
deficiency of, 225—226
myelomeningocele and, 608
progeria and, 316
Growth hormone therapy, 224—226
for achondroplasia, 250
for dyschondrosteosis, 275, 276
for hypochondroplasia, 254
for normal variant short stature,

224-225
for Prader-Willi syndrome, 319
for Russell-Silver syndrome, 318
slipped capital femoral epiphysis and,
1002

for Turner syndrome, 318
Growth plate. See Physis
Growth remaining method for determining
leg length discrepancy, 1126, 1127
Gruca procedure, for ankle reconstruction,
1233

Gunshot wounds, of cervical spine, 830
H

Hadju-Cheney syndrome, 327, 327—328
Haemophilus influenzae type B infection,
460, 477
Hair

cartilage-hair hypoplasia, 271—273, 272,
273, 381
Menkes kinky-hair syndrome, 205, 214,
215t

trichorhinophalangeal syndrome, 323
Hair thread constriction, 354

Hallux valgus
Down syndrome and, 309, 310
fibrodysplasia ossificans progressiva and,
364

juvenile, 1200-1203
clinical features of, 1201
definition of, 1200
epidemiology of, 1200
inheritance of, 1200
natural history of, 1202
pain relief for, 1202
pathoanatomy of, 1201
pathogenesis of, 1200, 1200-1201,
1201

radiographic features of, 1201
surgical treatment of, 1202-1203,
1203
spastic diplegia and, 584

Hallux varus, congenital, 1186-1188, 1187
clinical features of, 1187, 1187
definition of, 1186
epidemiology of, 1186
natural history of, 1187
pathoanatomy of, 1187
pathogenesis of, 1186
radiographic features of, 1187, 1188
surgical treatment of, 1187, 1187-1888
Hand, 870-879
assessment for bone age determination,

46-49
camptodactyly, 877-879, 878
cleft hand, 870-871, 871
clinodactyly, 879

constriction band syndrome involving,
872, 872-873

neurologic examination of, 119

polydactyly, 876, 876-877, 877
in specific conditions
achondroplasia, 250
arthrogryposis multiplex congenita,
850-853

cerebral palsy, 592-593, 593, 843,
845-846, 846

distal arthrogryposis, 301, 301-302
Down syndrome, 305
Freeman-Sheldon syndrome, 302, 303
hereditary motor sensory neuropathies,
662

hypopituitarism, 225

Marfan syndrome, 218-219, 219
poliomyelitis, 665
progeria, 316, 317
pseudohypoparathyroidism, 201, 201
rickets, 189
Russell-Silver syndrome, 318
thalassemia, 390, 391
trichorhinophalangeal syndrome, 323,
323
VACTERLS, 321

symbrachydactyly, 870—871
syndactyly, 873-875, 873-875
traumatic injuries of, 886-891
digital amputations, 895, 895, 896
distal physeal fractures and nail-bed
entrapment, 887-888

finger dislocations, 893—894
intercondylar fractures, 886, 888-889,
889
mallet fingers, 888

phalangeal neck fractures, 888
physeal fractures, 889

tendon lacerations, 894-895, 895
tip amputations, 887

Hand-foot syndrome, 385—386
Hand-Schiiller-Christian disease, 402, 537,

538. See also Langerhans cell
histiocytosis

Handedness, 104-105
Hangman fracture, 827
Haploid cells, 28

Subject Index

Harrington instrumentation system

for kyphosis, 755—756

for scoliosis, 702, 702-703
for spondylolisthesis, 788
Harris lines, 66, 67
Harrison's groove, 187

Hawkins sign, 127, 128

Head circumference, 40
Head injuries, due to child abuse, 1428
Hearing loss
achondroplasia and, 250
fibrodysplasia ossificans and, 218
osteogenesis imperfecta and, 204
spondyloepiphyseal dysplasia congenita
and, 264
Heat illness, 1275-1276
clinical spectrum of, 1275
prevention of, 1275t
risk factors for children, 1275
Heavy metal poisoning, 66, 203, 203-204
Heel cord lengthening, for idiopathic toe
walking, 1099-1100
Heel pain, in Sever apophysitis, 119—120,
1206-1208

Height. See also Short stature; Tall stature
sitting, 36-38, 37, 37t, 38, 40, 50
standing, 35-36, 35t-37t, 40-41
Hemangiomas, 339-340, 544-545, 545
of bone, 545, 545
classification of, 544

conditions associated with, 340t

Klippel-Trenaunay syndrome and,
343-345
Maffucci syndrome and, 341-342
on magnetic resonance imaging, 34
Hemarthrosis
clinical signs of, 410
in hemophilia, 408-410, 409, All
joint aspiration for, 412
Hematoma block, for fracture
management, 1330

Hematopoietic system diseases, 379-419
acute leukemia, 416-419
bone marrow failure syndromes,
379-383
erythrocyte disorders, 383—392
hemostasis disorders, 407-416

lymphocyte and immune system
disorders, 394-395
monocyte-macrophage system disorders,
395-407
neutrophil disorders, 392—394
Hemi-3 syndrome, 348t, 350
Hemiatlas, 807
Hemiepiphyseal stapling, for genu valgum,
1082, 1084
Hemiepiphysiodesis

idiopathic, 348t, 349, 349
in Klippel-Trenaunay syndrome, 348t,

differential diagnosis of, 347-349, 348t
idiopathic, 348t, 350
neurogenic, 348t, 350
in Russell-Silver syndrome, 317—318,
348t, 350
in Turner syndrome, 348t, 350
Hemimelias, 1219. See also Limb
deficiencies
Hemiplegia. See also Spastic hemiplegia
cerebral palsy and, 565-566, 589-590,
842
double, 566
Hemispherization, 27, 27
Hemivertebra, 21, 22
in chondrodysplasia punctata, 271
in congenital scoliosis, 725, 725, 726
excision of, 732, 733
in Goldenhar syndrome, 323
myelomeningocele and, 608
Hemophilia, 408-416
arthropathy and, 409-412, 410, 411,
438
cervical spine and, 833
fractures in, 415-416
hemarthrosis in, 408-410, 409, 412
knee in, 409-411, 410
management of flexion contractures,
415-416, 416
synovectomy and, 412—413
management of contractures in,
414-415, 414-416
muscle hemorrhage in, 413—414, 414

pseudotumors in, 415, 416
radiographic features of, 409-410, 410,
411, 41 It
surgeiy for patients with, 409
synovectomy in, 412—413
transfusion therapy for, 408—412
inhibitor status and, 409
Hemosiderin, 534, 535
Hemostasis, 407-408, 408
Henoch-Schonlein purpura, 437
differentiation from septic arthritis,
475-476
Hensen node, 5,5, 28
Hepatobiliary disease, rickets and, 192
Hereditary hemorrhagic telangiectasia,
340t, 341
Hereditary motor sensory neuropathies,
657-662
classification of, 657—658, 657t

diagnosis of, 658
genetics and molecular biology of, 658

320-321, 321, 348t, 350
congenital vs. acquired, 349

differential diagnosis of, 347-349, 348t
in hemi-3 syndrome, 348t, 350

plantar release, 659
tendon transfers, 659
triple arthrodesis, 660—661, 661

Hemihypotrophy, 347-348

for diaphyseal aclasia, 275
for genu valgum, 1082

in Beckwith-Wiedemann syndrome,

plantar-medial release, 659

in neurofibromatosis, 348t, 350
in Proteus syndrome, 345, 348t, 350

for adolescent Blount disease, 1079

for infantile Blount disease, 1073
Hemihypertrophy, 347—350

midtarsal osteotomy, 660

350

congenital vs. acquired, 349

treatment of, 658-662
hand and upper extremity
dysfunction, 662
hip dysplasia, 661-662, 662
pes cavovarus, 658-661, 659, 1152,
1194-1199, 1196
calcaneal osteotomy, 659-660
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spinal deformity, 662
Hilgenreiner physeal angle, 1039,
1039-1041
Hip

abduction contracture of, 115
chondrolysis and, 1050, 1050
Duchenne muscular dystrophy and,
641

with extension contracture, in cerebral

palsy, 577
leg length discrepancy and, 1120
adduction contracture of, 115
developmental dysplasia of hip and,
103-104, 104

leg length discrepancy and,
1119-1120

spastic diplegia and, 588
alpha and beta angles of, 77
apophysitis of, 1283
arthrodesis of, for slipped capital femoral
epiphysis, 1024, 1025
chondrolysis of
idiopathic, 1048-1055
slipped capital femoral epiphysis and,
1027-1029, 1028

degenerative disease of, slipped capital

femoral epiphysis and, 1009, 1018
developmental coxa vara, 1035-1044
developmental dysplasia of, 905—946
{See also Developmental dysplasia of
hip)

dislocation of, 1372, 1372-1373
CT evaluation after reduction of, 72,
73

Down syndrome and, 308, 308-309
high-riding, 1112, 1113
Larsen syndrome and, 279, 300—301
McKusick-type metaphyseal
chondrodysplasia and, 273
mechanism of injury, 1372
spastic quadriplegia and, 575-576,
576
spinal muscular atrophy and, 654

treatment of, 1372-1373
extension contracture of, cerebral palsy

and, 576-577
flexion contracture of
chondrolysis and, 1050
developmental coxa vara and, 1039
diastrophic dysplasia and, 259, 261
Duchenne muscular dystrophy and,
641
iliopsoas bleed in hemophilia and, 414
middle and lower lumbar paraplegia
and, 619

proximal femoral focal deficiency and,
1238

spastic diplegia and, 588
spondyloepiphyseal dysplasia congenita
and, 263
tests for, 114-115, 115
transient synovitis and, 1046
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Subject Index

Hip {contd.)
in gait cycle, 142, 142

gait deviations associated with, 147-148
excessive abduction, 148

excessive adduction, 147—148
inadequate extension and excessive
flexion, 147

imaging of
arthrography, 69-71
computed tomogtaphy, 72, 73
magnetic tesonance atthtography, 81
scintigraphy, 86—88

ultrasonography, 74-77, 75-77
leg length disctepancy and, 1107, 1107,
1108, 1119-1120

Legg-Calve-Perthes syndtome, 957-991
medial and latetal rotation of, 1060,
1062-1063
assessment in newboms and infants,
1062

normal growth and development of,
906-909, 906-909
osteoarthritis of, 576"
septic arthritis of, 111
differentiation from chondrolysis,
1050

differentiation from toxic synovitis,

475
differentiation from transient

synovitis, 1046
shepherd's crook deformity of, 229, 229,
535

slipped capital femoral epiphysis,
999-1029

in specific conditions
cerebral palsy, 567, 568, 572-577
chondrodysplasia punctata, 271, 271
cleidocranial dysplasia, 276-277
diaphyseal aclasia, 274, 275
familial dysautonomia, 314
fibrous dysplasia, 229, 229

hereditary motor sensory neuropathies,
661-662, 662

Morquio syndrome, 326—327
multiple epiphyseal dysplasia, 270

"Hip click," 102, 913
Hip replacement

for juvenile idiopathic arthritis, 452-453
for slipped capital femoral epiphysis,
1024-1025
Histiocytosis X. See Langerhans cell
histiocytosis

266
subluxation of

cerebral palsy and, 574-575, 575
spinal muscular atrophy and, 654
synovitis of, 111, 117
slipped capital femoral epiphysis and,
1001

transient, 435, 1044-1048

unicameral bone cyst of, 539
in rickets, 189

HLA. See Human leukocyte antigens

transverse complete deficiency of, 1250

Holt-Oram syndrome
clinodactyly and, 871
radial dysplasia and, 861
thumb hypoplasia/aplasia and, 880

Hunter syndrome, 324, 324t, 397t
kyphosis and, 765
Huntington disease, 164, 169, 170

Homeotic genes, 8, 28

Hurler syndrome, 168, 246, 324, 324t,

Homocystinuria, 221

Homologous genes, 28

Hormonal regulation of bone formation,
180

Homer syndrome, 847

Hot-cross-bun skull, 187
HOX (homeobox) genes, 2, 6, 15-16, 16,
21, 28

limb development and, 17, 842
vertebral column development and, 21
Hueter-Volkmann effect, 180, 198, 678,
680, 681, 1196
Human Genome Project, 161

Human immunodeficiency virus infection,
394-395
Human leukocyte antigens (HLA)
juvenile idiopathic arthritis and, 441
enthesitis-related arthritis, 446—447
inflammatory bowel disease-associated
arthritis, 448
juvenile ankylosing spondylitis, 447
polyarthritis, 445

psoriatic arthritis, 445
Lyme disease and, 435
post-streptococcal arthritis and, 436
reactive arthritis and, 433, 435
Humeral fractures, 1335-1337
birth injury, 109, 1332

distal
due to child abuse, 1429

Russell-Silver syndrome, 318
spinal muscular atrophy, 654
spondyloepiphyseal dysplasia
congenita, 263-265, 264
spondyloepiphyseal dysplasia tarda,

epiphysiolysis of, 1279, 1279
osteosarcoma of, 527
periosteal chondroma of, 532, 534

Hitchhiker thumb, 258, 259

osteopetrosis, 212, 214
poliomyelitis, 665-666, 666

1238, 1244
pseudoachondroplasia, 269

chondroblastoma of, 532, 532

in renal osteodystrophy, 195

myelomeningocele, 617-621

Proteus syndrome, 295
proximal femoral focal deficiency,

387, 388-389, 388t
proximal

History taking, 100, 634
for diagnosis of child abuse, 1425-1426

differentiation from pseudofracture due
to physeal obliquity, 65—66, 66

ptogeria, 317, 317

siclde cell disease and osteonecrosis of,

examination for, 118—119
physeal fracture-separation, 1345,
1346, 1349-1350, 1350
supracondylar fracture, 1339-1344,
1340-1344

due to child abuse, 1431-1432, 1433,
1434

proximal, 1335, 1336, 1337
shaft, 1335-1337
Humeroradial synostosis, 858

ulnar dysplasia and, 866, 867, 868
Humeroulnar dislocation, congenital,

854-855
Humerus

distal, ossification centers of, 1338, 1338
head of

"hatchet-head," in multiple epiphyseal
dysplasia, 270

Hurler-Scheie synrome, 397t

325, 396t
kyphosis and, 765

Madelung deformity and, 868
Hutchinson-Gilford syndrome, 316,
316-317,3/7
Hydrocephalus

achondroplasia and, 248, 250
Hadju-Cheney syndrome and, 327
metatropic dysplasia and, 256
myelomeningocele and, 602-603, 605
Hydromyelia, scoliosis and, 609
Hydroxyapatite, 24, 181, 204
Hydroxyurea, 22

for siclde cell disease, 389
25-Hydroxyvitamin D, 182-183, 183

vitamin D-resistant rickets and, 193
Hypercalcemia, 202
associated with immobilization, 202

calcium kinetics in, 185-186, 186
hyperparathyroidism and, 200-201

hypervitaminosis A and, 216
hypervitaminosis D and, 202
hypophosphatasia and, 199
idiopathic, 202
of malignancy, 193, 202

Williams syndrome and, 202
Hypermobility, 438
Hyperparathyroidism, 200-201

radiographic features of, 196, 200
renal osteodystrophy and, 195
vitamin D-resistant rickets and, 195
Hyperphosphatasia, 181
Hyperphosphatemia, 215t
Hyperthyroidism, 535
Hypertrophic osteoarthropathy, 215t

Hyperttophic zone of physeal cartilage, 25
Hypervitaminosis A, 215t, 216
Hypervitaminosis D, 202

Hypocalcemia

Albright hereditary osteodystrophy and,
201

calcium kinetics in, 185, 186
hypoparathyroidism and, 201
Hypochondroplasia, 254
clinical features of, 254
differential diagnosis of, 254
genetics of, 166, 254

radiographic features of, 254
treatment of, 254

Subject Index

Hypoglycemia, in Beckwith-Weidemann
syndrome, 320

Hypoparathyroidism, 201, 201
Hypophosphatasia, 181, 199-200
clinical features of, 199
enzyme defect in, 199
laboratory findings in, 199
management of, 199—200

radiographic features of, 199, 200
Hypopituitarism, 225, 225-226
Hypothyroidism, 226, 226-227
neonatal screening for, 174
Hypotonic cerebral palsy, 565

Inborn errors of metabolism
genetics of, 167-168

metabolic bone diseases, 177-230
metabolic myopathies, 650-651
neonatal screening for, 174
treatment of, 174
Induction, 28

Infantile Blount disease, 1068-1075
definition of, 1068-1069
differential diagnosis of, 1066
etiology of, 1069
Langenskiold's radiographic stages of,
1066, 1068, 1069, 1070, 1072
nonoperative management of,

I-cell disease, 397t
Ibuprofen, 1277

Idiopathic juvenile osteoporosis, 210-212,
210-212, 768

kyphosis and, 768-769, 769
Ifosfamide, 528
IGF2 gene, in Beckwith-Weidemann
syndrome, 171
Iliac horns, in nail-patella syndrome, 311,
312

Iliofemoral arthrodesis, for proximal
femoral focal deficiency,
1244-1246
lliopsoas bleed, in hemophilia, 414

Iliotibial band friction syndrome, 1286,
1286

Ilizarov leg lengthening device, 1139, 1139
Ilizarov procedure
for melorheostosis, 358
for unilateral absence of Cl, 807
Imaging procedures, 63-93. See also
specific imaging modalities
bone densitometry, 89-90
magnetic resonance imaging, 78-85
nuclear medicine, 85-89
radiation exposure from, 90-92
radiography, 64-74
relative cost of, 85t
sedation for, 92-93
ultrasonography, 74-78
Immobilization
hypercalcemia and, 202
osteoporosis and, 211-212, 212
Immune system disorders, 394—395

acquired immunodeficiency syndrome,
394-395
bone and joint infections and, 461
X-linked agammaglobulinemia, 394
Implantation, 3

In situ pin and screw fixation, for slipped
capital femoral epiphysis,
1010-1016, 1011-1014

In-toeing, 1059-1065. See also Rotational
variation of lower extremity
conditions associated with, 1060-1061
foot-progression angle and, 105, 105

physical examination of 2-year-old for,
104-106, 105, 106
rotational profile and, 105-106, 105t,
706 1060
during running, 1063
spastic diplegia and, 588-589

1069-1070

pathoanatomy of, 1069

surgical treatment of, 1070-1075
complications of, 1075
goal of, 1070

moderate varus deformity, 1070,
1070-1071
severe varus deformity, 1073-1075,
1074

worsening varus deformity,
1071-1073, 1072

Infantile cortical hyperostosis, 214-216,
215t, 216

Infantile fascioscapulohumeral muscular
dystrophy, 646-647, 647
Infantile idiopathic scoliosis, 682,
693-695, 694
prediction of curve progression in,
694-695, 695
Infantile quadriceps fibrosis, 369-370
clinical features of, 369
etiology of, 369
pathology of, 369-370
treatment of, 370

Infants

bone and joint sepsis in neonates,
486-488
examination of, 100, 102-104, 113
growth of, 40

perinatal lethal skeletal dysplasias,
279-280

primitive reflexes of, 106-108, 107,
107t, 108

pseudoparalysis of upper extremity in,
109

Infection. See also specific types
in acquired immunodeficiency syndrome,
395

bone and joint, 459-500 {See also Bone
and joint sepsis)

chronic granulomatous disease and, 393
leg length discrepancy and, 1116
myelomeningocele and, 608
teratogenicity of, 173
transient synovitis of hip and, 1045

as trigger for juvenile idiopathic arthritis,
441

X-linked agammaglobulinemia and, 394
Inflammatory response
anemia of chronic inflammation,
391-392

in bone and joint sepsis, 480
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chondrolysis of hip and, 1052

leg length discrepancy and, 1118

slipped capital femoral epiphysis and,
1001-1002

Informed consent, 1441
Inheritance. See also Genetics
autosomal dominant, 164, 164-167
autosomal recessive, 167, 167-168
genomic imprinting and, 5, 170-171
molecular basis of, 158-160
mosaicism and, 170

of multifactorial disorders, 171
parental disomy and, 171

of single-gene disorders, 163-171
X-linked, 768, 168-169
Injuries. See Trauma

Inner cell mass, 28
Innominate osteotomy, for Legg-Calve-

Perthes syndrome, 987-988
Instrumentation, spinal

for scoliosis
anterior, 706-707

Cotrel-Dubousset and other double
rod, multiple hook systems, 703
Harrington instrumentation, 702,
702-703

myelomeningocele and, 612-614
posterior, 702, 729

spinal muscular atrophy and, 654,
655, 656
without fusion, 706, 707

for spondylolisthesis, 788-791, 790
Insulin, bone formation and, 180
Insulin-like growth factors, 178t, 179-180,
959
Integrins, 14, 180

Interferon-ff, for hemangiomas, 340
Interferon-y

for chronic granulomatous disease, 393
for osteopetrosis, 214
Internal injuries, due to child abuse, 1428
International Classification of

Osteochondrodysplasias, 244, 244t
Intertrochanteric osteotomies, for slipped
capital femoral epiphysis,
1020-1024, 1023

Intervertebral disc

in abused child, 1435
calcification of, 831-832, 832
discitis, 482, 483
cervical, 832

Intrauterine growth retardation

de Lange syndrome and, 313
fetal alcohol syndrome and, 310
Invagination, 28

Investigative interview for child abuse,

1425-1426
documentation of, 1426
history taking, 1425-1426
Iowa Hip Rating, 973, 974

Iron-deficiency anemia, 383
Iron overload, in thalassemia, 390
Iselin disease, 1282
Isodisomy, 171
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Subject Index

Jsign, 123

Jack toe-raise test, 1169, 1170, 1183

Jahnke test, 126, 127
Jansen metaphyseal chondrodysplasia, 273

Jansen-type chondrodysplasia, 203
Jefferson fracture, 824
JIA. See Juvenile idiopathic arthritis
Joint abnormalities
differential diagnosis of pain and
swelling, 434-439, 434t
evaluation of pain and/or swelling,
430-434, 431
hypermobility in Ehlers-Danlos
syndrome, 220—221
juvenile idiopathic arthritis, 427-453
on magnetic resonance imaging, 82

osteogenesis imperfecta and, 205
rickets and, 187
Joint aspiration

for bone and joint sepsis, 468, 473-474,
481
for hemarthrosis, 412
Joint development, 12, 15—16
Jones fracture, 1411

