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The Pelvis and Acetabulum
PELVIC AND ACETABULAR FRACTURES

Pelvic and acetabular fractures are much less common in
children than in adults and are most often due to high-
energy trauma., It is vitally important for the person evaluat-
ing a child with a pelvic fracture to investigate other organ
systems for potentially life-threatening injuries, including
the vascular, genitourinary, and neurologic systems. Treat-
ment is most often nonoperative owing to the elastic nature
of the child’s pelvis and the surrounding soft tissue. Opera-
tive treatment usually consists of internal fixation, external
fixation, or a combination of both.

Anatomy. The pelvis is formed from three primary centers
of ossification—the ischium, ilium, and pubis—and also
includes the sacrum. The three centers of ossification join
at the triradiate cartilage, which fuses at 16 to 18 years of
age (Fig. 42—1).* At the inferior pubic rami, fusion of the
ischium and pubis takes place at age 6 to 7 years.

The secondary centers of ossification are the iliac crests,
which appear at 13 to 15 years of age and fuse at 15 to 17
years, and the ischial apophyses, which appear later, at 15
to 17 years, and fuse at 17 to 19 years.* Other secondary
centers of ossification include the anterior-inferior iliac
spine, the pubic tubercle, the angle of the pubis, the ischial
spine, and the lateral wing of the sacrum.

The stability of the sacroiliac joint is due to the strong
anterior and posterior ligamentous structures. The anterior
ligamentous structures are weaker than those posteriorly
and are composed of a flat ligament running from the ilium
to the sacrum. Posteriorly there are short and long ligaments:
the short posterior ligaments travel obliquely from the poste-
rior ridge of the sacrum to the posterosuperior and poste-
roinferior spines of the ilium; the long posterior ligaments
are longitudinal fibers running from the lateral sacrum to
the posterosuperior iliac spines. These then merge with the
sacral tuberous ligament and are the major stabilizing liga-
ments of the sacroiliac joint.

The development and growth of the acetabulum in chil-
dren has been described in a classic article by Ponseti.?®
The acetabulum in childhood is composed of growth plate
cartilage of the ilium, ischium, and pubis, peripheral articu-
lar cartilage, and hyaline cartilage (Fig. 42-2). Growth of
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FIGURE 42-1 TLateral view of the pelvis demonstrating the relationship
of the ilium, pubic bone, and ischium and their junction at the triradi-
ate cartilage.

the acetabulum occurs from interstitial growth within the
triradiate aspect of the cartilage complex, causing the hip
joint to expand. The presence of the femoral head within
the acetabulum promotes the development of the concavity
of the acetabulum. The depth increases as a result of intersti-
tial growth in the acetabular cartilage, appositional growth
at the periphery, and periosteal new bone formation at the
acetabular margin. Secondary centers of ossification appear
at puberty and include the os acetabuli (epiphysis of the
pubis), forming the anterior wall; the acetabular epiphysis
(epiphysis of the ilium), forming the superior wall; and the
seldom seen epiphysis of the ilium. These secondary centers
of ossification appear at approximately 8 to 9 years of age
and unite at approximately 18 years of age.

Ligamentous structures connect various portions of the
pelvic ring to provide stability (Fig. 42-3). The sacrotuber-
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FIGURE 42-2 Diagram of the triradiate cartilage demonstrating the sites
occupied by the iliac, ischial, and pubic bones. (From Ponseti IV: Growth
and development of the acetabulum in the normal child. ] Bone Joint Surg
1978;60-A:575-585.)

ous ligament connects the posterolateral aspect of the sacrum
and the dorsal aspect of the posterior iliac spine to the ischial
tuberosity. The sacrospinous ligament connects the lateral
aspect of the sacrum and coccyx to the sacrotuberous liga-
ment and inserts on the ischial spine. In addition to the
ligamentous connections within the pelvis, there are numer-
ous connections between the pelvis and the spine. The ilio-
lumbar ligaments bridge the transverse processes of L4 and
L5 to the posterior iliac crest. The lumbosacral ligaments run
from the transverse process of L5 to the ala of the sacrum.

Pelvic and acetabular injuries differ from those same
structures in adults in several ways. Owing to the presence
of various apophyses, avulsion injuries occur in children.
In addition, growth plate injuries may occur, especially in
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the acetabulum, and can lead to a dysplastic acetabulum or
leg length discrepancy.® Also, the child’s pelvis is more elastic
because of the mechanical properties of children’s bone and
the presence of more cartilaginous structures; consequently,
after a significant pelvic injury, radiographs may show only
a single innocuous-appearing fracture.

Other organ systems that lie adjacent to or within the

pelvis include the nervous, genitourinary, and vascular sys-
tems. The lumbosacral coccygeal plexus enters the pelvis
and is composed of the anterior rami of T12 through S4.
The sciatic nerve exits the pelvis from beneath the piriformis
muscle and enters the greater sciatic notch (Fig. 42-4).
Major vascular channels lie on the inner wall of the pelvis.
The common iliac vessel divides, giving off the internal iliac
artery, which lies over the pelvic brim, and the superior
gluteal artery, which crosses over the anteroinferior portion
of the sacroiliac joint to exit the greater sciatic notch, where
it lies directly on bone. The bladder and urethra are the
structures of the urinary system that are most often injured
following a pelvic fracture. The bladder lies superior to the
pelvic floor and the urethra passes through the prostate in
males to exit the pelvic floor. The membranous urethra is
the initial portion, at the upper surface (followed by the
bulbous portion, below the pelvic floor), and is the portion
most often injured.
Classification. Several classification systems exist for pelvic
fractures in adults.*!#%**4 These classifications are based
on the anatomic site of the fracture,"* the mechanism of
injury,” and the mechanism and stability of the pelvic frac-
ture.®” The two most common classification systems uti-
lized are those of Young and Burgess (Fig. 42—5)* and Tile
and Pennel (Fig. 42—6).2

The Young and Burgess classification is based on the
direction of the offending force: anteroposterior compres-
sion, lateral compression, and the vertically unstable or
shear-type injury. The Tile and Pennal classification is simi-
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FIGURE 42-3 Ligamentous structures that provide stability to the pelvic ring. A, Lateral view of the sacrospinous
and sacrotuberous ligaments. B, AP view of the sacrospinous and sacrotuberous ligaments. Posterior ligamentous
structures include the strong posterior sacroiliac ligament and iliolumbar ligaments and the weaker anterior sacroil-

iac ligaments.
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FIGURE42-4 Internal view of the pelvis showing the
relationship of the great vessels, lumbosacral plexus, Bladder
bladder, and ureters.

FIGURE 42-5 Young and Burgess’s classification of pelvic fractures. A, Lateral compression force. Type I: The
posterolateral force results in a sacral and pubic ramus fracture. Type II: The anterolateral force results in an additional
iliac wing fracture. Type III: Further force creates an opening injury to the contralateral pelvis with disruption of the
sacrospinous, sacrotuberous, and anterior sacroiliac ligaments. B, Anteroposterior compression force. Type I: Disruption
of the symphysis pubis. Type II: Disruption of the anterior ligaments. Type III: Disruption of the posterior ligaments.
C, Vertically directed force creating fractures in the rami and disruption of the sacrospinous joint.
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FIGURE 42—-6 Tile and Pennel’s classification of pelvic fractures. Stable fractures that do not involve the pelvic ring
are not shown. A to C are the rotationally unstable but vertically stable fractures. A, External rotation or “open-book”
fractures. B, Internal rotation or lateral compression injuries with ipsilateral injury only. C, Lateral compression injuries
with contralateral fracture. D, Vertically and rotationally unstable fractures of the pelvis.

lar in determining the mechanism of injury and the stability
of the pelvis, and aids in treatment planning. Three major
categories of fractures exist. The type A fracture is stable
and includes avulsion injuries, minimally displaced frac-
tures, and transverse fractures of the sacrum and coccyx;
type B fractures include the rotationally unstable but verti-
cally and posteriorly stable fractures; and type C fractures
are severe fractures with rotational, posterior, and vertical
instability (Fig. 42—6).

Because of the differences in anatomy and fracture pat-
terns in children and adolescents, separate classifications for
pediatric pelvic fractures have been developed.****# Quinby
divided patients into three categories based on associated
injuries: group I, patients needing laparotomy; group II,

those not needing laparotomy; and group III, patients with
an associated severe vascular injury.” This classification has
little utility today because of the lower incidence of laparot-
omy in the pediatric population, but it does illustrate the
high prevalence of visceral and vascular injuries in associa-
tion with pelvic fractures in children. Watts divided pelvic
fractures according to the radiographic findings: group I,
avulsion injuries, usually of the anterior superior or inferior
iliac spine and the ischial tuberosity; group 11, fractures of
the pelvic ring, both stable and unstable; group III, acetabu-
lar fractures.”

We prefer the more recent classification scheme described
by Torode and Zieg, which is a four-part classification based
on the radiographic examination findings: type I, avulsion



FIGURE 42-7 Torode and Zieg’s classification of pel-
vic fractures. A, Type I: Avulsion fractures. B, Type II:
Iliac wing fractures. C, Type III: Simple ring fractures.
D, Type IV: Ring disruption fractures.

fractures; type 11, iliac wing fractures; type III, simple pelvic
ring fractures; and type IV, ring disruption fractures that
are unstable (Fig. 42—7).* This classification scheme corre-
lates well with fracture outcome and the type of treatment
required. Type I injuries were treated symptomatically with-
out admission to the hospital, type II and III injuries re-
quired admission to the hospital primarily for observation
of associated injuries, and type IV injuries required more
aggressive management, including operative intervention,
and had a higher complication rate,

Acetabular fractures in adults are best classified according
to the original descriptions by Letournel.*~** This classifica-
tion scheme is based on five primary simple fracture patterns
and five associated fracture types, which in turn are based
on the simple fracture patterns.

Acetabular fractures in children are best classified into
four types:*

Type I: Small fragment fractures that occur with disloca-

tion of the hip

Type II: Linear fractures that result in one or more large,

stable fragments

Type III: Linear fractures that result in hip instability

Type IV: Fractures that are secondary to central disloca-

tions of the hip

Mechanism of Injury. Motor vehicle accidents account for
75 to 90 percent of all pelvic fractures in children.**#4
Differing from adults who sustain pelvic fractures, in which
case the patient is typically the occupant of the vehicle, the
child with a pelvic fracture is most often a pedestrian who
has been struck by a motor vehicle; this mechanism of injury
accounts for up to 75 percent of pelvic fractures in children.*
Many of these children have not only been struck but also
directly run over by the vehicle. Quinby described 20 chil-
dren with pelvic fractures, 19 of whom were pedestrians
struck by a vehicle; eight of those were also directly run
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over.”® Other causes of pelvic fractures in children include
falls from a height (8 to 10 percent), bicycle or motorcycle
injuries (5 to 8 percent), and sporting injuries (3 to 5
percent). 4

Avulsion injuries are produced from milder trauma than
pelvic ring fractures. The majority are from participation in
sports when an acute powerful muscle contraction results
in the avulsion injury. The most common sports in which
injuries occur are football, soccer, and sprinting.

Associated Injuries. The high energy that produces pelvic
fractures commonly results in visceral and vascular injuries,
which may be fatal. The mortality associated with pelvic
fractures in children is reported to be between 2 and 11
percent."”* The probability of associated injuries is highest
(60 percent) when multiple fractures of the pelvic ring are
present, followed by iliac or sacral fractures (15 percent)
and finally isolated pubic fractures (1 percent). Similarly,
resuscitation requirements are greater in patients with unsta-
ble pelvic fractures than in those with stable fractures. In a
study of all pelvic fractures presenting to the Hospital for
Sick Children in Toronto between 1971 and 1981, in which
141 patients met the inclusion criteria, Torode and Zieg
reported that 27 percent of patients required blood transfu-
sion, with the majority of patients having the more severe
type III or IV pelvic fracture.”

The most common associated injuries involve the genito-
urinary system, other intra-abdominal organs, the neuro-
logic system, and the musculoskeletal system. Genitourinary
injuries are generally seen in individuals who have sustained
more severe pelvic injuries, with a reported incidence of 10
to 20 percent.!*#*034 Bladder rupture or laceration and
urethral injury are the most common genitourinary injuries,
occurring in approximately 5 percent of pelvic fractures in
children. They are followed in frequency by perineal or
vaginal laceration. Between 30 and 60 percent of patients
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with pelvic fractures present with macroscopic hematuria,
thought to be the result of minor contusion or catheter
trauma; most cases resolve with time.”'~*

Intra-abdominal injury occurs in up to 15 percent of
pelvic fractures and includes contusions or laceration of the
spleen, liver, or kidney, and very often mesenteric injuries
or injuries to the large or small intestine."****% Modern
approaches to treating intra-abdominal injuries in children
have resulted in a decline in the rate of laparotomies per-
formed for the assessment and management of these in-
juries,**

Neurologic injury is the most common associated nonor-
thopaedic injury in children with a pelvic fracture, with a
reported incidence of up to 50 percent.” Concussion is the
most common neurologic injury (33 percent), followed by
skull fracture (16 percent), nerve avulsions (5 percent), and
brain death (4 percent).”

Associated musculoskeletal injuries occur in up to 50
percent of cases, with a higher incidence in patients with
unstable pelvic fractures.” The most common fractures in-
volve the femur (25 percent), skull (15 percent), upper ex-
tremity (15 percent), and the tibia/fibula (15 percent).”*

Associated injuries related to the vascular system are most
often due to venous bleeding leading to retroperitoneal he-
matoma, which occurs in up to 46 percent of patients.” In
one series of patients with retroperitoneal hematomas 10
percent of patients were in hypovolemic shock at the time
of presentation and required administration of whole blood
or packed cells. Major arterial injuries, on the other hand,
are relatively rare, occurring in approximately 3 percent
of patients.

Diagnostic Features. A history of a child’s being struck by
a car while walking or running should alert the physician
that pelvic trauma has occurred. Because these children often
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have a head injury and are often confused or amnestic, a
high suspicion for pelvic trauma and associated injury is
mandatory in this setting. In addition, the initial pelvic
radiograph is difficult to interpret and may not indicate the
great amount of energy originally imparted to the pelvis.
The details of the accident are important, including the
speed of the traveling vehicle, the direction in which the
child was struck, and whether the child was directly run
over by the vehicle. The patient with an avulsion fracture
will present with less pain and is usually an older child (12
to 16 years old) seen after an athletic event.

The physical examination by the orthopaedic surgeon
should be thorough and organized, beginning with inspec-
tion of the entire body, including the perineal area, followed
by palpation and assessment of pelvic stability, and finally
a thorough assessment of the peripheral pulses and a neuro-
logic examination.

The patient should be inspected for lacerations, abrasions,
and evidence of tire marks on the skin, with the child “log-
rolled” to allow a careful inspection of the entire body. With
severe crush injuries, a significant soft tissue injury may
occur in which the subcutaneous fat and skin are sheared off
the underlying fascia, the so-called Morel-Lavallee lesion.*”
This is most often seen in the obese child over the greater
trochanteric region in acetabular fractures and in the but-
tock region in lateral compression-type injuries of the pel-
vis (Fig. 42-8). Deformity of the pelvis and the extremi-
ties should also be evaluated. The child’s hips should be
rotated to assess for asymmetry, especially in the setting
of a lateral compression-type injury. Limb lengths are
also assessed, especially in the vertically unstable pelvic frac-
ture.

Palpation of the pelvis is done to assess bony tenderness,
sacroiliac joint tenderness, and the stability of the pelvis in
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FIGURE 42-8 The Morel-Lavellee lesion, an injury in which the subcutaneous fat and skin are sheared off the deep
fascia over the buttock. A, Relationship between the fascial layer and the subcutaneous fat. B, Mechanism of shearing

of fat and fascial layers.



the anteroposterior, mediolateral, and vertical planes. Any
pain on palpation of the bony prominences (as well as pain
in the sacroiliac joints or sacrum) should lead to suspicion
of a pelvic fracture. Pain with anteriorly directed pressure
along the anterosuperior iliac spines or with medially di-
rected pressure along the iliac wings should alert the clinician
to an open book-type fracture or a lateral compression-type
fracture, respectively.

Vertically unstable fractures are difficult to assess by pal-
pation but may be implied by an oblique-appearing pelvis
or a limb length discrepancy. Although arterial injuries are
rare, the lower extremity pulses should be carefully palpated
and further assessed by Doppler examination if a discrepancy
between extremities is present. A careful neurologic exami-
nation is performed to assess the integrity of the lumbosa-
cral plexus.

Careful inspection of the perineal area is essential. Blood
at the urethral meatus or a scrotal hematoma may indicate
a urethral injury. The vagina and rectum are inspected for
tears, A rectal examination is done to assess rectal tone, to
evaluate the position of the prostate in boys, to palpate rectal
tears, to feel for fractures, and to attempt to elicit pain on
palpation of the bony pelvis. A digital pelvic examination
should be performed in girls. It is best done under sedation,
if possible, especially in a young child, and is best done by
a gynecologist when available.

Radiologic Examination. The initial AP pelvic radiograph
should be obtained as soon as possible in the emergency
room suite. A radiology technician should be available when
the patient arrives in the emergency room and the pelvic
radiograph should be obtained during the stabilization of
the patient (unstable patients should never be transported
to the radiology suite for radiographs of any type). This will
allow assessment of the pelvis for severely unstable fracture
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patterns which may be contributing to the patient’s hemody-
namic instability. Recognizing these fracture patterns will
aid the trauma team in formulating treatment and further
diagnostic plans, and will allow the orthopaedic team to
close down the pelvic volume to tamponade persistent ve-
nous bleeding.

Other plain radiographs that should be obtained to assess
pelvic fractures include inlet and outlet views.” The inlet
view is obtained with the patient supine and the x-ray beam
aimed caudally 60 degrees, and therefore at right angles to
the pelvic brim, allowing visualization of the iliopectineal
line, the pubic rami, the sacroiliac joints, and the alae and
body of the sacrum (Fig. 42—9). The inlet view is best used
to assess the anterior and posterior displacement of the
pelvic ring, especially posterior displacement of the sacroiliac
joint, sacrum, or iliac wing; internal rotation deformities of
the pelvis; and sacral impaction injuries. The outlet view is
obtained by directing the x-ray beam 45 degrees in a cepha-
lad direction (Fig. 42—10) and helps define superior-to-
inferior displacement of the pelvic ring, superior rotation
of the hemipelvis, and the sacral foramina, which are best
seen in this view.

Plain radiographs used to assess acetabular fractures in-
clude the oblique views described by Judet (Fig. 42—11)."
The iliac oblique view shows the posterior column and ante-
rior acetabular wall and the iliac wing. The obturator oblique
view shows the anterior column and posterior wall of the
acetabulum and the obturator foramen (Fig. 42—12). Careful
inspection of the two oblique views and the AP pelvic view
should allow classification of the acetabular wall fracture
according to Letournel.” Computed tomography (CT) is
used to assess acetabular fractures only after the fracture
has been carefully evaluated and classified based on the plain
radiographs. CT is performed to identify loose fragments

B

FIGURE 42-9 A, For an inlet view, the patient is supine and the x-ray beam is directed 60 degrees caudally.
B, Radiographic inlet view showing disruption of the anterior ring with fracture displacement.
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FIGURE 42-10 A, For an outlet view, the patient is supine and the x-ray beam is directed 45 degrees cranially.
B, Radiographic outlet view. Note the right inferior ramus fracture.

and incongruities of the joint and to determine the size and
displacement of the wall fracture.

Pelvic fractures in general, and particularly pelvic frac-
tures in children, can be difficult to define, especially the
posterior anatomy (including the sacrum and the sacroiliac
joints). CT should be used in this setting to diagnose a pelvic
fracture or to fully define an injury suspected on the plain
radiographs. A thin-section CT study (2 or 3 mm) with
three-dimensional reconstruction can be performed and has
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FIGURE 42-11
pelvis to be examined. B, Radiographic right iliac oblique view showing the anterior wall (white arrows) and posterior
column (black arrows).

several advantages over plain radiography: the images can
be viewed in a multitude of planes, bowel gas and feces do
not obscure the posterior pelvic ring, and soft tissue and fluid
assessment can be performed on the same study without
exposure to additional radiation.'® Magnetic resonance im-
aging (MRI) has no significant role to play in evaluating
the pediatric pelvic or acetabular fracture.

Treatment of Pelvic Fractures. Treatment will be dis-
cussed based on the classification of Torode and Zieg:"

B

A, The iliac oblique view is imaged with the x-ray beam directed 45 degrees toward the side of the
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FIGURE 42-12 A, The obturator oblique view is imaged with the x-ray beam directed 45 degrees away from the
side of the pelvis to be examined. B, Radiographic right obturator oblique view showing the anterior column (white

arrows) and posterior wall (black arrows).

Type I: Avulsion fractures

Type II: Iliac wing fractures

Type I1I: Simple pelvic ring fractures

Type IV: Pelvic ring disruption fractures
TYPE I: AVULSION FRACTURES. The most common avulsion in-
juries occur in the pelvis at the ischial tuberosity (the attach-
ment of the hamstrings and hip adductors), the anterosuper-
ior iliac spine (attachment of the sartorius muscle), the
anteroinferior iliac spine (attachment of the direct head of
the rectus), and, less often, at the iliac crest and the lesser
trochanter of the femur (attachment of the iliopsoas tendon)
(Fig. 42—13).% Athletic injuries account for the majority of
these fractures, boys are more often affected than girls, and
the average age at injury is between 12 and 14 years, just
prior to closure of the apophyses.® The powerful contraction
of the attached muscle results in avulsion of bone. An acute
injury is most common; however, chronic repetitive trauma
can also result in avulsion injuries.”*

The typical history is that of an adolescent athlete who
performs a sudden strenuous activity such as kicking a ball
or making a quick turn and feels a sudden, sharp pain. The
pain is localized to the area of injury and results in limitation
of motion, most often of the hip joint. The pain is aggravated
by passive motion of the hip that places tension on the
attached muscle: flexion and abduction of the hip, in ischial
tuberosity avulsion injuries; extension of the hip, in antero-
superior and anteroinferior spine injuries and lesser trochan-
ter avulsions. Active contraction of the muscle that produced
the avulsion is quite painful. Localized tenderness of the
superficial structures such as the anterosuperior iliac spine
and the ischial tuberosity will help establish the diagnosis.
Radiographically, the avulsed fragment is displaced from its
normal anatomic location (Fig. 42—14). This is most easily

seen in lesser trochanteric injuries and ischial tuberosity
avulsions and is more difficult to see radiographically in
anterior superior and inferior iliac spine injuries because of
the mild displacement that occurs. The anteroinferior iliac
spine fracture avulsion can only be seen in an oblique view.”
Comparison views of the contralateral side are helpful in

FIGURE42-13 Torodeand Zieg's type I injury—pelvic avulsion fracture.
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FIGURE 42-14  Avulsion fracture of the pelvis and proximal femur. A, Lateral view radiograph of an avulsion of
the anteroinferior iliac spine. B, The opposite, normal side. C, A greater trochanter avulsion fracture. D, Four months
after injury, the radiographs demonstrate complete healing in an anatomic position.



confirming the diagnosis and avoiding further unnecessary
imaging studies.

Conservative treatment of avulsion injuries of the pelvis
is usually successful and consists of symptomatic treatment
in which the patient is placed on crutches to allow the
involved extremity to be rested.”*”** Admission to the hospi-
tal may be necessary until the patient is able to ambulate
safely on crutches, with the length of stay averaging up to
5 days.” The period of treatment is 2 to 3 weeks, until
symptoms resolve and radiographic evidence of healing is
present. Avulsion injuries of the ischial tuberosity are most
prone to nonunion, with some groups reporting a 68 percent
incidence of nonunion.” These nonunions may result in
pain with sitting and on excessive physical activity; however,
most patients have very few symptoms despite the presence
of a nonunion. We perform open reduction and internal
fixation only for painful nonunions of the ischial tuberosity.
Of 14 cases of nonunion of the ischial tuberosity treated by
surgical intervention, ten were treated with excision and
three with early reattachment, with one of the three patients
having a continued nonunion."

Most studies report return to full function following avul-
sion injuries around the pelvis.*” The 20 patients described
by Fernbach and Wilkinson returned to their previous level
of athletic competition following conservative treatment of
an avulsion injury of the pelvis.* The worst results occur in
patients with avulsion injuries of the ischial tuberosity.
Sundar and Carty described three patients with acute avul-
sion fractures, all of whom had symptoms at follow-up and
difficulty resuming sporting activities, while five of nine
patients with a chronic ischial avulsion injury had reduced
sporting ability at follow-up.”

To avoid reinjury, the avulsion injury should heal fully
before the patient returns to full activities.”” A conditioning
and strength program is usually necessary to restore the
strength of the affected muscle to normal before the child
resumes competitive athletics.

TYPE II: ILIAC WING FRACTURES. These fractures represent ap-
proximately 15 percent of all pelvic fractures in children, a
slightly higher percentage than in adults.”>** The mechanism
is usually an external force exerted on the iliac wing that
results in a disruption of the iliac apophysis or a lateral
compression-type wing fracture (Fig. 42—15). Patients are
most often pedestrians struck by a motor vehicle, although
direct trauma from other objects may result in this injury.
Associated abdominal injuries are less common than the
type Il and 1V fractures, with the incidence of genitourinary
injuries being 6 percent and the need for a laparotomy 11
percent. However, these injuries can lead to significant
blood loss, and blood transfusions have been necessary in
up to 17 percent of patients.”” Fracture displacement is most
often lateral and is usually mild, owing to the vast muscle at-
tachments.

Treatment usually consists of admission to the hospital
for observation of the musculoskeletal injuries, hemody-
namic status, and associated intra-abdominal injuries. An
ileus may develop after on iliac wing fracture and must be
carefully evaluated by a general surgeon, with CT of the
abdomen performed if necessary. Treatment of the ileus
usually consists of bowel rest and/or placement of a nasogas-
tric tube.

Although pain initially limits the patient’s activities fol-
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lowing the injury, most patients quickly regain their mobil-
ity. Fracture healing is usually rapid and functional limita-
tions are quite rare with this type of injury, although some
may have delayed ossification of the iliac apophysis or a
prominent bump from ossification of the injured area.”

TYPE 11I: SIMPLE PELVIC RING FRACTURES. This injury includes
fractures of two ipsilateral pubic rami, disruptions of the
pubic symphysis, fractures or separations of the sacroiliac
joints, or displaced fractures in which no clinical instability
can be detected (Fig. 42—-16). This is the most common
fracture type, accounting for up to 55 percent of all pelvic
fractures in children.****** Unlike in adults, in whom a
pelvic fracture in one part of the ring must be associated
with a fracture in another part, children can have a fracture
or fractures in a single aspect of the pelvic ring without an
associated fracture. Presumably this is due to the elasticity
of the sacroiliac joints and pubic symphysis, which allows
some strain to occur without radiographic evidence of an
injury. A single fracture with significant displacement but
without posterior ring injury should be classified as a type
11T fracture, since the overall stability of the ring is intact.

Other less common fractures classified as type III frac-
tures include fractures of the sacrum and coccyx. Fractures
of the sacrum are relatively rare, with a reported incidence
of 1 to 12 percent.*** These fractures are best viewed on
the AP or outlet view of the pelvis and are important to
recognize, because they can result in injury to the sacral
nerves. Most sacral fractures are undisplaced, transverse
fractures through a sacral foramen and rarely require opera-
tive intervention. Coccygeal fractures are difficult to diag-
nose from radiographs because of the considerable normal
anatomic variability.” The diagnosis, therefore, is most often
made clinically when tenderness is noted over the coccyx.
Treatment is conservative with symptomatic pain manage-
ment, including sitting on a cushioned donut until symp-
toms resolve.

Type III fractures are associated with a higher incidence
of other musculoskeletal injuries, than type I or Il injuries,
including musculoskeletal (50 percent), genitourinary (26
percent), and neurologic injuries (57 percent). Careful as-
sessment of these potential associated injuries is important.

Patients with these simple ring fractures do very well
with conservative treatment consisting of a short period of
bed rest followed by progressive weightbearing until the
patient is comfortable and independent on crutches. Frac-
ture healing is rapid in the undisplaced fracture; however,
it may be delayed in the displaced fracture. Torode and Zieg
reported that two patients (3 percent) of 70 with type III
fractures had delayed union of displaced pubic rami frac-
tures, which healed approximately 1 year after injury.” Pubic
symphysis disruptions may occur as an isolated injury or,
more often, with injury to the anterior capsule of the sa-
croiliac joint and/or partial separation of the adjacent
ilium. However, these injuries are stable because of the pos-
terior structures (joint capsule, periosteum, and ligamen-
tous structures) of the sacroiliac joint. Isolated pubic
symphysis disruptions without significant injuries to the
posterior ring occur at the bone-cartilage level, allowing
healing to be complete without residual instability.* Signifi-
cant displacement of the pubic symphysis with posterior ring
injury may require operative intervention (see subsequent
discussion under Treatment Techniques).
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FIGURE 42-15 A, Type Il pelvic injury in the Torode and
Zieg classification. B, Radiograph and CT scan of a type 11
or iliac wing fracture.

FIGURE 42-16 A, Type III pelvic injury in the Torode and Zieg classification. B, Radiograph of a type III or simple
pelvic ring fracture.
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FIGURE 42-17 A, Type IV pelvic injury in the Torode and Zieg classification. B, Radiographs demonstrating pubic
symphysis diastasis, right superior ramus fracture, and right sacroiliac joint widening.

TYPE IV: PELVIC RING DISRUPTION FRACTURES. Pelvic ring disrup-
tion fractures include bilateral pubic rami fractures, or so-
called straddle fractures; double ring fractures or disruptions
(e.g., pubic rami fracture and disruption of the sacroiliac
joint): and fractures of the anterior structures and acetabular
portion of the pelvic ring (acetabular fractures will be dis-
cussed in the subsequent section) (Fig. 42-17).

Type IV fractures have the highest incidence of associated
genitourinary (38 percent), musculoskeletal (56 percent),
and neurologic (56 percent) injuries, and also result in sig-
nificant intra-abdominal injuries requiring laparotomy (40
percent). In addition, the mortality rate has been reported
to be as high as 13 percent.”

Straddle fractures consist of bilateral fractures of both the
superior and inferior rami, or a symphysis pubis separation
along with ipsilateral superior and inferior rami fractures
(Fig. 42-18). A straddle fracture usually occurs following a

fall while straddling an object or following a lateral compres-
sion-type injury. Associated injuries to the genitourinary
system are fairly common; the reported incidence is as high
as 20 percent.®”

Treatment consists of bed rest with the hips slightly
flexed, to relax the abdominal muscles, which tend to dis-
place the fracture fragments. The hips should also be in
mild abduction to prevent adductor muscle tension. The
duration of bed rest depends on the amount of displacement
and the amount of pain present, with most patients needing
2 to 3 weeks.” Weightbearing is begun as tolerated by the
patient. Fracture union may be delayed up to a few years if
fracture displacement is present.”

The second group of type IV fractures includes the verti-
cally and/or rotationally unstable pelvic fracture, which ac-
counts for approximately 20 to 30 percent of all pelvic frac-
tures in children.”>” A complete description of the analogous

FIGURE 42-18 A, Straddle fracture. B, Bilateral superior and inferior rami fractures (arrows) in a straddle fracture.
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injury in adults has been provided and the injuries classified
by Young and Burgess* and Pennal and Tile.*** Because
these injuries are rare, specific treatment protocols are not
as well-defined in children. Historically, treatment has con-
sisted of conservative management using pelvic slings and
skeletal traction. However, recent developments in treating
adult pelvic fractures have been applied to pediatric frac-
tures, with promising results,

The following treatment guidelines are based on the
Young and Burgess classification. In general, children less
than 10 years old do well with nonoperative treatment.
Lateral compression fractures in which the posterior struc-
tures and bone are intact (types Al to A3) and anterior
compression fractures without posterior sacroiliac joint dis-
ruption, or posterior ring or displaced sacral fractures (types
Bl and B2), usually do not need operative intervention.
The only exception occurs when significant hemodynamic
instability is present, requiring emergency application of a
pelvic external fixator to decrease pelvic volume and tam-
ponade venous bleeding. Anterior compression injuries with
displaced posterior pelvic fractures or sacroiliac joint disrup-
tions (type B3), and vertically and rotationally unstable frac-
tures (type C), require operative intervention, which usually
consists of open reduction and internal fixation.

The lateral compression-type injury (Fig. 42—19) that
results in an anterior pelvic ring fracture and partial sacroil-
iac injury in which the anterior ligaments are injured with
intact posterior ligaments results in a rotationally unstable
but vertically stable pelvis. Therefore, treatment is bed rest
followed by advancement of crutchwalking, nonweightbear-
ing on the affected side for 6 to 8 weeks, then weightbearing
as tolerated by the patient. In the patient with a displaced
lateral compression fracture of the A2 or A3 type, open
reduction and internal fixation can be performed.

Anterior compression-type injuries (Fig. 42—20) in young
children less than 10 years old usually heal without difficulty
and respond to conservative, symptomatic treatment as out-
lined above, which may include immobilization in a hip
spica cast. In the older child with a symphysis pubic diastasis
of less than 3 cm, conservative treatment is appropriate;
however, if the diastasis is greater than 3 cm, open reduction
of the diastasis should be considered. In those fractures in

FIGURE 42-19 A, Lateral compression fracture. B, Ra-
diograph of a lateral compression-type injury with an ante-
rior pelvic ring fracture and partial sacroiliac joint injury. B

which there is complete disruption of the posterior struc-
tures with complete (vertical and rotational) instability, a
closed reduction followed by percutaneous screw fixation of
the sacroiliac joint, with or without open reduction and in-
ternal fixation of the symphysis pubis, should be performed.

In the Malgaigne-type injury (Fig. 42-21) there is com-
plete disruption of the entire hemipelvis with vertical shear
injury and vertical displacement. The patient presents with
a limb length discrepancy with a vertically and rotationally
unstable fracture. In the young child this can often be treated
with skin or skeletal traction to reduce the vertical displace-
ment and to stabilize this highly unstable fracture. The trac-
tion is usually needed for 2 to 3 weeks, until the fracture
has stabilized sufficiently to allow hip spica application or
has fully healed.” In the child older than 10 years, traction
to reduce the pelvis is followed by percutaneous fixation of
the sacroiliac joint. The anterior pelvis is stabilized with
either external or internal fixation.

Treatment Techniques

EXTERNAL FIXATION. There are two main indications for use
of an external fixator. The first is the presence of significant
hemodynamic instability that is refractory to blood and fluid
resuscitation. In this setting the external fixator is placed to
reduce the volume of the pelvis in an attempt to tamponade
the venous bleeding. We recommend applying the external
fixator in the operating room under sterile conditions. If
the hemodynamic instability is very severe in the emergency
department, as a temporary measure a bed sheet is wrapped
around the patient’s pelvis and tied snugly to reduce the
pelvis. The sheet is removed in the operating room just
before the external fixator is applied.

The second indication for use of an external fixator is an
anterior pelvic ring displacement associated with posterior
instability in a rotationally and vertically unstable fracture
pattern. In this setting, external fixation should be used in
combination with internal fixation of the posterior injury.

In the emergency situation in which hemodynamic insta-
bility is present, an external fixator can usually be applied
quickly to the anterior pelvis (Fig. 42—-22). When emergency
application is required, a single pin or screw is placed on
each side of the pelvis, then the external fixator bars are




FIGURE 42-20 A, Radiograph of an anterior compression
injury. B, CT scan of an anterior compression-type injury with
partial disruption of the posterior ring that was successfully

treated conservatively. B

FIGURE 42-21

A Malgaigne-type fracture with vertical displacement.
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assembled and the pelvic displacement is reduced. The
choice of pin size depends on the age and size of the child,
with standard adult-size 5.0-mm Schanz screws used in chil-
dren older than 8 and the smaller external fixator pins used
in younger children.

Since the iliac wing is directed obliquely from lateral to
medial, it is important to direct the drill bit and pins from
lateral to medial at an approximately 30-degree angle from
a vertical line to avoid perforating the medial or lateral
cortex. A small incision is made over the anterosuperior
iliac spine in a transverse direction to allow the pins to slide
along the incision during the reduction maneuver. This
is followed by predrilling with a 3.2-mm drill bit (if the
5.0-mm Schanz drill bits are used). The pin is then advanced
by hand, using a T-handled chuck to allow the pin to advance
between the inner and outer cortical walls of the pelvis. The
threaded aspect of the pin should be completely buried in
the thickened anterior aspect of the iliac wing. If a second
pin is used, it is placed approximately 1 to 2 cm away from
the first pin to provide greater stability.

After the pins have been placed, the external fixator bars
are loosely attached to the pins just prior to reduction. The
surgeon must understand the pelvic displacement before
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undertaking the reduction. With vertical displacement of
the pelvis, axial traction on the appropriate extremity is
required; with rotational deformity, the pelvis must be ro-
tated to achieve reduction. Following reduction, the external
fixator frame is tightened to stabilize the pelvis, and radio-
graphs are obtained to confirm the reduction. The frame is
adjusted to allow adequate room for the abdomen, and
it should be positioned so that the patient can sit in a
reclining chair.
OPEN REDUCTION AND INTERNAL FIXATION OF THE SYMPHYSIS PUBIS,
The indications for open reduction with internal fixation of
the symphysis pubis are similar to those for external fixation
of the pelvis: (1) fractures with more than 3 cm of symphy-
seal displacement, and (2) unstable, open book-type frac-
tures with posterior ring disruption. This technique should
not be used when hemodynamic instability is present, be-
cause external fixation can be done more rapidly without a
soft tissue dissection, which may accentuate the blood loss
and result in hemodynamic instability.

A Foley catheter should be placed to decompress the

FIGURE 42-22 A, Typical arrangement of an external fix-
ator applied to the pelvis for an unstable pelvic ring fracture.
B, Radiograph of a severely disrupted pelvis with significant
pubic diastasis in a 4-year-old child. C, Treatment with appli-
cation of an external fixator with single pins bilaterally.

bladder. A standard transverse Pfannenstiel incision is made
approximately one fingerbreadth above the pubic tubercle
(Fig. 42-23). The spermatic cord is identified and retracted
out of the operative field. The rectus sheath is divided above
the symphysis, and the fatty tissue anterior to the bladder
is bluntly dissected off the anterior symphysis. The anterior
rectus sheath has usually been avulsed from the pubis at the
time of injury: however, if it remains intact, it should be
incised transversely, leaving a small attachment so that the
rectus sheath can be sutured back into place following frac-
ture fixation. A sponge should be packed behind the symphy-
sis to protect the bladder. Subperiosteal dissection is then
carried out laterally until enough exposure is attained for
plate fixation. We prefer dynamic compression or pelvic
reconstruction plates (3.5 mm) when the child is large
enough, and four-hole plates when possible, although two-
hole plate fixation appears to be stable enough in children
less than 12 years. In the very young child (less than 8 years
old), two-hole semitubular or one-third tubular plates can
be used effectively. Hohmann retractors are placed around
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FIURE 42-23 Surgical exposure for open reduction and internal
fixation of a pubic symphysis diastasis. A, A Pfannenstiel incision is
made just superior to the pubic symphysis. B and C, A transverse
incision is made in the rectus sheath and subperiosteal dissection is
carried out over the pubic tubercle. D, Internal fixation with a two-
hole DC plate.

the symphysis, and reduction is best achieved by spanning
the bone reduction forceps across the obturator foramina.
Anatomic reduction should be achieved under direction vi-
sualization.

INTERNAL FIXATION OF THE SACROILIAC JOINT. Injuries of the sa-
croiliac joint, including dislocations and fracture-disloca-
tions, can be approached through open exposure of the
joint, either anteriorly or posteriorly,"* or can be treated
by closed reduction followed by percutaneous fixation.***
The advantage of an open technique is that anatomic reduc-
tion can be better achieved when a significant fracture is
associated with the sacroiliac joint disruption. This is rarely
seen in children’s pelvic injuries and is generally not neces-
sary for appropriate treatment. We prefer to perform a closed
reduction followed by percutaneous internal fixation under
fluoroscopic guidance.** A posterior open reduction is
needed if the closed reduction is unsuccessful or there is a
significantly displaced sacral fracture.

The posterior approach requires the patient to be placed
prone on the operating table. A vertical incision is made 2
cm lateral to the posterosuperior iliac crest. The gluteal
muscles are subperiosteally reflected off the posterior iliac
wing. The origin of the gluteus maximus is reflected off the
sacrum, and the greater sciatic notch is exposed to fully
visualize the fracture reduction. To identify sacral fractures,
the dissection is carried down to the sacral notch by re-
flecting the gluteus maximus fibers, the erector spinae, and
the multifidus muscles. Internal fixation can usually be per-
formed with single- or double-screw fixation, as described
below, or with 3.5-mm reconstruction plates.

For percutaneous screw fixation, we prefer to place the
patient supine on a radiolucent operating room table with
the pelvis positioned on a flat elevated surface (one or two
bed sheets). The image intensifier is then used to image the

sacroiliac joints and the sacrum in three views: a straight
AP view, a 40-degree cephalad view (outlet view), and a 40-
degree caudal view (inlet view). The inlet view shows the
screw placement in the axial projection, and the operator
examines the screw to be sure it is not too anterior or
posterior. The outlet view shows the screw in the cephalo-
caudal orientation, and the operator ensures that the screw
is between the neural foramina (Fig. 42—24). In a child more
than 10 years old, we prefer to use a 6.5-mm or 7.3-mm
cannulated cancellous screw, and in the younger child we
use a 5.5-cm cannulated cancellous screw.

Intraoperative stimulus-evoked electromyography can be
used to decrease the risk of iatrogenic nerve injury during the
placement of percutaneous screws.”* Both legs are prepared
and placed into the operative view to allow manipulation
for reduction purposes. Reduction of the sacroiliac joint
requires that traction be placed on the leg and manual
compression be applied across the sacroiliac joint. More
severely displaced fractures may require the use of skeletal
traction, in which case we prefer to use a Schanz pin placed
into the anterosuperior iliac spine to reduce the disruption.
The starting position for the initial screw is approximately
2.5 cm lateral to the posterosuperior iliac spine. A small
stab incision is made, and under image intensification the
initial guide wire is placed superior to the first sacral foramen
past the midline. We recommend that a second guide pin
be placed between the first and second sacral foramina to
help maintain the reduction during screw placement. The
initial guide pin is then overdrilled across the sacroiliac joint
and the lateral cortex is tapped, followed by placement of
a partially threaded cancellous screw with a washer. The
screw should travel past the midline to achieve optimal
purchase and help lag the sacrum to the ilium to a reduced
position. We have used single-screw fixation in children’s
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sacroiliac joint disruptions, with good success (Fig. 42-25).
If good screw purchase is not achieved, the screw position
should be verified, and if the screw is in the correct position,
a second screw should be placed between the first and second
sacral foramina. Postoperatively the patient can be partially
weightbearing on the affected side, followed by full weight-
bearing after 6 weeks.

Treatment of Acetabular Fractures. Acetabular fractures
in children are very rare, accounting for approximately 5 to
10 percent of all pelvic fractures. The majority do not require
operative intervention. An isolated injury to the triradiate
cartilage may not be noted at the time of the initial injury but
may manifest later, when premature closure of the triradiate
cartilage results in the development of a shallow acetabu-
lum.*

Acetabular fractures in children are usually treated non-
operatively, with approximately 25 percent requiring opera-
tive intervention.'” By contrast, the vast majority of acetabu-
lar fractures in adults require operative intervention.!*!5!1718

Conservative treatment is indicated in children’s acetabu-
lar fractures when they are minimally displaced (less than
2 mm), and in fracture-dislocations in which a stable closed
reduction of the femoral head results in minimal displace-
ment of the fracture fragments. This includes all type I and
most type II fractures in which the fracture fragments are
less than 2 mm displaced following hip joint reduction, and
some type IV fractures in which reduction of the central
hip dislocation results in fracture reduction to within 2 mm.
All patients with less than 2 mm of displacement have good
or excellent functional radiographic results."

FIGURE 42-24 A, Fluoroscopic imaging for place-
ment of sacroiliac screws. With the patient supine on
the operating room table, fluoroscopy is used to image
the pelvis in three views. B, The inlet view shows the
anterior and posterior margins for screw placement.
C, The AP view provides a general view of screw place-
ment. D, The outlet view shows the superior and inferior
margins for screw placement.

In type I fractures, the patient is placed on bed rest for
a short period (3 to 7 days) until comfortable and then
begins to ambulate on crutches without bearing weight.
Radiographs and/or CT scans should be obtained after the
patient has been on crutches for a few days to ensure that
the fracture fragments have not displaced. Progressive
weightbearing is then started after 8 to 10 weeks.

Type II fractures are often associated with other pelvic
ring fractures, which must be assessed and treated as dis-
cussed earlier. The acetabular fracture can generally be
treated conservatively, usually with a period of bed rest and
skin or skeletal traction. The period of bed rest is generally
4 weeks, followed by progressively increasing weightbearing,
with the average time to full weightbearing being 10 weeks."
Operative treatment of the acetabular fracture of this type
is relatively uncommon.

Type III fractures are treated similarly to those in adults,
with assessment of the fracture pattern, application of skele-
tal traction to restore articular congruity to within 2 mm,
and operative intervention if this is not achieved, In our
experience, traction is usually unable to restore or maintain
joint congruity within acceptable limits, and open reduction
with internal fixation is necessary. If traction is successfully
utilized in these fractures, it must be continued for up to
12 weeks to avoid redisplacement of the fracture.

Type 1V fractures in which there is a central fracture-
dislocation should be initially treated with skeletal traction
to try to reduce the dislocation and achieve an acceptable
reduction. The few type IV fractures described in the litera-
ture have generally required operative intervention.»"” Open
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reduction with stable internal fixation should be performed,
although this may not improve the overall result. Heeg and
colleagues described three patients with central fracture-
dislocations, all of whom required operative intervention.
An anatomic reduction was achieved in two patients, with
a fair result in one and an excellent result in the other; the
third patient had a poor outcome after anatomic reduction
could not be achieved, and underwent a hip fusion 6 months
following injury.!

Although isolated triradiate cartilage injuries account for
a small percentage of acetabular fractures in children, they
must be recognized because they can lead to significant
progressive deformity (Fig. 42—26). The acetabulum grows
through interstitial growth within the triradiate cartilage, so
that interruption of this growth results in a shallow acetabu-
lum, similar to developmental dysplasia of the hip.”* Heeg
and colleagues reported on four patients with injuries of
the acetabular triradiate, all of whom had sustained an injury
of the sacroiliac joint." In three of the patients, acetabular
deformity with hip subluxation developed, and the authors
recommended that any patient who sustains pelvic trauma

A, Initial outlet radiograph showing disruption of the right sacroiliac joint in a 10-year-old boy. The
displacement is confirmed on CT, with disruption of the posterior ligaments. The arrows indicate the amount of
displacement of the sacroiliac joint. B, Postoperative inlet and outlet radiographs. The sacroiliac joint disruption has
been reduced and fixed with a single percutancously placed screw. The outlet view shows the screw just superior to
the first sacral foramina. The inlet view shows the screw to be well positioned in the axial plane.

should be followed clinically and radiographically for at least
1 year. Bucholz and colleagues reported on nine patients
with triradiate cartilage injuries and classified these into two
main patterns of injury based on the Salter-Harris classifica-
tion.” The first type, analogous to Salter-Harris type I or 11
injury, is a shear injury in which there is central displacement
of the distal portion of the acetabulum (Fig. 42-26A); the
prognosis for continued normal acetabular growth is favor-
able. The second type, analogous to the Salter-Harris type
V injury, is often difficult to diagnose and generally has a
poor prognosis, with premature closure of the triradiate
cartilage. The degree of deformity depends on the age of
the child at the time of injury; no patient in their study
developed significant acetabular dysplasia when the injury
occurred after age 11 years.” The diagnosis is confirmed by
thin-section (2 to 3 mm) CT through the triradiate cartilage
(Fig. 42-26B).

Premature physeal closures of the triradiate cartilage are
treated by physeal bar resection with interposition of fat or
wax. There are very few reported cases in the literature, and
results have been mixed. Peterson and Robertson reported
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FIGURE 42-26 'Triradiate cartilage injuries. A, Depiction
of the normal triradiate cartilage. B and C, The first group
of injuries described by Bucholz, in which a Salter-Harris
type I or II fracture occurs; the prognosis for continued
growth is good. D, The second type of triradiate cartilage
injury, in which a Salter-Harris type V injury occurs; the
prognosis for continued growth is worse. E, Radiograph and
CT scan showing premature closure of the triradiate cartilage
following injury in a 4-year-old girl who sustained a Salter-
Harris type I fracture.

a successful physeal bar resection in a child who had sus-
tained the injury at 5 years of age and over the ensuing 2-
year period had demonstrated development of a shallow
acetabulum.” The second window of the ilioinguinal ap-
proach was used to identify the physeal bar, and the exposed
bony surfaces were covered with a thin layer of bone wax.
Postoperative follow-up was reported to age 19 years, at
which time the acetabulum had shown increased growth,
which was observed by analyzing radiographic markers
placed at the time of surgery. We recommend physeal bar
resection through an ilioinguinal approach when the patient
is less than 12 years old.

The operative approach to the acetabulum depends on
the type of fracture present. The posterior column and poste-
rior acetabular wall are best fixed through the Kocher
Langenbeck approach, and the anterior column and inner
innominate bone are best approached through an ilioingui-
nal approach. Both columns can be approached through an
extended iliofemoral approach; however, this approach leads
to the highest incidence of heterotopic ossification and the
longest postoperative recovery period and is rarely used in
children’s acetabular fractures.

The Kocher-Langenbeck approach requires the patient
to be prone on a radiolucent operating table. The incision
is begun lateral to the posterosuperior iliac spine and extends
to the posterior aspect of the greater trochanter and down
the lateral aspect of the femoral shaft. The fascia lata is split
in line with the femur, the gluteus maximus tendon is then
taken off its attachment to the femur, and the sciatic nerve
is identified superficial to the quadratus femoris. The greater
and lesser sciatic notch are then exposed by taking the piri-
formis and obturator internus tendons off the trochanter.
Subperiosteal dissection is then carried out to expose the
inferior aspect of the iliac wing, and a capsulotomy is made
to expose the posterior aspect of the acetabulum and femoral
head (Fig. 42-27).

The ilioinguinal approach was first described by Letour-
nel, and this classic description should be studied prior to
utilizing this approach.” The patient is placed supine on
the operating table. The incision begins at the midline ap-
proximately 3 to 4 cm above the pubis and continues to
the anterosuperior iliac spine and follows the iliac crest.
Subperiosteal dissection is then carried out along the iliac
crest to expose the anterior sacroiliac joint and the internal



FIGURE 42-27 Kocher-Langenbeck approach to the posterior acetabu-
lum. A, The incision is begun lateral to the posterosuperior iliac spine and
countinued to the greater trochanter and laterally down the proximal
femur. B, The piriformis and obturator internus tendons are then dissected
off the greater trochanter. C, Subperiosteal dissection followed by a capsulot-
omy is used to expose the posterior aspect of the acetabulum.

iliac fossa. The external oblique aponeurosis is incised to
expose the inguinal canal. The spermatic cord is bluntly
dissected and isolated, and a Penrose drain is placed around
it. The posterior aspect of the inguinal ligament is then
incised, allowing access to the psoas sheath, the retropubic
space of Retzius, and the external aspect of the iliac vessels.
A Penrose drain is then placed around the psoas and lateral
cutaneous nerve of the thigh, and the iliopectineal fascia is
divided. A second Penrose drain is placed around the exter-
nal iliac vessels and lymphatics. The three windows of the
ilioinguinal approach are now present (Fig. 42-28). The
first window is between the iliac fossa and the psoas muscle,
giving access to the internal iliac fossa, the anterior sacroiliac
joint, and the upper portion of the anterior column. The
second window is between the psoas muscle and the iliac
vessel and provides access to the pelvic brim from the ante-
rior sacroiliac joint to the lateral extremity of the superior
pubic ramus. The third window is medial to the iliac vessels
and provides access to the symphysis pubis and the retropu-
bic space of Retzius.

The extended iliofemoral approach is rarely necessary
and can be best learned by studying Letournel’s original de-
scription.™?