Juvenile ankylosing spondylitis, 441,
447-448, 448
radiographic features of, 450, 450
Juvenile hallux valgus, 1200-1203
clinical features of, 1201
definition of, 1200
epidemiology of, 1200
inheritance of, 1200
natural history of, 1202
pain relief for, 1202
pathoanatomy of, 1202
pathogenesis of, 1200, 1200-1201, 1201
radiographic features of, 1201 — 1202

surgical treatment of, 1202-1203, 1203
Juvenile idiopathic arthritis (JIA), 111,

427-453
of cervical spine, 830-831, 831
classification and diagnosis of, 428-430,
429t
clinical syndromes of, 441-448

differential diagnosis of, 434-439, 434t
acute rheumatic fever, 435-436, 436t
arthritis and limb pain associated with
other conditions, 434-435
benign pains of childhood, 438-439
benign tumors, 438
chondrolysis of hip, 1050
cystic fibrosis, 437
foreign body synovitis, 437
gout, 437
infectious arthritis, 435
Lyme disease, 435

malignancies, 418, 438

postinfectious arthritis, 435
poststreptococcal arthritis, 436
septic arthritis, 475
serum sickness, 437
systemic autoimmune diseases, 437
transient synovitis of hip, 435, 1046
enthesitis-related arthritis, 430,
446-447, 447

epidemiology of, 440-441

Kingella kingae infection, 460, 477

etiology of, 441
evaluation for, 430-434, 431
age of child, 432

Klein line, 1005, 1005
Klinefelter syndrome, 163
Klippel-Feil syndrome, 17, 22, 805,

associated symptoms, 432
family history, 432
imaging studies, 434
laboratory tests, 433-434
pain duration, 432
pain intensity, 432
pain location, 432
physical examination, 433
response to activity or rest and
immobilization, 432
synovial fluid analysis, 434
timing of pain or disability, 431
genetics of, 441
guidelines for ophthalmologic
examination in, 444, 445t
incidence of, 428
infection as trigger for, 441
inflammatory bowel disease-associated,
448

juvenile ankylosing spondylitis, 441,
447-448, 448
oligoarthritis, 429-430, 444, 444

onset diagnosis of, 441-442, 442t
other arthritides, 430
periosteaJ reaction in, 215t

polyarthritis, 430, 444-445
psoriatic arthritis, 430, 445-446, 446
radiographic findings in, 448—450,
448-450

systemic-onset, 430, 442, 442-444, 443
clinical course and complications of,
442-443
clinical features of, 442
laboratory features of, 442
tteatment of, 450-453
medications, 450-451, 45It
physical and occupational therapy,
451-452
surgical, 452-453
Juvenile idiopathic scoliosis, 682, 695

Juvenile osteoporosis, idiopathic, 210—211,
210-211

age at onset of, 210-211
clinical featutes of, 211

differential diagnosis of, 211
management of, 211
pathophysiology of, 211

814-815, 1220
cervical spine in, 814-815
congenital kyphosis and, 746
Diamond-Blackfan anemia and, 380
Fanconi anemia and, 380
ulnar dysplasia and, 865
Klippel-Trenaunay syndrome, 340, 340t,
341, 343-345, 344
clinical features of, 343-344, 344
differential diagnosis of, 344
etiology of, 343
hemihypertrophy in, 348t, 350

leg length discrepancy and, 1117
macrodactyly and, 1190
pathology of, 344
radiographic features of, 81, 341,

344-345
treatment of, 345
Knee. See also Patella
arthrodesis of, for proximal femoral focal
deficiency, 1243
breaststroker's, 1286-1287
congenital dislocation of, 1095—1098
clinical presentation of, 1096, 1096
definition of, 1095
etiology of, 1095-1096
nonoperative management of,
1096-1097
radiographic features of, 1096, 1096
surgical treatment of, 1097,
1097-1098

flexion contracture of, proximal femoral
focal deficiency and, 1238
"floating," 1387-1388, 1389
in gait cycle, 140-142, 141
gait deviations associated with, 146—147
excessive flexion and inadequate
extension, 146-147
excessive varus/valgus, 147
inadequate flexion and excessive

extension, 146
growth of, 55-56
leg length discrepancy and, 1107
normal alignment at birth, 1065
pain in

anterior, 122-124, 122-125,
1300-1303
in obese adolescent, 121-122

prosthetic, 1261-1262, 1262
KAFOs. See Knee-ankle-foot orthoses

Kaposiform hemangioendothelioma, 340
Karyotype, 158, 158

in Down syndrome, 162, 163
in tumors, 508

''snapping," 1310
in specific conditions
arthrogryposis multiplex congenita,
298

chondroectodermal dysplasia, 257,
257-258

Kasabach-Merritt syndrome, 340, 341

diaphyseal aclasia, 275

Ketamine, 133 It, 1332

diastrophic dysplasia, 259, 259, 261

Kinematic gait analysis, 149—150

Down syndrome, 309, 309

Kinetic gait analysis, 149-151

Duchenne muscular dysrrophy, 641

King-Denborough syndrome, 319

familial dysautonomia, 314, 315

King-Moe classification of thoracic curves,

genu valgum, 1081-1084

703, 707, 707t

genu varum, 1065—1081

Subject Index

hemophilia, 409-411, 410
management of flexion contractures,
415-416,476
synovectomy and, 412-413

juvenile idiopathic arthritis, 453
Larsen syndrome, 279, 299-300, 300
McKusick-type metaphyseal
chondrodysplasia, 272, 272
Morquio syndrome, 326

multiple epiphyseal dysplasia, 270
myelomeningocele, 621, 621—622
nail-patella syndrome, 311, 312
poliomyelitis, 666
Proteus syndrome, 295
proximal femoral focal deficiency,
1238, 1243

pseudoachondroplasia, 268, 268, 269
pterygia syndrome, 303, 303-305,
305
Schmid-type metaphyseal

chondrodysplasia, 273
Sinding-Larsen-Johansson disease,
1281, 1281

spastic diplegia, 587
spondyloepiphyseal dysplasia
congenita, 264
spondyloepiphyseal dysplasia tarda,
266

Turner syndrome, 318

Knee-ankle-foot orthoses (KAFOs)
for Duchnne muscular dystrophy, 640
for genu valgum, 1082
for infantile Blount disease, 1070
for spastic diplegia, 583

for tibial bowing, 1084-1085
Knee replacement, for juvenile idiopathic
arthritis, 453
Knee trauma, 1293-1297, 1389-1396
anterior cruciate ligament injuries, 124,
1294-1296
collateral ligament injuries, 1293-1294,
1294

distal femoral physeal separations,
1389-1390, 1390-1392

examination for ligamentous injuries,

124, 124-125
meniscal tears, 1296-1297, 1297
patellar fracture, 1394-1396,
1395-1396

posterior cruciate ligament injuries, 124,
124, 1296

sports-related, 1299-1311
acute patellar dislocation, 1306—1308

anterior knee pain, 1300-1303
bipartite patella, 1304
chondromalacia, 1304
discoid lateral meniscus, 1309-1311
dorsal defects of patella, 1304-1305,
1305

fat pad impingement, 1305
patellofemoral disorders, 1299, 1300
plica syndrome, 1305-1306, 1306
popliteal cyst, 1309
recurrent patellar dislocations,
1308-1309, 1308-1310

saphenous nerve entrapment, 1304
stress fracrures, 1278
tibial spine fracture, 1390-1393, 1393
tibial tubercle fracture, 1393-1394,
1394, 1395
Kneist dysplasia, 261—263
clinical features of, 262
genetics of, 261
radiographic features of, 262, 262
treatment of, 262—263
Knock knees. See Genu valgum
Knockout mice, 162
Koch's postulates, 460
Kohler disease, 67, 1203-1205, 1409
clinical features of, 1204
definition of, 1203
epidemiology of, 1203
Legg-Calve-Perthes syndrome and, 962
natural history of, 1205
pathoanatomy of, 1204
pathogenesis of, 1203-1204
radiographic features of, 1204, 1204

treatment of, 1205
Kozlowski-type metaphyseal

chondrodysplasia, 273-274
Kugelberg-Welander disease, 652-653. See
also Spinal muscular atrophy
Kump's bump, 66, 66

Kyphosis, 22, 741-769
conditions associated with, 743,
743t-744t
achondroplasia, 251-252, 252, 253,
763, 764
cerebral palsy, 570, 817
diastrophic dysplasia, 258, 259, 260,
765
familial dysautonomia, 314
juvenile osteoporosis, 768-769, 769
Larsen syndrome, 278, 278, 279, 301,
765-766, 767
Marfan syndrome, 765, 766
metatropic dysplasia, 256
mucopolysaccharidosis, 765
myelomeningocele, 614-616,
615-617
neurofibromatosis, 767—768
progressive anterior vertebral fusion,

749-750
pseudoachondroplasia, 763-765
rickets, 187
sacral agenesis, 749
Scheuermann disease, 121, 750,
750-757, 754
segmental spinal dysgenesis, 749
spinal muscular atrophy, 654
spondyloepiphyseal dysplasia
congenita, 263, 263, 264, 765
tuberculosis, 768

definition of, 741

during fetal development, 742
forces on spine and, 742-743
length and width of curve in, 743, 743
normal ranges of, 678, 741-742
effect of scoliosis on, 678, 680
postlaminectomy, 758, 758-760, 759
cervical, 818-819, 820, 821
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posttraumatic, 766—767
postural, 744, 744

radiation, 760-763, 762
Kyphosis, congenital, 744-749
anomalies associated with, 746
classification of, 744-745, 745t
clinical presentation of, 746
complications of treatment for, 749
etiology of, 745-746
imaging evaluation of, 746, 746—747
inheritance of, 746
natural history of, 746
treatment, 747-749, 748
type I deformities, 747-749
vertebral abnormalities and, 744-745,
745, 745t

Laboratory findings

in arthritis, 433-434
in bone and joint sepsis, 467—469, 468t,

475, 476t
in chondrolysis of hip, 1050
in Duchenne muscular dystrophy,
638-639
in neoplasia, 513
in neuromuscular disorders, 635-636
in skeletal dysplasia, 246
in transient synovitis of hip, 1046
Lachman test, 124, 124, 1294

Lactic dehydrogenase, tumors and, 513
Laminectomy

indications for, 758

kyphotic deformity after, 758, 758-760,
759

cervical, 818-819, 820, 821
Laminoplasty, 760
Landau reflex, 108
Langer-Giedion syndrome, 162-163, 323

Langerhans cell histiocytosis, 402-407,
537-538

in cervical spine, 833, 834
clinical presentation of, 404
criteria of organ dysfunction in,

402-403, 402t
diabetes insipidus and, 403
histopathology of, 402
imaging evaluation of, 404—407

radiographic features of, 403—407, 404,
537

bone scan, 513, 537-538, 539
treatment of, 405
Lapbelt fractures, 1368, 1369

Larsen syndrome, 278-279, 299-301
clinical fearures of, 278, 299, 299
congenital radial head dislocation and,
853

genetics of, 278, 299
kyphosis and, 278, 278, 279, 301,
765-766, 767
orthopaedic implications of, 278—279,
299-301

radiographic features of, 278, 278, 279,
299, 300

Laryngotracheomalacia, 246
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Lateral condyle fracture, 1344-1348

differentiation from fracture-separation

stimulation of growth, 1117-1118
fracture, 1118
inflammation, 1118

of distal humeral epiphysis, 1345,
1346

growth and, 56-58, 57, 1108-1112,

complications of, 1347-1348

mechanism of injury, 1344

Milch types I and II, 1344, 1345
nonunion of, 1347-1348, 1348

treatment of, 1345-1347, 1346, 1347
Lateral epicondyle fracture, 1348
Lateral plate mesoderm, 28

Latex hypersensitivity, myelomeningocele
and, 606
Lauenstein projection, 70

Lead-pipe rigidity, in spastic cerebral palsy,
116

Lead poisoning, 66, 203, 203-204
Leg length discrepancy, 43, 1105-1145
conditions associated with
cerebral palsy, 1117
clubfoot, 1154
congenital constriction band

syndrome, 354
congenital tibial bowing, 1090

developmental coxa vara, 1036, 1044
developmental dysplasia of hip, 914,
935
femoral fracture, 1118, 1379-1382,
1381, 1388

idiopathic hemihypertrophy, 349,
349, 350
Klippel-Trenaunay syndrome, 343
melorheostosis, 357
poliomyelitis, 665
posterior medial bowing of tibia,
1093-1094

Proteus syndrome, 345
scoliosis, 114, 120, 121, 685-686
data analysis for, 1124-1129
arithmetic method, 1124-1127, 1125
growth remaining method, 1126,
1127

inadequate data, 1129
patterns of inhibition, 1129
straight-line graph method,
1127-1129, 1128, 1130
effects of, 1106-1108

gait, 1106, 1106-1107
hip, 1107, 1107, 1108
knee, 1107
mechanisms of compensation, 1106,
1106
spine, 1107-1108, 1108

etiology of, 1112-1118

classification of, 1113t
inhibition of growth, 1114-1117
avascular necrosis, 1117
congenital shortening, 1114, 1114,
1115
infection, 1116

paralysis, 1116-1117
trauma, 1114-1116, 1115, 1116
tumors, 1117

interference with length, 1114

tumor, 1117
1109-1112, 1109t

patient assessment for, 114, 1118-1120
angular deformity, 1120
compliance and emotional state, 1120
contractures, 1119-1120

history of discrepancy, 1118
leg length measurements, 1118—1119,
1119

spinal deformity and balance, 1120
weakness and need for bracing, 1120
radiologic assessment of, 1120-1124
leg lengths, 1120-1122, 1121, 1122

skeletal age, 1123, 1123-1124
scoliosis and, 114, 120, 121, 685-686,
1107-1108, 1108

treatment goals for, 1131
correction of coexisting problems,
1131

equal leg lengths, 1131
equalization by prosthetic fining,
1131

level pelvis, 1131
unequal leg lengths, 1131
vertical lumbar spine, 1131
treatment of, 1106, 1131-1145
epiphysiodesis, 56-58, 1106, 1133,
1133-1134, 1134

femoral shortening, 1134-1135
closed, 1135
proximal, 1135
growth stimulation, 1135-1136
leg lengthening, 1106, 1136-1145
principles of, 1131-1132
prosthetic fitting, 1132-1133
shoe lift, 1132

thresholds for choice of, 1132
Leg lengthening, 1106, 1136-1145
for achondroplasia, 251
Anderson device for, 1136, 1137
biologic factors and, 1140-1142
activity level, 1141
amount of lengthening, 1141

delay before distraction, 1140
dynamization, 1141 — 1142
lengthening index, 1142
location of lengthening, 1140, 1141
minimal disturbance of bone, 1140,
1140
number of lengthening sites, 1140
quality of regenerate bone, 1141
rate of distraction, 1140
rhythm of distraction, 1141
thin wires, 1141
complications of, 1136, 1143-1145,
1144, 1145
discontinuation of, 1137
distraction epiphysiolysis, 1138
factors affecting choice of hardware for,
1142-1143
ability to adjust device while in place,
1143

ability to fix more than one segment,
1143
ability to place pin clusters close

together, 1142-1143
complex deformities with multiple
axes of correction, 1143
conical screws, 1142
ease of adjusting lengthening
mechanism, 1143
ease of replacement of pins and wires,
1142
excursion, 1142

gradual vs. acute correction, 1142
number of pins in each segment, 1143
thin wires vs. half-pins, 1142
total number of pins and wires, 1143
for fibular deficiency, 1228, 1230-1231
goal for, 1136

history of, 1136

for hypochondroplasia, 254
Ilizarov technique for, 1139, 1139
maintaining motion during, 1136—1137

methods for, 1136

Orthofix device for, 1138, 1139
over intramedullary rod, 1139-1140
patient management for, 1136

for posterior medial bowing of tibia,
1095
for proximal femoral focal deficiency,
1241

Wagner technique for, 1137-1138,
1138

Legal issues related to child abuse,

1441-1443
guidelines for expert witnesses, 1443
informed consent, 1441
mandatory reporting statutes, 1441
preparation of court testimony,
1442-1443
Legg-Calve-Perthes syndrome, 43,
957-991
acetabulum in, 70—71

clinical presentation of, 979
differential diagnosis of, 983, 983t
epidemiology of, 958
etiology of, 959-962
interruption of proximal femoral

blood supply, 959-960, .960
protein C and S deficiencies, 960-962
transient synovitis, 959

gait in, 117

historical descriptions of, 957-958
leg length discrepancy and, 1117
natural history of, 972-973, 972t
long-term follow-up results, 972-973,
973, 974
pathogenesis of, 962—972
histologic abnormalities, 962-964,
963, 964
pathogenesis of deformity, 967-968,
969
patterns of deformity, 968-972
radiographic stages, 965—967,
965-968
physical examination for, 979

Subject Index

prognostic factors in, 973-979, 974t
age at onset, 978

Catterall's at-risk signs, 977-978, 978
duration of disease, 978
femoral head deformity and joint
incongruity, 973—974

lateral pillar classification, 976,
976-977, 976t, 977
measuring sphericity of femoral head,
978-979

premature physeal arrest, 978-979
Stulberg classification, 974, 975t
radiographic features of, 979-983
arthrography, 70, 70-71, 980-983,
982, 985

bone scanning, 980, 980
magnetic resonance imaging, 980, 981
scintigraphy, 87

short stature and, 958-959
transient synovitis of hip and, 959, 1048
treatment of, 983-991
abduction orthoses, 985-986, 986

"containment," 984
determining need for, 983-984, 983t
future developments in, 991
options in noncontainable hip and

late-presenting patient with

deformity, 988-991, 989, 990
patient management, 984—985

principles of, 984-985
surgical, 986-988
innominate osteotomy, 987

shelf arthroplasty, 988, 988
varus osteotomy, 987

varus osteotomy plus innominate
osteotomy, 987-988

weight relief, 984

Lengthening index, 1142. See also Leg
lengrhening

scapholunate ligaments, 892
transverse atlantoaxial ligament, 801,
824
Lignac-Fanconi syndrome, 192

Limb bud, 9-13, 10-13
Limb deficiencies, 1217-1267
acquired, 1255-1256
causes of, 1255
principles of management for,
1255-1256

adapted activities and sports for child
with, 1267

classification of, 1218, 1218-1219,
1219c

complications of, 1225—1227
bony overgrowth, 1225, 1226

phantom sensation/pain, 1225—1227
congenital, 1227-1254

of lower extremity, 1227—1246
femoral deficiency, 1237—1246,
1238-1242, 1245
fibular deficiency, 1227-1230,
1227-1233

tibial deficiency, 1233-1237, 1234,
1235
multiple, 1253-1254, 1254

of upper extremity, 1246-1253
amelia, 1248, 1249
phocomelia, 1248-1250, 1249
prosthetic management for,
1251-1253, 1253
terminal transverse transcarpal

deficiency, 1250-1251, 1251
transverse complete humeral

deficiency, 1250
transverse incomplete forearm

deficiency, 1250, 1251

Leri-Weill syndrome, 275-276, 276

differences between children and adults

Madelung deformity and, 868
Letterer-Siwe disease, 402, 537, 538. See
also Langerhans cell histiocytosis

epidemiology of, 1218

Leucovorin, 528

Leukemia, 111
acute lymphoblastic, 416-419, 417,
4l7t, 418
arthritis and, 417, 438

cervical spine involvement in, 835
Diamond-Blackfan anemia and, 381
differentiation from osteomyelitis, 474
metaphyseal sclerosis and, 67
periosteal reaction and, 214, 215t
Lidocaine, 1331
Ligamentous injuries

ankle sprains, 128, 128-129,
1290-1292

anterior cruciate ligament, 124,
1294-1296

collateral ligaments of knee, 1293-1294,
1294

with, 1221
etiology of, 1220

congenital constriction band
syndrome, 352-355, 353, 355,
1220

genetic causes, 16-18, 842, 1220

subclavian artery supply disruption
sequence, 1220

growth and, 1222-1223, 1223t
intercalary, 17, 842, 1218, 1219, 1219t

longitudinal, 1218, 1219, 1219t
organization of care for, 1222

parents of child with, 1221-1222

physical/occupational therapy for child
with, 1266-1267
prosthetics for, 1256—1266 (See also
Prosthetics)

psychosocial development of child with,
1220-1221

distal tibiofibular sprains, 1293
in lower cervical spine, 827, 827, 828

terminal, 842, 1218, 1219, 1219t

on magnetic resonance imaging, 83

transverse, 1218, 1219, 1219c

posterior cruciare ligament, 124, 124,
1296

timing of amputation for, 1223-1225
upper limb, 842

Limb development, 9—18, 10—16
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Limb-girdle muscular dystrophy, 646
Limb hypertrophy, in Klippel-Trenaunay
syndrome, 343-345
Limb salvage procedures, for osteosarcoma,
523-524, 526
Limbus fracture, 1368
Limp

evaluation of child with, 430-434, 431
after falling, 110-111
in Legg-Calve-Perthes disease, 117
with persistent thigh pain, 116-117
refusal to walk after, 111-113, 112, 113
Lines

Chamberlain's, 804, 805
Harris, 66, 67

Klein, 1005, 1005
Looser, 187, 190, 190
McGregor's, 804, 805
McRae's, 804, 805
Perkins, 918
posterior cervical, 802, 803, 827
Shenton, 918, 919, 935
white lines of Fraenkel, 217, 217
Linkage analysis, 161
Lioresal. See Baclofen
Lipomeningocele, 21, 602
Lisch nodules, 289-291

Little People of America, 246
Little's disease, 132

Lobstein disease, 205
Lobster claw deformity. See Cleft foot;
Cleft hand
Looser lines, 187, 190, 190
Lordosis
cervical, development of, 741
definition of, 741
lumbar
myelomeningocele and, 608-614
normal ranges of, 678, 742
spastic diplegia and, 588
spastic quadriplegia and, 570
normal, 741
Louis-Bar syndrome, 340t, 341
Lowe syndrome, 192
Lower extremity, 1059-1100

anterolateral bowing of, 1084-1092

bowing of tibia, 1084-1091
congenital pseudarthrosis of fibula,
1091-1092

congenital deficiencies of, 1227-1246
femoral deficiency, 1237-1246,
1238-1242, 1245
fibular deficiency, 1227-1230,
1227-1233
incidence of, 1218
prostheses for, 1257-1264
tibial deficiency, 1233-1237, 1234,
1235
upper extremity deficiencies and,
1253-1254, 1254

congenital dislocation of knee,
1095-1098

fasciotomy of, 1329, 1330
frontal plane mechanical axis of, 1079
in gait cycle, 135—142
genu valgum, 1081-1084
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distal, 1401-1407, 1403, 1404

Lower extremity (contd.)

proximal epiphysis, 1396-1397, 1397,

germ varum, 1065—1081

1398

adolescent Blount disease, 1075-1081

infantile Blount disease, 1068-1075
physiologic bowing, 1065-1068
growth of, 40, 54-58,55, 1108-1112,
1109t, 1110-1112

idiopathic toe-walking, 1098-1100

leg length discrepancy, 1105—1145
in poliomyelitis, 665—666, 666
posterior medial bowing of tibia,
1092-1095
rotational variation of, 1059—1065

assessment of, 1060, 1061
complications of, 1064-1065
definition of, 1059-1060
differential diagnosis of, 1060-1062,
1062

natural history of, 1062-1063
radiographic evaluation of, 1062
treatment of, 1063-1064, 1064
in thrombocytopenia with absent radius
syndrome, 382, 382t

Lower extremity trauma, 1372-1414
ankle, 1290-1293, 1401-1407
anterolateral ankle impingement, 1293

distal tibiofibular sprains, 1293
fractures, 1401-1407
high-risk, 1403-1405, 1404
low-risk, 1402, 1403
Tillaux fracture, 71, 1401, 1405,
1405-1406
triplane fracture, 1401, 1406,
1406-1408
sprains, 128, 128-129, 1290-1292,

1291
femoral shaft fractures, 1379-1389,
1380, 1381, 1383-1389

foot fractures, 1408-1414
calcaneus, 1411, 1412
metatarsals, 1411-1412, 1413
midfoot, 1411
phalanges, 1412-1414
talus, 1409-1411, 1410
hip, 1372-1379
dislocation of, 1372, 1372-1373

proximal femur fractures, 1373—1375,
1373-1379, 1377, 1378

knee, 1293-1297, 1389-1396
anterior cruciate ligament injuries,
1294-1296
collateral ligament injuries,

1293-1294, 1294
distal femoral physeal separations,
1389-1390, 1390-1392

meniscal tears, 1296-1297, 1297
patellar fracture, 1394-1396,
1395-1396

posterior cruciate ligament injuries,
1296

tibial spine fracture, 1390-1393,
1393
tibial tubercle fracture, 1393-1394,
1394, 1395
quadriceps contusion, 1297—1298
tibial fractures, 1396-1401

proximal metaphysis, 1397-1398,
1399
shaft, 1398-1401, 1400, 1401
Lumbar lordosis
myelomeningocele and, 608—614
normal, 678
spastic diplegia and, 588
spastic quadriplegia and, 570
Lumbar Scheuermann disease, 752, 753
Lumbar spine fractures, 1366—1368
Lumbar spine growth, 52—53
Lumbosacral plexus, 12
Luteinizing hormone, 225

Lyme disease, 435
Lymphangioma, 1190
Lymphatic malformations, 340, 342-343
Lyon hypothesis of X chromosome
inactivation, 168

normal age-related changes and variants
on, 82

pulse sequences for, 78—80
gradient recalled echo images, 80, 80
proton density-weighted images, 78,
80

short tau inversion recovery images,
80, 81

Tl- and T2-weighted images, 78, 79,
80, 81, 82

risks and limitations of, 83
in specific conditions
achondroplasia, 248, 248
anterior cruciate ligament injuries,
1295
Arnold-Chiari malformation, 806

atlantooccipital anomalies, 805
atlantooccipital dislocation, 825
bone and joint sepsis, 79, 82—83,

470, 472-473, 473
brachial plexopathy, 847, 849t
chondroblastoma, 532, 533

M

Macrocephaly, in achondroplasia, 248, 250

Macrodactyly of fingers, 350-352
clinical features of, 351, 351-352
conditions associated with, 350
pathology of, 352

in Proteus syndrome, 294-295, 345
treatment of, 352
Macrodactyly of toes, 1191-1192
clinical features of, 1192, 1192
definition of, 1191
epidemiology of, 1191
natural history of, 1192
pathoanatomy of, 1192
pathogenesis of, 1191
radiographic features of, 1192, 1191
treatment of, 1192
Macrodystrophica-lipomatosa, 350
Macrophage activation syndrome, 443
Macrophages. See Monocyte-macrophage
system

Madelung deformity, 868-870

clinical features of, 868
conditions associated with, 868
dyschondrosteosis and, 275, 276
nail-patella syndrome and, 312
osteochondromatosis and, 868, 1117
pathoanatomy of, 868
radiographic features of, 868, 869
treatment of, 868-870, 870
Maffucci syndrome, 340t, 341-342, 344,
529
Magnetic resonance (MR) angiography,
341

Magnetic resonance (MR) arthrography,
80, 81

Magnetic resonance (MR) imaging, 63,

congenital kyphosis, 747, 747
discitis, 482-484, 483
elbow and forearm reconstruction,
850

epiphyseal and physeal disorders, 83
Gorham disease, 346, 347
Klippel-Trenaunay syndrome, 81,
341, 344
Langerhans cell histiocytosis, 404, 406
Legg-Calve-Perthes syndrome, 980,
981

macrodactyly, 351
Madelung deformity, 869
meniscal injuries, 83
meniscal tears, 1296
neuromuscular disorders, 636
odontoid fracture, 826

osteochondritis dissecans, 83

osteogenic sarcoma, 84
osteoid osteoma, 84, 518, 519, 522
pelvic osteomyelitis, 485, 486
posterior cruciate ligament injuries,
1296
schwannoma, 547
scoliosis, 684, 691

sickle cell disease, 389
slipped capital femoral epiphysis,
1006, 1008

spinal disorders, 82

spondylolysis and spondylolisthesis,
782

tarsal coalition, 1184

thoracolumbar spine trauma, 1367

tumors, 83, 84, 514-515
venous malformations, 341, 342
Malabsorption syndrome, rickets and, 192

78-85
applications of, 82-83
contrast materials for, 80, 81

Malignancies. See Tumors

cost of, 83, 85t

a-Mannosidosis, 398r
Maquet procedure, for patellar dislocation,

mechanisms of contrast for, 78
flow, 78
magnetic susceptibility, 78

Mallet fingers, 888
Mandible, in Caffey disease, 216

1309, 1310

Marble bone disease, 212

Subject Index

Marfan syndrome, 218-220
asymmetrical, 170
cardiac abnormalities in, 218, 220

clinical features of, 218
diagnosis of, 218—219
genetics of, 161, 163, 164-165, 218
kyphosis and, 765, 766
radiographic features of, 219, 219

scoliosis and, 120, 219, 219-220, 680
types of, 218
Maroteaux-Lamy syndrome, 168, 324t,
397t

kyphosis and, 765
Mazicon. See Flumazenil

McCune-Albright syndrome, 170, 229
McGregor's line, 804, 805
McKusick-type metaphyseal

chondrodysplasia, 271-273
atlantoaxial instability in, 272
clinical features of, 272, 272
genu varum and, 272, 272, 1068
orthopaedic implications of, 273
radiographic features of, 272, 273
McMurray test, 123, 1296

McRae's line, 804, 805

mdm-2 gene, in sarcomas, 509
MDR-1 gene, cancer chemotherapy and,
510

Medial condyle fracture, 1349
Medial epicondyle fracture, 1289,
1348-1349
mechanism of injury, 1348
treatment of, 1348-1349, 1349
Medial tibial stress syndrome, 1284-1285
Median nerve injury, supracondylar fracture
and, 1340
Median nerve testing, 119
Medical neglect, 1441
Medications. See also specific drugs and
classes
antiinflammatory drugs for athletes,
1276-1277
for bone and joint sepsis, 476-480, 479t
for juvenile idiopathic arthritis,

450-451, 45 It
as performance enhancing substances for

athletes, 1276
for spastic diplegia, 579-580
Medulloblastoma, 761
Melanocyte-stimulating hormone, 225
Melatonin, scoliosis and, 681
Melorheostosis, 357-358
clinical features of, 357
differential diagnosis of, 357
etiology of, 357
radiographic features of, 357, 358
treatment of, 357-358

Menarche, 41, 42
Meningocele, 21, 23, 601-602

differential diagnosis of, 1310
treatment of, 1310-1311

Wrisberg ligament-type, 1310, 1311
tears of, 1296-1297, 1297
anterior cruciate ligament injuries and,
1294
examination for, 123—124, 1296
on magnetic resonance imaging, 83

mechanism of injury, 1296
surgical treatment of, 1296—1297
rehabilitation aftet, 1297
Menkes kinky-hair syndrome, 205, 214,
215t

Mental retardation
Albright hereditary osteodystrophy and,
201

Angelman syndrome and, 171
chondrodysplasia punctata and, 270
congenital hypothyroidism and, 226

220-221

homocystinuria, 221
Marfan syndrome, 218-220, 219
idiopathic juvenile osteoporosis,
210-211, 210-211

osteogenesis imperfecta, 205—210,
207-208, 210

osteopetrosis, 212-214, 213
periosteal reaction and soft tissue
calcification, 214-218, 215t
Caffey disease, 214-216, 216
hypervitaminosis A, 216
scurvy, 216-217, 217
soft tissue calcification, 217—218

Down syndrome and, 162, 305

Metacarpophalangeal joint

neurofibromatosis and, 294
Noonan syndrome and, 319
Prader-Willi syndrome and, 171, 319
Rett syndrome and, 327
Rubinstein-Taybi syndrome and, 315
Williams syndrome and, 202
Meperidine, 1331, 1331t
Mesenchyme, 24, 28
Mesoderm, 5, 5-7, 8, 29

Metabolic bone diseases, 177—230
bone formation and, 177-181
endocrinopathies, 221-230
fibrous dysplasia, 228-230, 229
glucocorticoid-related abnormalities,
228, 228

gonadal abnormalities and sex steroids,
226-228
growth hormone deficiency and
hypopituitarism, 225, 225—226
growth patterns and, 222—224,
222-224

hypothyroidism, 226, 226-227
normal variant short stature, 224—225
mineral phase, 181-204
calcium and phosphorus homeostasis
and, 181-186, 182-186
hypercalcemia, 202
hypophosphatasia, 199-200, 200
lead poisoning, 203, 203-204
parathyroid disorders, 200-202

Albright hereditary osteodystrophy,
201-202

hyperparathyroidism, 200—201
parathyroid-related protein, 202—203

Meniscus

renal osteodystrophy, 194—197,

classification of, 1309-1310
clinical presentation of, 1310

bone physiology and, 204—205
connective tissue syndromes, 218-221
Ehlers-Danlos syndrome, 220,

Cornelia de Lange syndrome and, 313

neurofibromatosis and, 292, 292
Meningococcemia, multiple limb
deficiencies and, 1253

discoid lateral, 1309-1311

organic phase, 204-221

Metabolic myopathies, 650-651
Metacatpal fractures, 889-890

fetal alcohol syndrome and, 311
fibrodysplasia ossificans and, 218
fragile X syndrome and, 169
hypochondroplasia and, 254
hypoparathyroidism and, 201

hypoparathyroidism, 201, 201

194-199
rickets and osteomalacia, 186—193,
188-191
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dislocation of, 893

thumb hypoplasia/aplasia and, 880-881
Metaphyseal bands

in acute lymphoblastic leukemia, 417,
418
as normal age-related variants, 66,
66-67
Metaphyseal chondrodysplasias, 271—274
genu varum and, 272, 272, 273, 1067,
1068
Jansen, 273

Kozlowski-type, 273—274
McKusick-type, 271-273, 272, 273
Schmid-type, 273
Metaphyseal fractures

distal radius and ulna, 1364-1365,
1364-1366

due to child abuse, 1429-1430, 1430,
1431, 1434
proximal tibia, 1397-1398, 1399
Metaphyses, 25-26, 179
in idiopathic juvenile osteoporosis, 211
in lead poisoning, 66, 203, 203-204
lesions in subacute osteomyelitis,
492-494, 493, 494
in metatropic dysplasia, 255, 255, 256
normal age-related variants in, 66-67
avulsive cortical irregularity, 67, 67
transverse metaphyseal bands, 66,

66-67
in osteopetrosis, 212

in rype I homocystinuria, 221
Metatarsals
apophysitis of fifth metatarsal, 1282
fractures of, 1408, 1411-1412, 1413

Metatarsus adductus, 1152, 1161-1164
classification of, 1162
flexibility, 1162, 7763
heel bisector method, 1162, 1163

clinical features of, 1161, 1162
definition of, 1161-1162
developmental dysplasia of hip and, 102,
1162
epidemiology of, 1162
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Metatarsus adductus (contd.)
with flatfoot (See Skewfoot)
intoeing and, 1060
natural history of, 1163
nonoperative management of, 1163
pathogenesis of, 1162
radiographic features of, 1162,
1162-1163
spontaneous correction of, 1152, 1163
surgical treatment of, 1163-1164, 1164
Metatropic dysplasia, 254-257
clinical features of, 255, 255-256
growth plate histology in, 254-255, 255
prenatal diagnosis of, 256
radiographic features of, 256, 256
treatment of, 256-257
Methicillin, 479t
Methotrexate, 528

for juvenile idiopathic arthritis, 451
leucovorin and, 528
for osteosarcoma, 523

Methotrexate osteopathy, 67
Meyer dysplasia, 983

"Michelin tire baby syndrome," 354
Midazolam, 1331-1332, 1331t

Midfoot fractures, 1411
Midtarsal joint, 1152
Midtarsal osteotomy, for pes cavovarus,
660

Milkman pseudofractures, 187, 190, 190
Milwaukee brace

for kyphosis, 754-755, 755, 756, 761
for scoliosis, 699, 699
Mineral phase metabolic bone diseases,
181-204

calcium and phosphorus homeostasis
and, 181-186, 182-186
hypercalcemia, 202
hypophosphatasia, 199-200, 200

lead poisoning, 203, 203-204
parathyroid disorders, 200-202
Albright hereditaiy osteodystrophy,
201-202

hyperparathyroidism, 200-201
hypoparathyroidism, 201, 201

parathyroid-related protein, 202-203
renal osteodystrophy, 194-197,
194-199
rickets and osteomalacia, 186-193,
188-191

Mineralization of bone, 204. See also Bone
formation

"Miserable malalignment syndrome," 122,
1301

Mithramycin, for hypercalcemia of
malignancy, 202

Mitochondrial diseases, 169-170
Mitomycin C, 22
Mitosis, 158-159
Mobius syndrome, 17, 1220
Molecular biology, 2

of limb development, 13—16

of nervous system development, 23
of tumors, 507-510, 5O8t

of vertebral column development, 21

Molecular genetics, 158-160. See also
Genetics

chromosomes, 158, 158-159
gene structure, 159, 159

mutations, 160-162
posttranslational modification and
protein assembly, 160
transcription and RNA processing, 159

translation, 159-160
Monocyte-macrophage system, 395-407
Gaucher disease and, 398-402,
399-401
Langerhans cell histiocytosis and,

402-407, 402t, 403-407
storage diseases and, 395, 396t-398t
Monosomy, 162

Monteggia fracture-dislocation, 1356,
1356-1358

classification of, 1356

complications of, 1356
treatment of, 1356
Moro reflex, 106-107, 107, 107t, 109
Morphogen, 29
Morphogenesis, 9

Morquio syndrome, 168, 246, 324, 324t,
325-327, 326, 397t, 765
Morula, 3, 3, 29
Mosaicism, 170

Mose Sphericity Scale, 973, 973
Mouse mutant limb deformity, 17
"Movie sign," 122
MR imaging. See Magnetic resonance
imaging

MSX2 gene, 21

distal muscular dystrophy, 648
fascioscapulohumeral muscular
dystrophy, 647-648
ocular muscular dystrophy, 648
oculopharyngeal muscular dystrophy,
648

autosomal recessive, 646—647
infantile fascioscapulohumeral
muscular dystrophy, 646-647, 647
limb-girdle muscular dystrophy, 646
classification of, 636t
congenital, 651, 651-652, 652

sex-linked, 637-646

Becker muscular dystrophy, 637, 644,
644, 645
Duchenne muscular dystrophy,
637-644, 638

Emery-Driefuss muscular dystrophy,
644-646
Muscular torticollis, congenital, 811—813,
813

clinical features of, 812
etiology of, 811-812

radiographic features of, 812
stretching exercises for, 812
surgery for, 812-813, 813
Mutations, 9, 160-162

deletions and insertions, 161 — 162
detection of, 161
germline, 509
missense, 160

molecular basis of, 160-162

Mucolipidoses, 397t-398t

mosaicism and, 170

Mucopolysaccharidoses, 168, 324-327,

mRNA splicing, 160-161

324t, 325, 396t-397t

kyphosis and, 765
trigger digits and, 879
type I, 325
type IV, 325-327
Mucosulfatidosis, 397t

Multidrug resistance, cancer chemotherapy
and, 510

Muhifactorial disorders, 171
Multiple epiphyseal dysplasia, 269-270
clinical features of, 269
radiographic features of, 269, 269-270
treatment of, 270
Multiple glomangiomas, 341
Multiple osteocartilaginous exostosis, 274,

274-275, 275
Multiple pterygium syndrome, 303,
303-305, 304
Muscle

biopsy of, 635—636
in Duchenne muscular dystrophy, 638
embryology of, 11,12

hemorrhages in hemophilia, 413-414,
414
rhabdomyosarcoma of, 508, 508t,

547_548, 549t
spasms of, in Friedreich ataxia, 657

Muscle testing, 634
in Duchenne muscular dystrophy, 640
strength grading, 125, 125t

Muscular dystrophies, 636-648
autosomal dominant, 647—648

nonsense, 160
point, 160
promotor, 160
in tumors, 508-510, 508t

Myelination in brain, 564
Myelography

brachial plexopathy on, 847
congenital kyphosis on, 747
contrast materials for, 64
Myelomeningocele, 601—629

Arnold-Chiari malformation and, 602,
603, 605
cause of, 21-23
classification and pathology of, 601-603,
602, 603
developmental effects of, 606-607
embryologic development of, 602
etiology of, 604
femoral and tibial fractutes and, 629
genetics of, 604
growth and, 608

hydrocephaly and, 602-603, 605
latex hypersensitivity and, 606
management of foot, 622-628, 623
calcaneus deformity, 625-626, 626
cavus deformity, 627, 1152, 1194,
1195

Charcot arthropathy, 627-628, 628
clubfoot, 623-625, 625
valgus deformity in newborn, 626

valgus deformity in older child,
626-627

Subject Index

management of hip, 617—621, 618
in middle and lower lumbar
paraplegia, 608, 619-621, 620
in thoracic paraplegia, 608, 617-619
in upper lumbar paraplegia, 608, 619
management of knee, 621, 621-622
management of spinal deformity,
608-616
kyphosis, 614-616, 615-617
scoliosis, 608-614, 609, 611, 613
natural history of, 604-605
neurologic abnormality in, 603,
603-604
orthotic devices for child with, 610, 619,
628-629, 629
prenatal diagnosis of, 604
recurrent infections and, 608
tethered cord syndrome and, 602,
605-606, 609
treatment principles for, 607-608
walking and, 607-608
Myeloschisis, 23
MyoDl gene, 12

Myopathies, congenital, 649-651

central core disease, 649-650
centronuclear myopathy, 650
congenital fiber-type disproportion, 650
metabolic myopathies, 650-651
nemaline myopathy, 650
Myositis ossificans, 218, 366-368
clinical features of, 367

etiology of, 218,366-367
histopathology of, 367
radiographic features of, 367, 367, 368
treatment of, 367-368
Myotome, 18, 19, 20, 29
Myotonia, 648-649
congenita, 649
Myotonic dystrophy, 648
congenital, 649
genetics of, 164, 169, 170

Nafcillin, 479t
Nail-bed entrapment, 887-888

Nail-patella syndrome, 311-312, 311-313,
853
NAIP gene, spinal muscular atrophy and,

653
Naloxone, 133 It, 1332
Naproxen, 1277
Narcotic analgesics, for fracture
management, 1331, 1331t

Navicular fat pad sign, 67

Naviculectomy, for congenital vertical talus,
1176-1177, 1177

Neck-righting reflex, 106-107, 107, 107t
Neer impingement sign, 127, 127

Nemaline myopathy, 650
Neonates. See also Infants

bone and joint sepsis in, 486—488
brachiaJ plexus palsy in, 109-110,
846-850, 1332
cervical spine injuries in, 829
fractures in, 1439
clavicular, 1332

humeral, 1332, 1335

metaphyseal sclerosis in, 67
radiographic appearance of bone in, 64,
64

Neoplasms. See Tumors
Nerve biopsy, 636

Nerve blocks, 1330-1331
Nerve conduction studies, 635
Nervous system development, 5-7, 5-7,
12, 12, 22-23

Neural crest, 6, 6-7, 22
Neural crest cells, 21-23, 29
Neural tube, 6, 6-7, 7, 20, 22
Neural tube defects (NTDs), 6, 21-23
classification and pathology of, 601-602
folate and, 22-23, 604
Goldenhar syndrome and, 323-324
inheritance of, 604
Iipomeningocele, 602
meningocele, 601-602

myelomeningocele, 601—629

nerve biopsy, 636
nerve conduction studies, 635
other studies, 636
Friedreich ataxia, 656—657
genetics and molecular biology of, 636
hereditary motor sensory neuropathies,
657-662, 657t

history taking for, 634
muscular dystrophies, 636-648, 636t
autosomal dominant, 647-648
autosomal recessive, 646-647
congenital, 651-652
sex-linked, 637-646
myelomeningocele, 601-629
myotonia, 648-649
physical examination for, 634-635
poliomyelitis, 662—668
postpoliomyelitis syndrome, 668
spinal muscular atrophy, 652-656

prenatal diagnosis of, 174

Neuronal ceroid lipofuscinosis, 398t
Neurulation, 6, 6-7, 7, 29

rachischisis, 602

Neutrophils, 392

teratogens associated with, 22, 23
Neurilemmoma, 546-547, 547, 548

Neuroblastoma, 761
metastatic to cervical spine, 835
periostea! reaction and, 214, 215t
Neurofibrillin, 291

Neurofibroma, 289, 290, 546, 547
Neurofibromatosis, 288-294, 344
cervical spine problems and, 822
congenital pseudarthrosis and, 860
fibular, 1086
tibial, 1084, 1086, 1092
hemihypertrophy in, 348t, 350
kyphosis and, 767—768

leg length discrepancy and, 1117
macrodactyly and, 1190

other types of, 288, 291
type 1, 289-294
cutaneous markings in, 289, 289
genetics of, 164, 167, 170, 291
Lisch nodules in, 289-291

neurofibromas in, 289, 290, 547
orthopaedic features of, 291-294,
292-294
osseous lesions in, 289, 291
rickets and, 193
segmental, 170
Neurofibrosarcoma, 293

Neurogenic torticollis, 813—814
Neurologic examination
of hand, 119
in neuromuscular disorders, 634-635
for primitive reflexes, 106-108, 107,
107t, 108
in Scheuermann disease, 753
in scoliosis, 121, 686
in skeletal dysplasia, 246
Neuromuscular disorders, 633-668
cerebral palsy, 563-593, 842-846
congenital myopathies, 649—651
diagnosis of, 635-636
electromyography, 635
hematologic studies, 635
muscle biopsy, 635—636
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defect in chronic granulomatous disease,
392-394, 393
NF1 gene, in neurofibromatosis 1, 167,
291
Niemann-Pick disease, 396t
Noggin, 6, 15-16

Nonossifying fibroma, 534, 534-535, 535
Nonsteroidal antiinflammatoiy drugs
(NSAIDs)

for athletes, 1276-1277
for chondrolysis of hip, 1054
for juvenile idiopathic arthritis,
450-451, 451t
mechanism of action of, 1277
metabolism of, 1277
side effects of, 1277
for transient synovitis of hip, 1048
for tumor pain, 511
osteoid osteoma, 518, 519
Noonan syndrome, 318—319
Normal sagittal balance, 742, 742
Notochord, 5, 6, 7, 18, 20, 22-23, 29
Notta nodule, 879

NSAIDs. See Nonsteroidal
antiinflammatoiy drugs
NTDs. See Neural tube defects
Nuclear medicine. See Scintigraphy
Nursemaid's elbow, 1354-1355, 1355
Nutrition for athletes, 1274-1275
Nutritional deficiencies, rickets and,
191-193

Obertest, 115, 637, 1286, 1286
Obesity

adolescent Blount disease and, 1075,
1076, 1077
infantile Blount disease and, 1069, 1071
paralytic disorders and, 58-59
Prader-Willi syndrome and, 319, 319,
320

slipped capital femoral epiphysis and,
1000

transient synovitis of hip and, 1045
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Observational gait analysis, 148, 149
Obstructive sleep apnea, achondroplasia