Complications. Nonorthopaedic complications are related
to the associated injuries as described in the preceding sec-
tions, especially genitourinary and neurologic system inju-
ries, hemorrhage, lacerations of the vagina or rectum, and
possibly death. Urinary infections have been reported in 10
to 20 percent of patients, and pulmonary complications,
including pneumonia, have occurred in 10 to 30 percent
of patients.”"!
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Complications related directly to the pelvis and acetabu-
lar fractures include delayed union, nonunion, malunion,
and sacroiliac joint pain. Nierenberg and colleagues reported
no complications in 14 patients with stable pelvic fractures,
but three of six unstable fractures had malunions.* Torode
and Zieg reported complications only in type IV pelvic frac-
tures. Of 40 patients, eight (20 percent) demonstrated non-
union of the pubic rami and three (8 percent) demonstrated
premature closure of the triradiate cartilage. In addition,
marked displacement of the pelvic ring was noted in five
(13 percent) patients, although four of these patients were
classified as having an excellent result and one (3 percent)
patient demonstrated fusion of the sacroiliac joint, which
was partly responsible for pelvic distortion.*

Acetabular fractures are associated with both early and
late complications. Heeg and colleagues described eight (35
percent) patients with early complications: four had a uri-
nary or respiratory tract infection, three had pin tract infec-
tions, and one patient had a superficial infection at the
operative site. Late complications occurred in three (13 per-
cent) patients, all of whom had operative treatment: two (9
percent) had premature closure of the triradiate cartilage
requiring further operative treatment and one (4 percent)
had a painful hip secondary to extensive heterotopic ossifi-
cation and subsequently underwent fusion.
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The Hip
HIP DISLOCATIONS

Traumatic hip dislocations in children are relatively rare
injuries. In the younger child (less than 5 years old), minor
trauma such as a slip or a fall from a low height may cause
a hip dislocation, whereas a dislocation in an adolescent is
generally caused by major trauma such as a motor vehicle
accident. Posterior dislocations are approximately eight to
nine times more common than anterior dislocations, and
treatment generally consists of closed reduction under seda-
tion or general anesthesia, followed by immobilization and
a short period of nonweightbearing activity. Complications
are similar to those in adults; however, recurrent hip disloca-
tions are more common in children.

Anatomy. The iliofemoral ligament, often referred to as the
Y-ligament of Bigelow, is the major ligamentous structure
stabilizing the hip. It originates on the anteroinferior iliac
spine, extends across the anterior aspect of the hip joint,
and attaches to the femur at the anterior intertrochanteric
line (Fig. 42-29). The iliofemoral ligament limits hyperex-
tension and lateral rotation of the hip joint and is the primary
obstacle toreduction in posterior hip dislocations. The ischio-
femoral ligament is located posteriorly and lies deep to the
short external rotators, which provide additional stability.
In a posterior dislocation of the hip, the ligamentum teres
is avulsed, the posterior hip capsule is torn, a fragment of
the posterior acetabular rim is often fractured, and the la-
brum may be avulsed or torn. The capsular tear may be at
its attachment to the posterior labrum®* or in its midsub-
stance.” The short lateral rotator muscles—obturator in-
ternus, piriformis, obturator externus, and quadratus mus-
cles—are either partially or completely torn along with the
capsule. The gluteus maximus, medius, and minimus mus-
cles are stretched and translated posteriorly by the femoral
head, which lies deep to or within the fibers of these muscles.

Two components
of the lliofemoral lig.

FIGURE 42-29 The iliofemoral ligament is composed of two bands
originating on the anteroinferior iliac spine and attaching to the intertro-
chanteric line anterior to the lesser and greater trochanter.
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Structures and conditions that are known to block reduction
include the piriformis muscle, which may be displaced across
the acetabulum; osteocartilaginous fragments; infolding of
the labrum and capsule; and buttonholing of the femoral
head through a small tear in the posterior capsule.>*?2%

Anterior hip dislocations also tear the ligamentum teres
and the anterior joint capsule. The muscles anterior to the
hip joint may be stretched or partially torn. Rarely, the
femoral nerve and artery are also injured during a high-
energy injury.*

Classification. There are several classifications for hip dis-
locations in adults. However, because this injury is rare in
children, no classification system is widely used in the pediat-
ric literature. The simplest classification is based on the
direction in which the femoral head is dislocated relative to
the acetabulum (Figs. 42—-30A and B). Most (75 to 90 per-
cent) hip dislocations are posterior.5*!*%*! Posterior hip dis-
locations can be further subdivided based on the resting
position of the femoral head: iliac, if the femoral head lies
posteriorly and superiorly along the lateral aspect of the
ilium, and ischial, if it lies adjacent to the greater sciatic
notch. The remaining dislocations are anterior and are sub-
divided into obturator and pubic dislocations (Figs. 42-30C
and D). A central hip dislocation is relatively rare in children
and is associated with a fracture of the acetabulum.

Hip dislocations in children are associated with fractures
of the acetabulum or proximal femur far less frequently
than in adults. The incidence of associated fractures in chil-
dren ranges from 4 percent in the series of Pearson and
Mann™ to 18 percent in the Pennsylvania Orthopaedic Soci-
ety report.”” The Stewart-Milford classification is the most
commonly used classification for hip fracture-dislocations
(Fig. 42—30E):”

Grade I: No acetabular fracture or only a minor chip

fracture.

Grade II: Posterior rim fracture, but the hip is stable

after reduction.

Grade III: Posterior rim fracture with hip instability

after reduction.

Grade IV: Dislocation accompanied by fracture of the

femoral head and neck.

Acetabular fractures should be classified individually to
allow standard preoperative treatment planning (see previ-
ous discussion under Pelvic and Acetabular Fractures).

Mechanism of Injury. Two main mechanisms of injury
result in a hip dislocation, usually based on age. In the
younger age group (less than 5 years old), a trivial fall or
slip may result in a hip dislocation because of the generalized
joint laxity and soft cartilaginous acetabulum in this age
group. In older patients (11 to 15 years) the hip dislocation
is more often due to a higher-energy trauma (athletic injury
or a motor vehicle accident).” It is important to obtain a
good history, since the mechanism of injury has prognostic
implications, with high-energy trauma injuries resulting in
a worse outcome."”

The typical posterior dislocation results from a posteri-
orly directed axial load applied to the distal femur. This is
often seen in motor vehicle accidents in which the patient
is in the front seat during a head-on collision and the knee
strikes the dashboard, pushing the femoral head posteriorly
out of the acetabulum. This mechanism of injury often
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results in associated injuries, including hip, femoral shaft,
distal femoral, patellar, or proximal tibial fractures. A front-
seat passenger or driver who sustains these fractures in a
motor vehicle accident should always be suspected of having
a hip dislocation or subluxation with an associated acetabu-
lar injury. Careful physical examination and radiographic
examination, often including CT, are necessary to evaluate
the hip joint even though the initial AP radiograph may
appear normal.

Anterior hip dislocations result from an anteriorly di-
rected force applied to the posterior aspect of the abducted
and laterally rotated thigh. The femoral head is displaced
forward, commonly lying external to the obturator foramen.

Central dislocations with fractures of the acetabulum are
due to a medially directed force on the greater trochanter.

Grade II
Dislocated

Grade ITI

Diidocibed Clinde 1} ¢

Reduced

FIGURE 42-30 Classification of hip dislocations. Posterior hip dislocations—iliac (A) and ischial
(B); anterior hip dislocations—obturator (C) and pubic (D). E, The Stewart-Milford comprehensive
classification for fracture-dislocations of the hip.

A fall from a height is the most common mechanism, fol-
lowed by a motor vehicle accident in which the dashboard
strikes the knee when the hip is extended and abducted.

Diagnostic Features. The child with an acute hip disloca-
tion will be in severe pain, and any attempted motion of
the affected hip will exacerbate the pain. The position of
the limb is characteristic for the type of hip dislocation. In
a posterior hip dislocation the involved thigh is held flexed
and adducted and in a medially rotated position (Fig.
42-31A). The limb appears shorter than the contralateral
limb, and the femoral head can be palpated posteriorly. In
anterior dislocations the leg is held in abduction, lateral
rotation, and some flexion (Fig. 42-31B). There is fullness
in the region of the obturator foramen, where the femoral
head can be palpated, and the extremity may appear longer



A B

FIGURE 42-31 Clinical position of the lower extremity with posterior
(A) and anterior (B) hip dislocations.

than the other side. In central hip dislocations the leg does
not rest in a characteristic position and the leg length is
similar to that of the opposite leg. There may be some
narrowing of the pelvic width as a result of the central
displacement of the affected hip. A thorough neurologic
examination of the affected extremity should be performed,
with careful evaluation of sciatic nerve function in posterior
dislocations and femoral nerve function in anterior disloca-
tions. The peripheral pulses, including the posterior tibial,
dorsalis pedis, and popliteal pulses, should be palpated, and
a thorough examination should be performed to assess for
other injuries, especially ipsilateral leg, thigh, and hip frac-
tures‘z,?.m.zn,zs

Radiologic Examination. An AP pelvic radiograph should
be obtained to confirm the hip dislocation and to rule out
other fractures (Fig. 42-32A). Oblique (Judet) views and
CT scans should be obtained when an associated acetabular
fracture is suspected (Fig. 42-32B). Isolated radiographs of
the hip joint should be obtained before attempts are made
to reduce the hip dislocation when a femoral head or femoral
neck fracture is seen on the initial AP pelvic film. Following
reduction of the hip dislocation, an AP pelvic radiograph
should be carefully evaluated to confirm a concentric reduc-
tion (Fig. 42-33). A postreduction CT study can be done
routinely following an apparently successful closed reduc-
tion to ensure that a concentric reduction was achieved and
to image loose fragments in the joint, which cannot be
seen on a plain radiograph. Because associated fractures in
children are relatively rare, with a posterior or anterior hip
dislocation, we prefer to perform a postreduction CT study
when concerned that a concentric reduction has not been
achieved or to assess an acetabular wall or femoral head
fracture suspected on the postreduction radiograph. An arte-
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riogram should be obtained in any child in whom the clinical
findings or Doppler studies indicate a femoral arterial
injury.”

Treatment. Hip dislocations should be treated on an urgent
basis with prompt, immediate reduction following a thor-
ough physical examination and evaluation of the plain ra-
diographs. A closed reduction should be attempted under
general anesthesia in the operating room if it can be done
without delay, or in the emergency room under conscious
sedation, The method and duration of immobilization fol-
lowing reduction have not been agreed upon, although some
form of immobilization should be used.

Closed reduction of a posterior dislocation can be accom-
plished using the Bigelow,’ Allis,' or Stimson® methods,
which all rely on flexion of the hip joint to relax the iliofem-
oral ligament. The easiest, most common, and most effective
treatment is that described by Allis (Fig. 42—-34).! The patient
is placed supine, and an assistant stabilizes the pelvis by
applying direct pressure over the anterosuperior iliac spine.
The hip and knee are then flexed 90 degrees, with the thigh
in slight adduction and medial rotation. The surgeon then
places a forearm behind the patient’s knee and leg and
applies an anteriorly directed force to release the femoral
head from behind the posterior lip of the acetabulum. If
soft tissue resistance is felt, further medial rotation and hip
adduction are performed in an effort to relax the hip joint
capsule, while the closed reduction is performed. An assis-
tant can apply anteriorly directed pressure on the femoral
head to aid in the reduction.

In the circumduction method of Bigelow, an assistant
applies countertraction on the anterosuperior iliac spine
while the surgeon grasps the affected limb at the ankle with
one hand and places the opposite forearm behind the pa-
tient’s knee (Fig. 42-35). The initial maneuver is to flex
the adducted and medially rotated thigh 90 degrees while
longitudinal traction is applied in line with the deformity.
This will relax the Y-ligament and bring the femoral head
near the posterior rim of the acetabulum. The femoral head
is then freed from the rotator muscles by gently rotating
the thigh back and forth. Finally, the femoral head is levered
into the acetabulum by gentle abduction, lateral rotation,
and extension of the hip. Manipulation should always be
gentle, to prevent rupture of the Y-ligament or damage to
the sciatic nerve. The prone position is required for the
Stimson technique, which is difficult to do in a larger child
but can be used in the younger patient (Fig. 42-36).

To reduce an anterior dislocation of the hip, a modifica-
tion of the Allis technique entails initially flexing the knee
to relax the hamstrings while the hip is fully abducted and
flexed to 90 degrees (Fig. 42—37). Traction should be applied
directly in line with the longitudinal axis of the femur while
an assistant applies posterior pressure on the anteriorly dis-
located femoral head. The surgeon then adducts the hip,
using the patient’s thigh as the lever, to reduce the femoral
head into the acetabulum. The hip can be medially rotated
as it is adducted to achieve reduction.

Central dislocations require skeletal traction through a
distal femoral pin to reduce the femoral head to its anatomic
position. Because the central dislocation is associated with an
acetabular fracture, which is often comminuted, the medially

Text continued on page 2280
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FIGURE 42-32 Posterior hip dislocations. A, AP radio-
graph of a posterior hip dislocation in a 10-year-old. B,
Posterior acetabular fracture seen on a postreduction radio-
graph and CT scan following a posterior hip dislocation in
a 13-year-old boy.



FIGURE 42-33 Nonconcentric reduction of a posterior
hip dislocation. A, Posterior hip dislocation in a 5-year-old
child. B, Postreduction AP radiograph showing increased
medial joint space. C, Nonconcentric reduction is confirmed
on CT. Note the increased joint space on the right when
compared to the left hip. D, An open reduction with removal
of interposed soft tissue was followed by casting.
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FIGURE 42-34 A and B, Allis’s direct method for reducing a posterior
hip dislocation.

FIGURE 42-35 A to D, Bigelow’s circumduction method for reducing
a traumatic posterior dislocation of the hip.
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FIGURE 42-36 Stimson’s gravity method for reducing a traumatic posterior dislocation of the hip.
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FIGURE42-37 A and B, Allis’s method for reducing a traumatic anterior
dislocation of the hip.

displaced femoral head must be initially reduced into its
anatomic position. This is best accomplished through a skel-
etal traction pin (Schanz pin placed from lateral to medial
or a skeletal traction pin placed in the AP direction) into
the greater trochanter. Lateral traction can be applied to
initially reduce the central dislocation and then be removed
if the reduction is stable, or it can remain for up to 2 to 3
weeks. The distal skeletal traction is maintained for a total
of 3 to 4 weeks, with some active range of motion of the
hip allowed to promote molding of the acetabulum.

The indications for open reduction of a dislocated hip
are failed closed reduction, a nonconcentric closed reduc-
tion, and a dislocation associated with a displaced femoral
head, neck or acetabular fracture. The surgical approach
depends on the direction of the hip dislocation: a posterior
approach for posterior dislocations and an anterior ap-
proach for anterior dislocations. The goals of surgical inter-
vention are to clear the obstacles preventing reduction of
the hip (piriformis tendon, hip capsule), identify objects
preventing a concentric reduction (inverted limbus, osteo-
cartilaginous loose bodies), anatomically fix any acetabular
or femoral head fractures, and repair the soft tissue envelope.

A standard posterior approach (Southern or Moore) to
the hip is used (Fig. 42-38).* The sciatic nerve should be
identified visually and followed both proximally and distally,
especially when nerve injury has been identified on the pre-

operative physical examination. The remaining soft tissue
structures should then be inspected and all torn muscles
tagged with suture to allow proper closure at the completion
of the procedure. The short external rotators should be
divided 1 cm from their insertion. The femoral head is often
protruding through a tear in the posterior capsule, and care
should be taken to avoid injuring the articular cartilage at
that point. The capsule should be incised to allow complete
inspection of the labrum, the posterior wall of the acetabu-
lum, and the articular surfaces of the acetabulum and femo-
ral head. Subluxation or dislocation of the femoral head
should be performed to allow good visualization, and it is
often achieved by means of skeletal traction applied through
a Schanz screw placed into the greater trochanter. The joint
is irrigated, and any osteocartilaginous debris is removed.
Posterior rim fractures should be internally fixed with screws
in the young child, and a 3.5-mm pelvic reconstruction
plate should be used in the adolescent. Labral avulsions are
repaired by fixing the labrum down to the posterior rim of
the acetabulum (analogous to a Bankart-type repair in the
shoulder), and the posterior capsule should be repaired (see
Fig. 42-38C).

An anterior approach for an anterior hip dislocation can
be either a direct anterior (Smith-Peterson) approach or an
anterolateral (Watson-Jones) approach. The literature on
surgical intervention for anterior dislocations is sparse, since
the vast majority are concentrically reduced closed.”” How-
ever, the goals of surgical treatment remain the same and
should be kept in mind when operative intervention is
needed.

The postreduction treatment following a concentric re-
duction depends on the age of the patient and on whether
or not associated fractures are present. Children less than
6 to 7 years old should be placed into a hip spica cast with
the affected hip in neutral extension and some abduction.
An alternative treatment in the young child is a period of
skin traction. In the older child, bed rest followed by gradual
mobilization on crutches can be used. The period of immo-
bilization for a simple dislocation should be 4 weeks in the
young child and 6 weeks in the older child, to allow capsular
and soft tissue healing. In fracture-dislocations, 6 to 8 weeks
of immobilization in the young child and up to 12 weeks
in the older child should be used to allow fracture healing.
Following the period of immobilization, partial weightbear-
ing is allowed until there is pain-free full range of motion
of the hip, at which time full weightbearing is allowed.” Most
children will resume full activities and full weightbearing as
soon as the immobilization period has ended.”® Although
these guidelines are generally accepted, there is no consensus
on the exact duration of immobilization and time to full
weightbearing. In addition, there is no correlation between
the final result and the period of nonweightbearing following
a traumatic hip dislocation.»!®!%21:30:34

Complications. The most common complications follow-
ing a traumatic hip dislocation in children are AVN of the
femoral head, sciatic nerve injury, recurrence of the hip
dislocation, late degenerative arthritis, and, rarely, femoral
arterial injury in anterior dislocations.

The most common complication following a posterior
traumatic hip dislocation in children is AVN of the femoral
head, with the reported incidence between 8 and 18 per-
cent.'#13172130 The most important factors predisposing to
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FIGURE 42-38 Posterior approach to the hip for a posterior hip
dislocation. A, A skin incision is made extending from the posterior
iliac spine over the greater trochanter and down the lateral aspect of
the thigh. B, The sciatic nerve is identified and retracted. The short
rotators are incised at their insertion and retracted. C, The posterior
capsule, which is partially torn, should be incised to allow visualization
of the acetabulum. D, A Schanz screw is placed into the greater trochan-
ter to allow the surgeon to distract the femoral head for better observa-
tion of the acetabulum. E, Repair of labral tears and the capsule is per-
formed.

the development of AVN are older age (more than 6 years),
severe trauma, and a delay of more than 24 hours from
the time of injury to the time of reduction (Fig. 42-39).
Although radiographic changes can be seen as early
as 3 months, AVN can develop up to 2 years after injury.”
Therefore, serial radiographs should be obtained for at
least 2 years following the original dislocation. The treat-
ment of AVN is difficult and varies with the age of the
child. In adolescents, a proximal femoral osteotomy can be
used to position viable femoral head in the weightbearing
zone.

Sciatic nerve palsy is considered to be rare, but has been
reported in up to 25 percent of posterior dislocations. All

Greater
Gem, trochanter
sup.

instances occurred in older children and resulted from a
high-energy injury, either automobile, motorcycle, or foot-
ball trauma.” The sciatic nerve injuries are usually partial,
and exploration of the nerve has been recommended in
patients who have not demonstrated some recovery by 3
months. Pearson and Mann reported partial return of nerve
function in four of five patients (one patient underwent
nerve exploration at 3 months), with the fifth patient having
a complete recovery.”

Recurrent hip dislocation is more common in children
than in adults, and the reported cases in the literature are
all posterior dislocations, usually in children less than 10
years old. No association has been demonstrated between
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FIGURE 42-39 AVN following hip dislocation in a 15-year-old
boy. A, Anterior hip dislocation. B, Radiographs obtained 6 months
after the injury demonstrating AVN. C, MRI demonstrating partial
femoral head AVN.

recurrence of a posterior dislocation and the severity of
the injury or the type of immobilization used. Some have
suggested that a minimum of 2 weeks of immobilization is
required to allow the capsule to heal and thus lower the
incidence of redislocation."*'®* Inadequate healing of the
posterior capsule or attenuation of the posterior capsule
accounts for the recurrent dislocation and can be treated
by open surgical repair!*#*42% or by immobilization of the
hip in 45 degrees of flexion and 20 degrees of abduction
for 4 to 6 weeks.”"™" The evaluation of a recurrent hip
dislocation should include CT to identify loose bodies within
the joint and posterior acetabular or femoral head fractures
that occurred at the time of the redislocation. CT arthrogra-
phy is useful for identifying a redundant posterior capsule
or residual posterior capsular defect, which is seen as dye
leaks from the capsule.” The lesions noted in adults at the
time of reexploration of the hip are labral avulsions,”* a
tear of the posterior capsule,”****# or a markedly attenu-
ated capsule.'® Operative repair of the torn capsule and a
“Bankart-type” repair of the labrum should prevent further
dislocation, although supplementation with a posterior bone

block has been described.”** If a redundant capsule is
present, treatment consists of excision of the posterior pouch
and repair of the capsular defect.

Degenerative arthritis after traumatic hip dislocation is
infrequent in the pediatric population and is due to AVN
of the femoral head. Predisposing factors may include a delay
in reduction, the presence of cartilaginous loose bodies,
acetabular labral tears, and a nonconcentric reduction due to
trapped osteocartilaginous fracture fragments or an inverted
limbus. When degenerative changes are noted it is important
to look for signs of incomplete reduction. Treatment should
be conservative and includes the use of anti-inflammatory
medications, modification of activities, and weight con-
trol.

Vascular injury in anterior dislocations is a surgical emer-
gency and requires prompt reduction of the hip followed
by vascular repair.**** Examination of the peripheral pulses
is extremely important in anterior dislocations and should
be done at presentation, following reduction, and then seri-
ally over the next 24 to 48 hours. Another rare complication
is injury to the triradiate cartilage, leading to a shallow



acetabulum and hip subluxation.”” Treatment consists of
physeal bar excision, if detected early, or acetabular recon-
struction when identified late.
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HIP FRACTURES

Compared with hip fractures in adults, hip fractures in
children are relatively rare, accounting for less than 1 percent
of all pediatric fractures. The vast majority of hip fractures
in children, 80 to 90 percent, are due to high-energy trauma;
the rest are due to moderate trauma or pathologic condi-
tions.

Hip fractures are classified according to their anatomic
location, with femoral neck fractures (transcervical or cervi-
cotrochanteric) being the most common. The treatment of
most hip fractures in children consists of closed or open
reduction and internal fixation, followed by a period of
external immobilization. Despite advances in operative tech-
nique and more aggressive treatment, the rate of complica-
tions from pediatric hip fractures (AVN, coxa vara, prema-
ture physeal closure, malunion, nonunion) remains rela-
tively high.

Anatomy. The proximal femur consists of a single physis
at birth that later separates into two distinct centers of
ossification—the capital epiphysis and the trochanteric
apophysis. Ossification of the femoral epiphysis occurs be-
tween 4 and 6 months of age, and the ossific nucleus (Fig.
42-40) of the greater trochanter appears at 4 years. The
femoral neck-shaft angle is 135 degrees at birth, increases
to approximately 145 degrees by 1 to 3 years of age, and
gradually matures to an angle of 130 degrees at skeletal
maturity.'™*** Femoral anteversion at birth is approximately
30 degrees, decreasing to an average of 10.4 degrees at skele-
tal maturity.”*® The trochanteric physis closes between 16
and 18 years and the proximal femoral physis closes at
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FIGURE 42-40 A, The proximal femoral epiphysis is a single physis at
birth. B, At approximately age 4 vears, the single growth center divides
into a separate greater trochanteric and femoral head growth center. Note
the two secondary centers of ossification.

approximately 18 years. Growth arrest of the proximal femo-
ral physis prior to skeletal maturity may result in an abnor-
mal neck-shaft angle, femoral anteversion, and a reduced
articulotrochanteric distance (Fig. 42—41). In addition, since
the proximal femoral physis contributes approximately 15
percent of the growth of the entire extremity, mild limb
length discrepancy may occur.

Because of the high incidence of AVN of the femoral head,
the vascular anatomy of the proximal femur is important
to understand. It has been extensively studied by Chung,"
Ogden,” and Trueta.* The blood supply of the proximal
femur comes from two major branches of the profunda
femoris artery—the medial and lateral circumflex arteries,
which originate at the level of the tendinous portion of the

FIGURE 42-41

Proximal physeal growth arrest following a transcervical
left hip fracture, with subsequent coxa breva, coxa magna, and a decreased
articulotrochanteric distance.

FIGURE 42-42 The femoral head blood supply from the medial and
lateral circumflex arteries, branches of the deep femoral artery at the level
of the tendinous portion of the iliopsoas muscle.

iliopsoas muscle (Fig. 42—42). The lateral circumflex artery
travels posterior to the femoral neck and the medial circum-
flex artery travels anterior to it. The transverse branch of the
lateral circumflex artery divides at the anterolateral border of
the intertrochanteric line, giving off branches that penetrate
the lateral and anterolateral portions of the greater trochan-
ter. Until the age of 5 to 6 months this branch also supplies
much of the anterior portion of the proximal femoral epiph-
ysis and physis.

The major blood supply to the proximal femur comes
from the medial circumflex artery, which travels posterior
to the iliopsoas tendon, then travels to the medial side of the
proximal femur between the inferomedial capsular insertion
and the lesser trochanter. Two major branches of the medial
circumflex artery are then given off—the posterior inferior
branch, which travels along the inferior margin of the poste-
rior neck, and the posterior superior branch, which travels
along the superior margin.

At birth the lateral circumflex artery supplies the antero-
lateral growth plate, the major aspect of the greater trochan-
ter, and the anteromedial aspect of the femoral head. The
medial circumflex artery branches to provide blood to the
posteromedial proximal epiphysis, the posterior physis, and
the posterior aspect of the greater trochanter. The artery of
the ligamentum teres supplies a small area of the medial
femoral head. Blood vessels, which cross the physis at birth,
gradually disappear by age 15 to 18 months, at which time
no vessels are observed crossing the growth plate.

By the age of 3 years the contribution of the lateral
circumflex vessel to the blood supply of the proximal femur
diminishes and the entire blood supply of the proximal
femoral epiphysis and physis comes from the lateral epiphys-
eal vessels, branches derived from the medial circumflex
artery (Fig. 42—-43). The posterosuperior and posteroinferior
vessels were both thought to have prominent roles in the
blood supply to the femoral head by Ogden,”® although
Trueta and Morgan® felt that the lateral cervical ascending
artery (posterosuperior branch) played a more significant
role. These vessels lie external to the joint capsule at the
level of the intertrochanteric line and then traverse the cap-
sule and travel proximally within retinacular folds. Very few
vessels supplying the femoral head travel within the capsule,
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FIGURE 42-43 The medial and lateral circumflex vessels as they enter
the femoral head. The major blood supply comes from the lateral cervical
ascending artery, a branch of the medial circumflex artery.

and therefore a capsulotomy incision should not compro-
mise the vascularity of the femoral head.” This arrangement
of the blood supply to the femoral head persists into adult-
hood. The artery of the ligamentum teres, a branch of the
obturator (80 percent) or the medial circumflex (20 per-
cent), provides approximately 20 percent of the blood supply
to the femoral head beginning at approximately 8 years of
age and is maintained into adulthood.***’

Classification. Fractures of the hip in children are classified
into four types based on the anatomic location of the fracture
as described by Delbet'® and later popularized by Colonna®
(Fig. 42—-44):

Type I: Transepiphyseal—an acute traumatic separation

Transcervical

. . Intertrochanteric
Cervicotrochanteric

FIGURE42-44 Delbet’s classification of children’s hip fractures: A, trans-
physeal; B, transcervical; C, cervicotrochanteric; D, intertrochanteric.
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of a previously normal physis (Fig. 42-45). This type of
fracture accounts for less than 10 percent of all children’s
hip fractures. In 13 reported series, 43 (8 percent) of 511
hip fractures in children were type I.* Anatomically, it is
similar to the type I physeal injury of Salter and Harris and
can be distinguished from a slipped capital femoral epiphysis
(SCFE) by the younger age of the patient (8 to 9 years), the
usually sudden onset of pain secondary to severe trauma,
and radiographs showing a more displaced acute separation
of the physis. This injury predominantly occurs in two age
groups: young infants (less than 2 years old)**"* and
children ages 5 to 107 In the newborn, it is known as
proximal femoral epiphysiolysis and follows breech delivery,
and may be mistaken for congenital dislocation of the hip.
It is usually recognized late (more than 2 weeks), following
the formation of abundant callus.® It has also been de-
scribed in the adolescent patient following an attempted
closed reduction of a posterior hip dislocation.'*

The mechanism of injury is usually severe trauma, often
being struck by a car* or a falling from a height, but it has
also been reported in victims of child abuse?®? and during
difficult labor.” It is associated with femoral head dislocation
in approximately 50 percent of cases.*?"* Associated inju-
ries occur in up to 60 percent of cases, with pelvic fractures,
often bilateral, being the most common.* The results of
treatment are relatively poor, with a reported incidence of
AVN of the femoral head between 20 and 100 percent.”? 4

Type II: Transcervical—a fracture through the midpor-
tion of the femoral neck (Fig. 42—46). This is the most
common fracture type, accounting for 40 to 50 percent of
hip fractures. In the literature, 229 (45 percent) of 511 hip
fractures in children were type IL.f These fractures are the
result of severe trauma, and the majority (70 to 80 percent)
are displaced at the time of presentation. The most common
complication is AVN, which has historically been reported
to be up to 50 percent.*”*4 However, recent studies that
have relied on more aggressive treatment, including evacua-
tion of the intracapsular hematoma, have reported a signifi-
cant reduction in the incidence of AVN.%** The best pre-
dictor for developing AVN is displacement of the fracture
at the time of injury.® Other complications, including loss
of reduction, malunion, nonunion, varus deformity, and
premature epiphyseal closure, result in relatively poor out-
comes when compared with the outcomes of type III and
IV fractures.

Type III: Cervicotrochanteric—a fracture through the base
of the femoral neck (Fig. 42—47). The reported incidence is
between 25 and 35 percent. Of 511 hip fractures, 171 (33
percent) were type IIL.¥ AVN occurs in approximately 20
to 25 percent of cases and is related to the amount of
displacement at the time of the injury.

Type IV: Pertrochanteric or intertrochanteric—a fracture
between the greater and lesser trochanter (Fig. 42—48). The
reported incidence is between 6 and 15 percent. Of 511
hip fractures, 68 (13 percent) were type IV.§ AVN occurs
infrequently (less than 10 percent), and these fractures have
the best overall outcome.

*See references 8—10, 15, 23, 25, 27, 29, 40, 42, 45, 54, 59.
1See references 8—10, 15, 23, 25, 27, 29, 40, 42, 45, 54, 59.
fSee references 8-10, 15, 23, 25, 27, 29, 40, 42, 45, 54, 59.
§See references 8-10, 15, 23, 25, 27, 29, 40, 42, 45, 54, 59.
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Hip fractures that do not fit into the Delbet classification
include fractures of the proximal metaphysis in newborns
and stress fractures. Proximal metaphyseal fractures will
often be confused with a dislocation of the hip since the
capital femoral and greater trochanteric epiphyses are not
yet ossified (Fig. 42—-49). Stress fractures of the femoral neck
have been reported in less than 20 cases in the literature;
the child presents with a history of a minor injury and vague
hip pain.***"*% The fracture is often missed on the initial
presentation, which may lead to displacement requiring op-
erative intervention (Fig. 42-50).5%

Mechanism of Injury. Hip fractures in children are most
often the result of severe high-energy trauma (a fall from a
height, a motor vehicle accident, or a fall from a bicycle).
Such mechanisms account for approximately 85 to 90 per-
cent of all fractures.* This differs significantly from the
situation in the elderly adult population, in which hip frac-
tures are common and result from minimal trauma, most
commonly a fall. Because of the severe energy required to
produce these fractures, associated major injuries are seen in
up to 30 percent of cases.”* Intra-abdominal or intrapelvic
visceral injuries and head injuries are the most common
associated injuries.” Other musculoskeletal injuries are seen
less often and include hip dislocations, and pelvic and femo-
ral shaft fractures.'” Because of these associated injuries,
any child who presents with a hip fracture must be carefully
evaluated. A small fraction of patients sustain hip fractures
from trivial trauma, often associated with a pathologic lesion
in the area of the fracture. The most common preexisting
conditions include a unicameral bone cyst, osteogenesis im-
perfecta, fibrous dysplasia, myelomeningocele, and osteope-
nia from previous polio.””*** Finally, child abuse may cause
hip fractures in children less than 12 months of age.””

Diagnostic Features. The patient initially presents after a
severe traumatic event with complaints of severe pain in the
hip. The history should include the mechanism of injury
and a description of other areas of pain. Because of the
severity of the hip pain, the patient may not provide a
good description of other painful areas, and therefore the
examiner must take care to rule out associated injuries.
On the other hand, other severe injuries can obscure the

*See references 7, 15, 23, 25, 27, 29, 42, 45, 59.

FIGURE 42—45 Transphyseal hip fracture in a 10-year-old
child with posterior dislocation of the epiphysis.

diagnosis of a hip fracture. Lam reported 75 hip fractures
in children, 15 of which were first diagnosed after a period
ranging from 1 week to 8 months.” One of the principal
reasons for a missed diagnosis was the presence of a more
serious concomitant injury overshadowing the hip fracture.
Undisplaced hip fractures and stress fractures, which occur
in approximately 30 percent of cases,” may not present
with severe pain. The patient may be ambulating at the time
of evaluation following a “twisting” or “sprain” of the hip
from a slip or athletic mishap.?'3%

On physical examination, the patient with a displaced
hip fracture will hold the injured limb laterally rotated and
slightly adducted, and the limb will appear shortened. The
patient is in severe pain and is unable to actively move the
limb. If a dislocation is present, the extremity is held in
flexion, adduction, and internal rotation. Local tenderness
is elicited on palpation and is most severe posteriorly over
the femoral neck. Passive motion of the extremity is mark-
edly restricted, especially with flexion, abduction, and medial
rotation. In a nondisplaced fracture the hip examination
may not be very remarkable, with very mild discomfort
elicited during passive range of motion of the extremity. In
addition, the patient may be able to ambulate with very

FIGURE 42-46 Transcervical or femoral neck fracture.



FIGURE42-47 Left cervicotrochanteric hip fracture in a 9-year-old child.

little pain. A careful, detailed history, physical examination,
and radiographic evaluation are important in these patients
to avoid missing the diagnosis.

Radiologic Examination. The radiographic evaluation
consists of AP and lateral images of the hip. The radiographs
should be analyzed for the type of fracture (Delbet classifica-
tion), the direction of the fracture line, the amount of dis-
placement, the degree of varus, and the location of the
femoral epiphysis. Comparison views of the other hip may
assist the surgeon in determining whether a nondisplaced
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fracture of the femoral neck is present. Such a determination
is best done by inspecting the proximal femur for any disrup-
tion in the normal trabecular pattern. Nondisplaced or stress
fractures can be confirmed with radioisotope bone scanning
with pinhole magnification."*** Bone scan imaging must
be delayed somewhat from the time of the initial injury to
allow increased bone metabolism to occur at the fracture
site to avoid false negative examinations. (In the elderly, the
general recommendation is to wait 48 to 72 hours from the
time of injury.) Although no data exist on the time delay
required in the child or adolescent, we recommend delaying
bone scan imaging for 24 to 36 hours following injury. MRI
is the best imaging modality for the nondisplaced or stress
fracture of the femoral neck, providing greater accuracy,
earlier diagnosis, and shorter hospital stay, with no exposure
to radiation.*"***4-*2 MRI will demonstrate decreased signal
on a spin-echo T1 image and a correspondingly increased
signal due to edema or bleeding on the T2-weighted images.”
An additional advantage of MRI over other imaging modal-
ities is that additional information can be obtained, includ-
ing femoral head viability and the presence of associated
bone cysts.

Treatment. Improvements in surgical techniques and more
aggressive treatment have resulted in improved outcomes
in children’s hip fractures.”® The most important factors to
consider before initiating treatment are the age of the child,
the type of hip fracture, the amount of fracture displacement,
and the angle of the fracture line. Results in young children
(less than 8 years old) with nondisplaced fractures or type
III or IV fractures are better than those in older children
with a displaced type I or II fracture.

The goals of treatment of children’s hip fractures are to
achieve anatomic reduction and to provide stability to the

FIGURE 42-48 Left intertrochanteric hip fracture in a 10-year-old child.
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fracture fragments in order to maintain the reduction and
allow complete fracture healing. In general, these goals are
best achieved in the operating room, with fracture reduction
performed under fluoroscopic guidance and fracture stabili-
zation achieved with rigid internal fixation. Hip spica casting
should be used in most children’s hip fractures (in addition
to internal fixation) to immobilize the extremity and allow
complete and solid fracture healing. It is occasionally used
as the definitive treatment in small children, in children
with minimally displaced cervicotrochanteric and intertro-
chanteric fractures, and in children with a stress fracture of
the femoral neck.

Specific treatment plans are described below for each
fracture type.

FIGURE 42-50 Stress fracture of the femoral neck.

FIGURE 42-49 Proximal femoral metaphyseal fracture in
a young infant, demonstrating abundant callus formation.
Note the multiple fractures in this child abuse case.

TYPE I: TRANSEPIPHYSEAL FRACTURES. Historically, transepiphys-
eal fractures have been associated with a high rate of complica-
tions, including loss of reduction and subsequent varus angu-
lation, AVN of the femoral head, and premature epiphyseal
closure. The literature reports loss of reduction with resultant
varus deformity in approximately 35 percent of transepi-
physeal fractures when treated with cast immobilization. Al-
though the rate of AVN is most dependent on the amount of
displacementat the time of the injury, loss of reduction can be
a contributing factor and should be limited by stable internal
fixation (Fig. 42—51). We recommend an anatomic reduction
with rigid internal fixation followed by cast immobilization.
[t is important to determine whether the femoral epiphysis is
reduced within the acetabulum on the initial radiographs. If
the epiphysis is within the acetabulum, a gentle closed reduc-
tion similar to that done for a SCFE is performed, since the
neck is displaced anterior to the epiphysis. The hip is slowly
flexed, slightly abducted, and internally rotated while the sur-
geon observes the fracture under fluoroscopy. Once an ana-
tomic reduction is achieved, internal fixation should be per-
formed through a small lateral incision. In a young child (less
than 4 years old) we recommend smooth Kirschner wires,
4.0-mm cannulated screws in the child 4 to 7 years, and 5.0-
to 6.5-mm cannulated screws in the older child. To limit the
risk of premature physeal closure, threads from wires or
screws should not be crossing the physis at the completion of
the procedure.

If the femoral epiphysis is dislocated from the acetabulum,
we recommend a single attempt at a closed reduction. How-
ever, the likelihood of achieving a closed reduction in this
situation is small. Multiple attempts may predispose to AVN
and are not recommended. Canale reported failure of closed
reduction in four of five patients with a type I fracture in which
the epiphysis was dislocated from the acetabulums; all five chil-
dren eventually developed AVN.® Therefore, an open reduc-
tion should be performed initially in this setting or following
a single attempt at a gentle closed reduction. The majority of
fracture dislocations occur posteriorly and should be ap-
proached with a modified Southern (Moore) approach, while
an anterior fracture-dislocation requires an anterior (Smith-
Peterson) approach. The obstacles to reduction are similar to
a typical hip dislocation (see discussion in Chapter 15, Devel-
opmental Dysplasia of the Hip). A separate lateral incision is
then made and the fracture is stabilized with rigid internal
fixation.
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Transphyseal fracture in a 10-year-old that was treated with internal fixation and casting. A, Type

[ fracture-dislocation. B, Radiographic appearance after posterior open reduction and internal fixation. C, Four months
following injury, there was evidence of AVN. D, Radiographic appearance after screw removal.

We recommend cast immobilization in a one-and-one-
half hip spica cast in all patients following either a closed or
open reduction and internal fixation. The hip should be posi-
tioned in approximately 30 degrees of abduction, neutral ex-
tension, and 10 degrees of internal rotation for a minimum
of 6 weeks, and up to 12 weeks in the older child if fracture
union is delayed. Some surgeons advocate cast immobiliza-
tion as the principal mode of stabilization in the child less
than 18 months old with a transepiphyseal separation, since
more remodeling potential exists in this age group. However,
Forlin and colleagues described five patients with an average
age of 15 months with severely displaced transepiphyseal sep-
arations who were treated by closed reduction and cast immo-

bilization only.” All five patients developed varus angulation;
three patients required a valgus femoral osteotomy, and in
the remaining two patients the varus deformity remodeled.
We recommend this treatment in a patient less than 2 years
old with minimal or no displacement which does not require
manipulation at the time of treatment.

TYPE II: TRANSCERVICAL FRACTURES. We recommend that all
transcervical fractures (including the nondisplaced fracture)
in children of all ages be treated by stable internal fixation to
avoid loss of reduction and subsequent malunion, and de-
layed union or nonunion (Fig. 42—52). These complications
are much more common when fractures are stabilized by ex-
ternal immobilization alone.”** Anatomic reduction must
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FIGURE 42-52 Transcervical fracture treated with internal fixation and casting. A, Injury radiographs of a displaced
transcervical hip fracture, B, Radiographic appearance after open reduction and internal fixation. Note that the fixation

stays distal to the physis.

be achieved to help prevent nonunion, and, although not
proven, it may diminish the risk of developing AVN. A gentle
closed reduction should be attempted under fluoroscopic
guidance. The closed reduction maneuver was described in
the 1890s by Whitman, who felt that an anatomic alignment
was mandatory to prevent future deformity.®*' The reduction
consists of first, fully abducting the normal hip to stabilize
the pelvis, followed by progressive abduction of the extended
affected hip. The surgeon then places downward pressure on
the greater trochanter and uses the upper border of the acetab-
ular rim as a fulcrum to restore the normal relationship of
the proximal femur while the hip is abducted (Fig. 42—53).
During abduction of the hip, the extremity is internally ro-
tated to 20 to 30 degrees to complete the reduction maneuver.
Once reduction is achieved the extremity should be slowly
adducted to allow placement of internal fixation through a
lateral approach. If closed manipulation fails to achieve ana-
tomic reduction, an open reduction through an anterior or
anterolateralapproach must be performed (Fig. 42—-54). Once
reduction is achieved the fracture should be stabilized with
threaded Kirschner wires in the young child and cannulated
screws in the older child. Internal fixation devices should be
kept distal to the physis; however, fracture stability is of prime
importance and should not be compromised in an attempt
to avoid the growth plate (Fig. 42-55). In the older child a
minimum of two screws should be placed parallel to one an-
otherandinalag-type fashion, with screw threads in the prox-
imal fracture fragment producing compression across the
fracture site. To avoid fracture displacement, we recommend
having two guide wires in place while the third guide wire
is overdrilled, tapped, and then used as a guide for screw
placement.

Cast immobilization in a one-and-one-half hip spica cast
is recommended postoperatively for 6 to 12 weeks until good
healing callus is seen. Although still controversial, there is in-
creasing evidence that hip decompression through needle as-
piration of the hip joint results in a lower incidence of AVN
in type I hip fractures.””* Needle aspiration through a sub-

adductor approach has little risk and should be done follow-
ing reduction and internal fixation (Fig. 42-56).

TYPE IIIl: CERVICOTROCHANTERIC FRACTURES. Although type III
fractures have a better overall outcome than type II fractures,
the displaced fracture has equally poor results.*”

We recommend that the displaced fracture be treated by
closed reduction and internal fixation in all age groups. Non-

FIGURE 42-53 Closed reduction maneuver to reduce a femoral neck
fracture. In-line traction (A and B) is followed by progressive abduction
(C) and internal rotation (D).



FIGURE 42-54 Open reduction and internal fixation of a femoral neck
fracture using an anterolateral approach. A, The lateral incision is made
and the tensor fasciae latae is incised. B and C, The gluteus medius and
minimus are incised at their tendinous portions and retracted proximally
as one layer to allow reapproximation. D, The capsule is opened. The
fracture is reduced and fixed with two cannulated screws.
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FIGURE 42-56 Arthrogram of the hip to ensure needle presence in the
joint followed by aspiration following a closed reduction and screw fixation
of a basicervical hip fracture in a 10-year-old child.

displaced fractures in the older child (more than 6 years old)
also should have internal fixation (Fig. 42—57). Although
some have recommended closed reduction and abduction
spica casting without internal fixation, varus deformity devel-
ops in 65 to 85 percent of cases so treated. Undisplaced frac-
tures in the child less than 6 years old may be treated with
an abduction cast. In the child less than 6 years old, with a
displaced fracture, a closed reduction and hip spica casting
may stabilize the fracture, but maintenance of the reduction
relies on the position of the extremity and the molding of the
cast. In most cases we prefer the stability of internal fixation.
In addition, because of the distal location of this fracture rela-
tive to the physis, internal fixation with cannulated screws or
Kirschner wires is technically easier than in the type 1II frac-
ture. However, the distal location of the fracture may not af-
ford good purchase for cannulated screws, resulting in loss of

FIGURE 42-55 A and B, Transcervical hip fracture in a 12-year-old adolescent that was treated by screw fixation.
To obtain stable fracture fixation, the screw threads are proximal to the fracture and provide compression across the
fracture site.
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FIGURE 42-57 A, Cervicotrochanteric fracture in a 7-year-old child. B, Radiographs following a closed manipulation,
anatomic reduction, and percutaneous screw fixation. A hip spica cast was used for 2 months. C, Final healing at 8 months.

reduction and subsequent varus. We recommend hip spica
casting to supplement cannulated screw fixation or the use of
a hip screw and side plate construct.

TYPE IV: PERTROCHANTERIC OR INTERTROCHANTERIC FRACTURES.
This fracture type results in the best outcome and can often
be treated nonoperatively in the child less than 6 years old.
As in type II and III fractures, a closed reduction with
internal fixation is the treatment of choice for the displaced
fracture in any age group and for the nondisplaced fracture
in the older child (Fig. 42-58).

STRESS FRACTURES. Stress fractures occur predominantly in
the adult population as a result of repetitive loading of
pathologic bone (rheumatoid arthritis, osteoporosis) or nor-
mal bone (military recruits).>* Stress fractures have been

subgrouped into the transverse or tension type, which ap-
pears as a small lucency in the superior part of the femoral
neck and requires internal fixation to prevent displacement,
and the compression type, which appears as a haze of callus
on the inferior aspect of the neck and rarely displaces if
treated conservatively."”

Only 13 cases have been reported in the literature in chil-
dren and adolescents.!>7**515%6 Stress fractures in children
usually occur in the 8- to 14-year-old age group and present
with mild symptoms of pain which can mimic transient syno-
vitis, a pre-SCFE, avulsion injuries of the pelvis, muscle
strains, and benign lesions such as osteoid osteoma. The pa-
tient complains of mild hip pain, which often does not prevent
participation in normal activities such as cross-country run-
ning.*® The physical examination is essentially normal, with
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FIGURE 42-58 A, Left intertrochanteric hip fracture in a 10-year-old child. B, Treatment with a compression screw
and side plate after a closed reduction.

minimal pain on hip motion. Radiographic evidence of the
hip fracture often is not seen for up to 4 to 6 weeks from the
time of appearance of the original symptoms or the initial
presentation. Bone scans will usually show a stress fracture;
however, MRI is most helpful in making a diagnosis.”® Dis-
placement of stress fractures in children has been reported
when normal activities were continued, or after a fall. ™%

Algorithms for the treatment of femoral neck stress frac-
tures in children are based on the premise that only compres-
sion-type fractures occur in children.* Once the diagnosis is
made, treatment should consist of nonweightbearing in the
cooperative patient or hip spica casting in a patient in whom
the weightbearing status cannot be controlled. When painful
symptoms have resolved (usually within 4 to 6 weeks), partial
weightbearing can be resumed. Full weightbearing is started
only after solid radiographic union of the fracture. Internal
fixation should be performed on any fracture that is displaced
at the time of presentation or begins to show displacement or
evidence of delayed union/nonunion.

Complications. The treatment of hip fractures in children
is associated with a high incidence of complications, espe-
cially in the displaced fracture and in the older child.®*#%
The incidence of each complication has diminished with
more aggressive operative management, including prompt
closed or open reduction, stable internal fixation that avoids
the physis, and external immobilization. Complications in
children’s hip fractures include AVN, coxa vara, nonunion,
premature physeal closure, and infection.

AVASCULAR NECROSIS. AVN is the most common and most
devastating complication associated with hip fractures in
children. Because of the high incidence of AVN and the

severity of symptoms, AVN is the principal cause of poor
results in children’s hip fractures. Historically, the incidence
of AVN has been reported to be 100 percent, 50 percent,
25 percent, and 15 percent for types I, II, III, and IV fractures
respectively, with an overall incidence of 43 percent.®* When
11 series are combined, the incidence of AVN is lower: 45
percent, 33 percent, 14 percent, and 3 percent for types I,
II, III, and IV fractures, respectively.* AVN of the femoral
head is thought to occur because of disruption or compro-
mise of the blood supply of the femoral head at the time
of the initial trauma (displacement of the fracture) and
the tamponade effect of the hip hemarthrosis.

Risk factors predisposing to AVN are fracture displace-
ment, which is the most important factor; the presence of a
type I or II fracture; and a fracture in an older child (more
than 12 years old). Canale reported that over 90 percent of
patients who developed AVN had displaced hip fractures.™
Heiser and Oppenheim in 1980 reported 100 percent good
results in nondisplaced fractures and only 50 percent good
results in displaced fractures.” Pforringer and Rosemeyer re-
ported lower rates of complications (including AVN) overall
in children less than 12 years old: AVN occurred in 30 percent
of adolescents but in only 19 percent in children less than 12
years old.* Although early reduction (within 24 hours) with
fixation improves the overall outcome of hip fractures in
adults, there are few studies directly comparing early and late
treatment in children. Pforringer and Rosemeyer reported
improved outcome in children and adolescents with early op-
erative treatment (within 36 hours of injury).*

Although the mode of treatment has not been thought to

*See references 8, 9, 15, 23, 25, 27, 29, 40, 42, 54, 59.
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have an effect on the incidence of AVN, there is growing evi-
dence that more aggressive operative management to include
decompressive hip arthrotomy reduces this risk.”**>** Cheng
and Tang reported on ten patients (average age, 12.9 years)
with displaced hip fractures; seven underwent decompression
of the hip joint with needle aspiration followed by closed re-
duction and internal fixation; three required an open reduc-
tion and internal fixation. No patient had developed AVN at
an average follow-up of 4.6 years.” Ng and Cole combined
their six cases of displaced hip fractures in children who un-
derwent hip decompression with 39 similar cases reported in
the literature and compared them with 48 cases reported by
Canale that were treated without hip decompression.” They
concluded that hip decompression lowers the incidence of
AVN, especially in type II and III fractures. However, Gerber
and colleagues reviewed the experience with open reduction
and internal fixation of hip fractures in children at seven Swiss
hospitals and could not demonstrate an improvement in the
incidence of AVN.* Although the data are not conclusive,
they do suggest that hip decompression helps lower the inci-
dence of AVN, is relatively easy to perform, and is associated
with minimal complications. Therefore, we recommend nee-
dle aspiration of the hip joint using an 18-gauge needle via a
subadductor approach at the time of the initial treatment.
This should be done at the completion of the reduction and
fixation to minimize the reaccumulation of fracture he-
matoma.

Symptoms of AVN may occur early, with complaints of
groin pain. Radiographic evidence of AVN can be seen as
early as 2 months following injury and is generally seen
within 1 year of injury (Fig. 42-59).%% Radiographs may

FIGURE 42-59 Severe AVN of the femoral head following a displaced
femoral neck treated with closed reduction and screw fixation. The hardware
was removed when there was evidence of AVN.,

demonstrate osteopenia of the femoral head, later followed
by sclerosis, fragmentation, and often collapse and defor-
mity. MRI is the most sensitive test to confirm the diagnosis
and also defines the extent of femoral head and neck involve-
ment. Radioisotope scanning shows decreased uptake in the
femoral head and/or neck and is useful in the hip that has
stainless steel internal fixation.**”

Three patterns of AVN have been described by Ratliff
(Fig. 42-60).” In type I AVN there is severe diffuse necrosis
involving the entire femoral head and the proximal fragment
of the femoral neck (Fig. 42—61). The femoral head necrosis
is accompanied by various degrees of collapse, from segmen-
tal necrosis with minimal collapse to diffuse complete col-
lapse with subluxation. Type I AVN results from interrup-
tion of the lateral epiphyseal and the metaphyseal vessels.
This is the most common pattern of AVN, accounting for
more than 50 percent of cases, and has the worst prognosis.
In Ratliff’s study, type I necrosis occurred in 33 of 55 cases
(60 percent); the patients with partial collapse had fair re-
sults, whereas the patients with complete collapse had poor
results.” Canale reported that 80 percent of patients with
AVN had the type [ pattern.”®

Type Il AVN is characterized by sclerosis from the frac-
ture line of the femoral neck to the physis but sparing the
femoral head (Fig. 42—62). Type II accounts for 25 percent
of cases of AVN and has the best results,

Type III AVN is characterized by more localized necrotic
changes, often in the anterosuperior aspect of the femoral
head, with little collapse (Fig. 42-63). It is usually due to
interruption of the lateral epiphyseal vessels before entrance
into the epiphysis. This type is seen in approximately 25
percent of cases and has a better prognosis than type AVN 1%

In general, AVN following hip fractures in children results
in poor outcomes in up to 60 percent of cases. In a long-
term follow-up study, Davison and Weinstein reported that
64 percent (nine of 14) of patients with AVN had severe
pain, limited range of motion, and proximal femoral de-
formities; and four (44 percent) required arthroplasty an
average of 5.6 years following injury.” Leung and Lam, in
a long-term follow-up of hip fractures in children 13 and
23 years following injury, found that 20 percent of patients
had severe collapse and deformity from AVN."