Organizer region, 29

for metatarsus adductus, 1163

Organogenesis, 5-9, 6-8, 29

for posterior medial bowing of tibia,

and, 250
Occipitoatlantal instability, nontraumatic,

Orthofix leg lengthening device, 1138,

817
Occipitoaxioatlas complex development,

Orthopaedic examination, 99—129

799-800

Occupational therapy
for juvenile idiopathic arthritis, 451-452
for limb-deficient child, 1266-1267
Ocular-auricular-vertebral dysplasia, 322,
322-323
Ocular muscular dystrophy, 648
Ocular pathology, torticollis and, 813—814
Oculopharyngeal muscular dystrophy, 648
Odontoid process

embryology of, 800
fractures of, 824-827, 826
hypoplasia or aplasia of
chondrodysplasia punctata and, 271
Morquio syndrome and, 326, 327
mucopolysaccharidosis type I and, 325
pseudoachondroplasia and, 268
spondyloepiphyseal dysplasia and, 263,
264, 266
os odontoideum, 815

chondrodysplasia punctata and, 271
Down syndrome and, 307

spondyloepiphyseal dysplasia and, 263,
264, 266
Olecranon apophysis, closure of, 42, 43,

44-46, 45
Olecranon apophysitis, 1283
Olecranon fracture, 1352, 1352, 1353
Oligoarthritis, 429-430, 429t, 444. See also
Juvenile idiopathic arthritis
guidelines for screening eye exams in,
444, 445t
uveitis and, 444, 444
Oilier disease, 170, 529

leg length discrepancy and, 1117
Madelung deformity and, 868
Oncogenes, 508-509
Ontogeny, 29

Optic atrophy with peroneal muscle
atrophy, 657t
Organic phase metabolic bone diseases,
204-221
bone physiology and, 204—205
connective tissue syndromes, 218—221
Ehlers-Danlos syndrome, 220,
220-221

homocystinuria, 221
Marfan syndrome, 218-220, 219

idiopathic juvenile osteoporosis,
210-211, 210-211

osteogenesis imperfecta, 205—210,
207-208, 210

1139

from 4 to 10 years of age, 113-120

1093

after reduction of congenital hip
dislocation, 931
for rickets, 197, 198

calcaneal apophysitis, 119—120

for rotational variations, 1063

elbow trauma, 118-119
116-117
pes planus deformity, 117—118, 118

for scoliosis, 698-701, 699, 700
in Friedreich ataxia, 657
in myelomeningocele, 610
in spastic quadriplegia, 570—571

toe walking, 113-116, 114-116

for spastic diplegia, 583

limp and persistent thigh pain,

from 10 to 18 years of age, 120-129
ankle sprain, 128, 128-129

knee pain aggravated by sports,
122-124, 122-125
persistent knee pain and limp,
121-122

scoliosis, 120, 120-121, 684-686,
685, 686
shoulder pain aggravated by
swimming, 125-128, 125-128

from birth to 4 years of age, 102-113
developmental delay and inability to
walk, 106-109, 107-109
developmental dysplasia of hip,

102-104, 103, 104
genu varum, 110, 110, 111

infant with paralyzed arm, 109-110
intoeing, 104-106, 105, 106
limp after falling, 110-111

limp then refusal to walk, 111 — 113,
112, 113

polydactyly, 113
patient profile for, 101-102, 101-102

for specific conditions
bone and joint sepsis, 467
cerebral palsy, 567
clubfoot, 1154-1155
developmental coxa vata, 1-38
juvenile idiopathic arthritis, 430—435,
431
Legg-Calve-Perthes syndrome, 979
neuromuscular disorders, 634-635
Scheuermann disease, 753
scoliosis, 120, 120-121, 684-686,

685, 686
skeletal dysplasia, 246
spondylolysis and spondylolisthesis,
780-781, 781
tumor, 512

Orthotic devices. See also specific types
for ankle sprains, 1292
for child with myelomeningocele, 610,
619, 628-629, 629
for clubfoot, 1 1 59
for Duchenne muscular dystrophy, 640

for flexible flatfoot, 1172
for genu valgum, 1082

for spastic hemiplegia, 589-590
for spinal muscular atrophy, 654

for spondylolisthesis, 786
for spondylolysis, 783, 784
for thoracic paraplegia, 619
for tibial bowing, 1084-1085
Ortolani sign, 103, 103, 906, 909, 913,
919
Os odontoideum, 815

chondrodysplasia punctata and, 271
Down syndrome and, 307
spondyloepiphyseal dysplasia and, 263,
264, 266

Osgood-Schlatter disease, 123, 1280-1281
differentiation from normal irregularity
of tibial tubercle, 65

epidemiology of, 1280-1281
radiographic features of, 1281, 1281
Sever disease and, 1281
treatment of, 1281
Ossification, 1321

bone age determination and, 68
calcaneal, 65
centers of, 11
primary, 25, 178

secondary, 178
of cervical vertebrae, 800
delayed

in multiple epiphyseal dysplasia,
269-270

in pseudoachondroplasia, 268, 268
in spondyloepiphyseal dysplasia

congenita, 263—264
endochondral, 24
femoral, 65
heterotopic
in fibrodysplasia ossificans progressiva,
362-366, 366
in myositis ossificans, 366-368, 367,
368
intramembranous, 24
normal age-related variants of, 65—67,

65-67
Scheuermann disease and, 751
of tarsal navicular, 67
tibial, 65

osteopetrosis, 212-214, 213

for infantile Blount disease, 1069—1070

Osteitis fibrosa, 196, 210

periosteal reaction and soft tissue
calcification, 214-218, 215t

for knee in thoracic and upper lumbar
paraplegia, 622
for kyphosis, 754-755, 755, 756

Osteoarthritis

Caffey disease, 214-216, 216
hypervitaminosis A, 216

scurvy, 216-217, 217

soft tissue calcification, 217—218

radiation kyphosis, 761

for Legg-Calve-Perthes syndrome,
985-986, 986

in cervical spine, 827
of hip, in cerebral palsy, 576
Osteoblastoma, 520-521

in cervical spine, 833, 834
Osteoblasts, 178

Subject Index

Osteocartilaginous exostosis. See Exostosis
Osteochondritis dissecans

of knee, 123
familial dysautonomia and, 314, 315
on magnetic resonance imaging, 83

multiple epiphyseal dysplasia and, 270
nail-patella syndrome and, 312
after Legg-Calve-Perthes syndrome, 971,
971-972

Osteochondrodysplasias. See Skeletal
dysplasias

Osteochondromatosis. See also Exostosis
forearm deformity due to, 858—860
natural history of, 858

surgical treatment of, 859, 859-860
treatment indications for, 858
leg length discrepancy and, 1117
Madelung deformity and, 868, 1117

Osteochondrosis, 368-369
of capitellum, 1287-1288, 1288
classification by region, 368t
clinical features of, 369
etiology of, 368-369
histopathology of, 369
of radial head, 1288
radiographic features of, 369, 370
treatment of, 369
Osteoclast-activating factor, 180
Osteoclasts, 178
in osteopetrosis, 212-213
Osteocytes, 178

Osteofibrous dysplasia, 536-537, 537
Osteogenesis. See Bone formation
Osteogenesis imperfecta, 90, 205-210

classification of, 206-208, 206t,
207-208

clinical features of, 205

differential diagnosis of, 205
child abuse, 205-206, 1439
eponyms for, 205
fractures in, 118

genetics of, 161, 164-166, 206, 206t
histology of, 206

Osteoid seams, in rickets, 187, 188
Osteolysis, massive. See Gorham disease
Osteomalacia. See Rickets and osteomalacia
Osteomyelitis, 459-500. See also Bone and
joint sepsis

acute hematogenous, 460, 462

chronic granulomatous disease and, 392,
393

chronic recurrent multifocal, 490—492,
491
definition of, 460
diagnosis of, 466-474

aspiration, 468, 473-474
history, 466-467
imaging, 469-473

laboratory testing, 467—469, 468t
physical examination, 467
differential diagnosis of, 474-475
epidemiology of, 460
etiology of, 460-461
in Gaucher disease, 400
in infant, 109
of ischiopubic synchondrosis, 485
leg length discrepancy and, 1116
in neonate, 486-488
osteopetrosis and, 214

pathophysiology of, 461-465, 462-466
pelvic, 484-486, 486
periosteal new bone formation and, 214,
215t, 470, 470
of proximal femur, 111
puncture wounds of foot and, 494-496,
495
pyogenic, of cervical spine, 832

radiographic features of, 469-473
bone scan, 470-472, 471
computed tomography, 472
magnetic resonance imaging, 82-83,

470, 472-473, 473
plain radiographs, 469, 469-470, 470
scintigraphy, 88, 88, 89, 470-472,
471
ultrasound, 473

management of, 209—210

results of, 482

prenatal diagnosis of, 245-246

sickle cell disease and, 386, 386-387,
387, 488-490, 489
subacute, 492-494, 493, 494

radiographic features of, 206, 207-208
"temporary brittle-bone disease," 1439
type I collagen abnormalities in, 205,
206, 208
type II, 279-280
Osteoid bone, 24

Osteoid osteoma, 518-520
giant, 520-521

histology of, 518-519, 520
locations of, 518
cervical spine, 833-835, 834
proximal femur, 117, 518
spine, 117, 520

pain of, 518, 519
radiofrequency ablation of, 520
radiographic features of, 518, 519, 520
bone scan, 514
computed tomography, 515, 518, 520
magnetic resonance imaging, 518, 519

surgical treatment of, 519—520

treatment of, 476-482

antibiotics, 476-480, 479t
surgery, 480-482

vertebral, 482-484

Osteonecrosis

acute lymphoblastic leukemia and, 419
of femoral head, slipped capital femoral
epiphysis and, 1019, 1026,
1026-1027
Gaucher disease and, 401, 401

sickle cell disease and, 387, 388-389,
388t, 389

Osteopathia condensans disseminata,
358-359, 359

Osteopathia striata, 359, 360
Osteopenia, 90
acute lymphoblastic leukemia and, 417,
419
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chondrolysis of hip and, 1050
definition of, 212
disorders in category of, 212
Gaucher disease and, 399

glucocorticoid-induced, 181, 228
hyperparathyroidism and, 200
hypophosphatasia and, 199
juvenile idiopathic arthritis and, 448,
448, 449
osteogenesis imperfecta and, 207

tuberculosis and, 497
Osteopetrosis, 212-214, 213

clinical forms of, 212
histology of, 212-213

inheritance patterns of, 212
management of, 212-213
Osteoplasty of femoral neck, for slipped
capital femoral epiphysis,
1025-1026

Osteopoikilosis, 358-359
clinical features of, 358-359
pathology of, 359

radiographic features of, 359, 359
treatment of, 359
Osteoporosis, 90

acute lymphoblastic leukemia and, 419
corticosteroid-induced, 228
definition of, 210
Hadju-Cheney syndrome and, 327, 328
idiopathic juvenile, 210-212, 210-212,
768

kyphosis and, 768-769, 769
Scheuermann disease and, 751
secondary to immobilization, 211-212,
212

Turner syndrome and, 318

type I homocystinuria and, 221
Osteoporosis fetalis, 205
Osteosarcoma, 507, 521-527
chemotherapy for, 523
multidrug resistance and, 510
classic high-grade, 521-523, 521-524
definition of, 521

histologic types of, 522-523, 523
juxtacortical, 524-526
parosteal, 524-525, 525
periosteal, 525—526
location of, 521

molecular biology of, 508-510
pathologic fractures and, 524
radiographic features of, 521, 'ill, 523
bone scan, 89, 522
magnetic resonance imaging, 84, 512
retinoblastoma and, 509

surgical treatment of, 523-524
limb salvage procedures, 523-524,
526

local control of extremity sarcomas,
526-527

metallic prosthesis, 526-527
Osteosclerosis

calcaneal, 65, 65
fragilis generalisata, 212
metaphyseal, 66, 66-67
renal osteodystrophy and, 195
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epiphysiolysis of proximal humetus,

Osteotomies

1279, 1279

for adolescent Blount disease,

shin pain, 1284-1286
chronic compartment syndromes,

1079-1081

for cavus foot deformity, 1198-1199,

1285
muscle herniation and superficial

1199

for cleft foot, 1193, 1194

peroneal nerve compression,

for developmental coxa vara,

1285-1286

1040-1041, 1041

periostitis, 1284-1285

for flexible flatfoot, 1172-1173, 1173
for Freiberg infraction, 1205—1206
for genu valgum, 1082-1084

shoulder pain due to, 125
tendinosis, 1283-1284

Achilles tendinitis, 1283
popliteus tendinitis, 1283-1284, 1284

for infantile Blount disease, 1070,

1070-1075, 1072, 1074

tissue fatigue and, 1277, 1278
valgus overload injures of elbow, 1287,

for juvenile hallux valgus, 1202-1203,
1203
for juvenile idiopathic arthritis, 452

1287-1289

injuries of medial epicondyle, 1289
osteochondral lesions of capitellum,

for Legg-Calve-Perthes syndrome,
987-988

1287-1288, 1288

for metatarsus adductus, 1164, 1164

osteochondral lesions of radial head,

for pes cavovarus, 659—660

1288

for poliomyelitis, 664

for rotational variations, 1063-1065
for skewfoot, 1167-1168, 1168
for slipped capital femoral epiphysis,
1019-1024

complications of, 1019
cuneiform osteotomy, 1019—1020,
1021

intertrochanteric osteotomy,

1020-1024, 1023
osteotomy at base of femoral neck,
1020, 1022

transtrochanteric rotational osteotomy,
1020

Out-toeing, 1060-1065, 1062. See also

Oxacillin, 479t
Oxytocin, 225

P
p53 gene, 509

locus for, 509
in osteosarcoma, 509
as tumor suppressor gene, 509

P-glycoprotein, cancer chemotherapy and,
510

PACS (picture archiving and
communication systems), 69
Paget disease, 186
Pain

Rotational variation of lower

of acute lymphoblastic leukemia, 417

extremity

benign, 438-439
exaggerated, 438
chronic, 439
congenital indifference to, 1439
evaluation of child with limb or joint

Overriding fifth toe, congenital,
1178-1180

clinical features of, 1179, 1179
definition of, 1178

epidemiology of, 1179
natural history of, 1180
pathoanatomy of, 1180
pathogenesis of, 1179
radiographic features of, 1180
treatment of, 1179, 1180
Overuse syndromes, 1277-1289
apophyseal conditions, 1280-1283

apophysitis of fifth metatarsal, 1282
apophysitis of hip and pelvis, 1283
calcaneal apophysitis, 119-120,
1206-1208, 1207, 1282
olecranon apophysitis, 1283
Osgood-Schlatter disease, 1280-1281,
1281

Sinding-Larsen-Johansson disease,
1281, 1281

breaststroker's knee, 1286—1287
classic stress fractures, 1277—1279

iliotibial band friction syndrome, 1286,
1286
repetitive physeal injuries, 1279-1280

epiphysiolysis of distal radius,
1279-1280, 1280

pain, 430-434, 431
fibromyalgia, 439
of Gaucher crisis, 399-400
growing pains, 438

pain amplification syndromes, 438-439
phantom, 1225-1227
reflex sympathetic dystrophy, 370—372,
439, 440
of Scheuermann disease, 752-753
shin, 1284-1286

of sickle cell crisis, 385
of slipped capital femoral epiphysis,
1002-1005

of spondylolisthesis, 779—781

of tarsal coalition, 1185
of transient synovitis of hip, 1044, 1046
of tumors, 510-511
osteoid osteoma, 518, 519

Palmoplantar pustulosis, 490
Pamidronate, (or osteogenesis imperfecta,
209

Pancreatic insufficiency, in DiamondBlackfan anemia, 380-381

Panner disease, 1287-1288

Parachute reflex, 107t, 108, 108
Paralysis

growth in child with, 58—59
leg length discrepancy and, 1116-1117
of upper extremity in infant, 109-110
Paraplegia

cerebral palsy and, 566
middle and lower lumbar, 608,
619-621, 620

sacral level, 608
spastic, neuropathy with, 657t

thoracic, 608, 617-619
upper lumbar, 608, 619
Parathyroid hormone (PTH)

Albright hereditary osteodystrophy and,
201-202

calcium and phosphorus homeostasis
and, 180-186
hyperparathyroidism and, 200—201
hypoparathyroidism and, 201, 201

regulation of synthesis and release of,
183-184
renal osteodystrophy and, 195
Parathyroid-related protein, 193, 202-203
Parental disomy, 171
Parkes-Weber syndrome, 343
Pars interarticularis defects. See
Spondylolysis
Patella. See also Knee
acute dislocation of, 1306-1308
etiology of, 1306-1307
natural history of, 1307
reduction of, 1307
rehabilitation after, 1307
surgical treatment of, 1308
bipartite, 1304
chondromalacia, 1304

dorsal defects of, 1304-1305, 1305
double-layered, in multiple epiphyseal
dysplasia, 270
fractures of, 1394-1396, 1395-1396
in nail-patella syndrome, 311
plica syndrome, 1305-1306, 1306

Q-angie of, 122-123, 123

recurrent dislocations of, 1308-1309,
1308-1310

Elmslie-Trillat procedure for, 1309,
1310

Fulkerson procedure for, 1309, 1310
Galeazzi procedure for, 1308, 1309
lateral retinacular release for, 1308
Maquet procedure for, 1309, 1310
risk factors for, 1307-1308, 1307t
Roux-Goldthwait operation for, 1308,
1308

surgical indications for, 1308
in Sinding-Larsen-Johansson disease,
1281, 1281

"squinting," 122
stress fracture of, 1278
Patellat apprehension test, 123, 123
Patellar inhibition test, 122, 122
Patellofemoral joint

anatomy and biomechanics of, 1299,
1300

anterior knee pain, 1300—1303

Subject Index

evaluation of, 122-124, 122-125,
1301

Perichondrial ring of LaCroix, 25—27,
1323

imaging evaluation of, 1301, 1302

Perinatal lethal skeletal dysplasias, 279—280

mechanics and diagnosis of,

Periosteal chondroma, 532-534, 534
Periosteal new bone formation, 214-218,

1300-1301

physical examination for, 1301

treatment of, 1301-1303
chondral shaving, 1303
lateral retinacular release, 1303

other procedures, 1303
instability of, 123
Patient profile, 101-102, 101-102
Pattern formation, 8, 29
PAVF (progressive anterior vertebral
fusion), 749-750

Pavlik harness, 926, 926-928
complications of, 927—928
PAX genes, 21-23, 29
Pectoralis major muscle, absence of, 17
Pectus carinatum

McKusick-type metaphyseal
chondrodysplasia and, 272
metatropic dysplasia and, 255
spondyloepiphyseal dysplasia congenita

and, 263, 263
Pectus excavatum, McKusick-type

metaphyseal chondrodysplasia and,
272, 272

Pediatric Orthopaedic Society of North
America's Health Status
Questionnaire, 569

Pediatric Trauma Score, 1327, 1328t
Pedigree analysis, 163—164

in autosomal dominant disorders, 164,

164-165
in autosomal recessive disorders, 167,

167
in X-linked disorders, 168, 168
Pelken sign, 217
Pelvic obliquity, leg length discrepancy
and, 1119-1120
Pelvis

apophysitis of, 1283
in cleidocranial dysplasia, TIG—111, 277
in Down syndrome, 305

fractures of, 1369-1371, 1370
acetabulum, 1370-1371
anatomy and classification of, 1370
avulsion, 1298, 1298
clinical features of, 1369
complications of, 1371
pelvic ring, 1370, 1371
in gait cycle, 143
in idiopathic juvenile osteoporosis, 210
is osteopoikilosis, 359

in Langerhans cell histiocytosis, 403, 407
in osteogenesis imperfecta, 204
osteomyelitis of, 484-486, 486
in renal osteodystrophy, 196-197
Penetrance of gene, 164
Penicillin, 479t
Performance enhancing substances for
athletes, 1276
Perichondrial groove of Ranvier, 25—27,
27, 1323

215t

acute lymphoblastic leukemia and, 417,
418
Caffey disease and, 214-216, 216
dating fractures by, 1436, 1437, 1437t
fracture and, 1321-1322, 1322
Gaucher disease and, 400, 400
hypervitaminosis A and, 216
osteomyelitis and, 214, 215c, 470, 470
scurvy and, 216-217,277
Periosteum, 1321

Periostitis, 1284-1285
Peripheral nerves, 21
embryology of, 12
myelination of, 23
Peripheral neuroectodermal tumor (PNET),
507, 542-544
clinical features of, 542
histology of, 544
molecular biology of, 508, 508t
radiographic features of, 542—544
treatment of, 544
Peroneal nerve compression, 1084,
1285-1286

Perthes disease, 38
Pes acetabulum, 1152, 1157, 1169
Pes cavovarus

in Friedreich ataxia, 656
in hereditary motor sensoiy

neuropathies, 658—661, 659
treatment of, 659—661
calcaneal osteotomy, 659—660

midtarsal osteotomy, 660
plantar-medial release, 659
plantar release, 659
tendon transfers, 659
triple arthrodesis, 660—661, 661
Pes planus. See Flatfoot
Pes valgus, congenital convex. See Vertical
talus, congenital
PET (positron emission tomography), 85,
514
Pfeiffer syndrome, 821-822
PFFD. See Proximal femoral focal
deficiency
Phalanges of foot, fractures of, 1408,
1412-1414
Phalanges of hand
distal phalanx injuries, 887-888
mallet fingers, 888
physeal fractures and nail-bed
entrapment, 887-888

tip amputations, 887

fractures of, 888-889
intercondylar fractures, 886, 888-889,
889

phalangeal neck fractures, 888
physeal fractures, 889
Phantom sensation/pain, 1225-1227
Phelps-Baker test, 115
Phenotype, 7, 21, 29
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chromosome abnormalities and,

162-163
variable expressivity and, 164
X-linked, 168-169
Phenylketonuria, 168, 174
PHEX gene, in X-linked hypophosphatemic

rickets, 169
Phocomelia, 1219, 1248-1250, 1249. See
also Limb deficiencies
Roberts syndrome with, 17
Phosphate diabetes, 192
Phosphoethanolamine, in
hypophosphatasia, 199
Phosphorus
Albright hereditary osteodystrophy and,
201

factors affecting absorption of, 185, 185
homeostasis, 181-186
hyperparathyroidism and, 200
hypoparathyroidism and, 201
renal osteodystrophy and, 195
tumoral calcinosis and, 217-218
Phylogeny, 29

Physeal bar resection, 1325, 1326
in infantile Blount disease, 1073
Physeal fractures, 1114-1116, 1116,
1323-1324

distal femur, 1389-1390, 1390-1392
distal humerus, 1345, 1346,
1349-1350, 1350

distal radius, 1365-1366

distal tibia, 1402-1403, 1403, 1404
due to child abuse, 1428-1429, 1429
epidemiology of, 1323
growth arrest after, 1324-1327
complete, 1324
etiology of, 1324
radiographic features of, 1324, 1325
treatment of partial physeal arrest,
1325-1327, 1326
mechanism of injury, 1323
medial clavicle, 1333

proximal humerus, 1335, 1337
proximal tibia, 1396-1397, 1397, 1398
Salter-Harris classification of,
1114-1116, 1115, 1323-1324,
1324

Physical activity. See also Sports medicine
heel pain aggravated by, 119-120,
1206-1208, 1207, 1282

knee pain aggravated by, 122—124,

122-125
shoulder pain aggravated by, 125-128,
125-128

thigh pain and limp aggravated by, 117
Physical examination, 100. See also
Orthopaedic examination
for sports participation, 1289—1290

Physical therapy
for Duchenne muscular dystrophy,
639-640

for juvenile idiopathic arthritis, 451—452

for limb-deficient child, 1266—1267
for spastic diplegia, 581-583
for upper limb involvement in cerebral
palsy, 843
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Physis, 25-26, 178, 179, 1321-1327

anatomy and physiology of, 1322-1323
fractures through {See PhyseaJ fractures)
in hypophosphatasia, 199, 200

on magnetic resonance imaging, 82, 83

in metatropic dysplasia, 255, 255
normal age-related variants of, 65—66,
66, 82

regulation of, 179-180

remaining growth in lower limbs
between ages 5 and 17 years, 57

sports-related injuries of, 83
structure and development of, 24-27,
25-26
vascular anatomy of, 27, 179, 1323

zones of, 25-27, 179
Picture archiving and communicarion
systems (PACS), 69
Pigmented villonodular synovitis (PVNS),
438, 551
differentiation from chondrolysis of hip,
1050

Pivot-shift test, 124, 1294

Placental development, 2, 3, 4
Plantar fascia
flexible flatfoot and, 1169, 1170
windlass action of, 1170
Plantar-medial release, for pes cavovarus,

Polydactyly of fingers, 17, 876-877
bilateral, 877

central, 876, 877
classification of, 877

conditions associated with
chondroectodermal dysplasia, 257
Klippel-Trenaunay syndrome, 343,
345
short rib-polydactyly syndrome, 279
examination for, 113
incidence of, 877

inheritance of, 113, 876
postaxial, 876, 877

preaxial, 881-885
classification of, 883, 883, 884
pathoanatomy of, 883
treatment of, 883-885, 884, 885

treatment of, 877, 877
Polydactyly of toes, 1188-1190

classification of, 1188, 1189

clinical features of, 1188-1189, 1189,
1190

definition of, 1188
epidemiology of, 1188

natural history of, 1189
pathogenesis of, 1188

radiographic features of, 1189, 1190
surgical treatment of, 1189-1190

659
Plantar release, for pes cavovarus, 659

Polymerase chain reaction, for mutational

Platelet-derived growth factor, 9, 178t,

Polysyndactyly, 17, 113

1321

Pleiotropy, 164
Plica syndrome, 1305-1306, 1306
PNET. See Peripheral neuroectodermal
tumor

Poland syndrome, 17, 1220

Poland's hump, 66, 66
Polarizing region, 11, 14—16, 15
Poliomyelitis, 662-668
etiology of, 662
growth in child with, 58-59
lower extremity involvement in,
665-666, 666

pathology of, 663
postpoliomyelitis syndrome and, 668
scoliosis and, 667, 667—668
stages of, 663—664
treatment of, 664—665
arthrodeses, 665
guidelines for, 665

osteotomies, 664
soft tissue contractures, 664
tendon transfers, 664

upper extremity involvement in, 665
vaccine-associated, 663
Pollicization of index finger, 881

Polyarthritis, 429t, 430, 444-445. See also
Juvenile idiopathic arthritis
guidelines for screening eye exams in,
445t

radiographic features of, 448, 448-449,
449
Polycystic kidney disease, 327

analysis, 161 — 162

gene mutation causing, 842
Grieg cephalopolysyndactyly, 17
of toes, 1188-1190

Popliteal angle, 114, 115
Popliteal cyst, 1309

Popliteal pterygium syndrome, 303—305,
305

Popliteus tendinitis, 1283-1284, 1284
Port wine stains, 340-341
Positional calcaneovalgus, 1152, 1178
clinical features of, 1178, 1178
definition of, 1178

epidemiology of, 1178

natural history of, 1178
pathogenesis of, 1178
radiographic features of, 1178, 1178
spontaneous correction of, 1152
treatment of, 1178

Positron emission tomography (PET), 85,
514

Posterior cervical line, 802, 803, 827
Posterior cruciate ligament injuries, 124,
124, 1296

Posterior fossa tumors, torticollis and, 813
Postlaminectomy kyphosis, 758, 758-760,
759 819
cervical, 818-819, 820, 821

evaluation of, 759
locations of, 758-759
muscle paralysis and, 758
natural history of, 759
pathophysiology of, 758
treatment of, 759

Postpoliomyelitis syndrome, 668
Poststreptococcal arthritis
differentiation from juvenile idiopathic
arthritis, 436
differentiation from transient synovitis of
hip, 1046
Postural kyphosis, 744, 744
Postural reflexes, 107t, 108, 108
Prader-Willi syndrome, 171, 228, 319,
319, 320
Pregnancy. See also Teratogens

folate supplementation during, 22

genetic counseling during, 174
iron supplementation during, 383

Prenatal diagnosis, 174-175
of chondrodysplasia punctata, 271

ofclubfoot, 1156, 1156
of Cornelia de Lange syndrome, 313
of diastrophic dysplasia, 260
of Down syndrome, 305
of metatropic dysplasia, 256
of myelomeningocele, 604
of skeletal dysplasias, 145-146
Primitive reflexes, 106-108, 107, 107t,
108

prognosis for walking related to
persistence of, 108-109, 109t
Progeria, 316, 316-317,377

Progress zone, 10, 14, 14, 29
Progressive anterior vertebral fusion
(PAVF), 749-750

Progressive diaphyseal dysplasia, 355-357

clinical features of, 355
differential diagnosis of, 356
etiology of, 356
pathology of, 356
radiographic features of, 355-356, 356
treatment of, 356
Prolactin, 225

Proliferative zone of physeal cartilage, 25
Pronator quadratus sign, 68

Prone Staheli test, 114, 115
Prostaglandin E2, 180
Prosthetics, 1256-1266
endoskeletal vs. exoskeletal construction
of, 1265-1266
fitting techniques for, 1256
lower extremity

for femoral deficiency, 1241 — 1243,
1242, 1246
for fibular deficiency, 1233
for leg length discrepancy, 1131-1133

partial foot prosthesis, 1263-1264,
1264
prosthetic feet, 1262-1263, 1263
prosthetic knees, 1261-1262, 1262
socket design for, 1257—1261
ankle disarticulation prosthesis,

1260-1261, 1261
hip disarticulation, 1257
transfemoral prosthesis, 1257,
1257-1258, 1258
transtibial prosthesis, 1258—1260,

1259, 1260
for tibial deficiency, 1237

Subject Index

for multiple limb deficiencies,
1253-1254, 1254

role of prosthetist, 1256
socket design and suspension systems
for, 1256-1257
upper extremity, 1247, 1251-1253,
1253

age for fitting of, 1247-1248
body-powered vs. myoelectric devices,
1251-1253, 1252t

Prosthetic Upper Extremity
Functional Index, 1247

terminal devices, 1264-1265, 1265
for transverse complete humeral
deficiency, 1250

for transverse incomplete forearm
deficiency, 1250, 1251
Protein C and S deficiencies, Legg-CalvePerthes syndrome and, 960—962
Proteus syndrome, 170, 294-295, 295,

345-346, 346
clinical features of, 294, 345
etiology of, 294

hemihypertrophy in, 345, 348t, 350

macrodactyly in, 294-295, 345, 1190
orthopaedic deformities in, 295
Protooncogenes, 508—509

Protrusio acetabuli, 204
Provitamins D, calcium homeostasis and,
182-183, 183

Proximal-distal axis determination, 10, 11,
14

Proximal femoral focal deficiency (PFFD),
1237-1246

bilateral, 1238
classification of, 1237-1238,
1238-1241

clinical appearance of, 1238, 1241

fibular deficiency and, 1229, 1238
incidence of, 1218

prosthetic management of, 1241 — 1243,
1242, 1246

transfemoral prosthesis, 1257,
1257-1258, 1258

radiographic appearance of, 1238-1241
treatment of, 1241-1246, 1246
foot amputation, 1243
hip stabilization, 1244
iliofemoral arthrodesis, 1244-1246
knee arthrodesis, 1243
limb lengthening, 1241
nonconventional prosthesis,

1241-1243, 1242
thigh reduction, 1246
van Nes rotationplasty, 1243—1244,

1245
Proximal interphalangeal joints, in
camptodactyly, 877-878, 878

Pseudarthrosis
congenital clavicular, 359-361, 361,
1332

congenital fibular, 1091-1092
congenital tibial, 1084-1091, 1085t,
1086-1089

constriction band syndrome and, 354

of forearm, 860, 860-861

in neurofibromatosis, 292—293, 293,
1084, 1086, 1092

after spinal fusion for postlaminectomy
kyphosis, 760
Pseudo-osteolysis, in Hadju-Cheney
syndrome, 327, 328
Pseudoachondroplasia, 266-269
clinical features of, 267, 267-268
kyphosis, 763-765
growth plate histology in, 267, 267
radiographic features of, 268, 268

treatment of, 268-269
Pseudofracture

due to physeal obliquity, 65-66
milkman (Looser lines), 187, 190, 190

Pseudohypoparathyroidism, 181, 201,
201-202

Pseudomonas aeniginosa infection from
puncture wounds of foot, 494-496,

495
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Quadriplegia. See also Spastic quadriplegia
cerebral palsy and, 565, 842
Quantitative computed tomography,
89-90

Quantitative gait analysis, 132, 148-152

dynamic electromyography, 148, 151
energetics, 148, 151-152
kinematic, 148, 150
kinetic, 148, 150-151
Quengel cast, 415, 416

Rachischisis, 21-22, 602
Rachitic cat back, 187
Rachitic rosary, 187

Radial dysplasia, 861-865
classification of, 861, 862
clinical features of, 861
conditions associated with, 861
incidence of, 861
natural history of, 863
nonoperative management of, 863

Pseudopseudohypoparathyroidism, 201

pathoanatomy of, 862—863

Pseudosubluxation, of cervical vertebrae,

pathogenesis of, 861

802-803, 803
Pseudotumors, in hemophilia, 415, 416

surgical treatment of, 863, 863-864,

Psoriatic arthritis, 429t, 430, 445-446,
446
radiographic features of, 449, 450

865
complications of, 864-865
Radial nerve injury
humeral shaft fracture and, 1335

screening eye exams in, 445t
Psychosocial development of child with
limb deficiency, 1220-1221

Radial nerve testing, 119
Radiation exposure, 90-92

Pterygia syndrome, 303—305
PTH. See Parathyroid hormone
Puberty, 41-43
development of secondary sexual
characteristics at, 41
precocious, 227

in neurofibromatosis, 294
in Russell-Silver syndrome, 317

pubertal diagram, 41-43, 42
Risser sign and, 42, 45
Scheuermann disease and, 752
scoliosis and, 53-54
slipped capital femoral epiphysis and,
999

supracondylar fracture and, 1340

from bone densitometry, 90
diagnostic examinations and, 68t, 91—92
dosimetry, 91
effects on vertebral growth, 760—761
gonadal shielding and, 67, 92
occupational, 92

radiation effects, 91
relationship between radiation dose and
effect, 91
steps for reduction of, 92
teratogenicity of, 173
Radiation kyphosis, 760—763, 762
incidence of, 761
monitoring for, 761

"Pucker" sign, 1341

pathophysiology of, 761

Puncture wounds of foot, 494-496, 495

radiographic evaluation of, 761

PVNS (pigmented villonodular synovitis),

438, 551

treatment of, 761-763, 763
bracing, 761
Radiation myelopathy, 763
Radiation therapy

Q angle, 122-123, 123, 1299, 1300, 1301
Quadriceps active test, 124, 124
Quadriceps contusion, 1297-1298

for eosinophilic granuloma in cervical
spine, 834

Quadriceps fibrosis, infantile, 369—370

involving spine, 760—761

clinical features of, 369

etiology of, 369
pathology of, 369-370
treatment of, 370
Quadrimembral deficiency, 1253—1254,
1254
Quadriparesis
diastrophic dysplasia and, 258
transient, 829

for Gorham disease, 347
leg length discrepancy and, 1117
slipped capital femoral epiphysis and,
1002

Radical fringe, 13
Radiculopathy, after reduction of
spondylolisthesis, 793-794
Radioactive synovectomy, hemophilia and,

413
Radiocapitellar joint, 1356, 1356
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Radiographic findings in specific conditions
accessory navicular, 1181, 1182

achondroplasia, 248-250, 249
aneurysmal bone cyst, 541, 541
ankle fracture, 1403-1408
anterior cruciate ligament injuries, 1295
arthrogryposis multiplex congenita, 297,
297

atlantoaxial rotary displacement,
808-809, 809
atlantooccipital anomalies, 805, 806

Baumann angle of elbow, 1339
Blount disease
adolescent, 1076, 1077

infantile, 1066, 1068, 1069, 7070,
1072

bone and joint sepsis, 469-473,
469-473
calcaneus fracture, 1412
cavus foot deformity, 1195, 1196-1197,
1197

child abuse, 1429-1437, I436t, I437t,
1438
chondrodysplasia punctata, 271, 271

chondroectodermal dysplasia, 257, 257
chondrolysis of hip, 1050-1051,
1050-1052, 1054
cleft foot, 1192, 1194
cleidocranial dysplasia, 276-277, 277
clubfoot, 1155, 1155-1156, 1156
congenital hallux varus, 1187, 1188
congenital muscular torticollis, 812
congenital pseudarthrosis of clavicle,
361,361

congenital pseudarthrosis of ulna, 860
congenital radial head dislocation, 853,
854
congenital radioulnar synostosis, 856,
857

congenital vertical talus, 1174—1175,
1175
developmental coxa vara, 1037, 1039,

1039-1040, 1042
diaphyseal aclasia, 274 274-275, 275
diastrophic dysplasia, 259, 260, 2619
distal femoral physeal fracture,
1390-1392

distal metaphyseal fractures of radius and
ulna, 1364, 1365
Down syndrome, 306-308, 306-308
dyschondrosteosis, 275-276, 276
dysplasia epiphysealis hemimelica, 362,

363
epiphysiolysis of distal radius,
1279-1280, 1280

epiphysiolysis of proximal humerus,
1279, 1279

Ewing sarcoma, 542-544, 543
exostosis, 529-530, 530

fibular deficiency, 1227-1229,
1229-1230

polyarthritis, 448, 448-449, 449
polydactyly of fingers, 576"

epiphysis, 1346
Freiberg infraction, 1205, 1206

posterior medial bowing of tibia, 1093,

genu valgum, 1082, 1083

progressive diaphyseal dysplasia,

genu varum, 1066, 1067

1093, 1094
355-356, 356

hip dislocation, 1372

proximal humeral fracture, 1336, 1337
pseudoachondroplasia, 268, 268

hyperparathyroidism, 196, 200

hypochondroplasia, 254
hypophosphatasia, 199, 200
juvenile ankylosing spondylitis, 450, 450
juvenile hallux valgus, 1201
juvenile idiopathic arthritis, 448—450,
448-450

Klippel-Trenaunay syndrome, 81, 341,

344-345
Kneist dysplasia, 262, 262
Kohler disease, 1204, 1204

Langerhans cell histiocytosis, 403-407,
404, 513, 537-538,535
lapbelt fracture, 1369
Larsen syndrome, 278, 278, 279, 299,
300

latetal condyle fracture, 1346—1348
leg length discrepancy, 1120-1122,
1121, 1122

Legg-Calve-Perthes syndrome, 70,
70-71, 87, 979-983, 980-982

1238-1241

psoriatic arthritis, 449, 450
radial dysplasia, 862

radial head dislocation, 1354
radial neck fracture, 1351

reflex sympathetic dystrophy, 371, 439,
440
rotational variation, 1062

scaphoid fracture, 891, 891
Scheuermann disease, 750, 753-754,
754

Sever apophysitis, 1207, 1207
Sinding-Larsen-Johansson disease, 1281,
1281

skewfoot, 1166, 1166-1167, 1167
slipped capital femoral epiphysis,
1003-1008, 1005-1008

spondyloepiphyseal dysplasia congenita,
263-264, 264, 265
spondyloepiphyseal dysplasia tarda, 266,
266

macrodactyly of toes, 1192, 1191
Madelung deformity, 868, 869

sternoclavicular separation, 1333

Marfan syndrome, 219, 219
McKusick-rype metaphyseal

stress fractures, 1278
supracondylar fracture, 1341, 1342

chondrodysplasia, 272, 273

medial epicondyle fracture, 1349
melorheostosis, 357, 358

metatarsal fractures, 1413
metatarsus adductus, 1162, 1162-1163
metatropic dysplasia, 256, 256
Monteggia fracture-dislocation, 1357,
1358

multiple epiphyseal dysplasia, 265,
269-270

myositis ossificans, 367, 367, 368
olecranon fracture, 1353
Osgood-Schlatter disease, 1281, 1281

osteochondral lesion of capitellum,
1287-1288, 1288

osteochondroses, 369, 370
osteogenesis impcrfecta, 206, 207—208

osteoid osteoma, 514, 515, 518, 519,
520

osteomyelitis, 82-83, 88, 88, 89,

469-471, 469-473, 470, 473
osteopoikilosis, 359, 359
osteosarcoma, 84, 89, 521, 522, 523

365-366

positional calcaneovalgus, 1178

proximal femoral focal deficiency,

patellar fracture, 1395-1396

fibrous dysplasia, 229

polydactyly of toes, 1189, 1190

Gorham disease, 346-347, 347
hemophilia, 409-410, 410, 411, 41 It

femoral shaft fracture, 1380, 1381,
1384-1388

physeal bar resection, 1326

flexible flatfoot, 1169-1170, 1171
forearm green-stick fractures, 1358, 1359
forearm shaft fractures, 1360-1363
fracture-separation of distal humeral

femoral neck fracture, 1377, 1378

fibrodysplasia ossificans progressiva, 364,

physeal arrest, 1324, 1325

pelvic fracture, 1370, 1371

periosteal new bone formation, 1322
peripheral neuroectodermal tumor,

542-544

syndactyly, 874, 875
talus fracture, 1410
thoracic spine fracture, 1368
tibial deficiency, 1234, 1235
tibial fractures
distal, 1406-1408

proximal epiphyseal, 1397
proximal metaphyseal, 1399
shaft, 1400, 1401
tibial eminence, 1393

tibial tubercle, 1395
tibial physeal growth arrest, 1325
transient synovitis of hip, 1046—1047,

1047
triangular fibrocartilage complex tear,
892, 893

triphalangeal thumb, 885
tumors, 512-513

ulnar dysplasia, 867, 868
Radiographic techniques, 64—74. See also
specific imaging modalities

arthrography, 69-71
basis of radiographic contrast, 64, 64
computed tomography, 7'1-7'4
contrast materials for, 64-65
conventional tomography, 71
gonadal shielding for, 67, 92

Subject Index

normal age-related changes and variants
on, 65-67

epiphyseal and apophyseal, 65, 65
metaphyseal, 66—67, 66—67
physeal, 65—66, 66
round bone variant, 67

plain films, 67—69
Radiographs, plain, 67-69
for bone age determination, 68—69, 224,
1123-1124

coning for, 67

cost of, 851
digital radiography, 69
for investigation of child abuse, 69
principles for, 67-68
radiation doses for, 68t

soft tissue on, 67
Radiohumeral joint, 1338
Radionuclide angiography, 86
Radionuclides, 85, 89, 513-514. See also
Scintigraphy

Radioulnar joint, 1338

Radioulnar synostosis, congenital, 855-858
anomalies associated with, 856
clinical features of, 856
embryogenesis of, 855-856
natural history of, 856
radiographic features of, 856, 857
surgical treatment of, 856-857
complications of, 857-858
Radius
bowing of, related to ulnar dysplasia,
866, 867
congenital pseudarthrosis of, 860—861
dislocation of head of
congenital, 853-854
clinical features of, 853
complications of surgery for, 854
conditions associated with, 853
nail-patella syndrome and, 311,
312, 313, 853

natural history of, 853
radiographic features of, 853, 854

surgical treatment of, 854
osteochondromatosis and, 858, 860
ulnar dysplasia and, 866
distal, epiphysiolysis of, 1279-1280,
1280

dysplasia of (See Radial dysplasia)
fractures of
complete shaft, 1359-1363,
1360-1363
distal, 68

distal metaphyseal, 1364-1365,
1364-1366

distal physeal, 1365-1366
Galeazzi fracture-dislocation, 1357

green-stick, 1358, 1358-1359, 1359
Monteggia fracture-dislocation, 1356,
1356-1358
plastic deformation, 1357
radial neck, 1350-1352, 1351
Madelung deformity of, 868-870, 869,
870

osteochondromatosis of, 858-860, 859,
1288
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radial head dislocation and nursemaid's

Rheumatic fever, acute, 435-436

elbow, 1354, 1354-1355, 1355
thrombocytopenia with absent radius

clinical features of, 435—436
differential diagnosis of
septic arthritis, 475
transient synovitis of hip, 1046
Jones criteria for diagnosis of, 436t, 475
treatment of, 436
Rheumatoid factor (RF), 433, 441
Rhizotomy, selective posterior, for spastic
diplegia, 580-581
Rib-vertebral angle difference (RVAD),

syndrome, 381-383, 382
RBI gene

locus for, 509
in osteosarcoma, 509

in retinoblastoma, 170
as tumor suppressor gene, 509

Rectus femoris transfer, for spastic diplegia,
587-588

Reflex sympathetic dystrophy, 370—372,
439
clinical features of, 371, 439, 440
diagnostic criteria for, 371
etiology of, 371

radiographic features of, 371, 439, 440
treatment of, 371-372, 439
Reflexes
primitive, 106-108, 107, 107t, 108
prognosis for walking related to
persistence of, 108-109, 109t
in spastic cerebral palsy, 116

testing in patient with scoliosis, 121
Refsum disease, 657t. See also Hereditary
motor sensory neuropathies
Regional anesthesia, 1330—1331

Reiter's syndrome, 435
Relocation test, 126
Renal disease
Hadju-Cheney syndrome and, 327
nail-patella syndrome and, 313
Renal osteodystrophy, 118, 187, 194-196

biochemical alterations in, 196
clinical features of, 195-196
management of, 198—199

694-695, 695
Ribbings dysplasia, 269
Ribs
chondroectodermal dysplasia and, 257
fractures of, 88
due to child abuse, 1432, 1434
Goldenhar syndrome and, 324
metatropic dysplasia and, 256, 256
rickets and, 187, 190
short rib-polydactyly syndrome, 279
Rickets and osteomalacia, 43, 90, 186-199
biochemical alterations in, 190t
causes of, 191-196, 191t
clinical features of, 187
differential diagnosis of, 197
gastrointestinal disorders and, 192
histologic changes in, 187-189, 188
hypophosphatemic (vitamin D-resistant),
192-193
genetics of, 169
genu varum and, 1066-1068, 1067
management of, 196—199
pathogenesis of, 186-187
periosteal reaction and, 215t
radiographic changes in, 189-190,
189-190

osteosclerosis and, 195

renal osteodystrophy, 194-196,

pathophysiology of, 194, 194-195
radiographic changes in, 195—197, 196
slipped capital femoral epiphysis and,

unusual forms of, 193

187, 195, 198

Renal tubular acidosis, 192, 193
Rendu-Osler-Weber syndrome, 340t, 341
Reporting of child abuse, 1440, 1441
Resistance exercise, 1276