The treatment of AVN has been relatively unsuccessful,
and some have suggested that treatment does not affect
the natural history.* Canale and Bourland reported that 60
percent of patients with AVN following hip fractures had
poor results, regardless of whether treatment was specifically
undertaken to treat the AVN.? Little data is available on the
treatment of AVN following hip fractures in children, which
makes defining one treatment modality superior to others
difficult.*

The goals of treatment are to preserve the functional range
of hip motion, maintain containment of the femoral head
within the acetabulum, and preserve as much femoral head
viability as possible. In general, the treatment of AVN should
begin at the onset of symptoms and should entail partial
weightbearing or nonweightbearing until painful symptoms
resolve. Canale and Bourland had 22 hips with AVN; seven
were treated with bedrest or nonweightbearing ambulation
started at the time that AVN was first recognized and contin-
ued for an average of 8 years. One patient had a good result,
three had fair results, and three had poor results.® In a study



CHAPTER 42—Lower Extremity Injuries *** 2295

B. Type II C. Type II
or Metaphyseal AVN or Partial Epiphyseal

M = Medial femoral
circumflex artery

L = Lateral femoral
circumflex artery

FIGURE 42-60 Patterns of AVN of the femoral head following hip fractures in children, as described by Ratliff.
Note the location of the vascular compromise that leads to each pattern. A, Type I or total AVN of the entire femoral
capital epiphysis and proximal fragment of the femoral neck. B, Type II or metaphyseal AVN from the level of the
fracture to the physis. C, Type IlI or partial head AVN. The AVN is confined to the femoral head.

by Ratliff, 20 patients with type L AVN, without subluxation of
the femoral head had fair results at final follow-up following
treatment with a weight-relieving caliper.®

Operative treatment has resulted in poor outcomes prin-
cipally because of selection bias; the most severe cases of
AVN have received operative treatment. When AVN is first
recognized, the initial step is removal of internal fixation
devices to prevent hardware penetration into the joint. Fur-

e FIGURE 42-62 Type II AVN in a 6-year-old child following closed
FIGURE 42-61 Type I AVN in an 8-year-old child. The avascular area reduction and internal fixation of a cervicotrochanteric hip fracture. The
is proximal to the femoral neck fracture. AVN extends from the fracture site to the physes.
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ther operative treatment options include intertrochanteric
osteotomy (usually valgus) to place viable head in the weight-
bearing zone, capsulotomy, and arthrodesis. Ratliff reported
seven cases of type I necrosis with subluxation of the femoral
head that were treated by subtrochanteric osteotomy in an
attempt to allow revascularization of the femoral head. All
seven patients had poor results, and this procedure was not
recommended.” Similarly, Canale and Bourland described
one patient who had a cortical bone graft inserted into
the avascular area, with a poor result, and a patient who
underwent a valgus osteotomy, with a fair result.® Cup
arthroplasty or total hip arthroplasty in this setting has also
resulted in poor outcomes. Davison and Weinstein reported
on four patients who underwent cup arthroplasty or total
hip arthroplasty. In two the arthroplasties have been revised,
and in the other two follow-up has been short.”

We recommend partial weightbearing or nonweightbear-
ing on the involved extremity at the first signs and symptoms
of AVN until revascularization is complete and painful symp-
toms have resolved. If femoral head necrosis is associated with
severe symptoms and subluxation, intertrochanteric osteot-
omy to place more viable head in the weightbearing zone or
arthrodesis is recommended (Fig. 42-64). In general, we do
not recommend cup arthroplasty or total hip arthroplasty in
the adolescent with AVN because of the relatively short life
span of these prostheses in the young, active patient.

coxA VARA, Coxa vara may be due to four main causes:
malreduction, in which the fracture is left in a varus position;
loss of reduction due to inadequate fracture stabilization,
usually when external immobilization alone is used; delayed
union or nonunion, in which eventual varus develops; and
premature closure of the proximal femoral physis with over-
growth of the greater trochanter. It occurs in 10 to 32 percent
of cases, depending on the type of treatment used.*
Closed reduction and external immobilization with ab-
duction casting results in the highest incidence of coxa vara,
most often due to loss of reduction. Although closed reduc-
tion and internal fixation can result in coxa vara, the severity
of the varus deformity tends to be mild when compared to

*See references 8, 15, 25, 27, 29, 45, 59.

FIGURE42-63 Type III AVN, or partial femoral head AVN
(arrow), following a femoral neck fracture.

that in patients treated by closed reduction and casting. Ca-
nale and Bourland reported coxa vara in 13 patients (21 per-
cent of their study group). In seven children treated by closed
reduction and internal fixation, the coxa vara resulted in an
average neck-shaft angle of 127 degrees, whereas in five chil-
dren treated by reduction and casting, the varus deformity
averaged 94 degrees.® McDougall reported a 50 percent inci-
dence of coxa vara and related this to bending of the femoral
neck because of bone plasticity at the fracture site, despite
radiographic union.” Others feel that the obliquity of the frac-
ture line (Pauwels’ angle of more than 50 degrees) results in
fracture instability and predisposes to varus deformity.' Some
remodeling occurs with milder deformity, especially in the
younger child.” However, a neck-shaft angle of less than 100
degrees is associated with a poor outcome, and such a defor-
mity has little ability to remodel, even in the young child.

Preventing a coxa vara deformity is best accomplished
with an anatomic reduction and rigid internal fixation fol-
lowed by external immobilization in most cases. To lessen
the risk of premature physeal closure and subsequent coxa
vara, internal fixation devices should avoid the growth plate
as long as good screw purchase can be achieved. We recom-
mend valgus osteotomy with blade plate fixation in a child
with a neck-shaft angle of less than 110 degrees or when
loss of reduction occurs (Fig., 42-65).

NonuNIoN. Theincidence of nonunion varies between 6.5and
12.5 percent and appears to be related to the method of treat-
ment.***** n various series of patients in which the majority
were treated with external immobilization, higher rates of
nonunion were reported”* than in more recent series in
which internal fixation was used.*” Additional factors associ-
ated with nonunion include poor reduction, distraction of
the fracture fragments at the time of internal fixation, and a
Pauwels’ angle of more than 60 degrees. Nonunion can lead
to coxa vara and can predispose to other complications such
as AVN and premature physeal arrest, and ultimately lead to
poor results when an established nonunion occurs. Therefore,
prevention by means of an anatomic reduction, rigid internal
fixation, and external immobilization is important.
Nonunion should be treated when it is diagnosed, to
prevent further complications. In the child less than 10 years



CHAPTER 42—Lower Extremity Injuries © ¢ 2297

D

FIGURE 42-64 Intertrochanteric osteotomy to reposition viable femoral head in the weightbearing zone in a 16-
year-old male adolescent with a displaced femoral neck fracture. A, Preoperative radiograph. B, Radiographs obtained
months after operative fixation showing femoral head collapse. C, A valgus osteotomy was performed with blade plate
fixation to get viable femoral head into the weightbearing zone. D, Appearance at final healing one year following the
osteotomy. The patient has an improved gait with mild symptoms.

old, we recommend autogenous bone grafting with rigid
internal fixation, with screws placed in lag-type fashion to
gain compression across the fracture site. A subtrochanteric
valgus osteotomy should be performed as described by
Pauwel in the older child, or in any child with a Pauwels’
angle greater than 60 degrees or when an unreducible coxa
vara is present (Fig. 42—66)."' The goal of valgus osteotomy
is to alter the plane of the fracture to produce compressive
loads across the fracture site to enhance healing. Preopera-
tive planning should be performed to restore a normal neck-
shaft angle, which generally requires removing an approxi-
mately 25-degree laterally based wedge with the osteotomy
placed just superior to the lesser trochanter, followed by
blade plate fixation.** In adults, excellent results have been
reported using this technique, with fracture union in nearly
all cases.***® Canale and Bourland reported four nonunions
treated successfully with subtrochanteric valgus osteotomy
without bone grafting in children.?

PREMATURE PHYSEAL ARREST. The reported incidence of prema-
ture physeal arrest varies between 10 and 62 percent.**#4

Factors that contribute to premature physeal arrest are the
amount of displacement at the time of injury (requiring more
manipulation and potential injury to the physis), the develop-
ment of AVN, and internal fixation that crosses the physis. In
most cases of premature physeal arrest there is associated
AVN of the femoral head. The development of AVN with col-
lapse may lead to premature physeal arrest; however, itismore
likely that these fractures are displaced at the time of injury,
leading to compromised blood supply to both the epiphysis,
leading to AVN, and the physis, leading to physeal arrest. Lam
reported that eight of nine patients with premature physeal
arrest had associated AVN,” while Heiser and Oppenheim
reported AVN in five of their nine cases.”

Internal fixation, when it crosses the physis, may predis-
pose to premature physeal arrest. Canale and Bourland re-
ported a 62 percent incidence of premature physeal arrest
in their initial series. Of the 23 cases in which Knowles pins
crossed the physis, 18 (78 percent) closed prematurely and
five remained open.® In their later study, the incidence of
premature physeal arrest dropped dramatically, to 12 per-



FIGURE 42-65 Cervicotrochanteric fracture in a 10-year-old girl. A, Initial injury films.
B, A closed reduction and percutaneous pinning with two 6.5-mm cannulated screws was
performed, followed by immobilization in a hip spica cast. C, The fracture line is vertical,
and at the 4-week follow-up evaluation the fracture reduction has been lost owing to screw
migration in the metaphysis with resultant varus deformity. D, Valgus intertrochanteric
osteotomy was then performed. The cannulated screws were removed after the guide wires
were placed. The large compression screw was placed over the inferior guide wire while
the superior guide wire prevented rotation of the femoral neck. Preoperative planning
resulted in using a 20-degree laterally based wedge to produce a valgus correction osteotomy
and align the fracture in a more horizontal position. E, Final healing radiograph.
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FIGURE 42-66 Radiographs of a femoral neck fracture
with a relatively steep Pauwels’ angle. Union was delayed,
and a valgus osteotomy was performed to promote fracture
healing. A, Initial injury radiographs of a 5-year-old girl
who was struck by a car. B, A closed reduction followed
by three-screw fixation was performed. C, At 4 months
delayed union with some varus angulation was noted.
D, A subtrochanteric valgus osteotomy was performed.
E, Healing of the fracture and the osteotomy has occurred.

E
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cent. The decreased incidence was attributed to avoiding
the physeal plate with internal fixation devices and to using
as few pins as possible.”

Premature physeal closure by itself does not usually result
in significant deformity or limb length discrepancy since the
proximal growth plate contributes only 15 percent of the
growth of the entire extremity. However, when premature
physeal closure is combined with AVN in the young child,
significant limb length discrepancies develop in virtually
all cases.

To prevent premature physeal arrest, treatment of the
displaced hip fracture should consist of gentle closed reduc-
tion to avoid further injury to the physis in type I fractures.
This is followed by smooth pin fixation in the young child
or cannulated screws in the older child in which the threads
do not span the physis. In all other fractures, internal fixation
devices should be left short of the physis as long as fracture
stability is not compromised.

Radiographs of the affected hip should be compared with
radiographs of the contralateral side to determine whether
premature physeal arrest and AVN have occurred. Serial
scanograms and bone age measurements should be per-
formed to predict the eventual limb length discrepancy, with
the Moseley straight-line graph used to accurately predict
the appropriate timing of a contralateral epiphysiodesis.

INFECTION. Infection is relatively rare in the child and adoles-
cent following a hip fracture; the reported incidence is ap-
proximately 1 percent.”** Infection is usually associated with
subsequent AVN, and patients generally have poor outcomes
because of pain and deformity. Davison and Weinstein re-
ported that two (10.5 percent) of 19 patients who underwent
total cup arthroplasty due to pain and poor hip function
had septic arthritis and associated AVN."® Treatment consists
of debridement of the hip joint until gross infection is
cleared, followed by intravenous administration of antibiot-
ics. The duration of intravenous antibiotic administration
depends on the virulence of the offending organism and the
clinical course of the patient. In general, 2 to 3 weeks of
intravenous antibiotics followed by 2 to 3 weeks of oral
antibiotics will eradicate the common organisms; however,
6 to 8 weeks of vancomycin therapy is required to treat
methicillin-resistant Staphylococcus aureus.
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The Femur
FRACTURES OF THE FEMORAL SHAFT

The management of femoral shaft fractures in children con-
tinues to be challenging and controversial. Traditional treat-
ment has relied on nonoperative approaches, since fracture
healing occurs relatively rapidly in children and good results
are generally seen. However, with a better understanding of
the biology of fracture healing and with advances in fixation
methods and operative techniques, there has been a general
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movement toward operative stabilization of femoral shaft
fractures in children.

Anatomy and Development. The femur first appears dur-
ing the fourth week of gestation as a condensation of mesen-
chymal tissue. By the eighth week enchondral ossification
has begun and growth is rapid. The primary ossification
center is the femoral shaft, with ossification of the secondary
centers beginning in the upper epiphysis at 6 months as a
single center of ossification that later becomes the femoral
head and the greater trochanter. Later, during the seventh
fetal month, the distal secondary center of ossification devel-
ops. After birth, ossification of the femoral head occurs at
approximately 4 to 5 months of age, the greater trochanter
ossifies at approximately 4 years of age, and the lesser tro-
chanter ossifies at 10 years of age.

Growth of the femoral shaft occurs initially by enchondral
ossification and production of a medullary cavity with calci-
fication in the periphery and vascularization in the center,
a process that results in a large primary ossification center.
Woven bone results from this ossification and persists for
the first 18 months of life, later becoming more adult-type
lamellar bone. This longitudinal and peripheral growth con-
tinues until skeletal maturity.

The blood supply of the femoral shaft is from both endos-
teal and periosteal blood vessels. The endosteal supply typi-
cally is derived from two nutrient vessels that enter the femur
from a posteromedial direction. The periosteal capillaries
supply the outer 25 to 30 percent of cortical bone and are
most prominent in the areas of muscular attachments to the
femoral shaft (Fig. 42—-67). These two circulatory systems,

Medullary
arteries _

Cortex

Periosteal
arterioles

FIGURE42-67 Theblood supply to the femoral diaphysis. The medullary
artery supplies the inner two-thirds and the periosteal vessels supply the
outer one-third.



2302 -° = * Musculoskeletal Injuries

together with the metaphyseal complex of vessels, are inter-
connected to provide a strong vascular supply allowing for
rapid fracture repair.

Classification. Like most diaphyseal fractures, the classifi-
cation of femoral shaft fractures is based on the radiographic
examination and the condition of the soft tissue envelope
(closed or open fracture). Radiographs are evaluated for
fracture location (proximal, middle, or distal third), config-
uration (transverse, oblique, or spiral), angulation, the de-
gree of comminution, and the amount of displacement,
translation, and shortening. Winquist and colleagues have
classified the amount of comminution, which is especially
useful when rigid intramedullary nailing is used to treat the
femoral shaft fracture.*® Shortening is best classified as more
than 3 cm (unacceptable shortening) or less than 3 cm
(acceptable shortening) at the time of presentation. The
physical examination determines whether an open injury is
present, defined as a fracture that communicates with the
external environment, usually because of penetration of the
fracture fragment in an inside-to-outside fashion. The three-
part Gustilo system is used to classify all open fractures and
helps determine the specific treatment plan, including the
antibiotic regimen.*

Mechanism of Injury. The mechanism of injury in femoral
shaft fractures is largely correlated with age. Child abuse is
the leading cause of femoral fractures before walking age,
accounting for 70 to 80 percent of fractures in this age
group.” Between 1 and 4 years of age, 30 percent of femoral
shaft fractures are attributed to abuse. A high suspicion of
abuse, therefore, must be entertained, with an appropriate
history and a directed physical examination to look for other
injuries. In addition to age, other factors that should raise
the suspicion of child abuse include a first-born child, preex-
isting brain damage of the child, bilateral fractures, subtro-
chanteric or distal metaphyseal beak fractures, and delay by
the family in seeking treatment.® A careful analysis is needed,
since returning a child to the home where abuse has occurred
can lead to more abuse (approximately 50 percent) and
death in 10 percent of cases.”

In the adolescent age group, high-velocity motor vehicle
accidents are more often the mechanism of injury, account-
ing for up to 90 percent of all femoral shaft fractures in this
age group.” High-energy trauma results in more significant
fracture displacement, which should alert the clinician to
the high probability that life-threatening intra-abdominal
and/or intrathoracic injuries and head injuries are present.
Rang has coined the term Waddel’s triad to include a femoral
fracture associated with head and thoracic injury sustained
in an automobile-pedestrian accident.®® An organized, thor-
ough initial examination and treatment are imperative in
this setting and should reflect the current treatment algo-
rithms for the polytraumatized patient.”*

The timing of femoral shaft fracture fixation in the pediat-
ric patient has been studied in a large series of polytrauma-
tized patients. Unlike adults, children with multiple injuries
and an associated femoral shaft fracture rarely develop pul-
monary complications, and the timing of fracture stabiliza-
tion does not appear to affect the prevalence of pneumonia
or respiratory distress syndrome.™

Minor trauma or repetitive fractures should alert the
clinician to the possibility of an underlying pathologic condi-

tion, including osteogenesis imperfecta, which is largely a
diagnosis based on the typical signs of the disease (dentino-
genesis imperfecta, blue sclera, hearing loss, and multiple
fractures). The diagnosis can be confirmed by analysis of
collagen produced by cultured dermal fibroblasts. General-
ized osteopenia from cerebral palsy, myelomeningocele, and
other neuromuscular conditions also predispose to frac-
ture.”

Radiographs should always be carefully evaluated for lo-
calized pathologic conditions that can predispose to fracture.
The most common benign conditions include aneurysmal
bone cyst, unicameral bone cyst, nonossifying fibroma, and
eosinophilic granuloma (Fig. 42—68). Malignant conditions
are far less common and include osteogenic sarcoma, Ew-
ing’s sarcoma, and, rarely, metastatic disease.

Another rare entity is the femoral shaft stress fracture,
which often presents with a long-standing complaint of pain
in the thigh region in an adolescent athlete. No preceding
trauma is recalled, and multiple medical opinions are usually
sought without a conclusive diagnosis.” Timely diagnosis
and treatment are essential to prevent subsequent com-
plete fracture.

Physical Examination. The examination of the injured
child must be individualized according to the age of the
child and the circumstances of the injury. The patient with
a femoral shaft fracture has localized tenderness and swelling
and usually has a deformity with associated shortening and
obvious crepitus on palpation. Careful and circumferential
evaluation of the soft tissue envelope, looking for areas of
ecchymosis around the buttock and hip area, may suggest
an ipsilateral femoral neck or intertrochanteric fracture or
hip dislocation. The skin should be thoroughly inspected to
identify an open injury, which should be classified according
to the Gustilo classification.™

A neurologic and vascular examination of the involved
extremity should be performed and the findings compared
with findings on the contralateral side. A repeat neurovascu-
lar examination following gentle reduction and immobiliza-
tion in a splint or in boot traction should remain normal.
If the neurovascular status declines following manipulation,
the splint should be promptly removed and remanipulation
carried out.

Because many patients with femoral shaft fractures have
sustained high-energy trauma, a multidisciplinary team ap-
proach is necessary. The initial resuscitative treatment is
generally carried out by a general surgeon and should follow
well-established guidelines.” The secondary definitive, in-
jury-specific examination should not be limited to the pri-
mary complaint of the patient and should include inspection
of the back and spine. Every extremity must be carefully
inspected and palpated to avoid missing injuries, which can
become difficult to treat if detected late. This is especially
important in the head-injured patient who is unable to
communicate symptoms. Repeated examinations are a nec-
essary part of the evaluation in this clinical situation.

Radiologic Examination. Standard radiographs in both the
AP and lateral projection of the entire femur, to include the
hip and knee joint, are necessary. In the proximal femur,
femoral neck and intertrochanteric fractures and hip disloca-
tions can be associated with a diaphyseal fracture and are
missed in up to one-third of cases."*#*7* In the distal femur,



FIGURE 42-68 Pathologic femoral fracture through a uni-
cameral bone cyst in a 10-year-old child. A, Preoperative
radiograph. B, Radiograph obtained 2 months following injury
after hip spica cast treatment. A

associated physeal injuries and ligamentous and meniscal
injuries are often seen.” Poor-quality radiographs are unac-
ceptable, and the study must be repeated before the patient
leaves the emergency room or radiology suite. In the older
child, a Thomas traction splint that has been applied either
in the field or upon arrival in the emergency room often
obscures the proximal femur on the initial radiographs (Fig.
42-69). This splint should be adjusted or removed to allow
complete imaging of the proximal femoral bony anatomy.

FIGURE 42-69 Femoral fracture. The initial AP radiograph, shown here,
demonstrates a fracture of the diaphysis of the left femur; however, the
proximal femur cannot be seen because of obstruction by the traction
splint. A basicervical neck fracture is seen on the right.
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The radiographs should be evaluated for fracture config-
uration, degree of comminution, displacement, angulation,
and degree of shortening. This information is important
in understanding the mechanism of injury and the force
imparted to the bone and soft tissue, information ultimately
used in planning treatment. The deforming forces of the
surrounding musculature result in characteristic displace-
ment patterns (Fig. 42-70). For example, a proximal one-
third fracture will result in flexion (iliopsoas), abduction
(abductor muscle group), and lateral rotation (external rota-
tors) of the proximal fragment.

Plain radiographs are usually all that is needed to evaluate
femoral shaft fractures. Rarely, stress fractures require CT"
or MRI to confirm the diagnosis. CT is best used to evaluate
intra-articular fractures of the femoral head and distal femur,
hip dislocations (to assess intra-articular loose fragments
following reduction), and physeal injuries. MRI and/or CT
are useful in the pathologic femur fracture. Angiography
is indicated in the setting of diminished or absent pulses
associated with a femoral shaft fracture, all knee disloca-
tions,”™* and when an ipsilateral tibial fracture is present
(floating knee).

Treatment. Several methods are available to treat femoral
shaft fractures in children. The age and size of the child are
the most important factors in deciding which treatment
modality is most appropriate. In general, we prefer to treat
the younger child nonoperatively in a Pavlik harness or hip
spica cast and the older child with some form of skeletal
fixation. Additional factors to consider include the mecha-
nism of injury, the presence of multiple injuries, the soft
tissue condition, the family support environment, and the
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FIGURE 42-70 Characteristic displacement patterns in femoral shaft fractures. A, Displacement of fragments in
fractures of the upper third of the femoral shaft. B, Displacement of fragments in fractures of the middle third of the

femoral shaft.

economic resources available. Finally, as in any form of
orthopaedic treatment, the experience, skill, and preference
of the treating physician play a significant role in determin-
ing treatment. We use the following guidelines, based on
the age of the patient, to determine treatment:

010 6 MONTHS. In the young child, age 4 months or less, or
in a small child up to 6 months old, immediate application
of a Pavlik harness results in an excellent outcome, with
time to union averaging 5 weeks.” The advantages of the
Pavlik harness include the ease of application without re-
quiring a general anesthetic or sedation, minimal hospital-

ization, the ability to adjust the harness when fracture ma-
nipulation is required, and the ease of nursing and diapering.
Excessive hip flexion in the presence of a swollen thigh
may lead to a femoral nerve palsy, and therefore weekly
evaluations of quadriceps function should be performed
during treatment (Fig. 42-71).

7 MONTHS T0 5 YEARS. When shortening of the fracture is lim-
ited to less than 2 to 3 cm, with a stable simple fracture
pattern, we prefer to treat the child with closed reduction
and immediate spica cast application (Fig. 42—72). Skin or
skeletal traction is required when excess shortening (more
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FIGURE 42-71 Treatment of a femoral fracture with
a Pavlik harness (infants). A, Initial injury in a 3-week-
old infant. B, Lateral radiograph obtained with the infant
in the Pavlik harness. C, AP and lateral radiographs
obtained at age 4 months.

than 3 cm) or angulation (more than 30 degrees) is present.
In the multiply injured patient, immediate stable fixation is
often required and is best accomplished with external fixa-
tion or plate fixation. In larger 5-year-old children we may
use Enders intramedullary rods with a stable fracture
pattern.

6 TO 10 YEARS. Femoral shaft fractures in children between 6
and 10 years of age are treated by closed or open reduction
and stabilized with flexible rods (Enders or Nancy), espe-
cially when a stable transverse fracture pattern is present.
Additional modes of treatment include initial skeletal trac-
tion followed by spica cast treatment, plate fixation, or exter-
nal fixation (Fig. 42-73).

11 YEARS TO SKELETAL MATURITY. Enders intramedullary rod-
ding is again an excellent choice in a stable fracture pattern.

In this age group the rigid locked intramedullary rod is
preferred in some centers for a stable fracture pattern, but
it must be placed with the proximal starting point at or just
distal to the greater trochanter to minimize the risk of AVN
of the femoral head.

Treatment Techniques

TRACTION. Skin traction is a noninvasive technique that is
used in the following settings: (1) a small child whose frac-
ture is too shortened (more than 3 cm) to allow the child
to undergo immediate spica casting. The traction is used to
align the fracture until enough callus formation has occurred
to allow spica cast application. (2) Any child who is to
undergo definitive skeletal fixation on a delayed basis. The
skin traction will temporarily stabilize and align the leg,
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FIGURE 42-72 Treatment of a femoral fracture
with immediate spica casting in the young child.
A, Initial postreduction radiograph showing 2 cm
of shortening in a child age 3 years 6 months who
was treated with immediate closed reduction and
immediate spica casting. B, Radiographic appear-
ance after 7 weeks in the cast.

FIGURE 42-73  Stabilization of femoral shaft fractures in
children ages 6 to 10 years. A and B, A 7-year-old child
with a transverse fracture of the femur treated with two
Enders flexible nails placed in retrograde fashion.




B

FIGURE 42-74 Traction for treatment of a femoral shaft fracture.
A, Application of skin traction initially entails placing cotton cast padding
onto the skin and taping followed by placement of a U-shaped strap, which
is then overwrapped with an Ace or elastic bandage. B, Small child placed
into Bryant's traction. In this overhead skin traction technique, just enough
weight is placed to elevate the buttock off the surface of the bed.

providing some stability and comfort in the interim period
(Fig. 42-74A).

Although skin traction is very effective in these settings,
there are potential problems and complications that should
be kept in mind. In the very young child, less than 2 years
of age, Bryant’s traction is used (Fig. 42—74B)." This consists
of overhead skin traction with the hips flexed to 90 degrees
and the knees fully extended. Since the traction is applied
through the skin, patients with abnormal sensation in the
lower extremities should not be treated in this fashion. Vas-
cular insufficiency is the most serious complication and
results from the vertical position of the legs (increased resis-
tance to distal leg perfusion), extension of the knees (stretch-
ing of the popliteal artery) and compression of the external
wrapping on the leg.® The complications of overhead Bry-
ant’s traction can be avoided by applying traction in a posi-
tion of 90 degrees of hip flexion and 45 degrees of knee
flexion” and is what the author recommends when skin
traction is to be used. Skin blistering and sloughing must
be avoided with any form of skin traction; these problems
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FIGURE 42-75 A distal femoral traction pin placed perpendicular to the
femur and parallel to the knee joint line (dotted line).

are minimized when the amount of weight used is no more
than 5 to 10 b, depending on the size of the child. When
more weight is required to control the fracture, we prefer
to use skeletal traction.

Skeletal traction is a more powerful technique to apply
traction to the femur. It is used in the older child with a
diaphyseal fracture, when more than 5 to 10 1b of weight is
required, and in any child with a proximal femur fracture
in whom 90-90 traction is needed. The distal femur is the
best site for placement of the traction pin, which should be
placed parallel to the knee joint to prevent varus or valgus
deformity (Fig. 42—75).” Under sedation and sterile condi-
tions, the distal femoral traction pin should be inserted just
superior to the adductor tubercle and advanced laterally
(Fig. 42—76). When soft tissue injury and contamination
prevent femoral traction pin placement, the traction pin can
be placed in the proximal tibia, but only after a careful knee
examination has been performed to exclude ligamentous
injuries. The proximal tibial traction pin should be placed

FIGURE 42-76 Placement of a femoral traction pin just superior to the
adductor tubercle. A, The site is prepared using sterile technique. A local
anesthetic is used. B, Traction pin in place with a traction bow.
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distal to the tibial tubercle physis to avoid anterior growth
arrest and the development of a recurvatum deformity.***

Traction should reduce the fracture to within 2 cm in
the younger child, and end-to-end apposition should be
achieved in the child older than 11 years.* Radiographs of
the femur should be obtained in both the AP and lateral
views to check alignment and callus formation. Traction
can be continued for 2 to 3 weeks, until callus formation is
present and the child has no or minimal tenderness on
palpation at the fracture site. Traction pins can be incorpo-
rated into a hip spica cast at an early period to better control
the fracture; however, this is frequently complicated by pin
tract infection and pin breakage. (We do not recommend
this technique.)

SPICA CASTING. Immediate spica casting has been advocated
in the following instances: (1) in a child with an isolated
stable femoral shaft fracture with less than 3 cm of shorten-
ing; (2) in a child less than 8 years old; and (3) for a fracture
without massive swelling of the thigh."”” If these conditions
are not present, a period of traction should be used. Another
important factor is the social situation in which the child
is living, since the most difficult problems encountered by
families have to do with transportation of the child and
keeping the child clean in the cast. Preschool children toler-
ate a spica cast much better than school-age children, since
younger children can be transported more easily and heal
more rapidly.*

The cast should be placed with the child’s hips flexed
approximately 60 to 90 degrees (the more proximal the
fracture, the more the hip should be flexed), with 30 degrees
of abduction; the knees should be flexed to 90 degrees (Fig.
42-77). Some external rotation will correct the rotational
deformity of the distal fragment. Several authors have rec-
ommended placing a long-leg cast initially and then transfer-
ring the patient to the hip spica table and applying the
remainder of the cast.>*” We and others™ recommend placing

FIGURE 42-77 Hip spica casting for a left femoral shaft fracture in a
young child. The hips are flexed to approximately 60 degrees and the knees
to 90 degrees.

the patient on the spica table and applying the cast while
an assistant holds the fracture in a reduced position. The
cast material is rolled, and a good condylar and buttock
mold is then placed into the cast. Radiographs in the lateral
and AP planes are obtained before the cast hardens to allow
mild manipulations as needed in the cast. In general, the
fracture tends to drift into varus and flexion, and this should
be kept in mind while applying the cast. Acceptable align-
ment depends on the age of the patient but in general is
considered to be no more than 15 degrees of deformity in
the coronal plane and 25 to 30 degrees in the sagittal plane."*
Shortening should not exceed 2.0 cm. Radiographs should
be obtained weekly during the first 2 to 3 weeks to allow
correction of any loss of the initial reduction. Excessive
shortening within this time period is corrected only by re-
moval of the cast and a short period of time in traction
followed by recasting. Wedging of the cast will allow some
correction of angular deformity (up to 15 degrees) but must
be done with caution, since peroneal palsies have been
reported during correction of valgus deformities (Fig.
42-78).% Femoral fractures that are more susceptible to
losing reduction are those in which the fracture occurred
from a high-energy mechanism and those fractures associ-
ated with polytrauma. Careful follow-up with weekly radio-
graphs should be performed.

EXTERNAL FIXATION. The main indications today for external
fixation are (1) an open fracture; (2) severe disruption of
the soft tissue envelope, including severe burns; (3) multiple
trauma; (4) an extremity with an arterial injury requiring
immediate revascularization of the extremity; (5) an unstable
fracture pattern; and (6) failed conservative management.*
External fixation is generally indicated in children ages 5 to
11 years.

The most commonly used fixators today are the Orthofix
Dynamic Axial Fixator (EBI)* and the AO Fixator (Synthes).
These unilateral fixators are relatively easy to apply and
allow angular correction during the follow-up period (Fig.
42-79). The fixators are generally left on for 10 to 16 weeks,
until solid union has been achieved. Weightbearing is per-
mitted as early as tolerated by the patient and is dependent
to some degree on the stability of the fracture and the
external fixator. Blasier and colleagues reported a large series
of 139 femur fractures treated with an external fixator in
children whose average age was 9 years. Progressive weight-
bearing was encouraged, and the time in the external fixator
averaged 11.4 weeks, with no reported nonunions."”

The most common complication of treatment with an
external fixator is pin tract infection (approximately 50 per-
cent of cases), which generally responds to good pin care
and antibiotics. The rates of nonunion, delayed union, and
angular deformity are generally reported to be slightly higher
than when more rigid fixation techniques are used. Re-
fracture is also more common, with a reported incidence
of 1.5 to 21 percent (Fig. 42—80).>12%47%77 These complica-
tions are most common in fractures with a short oblique
fracture pattern. Because refracture occurs at the previous
fracture site, owing to incomplete union, the fixator should
be left in place until solid union is seen radiographically.
Shortening and overgrowth have not been a major issue,

*See references 1, 5, 12, 21, 24, 45, 77.



FIGURE 42-78 Manipulation and wedging of a malunited femur frac-
ture. A, Initial radiograph of a left femoral fracture in a 3-year-old.
B, At 5 weeks, there was excess varus angulation. C, A percutaneous
osteoclasis was performed, followed by casting. The initial casting re-
sulted in residual varus. Wedging of the cast with an opening medial
wedge osteotomy corrected the deformity. D, Six weeks following os-
teoclasis and cast wedging, the fracture has healed in good alignment.

A
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FIGURE 42-79 External fixation of a femoral shaft fracture. A, Initial radiograph in a 12-year-old child with an
open femoral fracture. B, Appearance following application of an external fixator. C, Final healing at 1-year follow-

up. Bone grafting had been performed at 4 months.

and complete apposition of the fracture fragments should
be achieved at the time of the initial reduction.

OPEN REDUCTION AND INTERNAL FIXATION. Proponents of inter-
nal fixation with plates and screws recommend this form
of treatment for children with multiple trauma or patients
with closed-head injuries. The main advantages to this tech-
nique are that fracture stabilization is performed quickly,
an anatomic reduction is achieved, and the fracture is rigidly

fixed, allowing early mobilization. Open reduction with plate
fixation is relatively easy to perform, and this method can
be used in any age group (Fig. 42—81). The disadvantages
are the large incision and soft tissue stripping, the risk of
plate breakage and refracture, and the need for plate re-
moval, with a risk of recurrent fracture. Because anatomic
reduction with end-to-end bony apposition is achieved,
overgrowth can be seen, although it has not been reported
to be a clinical problem.*”
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FIGURE 42-80 Femoral shaft refracture following removal of an external fixator. A, Initial radiograph obtained in
a 12-year-old child with a proximal femoral shaft fracture. B, Radiographic appearance following application of an
external fixator. C, Radiographic appearance at 9 weeks. Fracture healing was felt to be adequate at this point, and
the external fixator was removed. D, Refracture through the original fracture site occurred days after fixator removal.
A hip spica cast was used to treat the refracture. E, Radiograph obtained after complete healing demonstrating varus

deformity at the refracture site.
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FIGURE 42-81 Plate fixation of a fem-
oral shaft fracture. A, Radiographic ap-
pearance in a 12-year-old with a trans-
verse femoral fracture. B, At 8 months
after injury abundant callus has formed
and there is solid healing. The plate was
not removed.
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FIGURE 42-82 Flexible Enders nailing of a femoral shaft fracture. A, Injury radiographs of an 8-year-old who was
struck by a car. A mid-shaft transverse stable fracture pattern is seen. B, Radiographs 3 weeks following retrograde

Enders nailing.

Most reports of the use of open reduction with internal
fixation in the child’s femur are of patients with multiple
injuries. Ward and colleagues reported on 25 patients, 22
of whom had multiple injuries. Fracture union occurred in
11 weeks in 23 of the 24 patients available for follow-up.
They concluded that this technique is acceptable in the child
who is less than 11 years old with a severe head injury or
associated polytrauma.” Similarly, Kregor and colleagues
reported on 15 fractures, six of which were open, in patients
who had sustained multiple injuries or a head injury, Radio-
graphic union of the fracture occurrence at an average of 8
weeks. The compression plates were removed at an average
of 10 months postoperatively, with no restriction of activities
at an average follow-up of 26 months.”

INTRAMEDULLARY FIXATION. Intramedullary fixation has as-
sumed a more prominent role in the treatment of femoral
shaft fractures in children and adolescents. The main advan-
tages to intramedullary fixation are that external immobili-
zation is usually not required and, because of the load-
sharing capability of the rod(s), immediate or early weight-
bearing is allowed. The two implants most often used are the
flexible Enders nails in younger children and the rigid locked
intramedullary nail for older children and adolescents.

FLEXIBLE INTRAMEDULLARY FIXATION. Flexible nail fixation has
generally been reported to result in excellent fracture union
with few complications in the pediatric population (Fig.
42-82).* The additional advantage of the flexible nail over

*See references 7, 19, 28, 40, 43, 48, 54, 55, 69.

the rigid interlocking rod is that the proximal insertion
site avoids the piriformis fossa and the greater trochanter,
preventing the possibility of AVN of the femoral head and
growth arrest, respectively. In addition, the distal insertion
site does not require dissection into the knee joint or viola-
tion of the distal physis. The Enders flexible nails can be
used in the child 6 to 16 years, although it has been reported
to be used in children as young as 4 years. Flexible nailing
may be done in the child with multiple injuries, concomitant
head injury, open fractures, and in an extremity with an
ipsilateral tibial fracture (floating knee).

The fracture pattern most amenable to this treatment is a
transverse stable fracture with minimal comminution. Long
spiral fractures are a relative contraindication since rota-
tional deformity and shortening are likely to occur. Flexible
nails can be used with caution in long oblique and spiral
fractures; however, the stability of the fracture site should
be evaluated at the time of surgery. Any concern about the
stability of the fracture in this setting should prompt the
surgeon to apply a single-limb hip spica cast to supplement
the fixation for a short period of time. Rathjen and DelLa-
Garza compared 41 stable and 40 unstable femur fractures
treated with flexible intramedullary nails and demonstrated
comparably good results. All patients healed within 7 weeks
with no clinically apparent angular or rotational deformity,
and only one patient with Winquist IV comminution had
greater than 2 cm of shortening. Rathjen and DeLaGarza
concluded that flexible intramedullary fixation of the unsta-
ble femur fracture in children was effective and should be
supplemented with a single-limb hip spica cast when severe
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comminution is present.' Carey and Galpin reported on 25
femur fractures, eight of which were long oblique or spiral
fractures treated with antegrade flexible nailing.”” No sig-
nificant problems occurred with regard to angular or rota-
tional deformity or shortening. Postoperatively, weightbear-
ing is generally started immediately, as tolerated by the
patient, especially in children with a stable fracture pattern,
although some authors wait 4 to 8 weeks before allowing full
weightbearing.”> We prefer to have the patient gradually
progress to full weightbearing over 1 to 2 weeks without
any external immobilization, although unstable or distal
fractures may require a knee immobilizer or walking single-
limb hip spica cast (Fig. 42—-83).

The flexible nails may be placed antegrade or retrograde,
depending on the location of the fracture site and the overall
preference and experience of the surgeon. We prefer to
place the insertion site in the larger of the two fragments
to promote greater stability at the fracture site. Two flexible
nails should be used, one in a C shape and the other in an
S shape, to allow three-point fixation of the fracture site.
When beginning distally we prefer to have a single starting
hole laterally and place two flexible nails through this inser-
tion site, the C-shaped rod ending in the metaphyseal region
of the greater trochanter and the S-shaped rod ending at
the mid-area or base of the femoral neck (Fig. 42-84).
Others prefer to use both lateral and medial entry sites
distally with two “C” sloped rods. We prefer to use the
4.5-mm rods whenever possible, using the 3.5-mm rods in
a child with a small intramedullary canal or when a second
4.5-mm rod cannot be placed. The nail should be left in
place until solid union has occurred; we do not recommend
removal until 1 year following their placement. The need
to remove an asymptomatic flexible intramedullary nail is
a controversial subject on which no consensus has been
reached. The theoretical advantages to nail removal are that
a stress riser at the insertion site is eliminated, and nail
removal is far easier at 1 year compared to years later, when
the nail end is covered by bone.

The incidence of complications when using a flexible nail
is very low. Complications include loss of fixation, refracture
after rod removal, nail migration, mild angular deformities,
and shortening. Heinrich and associates reported an 11 per-
cent incidence of varus or valgus malalignment, an 8 percent
incidence of anterior or posterior malalignment and an 8
percent incidence of rotational malalignment, while 68 per-
cent of patients had equal limb lengths at follow-up.** Skak
and colleagues reported a 16-year follow-up of 52 femoral
shaft fractures treated by either plate fixation, rigid intra-
medullary rodding, or flexible nailing. An average shorten-
ing of 9 mm occurred in the flexible nail group, and short-
ening was more likely to occur in older patients than in
younger ones.”

Comparison studies of other techniques generally indi-
cate that flexible nails yield excellent results in treating femo-
ral diaphyseal fractures.”**¢ Kissel and Miller compared ex-
ternal fixation with flexible intramedullary nailing and
concluded that retrograde nailing provides superior results,
with the main advantage being early discharge from the
hospital and return to school.” Similarly, Bar-On and associ-
ates compared external fixation with flexible intramedullary
nailing and found less limb length discrepancy, malalign-
ment, and other complications and greater parental satisfac-

tion when flexible nails were used.” They concluded that
flexible intramedullary nailing is the treatment of choice for
femoral shaft fractures in children ages 5 to 13 years, and that
external fixation should be reserved for open and severely
comminuted fractures. In 1998 Greene reviewed the treat-
ment options for the child with a displaced femoral shaft
fracture and concluded that flexible intramedullary nails
have several advantages over other techniques and are the
treatment of choice.*

INTRAMEDULLARY NAILING. Rigid interlocking intramedullary
nailing has been successfully used in the treatment of femoral
shaft fractures in adults. The rigid fixation imparted by the
nail, along with the rotational control from the interlocking
screws, allows this device to be used in highly unstable
fractures, allows weightbearing immediately postoperatively,
limits the risk of angular deformity, and can be dynamized
to promote fracture healing. These advantages have led some
to use the rigid intramedullary nail in the adolescent popula-
tion, with relatively good results (Fig. 42—85).%10317587 A re-
cent series reported 55 femoral shaft fractures treated with
an intramedullary rod in children with an average age of 12.8
years."” All fractures united without rotational or angular
deformity, and the average limb length discrepancy was 0.7
cm. Complications occurred in 13 patients: five patients had
an articulotrochanteric distance difference of more than 1
cm, seven patients had a limb length discrepancy of more
than 2 cm, and in one patient AVN of the entire femoral head
developed. All complications occurred in younger patients
(average age, 11.7 years) in whom an adult-type nail with
alarge diameter (10 and 11 mm) and larger proximal diame-
ter (13 mm) had been placed. The recommendations from
this study were to use pediatric-type nails with smaller diam-
eters (8 to 10 mm) and to place the insertion site at the
greater trochanter.

Although relatively rare, the most severe complication
from intramedullary nailing of a femoral shaft fracture in
an adolescent is AVN of the femoral head (Fig. 42—-86). It
is thought that injury to the medial circumflex artery occurs
during insertion of the nail medial to the tip of the greater
trochanter, as was recognized by Kiintschner during the
development of his intramedullary nail.” There have been
approximately 17 reported cases of AVN following intra-
medullary nailing in children and adolescents; all cases oc-
curred in children in whom a large, adult-sized nail had
been placed through the piriformis fossa.* Because of this
complication, newer nails have been developed with a
smaller diameter throughout the entire length of the nail (8
to 10 mm) and a design that allows insertion through the
greater trochanter. However, entrance of the nail through
the greater trochanter can lead to premature greater trochan-
teric epiphysiodesis, coxa valga, and hip subluxation.”®
Orler and colleagues have suggested that the entry point in
a child or adolescent with an open proximal femoral physis
should not be in the piriformis fossa (to avoid AVN), but
below the greater trochanteric physis (to avoid epiphysi-
odesis and subsequent deformity).”

In a recently reported series, 60 pediatric patients with
femoral shaft fractures were treated with intramedullary

Text continued on page 2319

*See references 6, 9, 26, 41, 56, 57, 61, 63, 81
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FIGURE 42-83 Radiographic and clinical appearance of a 9-year-old boy who had a distal femoral shaft fracture
that was treated with Enders nailing, supplemented with a single-limb hip spica walking cast for 4 weeks for rotational
control of the fracture. A, Initial radiographs demonstrating the distal location and displacement of the fracture.
B, Postoperative radiograph. C, Clinical photograph at 10 days showing the single-limb walking hip spica cast.
D, Radiograph obtained at 4 months demonstrating complete healing.
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FIGURE42-84 Enders nailing of a femoral fracture. A, Patient
position on the fracture table. B, A lateral skin incision is made
just proximal to the physis and a starting drill hole is made.
C, The drill hole is enlarged with a sharp awl and rongeurs in
an oval pattern. D, The initial C-shaped rod is advanced past
the fracture site. E, The second S-shaped rod is then placed and
advanced into the femoral neck.



FIGURE 42-85 Locked intramedullary
nailing of a femoral fracture in a skeletally
mature patient. A, Initial injury films in a 14-
year-old boy who sustained a twisting injury
while playing football. B, Initial postoperative
obtained following statically locked intra-
medullary nailing. C, Final AP and lateral
radiographs obtained 8 months postopera-
tively.
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FIGURE 42—-86 Avascular necrosis as a complication of intramed-
ullary nailing of a femoral shaft fracture in a 12-year-old boy.
A, Initial radiograph showing left femoral shaft fracture. B, An inter-
medullary rigid nail was placed beginning at the piriformis fossa.
C, The rod was removed. Two years after the injury the patient
complained of left hip pain. There was evidence of AVN of the femoral
head (arrows). D, An MRI of the hip confirmed the presence of AVN
with central femoral head collapse.




nailing with the entry portal placed slightly more lateral and
posterior to the piriformis fossa to avoid the retinacular
vessels of the femoral neck region. In 33 patients the nail was
removed at 10 months, and only two patients had subclinical
AVN detected on MRI. The AVN was attributed to the soft
tissue dissection necessary to remove the implant.'

At present, there are no rigid nails specifically designed
for entrance below the greater trochanter. We prefer to use
flexible nails wherever possible to avoid the complications
associated with the use of rigid intramedullary nails, and
we prefer to use the greater trochanter insertion site in the
adolescent when intramedullary nailing is utilized.

Treatment of Complications from Femoral Shaft Frac-
tures. Limb length inequality is the most common compli-
cation following a femoral shaft fracture in children, and
may be due to accelerated growth in the involved femur or
to shortening at the fracture site. Femoral growth accelera-
tion is greatest within the first 3 months following fracture
and declines to normal by 18 to 24 months postfracture.®
Overgrowth is generally thought to occur more often in the
younger patient (less than 10 years old),” in boys,” in those
with comminuted or long oblique fractures,” and in those
with more proximal fractures. The average amount of over-
growth is reported to be between 0.8 and 1.5 cm. In addition,
overgrowth of the ipsilateral tibia is seen in the majority of
patients, with an average overgrowth of approximately
0.3 cm.® Because of the overgrowth phenomenon, an ideal
reduction of a femoral shaft fracture in a younger child
should allow for up to 1.5 to 2.0 cm of shortening.

Treatment of excessive shortening of the fractured femur
depends on the time when it is recognized. If immediate
spica casting results in excess shortening, the cast should be
removed and the surgeon should repeat a closed reduction
with cast application under anesthesia. If that fails to regain
length, the child may be placed in traction for a short period
of time, followed by hip spica casting after the fracture
begins to consolidate. If excess shortening is seen at a time
when callus formation is already present, the surgeon should
consider osteoclasis followed by external fixation or traction.
An alternative is to allow healing to continue and to perform
an equalization procedure at a later time.

Acceptable angular alignment is most dependent on the
age of the patient, the proximity of the fracture to the physis,
and the plane of the angular deformity. Younger children,
fractures near the physis, and angular deformity in the plane
of motion of the adjacent joint tend to have a greater remod-
eling potential. General guidelines for acceptance for angular
alignments should be followed, although there is some con-
troversy concerning these numbers. (Wallace and Hoffman
state that as much as 25 degrees of angular deformity can
be accepted in any plane in a child less than 13 years old.”)
When significant angular deformity persists after fracture
healing, a corrective osteotomy should be performed. Gen-
eral principles regarding corrective osteotomy are to perform
the osteotomy as close to the apex of the deformity as
possible; to rigidly fix the osteotomy site, preferably with
an interlocking rod, to promote healing; and to use an
Tlizarov frame or similar device in the situation of concomi-
tant shortening.

Rotational deformities of the femur are generally agreed
to have less remodeling potential than angular deformities.”
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However, in animal models an average rotational remodel-
ing potential of 55 percent has been demonstrated.” Others
have shown remodeling of rotational deformities in patients
with femoral shaft fractures, although the remodeling has
been somewhat limited."**** Some reports suggest that rota-
tional deformities of 15 or even 25 degrees are well-tolerated.
These deformities may occur more often than was previously
thought; however, they are usually asymptomatic,”* and
only the most severe deformities require corrective sur-
gery.

Nonunion and delayed union of femoral shaft fractures
in the pediatric population are relatively rare. We treat an
established nonunion with rigid fixation and add autogenous
bone grafting unless the nonunited bone is hypertrophic. In
younger children we use plate fixation and in older children
flexible intramedullary rods. Delayed union is most often
seen in the child treated with an external fixator and should
be treated with dynamization of the fixator. An alternative
treatment is removal of the fixator followed by internal
fixation with an intramedullary rod in an older child or
plates and screws. However, the risk of infection is increased
after previous treatment with an external fixator, and a 10-
to 14-day course of oral antibiotics is recommended prior
to fixation,

Although compartment syndrome following a femoral
fracture is rare because of the large muscle mass of the thigh,
the soft tissue envelope should be evaluated in every patient
with a femoral fracture. Fractures at risk are those resulting
from high-impact, direct trauma, prolonged Bryant’s trac-
tion,” elevation of the leg in a hypotensive patient,” and in
some treated with intramedullary fixation.® The diagnosis
should be suspected in any patient with excessive pain and
a tense, swollen thigh. When these findings are present,
pressures should be measured in all three compartments
(adductor, hamstrings, and quadriceps) and fasciotomy of
the compartment(s) should be performed if pressures are
elevated. The quadriceps is the most common compartment
involved, and can be released through an anterolateral inci-
sion with splitting of the iliotibial band and release of the
vastus lateralis fascia.

Infection is very rare when nonoperative treatment is
used. Canale and colleagues reported three cases of osteomy-
elitis of closed fractures, two of which were femoral frac-
tures.”® Symptoms began 1 and 6 weeks following the original
injury and were characterized as constant pain that was
unrelieved by rest. Fever is associated with an uncomplicated
femoral fracture but should subside in 2 to 3 days.”” Treat-
ment of osteomyelitis should be open debridement followed
by intravenous antibiotics.

Inflammation surrounding external fixation pins is rela-
tively common; however, the prevalence of true infection is
reported to be less than 5 percent, and the infection can be
treated with a short course of oral or intravenous antibi-
otics.>?

Vascular injury following a femoral fracture is rare, re-
ported in approximately 1 percent of cases.” If there are
clinical signs of arterial insufficiency and an abnormal Dopp-
ler examination, angiography may be indicated to look for
a complete vascular disruption or intimal tear. If a vascular
injury is present, immediate fixation of the bony anatomy
with external fixation or plating should precede exploration
and repair of the vessel. Careful serial examination of the
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peripheral pulses is necessary in every patient with a femoral
shaft fracture to detect vascular injuries.
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The Knee

DISTAL FEMORAL INJURIES
AND FRACTURES

Fractures of the distal femur are relatively rare, are due to
high-energy trauma, and are often associated with other
injuries. Treatment consists of anatomic reduction and usu-
ally stable internal fixation. Complications are common and
often require further operative intervention to take down a
physeal bar, correct an angular deformity or limb length
discrepancy, or reconstruct an anterior cruciate ligament
injury.

Anatomy. The distal femoral epiphysis is formed from a
single ossific nucleus, which is present at birth and is the
first epiphysis in the body to ossify. The distal femoral physis
grows at a rate of 8 to 10 mm per year, contributing approxi-
mately 40 percent of the growth of the lower extremity. It
closes at approximately 13 years in girls and 15 years in
boys.*® The ossific nucleus of the proximal tibial epiphysis
appears by 2 months of age, with the secondary center of
ossification of the tibial tubercle appearing between 10 and
14 years. The annual growth rate of the proximal tibial
physis is approximately 6 mm, and fusion of the proximal
tibial physis occurs at approximately 14 to 15 years of age.

The distal femur has a characteristic shape and inclination
of the joint line at the knee. The anatomic axis of the femur
(a line drawn down the femoral shaft) angles medially ap-
proximately 9 degrees from vertical, and the mechanical axis
of the femur (a line drawn between the center of the femoral
head and the center of the knee) deviates 3 degrees from
vertical, with the difference between the mechanical and
anatomic axes being 6 degrees (Fig, 42—87). The distal femo-
ral articular angle, best measured between the mechanical
axis of the femur and the knee joint line, is 3 degrees of
valgus, or an angle of 87 degrees between the mechanical
axis line and the Jateral articular surface.

The muscular attachment of both heads of the gastrocne-
mius and the plantaris muscles are on the posterior aspect
of the distal femoral metaphysis, just proximal to the physis,
This will lead to flexion of the distal fracture fragment when
the fracture line is proximal to the muscle insertion. The
adductor magnus muscle attaches to the medial aspect of
the femoral metaphysis, which leads to varus of the distal
fracture fragment when the fracture line is proximal to its
insertion. The collateral ligaments, however, attach distal to
the physis at the level of the distal femoral epiphysis. Excess
varus or valgus stress on the knee in the growing child will
place tension on the collateral ligaments, which transfer
these forces to the distal femoral physis, often resulting in
injury to the physis without injury to the collateral ligaments.
The anterior and posterior cruciate ligaments attach to the
distal femoral epiphysis at the intercondylar notch and can
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FICURE 42-87 The relationship between the mechanical axis (solid line)
and the anatomic axis (dotted line) of the lower extremity. The normal
distal, femoral, and proximal tibial articular angles are shown.

be injured at the time of distal femoral epiphyseal fracture
or physeal injury.”

Knowledge of the vascular anatomy is important in man-
aging knee injuries in the pediatric population. The femoral
artery travels through the adductor canal medially, just

above the distal femoral metaphysis, and then courses poste-
riorly directly behind the popliteal space. The popliteal artery
is directly posterior to the distal femur, from which it is
separated by a thin layer of soft tissue. It trifurcates at this
level into the anterior interosseous, posterior interosseous,
and peroneal artery. The superior geniculate arteries branch
from the popliteal artery at the distal femoral metaphyseal
area, traveling to the distal epiphysis deep to the muscle
layer. Because of relatively poor collateral circulation around
the knee, popliteal artery injury frequently results in loss of
lower limb viability.

The peroneal nerve travels laterally, posterior to the bi-
ceps femoris muscle and the lateral head of the gastrocne-
mius muscle, and descends just distal to the fibular head.
At the knee level the peroneal nerve lies superficial and is
vulnerable to both direct trauma and a stretch injury when
a varus stress is applied to the knee.

Classification. Fractures of the distal femur in children
can be separated into two groups, isolated fractures of the
metaphysis and physeal injuries. Injuries to the distal femoral
physis represent approximately 7 percent of all lower ex-
tremity physeal fractures.”'” Distal femoral injuries can be
grouped according to the Salter-Harris classification.

The Salter-Harris type I injury is rare, accounting for 7.7
percent of all physeal injuries of the distal femur. /18422
It is most often seen in two age groups, newborns and
adolescents. In the newborn, these birth fractures are more
often associated with breech presentation and are often un-
displaced and therefore unrecognized at the initial presenta-
tion until fracture callus is seen 2 to 3 weeks later (Fig.
42-88)." In the adolescent, the injury can also go unde-

FIGURE 42—-88 Salter-Harris type I distal femoral
fracture. A, Oblique radiograph of the distal femur
suggesting physeal injury with minimal rotational
displacement of the distal epiphysis and physeal wid-
ening. B, After 6 weeks of long-leg cast treatment,
evidence of healing is present, with periosteal eleva-
tion and new bone formation (arrows).



tected when undisplaced and should be confirmed with
stress radiographs. Salter-Harris type Il fractures are by far
the most common distal femoral physeal injury, accounting
for approximately 60 percent.”™'*'%2! The majority of these
fractures occur in the adolescent age group and are displaced
at the time of presentation (Fig. 42-89).

Salter-Harris type 11l and IV fractures each occur approx-
imately 10 percent of the time and are usually displaced,
requiring operative intervention. The Salter-Harris type V
fracture is relatively rare, accounting for approximately 6
percent of all distal femoral physeal injuries.

Unlike other physeal injuries, the Salter-Harris classifica-
tion alone has not been as accurate in predicting the overall
outcome of the distal femoral fracture with respect to future
growth arrest, limb length discrepancy, and angular defor-
mity. The mechanism of injury and the degree of initial
displacement should be classified at the time of the initial
evaluation since these, in combination with the Salter-Harris
classification, have been shown to be accurate predictors
of outcome.'*'*

Mechanism of Injury. The mechanism of injury is varied
and is partly dependent on the age of the child. In the
newborn period, breech presentation is often associated with
birth fractures and usually results in a type I Salter-Harris
fracture.'® In the age group from 3 years to 10 years the
fractures are more often due to severe trauma, especially
falls from a significant height or being struck by an automo-
bile, and only a few fractures result from sports activities.'™
In the adolescent age group the majority of fractures result
from sports injuries, with a smaller percentage resulting
from automobile accidents in which the patient was a pedes-
trian.'™ Overall, pedestrian—motor vehicle accidents account
for approximately 45 to 50 percent of fractures, sports inju-
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ries account for 25 percent, and falls account for approxi-
mately 20 percent of injuries,”'?*!*

Another component that should be included in defining
the mechanism of injury is the direction in which the force
is applied to the knee. The two most common are the valgus-
type force and the hyperextension force. Direct trauma re-
sults in epiphyseal separation on the tension side of the
knee, with fracture of the metaphysis, epiphysis, or both on
the compression side of the knee.

The valgus type of force is caused by a blow to the lateral
side of the distal femur, usually occurring on the high school
football field. This usually results in a type II or type III
Salter-Harris physeal injury with the periosteum ruptured
on the medial side and the distal femoral epiphysis displaced
laterally with a lateral fragment of the metaphysis (Fig.
42-90). Torg and colleagues reported on six Salter-Harris
type III fractures of the medial femoral condyle that occurred
while the adolescents were playing football (five) or soccer
(one).”” These six fractures resulted from direct trauma to
a fixed leg in which a valgus stress was imparted to the knee,
resulting in physeal separation on the medial side and a
fracture through the center of the epiphysis.

The hyperextension-type injury results in the distal femo-
ral epiphysis being displaced anteriorly by the hyperexten-
sion force and by the pull of the contraction of the quadri-
ceps muscle. The periosteum on the posterior aspect is torn,
and the fibers of the gastrocnemius muscle are stretched
or partially torn (Fig. 42-91). The triangular metaphyseal
fragment and the intact periosteal hinge are anterior in
location. The distal end of the femoral shaft is driven posteri-
orly into the soft tissues of the popliteal fossa, where it may
injure the popliteal vessels as well as the common peroneal or
posterior tibial nerves. Hyperextension of the knee without
direct trauma may result in physeal fracture when the energy

FIGURE 42-89 A displaced Salter-Harris type Il fracture of the distal femur in an 11-year-old boy. The Thurston-
Holland fragment is on the medial aspect of the distal femur.
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FIGURE 42-90 A typical Salter-Harris type II fracture of the distal femur in a 15-year-old boy who sustained a
valgus force to the knee while playing football. Note the significant fracture displacement and the Thurston-Holland
fragment on the lateral side.

FIGURE 42-91 A hyperextension-type in-
jury of the distal femoral physis in a 4-year-
old patient. Note that the distal fragment is
anteriorly displaced.




is significant. Grogan and Bobechko reported on a triple
long-jumper who sustained a Salter-Harris type II fracture
of the distal femoral epiphysis while landing.®

Distal femoral fractures have been reported in a variety
of conditions, including arthrogryposis multiplex congenita
(following manipulation of the patients’ stiff knees)® and
myelomeningocele. In patients with myelomeningocele, a
longer period of external immobilization may be needed for
fracture healing.®12121¢

Diagnostic Features. There is usually a history of signifi-
cant trauma. In patients less than 11 years old (juveniles),
more energy is required to produce the distal femoral physeal
fracture than in the adolescent. Most often, this involves
being struck by a motor vehicle or falling from a significant
height. In the adolescent, sports injuries, especially football,
account for a large proportion of injuries. The direction of
the direct trauma is important to identify because many
injuries may appear undisplaced radiographically at the time
of the initial presentation but may have been displaced at
the time of the injury, predisposing to soft tissue, vascular,
or neurologic injury.

On physical examination, the patient is in acute distress
secondary to pain in the knee region and is unable to walk.
In the displaced fracture the knee is swollen and tense,
although the patient with a nondisplaced separation will
have less pain and may be able to ambulate. The knee is often
in a flexed position because of hamstring muscle spasm, and
deformity of the knee may be present with extension of the
distal extent of the femur or valgus deformity. The soft
tissue envelope should be inspected for traumatic open skin
wounds, ecchymotic areas, and areas of excess swelling. Ec-
chymotic areas will provide information as to the deforming
forces, such as a valgus stress with ecchymosis on the medial
aspect of the knee from the displacement of the medial distal
femoral metaphysis at the time of injury. Swelling in the
popliteal space may alert the surgeon to a vascular injury
or disruption.

A careful neurovascular examination should be performed
in all patients with a distal femoral fracture or physeal
injury. The soft tissue envelope should be palpated to eval-
uate for compartment syndrome at the time of initial pre-
sentation and during the first 48 hours after injury.

Finally, a thorough orthopaedic evaluation of the re-
maining extremities, pelvis, and spine is always necessary, es-
pecially in patients who have sustained high-energy inju-
ries.

Radiologic Evaluation. Radiographic examination should
include AP and lateral images of the knee and entire femur
to include the hip joint. When no fracture is present radio-
graphically despite a strong suspicion that a fracture exists,
oblique views should be obtained and may reveal the injury.
Additional radiographs should include stress views of the
knee supervised by a physician. The patient should be relaxed
with intravenous sedation to alleviate the muscle spasm and
allow a good examination.*"*

Additional imaging studies may be required. CT is helpful
to define the amount of displacement and the amount of
step-off in Salter-Harris type III and IV fractures. Although
relatively rare in this type of injury, arteriography is indicated
in any patient who has diminution of the peripheral pulses
relative to the opposite extremity to identify arterial injury.
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In the newborn child it is often difficult to diagnose a dis-
tal femoral physeal separation because of the limited ossi-
fication, which can best be visualized with MRI or ultra-
sound.

The Salter-Harris type V fracture is relatively rare, is diffi-
cult to diagnose at the initial evaluation, and is often missed.
Lombardo and Harvey reported on 34 fractures of the distal
femur, of which there was one type V fracture that was not
initially recognized.'® Radiographs of the affected knee and
the contralateral knee should be compared, especially with
regard to the thickness and configuration of the physis.

Treatment of Distal Femoral Metaphyseal Fractures.
Distal femoral metaphyseal fractures are treated differently
than the typical distal femoral physeal injury. The various
treatment options include external fixation, skeletal traction
followed by casting, closed or open reduction followed by
percutaneous pinning and casting, or open reduction and
internal fixation. In general, we recommend closed reduc-
tion, percutaneous pinning, and cast immobilization when-
ever possible and do not often use skeletal traction and
casting techniques. These techniques can be found in the
previous discussion under Fractures of the Femoral Shatft.
Fracture reduction should be as close to anatomic as possi-
ble, with acceptable residual angulation in the sagittal plane
being less than 20 degrees in the child younger than 10 years
and less in the older child.* No rotational malalignment is
acceptable. Less than 5 degrees of varus or valgus alignment
is acceptable.

EXTERNAL FIXATION. We limit the indications for external fixa-
tion to significant soft tissue injury associated with an open
fracture; the polytrauma patient, when urgent stabilization
is needed so that the patient can be transported for multiple
diagnostic studies; and finally, highly comminuted fractures,
which may require stabilization across the knee joint.

The external fixator should be placed with two pins in the
distal metaphyseal fragment and two pins placed proximal to
the fracture site. To avoid injury, the pins should be placed
at least 1 cm from the distal physis.”® The fracture should
be reduced before the external fixator is applied. Under
fluoroscopic guidance, the pins are inserted laterally and
placed parallel to the distal femoral articular surface, to
avoid malalignment and malunion. At the completion of
the application of the external fixator the knee should be
fully extended and the overall alignment should be checked
visually and radiographically. Varus and valgus malalign-
ment should be corrected, as well as any rotational deformi-
ties. If the configuration of the fracture is stable, the patient
can be partially weightbearing at the start of the rehabilita-
tion process and gradually advanced to full weightbearing
status. In the unstable fracture, the patient should be non-
weightbearing initially until good fracture callus is seen ra-
diographically, and then slowly advanced to full weightbear-
ing. Mature callus should be present, and the external fixator
should be dynamized for a period of 3 to 4 weeks before
the external fixator is removed, to avoid refracture through
the initial fracture site.” An alternative is to remove the
external fixator and then apply a long-leg walking cast until
solid callus formation is present. In the rare case in which
application of the external fixator spans the knee joint in
the highly comminuted fracture, two pins are placed in the
proximal tibia, at least 3 cm distal to the tibial tubercle. The
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external fixation of the tibia should be removed to allow
range of motion of the knee in approximately 4 to 6 weeks,
when fracture stability has improved.

The most common complication associated with external
fixation of distal metaphyseal fractures is pin tract infection,
which can usually be treated with oral antibiotics and aggres-
sive pin care. Malunion can occur and is best prevented by
careful assessment of alignment at the time of application
of the external fixator. Assessment includes extending the
knee and clinically assessing the lower extremity alignment,
and fluoroscopic visualization of the knee joint when a
mechanical axis line is made with the Bovie cord held over
the femoral head and the center of the ankle. Radiographs
should be obtained weekly for 2 to 3 weeks following fracture
stabilization to ensure that the reduction of the fracture has
been maintained. Finally, distal femoral physeal injury may
occur when pins are placed less than 1 cm from the physis.

CLOSED REDUCTION AND INTERNAL FIXATION. The method of
closed reduction of the distal metaphyseal fracture depends
on the deformity at the time of treatment. In a hyperexten-
sion-type injury the distal fragment is flexed because of the
pull of the gastrocnemius muscles, and the proximal fragment
is posteriorly displaced. In the hyperflexion type of fracture,
again the distal fragment is flexed because of the pull of the
gastrocnemius muscle, but the proximal fragment is anterior
to the distal fragment. Reducing these fractures is often diffi-
cult because the plane of displacement and the plane of the
kneejoint motion are the same and there islack ofan adequate
lever arm of the distal femoral fragment. The technique we
prefer for reduction is performed with the patient supine on
a radiolucent operating table.

For the hyperextension-type fracture the hip is flexed to
relax the quadriceps muscle and the knee is flexed to relax
the gastrocnemius and hamstring muscles. Longitudinal
traction is applied to the lower leg while the knee flexion is
increased in an attempt to bring the distal femoral fragment
posteriorly. Manual pressure is applied to the distal femoral
condyles, pushing them posteriorly, while the proximal fem-
oral segment is pushed anteriorly (Fig. 42-92). The knee
should be flexed 60 degrees at this point to help stabilize
the fracture, and the reduction is checked on fluoroscopy.
For the hyperflexion-type injury, reduction is begun by plac-
ing axial traction on the injured leg with the knee in exten-
sion. The posteriorly displaced distal fragment is then
pushed anteriorly as the proximal fragment is pushed poste-
riorly.

Once an acceptable reduction is achieved, threaded
Steinmann pins are placed in a crossed fashion, beginning as
far from the physis as possible without jeopardizing stability.
Because the pins are often close to the knee joint, we prefer
to cut the pins just below the skin so that they do not
communicate with the external environment or rub the
inside of the cast. External immobilization is required fol-
lowing fracture reduction and stabilization and can vary
from a hip spica cast with the knee flexed 60 degrees to a
long-leg cast with the knee flexed to 30 degrees. This is
dependent on the surgeon’s assessment of fracture stability
at the time of reduction and pin fixation and should err on
the side of caution. In those fractures stabilized with external
immobilization only, the knee should be flexed to 60 degrees

A. Hyper-extension type

FIGURE 42-92 Reduction of a distal femoral physeal injury. A, Hyperex-
tension-type injury. B, Hyperflexion-type injury. Note the distal fragment
posterior to the proximal fragment. C, Reduction maneuver to reduce a
hyperextension-type distal femoral physeal injury. Axial traction is initially
applied with the knee in extension, followed by gradual flexion of the knee
to bring the distal fragment posteriorly. D, The knee is flexed to hold the
reduction and then casted in this position.

for the first 2 to 3 weeks and then gradually brought up
into knee extension.*®

OPEN REDUCTION AND INTERNAL FIXATION. The indications for
this technique include fractures that are irreducible by closed
means, and the requirement for stable internal fixation, for
example when an associated arterial injury is present. Failure
of closed reduction is usually due to the proximal fracture
fragment buttonholing through the quadriceps muscle,
which becomes interposed between the fracture fragments,
preventing fracture reduction.

The operative approach is usually through a standard
lateral approach; however, when an arterial injury is present,
a medial approach to both the fracture and the arterial injury
is necessary. The lateral approach passes through the tensor
fascia lata and the fascia of the vastus lateralis. The muscula-
ture of the vastus lateralis is then gently teased off its fascia
posteriorly to the posterolateral aspect of the femur, followed
by subperiosteal dissection. Usually soft tissue injury created
by the fracture will disturb the tissue planes, which may



Vastus lateralis

FIGURE 42-93 Lateral approach to the distal femur. A, The skin incision
is made directly over the lateral aspect of the distal thigh. B, The tensor
fascia lata is incised and the posterior aspect of the vastus lateralis is
dissected off the lateral aspect of the femur. C, The vastus lateralis is
retracted anteriorly, exposing the fracture site.

alter the dissection slightly. Once the fracture has been ex-
posed, the interposed muscle must be cleared from the frac-
ture site to allow fracture reduction (Fig. 42-93). The reduc-
tion maneuver is similar to that used in a closed reduction.

The most common indication for a medial approach to
these fractures is a concomitant arterial injury requiring
repair. The medial approach allows for exposure to carry
out fracture and arterial repair and saphenous vein harvest
for the arterial anastomosis. The medial incision is begun
in the midcoronal plane, just proximal to the knee. An
incision is made directly over the adductor tubercle, which
lies on the posterior aspect of the medial femoral condyle
and defines the interval between the vastus medialis and
the medial hamstring muscles. Superficially, the interval is
between the sartorius and vastus medialis and the deep
dissection is between the vastus medialis and the adductor
magnus. Posterior to the adductor magnus lie the popliteal
artery and vein and the tibial nerve. Retraction of the adduc-
tor magnus posteriorly will protect the neurovascular struc-
tures and allow the vastus medialis to be dissected off the
medial aspect of the femur (Fig. 42-94).

We prefer rigid internal fixation with a 4.5 dynamic com-
pression plate or a clover-type plate in the child older than
12 or in a patient with a severely comminuted fracture (Fig.
42-95). Any internal fixation device should be placed at
least 1 cm proximal to the distal physis. In most children,
threaded Steinmann pins placed in a crossed fashion provide
enough stability; this fixation is supplemented with a long-
leg cast with the knee in approximately 30 degrees of flexion
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FIGURE 42-94 Medial approach to the distal femur. A, A skin incision
is made parallel and just superior to the sartorius. B, Dissection is carried
out between the sartorius and vastus medialis. The adductor magnus is
seen in this interval. C, Subperiosteal dissection is carried out at the distal
femur. Access to the neurovascular structure can be achieved below the
adductor magnus.

for a total of 6 to 8 weeks. The pins should be left deep to
the skin and can be removed after good callus formation at
4 weeks, followed by an additional 2 to 4 weeks in a long-
leg cast.

Treatment of Distal Femoral Physeal Injuries. The gen-
eral principles applicable to treating physeal fractures must
be followed in treating the distal femoral physeal injury
because of the higher risk of developing a physeal osseous
bridge, with subsequent limb length discrepancy or angular
deformity. These principles include the following:
1. All attempts at a closed reduction should be performed
under general anesthesia or sedation.
2. The reduction maneuver should consist of predomi-
nantly traction, followed by manipulation.
3. The reduction should not be performed more than
10 days after the original injury.
4. An anatomic reduction should be achieved, especially
in type III and IV injuries.
5. Internal fixation should avoid the physis or should be
nonthreaded if passing across the physis.'”
Salter and colleagues have stated that when excessive manip-
ulation appears to be necessary to achieve an acceptable
reduction, it is better to maintain growth potential and
perform corrective osteotomy at a later date rather than
overstress the physis, causing more injury.'”
The goal of treatment of the distal femoral physeal injury
is to gain an anatomic reduction with stable fixation, espe-
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cially in the older child (more than 10 years old). In the
younger child, acceptable alignment includes up to 20 de-
grees of angulation in the sagittal plane,* less than 5 degrees
of varus or valgus angulation, and no rotational deformity.

Nondisplaced physeal injuries can be treated with a long-
leg cast for 4 to 6 weeks, depending on the age of the child
(Fig. 42-96). Nonweightbearing crutch walking is continued
during this time, followed by weightbearing as tolerated and
range-of-motion knee exercises when the cast is discon-
tinued.

The type I Salter-Harris injury in the newborn can be

FIGURE 42-95 A to C, A distal femoral metaphyseal fracture treated with
open reduction and internal fixation through a lateral approach.

treated with immobilization without attempts at reduction,
since significant remodeling potential exists.'"™ Immobiliza-
tion in the newborn is difficult but often requires only a
bulky soft dressing. The older child with a complete physeal
separation will need a closed reduction performed under
general anesthesia. The reduction of the hyperextension in-
jury in which the distal fragment is displaced anteriorly and
flexed relative to the tibia is similar to that described for
distal femoral metaphyseal fractures. Immobilization is in
a hip spica or long-leg cast with the knee flexed, usually to
60 degrees, followed by gradual extension of the knee over



CHAPTER 42—Lower Extremity Injuries © e+ 2329

FIGURE 42-96 An undisplaced Salter-Harris type II frac-
ture treated with casting. A, Initial radiographs demonstrating
the undisplaced fracture in a 5-year-old child. B, At 5 weeks
the fracture has healed and the cast was removed. B

the ensuing 3 to 4 weeks. However, Aitken and Magil pointed
out that the distal femoral physeal separation occurs distal
to the medial head of the gastrocnemius, with the distal
fragment displaced posteriorly, and therefore the reduction
of these fractures should occur with the knee in extension.
Likewise, the knee should be immobilized in extension to
allow “the taut medial head of the gastrocnemius to act as
a posterior splint and prevent posterior displacement.” In
the older child or the patient with an unstable physeal sepa-
ration, smooth pin fixation may be necessary to provide
stable fixation. We prefer to place smooth wires or pins in
crossed fashion; they are removed at 4 weeks, and the limb

is then recasted for an additional 2 weeks in a long-leg
cast (Fig. 42-97). To prevent knee contractures, aggressive
therapy is then started to regain range of motion of the
knee. We prefer a long-leg cast in most children. A spica
cast may be necessary in the obese child, in whom control
of the knee in a long-leg cast is difficult, or if there is any
concern about compliance with nonweightbearing status.

Of all type II fractures, 60 to 75 percent are displaced at
the time of the initial evaluation.'*'™ In the juvenile group,
the incidence is closer to 100 percent'™ owing to the high
energy required to disrupt the thick periosteal and perichon-
drial sheaths in children less than 10 years old.”
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FIGURE 42-97 Closed reduction and percutaneous pinning of a distal femoral physeal injury. A, Initial injury films
in a 5-year-old girl showing a Salter-Harris type II hyperextension distal femoral physeal injury. B, Interoperative films
obtained after a closed reduction and percutaneous pinning. The pins were cut below the skin and a long-leg cast
was applied.

The nondisplaced or minimally displaced type II fractures
can be successfully treated with closed reduction and exter-
nal immobilization. The reduction maneuver should be per-
formed under general anesthesia or sedation, with the prin-
cipal maneuver being in-line traction followed by an
overcorrection maneuver to reduce the angulation of the
distal fragment. This should tighten the intact periosteum
attached to the metaphyseal fragment. For example, when
the metaphyseal fragment is on the lateral side, the distal
fragment will be in valgus and can be reduced with a varus-
producing maneuver to overcorrect the deformity. A well-
molded plaster long-leg cast is applied with the knee in 20
to 30 degrees of flexion and overwrapped in fiberglass. It is
important to identify any knee ligamentous injury, since
this will make the reduction maneuver difficult, may cause
further damage to the ligament, and will usually require
internal fixation to maintain the reduction. Bertin and Goble
reported that six of 16 patients with distal femoral physeal

injuries had associated ligamentous injuries, which were
type II fractures in three patients, all of whom had residual
coronal and sagittal plane deformity.”” In the displaced type
IT fracture, a closed reduction under general anesthesia is
performed, followed by percutaneous fixation to fix the
metaphyseal fragment. In the young child, Kirschner wires
should be used, and in the child older than 10 years, cannu-
lated screws (4.0- or 6.5-mm screws) should be placed percu-
taneously (Fig. 42-98). Although the literature reports only
a 10 to 15 percent rate of type II fracture stabilization with
internal fixation,"®'™ we prefer an anatomic reduction under
general anesthesia, followed by stable internal fixation of
the metaphyseal fragment. The leg should be casted with
the knee in 20 to 30 degrees of flexion until healing occurs
which is usually 6 weeks. A failed closed reduction of a type
IT fracture of the distal femur requires open reduction in
approximately 5 percent of cases.”® This irreducible type 11
fracture is most often due to interposed periosteum on the
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FIGURE 42-98 Closed reduction and screw fixation
of Salter-Harris type 1I fracture. A, Initial injury films
demonstrating displacement in a Salter-Harris type II
fracture in a 13-year-old boy. B, Closed reduction with
percutaneous screw fixation was performed, and radio-
graphs at 1 year post injury are shown.
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tension side of the fracture or less often muscle interposition,
requiring open reduction followed by internal fixation.

Type III injuries of the distal femur are relatively less
common, are usually displaced, and generally require open
reduction and internal fixation. Type III fractures must be
anatomically reduced to preserve articular anatomy and re-
duce the likelihood of a growth arrest. Historically, some
of these fractures have been treated successfully by closed
reduction and casting;'* however, loss of reduction can easily
occur, since little control of the fracture fragments is
achieved in a long-leg cast. We prefer an open reduction of
all type III fractures, to anatomically reduce the joint surface
and physis and to provide stable fixation of the fracture. An
anteromedial or anterolateral incision is made, depending
on the fracture pattern. Anatomic reduction must be
achieved under direct visualization, followed by percutane-
ous fixation of the epiphysis, preferably with cannulated
cancellous screws (4.0 mm or 6.5 mm). If possible, two
screws should be placed in the epiphysis, and they should
be placed so that the threads are on one side of the fracture
line only, to gain compression across the fracture (Fig.
42-99). Long-leg cast immobilization for 6 weeks with the
knee in 20 to 30 degrees of flexion is required. It is rare to
have a type III fracture that is nondisplaced at the time of
presentation, and in this setting we continue to prefer to
internally fix these fractures to maintain anatomic reduction.

The management of type IV fractures is similar to that
of type III fractures: an anatomic reduction to preserve the
joint and prevent growth arrest. This usually means an open
reduction stabilized with internal fixation. Cannulated
screws or Kirschner wires should be placed parallel to the
joint line in both the metaphysis and the epiphysis to achieve
stable fixation.

For all types of distal femoral physeal injuries, long-leg
casting is continued for 6 to 8 weeks, depending on the age
of the child and the radiographic appearance of fracture
healing. In general, after callus formation becomes evident
on radiographs, range-of-motion exercises should be started,
using a removable cast or knee immobilizer until solid frac-
ture healing has occurred. Close follow-up of these patients
should continue for at least 18 months to monitor the
growth of the distal femoral epiphysis.

The prognosis for these fractures depends on the age
of the child at the time of injury, the amount of fracture
displacement, the adequacy of the reduction and fracture
stabilization, and the type of fracture. Distal femoral physeal
injuries in the juvenile age group (less than 10 years old)
are the result of a high-energy injury that imparts greater
trauma to the physis, and with worse outcomes, than similar
fractures in adolescents.™ Riseborough and colleagues re-
ported that 83 percent of patients in the juvenile age group
who sustained distal femoral physeal fractures had growth
problems, compared to 50 percent in the adolescent age
group. This difference is also related to the amount of resid-
ual growth remaining in the two age groups, with adolescents
having less time to develop limb length discrepancies or
angular deformities than younger patients. Fracture dis-
placement at the time of injury is a strong predictor of
outcome.'” Lombardo and Harvey reported limb length
discrepancies of 5 mm and 8 mm respectively in nondis-
placed fractures and displaced fractures that were reduced
satisfactorily. Patients in whom an adequate reduction is

not achieved have an average limb length discrepancy of
25 mm."” Finally, type I and II fractures generally have a
better outcome than type III, IV, and V fractures.®!*!#2

Complications. Acute complications are relatively rare and
include associated injuries to the popliteal artery, peroneal
nerve, or knee ligaments, and loss of fracture reduction.
Late complications are more common and include limb
length discrepancy, angular deformity, knee contracture and
stiffness, and residual knee instability secondary to ligamen-
tous injury.

ACUTE COMPLICATIONS. Arterial injury is rare in the distal fem-
oral epiphyseal injury, being most common with a complete
separation of the physis in a hyperextension injury in which
the posteriorly displaced proximal fragment injures the pop-
liteal artery (Fig. 42-100). To our knowledge, injury to the
arterial wall has been reported in only three cases in the
literature.™™* In another report, a patient with ipsilateral
injuries to the distal femur and proximal tibia underwent
exploration of the popliteal artery because of a cool, pulseless
foot with findings consistent with severe spasm of the poplit-
eal artery that responded to papaverine injection.””' Careful
physical examination of the peripheral pulses is necessary
at the time of the initial presentation. If a discrepancy is
identified between limbs, then a gentle, closed reduction
should be performed and the pulses reexamined. Arteriogra-
phy is performed if the examination findings remain un-
changed, and arterial exploration is then undertaken. Al-
though some recommend immediate exploration of the
artery without arteriography, we prefer to obtain an arte-
riogram to identify the site and nature of the injury prior
to exploration, especially since arterial injury is so rare.
However, excessive delays are unacceptable, since warm
ischemia times of more than 6 hours have been associated
with worse outcomes with respect to limb salvage, neuro-
logic compromise, and muscle death.'” Fasciotomy of the leg
should be considered in the following situations: prolonged
warm ischemia times, significant hypotension in the periop-
erative period, tense soft tissue compartments, and associ-
ated crush injury with significant venous injury in the pop-
liteal or femoral area.”” When an arterial injury is present,
fracture stabilization should be performed urgently with a
medial approach to the fracture to allow rapid open reduc-
tion and internal fixation and subsequent arterial repair. A
patient with a warm foot without palpable pulses and a
normal arteriogram should be observed in the hospital for
48 hours.

Peroneal nerve injury may be due to direct trauma on
the posterolateral aspect of the leg or to a severe varus-
producing injury causing overstretching of the nerve. The
incidence is approximately 5 percent (six of 111 cases in
a compilation of five studies).****!%%22! Al]l peroneal nerve
injuries reported in the literature have resolved completely
over a 6-month period. If there is no return of nerve function
by 3 months, an electromyographic study should be per-
formed. Exploration of the nerve with direct repair or nerve
grafting is indicated if fibrillation or denervation is seen or
if there is a delay in nerve conduction velocity. Open frac-
tures with associated peroneal nerve injury should be ex-
plored at the time of the initial irrigation and debrided, with
microscopic direct repair if the nerve is divided.

Associated ligamentous injuries occur relatively com-
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FIGURE 42-99 A Salter-Harris type I1I distal femoral fracture in a 13-year-old boy that was treated by open reduction
and internal fixation. A, Initial radiograph showing displacement of approximately 4 to 5 mm. B, Open reduction and
internal fixation was performed using percutaneously placed screws. C, Appearance 4 months after injury. Healing has
occurred, with no loss of reduction.



2334 <o

Musculoskeletal Injuries

FIGURE 42-100 Severely displaced Salter-Harris type II fracture with
hyperextension. Arterial injury was caused by the high-energy force driving
the proximal fragment into the posterior compartment of the knee. Arterial
reconstruction after closed reduction with pin fixation was performed.

monly in injuries to the distal femoral physis. Bertin and
Goble specifically reported on ligamentous injuries associ-
ated with physeal fractures about the knee and noted that
six (38 percent) of 16 patients with distal femoral physeal
injuries had anterior cruciate ligament (ACL) instability;
one of them also had valgus instability.” A compilation of
111 patients from five studies showed 26 associated ligamen-
tous injuries (23 percent),’**'*#% with the most commonly
injured ligament being the ACL, followed by the lateral
collateral and then the medial collateral ligament. It is often
difficult to fully assess the integrity of the knee ligaments
at the time of the initial presentation. However, a careful
assessment should be done as soon as fracture healing has
occurred. It is also important to examine for meniscal pa-
thology, and arthroscopic examination and treatment may
be necessary.

Loss of reduction occurs because of suboptimal stabiliza-
tion of the unstable fracture, with inadequate external im-
mobilization. Aitken and Magil reported nine fractures
treated by closed reduction and cast immobilization, with
only two patients maintaining an anatomic reduction.’ They
attributed this outcome to not maintaining knee flexion
in the anteriorly displaced fractures and inadequate knee
extension in those patients with posterior displacement.
Others have reported loss of reduction in 40 percent of
fractures after the initial reduction and cast immobiliza-
tion." With the greater utilization of internal fixation devices
and strict adherence to correct leg immobilization tech-
niques, loss of reduction has become less prevalent in more
recent studies,™™

LATE COMPLICATIONS. Physeal arrest with residual limb length
discrepancy or angular deformity continues to occur rela-
tively frequently despite more exact anatomic reductions
and the use of stable internal fixation (Fig. 42—101). Limb
length inequality of greater than 2 cm has been reported to
occur in 37 percent of cases (64 of 171 patients in five

studies) 128184221 Rigk factors for developing a growth dis-
turbance include high-energy trauma, juvenile age group,
severely displaced fractures, and comminuted fractures that
produce injury in multiple areas of the physis."

Suspected physeal injury should be thoroughly evaluated
with CT. Physeal bar resection is indicated when less than
50 percent of the physis is involved, and when remaining
growth is at least 2.5 cm."* Limb lengths should be plotted
on the Moseley straight-line graph over a 1- to 2-year period
to determine the projected discrepancy at skeletal matu-
rity.”” An alternative method to obtain an approximate esti-
mation of discrepancy at the initial presentation of the pa-
tient, or following the identification of the physeal bar, is
evaluation of growth remaining using the Green-Anderson
tables.” General treatment guidelines are the following: no
treatment is necessary when the discrepancy is less than 2
cm; between 2 and 6 cm, epiphysiodesis of the contralateral
distal femur or proximal tibia is indicated; and larger dis-
crepancies should be treated by a femoral lengthening proce-
dure. In the excessively short femur following injury in
a young child, multiple femoral lengthening or a femoral
lengthening procedure with a contralateral epiphysiodesis
is necessary.

Angular deformity is less frequently seen than limb length
discrepancy, with a reported incidence of 29 percent (49 of
171 patients in five series).**™"!%2! The risk factors are
similar to those for development of a limb length discrep-
ancy, and the indications for physeal bar resection are the
same. No correlation has been seen between the direction
of fracture displacement and the development of a valgus
or varus deformity.'™ Treatment is indicated when more
than 5 degrees of abnormal angulation is present and con-
sists of angular corrective osteotomies or epiphysiolysis.

Loss of knee motion occurs in approximately 27 percent
of distal femoral physeal injuries (45 of 167 patients in five
series),'*»1121 Tt may be due to excessive duration of
immobilization with intra-articular adhesions, capsular con-
traction, or hamstring or quadriceps contraction. In addi-
tion, articular incongruities from type III and IV Salter-
Harris injuries may predispose to knee joint contractures.
Contractures are best prevented by restricting the duration
of external immobilization, removing crossed Kirschner
wires as soon as possible, and anatomic reduction of intra-
articular fractures. Aggressive active and active-assisted
range-of-motion exercises should be started as soon as 4 to
6 weeks from the time of fracture. A removable posterior
splint can be worn beginning at 4 weeks so that the patient
can begin range-of-motion exercises twice per day as the
fracture heals.

Once fracture healing occurs, knee ligament integrity
should be reevaluated and appropriate treatment instituted
if necessary (see subsequent discussion of ACL injuries under
Ligament Injuries).

PATELLAR FRACTURES

Fractures of the patella in children are rare, accounting for
less than 5 percent of all knee injuries.''®!*% The injury
is most often caused by a forceful active extension of the
knee that usually occurs during jumping or from direct
anterior knee trauma, and the diagnosis is difficult to make
and often missed. Treatment is similar to the treatment of



FIGURE42-101 Physeal arrest following a Salter-Harris type
IV fracture of the distal femoral shaft. A, Injury radiograph of
a 7-year-old boy showing the distal femoral injury (arrows).
B, Radiographic evidence of physeal arrest was apparent after
6 weeks of cast treatment. C, Physeal arrest was evident on
CT and confirmed with MRIL. D, An epiphysiolysis with fat
interposition and metal marker placement was performed. Re-
sumption of growth was confirmed by increasing distance of
the markers. The interval is 2 years.
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FIGURE 42-102 AP radiograph demonstrating a bipartite patella in the
superolateral quadrant.

patellar fractures in adults, with the majority of fractures
requiring operative treatment with open reduction and in-
ternal fixation. The complication rate from operative fixa-
tion is low. When the injury is unrecognized, late reconstruc-
tion is needed and may result in a knee extensor lag and
unsatisfactory outcome.

Anatomy. The patella is a sesamoid bone that lies within
the quadriceps tendon and provides added biomechanical
advantage for knee extension. The patella usually has one
center of ossification which appears at 2 to 3 years of age,
but its appearance may be delayed until the sixth year. There
can be up to six smaller associated centers of ossification,
which lie peripheral to the primary center of ossification.
These centers of ossification coalesce, and ossification begins
centrally and continues in a peripheral fashion. Bipartite
patella is generally thought to occur in less than 5 percent
of all patients. It is thought to be due to failure of the
cartilaginous segments to coalesce and ossify, and is usu-
ally seen in the superolateral aspect of the patella (Fig.
42_102).??.82,163.166

The articular surface is divided into seven facets separated
by ridges. Vertically, a major ridge separates the medial and
lateral facets, with a secondary ridge near the medial border
that demarcates the odd facet. Two transverse ridges separate
the superior, intermediate, and inferior facets. The distal-
most pole is nonarticular.”'®

The quadriceps mechanism converges onto a single, tri-
laminar tendon, with the rectus femoris superficial, the vasti
in the middle layer, and the intermedius in the deep layer.'*
The fascia lata is the deep fascial layer that spreads over the

anterior knee, and those fibers combine with the vastus
medialis and lateralis to form the patellar retinaculum, which
inserts into the tibia. The retinaculum is completed by con-
tributions from the patellofemoral ligaments, the lateral as-
pect of the vastus lateralis, and the iliotibial tract.* The
patellar tendon is primarily an extension of the rectus femo-
ris and inserts into the tibial tubercle. Expansions of the
iliotibial tract and patellar retinaculum converge onto the
patellar tendon at its insertion into the tibia.

The blood supply of the patella has been thoroughly
studied by Scapinelli'”® and Crock.” It is organized into two
arterial networks. The first is the extraosseous arterial ring,
which lies in the thin layer of connective tissue, with contri-
butions from the supreme geniculate, the superior medial
and lateral geniculate, the inferior medial and lateral ge-
niculate arteries, and the anterior tibial recurrent artery
(Fig. 42-103). The inferior geniculate arteries branch into
the ascending parapatellar, oblique prepatellar, and trans-
verse infrapatellar arteries; these arteries anastomose with
branches from the superior geniculate arteries. The second
network is the intraosseous arterial pattern, which consists
of midpatellar vessels that enter in the middle third of the
patella, and the infrapatellar branches that run upward from
behind the patellar ligament. AVN of the patella following
transverse fractures is most often seen in the superior pole,
which is more easily isolated from blood flow than the
inferior pole.

Classification. In children, patellar fractures can be divided
into two basic patterns: primary osseous fractures and sleeve
or avulsion fractures. The most common bony fracture is
the transverse fracture through the midportion of the patella;
however, vertical fractures and stellate-type fractures also
occur.”™ These fractures should be assessed and classified
according to whether they are open or closed injuries, fol-
lowing Gustilo’s classification.” The second major group
of patellar fractures comprises the avulsion-type fractures,
better known as sleeve fractures.” This fracture type is most
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FIGURE 42-103 Arterial blood supply of the patella. The extraosseous
arterial ring depicted here demonstrates the rich blood supply of the patella.



often described, and most common, in the inferior pole of
the patella; however, it can occur in the proximal pole of
the patella, and medial avulsion of the patella is associated
with patellar dislocations.®'%

Mechanism of Injury. The mechanism of injury is usually
associated with the pattern of the patellar fracture seen radio-
graphically. The majority of transverse midpatellar fractures
are due to direct trauma to the patella, often when the
patient is involved in a motor vehicle accident, sustains a
direct blow to the knee, or falls onto the knee,!71*#1%:18! [ egs
often such traumatic impact results in a vertical or a stellate-
type fracture. Maguire and Canale reported that 22 of 24
patients with patellar fractures sustained the fracture as a
result of a direct blow or fall or impact incurred in a motor
vehicle accident; only two patients sustained the fracture in
a sports activity. There were 20 fractures of the midportion
of the patella (comminuted, transverse, or vertical fractures)
and four chip or avulsion fractures.” Sleeve fractures are
most often associated with a forceful contraction of the
quadriceps muscle that usually occurs at the start of a jump
during basketball, or in the track and field events of high
or long jumping.***¢ Wu and colleagues reported on five
patients with sleeve fractures, all of whom sustained their
injuries at the time of take-off for a long or high jump.*
However, direct trauma may also result in the inferior sleeve
fracture."! The superior sleeve or avulsion fracture is often
due to a direct blow, and the medial avulsion fracture is
associated with lateral dislocation of the knee.

Diagnostic Features. Patellar fractures in children occur
between the ages of 8 and 14 years, with the average age being
approximately 11 to 12 years. Most patients are boys."”*'*!

The history should elicit the type of injury and the mecha-
nism, and any manifestations of patellar dislocation at the
time of injury. If a direct injury has resulted in a patellar
fracture, the instrument or offending object should be deter-
mined, especially when an open injury has occurred.

In the complete fracture or avulsion, the patient’s symp-
toms are more pronounced and the physical examination
is diagnostic. The knee is swollen, often with a tense hemar-
throsis, and tender. Patients are often unable to bear weight
because of pain. Knee extension is often difficult, although
possible because of residual integrity of the retinacular fibers;
however, full active knee extension is usually lacking. Palpa-
tion reveals a high-riding patella in the inferior sleeve and
transverse type of fractures, and a palpable defect is present.

In the incomplete injury (the undisplaced transverse pa-
tellar fracture, the minimally displaced inferior sleeve frac-
ture), symptoms and physical examination findings are less
dramatic. Grogan and colleagues reported findings in eight
of 17 patients with inferior sleeve fractures who presented
1 week to 4 months following the onset of symptoms. These
patients were all involved in competitive sports; however,
none could document a specific traumatic episode that trig-
gered the symptoms.* Similarly, undisplaced stress fractures
of the patella result in minimal symptoms and inability to
recognize a specific inciting event.”

The orthopaedic examination should always include eval-
uation of the entire skeleton and the soft tissue envelope,
inspecting for open fractures. Associated fractures are re-
ported to occur in up to one-third of cases, with ipsilateral
diaphyseal fractures of the tibia and/or femur accounting
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for the majority of associated injuries.”* Open fractures
account for approximately 30 to 40 percent of all patellar
fractures in children and are usually associated with a motor
vehicle accident and direct trauma."**'

Radiographic examination includes AP and lateral radio-
graphs of the knee. The lateral radiograph should be taken
with the knee flexed 30 degrees and is usually more
informative than the AP radiograph for patellar fractures.
The fracture may be undisplaced; mildly displaced, with
the anterior aspect displaced while the articular surface
remains intact; or completely displaced (Fig. 42-104).”
Sleeve fractures are often difficult to detect radiographically.
It is important to obtain a good lateral radiograph of the
knee in order to discern the typical findings. The radio-
graph should be inspected for small bony fragments coming
from the inferior pole of the patella associated with patella
alta. The bony fragment seen radiographically is often
small but is associated with a large cartilaginous fragment
attached to the patellar tendon. The radiograph must be
used in conjunction with the clinical assessment to make
the diagnosis. A patient with indeterminate radiographs
but significant tenderness at the level of the injury or a
palpable defect should be treated as if he or she had a
sleeve fracture. Other entities that can resemble a sleeve
fracture include accessory centers of ossification, which
are more often on the anterior aspect of the distal pole
of the patella, and the Sinding-Larsen-Johansson lesion,
an overuse condition manifesting as small calcifications
within the patellar tendon.”

The AP radiograph is used to detect a bipartite patella,

FIGURE 42-104 Displaced transverse fracture of the patella in a 5-
year-old.
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usually seen on the superolateral aspect of the patella. In
addition, the uncommon vertical fracture is best seen in this
view, as is the comminuted fracture (Fig. 42—105). Compari-
son radiographs are very helpful in defining the normal
anatomy of the particular patient, including confirming the
presence of a bipartite patella.

Treatment. The indications for nonoperative and opera-
tive treatment are similar to those in adults. Nonoperative

FIGURE 42-105 Vertical patellar fracture in a
10-year-old girl. A, AP, lateral, and Merchant
views obtained at the time of injury. B, Radio-
graphs obtained after open reduction and screw
fixation with anatomic reduction and complete
healing.

treatment is used in the undisplaced fracture."”*'*1# This
is especially true when active knee extension is present,
indicating that the supporting soft tissue structures (reti-
naculum) are intact. External immobilization in the form
of a long-leg cast with near extension is worn for 6 to 8
weeks and is followed by progressive weightbearing. Maquire
and Canale report 83 percent good results in patients with
undisplaced patellar fractures treated by external immobili-
zation only."™*



Operative treatment is indicated in the displaced fracture
with more than 4 mm of articular displacement or if the
articular step-off is more than 3 mm."7#34180181 The most
important aspect of evaluation is to assess the integrity of
the articular surface. We prefer operative intervention if
displacement or step-off of the articular surface exceeds
2 to 3 mm. In addition, open fractures require operative
intervention to include irrigation and debridement and, if
necessary, reduction and internal fixation,'#%!3180.181

For the young child (10 years old or younger) with a sleeve
fracture, we prefer nonabsorbable suture repair followed by
immobilization in a long-leg cast for 6 to 8 weeks. Anatomic
reduction of the sleeve fracture is performed, followed by
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suture repair, with the suture placed into the cartilaginous
sleeve and the patellar tendon to provide stable fixation (Fig.
42-106). In the child older than 10 years we prefer firm
fixation with tension band wiring and Kirschner wire fixa-
tion (Fig. 42-107). Patients are allowed to bear weight in
the cast and should begin straight-leg-raising exercises 2
weeks following cast application. Grogan and colleagues
reported successful treatment with full return to function
in nine patients (10 knees) with acute sleeve fractures that
were treated operatively.

Sleeve fractures that present late often are minimally
displaced. These injuries may be treated with cast immobili-
zation in extension, and despite lack of radiographic union,

C

FIGURE 42-106 Patellar sleeve fracture in an 8-year-old boy. A, Diagram of a patellar sleeve fracture. The patellar
tendon avulses an osteocartilaginous fragment from the distal pole of the patella. B, Initial radiographs in an 8-year-
old boy, demonstrating a patellar sleeve fracture with the distal osteocartilaginous fragment seen (arrows). C, Lateral
radiograph obtained 6 weeks after open reduction and suture fixation using No. 2 nonabsorbable suture.
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FIGURE 42-107 The tension band technique used to treat a displaced transverse patellar fracture in a 5-year-old
girl. A, Initial AP and lateral radiographs. B, Radiographic appearance 4 months after open reduction and internal
fixation using a tension band technique.



many patients return to full function.® If extensor lag is
noted at the time of the initial evaluation, operative interven-
tion is required to correct the extensor lag.*

For the displaced transverse patellar fracture we prefer
an open reduction and internal fixation using tension band
wiring and Kirschner wire fixation. A vertical incision is
made over the patella and fracture reduction is performed,
ensuring that the articular surface is reduced anatomically.
Wires are then placed starting inferiorly and coming out
superiorly, followed by AO-type tension band wiring (Fig.
42-108). Weber and colleagues compared several wiring
techniques and demonstrated that Magnusson wiring and
the modified tension band wiring techniques prevented sep-
aration of the fracture fragments better than circumferential
or tension band wiring.”* Some have advocated the circum-
ferential wiring technique in children to avoid intraosseous
penetration and the potential risk of developing a growth
disturbance. This, however, has not been seen with internal
fixation of patellar fractures in children and may be due, in
part, to the older age of the patients.'”"**'*! Ray and Hendrix
reported excellent results and radiographic healing in four
transverse patellar fractures treated with open reduction and
internal fixation—two with suture repair, two with tension
band wiring."!

Comminuted fractures are difficult to treat and tend to
have worse results."”* Operative intervention is usually re-
quired and should consist of thorough evaluation of the
fracture pattern and inspection of the joint. Anatomic reduc-
tion of the larger fragments should be performed, followed
by either excision and removal of small nonarticular frag-
ments or internal fixation of the remaining fragments to the
larger fragments, if possible. Although patellectomy was used
in the past for the comminuted fracture pattern in children

FIGURE 42-108 Tension band technique. A, After an open reduction,
Kirschner wires are placed in a parallel fashion from inferior to superior.
B, A loop of wire is then placed in a figure-eight fashion. A loop is then
placed both medially and laterally to allow for compression across the
fracture site.
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and was not necessarily associated with a poor result, !
we prefer to save the patella whenever possible.

Patellar fractures associated with ipsilateral femoral or
tibial fractures have been reported to have the worst re-
sults."** However, these fractures were treated with traction
followed by hip spica casting without internal fixation. In
the setting of an ipsilateral femoral shaft fracture, we recom-
mend stable fixation of both fractures with Enders nailing
of the femur and open reduction with internal fixation of
the patella, followed by a single-leg hip spica cast for 4 to
6 weeks. Range-of-motion exercises of the knee can then be
started. When an ipsilateral tibial fracture is present, dis-
placed fractures of the patella should be internally fixed
and a closed reduction of the tibia performed, followed by
immobilization in a long-leg cast.

For marginal fractures of the patella that are not large
and do not contain a significant portion of the articular
surface, excision of the fragment usually yields good results.

Complications. Sleeve fractures have few complications
when they are recognized early and treated with anatomic
reduction and internal fixation.* Reported complications,
however, include nonunion due to inadequate fixation and
loss of flexion.”*® Inadequate fixation may also lead to an
extensor lag, as was reported in two of three patients with
sleeve fractures treated inadequately with suture and casting
alone, respectively.”

Undisplaced transverse patellar fractures have uniformly
good results with cast immobilization. Displaced transverse
patellar fractures do well with anatomic reduction and stable
internal fixation; however, loss of reduction may result in
extensor lag, chronic infection, and, rarely, AVN of the pa-
tella.

TIBIAL TUBEROSITY FRACTURES

Tibial tuberosity fractures are the result of a forced extension
of the knee or of being struck with the leg planted on the
ground. Operative treatment is the treatment of choice for
any displaced fracture or the minimally displaced fracture
with significant soft tissue swelling. The results of operative
treatment are universally good. Compartment syndrome has
been reported in displaced fractures that were treated with
closed reduction and casting. Patients awaiting operative
treatment should be monitored closely for an impending
compartment syndrome, and all displaced fractures require
operative treatment.

Anatomy. The tibial tubercle is the most anterior aspect of
the proximal tibial epiphysis and contributes to the growth
of the proximal tibia. The cartilaginous aspect of the tibial
tubercle is the initial stage of development and persists until
the age of 9 or 10 years. The two to three secondary centers
of ossification begin to appear at the tibial tubercle at age
8 to 12 years in girls and 10 to 14 years in boys. This stage
is then followed by the formation of a single tibial tubercle
as the secondary centers of ossification begin to fuse together,
later followed by physeal closure between the epiphysis and
metaphysis.” Fusion of the physis begins centrally and pro-
ceeds centrifugally, with the area beneath the tuberosity
fusing last.

In the early stages of development of the tibial tubercle
the patellar ligament inserts into a fibrous cartilage near
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the secondary center of ossification. Later the insertion is
through fibrocartilage on the anterior aspect of the proximal
tibial epiphysis, finally inserting directly into bone following
ossification of the tibial tubercle. Retinacular fibers reinforce
the attachment of the patellar ligament into the tibial tuber-
cle; the fibers are distributed from both the medial and
lateral margins of the patella and distally. These accessory
attachments may allow the patient to continue to demon-
strate some knee extension despite a tibial tubercle avulsion.

Classification. Watson-Jones first classified tibial tubercle
fractures into three types.” This classification was later
modified by Ogden to better define the pathomechanics of
this injury (Fig. 42—-109)."" In type I injuries, the fracture
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is distal to the normal junction of the ossification centers
of the proximal end of the tibia and tuberosity. Type 1A
injuries are minimally displaced and the type IB injury is
hinged anteriorly and proximally. Type II fractures occur
at the junction of the ossification of the proximal end of
the tibia and the tuberosity. Type IIA injuries are simple
fractures and type IIB injuries are comminuted. Type III
fractures extend to the joint and are associated with displace-
ment of the anterior fragment with discontinuation of the
joint surface—the type IIIA injury is single fragment, and
the type IIIB injury has a comminuted fragment.