Resting zone of physeal cartilage, 25
Retinal detachment, skeletal dysplasia and,
246, 262
Retinitis pigmentosa with distal muscle

weakness and atrophy, 657t
Retinoblastoma
genetics of, 170, 509
osteosarcoma in patients with, 509

periosteal reaction and, 214, 215t
Retinoic acid
role in limb development, 14—15, 15

teratogenicity of, 15, 17, 21-23
Rett syndrome, 169, 328-329
RF (rheumatoid factor), 433, 441
Rhabdomyosarcoma, 507, 548
histologic patterns of, 548
histology of, 548
molecular biology of, 508, 5O8t, 548
staging of, 548, 549t
treatment of, 548

194-197
anticonvulsant rickets, 181, 193
vitamin D-deficient, 191, 191-193
Rigidity, in spastic cerebral palsy, 116

Riley-Day syndrome, 314-315, 315
Ring of LaCroix, perichondrial, 25-27,
1323

Risser sign for bone age determination, 42,
45, 49, 50
scoliosis and, 53, 691, 691, 695-696
RNA, transcription and, 159

Roberts syndrome, 17
Rocker-bottom foot. See Vertical talus,
congenital
Romberg sign, 121, 634
Rooting reflex, 108

"Rose thorn" sign, 70, 70
Rotational variation of lower extremity,
1059-1065

assessment of, 1060, 1061
complications of, 1064-1065
definition of, 1059-1060
differential diagnosis of, 1060-1062,
1062
intoeing and, 105-106, 105, 106, 1060

natural history of, 1062—1063
radiographic evaluation of, 1062
treatment of, 1063-1064, 1064
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Rotationplasty, for distal femoral
osteosarcoma, 527

Rotator cuff muscle imbalance, 125
"Round cell tumors," translocations in,
508

Roussy-Levy syndrome, 657t, 658. See also
Hereditary motor sensory
neuropathies
Roux-Goldthwait operation, for patellar
dislocation, 1308, 1308
Rubinstein-Taybi syndrome, 315,
315-316,316
clinodactyly and, 871
congenital humeroulnar dislocation and,
855

Running cycle, 143-145, 144
Russell-Silver dwarfism, 317, 317-318
hemihypotrophy in, 317-318, 348t, 350
RVAD (rib-vertebral angle difference),

694-695, 695

SAC (space available for cord), 801
SACH (single-axis cushion heel) foot,
1262, 1263
Sacral agenesis, 749
Sacrococcygeal teratoma, 22
Sacroiliac joint sepsis, 484-486
"Sagging rope" sign, 270
Salmonella osteomyelitis, in sickle cell
disease, 387-388, 489-490
Salter-Harris classification of physeal

fractures, 1114-1116, 1115,
1323-1324, 1324
Sandifer syndrome, 814
Sanfilippo syndrome, 168, 324t, 397t
Saphenous nerve entrapment, 1304
Sarcoidosis, 437
rickets and, 192

Sarcoma, 507. See also Tumors
chondrosarcoma, 531
Ewing, 507, 542-544, 543
molecular biology of, 507-510, 5O8t
neurofibrosarcoma, 293
osteosarcoma, 507, 521-523, 521-527,
525
prognosis for, 507—508

rhabdomyosarcoma, 507, 547-548, 549t
synovial cell, 548-549, 550
Sauvegrain method for bone age
determination, 43, 44
Scaphoid fracture, 71, 891, 891
Scapholunate ligamentous injuries, 892
Scapula

fractures of, 1334-1335
in Langerhans cell histiocytosis, 406, 539
SCFE. See Slipped capital femoral epiphysis
Scheie syndrome, 168, 324t, 325, 397t
Scheuermann disease, 121, 180, 750-757
age at onset of, 750-751
classification of, 750
clinical presentation of, 752-753
conditions associated with, 752
differentiation from postural kyphosis,
752

epidemiology of, 750-751

etiology of, 751-752
inheritance of, 751
lumbar, 753
natural history of, 752

pain of, 752-753
physical examination for, 753
radiographic features of, 750, 753-754,
754

Schmorl nodes in, 751, 754
treatment of, 754-756, 755—757
bracing, 754-755, 755, 756
electrical stimulation, 754
nonoperative methods, 754-755
serial casting, 755
surgical correction, 755-756
Schmid-type metaphyseal chondrodysplasia,
203, 273

atlantoaxial instability in, 273
genu varum and, 273, 1067, 1068
Schmorl nodes, 751, 754
Schnitzel syndrome, 865
School-age children
examination of, 101, 116-120
growth of, 39-40
School screening for scoliosis, 697—698

Schwachman-Diamond syndrome,
380-381

Schwann cells, 21

Schwannoma, 546-547, 547, 548
Scintigraphy, skeletal, 85-89

advantages of, 89

applications of, 88-89
collimators for, 86
cost of, 851
interpretation of, 471-472

lack of specificity of, 89
magnification for, 87

mechanism of contrast for, 85
normal skeletal distribution of Tc-99mlabeled diphosphonates and, 88
radiation dose from, 68t
radiopharmaceuticals for, 85, 89,
513-514
pediatric doses of, 85
risks of, 89

significance of "cold scan," 472
in specific conditions

bone and joint sepsis, 88, 88, 89,
470-472, 471, 472
child abuse, 1432
chondrolysis of hip, 1051, 1051
Langerhans cell histiocytosis, 513,
537-538, 539
Legg-Calve-Perthes syndrome, 980,
980

osteoid osteoma, 514
osteosarcoma, 84

reflex sympathetic dystrophy, 440
spondylolysis and spondylolisthesis,
781

stress fractures, 1278
tarsal coalition, 1184
transient synovitis of hip, 1046-1047
tumors, 84, 89, 513-514, 514
techniques for, 85-88, 86-89
trends in utilization of, 89

SCIWORA (spinal cord injury without

radiographic abnormality),
827-829

Sclerotomes, 18-21, 19, 20
cervical, 799-800

Scoliosis, 677-733
classification of, 681-682
age at onset, 682

curve location, 681 -682, 682
etiologic, 682, 683t
primary, secondary, structural,
nonstructural curves, 682

conditions associated with, 121, 677,
683t

arthrogryposis multiplex congenita,
299

athetoid cerebral palsy, 590
Becker muscular dystrophy, 644

Beckwith-Wiedemann syndrome, 321
cerebral palsy, 570-573, 571, 573
cleidocranial dysplasia, 276, 277
congenital myotonic dystrophy, 649
diastrophic dysplasia, 258-261, 260
Down syndrome, 307
Duchenne muscular dystrophy,

641-643, 642-643, 680
Emery-Driefuss muscular dystrophy,
646

familial dysautonomia, 314
fibrous dysplasia, 680
Freeman-Sheldon syndrome, 303
Friedreich ataxia, 656-657
Goldenhar syndrome, 323
hereditary motor sensory neuropathies,
662

Klippel-Trenaunay syndrome, 343
Kneist dysplasia, 262, 262
Larsen syndrome, 278
Marfan syndrome, 120, 219,
219-220, 680

metatropic dysplasia, 256

multiple pterygium syndrome, 304,
304

myelomeningocele, 608-614, 609,
611, 613

neurofibromatosis, 289, 291, 292
Noonan syndrome, 319
osteogenesis imperfecta, 204, 207,
209-210

poliomyelitis, 667, 667-668
Prader-Willi syndrome, 319, 320
Proteus syndrome, 345

pseudoachondroplasia, 267, 269
Rett syndrome, 327-329

rickets, 187
Scheuermann disease, 752
spinal muscular atrophy, 654—656,
655
spondyloepiphyseal dysplasia, 263,
263-264, 264, 266
spondylolisthesis, 780, 791-792,
791-793

Turner syndrome, 318

type I homocystinuria, 221
definitions related to, 678

Subject Index

etiology of, 678-681
central nervous system theories, 681

genetic factors, 678-679
tissue deficiencies, 680

vertebral growth abnormality theories,
680-681

evaluation of, 120, 120-121, 682-693
forward-bending test, 114, 120,
120-121, 685, 686
history, 682-684

limb length, 114, 120, 121, 685-686
neurologic examination, 121, 686
physical examination, 684—686, 685
plain radiography, 686-691, 687-691
skin inspection, 685
specialized imaging studies, 691—693,
692

Hueter-Volkmann effect and, 678, 680,
681

leg length discrepancy and, 114, 120,
121, 685-686, 1107-1108, 1108
paralytic, 54

surgical correction according to curve
pattern, 707-715, 707t, 708-709

right thoracic, left lumbar curve

treatment of, 476-482

710, 711

triple curve pattern, 714-715, 719
surgical correction of, 701—707

anterior release and fusion, 704, 705,
705-706

anterior spinal instrumentation,

706-707
cerebral palsy and, 571—572, 573
Cotrel-Dubousset and other double
rod, multiple hook systems, 703
crankshaft phenomenon and, 54, 705,
705
Duchenne muscular dystrophy and,

641-643
effect on final height, 54

puberty and, 53-54

Harrington instrumentation, 702,

Risser sign and curve magnitude in, 53,
691, 691, 695-696
spasm, 793

Scoliosis, congenital, 53, 724—733
classification of, 725, 725-727, 726
definition of, 724-725
myelomeningocele and, 614
natural history of, 727, 727, 728
nonoperative treatment of, 727-728
surgical treatment of, 728-733
anterior fusion, 729-731

goals of, 729
hemivertebra excision, 732, 733
partial fusion, growth modulation,
hemiepiphysiodesis, 731, 731-733
posterior fusion, 729
posterior instrumentation, 729
preoperative assessment, 728-729,
730

Scoliosis, idiopathic, 693-724

puncture wounds of foot and, 494—496
results of, 482

postlaminectomy, 758
pulmonary compromise due to, 677, 678

pathophysiology of, 465—466

double thoracic curve pattern, 714
left lumbar or thoracolumbar curve
pattern, 714, 716-718
pattern, 709-714, 712-715
right thoracic curve pattern, 707-709,

702-703

indications for, 701, 701-702
instrumentation without fusion, 706,
707
mechanisms of correction, 703,
703-705
myelomeningocele and, 610—612,
611, 613

posterior spinal instrumentation, 702
spinal muscular atrophy and,

654-656, 655
surgical outcomes in, 715-721
anterior surgery, 720-721, 722
posterior surgery, 715-720, 720-721

Scurvy, 216-217, 217
Sedation

for fracture management, 1331-1332,
1331t

for imaging procedures, 92-93
Segmental spinal dysgenesis, 749
Segmentation, 29

of sacroiliac joint, 484-486
in sickle cell disease, 387-388
antibiotics, 476-480, 479t
surgery, 480-482, 481
ultrasound examination for, 473
Serum sickness, 437
Sever disease, 1206-1208, 1282

clinical features of, 1206, 1207
definition of, 1206
epidemiology of, 1206

examination for, 119-120
natural history of, 1207
Osgood-Schlatter disease and, 1281
pathoanatomy of, 1207
pathogenesis of, 1206

radiographic features of, 1207, 1207
treatment of, 1207-1208
Sex chromosomes, 158, 158

abnormalities of, 163
uniparental disomy and, 171

X-linked disorders, 168, 168-169
Sex steroids, 226-228
growth and, 226-228
Sexual characteristics, secondary, 41
Sexual immaturity
Noonan syndrome and, 319
Turner syndrome and, 318

Shelf arthroplasty, for Legg-Calve-Perthes
syndrome, 988, 988

Shenton line, 918, 919, 935
Shepherd's crook deformity, 229, 229, 535
shh gene, 15-17, 23
Shin pain, 1284-1286
chronic compartment syndromes, 1285
differential diagnosis of, 1284
muscle hemiation and superficial
peroneal nerve compression,
1285-1286

periostitis, 1284-1285
Shoe modifications
for cavus foot, 1198

adolescent, 53, 121, 682, 695

Seizures, cerebral palsy and, 566

infantile, 682, 693-695, 694, 695
juvenile, 682, 695
natural history in adulthood, 697, 697

Selective posterior rhizotomy, for spastic

for flexible flatfoot, 1172

diplegia, 580-581
Septic arthritis, 429t, 430, 435, 459-500.

for posterior medial bowing of tibia,

nonoperative treatment of, 698—701

types of braces, 699, 699, 700

See also Bone and joint sepsis
algorithm for probability of, 476t
on bone scan, 471
definition of, 460

wearing schedule, 699—700

differential diagnosis of, 475-476

brace efficacy, 700-701
indications for orthotic treatment, 698

prevalence of, 693, 694t
risk factors for progression of, 695—697,
696, 697

school screening for, 697-698
surgical complications in, 721-724
blood loss and transfusion, 723
early postoperative, 723—724
late alignment problems, 724, 724
neurological injury, 721—723
related to implant hardware, 724
spinal cord monitoring for, 723

epidemiology of, 460
gonococcal, 496-497
of hip, 111
differentiation from chondrolysis,
1050

differentiation from toxic synovitis,

475
differentiation from transient
synovitis, 1046

in infant, 109
in neonate, 486-488
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for leg length discrepancy, 1132
1093

for rotational variations, 1063
Short rib-polydactyly syndrome, 279
Short stature. See also Growth
achondroplasia and, 247, 247-248

Albright hereditary osteodystrophy and,
201

chondroectodermal dysplasia and, 257
diastrophic dysplasia and, 258, 259
dwarfing conditions, 244

dyschondrosteosis and, 275-276
evaluation of patient with, 246
Fanconi anemia and, 380
genu varum and, 110

growth hormone deficiency and,
225-226

Subject Index
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Short stature {contd.)
hypochondroplasia and, 254

Barlow, 103, 103, 913, 919

dyschondrosteosis, 275-276

blanch sign of Steel, 1005, 1005

evaluation of, 246

hypophosphatasia and, 199

Chvostek, 201

genetic causes of, 17

hypothyroidism and, 226

crescent, 270

hypochondroplasia, 254

Legg-Calve-Perthes syndrome and,

Galeazzi, 104, 104, 914, 914

Kneist dysplasia, 261-263

958-959
Maffucci syndrome and, 342

Gower, 637, 644, 644, 645

Larsen syndrome, 278—279
metaphyseal chondrodysplasias, 271-274

metaphyseal chondrodysplasia and, 272,
272-274
metatropic dysplasia and, 256
Morquio syndrome and, 325—326
multiple epiphyseal dysplasia and, 269
nail-patella syndrome and, 311-312
Noonan syndrome and, 318-319

J, 123

normal variant, 224-225
osteogenesis imperfecta and, 204
Prader-Willi syndrome and, 319
progeria and, 317
pseudoachondroplasia and, 267, 267
renal osteodystrophy and, 195
rickets and, 187
Russell-Silver syndrome and, 317—318
skeletal dysplasias and, 244
spondyloepiphyseal dysplasia congenita
and, 263, 263
Turner syndrome and, 163, 318
Shoulder

acromioclavicular separation, 1334
birth injuries of, 1332

clavicular fractures, 1332-1334, 1333,
1334

dislocation of, 1335
painful, evaluation of, 125-128,
125-128

posterior subluxation of, 126
proximal humerus fractures, 1335, 1336,
1337

scapular fractures, 1334-1335
in specific conditions
arthrogryposis multiplex congenita,
299, 850

brachial plexopathy, 848-850, 849t,
850

cerebral palsy, 591
poliomyelitis, 665

Shoulder "drawer sign," 125, 125
Shoulder replacement, for juvenile
idiopathic arthritis, 453
SHOX gene, in dyschondrosteosis, 275
Sialidosis, 397t
Sickle cell disease, 383-389
arthritis in, 490
clinical features of, 384, 384t
genotypes for, 383, 488
osteomyelitis in, 386, 386-387, 387,

488-490, 489
osteonecrosis of femoral and humeral
heads in, 387, 388-389, 388t, 389
pathophysiology of, 383-384
sickle cell crisis in, 385
stroke and, 384-385
treatment of, 389
Signs. See also Tests
Adams, 678

Hawkins, 127, 128
movie, 122

navicular fat pad, 67
Neer impingement, 127, 127

metatropic dysplasia, 254-257
multiple epiphyseal dysplasia, 269-270
perinatal lethal skeletal dysplasias,
279-280

Ortolani, 103, 103, 906, 909, 913, 919
Pelken, 217

prenatal diagnosis of, 145—146

pucker, 1341
Risser, for bone age determination, 42,

spinal deformity and, 245, 246
spondyloepiphyseal dysplasia congenita,

45, 49, 50
Romberg, 121, 634
rose thorn, 70, 70
sagging rope, 270

shoulder drawer, 125, 125
sulcus, 125-126, 126

Tinel, 547
Trousseau, 201
Wimberger, 217

Sinding-Larsen-Johansson disease, 123,
1281, 1281

Single-axis cushion heel (SACH) foot,
1262, 1263

Single-gene disorders, 163—171

autosomal dominant, 164, 164—167
autosomal recessive, 167, 167-168
genomic imprinting in, 170—171
mosaicism in, 170

parental disomy and, 171
variable expressivity of, 164
X-linked, 168, 168-169
Single-photon emission computed
tomography (SPECT), 87-88

in scoliosis, 693
Sitting height, 36-38, 40, 50
of boys, 37, 37t, 40

of girls, 37, 37t, 40
of paralytic child, 58
Skeletal age

delayed, conditions associated with, 43
determination of, 34, 43-45, 44-50,
68-69, 224, 1123, 1123-1124
Greulich and Pyle atlas, 42, 43, 1123
in paralytic child, 59
Sauvegrain method, 43, 44
in scoliosis, 53, 691, 691
Tanner-Whitehouse method, 1123,
1123-1124
leg length and, 1108-1 112, 1109-1112,
1109t

puberty and, 41—43
Skeletal dysplasias, 243-280
achondroplasia, 246—253

pseudoachondroplasia, 266-269

263-265
spondyloepiphyseal dysplasia tarda,
265-266
terminology related to, 244

treatment of, 246
Skewfoot, 1164-1168, 1165-1168

clinical features of, 1165, 1165, 1166
definition of, 1164-1165
epidemiology of, 1165
intoeing and, 1061

natural history of, 1167
nonoperative management of, 1167
pathogenesis of, 1165

radiographic features of, 1166,

1166-1167, 1167
surgical treatment of, 1167-1168, 1168
Skin traction

for developmental dysplasia of hip, 928,
930

for supracondylar fracture, 1341

for transient synovitis of hip, 1048
Skin webs, in pterygia syndrome, 303-305,
303-305
Skull abnormalities

basilar impression, 804-805, 805
cleidocranial dysplasia and, 276, 277
Hadju-Cheney syndrome and, 327
Langerhans cell histiocytosis and, 403,
404, 537, 538
osteogenesis imperfecta and, 204, 207
rickets and, 187

"salt-and-pepper" skull in renal
osteodystrophy, 196
thalassemia and, 390, 391
Slip angle, in spondylolisthesis, 783
Slipped capital femoral epiphysis (SCFE),
43, 999-1029
bilateral involvement in, 1000

clinical presentation of, 1002—1005
acute-on-chronic presentation, 1003,
1004
acute presentation, 1003, 1004

chondrodysplasia punctata, 270-271

chronic presentation, 1002—1003,

1003
classification of, 1003-1004

apprehension, 126, 126

chondroectodermal dysplasia, 257—258
classification of, 244-245, 244t, 245,
245t
cleidocranial dysplasia, 276-277
diaphyseal aclasia, 274-275

Babinski, 116, 634

diastrophic dysplasia, 258—261

prodromal stage, 1002

complications of, 1026-1029
chondrolysis of hip, 1027-1029,

1028, 1049, 1053
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osteonecrosis of femoral head, 1019,
1026, 1026-1027
conditions associated with
adolescent Blount disease, 1075, 1077
Down syndrome, 309, 309
hypothyroidism, 226, 226

renal osteodystrophy, 187, 195, 198
degenerative hip disease and, 1009, 1018
epidemiology of, 999-1000
etiology of, 1001-1002
endocrine imbalance, 1002
inflammatory factors, 1001-1002
inheritance, 1002

mechanical factors, 1001
radiation therapy, 1002
trauma, 1001

examination for, 121-122

histology of, 1000-1001, 1001
incidence of, 999
natural history of, 1008-1009
obesity and, 1000
out-toeing and, 1062
pain of, 1002

pathoanatomy of, 1000, 1000-1001
prophylactic pinning of contralateral hip
in, 1026

puberty and, 999
radiographic features of, 1003-1008,
1005-1008

blanch sign of Steel, 1005, 1005
classification system based on,
1006-1008
computed tomography, 71-72, 72,
1006, 1007
magnetic resonance imaging, 1006,
1008

ultrasound, 1006
skeletal age and, 1000
treatment of, 1009-1026
to prevent further slippage,
1009-1018

open bone peg epiphysiodesis,
1016-1018, 1017
in situ pin and screw fixation,
1010-1016, 1011-1014

spica cast immobilization,
1009-1010

Soft tissue

calcification of, 217-218
injuries due to child abuse, 1426-1428,
1427
on plain radiographs, 67-68
tumors of, 544-551

benign tumors of nerve origin,
546-548, 547
fibromatoses, 545-546, 546
hemangioma, 339-340, 544-545,
545
pigmented villonodular synovitis, 551

rhabdomyosarcoma, 548, 549t
synovial cell sarcoma, 548-549, 550
synovial chondromatosis, 549—551,
550

Soft tissue release, for juvenile idiopathic
arthritis, 452

Soleus syndrome, 1284-1285
Somatic mosaicism, 170
Somatomedins, 178t, 179-180, 959

Somatosensory evoked potentials, after
scoliosis surgery, 723
Somites, 9, 18-21, 19, 29
Space available for cord (SAC), 801
Spastic diplegia, 577-589
gait analysis in, 578, 578, 579
treating specific problems in, 584-589
ankle equinus, 584-585
external tibial torsion, 587

foot and anlde equinovalgus, 586,
586-587
foot and ankle equinovarus, 585-586
hallux valgus, 584

hip adduction contracture, 588
hip flexion contracture, 588
intoeing, 588-589

knee flexion deformity, 587
lumbar hyperlordosis, 588
rectus femoris transfer, 587-588
treatment methods for, 578-584

botulinum-A toxin, 579-580
intramuscular injections, 579
intrathecal injections, 580
manipulation and casting, 583
oral medications, 579

1018-1024

orthopaedic surgery, 583-584
orthotics, 583

closed manipulation, 1018-1019
femoral remodeling after in situ

selective posterior rhizotomy,

to reduce degree of slippage,

fixation, 1018
osteotomies, 1019-1024,

1021-1023

salvage procedures, 1024-1026
hip arthrodesis, 1024, 1025
osteoplasty of femoral neck,
1025-1026

total hip arthroplasty, 1024-1025
Sly syndrome, 168, 324t, 397t
Smith-Lemli-Opitz syndrome, 17
SMN gene, spinal muscular atrophy and,
653
"Snapping knee," 1310
Sodium pentobarbital, 93

physical therapy, 581-583
580-581

walking and, 577-578, 577t
Spastic hemiplegia, 589-590
Spastic quadriplegia, 569-577
hip management in, 574—577
dislocation, 575-576, 576
extension contracture, 576-577
extension plus abduction contracture,
577

hip at risk, 574
osteoarthritis, 576

subluxation, 574-575, 575
hip problems and, 572-574
hyperkyphosis and, 570
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hyperlordosis and, 570
management objectives for, 569
scoliosis and, 570-572, 571, 573

spondylolysis and spondylolisthesis and,
572

wheelchair for child with, 569, 569-570
Special Olympics, 1274
SPECT. See Single-photon emission
computed tomography
Sphingolipidoses, 396t
Spina bifida, 6, 21. See also