Mechanism of Injury. Tibial tuberosity fractures are most
often incurred during jumping activities, with the most com-

FIGURE 42-109 The Ogden modification of the Watson-Jones classification of tibial tubercle fractures. A, The
Ogden classification. B, Lateral radiograph of a type II tibial tubercle fracture. C, Lateral radiograph of a type 111 tibial

tubercle fracture.



mon sports being basketball, football, and long jumping and
high jumping.**"1%1%2% This injury occurs from two types
of mechanisms: active extension of the knee with sudden,
strong contraction of the quadriceps, especially during
jumping, and acute passive flexion against a contracted
quadriceps, which often occurs when a football player is
tackled.”*

Several authors have given an account of an association
between Osgood-Schlatter disease and tibial tuberosity frac-
tures.*'*1928 Ogden and colleagues reported that 64 percent
of patients in their series had an associated Osgood-Schlatter
lesion,'”” and Levi and Coleman reported a 27 percent inci-
dence in their series.'"” Ogden and colleagues suggest that
this may be due to the change in the secondary center of
ossification of the tibial tubercle in which the primarily
fibrocartilaginous pattern turns into hypertrophic columnar
cartilage, which is structurally weaker.'”

Diagnostic Features. The patient with a tibial tubercle frac-
ture presents with a history of pain in the knee, most often
with onset during basketball, football, or at the time of a
jump. The patient is unable to fully extend the leg and
complains of pain and weakness.

On physical examination swelling and tenderness are
noted over the tibial tubercle area, and the knee is usually
held in 20 to 40 degrees of flexion. In many type II and III
injuries a defect can be palpated at the level of the tibial
tubercle. In the displaced fractures the patella rides abnor-
mally high on the femur. The patient is unable to extend
the leg, and extension is painful when attempted. It is impor-
tant to examine the soft tissue compartments of the leg,
especially the anterior compartment, since anterior com-
partment syndromes have been reported."”"*** In addition,
a neurovascular examination should be performed.

The lateral radiograph of the knee will show the fracture,
which can then be classified according to the Ogden classifi-
cation.'” In the skeletally mature patient the diagnosis is
readily apparent; however, in the younger child various
stages of development may make diagnosis more difficult.
In this situation a lateral radiograph of the contralateral
knee is helpful. The level of the patella is an important
indication of the degree of displacement of the tibial tuber-
cle. This is best estimated using either the Blumensaat or
Insall technique.”'” The Insall technique compares the lon-
gitudinal distance of the patella with the distance from the
inferior pole of the patella to the tibial tubercle. This ratio
should be 0.8 or greater, with smaller numbers indicating
some disruption of the patellar ligament or tibial tubercle.
Associated bony injuries are rare and do not warrant addi-
tional radiographs unless indicated by the history and physi-
cal examination.

Treatment. Operative management is the mainstay of treat-
ment for tibial tubercle fractures. However, Ogden type I
fractures with minimal displacement have been successfully
treated with closed reduction and casting.*™*1>'” In the
minimally displaced fracture the knee can be extended fully
and then flexed to 30 degrees and held in a long-leg or
cylinder cast for 6 to 8 weeks. The patient can then be taken
out of the cast and weightbearing begun as tolerated.

We prefer operative management for all type II and III
fractures to allow for decompression of the fracture hema-
toma, anatomic reduction, assessment of intra-articular pa-
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thology in type III fractures, and stable internal fixation. A
longitudinal incision is made lateral or medial to the patellar
tendon. Fracture hematoma is thoroughly evacuated and
the fracture bed is cleared of any interposed soft tissue. The
fracture fragments are anatomically reduced with the knee
extended. We prefer two 4.0-mm or 6.5-mm cancellous
screws placed parallel to the joint surface. Washers are fre-
quently used to prevent screw head penetration of the ante-
rior cortex (Fig. 42—-110). The fragment can be provisionally
fixed with the first drill bit or a smooth Kirschner wire while
the second screw is placed. The patellar tendon and its lateral
attachments are then sutured securely. Since these fractures
are most often seen in patients nearing skeletal maturity,
and since physeal arrest with angular deformity has not been
reported following these fractures, it is not necessary to go
to great efforts to avoid the physis. In the comminuted
fracture multiple screws may be necessary, or a tension
band wiring technique can be employed to allow fracture
stabilization and provide a buttress for the small fracture
fragments.'”

Postoperatively, a long-leg or cylinder cast should be used
for 6 weeks, followed by gentle active and active-assisted
range-of-motion exercises and quadriceps strengthening.
Full athletic activities are generally restricted for an addi-
tional 4 to 6 weeks until full range of motion and quadriceps
strength return.

Complications. In general, operative repair of tibial tuber-
cle avulsion injuries produces excellent results with return
to full, preinjury activities. Although rare, the most common
complications following these injuries are: compartment
syndrome, loss of knee motion, prominent tibial tubercle,
and reinjury.

Compartment syndrome has been reported in six pa-
tients. It occurred in the anterior compartment, and all
patients had been treated without, or were awaiting, opera-
tive treatment."”"”>** Pape and colleagues described two
patients who had been managed with external immobiliza-
tion for type II and III fractures.'”” These authors noted the
proximity of the tibial tubercle to the anterior compartment
and the anterior tibial recurrent artery. They suggested that
tibial tuberosity fractures are associated with significant soft
tissue injury, which predisposes to compartment syndrome.
The treating physician should be aware of this complication
and monitor any patient who initially presents with a dis-
placed tibial tubercle fracture awaiting operative treatment
or the undisplaced or minimally displaced fracture treated
with nonoperative methods.

In type I1I fractures, meniscal injury may occur and there-
fore should be evaluated for at the time of surgery through
a small knee arthrotomy. The medial or lateral meniscus,
or both, may be torn at the time of the initial injury. Wiss
and associates reported that two of 15 patients with type III
avulsions had peripheral detachments of both menisci, and
a third had a transverse tear of the anterior horn of the
medial meniscus.” Loss of motion of the knee has been
reported in a single case in which there was lack of extension
by 25 degrees following an open reduction and internal
fixation of a type III injury. Other complications are rare
and include infection, nonunion, refracture when activities
are begun early, and nonunion of the distal fragment in a
type 111 fracture, and, in a single reported case, a pulmonary
embolism, which was treated successfully.*'*** Bursitis over
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FIGURE 42-110 Open reduction and internal fixation of a displaced (type II) tibial tubercle fracture in a 14-year-
old boy who sustained the fracture while long-jumping. A, Initial radiographs. B, Postoperative views showing anatomic
reduction with internal fixation achieved using partially threaded cancellous screws with washers.

the screw heads has been reported in five of 15 patients
treated with open reduction and internal fixation for type
III fractures; the bursitis resolved following screw removal.*?

PROXIMAL TIBIAL PHYSIS FRACTURES

Injuries to the proximal tibial physis are rare, accounting
for approximately 0.5 to 3 percent of all physeal injuries in
children.”*"*'7 This is due to the lack of collateral ligamen-
tous attachments to the proximal tibial epiphysis, which
allows valgus or varus forces to be transmitted through these

ligaments to their attachments on the distal femoral physis,
fibular head, and the tibial metaphysis. These fractures may
be difficult to diagnose when the radiographs look normal,
and complications, including significant arterial injury, are
relatively common.

Anatomy. The proximal tibial ossific nucleus forms at ap-
proximately 2 months of age, with the secondary center of
ossification of the tibial tubercle appearing between 10 and
14 years. This unites with the proximal tibial epiphysis at
approximately 15 years. Closure of the proximal tibial physis



is thought to begin centrally and proceed to the periphery.'”
Radiographic investigations of patients ages 12 to 20 years
have shown that the proximal tibial physis appears to fuse
posteriorly, followed by anterior fusion.”

The joint capsule incompletely surrounds the knee with
a defect to allow the popliteus tendon to travel from the
proximal tibia to the posterior aspect of the distal femoral
epiphysis. The capsule inserts into the tibial epiphysis and
the lateral and medial collateral ligaments attach distally to
the fibular head and the proximal medial tibial metaphy-
sis, respectively.

The vascular anatomy is important in understanding the
relatively high incidence of vascular injuries associated with
this fracture. The popliteal artery travels close to the proxi-
mal tibia and has fibrous attachments to the posterior cap-
sule. At the level of the proximal tibial epiphysis it branches,
giving off the lateral and medial inferior geniculate arteries,
which further tether the popliteal artery. The three major
branches (peroneal, anterior tibial, and posterior tibial arter-
ies) divide off the popliteal artery distal to the soleus muscle,
Immediately distal to the trifurcation the anterior tibial ar-
tery penetrates the interosseous membrane to travel to the
anterior compartment of the leg, again tethering the artery.
Additional fixation points include the connective tissue septa
in the terminal aspect of the adductor canal, in the posterior
aspect of the articular capsule, and in the deep portion of
the peroneal muscle. These multiple levels of tethering and
the close proximity of the artery to the proximal tibial epiph-
ysis result in a high incidence of arterial injury.

Classification. Fractures of the proximal tibial physis
should be classified according to both the Salter-Harris clas-
sification and the mechanism of injury to provide a guideline
for patient evaluation, fracture treatment, and give the most
accurate prognosis. For example, the patient with a dis-
placed, hyperextension Salter-Harris type I injury is at high
risk for vascular injury; the type I fracture is also associated
with a high incidence of physeal arrest.’>?"2%

Type I fractures account for 15 percent of proximal tibial
physeal fractures and are usually nondisplaced. These inju-
ries must be carefully evaluated to avoid missing the undis-
placed fracture. When a type I injury is suspected, stress
radiographs may confirm the diagnosis (Fig. 42—111).

Type II injuries are the most common, accounting for
approximately 37 percent in a combined series of patients
(41 of 112 in four series).”*""#7* These injuries are usually
theresult of a valgus stress to the knee with a lateral metaphys-
eal fragment and a medial physis injury (Fig. 42—112).%2724
The majority of type II fractures are displaced at the time
of evaluation, with Shelton and Canale reporting that 71
percent of fractures were displaced, predominantly in the
medial direction.” If significant displacement exists, these
injuries may not be reducible with a closed reduction, owing
to interposition of soft tissue structures such as the perios-
teum or the pes anserinus.”* The rare flexion type II fracture
is caused by an injury while jumping and results in the
metaphyseal fragment being posterior.”

Type I1I injuries account for 21 percent of these injuries
(24 of 112 in four combined series).”"*"** Two major
types of fractures occur. The first, and the more common,
travels through either the lateral or medial plateau and is
best seen on an AP radiograph. The second is an injury
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FIGURE 42—111 Salter-Harris type I proximal tibial fracture. Note the
medial displacement of the metaphysis.

FIGURE 42-112 Salter-Harris type II fracture of the proximal tibia with
an associated proximal fibular fracture. This was due to valgus force applied
to the lateral aspect of the knee while the patient was playing football.
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involving both the tibial tubercle and the anterior aspect of
the proximal tibial epiphysis and is best seen on the lateral
radiograph.”” These fractures are commonly displaced, and
the majority require operative intervention.

Type IV fractures are the least common, accounting for
16 percent of all proximal tibial physeal injuries (18 of
112).33177:207.2%5 Patients who have sustained indirect trauma
usually have injury to the lateral tibial plateau and require
operative intervention (Fig. 42-113). Of the five patients
with lawnmower injuries in the series reported by Burkhart
and Peterson, all five had type IV injuries; four developed
angular deformity requiring further surgery, and the fifth
patient developed osteomyelitis.”

Type V fractures are rare, often being recognized only
after physeal arrest has occurred. Burkhardt and Peterson
were the first to report a type V proximal tibial physeal
injury in two patients who had an associated distal tibial
fracture and unrecognized proximal physeal injuries. Both
patients had limb length discrepancies, which were treated
by a 5-cm shortening of the contralateral femur in the first
patient and by lengthening of the tibia (which was compli-
cated by compartment syndrome) in the second patient.”
A second report in the literature described an associated
displaced tibial spine injury in a patient who, at final follow-
up, had a varus deformity of 2 degrees, a flexion contracture
of 30 degrees, and early degenerative joint disease.'”

Mechanism of Injury. Both indirect and direct trauma to
the knee can result in fractures of the proximal tibial physis.
The most common mechanism is an indirect blow to a
hyperextended knee when the lower leg is in a fixed posi-

tion. 720785 Similarly, valgus, varus, and, rarely, flexion-
type indirect trauma can result in these injuries 7207
Direct trauma can account for these injuries, with the leg
fixed and then struck while the individual is playing football
or is run over by a motor vehicle or lawnmower.**2#

Sporting activities and motor vehicle accidents account
for most of these fractures reported in the literature. Shelton
and Canale reported that 18 (47 percent) of 38 patients
were injured while participating in sports—most commonly
football, followed by basketball. Twelve (32 percent) were
injured in automobile or motorcycle accidents. Others have
reported a higher incidence of proximal tibial physeal inju-
ries being incurred in motor vehicle accidents.”'”” Flexion-
type injuries are rare and have only been reported in patients
who were engaged in jumping activities, which can produce
the avulsion, shear, and compression stresses that produce
this injury.” The patients are typically older (16 years), an
age when the anterior proximal tibial physis remains open
but the posterior physis has closed. Lawnmower accidents
are most often reported in younger children (2 to 6 years
old), accounting for up to 18 percent of patients in one
series.”

Associated injuries may occur in up to 42 percent of
patients, with fibular fractures being most common.*”**
Other associated injuries include ipsilateral tibial and femo-
ral shaft fractures, collateral ligament tears, patellar fractures,
quadriceps rupture, and patellar avulsion injuries. ™7’

Finally, miscellaneous causes account for a small percent-
age of proximal tibial physeal injuries. Among them are a
difficult birth, especially with a breech presentation,’* and

FIGURE 42-113  Salter-Harris type IV fracture of the proximal tibia sustained by a 12-
year-old boy who was struck on the medial aspect of the knee while playing football.
A, X-rays reveal a mildly displaced Salter-Harris type IV fracture. B, The intra-articular
fracture is seen on CT, with a split in the medial plateau.



the patient with myelomeningocele, who presents without
a history of trauma and will have local warmth, redness,
swelling, and increased body temperature. Patients with my-
elomeningocele and proximal tibial physeal fractures, usu-
ally present late, have callus formation on radiographs, and
require immobilization for at least 8 weeks.'”!

Diagnostic Features. The typical patient is a boy between
the ages of 13 and 16 years.®*"* A careful history is
important to determine the mechanism of injury (direct
or indirect trauma), the time the injury occurred, and the
location of pain and other symptoms.

On examination, the affected knee usually has an effusion
and is held in a flexed position. Knee extension is painful
and resisted by hamstring spasm. The alignment of the leg
may provide information as to the mechanism of injury.
With a hyperextension injury the knee may be flexed only
10 degrees, whereas in a flexion-type injury the knee is more
flexed at the time of presentation. An injury due to direct
impact on the lateral aspect of the leg will produce a valgus-
type deformity that often is a Salter-Harris type II injury,
with the metaphyseal fragment on the lateral side and an
associated fibular fracture and medial collateral tear,

Because vascular injury is relatively common, palpation
of the distal pulses (dorsalis pedis and posterior tibial) is
critical in any patient who may have a proximal tibial physeal
injury. Serial examinations of the leg with normal pulses is
mandatory during the initial 24 to 48 hours, no matter
what type of treatment has been rendered. In the displaced
fracture with absent pulses, fracture reduction should be
performed urgently, followed by reexamination of the
pulses. The pulses usually return at that point and serial
examinations should be performed. Arteriography is indi-
cated if the pulses do not return to normal following frac-
ture reduction.

The leg should be carefully evaluated to ensure that a
compartment syndrome is not present or developing. The
soft tissue compartments should be palpated to ensure they
are supple and not tense. Passive hyperextznsion of the toes
should not result in excess pain in the anterior compartment
of the leg. Radiographic examination should always include
a true AP and lateral view of the knee so that pure flexion
or extension injuries are not missed. The radiograph should
be analyzed for separation or displacement of the physis
and for metaphyseal or epiphyseal fracture lines. The initial
radiographs may not reveal any abnormalities; however, in
the setting of a history and physical examination suggestive
of this injury, stress radiographs should be obtained. This
may be done using plain radiography; however, we prefer
to obtain stress radiographs in the fluoroscopy suite, with
the patient under conscious sedation, to allow real-time
imaging. Stress should be applied to the knee in both the
coronal and sagittal planes to fully assess the proximal tibial
physis. It is important that the initial manipulation be gentle,
as the physis may be very unstable and excess hyperextension
can result in injury to the popliteal artery. In addition, excess
stress to the physis can result in physeal bar formation.

Further imaging studies are useful for Salter-Harris type
III and IV injuries to assess joint incongruity, fracture line
orientation, and fracture displacement. MRI is rarely used
in assessing these injuries; however, it may be useful in the
patient with a suspected ligamentous injury or when soft
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tissue interposition at the fracture site is thought to be
present.

Treatment. Only after careful analysis of the distal pulses
can treatment of these fractures begin. The goals of treatment
are to obtain an anatomic reduction without imparting fur-
ther damage to the proximal tibial physis, and to maintain
the reduction until healing has occurred. Treatment of the
displaced fracture that requires manual reduction should be
performed at least under conscious sedation and preferably
under general anesthesia to allow a gentle reduction to be
performed without stressing the physis unnecessarily.

Nonoperative treatment is indicated for the undisplaced
fracture as well as for the minimally displaced fracture that
can be reduced under general anesthesia and is stable with
external immobilization without excess flexion of the knee
(more than 60 degrees). The most common type of fracture
is the hyperextension Salter-Harris type I or II fracture.
Reduction is performed by an anteriorly directed translation
of the metaphyseal fragment while manual traction is applied
to the leg with the thigh stabilized by an assistant. Flexion
of the knee is necessary to obtain and maintain the reduction.
Cast immobilization should be used for 4 to 6 weeks, with
the knee in no more than 60 degrees of flexion to avoid
an increased risk of arterial compromise and subsequent
compartment syndrome. The cast should be removed at 3
weeks to place the knee into 20 to 30 degrees of knee flexion.
Aitken described nine patients who had mild displacement
following reduction but experienced complete spontaneous
correction without deformity or clinical shortening in all
cases.” Similar results were reported by Burkhardt and Pe-
terson, who treated 12 patients with type I or II fractures
with casting alone or closed reduction followed by casting.
Two patients required operative procedures at a later date
to excise a physeal bar.”” However, Shelton and Canale de-
scribed two patients with displaced hyperextension-type
Salter-Harris type II injuries who initially underwent closed
reduction.”” One patient had a satisfactory result despite
some mild recurrence of the posterior displacement, and in
the other patient the closed reduction was unsuccessful,
requiring open reduction. Similarly, Wozasek and colleagues
reported successful casting or closed reduction and casting
in six of 11 patients with type II fractures.”

The patient with a valgus-type Salter-Harris type II injury
may initially be treated with a closed reduction and casting.
The reduction maneuver employs a varus force applied to
the knee while axial traction is applied to the leg with the
knee extended, followed by immobilization in a long-leg
cast, with mild varus molded into the cast (Fig. 42—114).
Successful closed reduction and casting was reported in
seven patients with displaced valgus-type injuries.”” Ana-
tomic reduction should be achieved without any excess wid-
ening of the physis or a springy feeling when a varus reduc-
tion maneuver is applied, because soft tissue interposition
(pes anserinus or periosteum) may be present.”*

If a closed reduction is to be performed, careful assess-
ment of the peripheral pulses is required following reduction
and casting. Our preference is to apply a well-molded plaster
cast followed by leg elevation and close observation of the
patient in the hospital for 24 to 48 hours, with serial exami-
nations of the peripheral pulses and passive motion of the
toes. If significant swelling is present at the time of reduction
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FIGURE 42-114 Closed reduction and casting of a Salter-Harris type II fracture in a 13-year-old boy. A, Ini-
tial radiograph. B, Accurate reduction was achieved by applying axial traction and a varus force to the patient’s

knee.

or there is any concern for an impending compartment
syndrome, the cast should be bivalved at the time of applica-
tion. Radiographs should be obtained weekly for the initial
2 weeks to ensure that fracture reduction is maintained. A
mild displacement of a few millimeters is acceptable within
the first 2 weeks, since re-reduction may increase the risk
for physeal bar formation.

In the patient with a Salter-Harris type III or IV fracture
that is undisplaced, long-leg casting can be performed.?”*
In those type III fractures that involve the anterior aspect
of the epiphysis, displacement is usually present, and the
fracture should be treated by open reduction and internal
fixation.””

The indications for operative treatment of these injuries
include the following: (1) failed closed reduction (following
a maximum of two attempts) with residual displacement in
type I and 1I fractures; (2) failure to maintain reduction in
a long-leg cast with less than 40 degrees of knee flexion; (3)
all displaced type III and IV fractures; (4) the presence of
an associated arterial injury; and (5) the presence of an
associated ipsilateral fracture that makes immobilization of
the leg difficult or impossible.

In the unstable physeal injury that cannot be maintained
with external immobilization, smooth pins should be placed
in a crossed fashion, crossing distal to the physis. The pins
can be left out of the skin to make removal at 4 to 6 weeks
easier (Fig. 42—115). Cast immobilization is utilized for 6

to 8 weeks. In the displaced type II fracture, pin fixation
should be used to stabilize the metaphyseal fragment to
prevent penetration across the physis.

Open reduction with internal fixation is required in the
displaced type III and IV fractures. A small arthrotomy is
used to visualize the articular surface to allow anatomic
reduction. This is then followed by percutaneous screw fixa-
tion of the epiphysis for type Ill injuries and/or the metaphys-
eal fragment in type IV injuries. An alternative method is
to use arthroscopic visualization of the articular surface to
guide fracture reduction and confirm articular congruity
following percutaneous fixation of the fracture fragments.
We prefer cancellous screw fixation (4.0- or 6.5-mm screws)
to gain some compression across the fracture site (Fig.
42-116). Cast immobilization should be performed for 6
to 8 weeks. Early motion can be started at 4 to 6 weeks by
allowing the patient to wear a removable splint, which can
be taken off to perform these exercises.

Arterial injury in the setting of a hyperextension injury
requires stable fixation of the fracture prior to repair of the
arterial injury. Fixation can be achieved with percutaneous
smooth pin fixation.

Complications. The results of treatment of proximal tibial
physeal injuries are good (when lawnmower injuries are
excluded), with satisfactory outcomes reported in 74 to 86
percent™*# Al] patients with lawnmower injuries had un-
satisfactory results.”
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FIGURE42-115 Salter-Harris type I fracture in a 9-year-old child. A, Initial AP and lateral radiographs demonstrating
mild displacement. B, Radiographic appearance after closed reduction and percutaneous pinning in which the pins
were placed in retrograde fashion.
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FIGURE 42-116 Salter-Harris type IV fracture involving the medial proximal tibia in a 13-year-old boy who was
playing football when a varus force was directed to his knee. A, Initial radiograph shows a mildly displaced Salter-
Harris type IV fracture with varus angulation of the proximal articular surface of the tibia. B, A closed reduction with

single screw fixation was performed.

The most devastating complication is injury to the poplit-
eal artery, which is reported to occur in 3 to 7 percent of
cases.”'”7*" The importance of a thorough vascular exami-
nation at the time of the initial assessment, following fracture
reduction, and serially within the first 48 hours, cannot be
overemphasized. A delay in diagnosis and treatment signifi-
cantly decreases the likelihood of a good outcome. The detec-
tion of discrepant or absent peripheral pulses should be

followed by immediate reduction of the fracture. If periph-
eral pulses do not return, then emergency arterial explora-
tion is required. There is no role for arteriography in the
setting of an isolated proximal tibial physeal injury with
absent distal pulses, since arteriography delays definitive
treatment and will only confirm the level of injury posterior
to the knee. If the study is required by the vascular sur-
geons, it can be performed in the operating room. In the



setting of a viable foot with diminished or absent distal
pulses, arteriography is indicated and should be performed
on an emergency basis. Fracture fixation should be per-
formed expeditiously, followed by thrombectomy, repair,
or vein grafting.

Compartment syndrome has been associated with these
fractures and should be carefully monitored for at the time
of the initial evaluation and throughout the hospital stay.
The long-leg cast should be split immediately following ap-
plication if there is any concern over an impending compart-
ment syndrome, if the patient is unreliable, or if the patient
has an associated head injury with altered consciousness.
Compartment pressures should be measured if there is any
concern using standard techniques.”*" Patients with pres-
sures above 40 mm Hg or less than 30 mm Hg below the
diastolic pressure should undergo four-compartment fasci-
otomies.

Physeal arrest and angular deformity or limb length dis-
crepancy is relatively common, with the reported incidence
between 10 and 20 percent.”'”*7** Patients at risk for phys-
eal arrest and limb length discrepancy include those with
displaced type I or II fractures,” those with any type IV
or type V fracture,” patients with an associated ipsilateral
fracture, and patients with lawnmower injuries.” Physeal
arrests should be treated in the standard fashion.'"*'”*

Associated ligamentous injuries should be assessed at the
time of the initial evaluation. Often this is difficult because
of instability, or potential instability, at the fracture site. The
assessment of ligamentous instability should therefore be
completed following operative stabilization of the fracture
or soon after fracture healing has occurred. The incidence
of associated ligamentous injury is reported to be up to 60
percent, as reported by Bertin and Goble. In their study,
eight of 13 patients with proximal tibial physeal injuries had
anterior instability at the time of healing."” Similarly, Poulsen
and colleagues reported an associated avulsion of the ante-
rior tibial spine with anterior instability in five (33 percent)
of 15 patients. These studies are in contrast to larger series,
in which only one patient in the combined series had a
collateral ligament injury, and no patient had sagittal plane
instability.”*"

PATELLAR DISLOCATIONS

Patellar dislocation is rare in the normal child. It is most
often due to a twisting injury or direct trauma. Most injuries
occur in the early adolescent age group, usually in girls,
and most dislocations are lateral. Osteochondral fractures
of both the patella and the femur are associated with an
acute patellar dislocation. Initial treatment is nonoperative.
The most common complication is recurrence of dislocation
or chronic instability.

Anatomy. The extensor mechanism of the knee is formed
from the quadriceps, its tendon, the patella, and the patellar
tendon. The alignment of this mechanism is in slight valgus,
with the apex at the center of the knee, the quadriceps
angle (or Q-angle) being formed by the line of pull of the
quadriceps to the patella and the line of the patella to the
tibial tubercle. In children with a propensity for patellar
dislocations and recurrent dislocations the Q-angle is in-
creased into more valgus alignment. The inferior pole of
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the patella articulates with the femoral groove beginning at
approximately 20 degrees of knee flexion, and the contact
area increases between the patella and femoral groove with
increases in flexion.

The majority of patients with patellar dislocations have
some abnormality of the extensor mechanism of the affected
knee. These abnormalities include passive lateral hypermo-
bility of the patella, a dysplastic distal one-third of the vastus
medialis obliquus (VMO), a high or lateral position of the
patella, or a previous history of patellar dislocation or sub-
luxation.”

The medial patellofemoral ligament (MPFL) was first
described by Warren and Marshall lying superficial to the
joint capsule and deep to the VMO.™ In cadaver studies it
has been demonstrated that this ligament extends from the
anterior aspect of the femoral epicondyle to the superome-
dial margin of the patella (Fig. 42—117).” The fibers of the
MPFL fan out and insert with the vastus medialis tendon.
The MPFL has been shown to be the primary medial soft
tissue constraint to lateral displacement of the extensor
mechanism.”

Classification. Patellar dislocations can best be classified
either as acute injuries, in which the injury occurred without
a prior history of patellar subluxation or dislocation, or as
chronic or recurrent dislocations. The incidence of recurrent
dislocation following an initial episode of dislocation treated
nonoperatively is relatively high, as much as 60 percent in
patients ages 11 to 14 years and 30 percent in patients ages
15 to 18 years.”® The dislocation is almost always laterally
displaced, and associated osteochondral injuries of the lateral
femoral condyle and the medial aspect of the patella should
be identified.

Mechanism of Imjury. Patellar dislocations occur in two
ways. The first is indirect trauma, in which the femur is

MPFL
Medial
patellofemoral
ligament

Patellomeniscal
ligament

and medial
retinacular fibers

Medial
atellotibial
igament

FIGURE 42-117 The medial patellofemoral ligament (MPFL), which
extends from the superomedial margin of the femoral epicondyle to the
superomedial margin of the patella.
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internally rotated on a fixed foot. Contraction of the quadri-
ceps muscle during this twisting injury further pulls the
patella laterally and results in patellar dislocation.'”! The
second type of mechanism is a direct force applied either
on the lateral aspect of the knee, creating a valgus stress
that leads to lateral patellar dislocation, or medially, applied
to the patella and pushing it directly laterally. Following both
types of injuries the patella usually will reduce spontaneously
without requiring a formal reduction. The most common
activities in which these injuries are incurred are ball sports
(football, basketball, baseball), falls, and gymnastics.”*'*

Diagnostic Features. The clinical history usually includes
a twisting injury or direct blow while the individual is en-
gaged in a sports activity. Patients often report a “giving
way” or “going out of joint” sensation at the time of the
initial presentation. Although girls are more often thought
to have patellar instability, this may not hold true for patellar
dislocations. Some studies report a greater proportion of
boys having this injury,”® while others report a higher inci-
dence in girls.”""®

The patella most often reduces spontaneously with
extension of the knee or with a combination of extension
of the knee along with manipulation of the patella at the
scene of the injury. On the rare occasion when the patella
remains dislocated at the time of the initial evaluation,
the knee is in the flexed position and the patient has
significant pain and swelling. The knee is maintained
flexed, and both flexion and active extension are limited;
however, passive extension of the knee can be performed.
The patella can be palpated on the lateral aspect of the
knee, the femoral condyles are easily palpated, occasionally
a longitudinal tear on the medial aspect of the joint
capsule and patellar retinaculum is felt, and there is usually
a large knee effusion. In the more common situation the
patella has been reduced to an anatomic position. There
is a knee effusion which may be tense, especially when
an osteochondral fracture is present,”'¥ and there is tender-
ness on the medial aspect of patella and the insertion of
the vastus medialis.

Radiographic assessment should include AP, lateral,
and tangential views of both knees. The radiographs are
assessed to ascertain that the patella is reduced to an
anatomic position and to look for osteochondral fractures
of the patella, most often on the medial aspect, and of
the lateral femoral condyle. On the lateral radiograph the
physician assesses the position of the patella relative to
the femur and tibia using the Insall index.'” It is important
to obtain tangential views of both knees for comparison.
Although many techniques are available for obtaining a
tangential view of the patella, we prefer the Merchant
view of the knee, in which the knee is flexed 45 degrees.'”
The Merchant view should be analyzed for the following
parameters: the sulcus angle (SA), the lateral patellofemoral
angle (LPA), and the lateral patellar displacement (LPD).
The radiographic parameters that predispose to patellar
dislocation are more shallow SA, greater than 142 de-
grees,”™" LPD greater than on the contralateral side,'” an
LPA that opens medially, and an Insall index greater than
1.3.""! However, these parameters do not necessarily predict
which patients will be predisposed to recurrent disloca-
tions, and therefore they are not a useful guide to treat-
ment.'!

Treatment. The acute treatment of a patellar dislocation
rarely requires reduction of the patella, as most patients
present with the patella reduced. However, in the occasional
patient who presents with an unreduced patella, the diagno-
sis should be evident, and radiographs are not necessary.
(We prefer to obtain radiographs only following reduction.)
Following sedation, a gentle closed reduction should be
performed by slowly extending the knee while applying a
medially directed pressure on the patella. Care must be
taken to achieve a gentle reduction, since some investigators
believe that osteochondral injury can occur after the acute
dislocation when the medial edge of the patella slides back
tangentially over the lateral condyle.”** At this time the
inferomedial border of the patella may be sheared off by
the lateral femoral condyle due to the tangential force re-
sulting from contraction of the quadriceps as the patella
is reduced.

In the more common situation in which the patient pre-
sents with a reduced patella, arthrocentesis of the joint can
be performed to reduce the patient’s discomfort and may
be useful in the diagnosis of an associated osteochondral
fracture when fatty marrow is present. This diagnostic aspect
of the knee aspiration is especially important in the young
child, in whom osteochondral fracture can be difficult to
ascertain radiographically.

The majority of patellar dislocations can be treated with
long-leg cast or cylinder cast immobilization for 2 to 4
weeks. Following cast treatment, range-of-motion and
strengthening exercises should be started. In the review of
patellar dislocations in children by McManus and colleagues,
six (21 percent) of 29 patients who were treated with cast
immobilization for 6 weeks later underwent operative inter-
vention for recurrent dislocation." Of the 21 patients who
did not have a recurrent dislocation, 50 percent had some
symptoms but were participating in their preinjury activities.
Cash and Hughston reported 52 percent good results in
patients with some evidence of congenital abnormality of
the knee, compared to 75 percent good results in those
without congenital abnormality.*

The indications for operative intervention for an acute
patellar dislocation include a completely torn VMO and the
presence of an osteochondral fracture. For the torn VMO,
open operative repair is performed through an anteromedial
incision, followed by cast immobilization for 6 weeks. Surgi-
cal repair in the patient with an acute patellar dislocation
is becoming more common as a consequence of the high
incidence of recurrent dislocations and better understanding
of the pathoanatomy. For example, surgical repair of the
MPFL has assumed a more prominent role in the treatment
of the young athletic patient who has sustained indirect
trauma resulting in a patellar dislocation. An incision is
made anterior to the medial epicondyle at the distal edge
of the VMO. The MPFL is then identified deep to the fascial
layer of the VMO. Typically, the MPFL is avulsed from the
femur, and direct repair via suture anchors can be per-
formed. If residual patellar tilt is present, a lateral release is
performed at the same time.

Osteochondral fractures associated with an acute patellar
dislocation have been reported to occur in 5 to 39 percent
of cases."""!¥ We prefer to perform knee arthroscopy in
this situation to visualize the fragment and decide whether
excision or fixation of the fragment is indicated. In general,



the osteochondral fragment is too small for fracture fixation,
and excision is performed."""*"'* Nietosvaara and associates
reported 26 (39 percent) patients to have an osteochondral
fracture, 21 of which were detached, and only three of these
were fixed intraoperatively. Similarly, Rorabeck and Bo-
bechko reported only one of 18 patients having operative
repair of an osteochondral fracture; their best results were
achieved following excision of the osteochondral fragment
combined with repair of soft tissues to prevent recurrent
dislocation." We are more inclined to fix the osteochondral
fragment when it is large (more than 2 cm) and has a large
osseous fragment, when the fragment is on the femoral
condyle, and when the patients are older. We prefer absorb-
able pin fixation or Herbert-type screw fixation, and this is
generally performed through an open arthrotomy.*” Postop-
eratively the patient is placed in a cast for 6 weeks and
then started on physical therapy for range-of-motion and
strengthening exercises.

Complications. Recurrent dislocation is the most common
complication of an acute patellar dislocation and is more
often seen in children whose dislocation occurred prior to
16 years of age, in those with an increased Q-angle, in
those with evidence of ligamentous laxity, in patients with
radiographic evidence of femoral condylar or patellar dys-
plasia, and in children with a weak VMO.'* Initial treatment
is similar to that for acute patellar dislocation, followed by
aggressive rehabilitation of the VMO and quadriceps, with
operative intervention indicated in patients in whom this
treatment protocol fails. The many operative procedures
available include the lateral retinacular release, which has
been reported to have excellent results in up to 75 percent
of patients, and we prefer to perform this arthroscopically.'
A lateral retinacular release is best used in patients who have

transfer

FIGURE 42-118 A Galeazzi-type procedure for realign-
ment of the knee extensor mechanism. A, Semitendinosus
transfer through the patella, which is then sutured back
onto itself. B, Lateral retinacular release. C, Medial retinacu-
lar and vastus lateralis advancement.

Semitendinosus
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pain following an acute patellar dislocation but who do not
have chronic dislocations. In patients with chronic disloca-
tions a more aggressive realignment procedure should be
performed. In the skeletally immature patient we prefer the
Galeazzi procedure, in which the semitendinosus is trans-
ferred into the patella to act as a check rein, combined with
a lateral retinacular release and a medial retinacular and
VMO advancement procedure (Fig. 42—118). In the skele-
tally mature patient, medial transfer of the tibial tubercle
(Elmslie-Trillat procedure) is helpful in those patients with
an abnormally high Q-angle. Patellar subluxation and recur-
rent dislocation are discussed in Chapter 20, Disorders of
the Knee.

Osteochondral fractures are occasionally not seen on the
initial radiographs, especially in young patients. Nietosvaara
and colleagues described three patients who had loose osteo-
chondral fragments and two medial marginal patellar avul-
sions that were not seen radiographically.'” T'o avoid missing
these lesions, aspiration of the knee joint will often disclose
fatty droplets, indicating the presence of these lesions. If
there is any doubt, CT is helpful in this situation.

TIBIAL SPINE FRACTURES

Tibial spine fractures are rare injuries in skeletally immature
children. They usually occur following a fall from a bicycle
or a motorcycle, and associated injuries are rare. A three-
part classification described by Meyers and McKeever is used
for treatment decision making. Type I injuries are treated
in a long-leg cast in extension, type II injuries are usually
treated with a closed reduction followed by casting, and type
I11 injuries should be treated by open reduction, performed
either arthroscopically or through an open arthrotomy, fol-

retinacular
release

Medial retinacular and
vastus advancement
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lowed by internal fixation and casting. The outcome of
treatment is usually very good, despite some anterior lax-

ity.

Anatomy. The intercondylar eminence is the region be-
tween the articular portions of the adjacent plateaus of the
tibia. The eminence consists of two bone spines or tuberosi-
ties: the medial one, which has attached to it the ACL,
and the lateral spine. Between and adjacent to these two
elevations are the bony attachments of the anterior and
posterior horns of the medial and lateral menisci. The ACL
fibers fan out at its attachment to the medial tibial spine
and its fibers merge with the attachments of the menisci.
The posterior cruciate ligament (PCL) does not attach to
either tibial spine but attaches to the tibia just posterior to
the tibial eminence, with its fibers extending distally on the
posterior aspect of the tibia (Fig. 42—119).

In the skeletally immature child the intercondylar emi-
nence is incompletely ossified and is more prone to fail than
the ligamentous structures that attach to it. Failure occurs
through the cancellous bone beneath the subchondral plate.
Anterior condylar eminence injuries have been simulated
in cadavers by placing traction on the ACL following an
osteotomy of the tibial eminence."™ The fracture line usually
is confined to the intercondylar eminence; however, it may
propagate into the weightbearing portion of the tibial pla-
teau, most often the medial plateau.*

Mechanism of Injury. The anterior spine avulsion occurs
when an axially loaded knee undergoes hyperextension and
the femur externally rotates. A blow to the front of the
flexed knee may drive the femur posteriorly on the fixed
tibia and result in avulsions of the anterior part of the tibial
spine. Avulsion of the PCL occurs from a hyperextension
injury of the knee or by posterior displacement of the tibia
on the femur with the knee flexed. The most common
activity in which a tibial avulsion occurs is a fall from a
bicycle or motorcycle, accounting for approximately 50 to
65 percent of injuries.***!22 In Meyers and McKeever’s

Intercondylar eminence

Medial tibial spine

Lateral tibial spine

series of 35 fractures, 17 patients sustained injuries after
falling from a bicycle. The authors pointed out that during
the fall, there is medial rotation of the tibia on the femur,
resulting in tensile loading of the ACL. When an adolescent
presents with knee pain following a fall from a bicycle, the
radiographs should be carefully inspected for a tibial spine
avulsion injury. Other activities such as falls from a height,
being struck by a motor vehicle, and sports activities result
in this injury.

Classification. Meyers and McKeever developed a classifi-
cation of these injuries based on the degree of displacement
of the tibial spine as seen on the lateral radiograph (Fig.
42_120].146.HS

Type I: The fragment is minimally displaced from its
bed, with slight elevation of the anterior margin.

Type II: The anterior third to half of the avulsed fragment
is elevated, producing a beaklike appearance.

Type III: The avulsed fragment is completely elevated
from its bed and no bony apposition remains. A vari-
ant of this injury is an avulsed fragment that is com-
pletely lifted off the bed and rotated so that the carti-
laginous surface of the fragment faces the bony bed.

Diagnostic Features. The average patient is between 10
and 14 years old and presents with a knee hemarthrosis.
The knee is flexed, and any attempt at passive extension is
painful and inhibited by muscle spasm. The knee can be
flexed to approximately 80 to 100 degrees. Palpation of the
knee will reveal tenderness in the central region of the ante-
rior aspect of the joint line. At the time of the initial evalua-
tion it is difficult to obtain a good assessment of knee stability
because the patient guards the knee, owing to pain. However,
varus and valgus instability can be assessed at the initial pre-
sentation.

The radiographic assessment includes an AP and lateral
view. The notch view or oblique views are occasionally
needed to confirm the diagnosis. The lateral radiograph is
the most important and best shows the fractured fragment.

Posterior cruciate
ligament attachment

Lateral tibial spine

Lateral condyle

Anterior cruciate
ligament attachment

Medial tibial spine

Medial condyle

FIGURE 42-119 Diagram of a tibial pla-
teau, depicting the relationship of the ACL,
PCL, and the tibial spine superior.
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FIGURE 42-120 A, The Meyers and McKeever classification of
tibial spine injuries in children. B, Lateral radiograph demonstrating
a type I tibial spine injury. C, Lateral radiograph demonstrating a
type II tibial spine injury. D, Lateral radiograph demonstrating a
type III tibial spine injury.

CT is occasionally used to image the fracture that is not
fully seen on the plain radiographs.

Treatment. The treatment guidelines that Meyers and
McKeever outlined in their initial works are still followed
today."*"* For all type I injuries, in which the fracture is
nondisplaced or minimally displaced, no attempt at reduc-
tion is made. We prefer treatment in a long-leg cast with
the knee flexed approximately 10 to 20 degrees. This is the
optimal position of the knee because the ACL is taut with
the knee in extension and hyperextension, relaxed at the
start of flexion, and then becomes tight again in full flexion.
When a tense hemarthrosis is present, needle aspiration will
help bring the knee out to the extended position to obtain
the 20 to 30 degrees of knee flexion. At the time of needle
aspiration of the joint, lidocaine can be injected into the
joint to provide some additional pain relief. For the type II
fracture in which there is anterior displacement of the frac-
ture fragment, we prefer closed treatment. It is controversial
whether a closed reduction can reduce the fracture or may,
in fact, result in displacement of the fracture. Meyers and
McKeever reported a patient who had a type II fracture that
was converted to a type III fracture following manipulation

and subsequently required an open reduction." Others have
reported closed reduction and casting in an attempt to re-
duce the displaced type II fracture; however, documented
reductions were not discussed.* However, Hakalim and Wil-
pulla described ten patients who underwent successful closed
reduction without evidence of anterior laxity at final follow-
up.'” The closed reduction is performed slowly by extending
the knee to full or hyperextension and then slowly returning
the knee to a position of 10 degrees of flexion (Fig. 42—-121).
A radiograph is then taken to view the position of the tibial
spine and confirm the reduction. If reduction has been
achieved, then a long-leg cast with the knee in 10 degrees
of flexion is placed and radiographs are taken on a weekly
basis for the first 2 weeks to ensure that the reduction has
been maintained.

Type III fractures are best treated operatively using either
an arthroscopic or an open technique. If an open technique
is used, the incision should be placed on the anteromedial
aspect of the knee. With either technique, the anterior horns
of both menisci should be fully visualized to ensure that

*See references 15, 87, 111, 140, 241, 242,
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FIGURE 42-121
demonstrating a displaced tibial spine fracture. B, Hyperextension of the leg to reduce the fracture. C, Position in cast.
D, Final radiographic appearance at 6 months, demonstrating healing of the fracture in a mildly displaced position.

they are not interposed between the displaced tibial spine
and its bony bed.

We prefer an arthroscopic technique to reduce and repair
type III injuries. In the young child, the fragment is larger
because of its osteocartilaginous nature, and repair with
sutures of the avulsed fragment will provide stable fixation
(Fig. 42—122). In the older child and adolescent, the frag-
ment is smaller and requires fixation, to begin within the
distal aspect of the ACL. This can best be done by inserting
spade-tipped guide wires into the ACL and passing No. 1
Ethibond sutures and tying them to allow fixation of the
ACL. This is performed so that double-stranded sutures
hold the ACL/bony fragment in a reduced position. The
sutures can then be pulled down through the proximal tibia
and tied as the fragment is visualized. Medler and Jansson
reported two cases in which this was performed with excel-
lent results and without evidence of instability at final follow-
up (Fig. 42-123)."% McLennan reviewed ten cases of type
III injuries that had been treated by various techniques and
concluded that arthroscopic reduction and internal fixation
provided better results than closed reduction or arthroscopic
reduction without internal fixation,'*

In the open technique, a small anteromedial incision is
made at the joint line and the menisci and avulsed fragment
are inspected. The fracture bed is cleared of fracture hema-
toma and menisci and the knee is extended to reduce the
fracture and allow passage of sutures. The sutures are passed
as in the arthroscopic technique by drilling from the proxi-
mal epiphysis into the avulsed fragment. Sutures are then
placed into the ACL using a Krackow-type stitch, after which
the sutures are passed through the avulsed fragment and
out the two drill holes (Fig. 42—124). The knee is extended

[of D

Closed reduction of a tibial spine fracture in a 9-year-old patient. A, Initial injury radiographs

and the sutures are tied down over the anterior aspect of
the proximal tibia.

After the repair, performed by either the open or arthro-
scopic technique, radiographs should be taken to be used
for later comparison. The knee is then placed in a long-leg
cast with the knee flexed to 10 degrees. Radiographs are
obtained weekly in the first 2 weeks to ensure that the
fragment remains in the reduced position. The cast is left
in place for 6 weeks, followed by strengthening and active
range-of-motion excercises.

The treatment of PCL avulsion fractures is somewhat
controversial.* In those patients with an undisplaced frac-
ture, casting for 6 weeks provides excellent results.'”” The
minimally displaced fracture has a high propensity to dis-
place while in the cast and therefore should be repaired.'”’
The displaced fracture always requires open reduction and
internal fixation.*"*»1%28 We prefer a direct posterior inci-
sion to the knee with anatomic reduction. Internal fixation
is best accomplished with screw fixation when the fragment
is large enough, and with suture fixation when a smaller
avulsed fragment is present. Postoperatively the patient
should be placed in a long-leg cast for 6 weeks, followed by
active range-of-motion and strengthening exercises.

Complications. The overall prognosis for these injuries is
good especially in patients in whom an anatomic reduction
is achieved and maintained, with 85 percent of patients in
one series returning to preinjury levels of activity.” The
two most prominent complications from this injury are

*See references 54, 81, 138, 147, 190, 194, 228,



FIGURE 42-122 A, Intraoperative arthroscopic view of a patient with a tibial spine fracture.
The avulsed fragment is displaced (white arrow) and lying over the medial meniscus (black
arrow). B, A hook probe is used to pull the meniscus from beneath the fracture fragment to
allow reduction of the tibial spine. C, The fragment in the reduced position. A loop of suture
is through the fragment and holds this in the reduced position when pulled taut.
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residual anterior instability and loss of motion, especially
knee extension.*

ACL laxity has been objectively measured and reported
in 38 to 100 percent of cases.""*"*** However, only a small
proportion of patients have symptomatic instability. The
laxity may be due to inadequate reduction of the avulsed
fragment or to the initial injury, in which stretching of the
ACL initially occurs before avulsion of the tibial spine.”
Unrecognized injuries of the medial collateral ligament have
been reported and should be assessed during the initial
evaluation. 1

One of the most common complications is loss of exten-
sion from a displaced fragment impinging on the femoral
notch. Wiley and Baxter reported that all 45 patients in their
series had some loss of knee extension, with 60 percent of
patients having greater than 10 degrees of loss. Treatment
of symptomatic knee extension loss of more than 10 degrees
has been successfully reported in ten patients who had be-
tween 10 and 25 degrees of loss of extension.'” These patients
underwent arthroscopic debridement and abrasion of the
tibial spine, and five patients had a notchplasty performed
at the same time. At final follow-up, eight patients had full

*See references 15, 87, 111, 140, 148, 213, 241, 242,

extension and two had residual extension deficits between
3 and 5 degrees.

Transphyseal screw fixation in the skeletally immature
child should not be performed, as it leads to anterior epiphys-
iodesis and a recurvatum deformity.'” In addition, although
no cases of physeal arrest have been reported, the physis
should be avoided when placing drill holes for suture passage
as long as the ability to achieve stable fixation is not compro-
mised.

PROXIMAL TIBIOFIBULAR JOINT DISLOCATIONS

These injuries are extremely rare and occur during athletic
activities in which the patient’s foot is inverted and plantar
flexed, with simultaneous flexion of the knee and twisting
of the body. Approximately one-third of these injuries are
initially missed on initial presentation. The treatment of a
tibiofibular dislocation or subluxation is closed reduction
followed by long-leg casting. Some injuries become recur-
rent, with a chronic subluxating proximal fibula. These pa-
tients are best treated by reconstruction of the soft tissues
to prevent future subluxation or by proximal fibular head
resection.
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FIGURE 42-123 Mildly displaced tibial spine fracture in a
9-year-old patient that was treated with arthroscopically assisted
reduction. A, Initial radiographic appearance. B, Arthroscopi-
cally assisted reduction and casting was performed. This final
radiographic picture shows minimal displacement of the tibial
spine fracture.
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FIGURE 42-124 Open reduction and internal fixation
of a tibial spine fracture. A and B, Krackow-type suture
placed in the anterior cruciate ligament. C, Sutures are
brought out through the proximal tibial epiphysis and tied.

Anatomy. Ogden has classified the proximal tibiofibular
joint into two basic types. The first type is the horizontal
joint, in which the fibular articular surface is circular and
planar and articulates with a similar surface on the tibia.
This type of joint is usually under and behind the lateral
edge of the tibia, providing some stability (Fig. 42—125).
The second type is the oblique tibiofibular joint, in which
the joint line is angled more than 20 degrees compared to
the femoral-tibial joint; this type generally has less area of

Horizontal

Oblique

B

FIGURE 42-125 Anatomy of the proximal tibiofibular joint. A, Hori-
zontal-type joint. B, Oblique-type joint.
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articular surface than the horizontal type.'* Over 70 percent
of subluxations and dislocations occur in patients with an
oblique joint pattern.

The syndesmosis between the proximal tibia and fibula
provides stability to the joint and is supplemented by the
fibular collateral ligament and the biceps femoris, which
insert into the fibular head.

Classification. The classification of proximal tibiofemoral
joint dislocations was first described by Lyle in 1925." Og-
den later developed the more commonly used classification
in 1974, when he described four basic types of injuries to the
proximal tibiofibular joint (Fig. 42—126).'*!% Subluxation of
the joint occurs in approximately 25 percent of cases when
the fibula exhibits increased motion laterally, medially, ante-
riorly, and posteriorly. The most common type of disloca-
tion is the anterolateral dislocation, accounting for 67 per-
cent of cases; in this type of dislocation the proximal fibula
displaces laterally to free itself from the lateral edge of the
tibia, followed by anterior displacement. The posteromedial
dislocation is relatively rare (5 percent) and occurs with
posterior displacement of the fibula followed by medial dis-
placement. The superior dislocation is the least common
(2 percent) and occurs when upward displacement occurs
along with mild lateralization.

Mechanism of Injury. Most injuries occur in adolescents
engaged in athletic activities, parachute landings, or motor
vehicle accidents 371641856 The best understood mecha-
nism results in an anterolateral dislocation. Initially, sudden
inversion and plantar flexion of the foot results in an anteri-
orly directed pull of the fibular head by the peroneals and
long toe extensors. Simultaneously, flexion of the knee re-
laxes the biceps tendon and fibular collateral ligament, while
twisting of the body results in external rotation of the tibia.
The combined forces pull the fibula out laterally and anteri-
orly. Associated injuries are relatively rare, but a proximal
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A. Anterolateral

C. Superior

tibial fracture is seen with these injuries.”™ Other injuries
include hip fractures, fracture-dislocations of the ankle, and
fracture-dislocation of the distal femoral epiphysis.'®'** The
posterolateral dislocations are more often a result of violent
direct trauma as opposed to the twisting athletic injury
resulting in the anterolateral dislocation.

Predisposing conditions such as generalized ligamentous
laxity or muscular dystrophy may predispose patients to
develop a subluxating or dislocated joint.'®

Diagnostic Features, The patient with a subluxation of the
fibula usually presents with pain along the lateral aspect
of the knee and lower limb. These patients typically have
generalized joint hyperlaxity or an underlying condition
such as Ehlers-Danlos syndrome. Patients with dislocations
of the joint present following an injury that usually involved
a twisting of the extremity during an athletic activity. Pa-
tients will often have symptoms in the lateral popliteal fossa
in the location of the biceps tendon that has been stretched,
and dorsiflexing and everting the foot may accentuate the
pain. In addition, the patient may complain of transient
paresthesias along the distribution of the peroneal nerve,
although foot drop is rare.