Myelomeningocele
aperta, 601

growth in child with, 58-59
Larsen syndrome and, 278
occulta, 21, 23, 601

cleidocranial dysplasia and, 276
of posterior arch of Cl, 803
Spinal cord

development of, 22-23, 23
injury of, 1367

induced by scoliosis surgery, 721-723
monitoring for, 723

sports-related, 1298-1299
thoracolumbar trauma and, 1367
transient quadriparesis and, 829
without radiographic abnormality,
827-829
measuring space available for cord, 801
torticollis and cervical cord tumors, 813
Spinal muscular atrophy, 652-656

clinical classification of, 652-653
type I: acute Werdnig-Hoffman
disease, 652

type II: chronic Werdnig-Hoffman
disease, 652
type III: Kugelberg-Welander disease,

652-653
clinical features of, 653
diagnosis of, 653
functional classification of, 653
genetics and molecular biology of, 653
radiographic evaluation of, 653
treatment of, 653—656
hip subluxation and dislocation, 654
lower extremity soft tissue
contractures, 653-654

spinal deformity, 654—656, 655
Spinal nerves, 20
Spinal stenosis

achondroplasia and, 248, 248, 249, 253
diastrophic dysplasia and, 261
hypochondroplasia and, 254

Spindle cell hemangioendothelioma, 342
Spine. See also Vertebral abnormalities
aneurysmal bone cyst of, 541—542,
833-834

bone and joint sepsis affecting,
482-484, 483
cervical (See Cervical spine)
curvatures of

kyphosis, 741-769
normal ranges of, 741—742, 742
scoliosis, 677-733
development of, 18-22, 19-20
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Spine (contd.)
fractures of

in acute lymphoblastic leukemia, 417,
417
cervical, 823-827
atlas, 824
C3-7, 827, 827, 828
odontoid, 824-827, 826

due to child abuse, 1432-1435, 1433,
1435
thoracolumbar, 1366-1368
anatomy and classification of, 1367

burst fractures, 1368
clinical features of, 1366—1367
complications of, 1368
compression fractures, 1367-1368,

1368
lapbelt (Chance) fractures, 1368,
1369
limbus (apophyseal) fracture, 1368
growth in, 50-53, 51, 52
cervical spine, 50-51, 800
lumbar spine, 52—53

radiation effects on, 760-761
thoracic spine, 51, 51-52, 52
leg length discrepancy and, 1107-1108,
1108

osteoid osteoma of, 117, 52ft 833, 834
Spinocerebellar degenerative diseases, 656
Splints. See also Orthotic devices
for metatarsus adductus, 1163
for radial dysplasia, 863
for upper limb involvement in cerebral
palsy, 843
Spondylitis, tuberculous, 499-500
Spondyloepiphyseal dysplasia
congenita, 263-265

atlantoaxial instability and, 264, 265
clinical features of, 263, 263
kyphosis and, 765
medical problems associated with, 264
radiographic features of, 263-264,
264, 265
treatment of, 264-265
genetics of, 166, 263, 265
tarda, 265-266
clinical features of, 265-266

radiographic features of, 266, 266
treatment of, 266
Spondylolisthesis

of C2, 827
cerebral palsy and, 572

classification of, 777-779, 778
complications of surgery for, 793—794

increased slippage, 793, 793—794
neurologic, 793-794
pseudarthrosis, 793
definition of, 777
Down syndrome and, 307
dysplastic (congenital), 777, 778, 779
epidemiology of, 779
etiology of, 779-780
isthmic, 777, 778, 779
measurement of, 782, 782-783
anatomical changes, 783

sacral inclination, 783

anterior knee pain, 1300—1303

sagittal rotation, 783
slip angle, 783

bipartite patella, 1304
chondromalacia, 1304

slip percentage, 782-783

discoid lateral meniscus, 1309-1311
dorsal defects of patella, 1304-1305,

natural history of, 779
pain of, 779-781
patient evaluation for, 780-781
history, 780

physical examination, 780-781, 781

1305

fat pad impingement, 1305
patellofemoral disorders, 1299, 1300
plica syndrome, 1305-1306, 1306

progression of, 779

popliteal cyst, 1309

radiological evaluation of, 781—782

recurrent patellar dislocations,

scoliosis and, 780, 791-792, 791-793
treatment of, 785-791
anterior fusion, 788
arthrodesis, 787
bracing, 786
decompression, 787
instrumentation, 788-791, 790

levels to be fused, 787
observation, 785—786
postoperative immobilization and bed
rest, 791

reduction, 787-788, 788, 789
reduction of activities, 786
surgical decision making, 787
Spondylolysis
cerebral palsy and, 572

definition of, 777
epidemiology of, 779
etiology of, 779-780
incidence of, 779

patient evaluation for, 780-781
history, 780
physical examination, 780—781, 781
progression of, 779

radiological evaluation of, 781, 781-782
treatment of, 783-785

arthrodesis, 783-785, 785
bracing, 783, 784
observation, 783, 784
reduction of activities, 783
repair of defect, 785, 786
Spondylomegaly, in Proteus syndrome,
345-346

Spondylometaphyseal dysplasia, 273-274
Spondylosis
cervical, in cerebral palsy, 817
lumbar, in Scheuermann disease, 752

Sports medicine, 1273-1311
benefits of sports participation, 1274
care of young athlete, 1273-1277
antiinflammatory medications,
1276-1277
corticosteroids, 1277

nonsteroidal antiinflammatory
drugs, 1276-1277
heat illness and fluids, 1275-1276,
1275t

nutrition, 1274-1275

performance enhancing substances,
1276

strength training, 1276

common knee problems, 1299-1311
acute patellar dislocation, 1306-1308

1308-1309, 1308-1310

saphenous nerve entrapment, 1304
incidence of athletic injuries, 1274
overuse syndromes, 1277-1289
apophyseal conditions, 1280-1283
apophysitis of fifth metatarsal, 1282
apophysitis of hip and pelvis, 1283
calcaneal apophysitis, 119-120,
1206-1208, 1207, 1282

olecranon apophysitis, 1283
Osgood-Schlatter disease,
1280-1281, 1281

Sinding-Larsen-Johansson disease,
1281, 1281

breaststroker's knee, 1286-1287
classic stress fractures, 1277-1279
iliotibial band friction syndrome,
1286, 1286

repetitive physeal injuries, 1279-1280
epiphysiolysis of distal radius,
1279-1280, 1280

epiphysiolysis of proximal humerus,
1279, 1279

shin pain, 1284-1286

chronic compartment syndromes,
1285
muscle herniation and superficial

peroneal nerve compression,
1285-1286
periostitis, 1284-1285

tendinosis, 1283-1284

Achilles tendinitis, 1283
popliteus tendinitis, 1283-1284,
1284

valgus overload injures of elbow,
1287, 1287-1289

injuries of medial epicondyle, 1289
osteochondral lesions of capitellum,
1287-1288, 1288

osteochondral lesions of radial head,
1288
preparticipation screening examinations,
1289-1290

sports for children with chronic medical
conditions, 1274
traumatic injuries, 1289-1299

ankle, 1290-1293
anterolateral ankle impingement,
1293

distal tibiofibular sprains, 1293
sprains, 1290-1292, 1291

avulsion fractures of pelvis, 1298,
1298

Subject Index

epidemiology of, 1289

Sturge-Weber syndrome, 340t, 341

knee, 1293-1297
anterior cruciate ligament injuries,
1294-1296

Subclavian artery supply disruption

collateral ligament injuries,
1293-1294, 1294
meniscal tears, 1296-1297, 1297
posterior cruciate ligament injuries,
1296
on magnetic resonance imaging, 83

mortality from, 1289
prevention of, 1289-1290

quadriceps contusion, 1297-1298
role of athletic trainers in caring for,
1290

on scintigraphy, 88

spinal, 1298-1299
Sprains

ankle, 128, 128-129, 1290-1292, 1291
distal tibiofibular, 1293
knee, 124-125
Sprengel deformity, 17, 1220
Fanconi anemia and, 380
Goldenhar syndrome and, 324
Klippel-Feil syndrome and, 814
Staging of tumors, 515-516, 516t

Stance phase of gait cycle, 135, 135, 136,
137t

ankle in, 139-140, 140
hip in, 142, 143
knee in, 140-142, 141
Standing height, 35-36, 39-41

of boys, 36t, 37t, 40-41, 43

of girls, 35t, 37t, 40-41, 43
of paralytic child, 58
pubertal growth spurt, 42-43
Staphylococcus aureus infection, 460-462,
464, 477
Startle reflex, 108

Stature. See Height; Short stature; Tall
stature

Steel's rule of thitds, 801
Stem cells, 29
Stereognosis testing, 114

Sternoclavicular separation, 1333, 1333
Stickler syndrome, 166
Still's disease, 442
Storage diseases, 168, 395, 396t-398t
Gaudier disease, 398-402, 399-401
mucopolysaccharidoses, 168, 324—327,
324t, 325, 396t-397t
Straight-leg-raising test, 114, 114
Straight-line graph method for determining

leg length discrepancy, 1127—1129,
1128, 1130
Strawberry hemangiomas, 340
Strength training, 1276

Streptococcal infection
arthritis following, 436
bone and joint sepsis, 477
Stress fractures, 1277-1279
clinical presentation of, 1278
differential diagnosis of, 1278
radiographic features of, 1278
treatment of, 1278

sequence, 17, 1220

Subdural hematoma, 1423,
Subischial limb length, 38,
of boys, 37, 40
of girls, 37 40
Subtalar joint, 1152, 1409
arthrodesis of, 1153
in cavus foot deformity,
in clubfoot, 1153, 1154,

1428
39

1196, 1198
1156-1158

on computed tomography, 74
in congenital vertical talus, 1174
in flexible flatfoot, 1168-1170

malalignment of, 1152—1153
motions of, 1152
in tarsal coalition, 1185
Sulcus sign, 125-126, 126
Sulfasalazine, for juvenile idiopathic
arthritis, 451
Superficial peroneal nerve compression,
1285-1286

Superglycine syndrome, 192
Superior labrum anterior and posterior
(SLAP) lesion, 128
Supernumerary limbs, 10
Supracondylar fracture, 1339-1344, 1340
classification of, 1339-1340, 1341
complications of, 1343—1344
cubitus varus, 1344
nerve injury, 1340, 1343, 1344
vascular compromise, 1340, 1343,

1343
incidence of, 1338

mechanism of injury, 1339

treatment of, 1340-1343, 1342
Supraspinatus tendonitis, 126-127, 127
Swan-neck deformities, in cerebral palsy,
593, 843, 846
Sweating, 1275
Swimming, shoulder pain due to,
125-128, 125-128

Swing phase of gait cycle, 135, 135, 138,
138, 139t

ankle in, 140

hip in, 143
knee in, 142

Symbrachydactyly, 870-871
clinical features of, 870
treatment of, 871
treatment options for, 871

Syme amputation, for fibular deficiency,
1231-1232

Syndactyly of fingers, 17, 873-875,
873-875
classification of, 873

clinical features of, 873, 873-874
conditions associated with
constriction band syndrome, 18, 872,
872-873
Fanconi anemia, 380

Grieg cephalopolysyndactyly, 17
Klippel-Trenaunay syndrome, 343,

345

embryogenesis of, 873
radiographic features of, 874, 875

surgical treatment of, 874, 874-875
complications of, 875

Syndactyly of toes, 1190-1191
clinical features of, 1190, 1190
definition of, 1190
epidemiology of, 1190

components of, 1152

ulnar dysplasia, 868
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natural history of, 1190
treatment of, 1190
Syndromes, 287-288
Synostosis

congenital radioulnar, 855—858, 857
definition of, 17

elbow, 858
in fetal alcohol syndrome, 311
humeroradial, 858

ulnar dysplasia and, 866, 867, 868
teratogen-induced, 17
Synovectomy

hemophilia and, 412-413
for juvenile idiopathic arthritis, 452

Synovial
Synovial
Synovial
Synovial

cell sarcoma, 548-549, 550
chondromatosis, 549—551, 550
fluid analysis, 434, 468-469, 468t
joint development, 12

Synovitis

foreign body, 437
in hemophilia, 409, 411, 412
of hip, 111, 117
slipped capital femoral epiphysis and,
1001

transient, 435, 1044-1048
pigmented villonodular, 438, 551
Syphilis, congenital, 214, 215t, 1439
Syringomyelia

cleidocranial dysplasia and, 276, 277
scoliosis and, 684, 684
Systemic lupus erythematosus, 437

T-condylar fracture, 1344
Talar beak, dorsal, 1185-1186, 1186
Talar-tilt test, 128
Talipes equinovarus. See Clubfoot
Tall stature

Klinefelter syndrome and, 163
trisomy X and, 163
Talocalcaneal joint. See Subtalar joint

Talocalcaneonavicular joint, 1152, 1157
Talonavicular joint, 1152
in congenital vertical talus, 1174—1178
Talus, 1409
congenital vertical, 1152, 1174-1178

in flexible flatfoot, 1170
fractures of, 1409-1411

lateral process, 1410-1411
osteochondral, of talar dome,
1409-1410
talar neck, 1409, 1410
oblique, 1174
osteomyelitis of, 79
position in clubfoot, 1156-1158
Tanner-Whitehouse method for bone age
determination, 1123, 1123-1124
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Subject Index

Tarsal coalition, 74, 1182-1186
clinical features of, 1183, 1183-1184
conditions associated with, 1182
definition of, 1182
epidemiology of, 1182-1183
fibular deficiency and, 1230

anterior drawer, 1291, 1291, 1294
Apley, 123, 1296
Barlow, 103, 103, 913, 919
Coleman block, 116,116, 1196, 1197,
1197

in specific conditions
Diamond-Blackfan anemia, 380-381

diastrophic dysplasia, 258, 259
Fanconi anemia, 380

Larsen syndrome, 278

crank, 126

radial dysplasia, 861, 864

natural history of, 1185
nonoperative management of, 1185

Ely, 115-116, 116

Rubinstein-Taybi syndrome,

out-toeing and, 1062

fulcrum, 126

pain from, 1185
pathoanatomy of, 1185

Jack toe-raise, 1169, 1170, 1183

pathogenesis of, 1183
radiographic features of, 74, 1184, 1184,

Lachman, 124, 124, 1294

1185
surgical treatment of, 1185-1186

Ober, 115, 637, 1286, 1286

Tarsal fractures, 1408
Tarsal navicular

315-316,316

FABER, 112, 112

Jahnke, 126, 127

McMurray, 123, 1296

ulnar dysplasia, 866, 868

thumb-in-palm deformity
in arthrogryposis multiplex congenita,
853

in cerebral palsy, 592-593, 593, 843,
845

Ortolani, 103, 103, 906, 909, 913, 919

trigger thumbs/digits, 879-880

patellar apprehension, 123, 123

triphalangeal, 17, 885, 885-886

patellar inhibition, 122, 122

accessory, 1181-1182, 1182

classification of, 885

Phelps-Baker, 115

fragmentation of, 67

conditions associated with, 885

pivot-shift, 124, 1294

inherirance of, 885
treatment of, 885-886, 886

Kohler disease of, 1203-1205, 1204,
1409
ossification of, 1204
Tarsometatarsal joint injuries, 1411, 1413
Technetium-99m-labeled diphosphonates,
88, 513

prone Staheli, 114, 115
quadriceps active, 124, 124
relocation, 126

shoulder apprehension, 126, 126, 127
straight-leg-raising, 114, 114
talar-tilt, 128

Teeth. See Dental abnormalities
Telangiectasias, 340-341, 340t

Thomas, 114, 115

Telangiectatic osteosarcoma, 522

wake-up, 723

Tendinitis

Achilles, 1283

popliteus, 1283-1284, 1284
supraspinatus, 126-127, 127
Tendinosis, 1283
Tendon lacerations in hand, 894-895, 895
Tendon transfers

for brachial plexopathy, 849
for cavus foot deformity, 1199
for elbow flexion in arthrogryposis
multiplex congenita, 850-852
for pes cavovarus, 659
for poliomyelitis, 664
Tenosynovitis, 1283

Teratogens, 9, 171-173
alcohol, 17, 172

fetal alcohol syndrome and, 288, 310,
310-311

infections, 173

maternal diabetes mellitus, 173
neural tube defects due to, 22, 23
radiation, 173

retinoic acid, 15, 17, 21-23, 172
syndromes caused by, 288

synostoses due to, 17
thalidomide, 17, 172

warfarin, 172

Teratoma, sacrococcygeal, 22
Testicular interstitial cell-stimulating
hormone, 225

Testifying in child abuse cases, 1442-1443
Testosterone

bone formation and, 180
growth and, 227
Tests. See also Signs
Adams forward-bending, 114, 120,
120-121, 685, 686

Trendelenburg, 112, 112, 121
Wilson, 123

Tethered cord syndrome, 602, 605-606,
609
TFCC (triangular fibrocartilage complex)
tears, 892, 892-893, 893

Thalassemia, 389-391,391
Thalidomide, 17, 172
Thallium scans, 514

Thanatophoric dysplasia, 245, 279
Thigh-foot angle, 1060
Thomas test, 114, 115
Thoracic spine

fractures of, 1366-1368
growth in, 51, 51-52, 52

Thorax, growth of, 53
Thrombin, 408, 408
Thrombocytopenia with absent radius
syndrome, 381-383, 382, 382t,
861
Thrombocytopenic coagulopathy, 340
Thromboembolic disorders, type I

homocystinuria and, 221
Thumb, 879-886

duplication of, 881-885
classification of, 883, 883, 884
pathoanatomy of, 883

treatment of, 883-885, 884, 885
fractures of, 890, 890-891
hypoplasia/aplasia of, 880—881

classification of, 880, 880t
conditions associated with, 880
in constriction band syndrome, 873
pathoanatomy of, 880
treatment of, 880-881, 881

pollicization of index finger, 881,
882

Thyroid hormones
bone turnover and, 180

slipped capital femoral epiphysis and,
1002

Thyroid-stimulating hormone, 225, 226
Tibia
congenital anterolateral bowing

(pseudarthrosis) of, 1084-1091,

1085, 1114
amputation for, 1091

classification of, 1084, 1085t
in constriction band syndrome, 354
definition of, 1084
fibular deficiency and, 1229-1230,
1232

leg length discrepancy and, 1090
natural history of, 1084
nonoperative management of,
1084-1085
postoperative recurrence of, 1091,
1092

surgical treatment of, 1085-1091,
1086t, 1087-1090

congenital deficiency of, 1233-1237,
1234, 1235
bony overgrowth and, 1225, 1226

classification of, 1233-1235, 1234,
1235
clinical appearance of, 1234,
1235-1236

fibular dimelia and, 1235
incidence of, 1218

prosthetic management of, 1237
transtibial prosthesis, 1258-1260,
1259, 1260

radiographic appearance of, 1234,
1235
treatment of, 1236—1237
Brown procedure, 1234, 1236

congenital posterior medial bowing of,
1092-1095
assessment of, 1092-1093, 1093,
1094

Subject Index

definition of, 1092
differential diagnosis of, 1093

etiology of, 1098
examination for, 113—116, 114—116,

etiology of, 1092

1098-1099

Transforming growth factor-yS, 178t
fracture healing and, 1321
limb development and, 14

inheritance of, 1098

Transgenic animals, 29, 162

distal

natural history of, 1098

Transient quadriparesis, 829

ossification centers of, 1401
Poland's hump of, 66, 66
tibiofibular sprains, 1293
growth of, 55

nonoperative management of, 1099
surgical treatment of, 1099-1100

Transient synovitis of hip, 435,

treatment of, 1093-1095, 1094, 1095

length including epiphyses, 1223t, 1224t
medial tibial stress syndrome,

1284-1285
metaphyseal-diaphyseal angle of, 1066,
1067, 1068
normal age-related irregularity of
tubercule of, 65
in Osgood-Schlatter disease, 1280-1281,
1281

ossification of, 65
osteofibrous dysplasia of, 536-537, 537
proximal

chondromyxofibroma of, 531, 531
osteosarcoma of, 521, 521, 522, 526
shortening of, for leg length discrepancy,
1134

torsion of 72-74, 1062, 1062

correction of excess internal or
external rotation, 1063—1064
external, in spastic diplegia, 587
Tibial fractures, 1396-1401
distal, 1401-1407, 1403, 1404
physeal arrest after, 1325

Tillaux fracture, 71, 1401, 1405,
1405-1406
triplane fracture, 1401, 1406,
1406-1408
metaphyseal, 1430, 1434
myelomeningocele and, 629
overgrowth after, 1118

proximal epiphysis, 1396—1397, 1397,
1398

proximal metaphysis, 1397-1398, 1399
shaft, 1398-1401
nondisplaced, 1400
oblique or spiral, 1400, 1400, 1401
open, 1401

"toddler's fracture," 1400, 1436, 1436
transverse and comminuted displaced,
1400-1401
stress, 1278-1279

tibial spine, 1390-1393, 1393
tibial tubercle, 1393-1394, 1394, 1395
Tibio-femoral angle, 1065
Tillaux fracture, 71, 1401, 1405,
1405-1406
Tinel sign, 547
Toddlers and preschool children
examination of, 100-101, 104-116
growth of, 40-41
maturation of gait, 144—145
"Toddler's fracture," 1400, 1436, 1436
Toe walking, idiopathic, 1098-1100
clinical features of, 1098, 1099
definition of, 1098
differential diagnosis of, 1098

Toes

apophysitis of fifth metatarsal, 1282
congenital hallux varus, 1186-1188,
1187, 1188

congenital overriding fifth toe,
1178-1180, 1179

curly, 1180, 1180-1181
Freiberg infraction, 1205-1206, 1206
juvenile hallux valgus, 1200,
1200-1203, 1201, 1203
macrodacryly, 1191-1192, 1191

metatarsal fractures, 1411-1412, 1413
phalangeal fractures, 1412-1414
polydactyly/syndactyly, 1188-1190,
1189-1190

in Rubinstein-Taybi syndrome, 315, 316

syndactyly, 1190-1191, 1190
Tolmetin, 1277
Tomography
computed (See Computed tomography)
conventional, 71