The physical examination in patients with chronic sub-
luxation will elicit tenderness on deep palpation over the
fibular head. One of the most striking features in a patient
with a dislocated tibiofibular joint is a prominent fibular
head on visual inspection. It is important to fully image
any injured extremity to search for a proximal tibiofibular
dislocation. Ogden described 16 of 43 patients with associ-
ated fractures, and these were the patients in whom the
tibiofibular dislocation was most often missed.'™ The knee
can often be put through its range of motion without sig-

B. Posteromedial

F

D. Subluxation

FIGURE 42-126 A to D, Classification of proximal tibio-
fibular dislocations.

nificant symptoms and may lack only a small amount of
full knee extension; a knee joint effusion is rare.

The radiographic examination includes AP and lateral
views of the knee, and often an oblique radiograph to fully
image the dislocation.

Treatment. The subluxed proximal tibiofibular joint usu-
ally requires no treatment. Stretching of the hamstrings and
modification of activities is usually all that is required. Pa-
tients often have some generalized hyperlaxity of the joints
that resolves with continued growth and maturity, and the
joint subluxation and associated symptoms resolve. There
are reports of adults with habitual chronic subluxations who
developed peroneal nerve symptoms that required resection
of the fibular heads for symptom relief.”’

For the dislocated tibiofibular joint, we prefer a closed
reduction for all types of dislocation. The anterolateral dislo-
cation is best reduced by dorsiflexing and everting the foot,
which externally rotates the fibula, followed by flexing the
knee to relax the biceps and collateral ligament. The proxi-
mal fibula can then be manually reduced with direct pres-
sure, which usually results in a loud, audible popping sound
(Fig. 42-127). A long-leg cast with the knee flexed to 30
degrees is then used for 2 to 3 weeks, after which normal
activities are gradually resumed.

The posteromedial dislocation is a more severe injury,
with disruption of the lateral collateral ligament and the
biceps tendon. This injury requires an open reduction and
reconstruction of these structures, followed by cast immobi-
lization for 6 weeks to allow complete healing.

The superior dislocation is very rare and is most often
associated with a proximal tibial fracture, which requires
open reduction and internal fixation.



FIGURE42-127 Reduction maneuver for a proximal tibiofibular disloca-
tion. As the foot is manually everted, the fibular head is palpated and
reduced, producing a “clunk.”

Complications. Long-term studies of patients with proxi-
mal tibiofemoral joint dislocations are not available. In the
short term, patients do very well. The exceptions are those
who continue to have a chronically subluxating joint, which
is best treated with a proximal fibular head resection. We
do not recommend fusion of the proximal tibiofibular joint,
since patients usually develop symptoms at the ankle owing
to the restricted motion of the proximal joint. This ulti-
mately requires proximal fibular head resection or osteot-
omy below the arthrodesed joint.

Recurrent dislocation of the tibiofibular joint is
rare.”*'®22¢ Treatment of the child with joint hyperlaxity
usually requires no treatment, and the child can be watched
until skeletal maturity, when the symptoms resolve.'"® In
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patients in whom conservative treatment fails, the surgical
options include proximal fibular head resection or recon-
struction of the stabilizing structures of the joint. We prefer
to attempt to surgically stabilize the joint using either a
split biceps tendon, an iliotibial band, or a combination
of both_?Q.Eﬂi.Z%

LIGAMENT INJURIES

Anatomy. The ACL originates on the lateral wall of the
intercondylar notch at its posterior margin and inserts just
anterior to the tibial spine on the tibia (Fig. 42—-128). The
orientation of the ACL within the knee results in its fibers
being twisted approximately 90 degrees as the knee moves
from flexion to extension. Because of this, the fibers can be
functionally differentiated into two bundles, the anterome-
dial bundle and the posterolateral bundle. In flexion, the
anteromedial band lengthens and the posterolateral bundle
shortens, while in extension the opposite occurs. The ACL
is intracapsular but is surrounded by a synovial fold. Its
primary blood supply is derived from the middle genicular
artery, which comes off the popliteal artery and penetrates
the posterior joint capsule. An indirect blood supply comes
from the inferior medial and lateral genicular arteries, which
penetrate the fat pad.

The PCL originates on the posteromedial aspect of the
intercondylar notch and inserts into the posterior sulcus
of the tibia between the medial and lateral joint surfaces.
Like the ACL, the PCL has two functionally separate bun-
dles—the anterolateral fibers, which are taut in flexion, and
the posteromedial fibers, which are taut in extension.

The capsuloligamentous constraints include the capsule,
the medial collateral ligament (MCL), the lateral collateral
ligament (LCL), the joint capsule, and the posterolateral and
posteromedial complexes. On the medial aspect of the knee,
three layers of soft tissue structural support can be identified.
The first layer is the deep fascia, which overlies the gastrocne-
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FIGURE 42-128 Anatomic location of the anterior cruciate and posterior cruciate ligaments, along with the lateral

and mediolateral ligaments.
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mius muscles posteriorly, while anteriorly it becomes con-
fluent with the second layer and the medial patellar retinacu-
lum. The second layer contains the superficial MCL, which
is the primary stabilizer of the knee to valgus forces; the
MCL travels from the medial epicondyle to the medial tibia
deep to the gracilis and semitendinosus. The third layer
consists of the joint capsule, which is thin anteriorly, be-
comes the deep MCL medially, and blends with the second
layer posteriorly to become the posteromedial capsule.

On the lateral aspect of the knee the three layers include
the lateral retinaculum, composed of the superficial oblique
and deep transverse components. The second layer is com-
posed of the LCL, which runs from the lateral epicondyle
to the proximal fibula, and the arcuate ligament, a triangular
ligament that fans out proximally from the fibula and inserts
onto the femur. The third layer is the joint capsule, which
is thin anteriorly and stronger posteriorly with support from
the arcuate complex.

These ligamentous structures work synchronously to pro-
vide stability to the knee joint. The ACL is the primary
restraint to anterior translation, while the deep MCL is a
secondary restraint. The PCL is the primary restraint to
posterior translation, while the LCL, posterolateral complex,
and superficial MCL are secondary restraints.

Mechanism of Injury. Two types of injuries result in an
ACL tear: a direct traumatic event and a twisting injury of
the knee, most often occurring during participation in an
athletic event. In the younger child direct trauma is more
often the cause of a tear or avulsion of the ACL. Clanton
and colleagues described nine children at an average age of
10 years, all of whom sustained direct trauma resulting
in knee ligamentous injury, with six patients having ACL
attenuation or avulsion.® In patients between 12 and 15
years, Lipscomb and Anderson reported 24 patients with
ACL injuries, all the result of a twisting injury sustained
during an athletic event.”” Others have reported similar
results with most adolescents reporting injury to the knee
with subsequent confirmation of an ACL injury following
a twisting injury.”"* The ACL injury is most commonly
seen in sports such as basketball, football, soccer, volleyball,
and gymnastics in which cutting, jumping, and sudden
changes in direction and velocity (predominantly decelera-
tion) occur. In all mechanisms of ACL injury, the foot is
fixed or anchored while the leg sustains a deforming force,
whether the force is direct or indirect. The most common
types of deforming forces can be defined by the direction
of the tibial displacement. The tibia can be adducted and
internally rotated, in which case the ACL is stretched over
the PCL; the tibia may undergo a valgus stress with external
rotation, in which case the ACL is stretched over the lateral
femoral condyle; or the tibia may be forced directly ante-
riorly‘?li.‘)‘}.lﬁa

The PCL injury usually occurs from either a motor vehicle
accident, in which case there are often other ligamentous
or bony injuries, or athletic injuries.* In athletic injuries the
typical mechanism is a fall onto the flexed knee while the
foot is in a plantar flexed position, resulting in posterior
displacement of the tibia on the femur. A direct blow to the
anterior aspect of the tibia while the knee is flexed may also

*See references 51, 102, 116, 129, 229,

result in a tear of the PCL. When a PCL rupture is associated
with other ligamentous injuries, more severe trauma is often
required to produce this injury. This usually is due to a
rotatory force combined with a varus or valgus deforming
force. For example, a PCL-MCL injury results from a valgus-
external rotation stress sustained by a flexed knee with the
foot in a fixed, nonweightbearing position.””

Injury to the MCL is very common and most often occurs
during athletic events in which the knee sustains a sudden
valgus moment from a direct blow to the lateral aspect of
the knee. Patients often describe a sensation of the knee
“opening” on its medial aspect, with associated pain. MCL
injury may also occur from a noncontact event in which
the knee receives a valgus stress, often during a fall. The
patient feels pain on the medial aspect of the knee that
slowly subsides over the first 30 minutes, with the athlete
often wishing to resume play. The knee then stiffens, with
increasing pain and swelling over the ensuing 12 to 16 hours.
Isolated injury of the lateral collateral ligament (LCL) is far
less frequent than MCL injury and occurs when a varus
moment of the knee occurs. Because isolated injury of the
LCL is rare, a careful assessment for other ligamentous inju-
ries and meniscal injuries is necessary.

Diagnostic Features. The patient with an ACL tear de-
scribes a characteristic sudden movement in the knee, often
with a “giving way” or “shifting” sensation. Patients often
describe hearing a “pop” at the time of the initial injury,
reported to occur in 40 to 60 percent of cases.”'* The patient
is unable to resume participating in the event and is usually
assisted off the field, with subsequent development of a
large effusion. Although the majority of patients describe
significant pain at the time of injury and shortly thereafter,
some have mild symptoms and attempt to return to activities
prior to seeking a medical opinion. This most often results in
the athlete’s realizing that the knee is unstable and prevents
performance at the preinjury level.

The physical examination is diagnostic of an injury of the
ACL. The knee should be inspected and palpated, since the
majority of ACL injuries are associated with a knee effu-
sion.”**4% Stanitski and colleagues demonstrated that in the
presence of an acute traumatic knee hemarthrosis, 47 percent
of preadolescents (ages 7 to 12 years) and 65 percent ofadoles-
cents had an injury to the ACL.*" Range of motion of the knee
should be evaluated, with careful attention to the amount of
extension of the knee. Full knee extension may be limited by
two mechanisms. The first is a mechanical block to extension
by the stump of the torn ACL, which lies in the notch of the
femur and prevents full extension; the second is the patient
guarding against full extension to maintain the tibia in a re-
duced position, avoiding the anteriorly subluxed position, as
in the pivot shift test.

The Lachman test is the most sensitive test for isolating
an ACL injury. It is performed by applying an anteriorly
directed force to the proximal tibia with the knee in 20 to
30 degrees of flexion and the leg slightly externally rotated
to relax the hip flexors (Fig. 42—129). The amount of anterior
displacement of the tibia should be determined in order to
grade the anterior instability: grade 1, 1 to 5 mm; grade 2,
6 to 10 mm; grade 3, 11 to 15 mm; and grade 4, 16 to
20 mm. The end point should also be characterized as firm
(normal), marginal, or soft. In the larger adolescent it is



Knee flexed 30°

FIGURE 42-129 The Lachman test. The knee is flexed to 90 degrees
with slight external rotation of the hip. The examiner holds the patient’s
distal thigh with one hand while stabilizing the proximal tibia with the
other (the thumb is placed on the tibial tubercle to determine the amount
of displacement anteriorly). An anteriorly directed force is then applied
to the proximal tibia.

often difficult to stabilize the thigh while performing this
test, and therefore it is helpful for the examiner to place his
or her flexed knee onto the examining table and rest the
patient’s distal thigh on it (Fig. 42-130). The examiner
can then control the distal thigh with posteriorly directed
pressure applied to the distal thigh while the examination
is performed. The anterior drawer test is performed with
the knee flexed to 90 degrees (Fig. 42—131). The examiner
then ensures that the hamstrings are relaxed, and an anteri-
orly directed force is applied to the proximal tibia. The final
test, the pivot shift test, is the most difficult to perform,
especially in the patient with an acutely injured knee, and
requires considerable cooperation from the patient. Al-
though there are many variations of this test, they all rely
on the anterior subluxation of the tibia on the femur when
the knee is in extension and the reduction of the tibia with
knee flexion of 20 to 40 degrees.”™"' The relocation of the
tibia should be classified as 0, absent relocation (normal);
1+, glide with reduction; 2+, shift of the tibia with reduc-
tion; or 3+, temporary locking of the tibia prior to re-
duction.

The physical examination findings consistent with a PCL
injury are similar to those for ACL injuries but opposite in

Knee flexed 30°

FIGURE 42-130 Modified position for the Lachman test in a larger
patient. The examiner stabilizes the patient’s thigh by placing it over the
examiner’s flexed thigh on the examination table. The examiner then fully
stabilizes the thigh with one hand while applying an anteriorly directed
force with the other hand.
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Knee flexed 80° .
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FIGURE 42-131 The anterior drawer test. With the patient’s knee flexed
to 90 degrees, the examiner stabilizes the patient’s foot on the bed. The
examiner then uses both hands to provide an anterior force, while the
index fingers ensure that the patient’s hamstrings are relaxed.

direction. Initially the position of the tibia can be evaluated
with the knee flexed to 90 degrees while the heel is supported.
The examiner looks for “posterior sag” of the proximal tibia
when compared with the opposite extremity.” The posterior
drawer test is more useful in the suspected PCL-deficient
knee because instability in this situation is most pronounced
with the knee in 70 to 90 degrees of flexion.**” With the
patient supine on the examining table, the patient’s knee is
flexed to 90 degrees. The examiner can sit lightly on the
distal aspects of both feet. The examiner then grasps the
proximal aspect of the tibia with both hands and ensures
that the hamstrings are relaxed, then applies a direct poste-
rior force to the proximal tibia. The examiner’s thumbs are
placed on the tibial tubercle during this maneuver and are
used to identify the amount of posterior displacement of
the tibia, which is graded as in the anterior drawer test.
Comparisons can be made with the opposite side when the
examination is difficult to perform or when the starting
point is obscure, for example when the proximal tibia is
subluxed posteriorly before the posteriorly directed force is
applied to the tibia. Often a PCL dislocation is associated
with injuries of the posterolateral corner (arcuate complex,
popliteus, and LCL). The Hughston and Norwood postero-
lateral drawer test helps to define associated posterolateral
corner injuries.'” When a posterolateral corner injury is
associated with a PCL injury, there is more posterolateral
spin of the tibia on the femur with the knee flexed to 90
degrees than when it is flexed to 30 degrees. This is best
assessed with the patient supine and the hip flexed to 90
degrees, followed by external rotation of the tibia on the
femur, comparing the amount of external foot rotation at
30 degrees and 90 degrees of knee flexion. The isolated
posterolateral corner injury has a greater thigh-foot angle
at 30 degrees than at 90 degrees (Fig. 42—132). Other tests
for PCL instability include the reverse pivot shift test, which
relies on the tibia subluxing posteriorly when the knee is
flexed to approximately 20 to 30 degrees.'"’

The patient with a suspected MCL injury should be evalu-
ated with initial palpation of the MCL at its points of inser-
tion on the medial femoral condyle and at its insertion on
the anteromedial aspect of the proximal tibia just under
the pes anserinus. Tenderness along the ligament or at its
insertion point raises the suspicion of a ligament tear. Stress
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90° knee flexion

30° knee flexion

tests are then performed with the knee in full extension
while a valgus stress is applied to the knee. Opening on
the medial aspect of the knee in this position indicates a
substantial tear of the MCL along with the medial capsule
and one or both cruciate ligaments. The knee should be
then be flexed to 10 to 15 degrees of flexion and the valgus
stress repeated, as this position of the knee relaxes the poste-
rior capsule and allows specific testing of the MCL.”**® MCL
injuries are best classified according to the Marshall grading
system, since it is easy to use and offers prognostic informa-
tion:” grade I, MCL tender without laxity; grade II, increased
valgus laxity in flexion without instability in full extension;
and grade III, valgus laxity in both flexion and full extension.
The LCL can be easily palpated with the knee in the figure-
four position as it travels from the lateral femoral condyle
to the head of the fibula. Tenderness or obvious disruption
of the ligament indicates injury of the LCL. Stress testing of
the knee should be performed with the knee in an extended
position, since normal varus laxity occurs with knee flexion.

Although isolated injuries of the various ligaments occur,
there is a high incidence of associated injuries within the
knee; these injuries should be carefully evaluated prior to
determining treatment. One of the most common injury
patterns is that of an ACL-MCL combination injury, which
has a reported incidence of 15 to 40 percent.”!¢"1622% Menis-
cal tears are relatively common in patients with an ACL
tear. It is generally agreed that the medial meniscus is more
often torn in the normal knee and in the ACL-deficient
knee. However, in the acutely torn ACL, the lateral meniscus
is more often torn at the time of injury.*

Radiographs of the knee should be obtained in any patient
with a suspected ligamentous injury to assess for fractures
or bony avulsions indicating ligamentous injury. Images
should include an AP, lateral, tunnel, and skyline views.
Skeletal maturity should be assessed on these radiographs,
with careful inspection of the physes to determine their
degree of closure. Bony abnormalities should be assessed,
including tibial spine avulsion fractures, physeal fractures,
and collateral ligament avulsions of the MCL or LCL. The
clinician should evaluate for associated osteochondral le-
sions, which are seen in up to 23 percent of acute ACL
injuries.”” In the chronically ACL-deficient knee the inci-
dence is far higher. A capsular avulsion on the lateral aspect

*See references 16, 21, 40, 42, 43, 118, 201.

FIGURE 42-132 Asymmetric thigh foot angles are present in a pos-
terolateral corner tear of the right knee, more prominent in 30 degrees
of knee flexion than in 90 degrees of knee flexion,

of the proximal tibia, the so-called Segond fracture, is seen
in approximately 10 percent of cases and can help to make
the diagnosis of an ACL tear. MRI should be used only as
an adjunct to a good history and physical examination when
the extent and degree of the injury are difficult to determine.

Treatment. Each patient must be carefully evaluated and
the treatment decision based on which ligamentous struc-
tures are injured, the age and skeletal maturity of the child,
the anticipated activity level of the child, and the expecta-
tions of the parents.

The initial treatment for an ACL-deficient knee is to
restore the normal range of motion of the knee. Although
treatment of an ACL-deficient knee depends partly on the
activity level of the child and the status of the physes, in
most cases the ultimate treatment is surgical reconstruction
to reestablish joint stability, which allows the patient to
return to normal physical activities but does not jeopardize
the remaining intact structures of the knee. A comparison
of young patients treated nonoperatively with those treated
with reconstruction demonstrated that those who had non-
operative treatment experienced instability, with recurrent
pain and effusion, and many did not return to sports activi-
ties and required operative intervention for torn menisci.'”
There is no role for direct repair of the ligament, owing to the
rapid inflammatory reaction that occurs soon after injury.

The most controversial issue surrounding injury to the
skeletally immature child with an ACL injury is whether
to perform surgical intervention shortly after injury or to
postpone the intra-articular surgical reconstruction until the
physes have closed. Most reports of intra-articular recon-
struction in the skeletally immature knee do not indicate a
high incidence of limb length discrepancy or angular defor-
mity secondary to physeal injury. Lipscolb and Anderson
reported results in 24 adolescent patients with open physes
who had undergone open intra-articular reconstruction per-
formed using semitendinosus and gracilis tendons. The tibial
tunnel was centered through the tibia and penetrated the
physis, while the femoral tunnel exited distal to the distal
femoral physis. They reported 96 percent good or excellent
results, and only one patient had a limb length discrepancy
of 2 cm."” Similarly, Parker and colleagues reported a 33-
month follow-up of five children with open physes who had
undergone autogenous hamstring intra-articular recon-
struction of the ACL in which the graft tunnels avoided the



FIGURE42-133 Surgical reconstruction of the anterior cruciate ligament
in a skeletally immature patient.

physes. Results were good, and no patient had a leg length
discrepancy."” Others have reported similar results, without
deformity or limb length discrepancy.”*” We prefer to treat
the skeletally immature child nonoperatively if the child
and parents have limited goals for participation in athletic
activities and if there are no instability symptoms when the
child participates in his or her present activities. Nonopera-
tive treatment should consist of initial measures to maintain
comfort, including a brief period of knee immobilization,
followed by attempts to regain normal range of motion
of the knee. A good home exercise program consists of
quadriceps and hamstring strengthening exercises to help
restore knee stability. Within 6 to 8 weeks the patient should
have achieved normal motion and strength and can begin
to participate in athletic activities. These activities should
be limited to noncontact sports and sports that do not
require quick turns and stops and starts. If the patient experi-
ences symptoms of instability during moderate activities and
is very active in competitive contact sports, we prefer to
perform an intra-articular reconstruction using a hamstring
graft, which is tunneled through the center of the tibial
physis but placed in the over-the-top femoral position to
avoid the distal femoral physis (Fig. 42—133). In the skeletally
mature adolescent we prefer an intra-articular reconstruc-
tion performed using either a patellar tendon or a hamstring
graft (Fig. 42—-134). The two most common graft materials
are patellar tendon and hamstring. The proposed advantages
of the patellar tendon include greater strength and better
fixation to the femur and tibia.* The advantages of a ham-
string graft include less donor site morbidity and patellar
pain, material properties similar to the ACL, with a more
circular cross-sectional area, and the ability to double, triple,
and quadruple the tendons.”*

Combined ACL and MCL tears are relatively common
and therefore should be carefully sought in any patient with
a suspected ACL tear. Patients with a grade I or II MCL
injury should be treated with a hinged knee brace for 4 to

*See references 44, 62, 66, 113, 122, 159.
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FIGURE42-134 Surgical reconstruction of the anterior cruciate ligament
in a skeletally mature patient.

6 weeks, followed by rehabilitation to obtain normal range
of motion and strength. In the young child with open physes,
surgical reconstruction of the ACL can be performed at a
later date (or earlier, depending on symptoms), while the
adolescent should undergo reconstruction as previously de-
scribed. The results of operative treatment of the ACL with-
out surgical repair of the MCL have been uniformly good,
without residual valgus instability.'"'*1%2% In the patient
with a grade III injury of the MCL, we recommend operative
treatment to directly repair the torn ligament, with simulta-
neous reconstruction of the ACL in the older child. Aggres-
sive rehabilitation is needed to regain motion of the knee,
especially in patients with MCL disruptions at or proximal
to the joint line.'”

Isolated MCL injuries are treated nonoperatively, with
excellent results. Grade I and II injuries are treated symp-
tomatically with a hinged brace or crutches until the patient
is asymptomatic, which is usually between 1 and 3 weeks.
Grade III injuries should be treated with immobilization
with a hinged knee brace for 4 to 6 weeks, during which time
quadriceps and hamstring strengthening exercises should be
performed. Athletic activities can be resumed when full
range of motion of the knee is achieved and the strength of
the leg is similar to the opposite side.

Treatment of the patient with a PCL tear is usually non-
operative, with good results reported.”” In the acutely torn
PCL, the initial treatment is symptomatic, together with
active range-of-motion and strengthening exercises. The
grade IIT PCL tear may result in continued instability requir-
ing reconstruction, especially in the high-performance ath-
lete.

Isolated tears of the lateral collateral ligament are rare
and are treated similarly to isolated tears of the MCL. Grade
IIT injuries are most often associated with tears of the ACL.
Treatment of this clinical situation is controversial, with
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little data available in the pediatric literature. In the skeletally
immature child, the grade III LCL tear should be repaired
primarily, with delayed reconstruction of the ACL per-
formed at skeletal maturity. In the adolescent, simultaneous
reconstruction of the ACL with direct repair of the LCL
should be performed.

MENISCAL INJURIES

Anatomy. The menisci are composed of fibrocartilage, with
its circumferentially arranged collagen fibers designed to
bear the tensile loads of the weightbearing surface. In addi-
tion to the circumferential arrangement, some collagen fi-
bers are arranged in radial fashion to provide additional
support. The blood supply to the menisci comes from the
surrounding capsular and synovial perimeniscal capillary
plexus, which branches from the medial, lateral, and middle
geniculate arteries.’ The peripheral 30 percent of the menis-
cus, the so-called red-red zone, has the richest blood supply.
The development of the menisci begins during the 10th
week of fetal life when they have a semilunar appearance.”
At birth there is an abundance of cells compared to matrix,
and this slowly declines until the age of 10, when the adult
microscopic appearance of the menisci is present. The me-
dial meniscus is larger than the lateral meniscus and takes
on a more C-shaped structure that is narrower and thinner.
The anterior attachment of the medial meniscus is anterior
to the intercondylar eminence and the ACL. The posterior
horn attaches anterior to the attachment of the PCL and just
posterior to the intercondylar eminence. At its periphery, the
meniscus is attached to the medial capsule and attaches to
the proximal tibia through the coronary ligaments. The
lateral meniscus is thicker, smaller, and more mobile than
the medial meniscus. The anterior horn attaches to the tibia
anterior to the tibial eminence and the posterior horn at-
taches to the intercondylar eminence just anterior to the
posterior attachment of the medial meniscus. Additional
attachments via the meniscofemoral ligaments (the ligament
of Humphry and Wrisberg) help stabilize the posterior horn
of the lateral meniscus.

Classification. There are four basic types of meniscal tears:
the vertical longitudinal, horizontal, oblique, and radial (Fig.
42-135). Tears may occur in one of these basic patterns or
in a combination of these patterns. In a longitudinal tear
the collagen fibers split in line with the circumferentially
directed fibers, which can result in instability of the inner-
most fragment when the tear is full-thickness. The location
of the tear with respect to the peripheral aspect of the menis-
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FIGURE 42-135 The four basic types of meniscal tears: longitudinal,
oblique, radial, and horizontal cleavage.

cus should be identified to help determine whether repair
can be performed. The partial longitudinal tear may begin
on the superior or inferior surface of the meniscus and
should be carefully evaluated. The horizontal cleavage tear
occurs in a plane parallel to the superior and inferior surfaces
of the meniscus and is rare in children. The oblique tear is
a full-thickness vertical tear through the inner free margin
of the meniscus that extends peripherally. The radial tear
begins on the innermost aspect of the free edge of the menis-
cus and extends peripherally perpendicular to the free edge.

Mechanism of Injury. The majority of meniscal tears occur
with a twisting motion of the knee without direct trauma
to the knee. This most often occurs when the knee is partially
flexed and a rotational force drives the femoral condyle into
the meniscus, producing a shearing force which results in
meniscal failure. These tears usually occur in older children
who are involved in relatively strenuous high-competitive
activities that involve quick cuts and turns. Direct trauma
to the knee may also result in meniscal injury when the
blow forces the knee to suddenly rotate, producing the shear-
ing force to the menisci.

Diagnostic Features. Patients may remember the trau-
matic event in which they had a twisting injury of the knee
and may have heard or felt a “pop.” However, up to 40
percent experience the spontaneous onset of symptoms
without a known inciting event."” Often the pain diminishes
following injury; however, it returns and is associated with
a knee effusion 24 to 48 hours later. Other symptoms include
locking, giving way, and clicking sensations. King reported
that 82 percent of patients had pain, 63 percent had giving
way, 43 percent had locking, and 45 percent had the sensa-
tion of clicking in the knee, while only 34 percent of patients
had recurrent effusions—a lower rate than in adults.'”

The physical examination should include a thorough as-
sessment of the ligamentous structures of the knee. A focused
examination for meniscal pathology includes inspecting the
knee for joint effusion and palpating the medial and joint
line in an attempt to elicit tenderness. The provocative ma-
neuvers of McMurray and Apley may help confirm or iden-
tify pathology, especially tears of the most posterior horn
of the medial meniscus.

Radiographs of the knee should be obtained to identify
occult fractures, injuries to the physis, osteochondral inju-
ries, or avulsion fractures. Currently MRI is the most accu-
rate diagnostic study to identify a meniscal injury in the
pediatric population, with a reported accuracy of up to
95 percent.”

Treatment. We have learned that complete meniscectomy
as treatment for a torn or injured meniscus is detrimental
to the long-term outcome of the knee.t Today, the preferred
options for treatment include observation, partial meniscec-
tomy, and meniscal repair.

Most meniscal tears require operative intervention; how-
ever, some can be left alone. These include partial-thickness
split tears that arise from the femoral or tibial surfaces
and are stable to probing, and short tears that are vertical
peripheral tears or radial, since sufficient healing to resolve

*See references 20, 104, 133, 150, 179, 222, 247,
tSee references 8, 100, 142, 178, 223, 231.



FIGURE 42-136 Meniscal repair A, The inside-out (or out-
side-in) technique. B, The sutures have been placed in a hori-
zontal fashion. C, The sutures are then tied on the outside.

symptoms often occurs.”” The indications for meniscal re-
pair include the long (15 to 25 mm) vertical longitudinal
tears at the periphery without significant damage to the
body of the meniscus.”***® Although the tear should be
clearly in the vascular zone of the meniscus, vascular pene-
tration is greater in children than in adults, allowing greater
potential for healing. For example, the best results of menis-
cal repair in adults are achieved in tears within 3 mm of
the periphery; however, in children it is likely that tears
extending more than 3 mm from the periphery will heal.
Various techniques for repair have been described; these
include inside-out, outside-in, and all-inside procedures
(Fig. 42—-136).* Fibrin clot sutured into the repair site ap-
pears to increase the likelihood of healing.t The newer tech-
niques for meniscal repair include fixation with meniscal
arrows or darts, which make stabilization of the meniscus
easier and have been demonstrated to have holding strength
similar to that of traditional sutures.**2%3%14217 However, this
is a new technique, and no long-term studies have been
reported in the literature.

The primary indications for partial meniscectomy are
tears that are not amenable to repair because of location,
chronicity of the tear, or configuration. The goal of partial
meniscectomy is to remove the torn aspect of the meniscus
while preserving as much of the meniscus as possible. The
zone between torn and normal meniscus should be tapered
to create a smooth transition area, thus decreasing the likeli-
hood of creating a starting point for a new tear. The results
of partial meniscectomy are generally very good, with imme-
diate and long-term symptom relief.F

REFERENCES
The Knee

1. Aglietti P, Zaccherotti G, De Biase P, et al: A comparison between
medial meniscus repair, partial meniscectomy, and normal meniscus
in anterior cruciate ligament reconstructed knees. Clin Orthop
1994;307:165.

2. Aitken A: Fractures of the proximal tibial epiphyseal cartilage. Clin
Orthop Rel Res 1965;41:92.

3. Aitken A, Magil H: Fractures involving the distal femoral epiphyseal
cartilage. ] Bone Joint Surg 1952;34-A:96.

*See references 33, 37, 48, 67, 136, 151, 152, 183, 188, 199, 211.
TSee references 74, 92, 106-108, 176, 185, 230, 232,
+See references 1, 13, 18, 27, 94-96, 112, 115, 119, 120, 137, 197, 216.

19.

20.

21.

22,

23.

24,

25:

26.

2367

CHAPTER 42—Lower Extremity Injuries = ® *

. Albrecht-Olsen P, Kristensen G, Burgaard P, et al: The arrow versus

horizontal suture in arthroscopic meniscus repair: a prospective ran-
domized study with arthroscopic evaluation. Knee Surg Sports Trau-
matol Arthrosc 1999;7:268.

. Albrecht-Olsen P, Lind T, Kristensen G, et al: Failure strength of a

new meniscus arrow repair technique: biomechanical comparison
with horizontal suture. Arthroscopy 1997;13:183.

. Anderson M, Green WT, Messner MD: Growth and predictions of

growth in the lower extremities. ] Bone Joint Surg 1963;45-A:1.

. Angel K, Hall D: Anterior cruciate ligament injury in children and

adolescents. Arthroscopy 1989;5:197.

. Appel H: Late results after meniscectomy in the knee joint: a clinical

and roentgenologic follow-up investigation. Acta Orthop Scand
Suppl 1970;133:1.

. Arnoczky SP, Warren RF: Microvasculature of the human meniscus.

Am ] Sports Med 1982;10:90.

. Bakalim G, Wilppula E: Closed treatment of fracture of the tibial

spines. Injury 1974;5:210.

. Ballmer PM, Ballmer FT, Jakob RP: Reconstruction of the anterior

cruciate ligament alone in the treatment of a combined instability
with complete rupture of the medial collateral ligament: a prospective
study. Arch Orthop Trauma Surg 1991;110:139.

. Barber FA: Snow skiing combined anterior cruciate ligament/medial

collateral ligament disruptions. Arthroscopy 1994;10:85.

. Barrett GR, Treacy SH, Ruff CG: The effect of partial lateral meniscec-

tomy in patients > or = 60 years. Orthopedics 1998;21:251.

. Bassett FHI, Goldner JL: Fractures involving the distal femoral epi-

physeal growth line. South Med ] 1962;55:545.

. Baxter MP, Wiley JJ: Fractures of the tibial spine in children: an

evaluation of knee stability. ] Bone Joint Surg 1988;70-B:228.

. Bellabarba C, Bush-Joseph CA, Bach BR Jr: Patterns of meniscal injury

in the anterior cruciate-deficient knee: a review of the literature. Am
J Orthop 1997;26:18.

. Belman DA, Neviaser RJ: Transverse fracture of the patella in a child.

] Trauma 1973;13:917.

. Benedetto KP, Rangger C: Arthroscopic partial meniscectomy: 5-year

follow-up. Knee Surg Sports Traumatol Arthrosc 1993;1:235.

Bertin KC, Goble EM: Ligament injuries associated with physeal frac-
tures about the knee. Clin Orthop 1983;177:188.

Biedert RM: Intrasubstance meniscal tears: clinical aspects and the
role of MRI. Arch Orthop Trauma Surg 1993;112:142.

Binfield PM, Maffulli N, King JB: Patterns of meniscal tears associated
with anterior cruciate ligament lesions in athletes. Injury 1993;24:557.
Bisson L], Wickiewicz T, Levinson M, et al: ACL reconstruction in
children with open physes. Orthopedics 1998;21:659.

Blanks RH, Lester DK, Shaw BA: Flexion-type Salter II fracture of
the proximal tibia: proposed mechanism of injury and two case studies.
Clin Orthop 1994;301:256.

Blount W: Fractures in Children. Baltimore, Williams & Wilkins
Co, 1955.

Blumensaat C: Die Lageabweichungen und Verrenkungen der
Kniescheibe. Ergeb Chir Orthop 1938;31:149.

Boenisch UW, Faber KJ, Ciarelli M, et al: Pull-out strength and
stiffness of meniscal repair using absorbable arrows or Ti-Cron vertical
and horizontal loop sutures. Am J Sports Med 1999;27:626.



2368 *

27.

28.

29,

30.

3L

32,

33,

34,

35.

36.

32

38.

39.

41,

42,

43,

44.

45.

46.

47.

48.

49,

50.

51.

53,

54.

SB;

Musculoskeletal Injuries

Bolano LE, Grana WA: Isolated arthroscopic partial meniscectomy:
functional radiographic evaluation at five years. Am ] Sports Med
1993;21:432.

Bostrom A: Fracture of the patella: a study of 422 patellar fractures.
Acta Orthop Scand Suppl 1972;143:1.

Bradley GW, Shives TC, Samuelson KM: Ligament injuries in the
knees of children. ] Bone Joint Surg 1979;61-A:588.

Brattstrom H: Shape of the intercondylar groove normally and in
recurrent dislocation of patella: a clinical and x-ray-anatomical investi-
gation. Acta Orthop Scand Suppl 1964;68:1.

Bright R, Burstein A, Elmore S: Epiphyseal-plate cartilage: a biome-
chanical and histological analysis of failure modes. ] Bone Joint Surg
1974;56-A:688.

Brown CH Jr, Steiner ME, Carson EW: The use of hamstring tendons
for anterior cruciate ligament reconstruction: technique and results.
Clin Sports Med 1993;12:723.

Brown GC, Rosenberg TD, Deffner KT: Inside-out meniscal repair
using zone-specific instruments. Am ] Knee Surg 1996;9:144.
Bruijn JD, Sanders R]J, Jansen BR: Ossification in the patellar tendon
and patella alta following sports injuries in children: complications
of sleeve fractures after conservative treatment. Arch Orthop Trauma
Surg 1993;112:157.

Burkhart SS, Peterson HA: Fractures of the proximal tibial epiphysis.
] Bone Joint Surg 1979;61-A:996.

Butler D, Noyes F, Grood E: Ligamentous restraints to anterior-
posterior drawer in the human knee: a biomechanical study. | Bone
Joint Surg 1980;62-A:259.

Cannon WD Jr: Arthroscopic meniscal repair: inside-out technique
and results, Am ] Knee Surg 1996;9:137.

Cash JD, Hughston JC: Treatment of acute patellar dislocation. Am
J Sports Med 1988;16:244.

Cassidy RE, Shaffer AJ: Repair of peripheral meniscus tears: a prelimi-
nary report. Am J Sports Med 1981;9:209.

. Cerabona F, Sherman MF, Bonamo JR, et al: Patterns of meniscal

injury with acute anterior cruciate ligament tears. Am ] Sports
Med 1988;16:603.

Christie MJ, Dvonch VM: Tibial tuberosity avulsion fracture in adoles-
cents. | Pediatr Orthop 1981;1:391.

Cimino PM: The incidence of meniscal tears associated with acute
anterior cruciate ligament disruption secondary to snow skiing acci-
dents. Arthroscopy 1994;10:198.

Cipolla M, Scala A, Gianni E, et al: Different patterns of meniscal
tears in acute anterior cruciate ligament (ACL) ruptures and in chronic
ACL-deficient knees: classification, staging and timing of treatment.
Knee Surg Sports Traumatol Arthrosc 1995;3:130.

Clancy WG Jr, Nelson DA, Reider B, et al: Anterior cruciate ligament
reconstruction using one-third of the patellar ligament, augmented
by extra-articular tendon transfers. ] Bone Joint Surg 1982;64-A:352.
Clancy WG Jr, Shelbourne KD, Zoellner GB, et al: Treatment of
knee joint instability secondary to rupture of the posterior cruciate
ligament: report of a new procedure. ] Bone Joint Surg 1983;65-A:310.
Clanton TO, De Lee JC, Sanders B, et al: Knee ligament injuries in
children. ] Bone Joint Surg 1979;61-A:1195.

Clark CR, Ogden JA: Development of the menisci of the human knee
joint: morphological changes and their potential role in childhood
meniscal injury. | Bone Joint Surg 1983;65-A:538,

Coen M]J, Caborn DN, Urban W, et al: An anatomic evaluation of
T-Fix suture device placement for arthroscopic all-inside meniscal
repair. Arthroscopy 1999;15:275.

Conlan T, Garth WP Jr, Lemons JE: Evaluation of the medial soft-
tissue restraints of the extensor mechanism of the knee. ] Bone Joint
Surg 1993;75-A:682.

Crock H: The arterial supply and venous drainage of the bones of
the human knee joint. Anat Rec 1962;144:199.

Cross M], Powell JF: Long-term followup of posterior cruciate liga-
ment rupture: a study of 116 cases. Am | Sports Med 1984;12:292.

. Crothers OD, Johnson JT: Isolated acute dislocation of the proximal

tibiofibular joint: case report. ] Bone Joint Surg 1973;55-A:181.
Czitrom A, Salter R, Willis R: Fractures involving the distal epiphyseal
plate of the femur. Int Orthop 1981;4:269.

Dandy D], Pusey RJ: The long-term results of unrepaired tears of the
posterior cruciate ligament. ] Bone Joint Surg 1982;64-B:92.

De Haven KE, Black KP, Griffiths HJ: Open meniscus repair: technique
and two to nine year results. Am ] Sports Med 1989;17:788.

56.

57.

59.
. Diamond L, Alegado R: Perinatal fractures in arthrogryposis multiplex

61.

62.

63.
64,

65.

67.
68.
69.
70.

71,

72
73.
74.

AT

76.
F7.
78.
79.
80.

81.

82,

83.

84.
85.
86.
87.

88.

Deliyannis SN: Avulsion of the tibial tuberosity: report of two cases.
Injury 1973;4:341.

Dennis J, Rutledge B: Bilateral recurrent dislocations of the superior
tibiofibular joint with peroneal-nerve palsy: a case summary. ] Bone
Joint Surg 1958;40-A:1146.

. Dervin GF, Downing KJ, Keene GC, et al: Failure strengths of suture

versus biodegradable arrow for meniscal repair: an in vitro study.
Arthroscopy 1997;13:296.
Devas M: Stress fractures of the patella. ] Bone Joint Surg 1960;42-B:71.

congenita. | Pediatr Orthop 1981;1:189.

Dowd G, Bailey G: Radiographic assessment in patellar instability and
chondromalacia patellae. ] Bone Joint Surg 1986;68-B:297.

Drez DJ Jr, De Lee ], Holden JP, et al: Anterior cruciate ligament
reconstruction using bone-patellar tendon-bone allografts: a biologi-
cal and biomechanical evaluation in goats. Am ] Sports Med 1991;
19:256.

Edvardsen P: Physioepiphyseal injuries of lower extremities in myelo-
meningocele. Acta Orthop Scand 1972;43:550.

Ehrenhorg G: The Osgood-Schlatter lesion: a clinical and experimental
study. Acta Chir Scand 1962;288:1.

Eiskjaer S, Larsen ST, Schmidt MB: The significance of hemarthrosis
of the knee in children. Arch Orthop Trauma Surg 1988;107:96.

. Eriksson E: Reconstruction of the anterior cruciate ligament. Orthop

Clin North Am 1976;7:167.

Esser RD: Arthroscopic meniscus repair: the easy way. Arthroscopy
1993;9:231.

Falkenberg P, Nygaard H: Isolated anterior dislocation of the proximal
tibiofibular joint. ] Bone Joint Surg 1983;65-B:310.

Feagin JA Jr: The syndrome of the torn anterior cruciate ligament.
Orthop Clin North Am 1979;10:81.

Feagin JA Jr, Lambert KL: Mechanism of injury and pathology of
anterior cruciate ligament injuries. Orthop Clin North Am 1985;16:41.
Feller JA, Feagin JA Jr, Garrett WE Jr: The medial patellofemoral
ligament revisited: an anatomical study. Knee Surg Sports Traumatol
Arthrosc 1993;1:184.

Fetto JF, Marshall JL: Medial collateral ligament injuries of the knee:
a rationale for treatment. Clin Orthop 1978;132:206.

Fetto JF, Marshall JL: The natural history and diagnosis of anterior
cruciate ligament insufficiency. Clin Orthop 1980;147:29.

Forman SK, Oz MC, Lontz JF, et al: Laser-assisted fibrin clot soldering
of human menisci. Clin Orthop 1995;310:37.

Frolke JP, Oskam ], Vierhout PA: Primary reconstruction of the medial
collateral ligament in combined injury of the medial collateral and
anterior cruciate ligaments: short-term results. Knee Surg Sports Trau-
matol Arthrosc 1998;6:103.

Fukubayashi T, Torzilli PA, Sherman MF, et al: An in vitro biomechan-
ical evaluation of anterior-posterior motion of the knee: tibial displace-
ment, rotation, and torque. | Bone Joint Surg 1982;64-A:258.
George R: Bilateral bipartite patellae. Br J Surg 1935;22:555.
Gersoff W, Clancy W: Diagnosis of acute and chronic anterior cruciate
ligament tears. Clin Sports Med 1988;7:727.

Giachino AA: Recurrent dislocations of the proximal tibiofibular joint:
report of two cases. ] Bone Joint Surg 1986;68-A:1104,

Godfrey J: Ligamentous injuries of the knee. Curr Pract Orthop
Surg 1973;5:56.

Goodrich A, Ballard A: Posterior cruciate ligament avulsion associated
with ipsilateral femur fracture in a 10-year-old child. ] Trauma 1988;
28:1393.

Green WT Jr: Painful bipartite patellae: a report of three cases. Clin
Orthop 1975;110:197.

Green WT, Anderson M: Epiphyseal arrest for the correction of dis-
crepancies in length of the lower extremities. ] Bone Joint Surg 1957;
39-A:853.

Griswold A: Early motion in the treatment of separation of the lower
femoral epiphysis: report of a case. ] Bone Joint Surg 1928;10:75.
Grogan DP, Bobechko WP: Pathogenesis of a fracture of the distal
femoral epiphysis: a case report. ] Bone Joint Surg 1984;66-A:621.
Grogan DP, Carey TP, Leffers D, et al: Avulsion fractures of the
patella. ] Pediatr Orthop 1990;10:721.

Gronkvist H, Hirsch G, Johansson L: Fracture of the anterior tibial
spine in children. ] Pediatr Orthop 1984;4:465.

Grood ES, Noyes FR, Butler DL, et al: Ligamentous and capsular
restraints preventing straight medial and lateral laxity in intact human
cadaver knees. ] Bone Joint Surg 1981;63-A:1257.



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115,

116.

117.

Gustilo RB, Anderson JT: Prevention of infection in the treatment
of one thousand and twenty-five open fractures of long bones: retro-
spective and prospective analyses. ] Bone Joint Surg 1976;58-A:453.
Hamberg P, Gillquist J, Lysholm J: Suture of new and old peripheral
meniscus tears. ] Bone Joint Surg 1983;65-A:193.

Hand WL, Hand CR, Dunn AW: Avulsion fractures of the tibial
tubercle. ] Bone Joint Surg 1971;53-A:1579.

Hashimoto ], Kurosaka M, Yoshiya 5, et al: Meniscal repair using
fibrin sealant and endothelial cell growth factor: an experimental study
in dogs. Am | Sports Med 1992;20:537.

Hayes JM, Masear VR: Avulsion fracture of the tibial eminence associ-
ated with severe medial ligamentous injury in an adolescent: a case
report and literature review. Am ] Sports Med 1984;12:330.

Hede A, Larsen E, Sandberg H: The long term outcome of open total
and partial meniscectomy related to the quantity and site of the
meniscus removed. Int Orthop 1992;16:122.

Hede A, Larsen E, Sandberg H: Partial versus total meniscectomy: a
prospective, randomised study with long-term follow-up. ] Bone Joint
Surg 1992;74-B:118.

Hede A, Larsen E, Sandberg H: [Partial versus total meniscectomy:
a prospective, randomized study]. Ugeskr Laeger 1994;156:48.
Hillard-Sembell D, Daniel DM, Stone ML, et al: Combined injuries
of the anterior cruciate and medial collateral ligaments of the knee:
effect of treatment on stability and function of the joint. ] Bone Joint
Surg 1996;78-A:169.

Houghton GR, Ackroyd CE: Sleeve fractures of the patella in children:
a report of three cases. ] Bone Joint Surg 1979;61-B:165.

Howe ], Johnson R: Knee studies in skiing. Clin Sports Med 1982;
1:277.

. Huckell JR: Is meniscectomy a benign procedure? A long term follow-

up study. Can ] Surg 1965;8:254.

Hughston J: Reconstruction of the extensor mechanism for subluxing
patella. ] Sports Med 1972;1:6.

Hughston JC, Bowden JA, Andrews JR, et al: Acute tears of the
posterior cruciate ligament: results of operative treatment. ] Bone
Joint Surg 1980;62-A:438.

Hughston JC, Norwood LA Jr: The posterolateral drawer test and
external rotational recurvatum test for posterolateral rotatory instabil-
ity of the knee. Clin Orthop 1980;147:82.

Hutchinson CH, Wojtys EM: MRI versus arthroscopy in evaluating
knee meniscal pathology. Am J Knee Surg 1995;8:93.

Insall J, Salvati E: Patella position in the normal knee joint. Radiol-
ogy 1971;101:101.

Ishimura M, Ohgushi H, Habata T, et al: Arthroscopic meniscal repair
using fibrin glue. Part I. Experimental study. Arthroscopy 1997;13:551.
Ishimura M, Ohgushi H, Habata T, et al: Arthroscopic meniscal
repair using fibrin glue, Part II. Clinical applications. Arthroscopy
1997;13:558.

Ishimura M, Tamai S, Fujisawa Y: Arthroscopic meniscal repair with
fibrin glue. Arthroscopy 1991;7:177,

Iwaya T, Takatori Y: Lateral longitudinal stress fracture of the patella:
report of three cases. ] Pediatr Orthop 1985;5:73.

Jakob RP, Hassler H, Staeubli HU: Observations on rotatory instability
of the lateral compartment of the knee: experimental studies on the
functional anatomy and the pathomechanism of the true and the
reversed pivot shift sign. Acta Orthop Scand Suppl 1981;191:1.
Janarv PM, Westblad P, Johansson C, et al: Long-term follow-up of
anterior tibial spine fractures in children. ] Pediatr Orthop 1995;15:63.
Jaureguito JW, Elliot ]S, Lietner T, et al: The effects of arthroscopic
partial lateral meniscectomy in an otherwise normal knee: a retrospec-
tive review of functional, clinical, and radiographic results. Arthros-
copy 1995;11:29.

Jones K: Reconstruction of the anterior cruciate ligament: a technique
using the central 1/3 of the patellar ligament. ] Bone Joint Surg
1963;45-A:929.

Kasser JR: Physeal bar resections after growth arrest about the knee.
Clin Orthop 1990;255:68.

Katz JN, Harris TM, Larson MG, et al: Predictors of functional out-
comes after arthroscopic partial meniscectomy. ] Rheumatol 1992;
19:1938.

Kennedy JC, Grainger RW: The posterior cruciate ligament. ] Trauma
1967:7:367.

King AG: Meniscal lesions in children and adolescents: a review of
the pathology and clinical presentation. Injury 1983;15:105.

118.

119.

120.

121.

122

123.

124,

125.

126.

127,

128,

129.

130.
131.

132,

133.

134.

135.

136.

137

138.

139.

140.

141.

142,

143,

144.

145,

146.

147,

148.

CHAPTER 42—Lower Extremity Injuries * * * 2369

King SJ, Carty HM, Brady O: Magnetic resonance imaging of knee
injuries in children, Pediatr Radiol 1996;26:287,

Kruger-Franke M, Kugler A, Trouillier HH, et al: [Clinical and radio-
logical results after arthroscopic partial medial meniscectomy: are
there risk factors?]. Unfallchirurg 1999;102:434.

Kruger-Franke M, Siebert CH, Kugler A, et al: Late results after
arthroscopic partial medial meniscectomy. Knee Surg Sports Trau-
matol Arthrosc 1999;7:81.

Kumar S, Cowell H, Townsend P: Physeal, metaphyseal, and diaphys-
eal injuries of the lower extremities in children with myelomeningo-
cele. ] Pediatr Orthop 1984;4:25.

Lambert KL: Vascularized patellar tendon graft with rigid internal
fixation for anterior cruciate ligament insufficiency. Clin Orthop
1983;172:85.

Lange RH, Bach AW, Hansen ST Jr, et al: Open tibial fractures with
associated vascular injuries: prognosis for limb salvage. | Trauma
1985;25:203.

Larsen E, Lauridsen F: Conservative treatment of patellar dislocations:
influence of evident factors on the tendency to redislocation and the
therapeutic result. Clin Orthop 1982;171:131.

Levi JH, Coleman CR: Fracture of the tibial tubercle. Am ] Sports
Med 1976;4:254.

Lieb F, Perry J: Quadriceps function. | Bone Joint Surg 1968;50-A:
1535.

Lipscomb AB, Anderson AF: Tears of the anterior cruciate ligament
in adolescents. ] Bone Joint Surg 1986;68-A:19.

Lombardo S], Harvey JP Jr: Fractures of the distal femoral epiphyses:
factors influencing prognosis. A review of thirty-four cases. ] Bone
Joint Surg 1977;59-A:742.

Loos WC, Fox |M, Blazina ME, et al: Acute posterior cruciate ligament
injuries. Am ] Sports Med 1981;9:86.

Losee RE: Concepts of the pivot shift. Clin Orthop 1983;172:45.
Losee RE: Diagnosis of chronic injury to the anterior cruciate ligament.
Orthop Clin North Am 1985;16:83.

Lyle H: Traumatic luxation of the head of the fibula. Ann Surg
1925;82:635.

Magee TH, Hinson GW: MRI of meniscal bucket-handle tears. Skeletal
Radiol 1998;27:495.

Maguire JK, Canale ST: Fractures of the patella in children and adoles-
cents. ] Pediatr Orthop 1993;13:567.

Mann DC, Rajmaira S: Distribution of physeal and nonphyseal frac-
tures in 2,650 long-bone fractures in children aged 0-16 years. |
Pediatr Orthop 1990;10:713.

Maruyama M: The all-inside meniscal suture technique using new
instruments. Arthroscopy 1996;12:256.

Matsusue Y, Thomson NL: Arthroscopic partial medial meniscectomy
in patients over 40 years old: a 5- to 11-year follow-up study. Arthros-
copy 1996;12:39.

Mayer PJ, Micheli LJ: Avulsion of the femoral attachment of the
posterior cruciate ligament in an eleven-year-old boy: case report. |
Bone Joint Surg 1979;61-A:431.

McCarroll JR, Rettig AC, Shelbourne KD: Anterior cruciate ligament
injuries in the young athlete with open physes. Am ] Sports Med
1988;16:44.

McLennan JG: Lessons learned after second-look arthroscopy in type
IIT fractures of the tibial spine. J Pediatr Orthop 1995;15:59.
McManus F, Rang M, Heslin DJ: Acute dislocation of the patella in
children: the natural history. Clin Orthop 1979;139:88.

Medlar RC, Mandiberg JJ, Lyne ED: Meniscectomies in children:
report of long-term results (mean, 8.3 years) of 26 children. Am ]
Sports Med 1980;8:87.

Medler RG, Jansson KA: Arthroscopic treatment of fractures of the
tibial spine. Arthroscopy 1994;10:292.

Menche DS, Phillips GI, Pitman MI, et al: Inflammatory foreign-
body reaction to an arthroscopic bioabsorbable meniscal arrow repair.
Arthroscopy 1999;15:770.

Merchant A, Mercer R, Hacobsen R, et al: Roentgenographic analysis
of patellofemoral congruence. ] Bone Joint Surg 1974;56-A:1391.
Meyers M, McKeever F: Fracture of the intercondylar eminence of
the tibia. | Bone Joint Surg 1959;41-A:209.

Meyers MH: Isolated avulsion of the tibial attachment of the posterior
cruciate ligament of the knee. | Bone Joint Surg 1975;57-A:669.
Meyers MH, McKeever FM: Follow-up notes: fracture of the intercon-
dylar eminence of the tibia. ] Bone Joint Surg 1970;52-A:1677.



2370 ¢

149.

150.

151,

152.

153,

154,

155.

156.

157.

158.

159.

160.

161.

162,

163.
164.

165.

167.

168.

169.

170.

171.

172.

L73.

174.

175.

176.

177.

178.

179.

Musculoskeletal Injuries

Micheli L], Stanitski CL: Lateral patellar retinacular release. Am J
Sports Med 1981;9:330.

Miller GK: A prospective study comparing the accuracy of the clinical
diagnosis of meniscus tear with magnetic resonance imaging and its
effect on clinical outcome. Arthroscopy 1996;12:406.

Miura H, Kawamura H, Arima ], et al: A new, all-inside technique
for meniscus repair, Arthroscopy 1999;15:453,

Morgan CD: The “all-inside” meniscus repair. Arthroscopy 1991;
7:120.

Moseley CF: A straight-line graph for leg-length discrepancies. ] Bone
Joint Surg 1977;59-A:174.

Mubarak S, Hargens A, Owen C, et al: The wick catheter technique
for measurement of intramuscular pressure. | Bone Joint Surg 1976;
58-A:1016.

Mylle ], Reynders P, Broos P: Transepiphysial fixation of anterior
cruciate avulsion in a child: report of a complication and review of
the literature. Arch Orthop Trauma Surg 1993;112:101.

Neer CSI: Separation of the lower femoral epiphysis. Am ] Surg
1960;99:756.

Nietosvaara Y, Aalto K, Kallio PE: Acute patellar dislocation in chil-
dren: incidence and associated osteochondral fractures. ] Pediatr Or-
thop 1994;14:513.

Noyes F, Matthews D, Mooar P: The symptomatic ACL deficient
knee. Part II. The results of rehabilitation, activity modification, and
counseling on functional disability. ] Bone Joint Surg 1983;65-A:163.
Noyes FR, Barber-Westin SD: The treatment of acute combined rup-
tures of the anterior cruciate and medial ligaments of the knee. Am
] Sports Med 1995;23:380.

Nummi J: Fractures of the patella: a clinical study of 707 patellar
fractures. Ann Chir Gynecol Fen 1971;60(suppl 79):1.

Odensten M, Gillquist J: Functional anatomy of the anterior cruciate
ligament and a rationale for reconstruction. | Bone Joint Surg 1985;
67-A:257.

O’Donoghue DH: Treatment of acute ligamentous injuries of the
knee. Orthop Clin North Am 1973;4:617.

Qetteking B: Anomalous patellae. Anat Rec 1922;23:269.

Ogden JA: Subluxation and dislocation of the proximal tibiofibular
joint. ] Bone Joint Surg 1974;56-A:145.

Ogden JA: Subluxation of the proximal tibiofibular joint. Clin
Orthop 1974;101:192.

. Ogden JA, McCarthy SM, Jokl P: The painful bipartite patella. |

Pediatr Orthop 1982;2:263.

Ogden JA, Tross RB, Murphy M]: Fractures of the tibial tuberosity
in adolescents. | Bone Joint Surg 1980;62-A:205.

Owen R: Recurrent dislocation of the superior tibio-fibular joint: a
diagnostic pitfall in knee joint derangement. ] Bone Joint Surg 1968;
50-B:342.

Panni AS, Milano G, Tartarone M, et al: Arthroscopic treatment of
malunited and nonunited avulsion fractures of the anterior tibial
spine. Arthroscopy 1998;14:233.

Pape M, Goulet JA, Hensinger RN: Compartment syndrome compli-
cating tibial tubercle avulsion. Clin Orthop 1993;295:201.

Parker AW, Drez D Jr, Cooper JL: Anterior cruciate ligament injuries
in patients with open physes [see comments]. Am ] Sports Med
1994;22:44,

Perez Carro L: Avulsion of the patellar ligament with combined frac-
ture luxation of the proximal tibial epiphysis: case report and review
of the literature. ] Orthop Trauma 1996;10:355.

Peterson C, Peterson H: Analysis of the incidence of injuries to the
epiphyseal growth plate. ] Trauma 1972;12:275,

Peterson HA: Partial growth plate arrest and its treatment. J Pediatr
Orthop 1984;4:246.

Polakoff D, Bucholz R, Ogden J: Tension band wiring of displaced
tibial tuberosity fractures in adolescents. Clin Orthop Rel Res 1985;
209:161.

Port ], Jackson DW, Lee TQ, et al: Meniscal repair supplemented
with exogenous fibrin clot and autogenous cultured marrow cells in
the goat model. Am | Sports Med 1996;24:547.

Poulsen TD, Skak SV, Jensen TT: Epiphyseal fractures of the proximal
tibia. Injury 1989;20:111.

Raber DA, Friederich NF, Hefti F: Discoid lateral meniscus in children:
long-term follow-up after total meniscectomy. ] Bone Joint Surg
1998;80-A:1579.

Rand T, Imhof H, Breitenseher M, et al: [Comparison of diagnostic
sensitivity in meniscus diagnosis of MRI examinations with a 0.2 T

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192,

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

low-field and a 1.5 T high field system| [published erratum appears
in Radiologe 1998;38:193]. Radiologe 1997;37:802.

Rang M: Children’s Fractures. Philadelphia, JB Lippincott Co, 1974.
Ray JM, Hendrix J: Incidence, mechanism of injury, and treatment
of fractures of the patella in children. ] Trauma 1992;32:464.
Reider B, Marshall ], Koslin B: The anterior aspect of the knee joint.
] Bone Joint Surg 1981;64-A:351.

Reigel CA, Mulhollan JS, Morgan CD: Arthroscopic all-inside menis-
cus repair. Clin Sports Med 1996;15:483.

Riseborough EJ, Barrett IR, Shapiro F: Growth disturbances following
distal femoral physeal fracture-separations. ] Bone Joint Surg 1983;
65-A:885.

Ritchie JR, Miller MD, Bents RT, et al: Meniscal repair in the goat
model: the use of healing adjuncts on central tears and the role of
magnetic resonance arthrography in repair evaluation. Am J Sports
Med 1998;26:278.

Roberts JM, Lovell WW: Fractures of the intercondylar eminence of
the tibia. ] Bone Joint Surg 1970;52-A:827.

Robins AJ, Newman AP, Burks RT: Postoperative return of motion
in anterior cruciate ligament and medial collateral ligament injuries:
the effect of medial collateral ligament rupture location. Am ] Sports
Med 1993;21:20.

Rodeo SA, Warren RF: Meniscal repair using the outside-to-inside
technique. Clin Sports Med 1996;15:469.

Rorabeck CH, Bobechko WP: Acute dislocation of the patella with
osteochondral fracture: a review of eighteen cases. | Bone Joint Surg
1976;58-B:237.

Ross AC, Chesterman PJ: Isolated avulsion of the tibial attachment
of the posterior cruciate ligament in childhood. ] Bone Joint Surg
1986;68-B:747.

Runow A: The dislocating patella: etiology and prognosis in relation
to generalized joint laxity and anatomy of the patellar articulation.
Acta Orthop Scand Suppl 1983;201:5.

Salter RB, Czitrom A, Willis RB: Fractures involving the distal femoral
epiphyseal plate. In Kennedy JC (ed): Injury to the Adolescent Knee.
Baltimore, Williams & Wilkins Co, 1979.

Salter RB, Harris WR: Injuries involving the epiphyseal plate. ] Bone
Joint Surg 1963;45-A:587.

Sanders WE, Wilkins KE, Neidre A: Acute insufficiency of the posterior
cruciate ligament in children: two case reports. ] Bone Joint Surg
1980;62-A:129.

Scapinelli R: Blood supply of the human patella: its relation to ischae-
mic necrosis after fracture. ] Bone Joint Surg 1967;49-B:563.
Schierl M, Petermann J, Trus P, et al: Anterior cruciate and medial
collateral ligament injury: ACL reconstruction and functional treat-
ment of the MCL. Knee Surg Sports Traumatol Arthrosc 1994;2:203.
Schimmer RC, Brulhart KB, Duff C, et al: Arthroscopic partial menis-
cectomy: a 12-year follow-up and two-step evaluation of the long-
term course. Arthroscopy 1998;14:136.

Schoenbauer H: Bruche der Kniescheibe. Ergeb Chir Orthop 1959;
42:56.

Schulte KR, Fu FH: Meniscal repair using the inside-to-outside tech-
nique. Clin Sports Med 1996;15:455.

Scott GA, Jolly BL, Henning CE: Combined posterior incision and
arthroscopic intra-articular repair of the meniscus: an examination
of factors affecting healing. ] Bone Joint Surg 1986;68-A:847.

Seitz H, Marlovits S, Wielke T, et al: [Meniscus lesions after isolated
anterior cruciate ligament rupture]. Wien Klin Wochenschr 1996;
108:727.

Shapiro GS, Fanton GS, Dillingham MF: Reconstruction for recurrent
dislocation of the proximal tibiofibular joint: a new technique. Orthop
Rev 1993;22:1229.

Shelbourne K, Mesko J: Combined posterior cruciate-medial collateral
ligament rupture: mechanism of injury. | Knee Surg 1990;3:41.
Shelbourne KD, Pierce RO, Ritter MA: Superior dislocation of the
fibular head associated with a tibia fracture. Clin Orthop 1981;160:172.
Shelbourne KD, Porter DA: Anterior cruciate ligament-medial collat-
eral ligament injury: nonoperative management of medial collateral
ligament tears with anterior cruciate ligament reconstruction. A pre-
liminary report. Am J Sports Med 1992;20:283.

Shelbourne KD, Whitaker H], McCarroll JR, et al: Anterior cruciate
ligament injury: evaluation of intraarticular reconstruction of acute
tears without repair. Two to seven year followup of 155 athletes. Am
] Sports Med 1990;18:484.



207.

208.

209.

210.

211

212,

213.

214.

215,

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229,

230.

231.

232,

233.

234,

235,

236.

237.

238.

239.

Shelton WR, Canale ST: Fractures of the tibia through the proximal
tibial epiphyseal cartilage. ] Bone Joint Surg 1979;61-A:167.

Shino K, Horibe S, Nakata K, et al: Conservative treatment of isolated
injuries to the posterior cruciate ligament in athletes. | Bone Joint
Surg 1995;77-B:895.

Simonian PT, Metcalf MH, Larson RV: Anterior cruciate ligament
injuries in the skeletally immature patient. Am ] Orthop 1999;28:624.
Sinding-Larsen M: A hitherto unknown affection of the patella in
children. Acta Radiol 1922;1:171.

Skie MC, Mekhail AO, Deitrich DR, et al: Operative technique for
inside-out repair of the triangular fibrocartilage complex. ] Hand Surg
1997;22-A:814.

Smillie I: Injuries of the Knee Joint. Edinburgh, E & S Livingstone,
1951.

Smith JB: Knee instability after fractures of the intercondylar eminence
of the tibia. | Pediatr Orthop 1984;4:462.

Smith L: A concealed injury to the knee. ] Bone Joint Surg 1962;
44-A:1659.

Snedcor S, Wilson H: Some obstetrical injuries to the long bones. |
Bone Joint Surg 1949;31-A:378.

Sommerlath KG: Results of meniscal repair and partial meniscectomy
in stable knees. Int Orthop 1991;15:347.

Song EK, Lee KB: Biomechanical test comparing the load to failure
of the biodegradable meniscus arrow versus meniscal suture. Arthros-
copy 1999;15:726.

Soutter FE: Spina bifida and epiphyseal displacement. ] Bone Joint
Surg 1962;44-B:106.

Stanitski CL, Harvell JC, Fu F: Observations on acute knee hemarthro-
sis in children and adolescents. ] Pediatr Orthop 1993;13:506.
Steiner ME, Hecker AT, Brown CH Jr, et al: Anterior cruciate ligament
graft fixation: comparison of hamstring and patellar tendon grafts.
Am ] Sports Med 1994;22:240.

Stephens DC, Louis E, Louis DS: Traumatic separation of the distal
femoral epiphyseal cartilage plate. | Bone Joint Surg 1974;56-A:1383.
Takeda Y, Tkata T, Yoshida S, et al: MRI high-signal intensity in the
menisci of asymptomatic children. ] Bone Joint Surg 1998;80-B:463,
Tapper EM, Hoover NW: Late results after meniscectomy. ] Bone
Joint Surg 1969;51-A:517.

ten Thije JH, Frima AJ: Patellar dislocation and osteochondral frac-
tures. Neth ] Surg 1986;38:150.

Tolo VT: External skeletal fixation in children’s fractures. ] Pediatr
Orthop 1983;3:435.

Tolo VT: External fixation in multiply injured children. Orthop Clin
North Am 1990;21:393.

Torg ]S, Pavlov H, Morris VB: Salter-Harris type-III fracture of the
medial femoral condyle occurring in the adolescent athlete. | Bone
Joint Surg 1981;63-A:586.

Torisu T: Isolated avulsion fracture of the tibial attachment of the
posterior cruciate ligament. ] Bone Joint Surg 1977;59-A:68.
Trickey EL: Rupture of the posterior cruciate ligament of the knee.
] Bone Joint Surg 1968;50-B:334.

Tsai CL, Liu TK, Liu CN, et al: [Meniscal repair with autogenous
periosteum and fibrin adhesive system]. Chung Hua I Hsueh Tsa
Chih (Taipei) 1992;4%:170.

Vahvanen V, Aalto K: Meniscectomy in children. Acta Orthop
Scand 1979;50:791.

van Trommel MF, Simonian PT, Potter HG, et al: Arthroscopic menis-
cal repair with fibrin clot of complete radial tears of the lateral menis-
cus in the avascular zone. Arthroscopy 1998;14:360.

Warren LF, Marshall JL: The supporting structures and layers on the
medial side of the knee: an anatomical analysis. ] Bone Joint Surg
1979;61-A:56.

Watson-Jones R: Fractures and Joint Injuries. New York, Churchill
Livingstone,1982.

Weber MJ, Janecki CJ, McLeod P, et al: Efficacy of various forms
of fixation of transverse fractures of the patella. ] Bone Joint Surg
1980;62-A:215.

Weinert CR Jr, Raczka R: Recurrent dislocation of the superior tibio-
fibular joint: surgical stabilization by ligament reconstruction. ] Bone
Joint Surg 1986;68-A:126.

Weiss CB, Lundberg M, Hamberg P, et al: Non-operative treatment
of meniscal tears. ] Bone Joint Surg 1989;71-A:811.

Welch PH, Wynne GF Jr: Proximal tibial epiphyseal fracture-separa-
tion: case report. ] Bone Joint Surg 1963;45-A:782.

Wester W, Canale ST, Dutkowsky JP, et al: Prediction of angular

CHAPTER 42—Lower Extremity Injuries = == 2371

deformity and leg-length discrepancy after anterior cruciate ligament
reconstruction in skeletally immature patients. J Pediatr Orthop 1994;
14:516.

240, Whitesides T, Hanet T, Morimoto K, et al: Tissue pressure measure-
ments as a determinant for the need of fasciotomy. Clin Orthop Rel
Res 1975;113:43.

241. Wiley JJ, Baxter MP: Tibial spine fractures in children. Clin Orthop
1990;255:54.

242, Willis RB, Blolkker C, Stoll TM, et al: Long-term follow-up of anterior
tibial eminence fractures. ] Pediatr Orthop 1993;13:361.

243. Wiss DA, Schilz JL, Zionts L: Type III fractures of the tibial tubercle
in adolescents. ] Orthop Trauma 1991;5:475.

244, Wood KB, Bradley JP, Ward WT: Pes anserinus interposition in a
proximal tibial physeal fracture: a case report. Clin Orthop 1991;
264:239,

245, Wozasek GE, Moser KD, Haller H, et al: Trauma involving the proxi-
mal tibial epiphysis. Arch Orthop Trauma Surg 1991;110:301.

246. Wu CD, Huang SC, Liu TK: Sleeve fracture of the patella in children:
a report of five cases. Am ] Sports Med 1991;19:525.

247. Zaman TM, Roberts J, Oni OO, et al: MRI findings in simultaneous
bilateral meniscal lesions. Injury 1997;28:303.

The Tibia
FRACTURES OF THE TIBIA AND FIBULA

Diaphyseal fractures of the tibia and fibula are common in
children, being third in frequency, following fractures of the
femur and both-bone forearm fractures. They occur most
commonly in boys younger than 10 years. The mechanism
depends on the age of the child, with more benign fractures
in the younger age group. The typical tibial fracture is usually
treated with external immobilization, with or without reduc-
tion, and outcomes are generally good. The relatively rare
open fractures require meticulous evaluation and treatment,
with usually satisfactory results.

Anatomy. The tibia hasa triangular shape with an anteriorly
directed apex that gradually broadens distally. The antero-
medial surface of the tibia has no muscular or ligamentous
attachments distal to the pes anserinus and has a mildly
concave shape in the mid-diaphyseal area. This anteromedial
surface is immediately subcutaneous and easily palpable.
The anterolateral surface has many muscular attachments
and forms the medial wall of the anterior compartment of
the leg. The tibialis anterior, extensor hallucis longus, and the
neurovascular bundle are adjacent to this surface. Posteriorly
the tibia has a large soft tissue envelope with attachments
from the semimembranosus, popliteus, soleus, tibialis poste-
rior, and flexor digitorum longus muscles. The anterolateral
and posterior aspects of the tibia are not palpable.

The fibula is subcutaneous proximally and has attach-
ments from the lateral collateral ligament and the biceps
femoris to the fibular head. At its proximal end the peroneal
nerve travels anteriorly over the distal aspect of the fibular
head and then divides into the superficial and deep portions.
A large soft tissue envelope surrounds the fibula and is
composed predominantly of muscular attachments. The lat-
eral malleolus is the distal aspect of the fibula. It articulates
with the distal tibia and talus, providing significant stability
to the ankle joint. In the midleg area the tibia and fibula are
connected through a thick interosseous membrane running
between the lateral crest of the tibia and the anteromedial
border of the fibula. The anterior tibial artery and vein
course over the interosseous membrane to enter the anterior
compartment of the leg.
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Three ossification centers arise to form the tibia. The
tibial diaphysis ossifies at 7 weeks’ gestation, the proximal
epiphysis appears a few months following birth, and the
distal epiphysis appears in the second year of life. The fibular
diaphysis ossifies at 8 weeks’ gestation, while the proximal
secondary center of ossification appears at 4 years and the
distal epiphysis at 2 years. Closure of the proximal physis
occurs between 16 and 18 years, while the distal physis closes
usually at 16 years.

The blood supply to the tibia comes from three main
areas: the nutrient artery, a branch of the posterior tibial
artery, which provides the endosteal and medullary supply;
the epiphyseal vessels; and the periosteal vessels.” The nutri-
ent artery enters the posterior aspect of the proximal portion
of the tibia and then courses proximally and distally to
anastomose with the metaphyseal endosteal vessels (Fig.
42-137). The inner two-thirds of the tibial diaphysis is
supplied by this nutrient artery and the outer one-third is
supplied by the anastomosing periosteal vessels.” Following
a fracture of the tibia, the peripheral vessels are recruited
to supply the majority of blood flow to the tibial cortex to
revascularize necrotic areas.””””

There are four compartments in the leg (Fig. 42—138).
The anterior compartment contains the dorsiflexors of the
ankle and toes (the tibialis anterior, extensor halluces longus,
and the extensor digitorum communis), the neurovascular
bundle, consisting of the anterior tibial artery and vein, and
the deep peroneal nerve. The artery is assessed through
palpation of the dorsalis pedis pulse, while the nerve provides
sensation between the first and second toes. The lateral
compartment contains the peroneus brevis and longus mus-
cles and the superficial peroneal nerve, which provides sen-
sation to the dorsum of the foot. The superficial posterior
compartment contains the gastrocnemius, soleus, and plan-
taris muscles, and the sural nerve, which provides sensation
to the lateral heel. The deep posterior compartment contains
the posterior tibial vessels, peroneal artery, and the tibial
nerve, the flexor digitorum longus, the flexor hallucis longus,
the tibialis posterior, and the plantar intrinsic muscles.
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FIGURE 42-137 Blood supply to the tibial diaphysis.
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FIGURE 42-138 Cross-section of the leg demonstrating the four com-
partments.
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Classification. Tibial and fibular fractures that do not in-
volve the physis are best classified by the anatomic location
of the fracture: proximal metaphyseal, diaphyseal, and distal
metaphyseal fractures. The diaphyseal fractures are further
subdivided into proximal, middle, and distal third fractures.
The configuration of the fracture is defined as a torus or
compression, greenstick, or complete fracture. Standard no-
menclature applicable to all diaphyseal fractures should be
used for classification, including the amount of angulation
and displacement, the presence and degree of comminution,
whether a segmental fracture is present, and whether there
is an open injury, which can be defined according to the
Gustilo and Anderson classification.” All these factors play
a role in determining the treatment and prognosis for
these fractures.

Mechanism of Injury. Tibial fractures in children can be
due to indirect or direct trauma, and the fractures vary with
the age of the child. In the infant and child less than 4 years
old, an indirect injury resulting from a fall from a height
or a standing position or a bicycle spoke injury results in a
spiral or oblique fracture.”” In the child older than 4
years, the most common injury is the result of a pedestrian
accident in which the child is struck by a car, sustaining
a complete, often comminuted fracture **>#1% Shannak
reported 63 percent of tibial fractures to be due to road traffic
accidents, with 18 percent resulting from falls.* Sporting
activities also account for a large proportion of tibial frac-
tures in the older age group, with Yang and Letts reporting
41 percent of their cases to be due to skiing or skating
accidents, falls accounting for 40 percent of injuries, and
only 16 percent of fractures due to motor vehicle accidents.'”
Child abuse accounts for less than 5 percent of tibial fractures
in children.”” Open injuries in children occur in up to 8
percent of all tibial fractures and are predominantly incurred
in motor vehicle accidents, which account for between 75
and 85 percent of these injuries.!23%4675:8

Diagnostic Features. A good history should be obtained
from the patient, parents, or other witnesses. It is important
to determine whether the mechanism of injury was a direct
or indirect force. Direct trauma to the leg, such as being
run over by a motor vehicle, may have grave complications,
since the soft tissue injury is much greater than may be
apparent on the initial examination. Often the mechanism of



injury in a young child is uncertain, with the only presenting
information being pain over the tibia and the inability to
walk.

The physical examination begins with inspection of the
leg for soft tissue injury, including evidence for an open
injury. Often there is no obvious deformity of the leg, be-
cause the majority of tibial fractures are undisplaced or
minimally displaced. In the young child who presents with
the inability to ambulate, palpation of the thigh and leg is
necessary to help define the location of the injury. In the
older child who is able to point to the location of the pain,
it is not necessary to deeply palpate the leg in an attempt
to identify the fracture. However, it is of paramount impor-
tance to assess the condition of the soft tissue envelope
surrounding the leg at the time of the initial presentation.
This is especially true in the child who has sustained direct
trauma to the leg in a pedestrian—motor vehicle accident
or a severe twisting injury to the leg. Although compartment
syndromes are relatively rare in the child with a tibial frac-
ture, a full assessment should include evaluation of the pain
elicited on passive dorsiflexion and plantar flexion of the
toes, a complete neurologic examination, including a motor
and sensory examination, palpation of the distal pulses, and
assessment of the capillary refill time. At the completion of
the physical examination, the injured leg should be splinted
if transport of the patient is necessary.

Radiographic examination consists of AP and lateral ra-
diographs of the leg to include the knee and ankle joints.
Most fractures of the tibia can be seen on at least one view
of the tibia; however, in the young child with a nondisplaced
fracture, a radiograph of the contralateral leg is occasionally
used for comparison.

Rarely are further diagnostic studies required for the
patient with a tibial fracture. The instances in which further
tests are needed include a suspected occult fracture, in which
a technetium bone scan can detect the fracture, which ap-
pears as mildly increased uptake along the entire length of
the tibia,”""" and a pathologic fracture, in which CT may
be helpful to define the extent and nature of the lesion. A
skeletal survey or bone scan may be indicated if child abuse
is suspected.

PROXIMAL TIBIAL METAPHYSEAL FRACTURES

Fractures of the proximal aspect of the tibia are most com-
mon in the 3- to 6-year-old age group and are usually
undisplaced complete fractures or greenstick fractures.* The
mechanism of injury is usually a torsional stress applied to
the medial aspect of the leg or a direct blow to the lateral
aspect of the extended knee. The most common fracture
pattern is the greenstick fracture, in which the medial cortex
is fractured while the lateral aspect of the cortex remains
intact (Fig. 42—139). The fibula is often not fractured in the
greenstick or minimally displaced tibial fracture, although
plastic deformation may occur. In high-energy injuries in-
volving direct trauma, the fibula is often fractured despite
a relatively benign-appearing tibial fracture (Fig. 42—140).
Robert and colleagues reported 13 proximal fibular fractures
in association with 25 cases of proximal tibial metaphyseal
fractures, of which most were due to motor vehicle acci-

*See references 27, 34, 44, 54, 74, 97, 106, 107.
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FIGURE 42-139 Proximal tibia fracture, demonstrating a greenstick in-
jury to the lateral cortex and a medial cortical fracture.

dents.” Neurovascular injury is rare in the minimally dis-
placed or greenstick proximal tibial fractures.

The second major type of proximal tibial metaphyseal
fracture is much less common and involves significant high-
energy trauma in the older child. This type of injury was
discussed in the previous section on proximal tibial phys-
eal injuries.

The patient with the typical proximal metaphyseal frac-
ture usually presents with pain in the proximal aspect of
the tibia, minimal soft tissue swelling, and little or no clinical
deformity. The radiographic examination reveals three basic
fracture patterns: torus, greenstick, and complete fractures,
with the majority of fractures being undisplaced. Robert
and colleagues reported nine torus, ten greenstick, and six
complete fractures. All torus fractures are undisplaced and
approximately 50 percent of greenstick and complete frac-
tures are displaced at the time of the initial injury.”

The most common complication or difficulty encoun-
tered with proximal metaphyseal fractures is a valgus defor-
mity, which develops within the first 6 months and continues
to progress up to 2 years following injury (Fig. 42-141).*
The likelihood of developing tibial valgus following a proxi-
mal tibial metaphyseal fracture must be discussed with the
parents at the time of the initial treatment and reiterated at
each subsequent visit.

Several theories have been proposed to explain the devel-
opment of posttraumatic tibial valgus deformity: lack of an
initial accurate reduction, early weightbearing, tethering of
the iliotibial tract, soft tissue interposition, tethering by the

*See references 3—6, 10, 27, 34, 38, 40, 44, 50, 54, 74, 76, 82, 97, 98,
106, 107.
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FIGURE42-140 A and B, High-energy proximal tibia
fracture in which the proximal fibula was also fractured.

FIGURE 42-141 Valgus deformity following a
proximal metaphyseal tibial fracture in a 3-year-old
boy. A, Radiograph showing fracture healing at 4
weeks. B, One year later there was obvious valgus
deformity of the injured leg.




intact fibula, asymmetric growth of the proximal tibial
epiphysis, and injury to the lateral proximal tibial physis.

The theory of inadequate reduction was proposed early
on because of the apparently innocuous nature of these
fractures and the initial lack of an attempted reduction.**""*
However, there are reports of posttraumatic valgus devel-
oping following adequate fracture reductions, including
overreductions of the tibia into varus.*

Early weightbearing has been postulated to result in com-
pressive forces on the lateral aspect of the tibia with dis-
tractive forces on the medial aspect, leading to increased
valgus.®*® On the other hand, valgus deformity has oc-
curred in the nonambulatory patient following these frac-
tures.”

Soft tissue imbalance with tethering of the iliotibial tract
on the lateral aspect of the tibia or disruption of the pes
anserinus on the medial aspect has been proposed as a cause
of valgus deformity.” Similarly, some feel that the fibula
tethers the tibia and results in overgrowth on the medial
side and inhibition of growth laterally.”* Soft tissue interpo-
sition has been reported by many authors, with the most
common offending tissues being the pes anserinus, perios-
teum, and the medial collateral ligament.'*"**% Weber re-
ported two cases of posttraumatic tibia valgus that were
explored with removal of interposed pes anserinus, followed
by uncomplicated fracture healing.” However, others have
reported valgus deformity following similar treatment.”

Asymmetric growth of the proximal tibial epiphysis
caused by premature arrest of the lateral portion has been
postulated to cause tibial valgus.” One proposed mechanism
is that a valgus moment creates a Salter-Harris type V injury
of the lateral epiphysis and results in asymmetric growth
between the medial and lateral aspects of the proximal
tibia.**% Asymmetric growth has also been theorized to occur
from an asymmetric vascular response to injury.'®*!%

Treatment. The treatment of proximal tibial metaphyseal
fractures is nonoperative in the majority of cases. We prefer
to have the patient under conscious sedation to obtain a
reduction when there is valgus deformity of the tibia follow-
ing injury. An angled greenstick fracture of the proximal
tibia should be broken through by bending the leg toward
the angulation, then slightly overcorrecting the deformity.
The leg is then placed in a long-leg cast with three-point
fixation to maintain reduction. Following reduction, a true
AP radiograph of the tibia should be obtained to document
normal alignment, and a radiograph of the contralateral
leg can be obtained for comparison. The patient is kept
nonweightbearing while in the long-leg cast, and serial radio-
graphs are obtained for the first 2 weeks to ensure mainte-
nance of alignment. The long-leg cast should be worn for
approximately 5 to 7 weeks, depending on the age of the
child.

After the cast is removed the patient can be fully weight-
bearing and should be followed at regular intervals of ap-
proximately 3 to 6 months. The evolution of developing
valgus deformity has been characterized.* The time at which
deformity is greatest is between 12 and 18 months following
injury, with an average maximum deformity of 18 degrees.”
Resolution of the deformity usually occurs within 3 years

*See references 10, 16, 27, 63, 74, 87, 94, 98, 99, 106.
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of the initial injury, with correction occurring through both
the proximal and distal physes.** Residual radiographic de-
formity averaging 6 degrees persists, with the knee slightly
medial to the mechanical axis; however, this is usually not
apparent clinically (Fig. 42—-142).7

Operative treatment is rarely indicated in these fractures.
The only exception is the case in which a closed reduction
fails to reduce the valgus deformity, most often because of
soft tissue interposition (pes anserinus, periosteum, or the
medial collateral ligament). A small medial incision is made
over the fracture site, the soft tissue interposition is removed,
and an anatomic reduction is performed under direct vision.
We recommend suturing the torn periosteum and applying
a long-leg cast. If fracture stability is a concern, Kirschner
wires can be placed in a crossed fashion, but internal plate
fixation is not required for these fractures.

In addition to the angular deformity following these in-
juries, overgrowth of the affected extremity is also seen and
averages approximately 1.0 cm, with a maximum over-
growth of 1.7 em.”'"” The overall outcome in these patients
is universally good with respect to daily activities; however,
some complain of occasional knee discomfort with strenu-
ous athletic activities.”

It is often difficult to persuade concerned parents that
the marked valgus deformity will improve with time, since
they have observed a progressive, worsening deformity up
to 18 months following injury. The deformity resolves grad-
ually over a period of years. It is important for the surgeon
to avoid the temptation to perform a varus tibial osteotomy,
for two main reasons. The first is that the osteotomy may
initiate the same process, resulting in recurrence of the de-

FIGURE 42-142 Spontaneous improvement of the valgus deformity of
the proximal tibia 6 years after the original injury in the boy seen in
Figure 42-141.
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FIGURE 42-143 Epiphyseal stapling to correct residual proximal tibial valgus deformity following fracture in a 12-
month-old girl. A, Injury film showing the proximal tibial fracture. B, Three years later there was continued severe
valgus deformity. C, Medial proximal tibial physeal stapling was performed. D, Two years after physeal stapling the

valgus deformity has resolved.

formity and the second is to avoid the significant incidence
of compartment syndrome. Robert and colleagues reported
that after four varus osteotomies performed for posttrau-
matic valgus deformity, valgus deformity recurred in two
patients and compartment syndrome occurred in two pa-
tients.”* Balthazar and Pappas described nine patients who
developed a valgus deformity after treatment of a proximal
tibial fracture.’ Six underwent a corrective osteotomy, but
all did poorly, with recurrence of the valgus deformity.?
Others have reported similar results,'**

We prefer to treat residual valgus deformity if it is more
than 15 to 20 degrees. This is best done near the end of
growth with a well-timed medial proximal tibial epiphysi-
odesis (Fig. 42—143). The indications for a varus osteotomy
in the younger child are limited and include severe valgus
deformity (more than 20 degrees) that persists at least 3
years following injury. A fibular osteotomy and a tibial oste-
otomy are performed proximally and must be accompanied
by a fasciotomy of the anterior and lateral compartments
of the leg. We prefer to internally fix the fracture with crossed
Kirschner wires. The patient wears a long-leg cast until
healing occurs, usually around 6 weeks.

TIBIAL AND FIBULAR DIAPHYSEAL FRACTURES

Fractures of the diaphysis of the tibia are of two major types,
depending on the age of the child and the mechanism of
the injury. In the child less than 11 years old, the fracture
is typically a nondisplaced or minimally displaced fracture
of the tibia, often without an associated fracture of the fibula.
The fracture pattern in the child less than 6 years old is

usually an oblique or spiral fracture with minimal displace-
ment. The mechanism of injury is usually indirect trauma
resulting from a fall or a twisting injury. In children ages 6
to 11 years the most common fracture is a simple transverse
fracture with a fractured fibula; it usually results from direct
trauma. In adolescents, fractures of the tibia are usually
associated with fibular fractures, are due to higher-energy
trauma, and behave as adult fractures.

Classification. Tibial fractures in children are located in
the proximal third in 13 percent, in the middle third in 45
percent, and in the lower third in 59 percent. Approxi-
mately 70 percent of all children’s tibial fractures have an
associated fibular fracture.’*** QOpen fractures are rare in
children, occurring in less than 5 percent of all tibial frac-
tures,** are associated with delayed union, and have a rela-

tively high complication rate when compared to closed frac-
tu res)].;‘?j‘?dﬁ.?i.&ﬁ

Mechanism of Injury. Shannak reported on 117 children
with tibial shaft fractures; the average age was 8 years and
the male-female ratio was 2.7:1.% In a study by Karrholm
and colleagues, the peak incidence of fractures in boys oc-
curred at 3 to 4 years of age with undisplaced fractures and
at 15 to 16 years of age with transverse fractures resulting
from athletic and motor vehicle accidents.”® In girls the
incidence was more evenly distributed up to age 11 or 12
years of age, with a steady decline thereafter.* The mecha-
nism of injury is thought to be predominantly indirect
trauma; however, this varies among series, depending on
the geographic location. In the northern climates, 30 to 40
percent of tibial fractures are from skiing or skating, falls



account for 30 percent of injuries, and only 15 to 25 percent
of tibial fractures are from motor vehicle accidents. 4%
In more temperate climates, motor vehicle accidents can
account for up to 63 percent of tibial fractures.* Child abuse
accounts for up to 3 percent of these injuries'” and bicycle
spoke injuries account for 7 to 10 percent of injuries.”

Diagnostic Features. In the young child, very little history
may be available because of an unwitnessed event or an
event that was not felt to cause a fracture. The young patient
may refuse to ambulate or may ambulate with a significant
limp. No deformity is present, and there is little swelling;
however, there is tenderness on palpation at the fracture
site. In contrast, the older child with a complete tibial frac-
ture with or without a fibular fracture will have sustained
fairly significant trauma, will be unable to ambulate, and
may have a significant deformity. The mechanism of injury
should be elicited, especially the nature of the deforming
force and whether a crush-type injury occurred. This infor-
mation is important to have at the outset so that special
precautions can be taken to diagnose and treat a compart-
ment syndrome.

The physical examination in any child who presents with
a tibial fracture includes assessment of the clinical deformity
and a search for evidence of an open soft tissue injury.”
The soft tissue envelope should be palpated and assessed
for the presence of an impending compartment syndrome.
This examination includes passive flexion and extension of
the toes, assessment of the capillary refill time, and a thor-
ough neurologic evaluation. An associated vascular injury
is rare in these injuries; however, the posterior tibial and
dorsalis pedis pulses should be evaluated.

Radiographic evaluation should include AP and lateral
radiographs of the tibia that include the knee and the ankle
joints. Rarely are contralateral views necessary; however, the
undisplaced, incomplete fracture is not always easily seen,
and comparison views should be taken in this circumstance
(Fig. 42—144). Stress fractures are not often seen early and
are confirmed by CT, MRI, or bone scan.*”

Treatment. The majority of children’s tibial fractures can
be treated with cast immobilization following fracture re-
duction. This is most appropriate in the so-called toddler’s
fracture, first described by Dunbar and colleagues in 1964.%
This is seen in children, usually less than 6 years old, who
have sustained a twisting injury of the foot while walking
or running, resulting in an undisplaced oblique or spiral
fracture of the tibia with an intact fibula.®** An oblique
radiograph may best show the fracture. Once the diagnosis
is made the limb should be immobilized in a long-leg cast
with the knee bent to approximately 30 to 40 degrees of
flexion to prevent significant weightbearing by the child.
The cast is left on for approximately 3 to 4 weeks, depending
on the age of the child and the amount of callus formation
on follow-up radiographs. The cast is removed at that point
and the child is allowed full weightbearing status without
further immobilization. It is not necessary to obtain serial
weekly radiographs in the child with a toddler’s fracture.
Because of the innocuous nature of the injury and the diffi-
culty in making the diagnosis, it is often beneficial to place
a child who is thought to have a toddler’s fracture in a long-
leg cast. Radiographs can be obtained 2 weeks following
application of the cast to identify whether a fracture is pres-
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ent. If no signs of callus formation are present, the cast can
be removed. Fracture callus confirms the diagnosis, and
immobilization should continue for an additional 4 weeks.

The second category of fracture is the displaced fracture
with an intact fibula in the older child. These fractures tend
to angle into a varus position secondary to the anterolateral
muscle forces pulling the distal fragment medially while the
fibula stabilizes the lateral aspect of the leg (Fig. 42—145).
We prefer to manipulate the fracture with the child under
conscious sedation in the emergency room using a mini-
fluoroscopy unit to check the reduction following an initial
roll of plaster cast material. The tendency for the fracture
to reduce into a varus position should be countered by the
surgeon during the reduction maneuver and during cast
application. An initial role of plaster below the knee creating
a three-point bending force is essential to obtain an adequate
reduction. An acceptable fracture reduction in the child is
alignment to within 5 to 10 degrees in all planes, with special
emphasis on obtaining near anatomic alignment in the coro-
nal plane. The remaining cast is then applied after the plaster
cast has set and adequate fracture reduction is confirmed.
The patient is nonweightbearing in the cast for 4 to 6 weeks;
the cast may be changed to a short-leg walking cast de-
pending on the age of the child and the amount of radio-
graphic healing. Radiographs should be obtained weekly
during the first 2 to 3 weeks after reduction to assess whether
reduction has been maintained and to allow for manipula-
tion, if necessary. We recommend manipulation of the frac-
ture when varus angulation of greater than 5 degrees is
present on the follow-up radiographs.

Yang and Letts reported on 95 children with isolated tibial
fractures, most of which were distal third spiral fractures.
Angular deformity was present initially in 76 (80 percent)
fractures and recurred following a closed reduction in 32
patients, all of which drifted into varus and were posteriorly
angled. Wedging of the cast with manipulation of the frac-
ture was most successful in those patients with a single-
plane deformity.'"” Yang and Letts recommended close mon-
itoring of isolated tibial fractures on a weekly basis for the
first 3 weeks. Teitz and colleagues reported similar difficul-
ties in adults with an isolated tibial fracture: 26 percent of
fractures had a varus malunion, and 33 percent of these
patients developed radiographic changes and pain in the
affected ankle within 2 years of injury.”

The third major category of tibial diaphyseal fractures in
children is the displaced fracture in the older child with an
associated fibular fracture. These injuries are usually seen
in children more than 10 years old and result from direct,
high-energy trauma. Because of significant instability from
the associated fibular fracture, these injuries are difficult
to reduce adequately in the emergency room, and general
anesthesia is often a requirement for reduction. An accept-
able reduction must include at least 50 percent bony apposi-
tion of the fracture fragments and less than 5 to 8 degrees
of angulation in both the sagittal and coronal planes. We
prefer to manipulate the fracture with the patient under
conscious sedation or general anesthesia, followed by appli-
cation of a provisional short-leg cast. We use plaster because
we are able to manipulate the fracture as the plaster hardens.
Plaster also allows the surgeon to mold the cast to protect
the soft tissues and the bony prominences. These fractures
are prone to residual varus in the coronal plane and posterior
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FIGURE 42-144 Diagnosis of undisplaced
tibial fracture in an infant. A, Radiographic
appearance. The undisplaced distal tibial frac-
ture is difficult to identify (arrows). B, Contra-
lateral radiographs used for comparison help
the examiner identify the fracture in the in-
jured leg.

FIGURE 42-145 Isolated tibial fracture in a 5-year-old patient.
A, Spiral fracture in the midportion of the tibia. The fibula is
intact. B, At the time of healing there was a slight varus angulation,
which often occurs secondary to the presence of an intact fibula. A




angulation (apex anterior) in the sagittal plane. To correct
this, a three-point mold should be placed to compensate
for varus, and the ankle should be placed into 15 to 20
degrees of plantar flexion to prevent posterior angulation.
Once the initial plaster cast has set, the remaining part of
the cast can be applied with the knee in 30 to 45 degrees
of knee flexion to provide rotational control of the fracture
and to restrict the patient from weightbearing on the affected
extremity. We prefer plaster material for the remainder of
the cast, which will yield an excellent supracondylar mold.
This can then be overwrapped with fiberglass to increase
the durability of the exterior of the cast. These patients
should be admitted to the hospital for soft tissue monitoring,
with the leg elevated, ice packs placed at the level of the
fracture, and neurovascular checks every 2 hours by the
nursing staff. Requests for excess narcotic medication
throughout the night should raise the suspicion that an
impending compartment syndrome is present. Close radio-
graphic monitoring on a weekly basis is required for the
initial 3 weeks to ensure that the initial fracture reduction
is maintained.

In the closed tibial fracture in children, operative treat-
ment is rarely required (less than 5 percent of cases). The
main indications are (1) excessive fracture instability that
cannot be maintained with external immobilization, (2) loss
of reduction that cannot be corrected by cast wedging during

A B
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the follow-up period, (3) significant comminution and
shortening that cannot be corrected with closed treatment,
and (4) a displaced fracture in a skeletally mature patient.
The primary modes of operative treatment in the pediatric
patient include temporary skeletal traction, percutaneous
pin fixation after adequate closed reduction, open reduction
with internal fixation, external fixation, flexible intramedul-
lary rods, and locking rigid intramedullary rods.

For the patient with an unstable fracture pattern or one
that is likely to be unstable in a cast, we prefer percutaneously
placed crossed Kirschner wires. The wires are left outside
the skin to allow easy removal in the clinic 4 weeks from
the time of injury (Fig. 42—146). Cast immobilization is
performed as in the closed fracture, without internal fixation.
Alternatively, flexible intramedullary rods can be used for
fixation; however, they require an additional anesthetic to
remove, are difficult to place, and do not provide rotational
fracture control (Fig, 42—147). External fixation is best used
in the patient with an open fracture; however, it can be
used in the highly unstable closed tibial fracture to provide
fracture stability for 4 to 6 weeks, until adequate callus is
present (Fig. 42—148). Removal requires a general anesthetic
and is followed by application of a short-leg walking cast
for an additional 3 to 4 weeks. We do not recommend plate
fixation of diaphyseal fractures in children because of the
significant soft tissue stripping required, the increased risk

Cc

FIGURE 42-146 Percutaneous closed reduction and percutaneous pinning of a tibial fracture. A, Radiograph of a
15-year-old boy with a displaced midshaft tibiofibular fracture. Attempts at closed reduction and casting were unsuccess-
ful owing to unacceptable alignment. B, Closed reduction with percutaneous pinning was performed. C, Healing with

near-anatomic alignment was achieved at 4 months.
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FIGURE 42-147 Flexible intermedullary nailing of a displaced tibiofibular fracture. A, Injury films demonstrating
a segmental tibial fracture and a distal fibular fracture. B, Two K-wires were fashioned as intermedullary flexible rods
to lend stability to the fracture. This was followed by casting.
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FIGURE 42-148 External fixation of an open tibiofibular fracture. A, Injury films demonstrating a distal tibiofibular
fracture associated with a grade I open injury. B, Following external fixation, adequate alignment and healing occurred

after 2 months.

for infection and nonunion, and the need to remove the
hardware at a later date. Rigid intramedullary fixation has
revolutionized the treatment of tibial fractures in adults and
can be used in the older adolescent who is skeletally mature
(Fig. 42-149).

OPEN TIBIAL DIAPHYSEAL FRACTURES

Although open fractures in children account for less than
5 percent of all tibial fractures, the topic has taken on consid-
erable interest recently.* Unlike closed tibial fractures, these
injuries are all due to high-energy trauma that results in
significant injury to the surrounding soft tissues, which leads
to delayed unions and a high risk for infection. These frac-
tures are often associated with other fractures and with chest
and abdominal trauma. The mechanism of injury in over
80 percent of open tibial fractures is an automobile striking
a pedestrian, bicyclist, or motorcyclist.t The average age of
the children is between 8 and 10 years, boys are injured
more often than girls, by a 3:1 ratio, and the left leg is
injured more often than the right.§

Fractures should be classified according to the Gustilo
and Anderson classification for open fractures:

*See references 11, 17, 29, 39, 46, 75, 88, 104.
+S5ee references 11, 17, 29, 39, 46, 75, 88, 104.
FSee references 11, 29, 39, 46, 75, 88, 104.

Type I: Low-energy injury in which the wound is less
than 1 cm in length and there is little soft tissue injury
or wound contamination.

Type II: A moderately low-energy injury in which the
wound is longer than 1 cm, there is little soft tissue
injury, and the wound is mildly contaminated.

Type III: Significant soft tissue injury with wound con-
tamination.

IIIA: Despite significant soft tissue injury the fracture
can be adequately covered without using skin graft
or tissue flap.

IIB: The local soft tissue envelope cannot cover the
fracture site and a skin graft or a muscle flap is re-
quired.

IIIC: An associated arterial injury is present, requiring
revascularization of the limb.

In a compilation of five series, open fractures were evenly
distributed among Gustilo and Anderson grades I, II, and
I1I: 32 percent were grade I, 38 percent grade II, and 30
percent were grade III (17 percent A, 8 percent B, and 5
percent C}‘|1.29,46.75,83

Because of the high energy required to produce these inju-
ries, associated injuries occur in up to 58 percent of pa-
tients."""” These injuries include other skeletal injuries, closed
head injuries, abdominal and thoracic injuries, and maxillo-
facial injuries.!”47 In addition, open tibial diaphyseal frac-
tures can be associated with a mortality of up to 7 percent
because of the severe head, chest, and abdominal trauma.?*
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FIGURE 42-149 Rigid intramedullary fixation of an isolated fracture in an adolescent patient. A, Radiographs at 2
weeks following injury demonstrating an isolated midshaft tibial fracture. B, Three months following surgery the

fracture has healed in anatomic alignment.

Treatment of open fractures in children is similar to that
in adults and should follow an established protocol. The first
step in management is prompt evaluation and initial classifi-
cation of the soft tissue injury in the emergency room, fol-
lowed by application of a Betadine-soaked dressing and
splinting of the fracture. Intravenous administration of a sec-
ond-generation cephalosporin (cephazolin) is indicated for
all fractures, with the addition of an aminoglycoside for all
grade III injuries and severely contaminated wounds, and
penicillin for all farm-related accidents. The patient should
then be urgently taken to the operating room for thorough
irrigation and debridement of the wound, followed by stabili-
zation of the fracture, Initial wound management entails ex-
tending grade I and smaller grade II wounds to allow thor-
ough debridement of the bone and soft tissue. If the wound
is on the medial aspect of the leg, with little soft tissue cover-
age, an anterolateral incision should be used to gain access to
the fracture site and injured soft tissue. All incisions made by
the surgeon can be closed at the initial surgery, while trau-
matic wounds are left open. We prefer to place nonabsorbable
horizontal mattress sutures in grade [ and II wounds without
tying the sutures (Fig. 42—150). This will allow drainage of the
leg to help prevent the accumulation of infectious material.
These sutures can be closed at the bedside in 24 to 48 hours.
Any bony fragment with little or no soft tissue attachment
should be discarded. Any concern as to the amount of con-
tamination of grade I or II wounds at the initial surgery war-
rants serial repeat irrigation and debridement every 48 hours

until adequate, viable tissue is seen. All grade I1I injuries re-
quire repeat irrigation and debridement. Necrotic muscle or
muscle that is thought to be ischemic should be debrided.
Signs of muscle viability are muscle contraction when stimu-
lated by pinching with a forceps, arterial bleeding when in-
cised, and the presence of a healthy pink color. Repeat irriga-
tion of the soft tissue with 5 to 10 liters of normal saline using
a pulse lavage system should then be performed.

Soft tissue management in the severely injured leg often
requires coverage with the use of split- or full-thickness skin
grafts, myocutaneous flaps, or free muscle flaps. We prefer to
have the plastic surgeon present to assess the wound as soon
as possible, and certainly by the second debridement, to deter-
mine the type of soft tissue coverage needed and the timing

Traumatic wound

FIGURE 42-150 Suture placement in a traumatic wound at the time of
the initial debridement. The sutures are not tied at the time of surgery but
are left to tie at the bedside in 24 to 48 hours. In those areas in which the
traumatic wound was extended, suture placement with tying is appropriate.



of this procedure. Coverage procedures should be done as
soon as possible, preferably within 5 to 7 days to prevent seed-
ing of the leg with a secondary infection.'*'*!>#88! Most inju-
ries in children can be treated with split-thickness skin graft
or with a local flap consisting of a gastrocnemius flap in the
proximal leg or a soleus flap in the middle aspect of the leg.*
However, injuries in the lower aspect of the leg often require
avascularized free flap.”™'" Free muscle flaps are used for mas-
sive soft tissue injuries in any part of the leg. Free flaps are an
excellent barrier to secondary infections and have a rich blood
supply, which enhances soft tissue and bone healing.2¢%5%1%

The surgeon addressing large bony defects first must
ensure that the native bony bed is clear of all infection.
This is best done with antibiotic-impregnated polymethyl
methacrylate (PMMA) beads. Although these beads are
commercially available, we prefer to prepare them at the
time of operation by mixing 1 g of powdered cefazolin and
2.4 g of powdered tobramycin with powdered cement. The
beads are rolled by hand and strung together on a heavy
Prolene suture. An alternative is to shape the cement into
a solid spacer to prevent ingrowth of soft tissue into the
defect site and to provide some additional stability to the
tibia. When reentering this site for bone grafting, the surgeon
often finds a pseudoperiosteum surrounding the cement
spacer providing a confined space for the graft material. The
options for treating large segmental bone defects include
bone transport, vascularized fibular transfer, or autologous
bone grafting. We prefer to perform autologous bone graft-
ing of the defect site 6 to 10 weeks following soft tissue
coverage, after the flap has completely epithelialized and the
edges of the wound are free of all eschars. This time delay
eliminates bacterial contamination of the operative site and
enhances fracture healing by the autologous bone.” Chris-
tian and colleagues reported eight adult patients with grade
IIIB open tibial fractures with average segmental bone loss
of 10 cm in whom the tibia successfully healed by 9 months
with massive autologous bone grafting." The patient is
placed prone initially so that bone can be obtained from
the posterior iliac crest(s), and then is placed supine. If a
free flap was used for soft tissue coverage, the plastic surgeon
should be present to elevate the flap without injuring the
vascular pedicle.

Patients who present with deformity, with shortening, or
with chronic osteomyelitis in addition to a large bone defect
are best addressed with the Ilizarov apparatus®® or other
external fixation.