Tonic neck reflex, 106-107, 107, 107t
Torticollis, 804-814
congenital muscular, 811-813
clinical features of, 812
etiology of, 811-812
radiographic features of, 812
stretching exercises for, 812
surgery for, 812-813, 813
developmental dysplasia of hip and, 103
neurogenic, 813-814
osseous types of, 804—811
atlantoaxial rotary displacement,
808-811, 809-811

atlantooccipital anomalies, 805—807,
806

basilar impression, 804-805, 805
familial cervical dysplasia, 808, 808

unilateral absence of Cl, 807,
807-808

paroxysmal, of infancy, 814
in Sandifer syndrome, 814
Total joint arthroplasty
of hip, for slipped capital femoral
epiphysis, 1024-1025
for juvenile idiopathic arthritis, 452—453
Trabecular bone, in rickets, 1 87, 188
Traction

for congenital knee dislocation, 1096
for femoral shaft fracture, 1383, 1385
prereduction, for developmental dysplasia
of hip, 928-929, 930
complications of, 929-930
for supracondylar fracture, 1341
for transient synovitis of hip, 1048
Transcription, RNA processing and, 159
Transcription factors, 8, 29
engrailed-1, 13
p53 protein, 509
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1044-1048
age at onset of, 1045-1046
clinical presentation of, 1045—1046
coxa magna and, 1047
differential diagnosis of, 1046

etiology of, 1045
allergic hypersensitivity, 1045
infection, 1045
obesity, 1045
trauma, 1045
historical descriptions of, 1044-1045
incidence of, 1045
Legg-Calve-Perthes syndrome and, 959,
1048

natural history of, 1047-1048
pain of, 1044, 1046
radiographic features of, 1046—1047
scintigraphy, 1046-1047

ultrasound, 1046, 1047
treatment of, 1048
Translation of DNA, 159-160
Translocations, chromosomal, 508
Transtarsal joints, 1152
Transtrochanteric rorational osteotomy, for
slipped capital femoral epiphysis,
1020

Transverse atlantoaxial ligament, 801
atlantoaxial rotary displacement and, 811

rupture of 801, 824
Trauma. See also Dislocation; Fractures;
specific injuries
amputations due to, 1255

ankle, 1290-1293, 1401-1407
anterolateral ankle impingement, 1293
distal tibiofibular sprains, 1293

fractures, 1401-1407
high-risk, 1403-1405, 1404
low-risk, 1402, 1403
Tillaux fracture, 71, 1401, 1405,
1405-1406
triplane fracture, 1401, 1406,
1406-1408
sprains, 128, 128-129, 1290-1292,

1291

bone and joint sepsis and, 461
cervical spine, 822-830

in battered children, 829
birth injuries, 829

of C3-7, 827, 827, 828
car seat injuries, 829-830, 830

gunshot wounds, 830
of occipital complex to Cl—2
complex, 823-827
spinal cord injury without
radiographic abnormality, 827-829

child abuse, 1423-1443
computed tomography evaluation of, 71
differentiation from osteomyelitis, 474
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Trauma (contd.)
elbow, 118-119, 1338-1355

dislocation, 1352-1354
fracture-separation of distal humeral
physis, 1349-1350, 1350
lateral condyle fracture, 1344-1348,
1345-1348
lateral epicondyle fracture, 1348
medial condyle fracture, 1349
medial epicondyle fracture,

1348-1349, 1349
olecranon fracture, 1352, 1352, 1353

radial head dislocation and
nursemaid's elbow, 1354,

1354-1355, 1355
radial neck fracture, 1350-1352, 1351

supracondylar fracture, 1339-1344,
1340-1344

T-condylar fracture, 1344
femoral fractures, 1373-1389
complex, 1387-1388

proximal, 1373-1379

shaft, 1379-1387
subtrochanteric, 1388

foot fractures, 1408-1414
calcaneus, 1411, 1412
metatarsals, 1411-1412, 1413
midfoot, 1411
phalanges, 1412-1414
talus, 1409-1411, 1410
forearm, 1355-1364
complete shaft fractures, 1359-1363,
1360-1363
Galeazzi fracture-dislocation, 1357
green-stick fractures, 1358—1359,
1359
Monteggia fracture-dislocation, 1356,
1356-1358

plastic deformation, 1357
fractures, 1319-1414
hip fractures, 1373-1379
humerus fractures, 1335-1337
birth injury, 109, 1332

distal, 118-119
physeal fracture-separation, 1345,
1346, 1349-1350, 1350
supracondylar fracture, 1339-1344,
1340-1344

proximal, 1335, 1336, 1337
shaft, 1335-1337
initial evaluation and management of,
1327

Glasgow Coma Scale, 1327, 1327t
Pediatric Trauma Score, 1327, 1328t
knee, 1293-1297, 1389-1396
anterior cruciate ligament injuries,
1294-1296
collateral ligament injuries,

1293-1294, 1294
distal femoral physeal separations,
1389-1390, 1390-1392

meniscal tears, 1296-1297, 1297
patellar fracture, 1394-1396,
1395-1396
posterior cruciate ligament injuries,
1296

tibial spine fracture, 1390—1393,
1393

tibial tubercle fracture, 1393-1394,
1394, 1395

kyphosis caused by, 766—767
leg length discrepancy and, 1114-1116,
1115, 1116, 1118
limp after falling, 110-111

myositis ossificans and, 218, 366-368
pelvic fractures, 1369-1371, 1370
acetabulum, 1370-1371
avulsion, 1298, 1298

pelvic ring, 1370, 1371
periosteal reaction and, 215t
puncture wounds of foot, 494-496, 495
quadriceps contusion, 1297-1298

reflex sympathetic dystrophy and,
370-372

shoulder, 1332-1335
acromioclavicular separation, 1334
birth injuries of, 1332
clavicular fractures, 1332-1334, 1333,
1334
dislocation, 1335
proximal humerus fractures, 1335,
1336, 1337

scapular fractures, 1334-1335
slipped capital femoral epiphysis and,
1001

spinal, sports-related, 1298-1299
spondylolysis, spondylolisthesis and, 780
sports-related, 1289-1299

thoracic and lumbar spine fractures,
1366-1368
burst fractures, 1368
compression fractures, 1367—1368,
1368
lapbelt (Chance) fractures, 1368, 1369
limbus (apophyseal) fracture, 1368

tibial fractures, 1396-1401
proximal epiphysis, 1396-1397, 1397,
1398

proximal metaphysis, 1397—1398,

Trichorhinophalangeal syndrome, 323,
323-324, 324
Trigger thumbs/digits, 879-880
diagnosis of, 879
etiology of, 879
treatment of, 879-880
Trimethoprim-sulfamethoxazole, 479t
Triphalangeal thumb, 17, 885, 885-886
classification of, 885
conditions associated with, 885
inheritance of, 885
treatment of, 885-886, 886
Triplane fracture, 1401, 1406, 1406-1408
Triple arthrodesis, 1153
for pes cavovarus, 660—661, 661
Triplegia, cerebral palsy and, 566
Trisomies, 162
Trisomy 21. See Down syndrome
Trisomy X, 163
Trousseau sign, 201

TRSP1 gene, trichorhinophalangeal
syndrome and, 323
Trunk, in gait cycle, 142

Tuberculosis
in cervical spine, 832-833
kyphosis and, 768
rickets and, 192
skeletal, 497-500, 498, 499
treatment of, 498-500
Tumor suppressor genes, 508—509

Tumoral calcinosis, 217—218

Tumors, 507-551. See also specific types
arthritis and, 417, 438
Beckwith-Weidemann syndrome and,
321

biopsy of, 517-518

bone cysts, 538-542
aneurysmal, 540-542, 541, 542
unicameral, 538-540, 540
bone-forming, 518-527
osteoblastoma, 520—521
osteoid osteoma, 514, 515, 518-520,
519, 520
osteosarcoma, 84, 89, 521-523,

1399
shaft, 1398-1401, 1400, 1401
transient synovitis of hip and, 1045

521-527, 525
brown, in renal osteodystrophy, 196,

upper limb, 886-895 (See also Upper

cartilaginous, 528-534
chondroblastoma, 531-532, 532, 533
chondromyxofibroma, 531, 531
enchondroma, 528-529, 529

limb trauma)
wrist, 891-893, 1364-1366
differentiation from atraumatic
ligamentous instability, 891-892

distal metaphyseal fractures of radius
and ulna, 1364-1365, 1364-1366
distal radius physeal fracture,
1365-1366

scaphoid fracture, 891, 891
scapholunate ligamentous injuries, 892
triangular fibrocaruilage complex tears,
892, 892-893, 893
Trendelenburg gait, 121
cleidocranial dysplasia and, 276
Legg-Calve-Perthes disease and, 117
Trendelenburg test, 112, 112, 121

Triangular fibrocartilage complex (TFCC)
tears, 892, 892-893, 893

197

exostosis, 529-531, 530

periosteal chondroma, 532-534, 534
of cervical spine, 833-835
chemotherapy for, 527-528
multidrug resistance and, 510
differentiation from osteomyelitis, 474
evaluation for, 510—515
chief complaint, 510-511
computed tomography, 514, 515
laboratory testing, 513
magnetic resonance imaging, 83, 84,

514-515
medical history, 511
physical examination, 512
plain radiographs, 512-513

Subject Index

radionuclide scans, 89, 513-514, 514
review of systems, 511-512
Ewing sarcoma/peripheral
neuroectodermal tumor, 542—544,
543
Fanconi anemia and, 380

hypercalcemia and, 193, 202
idiopathic hemihypertropliy and,
349-350

Langerhans cell histiocytosis, 402-407,
403-407, 537-538, 538, 539
leg length discrepancy and, 1117
lesions of fibrous origin, 534—537
fibrous dysplasia, 535-536, 536
nonossifying fibroma, 534, 534-535,
535

osteofibrous dysplasia, 536-537, 537
McKusick-type metaphyseal

chondrodysplasia and, 272
molecular biology of, 170, 507-510,
5O8t

neurofibromatosis and, 293-294
pain of, 510-511
periosteal reaction and, 214, 215t
rickets and, 193
soft tissue, 544-551
benign tumors of nerve origin,
546-548, 547
fibromatoses, 545-546, 546
hemangioma, 339-340, 544-545,
545
pigmented villonodular synovitis, 438,
551

rhabdomyosarcoma, 548, 549t
synovial cell sarcoma, 548—549, 550

synovial chondromatosis, 549-551,
550

staging of, 515-516, 516t
vascular, 339-340
Turner syndrome, 225, 228, 318

chromosome abnormality in, 163, 318
clinical features of, 318
clinodactyly and, 871
Duchenne muscular dystrophy and, 637
hemihypotrophy in, 348t, 350
Madelung deformity and, 868
treatment of, 318
Twinning, 3

u

Ulcerative colitis, rickets and, 192
Ulna

bowing of, related to radial dysplasia,
861, 862

Caffey disease and, 216
congenital pseudarthrosis of, 860,
860-861
congenital radioulnar synostosis,
855-858, 857
deficiency of, 868

dysplasia of, 865-868, 867, 868

conditions associated with, 865
congenital humeroulnar dislocation
and, 855
fractures of, 1357-1365
complete shaft, 1359-1363, 1362,
1363
distal metaphyseal, 1364-1365, 1365,
1366

green-stick, 1358, 1358-1359,
1360-1361

plastic deformation, 1357, 1359
osteochondromatosis and, 858-860, 859
Ulnar dimelia, 855
Ulnar nerve block, 1331
Ulnar nerve testing, 119
Ulnohumeral joint, 1338
Ulnotrochlear joint dislocation, congenital,
854-855
Ulnotrochlear synostosis, 858
Ultrasonography, 63, 74-78
advantages of, 74
applications of, 77
cost of, 85t
Doppler, 74

mechanisms of contrast on, 74
normal hip anatomy on, 74-75, 75, 77
for prenatal diagnosis, 174
quantitative, 90

in specific conditions
bone and joint sepsis, 473
clubfoot, 1156, 1156
congenital kyphosis, 747

developmental dysplasia of hip, 75,
76 11, 915-916,917,918
slipped capital femoral epiphysis, 1006
transient synovitis of hip, 1046, 1047
trends in utilization of, 11

Umbauzonen (Looser lines), 187, 190, 190
Unicameral bone cysts, 538—540, 540
Uniparental disomy, 171

Upper limb, 841-895
arm span measurement, 38

arthrogryposis multiplex congenita and,
298-299, 850-853

brachial plexopathy and, 846-850
cerebral palsy and, 590-593, 842-846
congenital deficiencies of, 842,
1246-1253
amelia, 1248, 1249
classification of, 842

incidence of, 842, 1218
lower limb deficiencies and,
1253-1254, 1254
pathogenesis of, 842
phocomelia, 1248-1250, 1249
prosthetic management for, 1247,
1251-1253, 1253

classification of, 865-866, 867
clinical features of, 865-866
natural history of, 866

terminal devices, 1264-1265, 1265
terminal transverse transcarpal
deficiency, 1250-1251, 1251
transverse complete humeral
deficiency, 1250

nonoperative treatment of, 866

transverse incomplete forearm

surgical treatment of, 866-868

deficiency, 1250, 1251
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elbow and forearm region, 853—861
congenital humeroulnar dislocations,

854-855
congenital radial head dislocations,
853-854, 854
congenital radioulnar synostosis,
855-858, 857

elbow synostosis, 858
osteochondromatosis, 858-860, 859
pseudoarthrosis, 860, 860-861
embryology of, 842
examination for paralysis in infant,
109-110

in gait cycle, 142

growth of, 58, 58
hand region, 870-879
camptodactyly, 877-879, 878
cleft hand, 870-871, 871
clinodactyly, 879
constriction band syndrome, 872,
872-873
polydactyly, 876, 876-877, 877

symbrachydactyly, 870-871
syndactyly, 873-875, 873-875
in other conditions
Cornelia de Lange syndrome, 313,
314

Duchenne muscular dystrophy, 641
hereditary motor sensory neuropathies,
662

poliomyelitis, 665

thtombocytopenia with absent radius
syndrome, 382, 382t
thumb conditions, 879-886
hypoplasia/aplasia of thumb,
880-881, 880t, 881, 882

thumb duplication, 881-885,
883-885
trigger thumbs/digits, 879-880

triphalangeal thumbs, 885, 885-886,
886
wrist region, 861-870

Madelung deformity, 868-870, 869

radial dysplasia, 861-865, 862, 863,
865
ulnar dysplasia, 865-868, 867, 868
Upper limb trauma, 886-895, 1332-1366
elbow, 118-119, 1338-1355
dislocation, 1352—1354

fracture-separation of distal humeral
physis, 1349-1350, 1350
lateral condyle fracture, 1344-1348,
1345-1348
lateral epicondyle fracture, 1348
medial condyle fracture, 1349
medial epicondyle fracture,

1348-1349, 1349
olecranon fracture, 1352, 1352, 1353
radial head dislocation and
nursemaid's elbow, 1354,
1354-1355, 1355
radial neck fracture, 1350-1352, 1351
supracondylar fracture, 1339—1344,
1340-1344
T-condylar fracture, 1344
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Upper limb trauma (contd.)
forearm, 1355-1364

complete shaft fractures, 1359-1363,
1360-1363
Galeazzi fracture-dislocation, 1357

green-stick fractures, 1358-1359,
1359

Monteggia fracture-dislocation, 1356,
1356-1358

plastic deformation, 1357
hand, 886-891
digital amputations, 895, 895, 896
distal phalanx injuries, 887-888
mallet fingers, 888
physeal fractures and nail-bed
entrapment, 887-888
tip amputations, 887

hemihypertrophy and
hemihypotrophy, 347—350, 348t,

spondyloepiphyseal dysplasia, 263,

349
Klippel-Trenaunay syndrome, 340,

tuberculosis, 497, 499

340t, 341,343-345, 344
localized gigantism and macrodactyly,
350-352, 351

Proteus syndrome, 345-346, 346

Vascular tumors, 339-340, 544-545, 545
Vasculature
development of, 11 — 12

congenital anomalies associated with
abnormalities in, 17—18

of growth plate, 27, 179, 1323
of proximal femur, 77, 77, 959-960,
960, 1374, 1374
Vasculitis, arthritis and, 437

finger dislocations, 893-894

VATER association, 321-322

metacarpal fractures, 889-890

Venous malformations, 340, 341, 342
Ventriculomegaly

phalanx fractures, 888-889
intercondylar fractures, 886,
888-889, 889

phalangeal neck fractures, 888
physeal fractures, 889

tendon lacerations, 894-895, 895
thumb fractures, 890, 890-891
shoulder and humerus, 1332-1337
acromioclavicular separation, 1334
birth injuries, 1332

clavicle fractures, 1332-1334, 1333,
1334

glenohumeral dislocation, 1335

humeral shaft fracture, 1335-1337
proximal humerus fractures, 1335,
1336, 1337
scapular fracture, 1334—1335

achondroplasia and, 248

metatropic dysplasia and, 256
Versed. See Midazolam
Vertebral abnormalities
cervical (See Cervical spine)
on computed tomography, 72
conditions associated with
chondrodysplasia punctata, 271, 271
congenital kyphosis, 744-745, 745,
745t
congenital scoliosis, 725-726,
lib-Ill

diastrophic dysplasia, 258, 259, 260
Gaucher disease, 401, 401
Goldenhar syndrome, 322, 311-313

differentiation from atraumatic

hemangioma, 545, 545
homocystinuria type I, 221
idiopathic juvenile osteoporosis, 211,

ligamentous instability, 891-892
distal metaphyseal fractures of radius

211, 168-169, 769
Kneist dysplasia, 262

and ulna, 1364-1365, 1364-1366
distal radius physeal fracture,

Langerhans cell histiocytosis,

wrist, 891-893, 1364-1366

1365-1366 '

403-405, 537
Larsen syndrome, 278, 278, 301

scaphoid fracture, 891, 891

metatropic dysplasia, 256

scapholunate ligamentous injuries, 892

Morquio syndrome, 326, 327

triangular fibrocartilage complex tears,

multiple epiphyseal dysplasia, 270
multiple pterygium syndrome, 304,

892, 892-893, 893
Uveitis, oligoarthritis and, 444, 444

304

myelomeningocele, 608—616

neurofibromatosis, 292
VACTERLS, 321-322, 861

Noonan syndrome, 319

Valproic acid, 23

osteogenesis imperfecta, 205, 207

van der Hoeve disease, 205

osteopetrosis, 213

van Nes rotationplasty, for proximal

progeria, 317

femoral focal deficiency,
1243-1244, 1245

progressive anterior vertebral fusion,

749-750

Vancomycin, 479t

Proteus syndrome, 295

Varus osteotomy, for Legg-Calve-Perthes
syndrome, 987-988
Vascular accident hypothesis, 17-18
Vascular malformations, 340-343, 342

pseudoachondroplasia, 268, 268
rickets, 187
sacral agenesis, 749

complex-combined, 343-355
congenital constriction band

syndrome, 17, 18, 352-355, 353
Gorham disease, 346—347, 347

Scheuermannn disease, 750, 750
segmental spinal dysgenesis, 749
sickle cell disease, 385, 385
skeletal dysplasia, 245, 246
spinal osteoid osteoma, 518, 520

264, 266
VACTERLS, 321

development of, 21-22

glucocorticoid-related, 228, 228
on magnetic resonance imaging, 82

number variations, 21
spondylolysis and spondylolisthesis,
777-794
Vertebral bars, 21, 22

congenital scoliosis and, 725, 726
myelomeningocele and, 608
Vertebral column
development of, 18-22, 19-20
cervical vertebrae, 799-800
growth in, 50-53, 51, 52
cervical spine, 50-51, 800
lumbar spine, 52-53
radiation effects on, 760-761
thoracic spine, 51, 51-52, 52
Vertebral fractures
in acute lymphoblastic leukemia, 417,
417
cervical, 823-827
atlas, 824

C3-7, 827, 827, 828
odontoid, 824-827, 826
due to child abuse, 1432-1435, 1433,
1435
thoracolumbar, 1366-1368
anatomy and classification of, 1367

burst fractures, 1368
clinical features of, 1366-1367
complications of, 1368
compression fractutes, 1367-1368,
1368

lapbelt (Chance) fractures, 1368, 1369
limbus (apophyseal) fracture, 1368
Vertical talus, congenital, 1152,
1174-1178
clinical features of, 1174, 1174
definition of, 1174
epidemiology of, 1174

in multiple pterygium syndrome, 304
natural history of, 1176
nonoperative management of, 1176
oblique talus and, 1174
pathoanatomy of, 1175—1176
pathogencsis of, 117A

radiographic features of, 1174-1175,
1175
surgical treatment of, 1176-1178, 1177
Vinblastine, 22
Vincristine, 528

Vitamin A overdose, 215t, 216

Vitamin C deficiency, 216-217, 217
Vitamin D, 180-181

calcium homeostasis and, 182-184,
182-184
for hypoparathyroidism, 201
for hypophosphatasia, 200
overdose of, 202
Vitamin D-deficient rickets, 191, 191-193
Volkmann ischemic contracture, 119, 414,
414

Subject Index

von Recklinghausen disease. See
Neurofibromatosis, type 1
Von Rosen projection, 70

Voorhoeve disease, 359, 360
Vrolik disease, 205
w

Wagner leg lengthening device,
1137-1138, 1138

Wake-up test, after scoliosis surgery, 723
Walking. See also Gait
average age for, 567t

Duchenne muscular dystrophy and, 637
idiopathic toe walking, 113-116,
114-116, 1098-1100, 1099
myelomeningocele and, 607-608
persistence of primitive reflexes and
prognosis for, 108-109, 109t
refusal to walk
in acute lymphoblastic leukemia, 417

evaluation in toddler, 111-113, 112,
113

spastic diplegia and, 577-578, 577t
spastic hemiplegia and, 589
spastic quadriplegia and, 569
Warfarin, 172
WeeFIM, 569

Weight, 38-40, 43
of paralytic child, 58
Weight training, 1276

Werdnig-Hoffman disease, 652. See also
Spinal muscular atrophy

Wheelchair use

for Duchenne muscular dystrophy, 643
for spastic quadriplegia, 569, 569-570
"Whistling face," in Freeman-Sheldon
syndrome, 302, 303
White lines of Fraenkel, 217, 217
Williams syndrome, 202

Wilmington brace, 699
Wilms tumor, 761

Beckwith-Weidemann syndrome and,
321

leg length discrepancy and, 1117
Wilson test, 123

Wimberger sign, 217
Wnt-7a, 16

Wolffs law, 180, 204
Wolman disease, 398t
Wrist

disuse atrophy of, 212
in specific conditions
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differentiation from atraumatic
ligamentous instability, 891-892
distal metaphyseal fractures of radius
and ulna, 1364-1365, 1364-1366
distal radius physeal fracture,

1365-1366 '

scaphoid fracture, 891, 891
scapholunate ligamentous injuries, 892
rriangular fibrocartilage complex tears,
892, 892-893, 893
Wry neck. See Torticollis

X chromosome, 158, 158
X-linked disorders, 168, 168-169
agammaglobulinemia, 394
atypical, 169
dominant, 168—169
Lyon hypothesis of, 168
recessive, 169

arthrogryposis multiplex congenita,
850-853
cerebral palsy, 592, 592, 843, 845

chondroectodermal dysplasia, 257
Madelung deformity, 868-870, 869
radial dysplasia, 861-865, 862, 863,
865
ulnar dysplasia, 865-868, 867, 868
terminal transverse transcarpal deficiency,
1250-1251, 1251

traumatic injuries of, 891—893,
1364-1366

Y chromosome, 158, 158

Z-foot deformity, in Proteus syndrome,
295

Zonal phenomenon, in myositis ossificans,
367
Zone of polarizing activity, 11, 14-16, 15,
29

Zygosyndactyly, 1190, 1190
Zygote, 2-5
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