The two primary modes of fracture stabilization for open
tibial fractures in children are long-leg cast immobilization
with a window over the traumatic wound and external fixa-
tion. We prefer castimmobilization for all grade I and smaller
grade II wounds that will not require repeat debridement in
the operating room. A window is placed in the cast at the time
of application to allow for wound access. For larger grade 1T
and all grade I11 injuries, we prefer an AO external fixator with
two sets of half-pins to span the fracture (Fig. 42—151). This
provides excellent stability and allows for multiple debride-
ment of the soft tissue injury without jeopardizing fracture
fixation. Two external fixator pins should be placed on either
side of the fracture no closer than 1 cm to the physis. The bars
should then be attached to the pins and a reduction maneuver
performed, after which the external fixator is tightened. When
good callus is seen, the external fixator frame is removed and
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a short-leg walking cast is applied. Approximately 50 percent
of all open tibial fractures are treated with cast immobiliza-
tion, with the rest treated with an external fixator or internal
fixation and a cast.'"*%% [n 1996 Cullen and colleagues re-
ported that 48 percent of children with open tibial fractures
were treated with percutaneous pin fixation, with a shorter
healing time and fewer complications than patients treated
with an external fixator.”

The severe open tibial fracture with neurovascular injury
is rare in children, accounting for approximately 5 percent of
all tibial fractures."**”* The distal pulses should be promptly
evaluated and any vascular injury confirmed with a Doppler
study. Revascularization of the leg should be performed
within 4 to 6 hours of injury and should not be delayed by
arteriography in the radiology suite. If the ischemia time is
approaching the 4-hour limit, an arteriogram obtained with
the patient on the operating room table is the best way to
determine the exact location of the arterial injury. The timing
of bony stabilization and revascularization also depends on
the ischemia time. We prefer to stabilize the fracture by
applying an external fixator so that definitive revasculariza-
tion can be performed. However, if the ischemia time is ap-
proaching 4 hours, inserting temporary intraluminal shunts
to provide a vascular supply to the distal leg takes precedence
over fracture stabilization.” Compartment pressures should
be measured in any child with an open fracture that requires
revascularization, and the surgeon should have a low thresh-
old for performing four-compartment fasciotomies. Prophy-
lactic fasciotomies should be performed in any patient with
an ischemia time of 4 hours or longer.” The indications for
amputation in the child with a severe tibial fracture are (1)
vascular injury that is not reconstructible, owing to extensive
soft tissue destruction, (2) associated neurologic injury that
does not allow protective sensation on the sole of the foot,
and (3) severe muscle injury associated with extensive bone
loss. The Mangled Extremity Severity Score (MESS) can be
used to help determine the need for amputation; a score
greater than 7 indicates the need to perform an amputation
in adults.® Although no definitive data exist in children, it is
imperative to avoid sepsis from attempts at salvaging limbs
that are on the borderline of survivability, as this can lead to
multisystem organ failure and death.?

In general, open tibial fractures fare worse than closed
fractures. The outcome depends on the condition of the soft
tissue envelope, on healing without infection, on revasculari-
zation of the limb when arterial injury is present, and on
the prompt assessment and treatment of any compartment
syndrome. The incidence of infection in these open injuries
is between 5 and 15 percent and depends most on the
severity of the open injury and the time between injury and
surgical debridement. Kreder and Armstrong reported a 14
percent incidence of infection in a series of 56 open tibial
fractures in children.” However, a delay of more than 6
hours correlated with a 25 percent infection rate, compared
to a 12 percent infection rate in children operated on less
than 6 hours from the time of injury.* Most infections
involve Staphylococcus aureus, which can be treated with
aggressive debridement and administration of intravenous
antibiotics. It is important to be aggressive in debriding all
areas of necrotic soft tissue to provide the optimal chance
for soft tissue healing to occur and to avoid infection. Arte-
rial injury occurs in 2 to 10 percent of cases,!"***#%758 Ap.
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FICURE 42-151  External fixation in a 10-year-old patient who sustained an open tibiofibular fracture from a close-
range gunshot. A, Injury films. Note the significant bone loss and comminution of the proximal tibia. B, The initial
treatment was placement of an external fixator utilizing two proximal half-pins placed parallel to the joint and connected

to two distal half-pins in a T fashion.
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FIGURE 42-151 Continued. C, To allow for closure of the soft tissue defect, a shortening fibular osteotomy was
performed, followed by skin grafting over the muscle. D, Healing was evident 4 months after injury, Bone grafting

was not required.

proximately 50 percent of all type IIIC open injuries result
in amputation, either at the initial debridement, because of
the severe nature of the injury, or later, because of failed
vein interposition grafting.!"” Although severe soft tissue
injury occurs with these fractures, compartment syndrome
occurs in less than 5 percent of patients; most of these
injuries are grade II open fractures.'*

The average time to union is approximately 5 to 6 months
and depends on the extent of the soft tissue injury, the age
of the child at the time of injury, the fracture pattern, the
amount of segmental bone loss, and the presence of infec-
tion.* Buckley and colleagues reported an average healing
time of 4.8 months; however, comminuted fractures healed

*See references 11, 17, 29, 39, 46, 75, 88,

at 5.7 months whereas spiral and transverse fractures healed
at approximately 4.2 months; fractures with segmental bone
loss healed at 14.7 months; and fractures associated with
infection healed in 7.1 months, compared to 4.6 months
when infection was not present.! Children older than 11
years behave more like adults, with delayed fracture healing
when compared with younger children.*** Angular defor-
mity occurs in a small proportion of patients and can usually
be corrected with manipulation of the external fixator or
wedging of the cast. Overgrowth of the affected tibia by up
to 3 cm occurs in approximately 8 to 10 percent of cases,
most often in patients who had an initial reduction in which
restoration of limb length was achieved."”

Complications of Tibial Diaphyseal Fractures. The most
common complications associated with tibial diaphyseal
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FIGURE 42-152 Four-compartment release for fasciotomy. An anterolateral and a posteromedial incision are made
to provide access to all four compartments of the leg.

fractures are compartment syndrome, delayed union or non-
union, limb length discrepancy, angular deformity, malrota-
tion, and vascular injury.

COMPARTMENT SYNDROME. Compartment syndrome is due to
increased fluid in the compartments of the leg, which results
in an increase in intracompartmental pressures, which in-
hibits venous return. Compartment syndrome can occur in
any or all four compartments of the leg and is seen with tibial
fractures in both adults and children.”*® As the pressure
continues to increase, the smaller arterioles and capillaries
become occluded, leading to ischemia, which results in mus-
cle and nerve injury within 6 hours.”*® The diagnosis is
often difficult to make, and the medical team must have a
high index of suspicion and must act promptly when warn-
ing signals are present. Physical findings that warn of a
compartment syndrome are pain on passive range of motion
of the toes and swollen and tense compartments that are
tender on palpation. When these signs and symptoms are
present, prompt compartment pressure measurements and
four-compartment fasciotomies should be performed. By
the time that sensory and motor neurologic abnormalities
or discrepancies in the distal pulses have appeared, severe
ischemic changes with tissue destruction have already oc-
curred.”®™7 A high index of suspicion is needed in any
child with pain out of proportion to the injury, any child
who is unresponsive because of associated head or other
injuries, and the young child who is unable to describe
symptoms or cooperate with the physical examination.”'
[nitial management of the patient in a cast should be to
split the cast, padding, and stockinette, followed by reexami-
nation of the leg. It has been our experience that the diagno-
sis is made on the basis of serial histories and physical
examinations and a high index of suspicion. At that stage,
compartment pressure measurements are principally used
to confirm the diagnosis.

Compartment pressures can be measured by a variety of
techniques.* The slit catheter technique works well at the

*See references 53, 59, 61, 77-79, 100.

bedside; however, we prefer to obtain compartment mea-
surements in the operating room using the needle technique.
The threshold pressures that have been used to define abnor-
mal compartment pressures have included greater than 45
mm Hg (using the continuous infusion technique), 35 mm
Hg (using the slit catheter technique), and compartment
pressures within 15 to 30 mm Hg of diastolic pressure. The
pressures in all four compartments should be measured and
documented. Although some compartments may not have
elevated pressures, all four compartments should be released.
We prefer the two-incision technique (Fig. 42-152).

OTHER COMPLICATIONS. Delayed union or nonunion is rela-
tively rare in the child with a closed tibial fracture. Predispos-
ing factors include isolated tibial fracture without a fibular
fracture, severe soft tissue injury, treatment in an external
fixator, infection, a tibial fracture in an older child, or an
open fracture. Delayed union in a young child without a
fibular fracture is best treated with a fibular osteotomy dis-
tant to the tibial fracture, to allow compression across the
fracture site. The young patient can then be recasted until
healing occurs. Iliac crest bone grafting can be performed
through a posterolateral approach to promote healing in an
atrophic nonunion (Fig. 42—-153). Stabilization of the tibia
can be achieved with plate fixation in the young child and
with intramedullary nailing in the older child.

Limb length discrepancy following tibial fractures is due
to overgrowth of the affected tibia and is most often seen
in children less than 10 years old with comminuted fractures,
proximal and distal fractures, and open tibial fractures.'"*
The overgrowth seen in tibial fractures is less than is seen
in femoral shaft fractures, with average overgrowth measur-
ing 4 mm.* Although overgrowth following tibial fractures
is usually not clinically apparent, discrepancies projected to
be more than 2 cm require monitoring with serial scano-
grams to plan for an appropriately timed epiphysiodesis.

Angular deformity is most often due to inadequate reduc-
tion and stabilization or to asymmetric growth. Although
remodeling occurs following angular deformity in the tibia,
the potential is far less than in the femur. The greatest



FIGURE 42-153 Approach for posterolateral
bone grafting for delayed union or nonunion of
the tibia. A, The skin incision is made over the
posterolateral aspect of the leg. B, The dissection
is carried out between the lateral and the posterior
compartments down to the fibula. C, The dissec-
tion continues between the deep posterior com-
partment and the intermuscular septum between
the tibia and fibula. A large Hohmann’s retractor
can be placed around the posterior aspect of the
tibia to allow direct observation and bone grafting.

potential for tibial remodeling occurs in young children
(girls less than 8 years old and boys less than 10 years old)™
who have single-plane deformities, procurvatum, varus de-
formities, and deformities that are close to the physis.”
Rotational deformities are rare following tibial diaphyseal
fractures in children and generally do not require operative
treatment when they do occur. At the time of reduction,
rotational malalignment should not be accepted, since re-
modeling of this deformity does not generally occur, espe-
cially in the older child.**** Shannak reported a 3 percent
incidence of rotational deformities following closed tibial
fractures; all were in children more than 11 years old.*
We prefer to observe rotational deformities of less than 30
degrees and perform a derotational tibial osteotomy at the
supramalleolar level together with a fibular osteotomy when
a greater than 30 degree deformity persists 2 years following
injury. Proximal osteotomies are performed only if most of
the deformity is in the proximal aspect of the tibia, since
these corrective procedures are associated with a high inci-
dence of compartment syndrome and neurologic injury.>*

Vascular injury in the child with a tibial fracture is rare
and is most often seen in open tibial fractures.'**>% How-
ever, it can be seen in closed fractures, especially the proxi-
mal metaphyseal or diaphyseal fracture, and is associated
with a high complication rate, especially when recognized
late."” A careful assessment of the distal pulses should be
performed at the initial examination, following reduction,
and serially thereafter. Any question or concern about a
discrepancy in the peripheral pulses, including Doppler ex-
aminations, should prompt an immediate arteriogram.”'"'
Proximal tibial metaphyseal and diaphyseal fractures are at
risk for injuring the anterior tibial artery due to its proximity
and tethering by the soft tissues; this artery and can also be
injured with posteriorly directed distal tibial fractures. The
treatment of arterial injuries should consist of stabilization
of the bony anatomy, most often with an external fixator,
followed by definitive arterial repair or reconstruction and
four-compartment fasciotomies.

DISTAL TIBIAL METAPHYSEAL FRACTURES

These fractures are similar to proximal metaphyseal fractures
in that they occur in younger patients, are generally torus
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or greenstick fractures, and heal well with closed treatment in
a cast. The greenstick fracture is the most common fracture
pattern: the posterior cortex is fractured while the anterior
cortex undergoes compression, resulting in an impaction
type of fracture.

Treatment consists of cast immobilization for the nondis-
placed fracture or minimally displaced fracture in a young
child, or fracture reduction under conscious sedation or
general anesthesia followed by cast immobilization. In the
young child (less than 6 years old) with a minimally dis-
placed fracture, a short-leg cast may be sufficient to maintain
adequate alignment of the fracture for 5 to 6 weeks. In the
older child or in any child with a displaced fracture, a long-
leg cast with the knee flexed to 40 degrees for 3 to 4 weeks
is necessary, followed by 2 to 3 weeks in a short-leg cast. It
is often necessary to place the cast with the foot in 20 degrees
of plantar flexion to maintain the reduction of the apex-
posterior fracture.

The outcome of these fractures is usually very good,
with prompt fracture healing, little residual angulation, and,
unlike the proximal metaphyseal fracture, no subsequent
angular deformity.

STRESS FRACTURES OF THE TIBIA

The tibia is the most common site for stress fractures in
the pediatric population. Tibial stress fractures are more
common in boys than in girls, and occur most often in
adolescents active in sports.”**’

Patients present with pain over the mid to proximal leg
area but without a history of a traumatic injury. The inci-
dence of these injuries peaks between 10 and 15 years, when
children are participating in strenuous activities that place
undue stress on the tibia. Stress fractures of the fibula are
less common in children and occur at a younger age (3 to
8 years), often in ice skaters.* Usually the children are not
prepared or conditioned for the particular activity they are
involved in. The pain is mild and aching, with onset depen-
dent on activity level and relieved by rest.” Usually the
patient can point to the exact location of the pain, and there
is point tenderness at the level of the stress fracture, without
soft tissue swelling, erythema, or discoloration.

The radiographic findings are usually not present within
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A B
FIGURE 42-154 Tibial stress fracture. A and B, AP and lateral radio-
graphs demonstrating periosteal thickening of the cortex consistent with
a tibial stress fracture. Note the radiolucent area on the anterior cortex
(arrow).

the first 2 weeks from the onset of symptoms but are seen
later as thickening of the cortical surface from periosteal
and endosteal bone formation."*"**# Three phases of radio-
graphic changes have been defined, although these phases
are rarely seen in each patient.” The initial findings include
a radiolucent area within the cortex, followed by periosteal
and endosteal new bone formation and finally the resorption
of this new bone (Fig. 42-154). Occasionally a fracture line
is seen during the second phase. The most common site for
a tibial stress fracture is on the posteromedial or posterolat-
eral aspect.

Tibial stress fractures are often difficult to diagnose from
plain radiographs or may need to be confirmed with other
tests to rule out infection, osteoid osteoma, or osteogenic
sarcomas. The technetium bone scan can help the physician
make the diagnosis earlier than plain radiographs when a
stress fracture is suspected without confirmatory radio-
graphic findings.”"™* The findings on bone scan consist of
increased uptake in a localized area that is sharply demar-
cated. Other tests to confirm the diagnosis include CT and
MRI. CT will demonstrate endosteal and periosteal new
bone formation (Fig. 42—-155), and MRI will demonstrate
intracortical low-signal intensity that is continuous with the
intramedullary space, with surrounding areas of decreased
signal intensity on T1-weighted images."

The mainstay of treatment of tibial stress fractures is
activity modification to decrease the continuous forces
placed on the tibia. The fracture should heal completely
before these activities are resumed. Cast immobilization is
not required unless the patient is uncooperative with treat-
ment. Activity restriction should continue for 6 weeks or
until symptoms completely resolve, followed by gradual re-
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FIGURE 42-155 CT scans of a stress fracture of the tibia. A, Sagittal image demonstrating the thickened anterior
cortex with a radiolucent area in the center. B, Axial image demonstrating thickened cortices and evidence of endosteal
bone formation,



sumption of activities. Stress fractures in children have uni-
versally good outcomes when treated appropriately.

IPSILATERAL FEMORAL AND TIBIAL FRACTURE
(""FLOATING KNEE'")

Children involved in significant trauma can sustain a frac-
ture of the tibia and the ipsilateral femur, the so-called
floating knee. These injuries are relatively uncommon in
children, are usually due to pedestrian—motor vehicle acci-
dents, are often open fractures, and are associated with other
organ system injuries. The results of treatment are generally
satisfactory; however, these injuries are associated with
higher complication rates than an isolated tibial or femo-
ral fracture.

A careful assessment of the soft tissue structures to in-
clude the neurovascular system is very important. These
injuries are often associated with a popliteal artery injury,
and an arteriogram should be obtained whenever any con-
cern for this injury is present.

Treatment of the floating knee in the child depends on
the age and particular injury to the child, including the state
of the soft tissue envelope. In general, we prefer to obtain
stable fixation whenever possible so that loss of reduction

FIGURE 42-156 Treatment of a floating knee in an
11-year-old. A, Injury films demonstrating ipsilater-
al femoral and distal tibial fractures. B, The femoral
fracture was treated with retrograde Enders nailing,
while the distal tibia-fibular fracture was treated with
an ankle-bridging external fixator and percutaneous
screw fixation,
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does not occur. This also provides stability for transporta-
tion. Letts and colleagues reviewed 15 patients, all of whom
had been involved in a motor vehicle accident resulting in
a floating knee and had undergone a variety of treatment
modalities. The worst results were in those patients who
had undergone nonoperative treatment of both fractures,
and they recommended that one or both bones be rigidly
fixed.* Treatment is partially dependent on the age of the
child, with children younger than 7 having good results
when both fractures are treated with a closed reduction and
immobilization in a hip spica cast.” A short period of skeletal
traction is often needed in the young patient with a proximal
femoral fracture. In children 7 years old or older, surgical
stabilization of the femur fracture with flexible intramedul-
lary rodding will provide stable fixation of the fracture and
allow easier manipulation and cast immobilization or exter-
nal fixation of the tibia, and will also prevent angular defor-
mity and shortening (Fig. 42-156). In the adolescent, in
whom the physes are closed, rigid intramedullary fixation
of both the femur and the tibia through a single knee incision
will allow treatment without external immobilization and
will allow early weightbearing and range-of-motion exercises
of the knee and ankle. Alternatively, the tibia can be placed
in a cast, internally fixed, or externally stabilized.




2390 =+

Musculoskeletal Injuries

The results of treatment of the ipsilateral femoral and

tibial fracture in children are generally satisfactory; however,
complication rates can be high. Complications include mal-
union, premature physeal closure, nonunion, pin tract infec-
tion, limb length discrepancy, and knee ligament injuries.
Yasko and colleagues reported a 29 percent complication
rate, with four of six patients requiring additional surgical
procedures, including bone grafting for tibial nonunion and
an osteotomy for angular deformity.'” It is important to
evaluate the stability of the knee joint at the time of the
initial evaluation, since many patients return at follow-up
with unrecognized ligamentous injuries.’”
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The Ankle

ANATOMY

The distal tibial epiphysis ossifies between 6 and 12 months
of age while the medial malleolus appears at 7 years in girls
and 8 years in boys. The medial malleolus usually ossifies
as a downward extension of the distal tibial ossific nucleus,
although it may develop as a separate center of ossification
and can be mistaken for a fracture line. The distal aspect
of the tibia is completely ossified by 14 to 15 years of age
and fuses with the diaphysis at 18 years of age. The physis
closes beginning centrally, then medially, and continuing
laterally, with the entire process lasting approximately 18
months. This is responsible for the fracture patterns seen
in the distal tibia prior to complete physeal closure leading
to physeal fractures of the lateral distal tibial physis without
injury to the medial side. The distal tibial physis contributes
45 percent of the growth of the tibia. The distal fibula ossifies
during the second year of life, usually between the ages of
18 and 20 months. This physis usually closes 12 to 24 months
later than the distal tibial.

The ankle joint is composed of the dome of the talus
and the distal aspect of the tibia and fibula, which are joined
together by the syndesmosis composed of three distinct liga-
ments: the inferior transverse ligament and the anterior
and posterior inferior tibiofibular ligaments (Fig, 42—-157).
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FIGURE42-157 Theankle syndesmosis, anterior and posterior views. The syndesmosis is composed of the interosseous
ligament, the anterior and posterior inferior tibiofibular ligaments, and the inferior transverse ligament posteriorly.

Ligamentous structures stabilize the distal tibia-fibula com-
plex to the talus and foot. On the medial aspect of the ankle
the medial malleolus is attached to the foot by the deltoid
ligament, which has a deep component attaching to the talus
(the anterior tibiotalar ligament) and a superficial compo-
nent that is composed of three distinct ligaments and named
according to the anatomy that they span—the calcaneotib-
ial, tibionavicular, and posterior talotibial ligaments (Fig.
42-158). The lateral aspect of the ankle is stabilized by three
ligaments that originate at the lateral malleolus and insert
onto the talus (anterior and posterior talofibular ligaments)
and the calcaneus (calcaneofibular ligament). The attach-
ment of these ligaments to the distal tibia and fibula occurs
at the epiphysis, distal to the physis. Since ligamentous struc-
tures are stronger than the physis in the child, avulsion-type
injuries are common,.

For the purposes of classifying injuries to the distal tibia,
four major headings will be used in the discussion of injuries
and their treatment:

Ankle fractures:

Supination-inversion
Supination-plantar flexion
Supination-external rotation
Pronation-eversion-external rotation
Axial compression

Other physeal injuries

Tillaux fractures

Triplane fractures

Distal fibular fractures

Calcaneotibial

FIGURE42-158 The medial collateral ligamentous complex of the ankle.

ANKLE FRACTURES

Fractures of the distal tibia and fibula are relatively common,
being second only to distal radius fractures as the most
common physeal fractures in children.'® This is due to the
horizontal orientation of the physis and the strong ligamen-
tous attachments distal to the physis. Fractures of the distal
tibia and fibula occur most commonly between 10 and 15
years of age and are more common in boys than in girls.
These physeal injuries more often require operative inter-
vention than fractures of the distal radius and are also more
likely to be associated with subsequent premature growth
arrest.

Classification. The Salter-Harris classification for physeal
fractures is well-known, easy to use, describes the anatomic
characteristics of distal tibial injuries, provides treatment
guidelines, and best prognosticates the status of the growth
plate. However, the complexity of the ankle anatomy and its
ligamentous attachments, together with various deforming
forces at the time of ankle injury, makes it important to use
a classification scheme that provides information as to the
mechanism of injury. This is most important in predicting
the likelihood of achieving a closed reduction and in de-
termining the type of maneuver necessary to achieve reduc-
tion. The first mechanistic classification of ankle fractures
in children was proposed by Bishop, who modified the adult
Ashhurst-Bromer classification.'® Carothers and Crenshaw
further modified the classification to include the direction
of the injuring force.” The most commonly used ankle classi-
fication in adults was described by Lauge-Hansen and is
based on three characteristics: the position of the foot at
the time of injury, the axial load at the time of injury, and
the direction of the deforming force."*''® However, this
classification does not specifically apply to children since it
does not take into account the presence of the distal physis
of the tibia and fibula. Therefore, Dias and Tachdjian modi-
fied the Lauge-Hansen classification to include the Salter-
Harris classification so that it applies to injuries in chil-
dren.™ The original classification defined four types of
fractures, each with a two-part name: the first term refers
to the position of the foot at the time of injury and the
second to the direction of the deforming force, with grades
of injury described in increasing severity (Fig. 42—159). Sub-
sequently the last four types of fractures were added: the
juvenile Tillaux, triplane, axial compression, and miscellane-
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Supination-

Supination-Inversion
Plantar Flexion

Supination-
External Rotation

Pronation-Eversion
External Rotation

FIGURE 42-159 A to D, The Dias-Tachdjian modification of the Lauge-

Hansen classification for ankle fractures in children.

ous physeal injuries.”® To fully utilize this classification, the
following characteristics should be defined: the Salter-Harris
type of injury, the direction of the fracture line, the direction
of displacement of the epiphyseal-metaphyseal fracture frag-
ment, and the relation of this fracture fragment to localized
swelling and tenderness.

SUPINATION-INVERSION INJURY. This injury occurs with an in-
version deforming force applied to the foot in the supi-
nated position.

Grade | injuries occur when traction by the lateral liga-
ments produces a Salter-Harris type I or II fracture of the
distal fibular physis. The fracture may occasionally be at
the tip of the lateral malleolus, and rarely, injury of the
lateral ligaments occurs. Displacement of the distal fibular
epiphysis is minimal, and injury to the distal fibular physis
may go undiagnosed because of this minimal displace-
ment.

Grade 11 injuries are a continuation of the grade I injury
in which the talus is further pushed medially against the
medial malleolus and tilts the talus up into the medial half
of the distal end of the tibia (Fig. 42—160). This results in
a Salter-Harris type III or IV injury. The type III fracture
extends from the articular surface to the zone of the hyper-
trophic cartilage cells of the physis, exiting medially. In the
type IV fracture the epiphysis, physis, and a portion of the
metaphysis are completely split, with upward displacement
of the medial fragment (Fig. 42-161). A Salter-Harris type
11 fracture of the distal tibia occasionally occurs in which
the distal tibial fracture involves the lateral physis and exits
medially through a metaphyseal fracture. Rarely, the fracture
extends through the distal tibial physis only, resulting in a
Salter-Harris type I injury.
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FIGURE 42-160 Grade II supination-inversion injury pattern in a 12-
year-old who sustained a distal tibial Salter-Harris type III fracture and a
displaced Salter-Harris type | distal fibular fracture as a result of an inversion
injury of the ankle.

SUPINATION-PLANTAR FLEXION INJURY. This injury occurs with
the foot fixed in full supination while a plantar flexion force
is exerted on the ankle (Fig. 42-162).

The most common fracture pattern is one in which a
Salter-Harris type II physeal injury of the distal tibial phy-
sis occurs with posterior displacement of the epiphyseal-
metaphyseal fracture fragment and no fracture of the fibula.
The metaphyseal fragment of the tibia is posterior and is
best seen on the lateral radiograph (Fig. 42—163).

SUPINATION-LATERAL ROTATION FRACTURE. This injury occurs
with the foot fixed in full supination while a lateral rotation
force is exerted on the ankle (Fig. 42—-164).

Grade [ injuries result in a Salter-Harris type II fracture
of the distal tibial epiphysis with a posterior metaphyseal-
diaphyseal fragment and posterior displacement of the frac-
ture. The distal tibial fracture begins on the lateral distal
aspect and spirals medially and proximally. The fibula re-
mains intact (Fig. 42-165). This fracture is very similar to
the supination-plantar flexion injury, especially when seen
on the lateral radiograph: however, the distinction is that
the distal tibial fracture line begins on the distal lateral aspect
and spirals medially when viewed on the AP view.

Grade II injuries result from a further lateral rotation
force that produces a spiral fracture of the fibula. The frac-
ture begins medially and extends superiorly and posteriorly.

PRONATION-EVERSION-LATERAL ROTATION FRACTURE. This injury
results when an eversion and lateral rotation force is applied
to the fully pronated foot (Fig. 42—166). Typically, a Salter-
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FIGURE 42-161 Grade Il is a supination injury pattern in which treat-
ment was not undertaken. There is a partially healed Salter-Harris type IV
injury of the distal tibia and a Salter-Harris type [ injury of the distal fibula.

Harris type I or II fracture of the distal tibia occurs, together
with a transverse or short oblique fibular fracture located 4
to 7 cm proximal to the tip of the lateral malleolus. When
a Salter-Harris type II fracture occurs the metaphyseal frag-
ment is located laterally or posterolaterally and the distal
tibial fragment is displaced laterally and posteriorly (Fig.
42-167).

AXIAL COMPRESSION INJURIES AND OTHER PHYSEAL INJURIES. These
Salter-Harris type V injuries occur from an axial load applied
to the distal tibia and are often recognized late because of
subsequent physeal arrest. They are rare injuries, accounting

FIGURE42-162 The supination plantar flexion injury. The injury occurs
through the anterior aspect of the distal tibial physis and exits through the
posterior aspect of the tibial metaphysis.

for less than 1 percent of all distal tibial physeal or ankle
fractures.” When this injury is suspected and it is difficult
to ascertain from radiographs whether a Salter-Harris type
V fracture has occurred, MRI may be helpful in identifying
this injury.””

Other physeal injuries are fractures that cannot be classi-
fied according to the current ankle fracture classification,
among them stress fractures and miscellaneous injuries of
the distal fibula.

Diagnostic Features. The patient with an ankle fracture
usually describes a twisting injury to the ankle but is unable
to precisely define the position of the foot or the deforming
force at the time of injury. The history provided by the
patient with an ankle fracture is slightly different from the
history provided by a patient with an ankle sprain in that
the fracture patient will have pain at the time of the initial
injury that persists on weightbearing. The patient with an
ankle sprain has initial pain at the time of the injury, followed
shortly by some relief of the pain, which slowly returns with
increasing swelling and progressive pain with weightbearing.

The physical examination should include a visual inspec-
tion of the skin for lacerations and for evidence of an open
fracture, The site of any ecchymosis and predominant area
of swelling will provide some clue as to the nature of the
injury and the deforming forces. The distal pulses should
be evaluated and a good neurologic examination performed,
as well as an assessment of the soft tissue envelope to ensure
that an impending compartment syndrome is not present.
The ankle should be evaluated for specific areas of tenderness
over the bony anatomy, especially the medial and lateral mal-
leoli, the anterior tibia, and the tibial and fibular shafts. In the
young child it is especially important to determine whether
tenderness is present over the distal fibular physis and/or dis-
tal medial tibial physis, since radiographs may not show a
Salter-Harris type I fracture. Tenderness of the soft tissue
structures of the ankle should also be assessed, especially the
lateral ankle ligaments (anterior and posterior talofibular and
calcaneofibular ligaments). Examination of the medial ankle
ligaments is especially important in the isolated distal fibular
fracture. Tenderness medially in this situation requires a care-
ful assessment of the stability of the ankle, and in the older
patient requires internal fixation of the fibular fracture.'-%
Although rare, subluxation of the peroneal tendons is often
missed, mistaken for an ankle sprain or a distal fibular frac-
ture.®>142% Tenderness posterior to the distal fibula with sub-
luxation of the peroneal tendons elicited on dorsiflexion and
eversion of the ankle confirms the diagnosis, and operative
treatment usually provides good results.”™

The radiographic examination of a suspected ankle frac-
ture should include AP, lateral, and mortise views of the
ankle (Fig. 42-168). If only two views can be obtained, it
is best to obtain the mortise and lateral views and omit the
AP view. The radiographs should be closely inspected for
fracture, the relationship of the tibia and fibula, and to
ensure that the mortise is intact by comparing the joint space
throughout the mortise, confirming that there is symmetry
throughout. In those injuries in which there is suspected
instability with an innocuous-appearing fracture, stress x-
rays should be obtained (Fig. 42-169).

Accessory centers of ossification may be seen on the
medial and lateral aspects of the ankle, are commonly bilat-
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FIGURE 42-163 Radiographic appearance of a supination plantar flexion injury. A, Lateral radiograph showing the
posterior metaphyseal fragment on the distal tibia. B, AP radiograph similarly demonstrating this metaphyseal fragment

on the distal tibia, and also the distal fibular fracture.

eral, and can be seen on both the medial and lateral aspects
of the foot (Fig. 42—170).77!""1181% On the medial side the
os subtibiale can be seen in up to 20 percent. On the lateral
side the os subfibulare is seen less often, in only 1 percent
of cases.'” This is often mistaken for an avulsion injury and
is best evaluated by assessing the presence of tenderness
distal to the medial and lateral malleoli.

Treatment. The mechanistic classification described by
Dias and Tachdjian is invaluable in understanding the de-
forming forces of the fracture and therefore the reduction

Supination-
External Rotation
FIGURE 42-164 The supination lateral rotation fracture pattern.

maneuver required to obtain a satisfactory reduction. The
majority of ankle fractures in children can be treated with
closed reduction followed by external immobilization; there-
fore, a thorough understanding of this classification and the
mechanism of injury is important. The type of anesthesia
required for a closed reduction of ankle fractures in children
depends on the age of the child, the type of fracture, and
the amount of fracture displacement. A young child with a
minimally displaced fracture that can be easily reduced with-
out a great deal of force may only require a hematoma
block, while a larger child with a significantly displaced
fracture may need conscious sedation or a general anesthetic.
As in any physeal injury, the reduction should be performed
as gently as possible and as soon as possible to avoid having
to use considerable force. Each day of delay will make it
more difficult to achieve fracture reduction and places the
viability of the physis at risk when a forceful reduction is
required. When the time from injury to treatment is 10 days
or more, we recommend that reduction be avoided, since
excess force is required for reduction and has a high likeli-
hood of injuring the physis. The initial deformity is accepted,
especially when it is in the sagittal plane, and time is allowed
for remodeling to occur, If the deformity is in the coronal
plane and the fracture is seen late, we prefer to allow fracture
consolidation, preserving the growth of the distal tibial phy-
sis, followed by corrective osteotomy at a later date.
When operative treatment is required, the Salter-Harris
classification is used to guide the surgeon in the treatment
plan. In addition, the Salter-Harris classification provides
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better prognostic predictions, as it correlates with the inci-
dence and type of complications.”” In a review of 237 frac-
tures of the distal tibia, three groups of fractures were identi-
fied based on the risk of developing complications and were
best correlated with the type of fracture (Salter-Harris classi-
fication), the severity of displacement or comminution, and
the adequacy of reduction.””

The primary indications for operative treatment of ankle
fractures in children are inability to obtain or maintain
a closed reduction, displaced physeal fractures, displaced

Pronation-Eversion
External Rotation

FIGURE 42-166 The pronation-eversion-lateral rotation fracture pat-
tern.

FIGURE 42-165 A and B, Radio-
graphic appearance of a supination-lat-
eral rotation fracture pattern. The distal
tibia fracture begins distally-laterally and
spirals proximally-medially. The distal
fibula has sustained a spiral fracture as a
result of the external rotation force.

articular fractures, open fractures, and ankle fractures with
significant tissue injury.

The following treatment outline uses the Salter-Harris
classification as a framework to guide fracture treatment
and the Dias-Tachdjian classification principally to identify
the deforming forces and the type of closed reduction ma-
neuvers.

SALTER-HARRIS TYPE I AND II DISTAL FIBULAR FRACTURES. Type I
fracture of the fibula is the most common fracture of the
ankle in children and is often misdiagnosed as an ankle
sprain. Because children are more likely to sustain physeal
injuries than ankle sprains, the surgeon should have a high
index of suspicion that an injury to the distal fibular physis
has occurred. The mechanism of injury is usually inversion
of the supinated foot and can be associated with a distal
tibial physeal fracture. The average age of patients with a
type I injury is 12 years, while type II injuries are seen in
younger patients, with an average age of 10 years.*”

The physical examination begins with inspection of the
lateral aspect of the ankle to identify swelling and ecchymo-
sis, followed by palpation of the distal physis and the lateral
ligaments. In addition, the medial aspect of the ankle, includ-
ing the ligaments and the medial malleolus, should be pal-
pated. The undisplaced Salter-Harris type I injury is most
often not seen on radiographs; however, a soft tissue swelling
is seen directly over the distal fibular physis and the diagnosis
is confirmed by the presence of tenderness. Salter-Harris
type II fractures and displaced Salter-Harris I fractures are



FIGURE 42-167 Radiographic appearance of a pronation-eversion-lat-
eral rotation injury. Note the Salter-Harris type II fracture of the distal
tibia with the metaphyseal fragment on the lateral aspect. The distal fibular
fracture is a transverse fracture that occurs just proximal to the syndesmosis.

easily identified and are often associated with a distal tibial
Salter-Harris type III or IV injury.

Treatment of the isolated nondisplaced distal fibular
Salter-Harris type I injury is a short-leg walking cast for 4
weeks. The displaced fracture requires a closed reduction
and a short-leg nonweightbearing cast for 4 to 6 weeks.
Complications from this injury are rare, although Spiegel
and colleagues reported that three of 16 patients had prema-
ture symmetric physeal closure, with two of the patients
having subsequent shortening.*” Salter-Harris type II frac-
tures can be treated with a short-leg nonweightbearing cast
for 4 to 6 weeks and usually heal without complications.””
The displaced distal fibular fracture associated with a dis-
placed distal tibial fracture will usually reduce on reduction
of the tibial fracture. The reduction is usually stable and
does not require internal fixation.

SALTER-HARRIS TYPE I TIBIAL FRACTURES. This injury is relatively
rare in children, accounting for approximately 15 percent of
all distal tibial-fibular fractures in children. It occurs in the
younger child (average age, 10 years).”” All four mechanisms
of injury described by Dias and Tachdjian can result in this
injury,™* and the exact mechanism can be determined by the
location of the fracture fragments at the time of the initial
radiographic examination. An associated fibular fracture is
seen in approximately 25 percent of tibial fractures and helps
determine the mechanism of injury. Treatment consists of
gentle closed reduction, with reversal of the original mecha-
nism of injury, followed by cast immobilization. We prefer
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a long-leg cast for most fractures, especially those that are
displaced at the time of the initial injury. A short-leg cast can
be applied beginning at 4 weeks and worn for an additional
2 weeks. Complications from these injuries, although rare,
include premature physeal arrest with subsequentlimb length
discrepancy, which has been reported in 3 percent of cases.
Growth stimulation on the affected side has also been re-
ported but does not usually exceed 1.5 cm.™

SALTER-HARRIS TYPE II DISTAL TIBIAL FRACTURES. This injury is
the most common distal tibial physeal injury in children,
accounting for 40 percent of all ankle fractures.”” The aver-
age age of these children is 12.5 years, and an associated
fibular fracture occurs in the diaphysis in approximately 20
percent of cases. The mechanism of injury can be any of
the four mechanisms described by Dias and Tachdjian; how-
ever, the most common are supination-external rotation (57
percent) and supination-plantar flexion injuries (32 per-
cent), while pronation-eversion and miscellaneous injuries
each account for 5 percent.”” The location of the metaphys-
eal fragment is most helpful in determining the mechanism
of injury. A posterior metaphyseal fragment indicates a supi-
nation-plantar flexion injury and therefore requires a rever-
sal of this mechanism with anterior displacement of the
distal fragment to reduce the fracture (Fig. 42-171).

Treatment of nondisplaced fractures require a well-
molded long-leg plaster cast, which can then be overwrapped
in fiberglass for 3 to 4 weeks and changed to a short-leg
cast for an additional 2 to 3 weeks. The displaced Salter-
Harris type II fracture requires a gentle closed reduction,
which should be performed under sedation or a general
anesthetic to allow muscle relaxation so that further injury
to the physis is limited. A long-leg cast should be worn for
4 weeks, followed by a short-leg cast for 2 to 3 weeks. A
closed reduction should include initial flexion of the knee
90 degrees and plantar flexing of the foot to relax the triceps
surae. An assistant should apply countertraction to the thigh
while the surgeon grasps the foot at the heel while steadying
the distal tibia with the opposite hand. Axial traction on
the distal segment is first applied in line with the deformity,
followed by manipulation opposite the initial deforming
force (Fig. 42—172). For supination-external rotation inju-
ries, distal traction is first applied medially, followed by
eversion of the foot. A plaster cast is first applied distal to
the knee, with the foot slightly internally rotated and in
pronation to maintain reduction of the fracture. For the
supination-plantar flexion injury the reduction maneuver
includes initial axial traction with the foot in the plantar
flexed position, followed by gradual dorsiflexion of the foot
to approximately 20 degrees. The foot should then be placed
into a neutral position and a provisional short-leg plaster
cast applied. After a radiograph of the ankle confirms that
an adequate reduction has been achieved, the cast is extended
above the knee. For the pronation-eversion injury the reduc-
tion maneuver consists of in-line traction with the foot
in a pronated position, followed by gentle supination and
inversion of the foot past the neutral position, followed by
casting of the leg.

It is imperative that the patient be relaxed during the
reduction maneuver to limit the number of attempts to
achieve an adequate reduction. Relaxation can be achieved
with adequate conscious sedation in the emergency room
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FIGURE 42-168 A complete radiographic examination for suspected ankle fracture should include lateral, mortise,
and AP views of the ankle.

B

FIGURE42-169 Stress radiographs obtained with the examiner inverting the foot in an attempt to define a ligamentous
injury. A, Normal stress radiograph with less than 20 degrees of talar tilt. B, Abnormal stress radiograph with more
than 20 degrees of talar tilt.
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FIGURE 42-170 Accessory centers of ossification. A, An accessory center of ossification on the medial malleolus
(arrows) in a 10-year-old patient. B, AP and lateral radiographs demonstrating a lateral accessory center of ossifica-

tion (arrows).

or with general anesthesia in the operating room. This is
best judged by the treating surgeon and depends on the age
of the child, the amount of fracture displacement, the type
of fracture, and the quality of the conscious sedation pro-
vided by the emergency room. Any active guarding by the
patient during the initial in-line traction maneuver warrants
more medication to sedate the patient or changing the plan
to include a general anesthetic so that an unimpeded initial
attempt at a closed reduction can be performed. This will
allow the best attempt at a closed reduction and instills
confidence in the surgeon that a failed attempt at closed
reduction is due to interposition of periosteum or other soft
tissue and not to resistance by the patient. If an attempt at
closed reduction does not succeed, open reduction should
be performed, with removal of interposed soft tissue. This
situation most often arises in the patient with a supination-
plantar flexion injury in which the anterior periosteum is
torn and interposed in the fracture site, preventing reduc-
tion. Grace reported three cases of irreducible Salter-Harris
type II fractures of the distal tibia that were due to interposi-
tion of the anterior neurovascular bundle; the result was
a dysvascular foot in two cases after a closed reduction.”
Satisfactory results are achieved when an open reduction
with removal of the interposed soft tissue is performed,
followed by external immobilization in a long-leg cast.

A balance exits between repeat closed reductions and ac-
ceptance of the reduction in order to avoid premature growth
arrest. The amount of fracture displacement that is acceptable
has not been fully established or agreed upon.* We prefer to
obtain a near anatomic reduction of these injuries to prevent
residual angular deformity, especially in the child older than
10 years, and when the deformity is in the coronal or frontal
plane. An initial reduction attempt can be performed under
adequate intravenous sedation in the emergency room; how-
ever, failure to achieve an adequate reduction should be fol-
lowed by a repeat reduction performed under general anes-
thesia, followed by an open reduction if necessary. Speigel and
colleagues reported that Salter-Harris type II fractures of the
distal tibia do not remodel an angular deformity, and an ana-
tomic reduction is necessary.*”

SALTER-HARRIS TYPE III DISTAL TIBIAL FRACTURES. These injuries
occur in approximately 20 percent of all distal tibia-fibular
fractures in children, with an average age of 11 to 12 years.””
The mechanism is always a supination-inversion injury as de-
scribed by Dias and Tachdjian and is associated with a distal
fibular fracture in 25 percent of cases. The supinated foot sus-
tains an inversion force that stresses the lateral ligaments of

*See references 33, 105, 106, 165, 186, 203,
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the ankle, avulsing the distal fibula while driving the talus into
the medial aspect of the distal tibia. The epiphyseal fracture
component of the Salter-Harris type [II fracture is always me-
dial to the midline, not to be mistaken for a Tillaux or triplane
fracture when the epiphyseal fracture is at the midline or lat-
eral to it (Fig. 42—173). Treatment of nondisplaced fractures
consists of 4 weeks in along-leg cast, followed by an additional
4 weeks in a short-leg cast. The initial plaster cast should be
placed with the foot in 5 to 10 degrees of eversion, with a good
mold on the medial aspect of the ankle. Spiegel and colleagues
reported results in 26 patients with mildly displaced or non-
displaced type III fractures treated by closed reduction, with
one patient developing a premature closure of the medial phy-

FIGURE 42-171 A supination plantar flexion injury. A, In-
jury films demonstrating the distal posterior tibial metaphyseal
fragment and the fibular fracture. B, Postreduction films dem-
onstrating acceptable reduction. C, At 1-year follow-up, radio-
graphs demonstrate healing in an anatomic position.

sis and a resultant 5-degree angular deformity.”” Careful
follow-up of these fractures on a weekly basis to ensure main-
tenance of fracture reduction is essential.

Fractures that are displaced more than 2 mm should be
reduced in the operating room with either a closed or open
reduction followed by screw fixation. We prefer to view
the articular cartilage in the displaced distal tibial fracture
through a small, 3- 4-cm anterior arthrotomy using the
interval between the extensor digitorum longus and the
extensor hallucis longus (Fig. 42—174). The fracture can
then be reduced using a Weber bone reduction forceps
and rigidly fixed with a percutaneously placed screw. The
cannulated screws (3.5 or 4.0 mm) are useful in this setting;
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FIGURE 42-172 Reduction of ankle fractures. A, Following conscious
sedation, the leg can be placed over the hospital bed. Axial traction is
applied, followed by reversal of the mechanism of injury. B, A temporary
short-leg cast is then placed and allowed to set in the desired position.
The cast is then extended proximally above the knee for optimal con-
trol.

B

however, complications are relatively common,'® and the
purchase achieved is often marginal. An alternative is to use
the small-fragment 3.5- or 4.0-cm screw, which can also
be placed percutaneously under flouroscopic guidance and
provides excellent bone purchase and fracture compression
(Fig. 42—175). Short-leg cast immuobilization is required for
6 weeks, followed by progressive weightbearing. The results
of operative fixation of these displaced fractures are gen-
erally good, with an approximately 15 percent incidence of
premature physeal closure and subsequent angular de-
formity.”” When displaced fractures are not reduced anatom-
ically, early degenerative arthritis can occur, and onset of
painful symptoms begins 5 to 8 years following the in-
jury.” In addition, those patients treated with a closed reduc-
tion tend to have a growth disturbance secondary to a bony
bridge.'”

SALTER-HARRIS TYPE IV DISTAL TIBIAL FRACTURES. These fractures
are rare, accounting for approximately 1 percent of injuries
of the distal tibia in children.® The mechanism of injury
is a supination-inversion injury in which the talus is pushed
medially into the medial malleolus, with a fracture line
traveling from the articular surface through the epiphysis
and metaphysis.

We prefer an open reduction with internal fixation for
these fractures, since most are displaced and the fracture
line extends into the joint. These fractures are likely to be
associated with subsequent early degenerative arthritis and
growth arrest if not treated with open reduction and internal
fixation.'” The approach is similar for a medial malleolus
fracture in which the skin incision is curvilinear with the
convexity anterior to allow direct viewing of the intra-articu-
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lar component as well as the metaphyseal fragment (Fig.
42—176). The saphenous vein is dissected free of soft tissue
to allow posterior retraction out of the surgical site, then
both the intra-articular and metaphyseal fracture lines are
identified. Reduction is performed with a bone-reduction
forceps and screw fixation parallel to the physis in the epiph-
ysis and the metaphysis (Fig. 42—177). Smooth Steinmann
pins or Kirschner wires can be used; they are left out of the
skin and removed at 6 weeks. Postoperatively a long-leg cast
should be worn for 3 to 4 weeks, followed by a short-leg
cast for an additional 3 weeks.

After treatment of these fractures, monitoring of the distal
tibial physis with serial radiographs and/or scanograms ev-
ery 6 months is warranted. If growth arrest is suspected,
screw removal followed by CT or MRI is necessary to fully
define the presence and extent of a physeal osseous bridge.
Otherwise we do not routinely remove internal fixation
devices for these fractures.

The use of bioabsorbable pins and screws has been re-
ported in adult ankle fractures, with mixed results,!*!%20:2687
We do not have any experience with these devices in the
care of the distal tibial fracture in children.

SALTER-HARRIS TYPE V DISTAL TIBIAL FRACTURES. These injuries
are extremely rare, are due to an axial compression force,
and are usually noted following the appearance of a physeal

FIGURE 42-173 Radiographs of a Salter-Harris type III fracture due
to a supination-inversion injury, in which the talus drives into the me-
dial malleolus. Note the epiphyseal fracture line medial to the midline,
unlike the Tillaux fracture, which is located more laterally in the epiphy-
515,



Tibialis anterior
in tendon sheath

FIGURE 42-174 Anterior approach
to the medial ankle joint. An incision is
made over the anterior tibialis tendon.
The incision is carried just distal to the
ankle joint. The tendon sheath is left
intact, and the incision is carried just
medial to this. This will preserve the
tendon and allow access to the medial
aspect of the ankle joint, to visualize
Salter-Harris type III injuries.

Joint capsule
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FIGURE 42-175 Open reduction and internal fixation of a Salter-Harris type III distal tibia fracture. A, Injury
radiograph showing supination-inversion injury of the ankle, with a resultant Salter-Harris type III distal tibial fracture.
B, AP and lateral radiographs obtained after an open reduction using the anterior approach to the ankle, as noted in
Figure 42—174, followed by percutaneous screw fixation using cannulated screws. Note the reduction and the screw
fixation to achieve compression across the fracture site.

Fracture

Long
saphenous
vein and
saphenous
nerve

Saphenous
vein and nerve

FIGURE 42-176 The approach to the
medial ankle in the treatment of Salter-
Harris type IV fractures of the distal tibia.
A curvilinear incision is made over the an-
terolateral aspect of the distal tibia. This
allows access to the medial aspect of the
joint and direct observation of the fracture
fragment. The long saphenous vein and sa-
phenous nerve are retracted posteriorly.
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FIGURE 42-177 Open reduction and internal fixa-
tion of a Salter-Harris type IV distal tibial fracture due
to a supination-inversion injury. A, AP radiograph dem-
onstrating the fracture. Although it is mildly displaced,
there is a significant risk for further displacement.
B, Intraoperative radiographs obtained following open
reduction and internal fixation with cannulated screws.

arrest of the distal tibia after trauma without radiographic
findings. The mechanism of injury to the physis is either
compression of the germinal layer, vascular insult, or both.
These injuries should be analyzed in the same fashion as all
physeal arrests and treated appropriately.

Complications

PREMATURE CLOSURE OF THE PHYSIS. Injury to the germinal layer
of the physis may lead to asymmetric or symmetric growth
arrest. This is the most common complication following a
distal tibial physeal injury in children. Those fractures at
highest risk are the displaced Salter-Harris type III and IV
injuries.* Although it is the most common complication
seen with these injuries, it is still relatively rare. Spiegel and
colleagues reported findings in 39 patients with a Salter-
Harris type III or IV fracture who had adequate follow-up.
Premature growth arrest developed in three (7.7 percent) pa-
tients.””

The adduction force imparted in these fractures leads to

*See references 33, 45, 54, 55, 71, 110, 143, 165, 203.
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injury to the medial aspect of the distal tibial physis, produc-
ing an asymmetric growth arrest and a subsequent varus
deformity. Kling and colleagues reported findings in 16 pa-
tients with Salter-Harris type III injuries and 12 patients
with Salter-Harris type IV fractures who experienced growth
arrest of the distal tibia with subsequent varus and shorten-
ing.'” The average age of the patients was 8 to 9 years, and
the time to the development of partial physeal growth arrest
was 17 months for type III fractures and 20 months for type
IV fractures. The average shortening was 1.6 and 1.1 cm for
the type III and type IV injuries respectively, and both types
of fracture had an average varus deformity of 15 degrees.
Most of these fractures had been treated by closed reduction
followed by external immobilization in a cast. Kling and
colleagues studied a second group of 20 patients who pre-
sented to their institution with an acute Salter-Harris type
III or IV fracture that was treated by open reduction and
internal fixation; 19 healed without evidence of a growth
disturbance. It is therefore imperative to achieve an ana-
tomic reduction through an open arthrotomy, followed by
stable internal fixation to prevent this complication. Even
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though an anatomic reduction is achieved, significant injury
to the growth plate at the time of the initial event may lead
to subsequent growth arrest (Fig. 42—178).” The Salter-
Harris type II fracture with significant displacement at the
time of injury is also at risk for development of a premature
growth arrest and should be treated by open reduction and

D

internal fixation if an anatomic reduction cannot be achieved
closed. Spiegel and colleagues reported that six (9 percent)
of 66 patients with Salter-Harris type II fractures developed
an angular deformity of more than 5 degrees following
closed treatment.””

It is important to follow patients with distal tibial physeal

E

FIGURE 42-178 Distal tibial growth arrest following a Salter-Harris type III fracture in a 9-year-old girl. A, Injury
radiographs. B, An open reduction with screw fixation was performed. C, Varus deformity of the distal tibia developed
secondary to a medial physeal bar. D, CT scan showing a distal tibial physeal growth arrest (arrow). E, Postoperative
radiograph obtained after excision of a physeal bar, followed by fat interposition for a distal tibial physeal growth
arrest. Small K-wires were placed on both sides of the resection. Their distance should increase if the physis resumes

symmetric growth.



injuries closely during the first 2 years after the injury.
Physeal arrest can appear more than 2 years after the injury,
and therefore follow-up should extend until near skeletal
maturity. When growth arrest is suspected on plain radio-
graphs, further diagnostic studies should be performed. The
plain radiographs should be analyzed for evidence of an
osseous bar within the physis. Park-Harris growth arrest
lines should be observable and can be helpful in determining
the presence of premature asymmetric growth arrest.* Inter-
nal fixation devices should be removed prior to further
studies, which should include CT or MRI (see Fig. 42—
178D). The treatment of growth arrest depends on its loca-
tion, size, and the amount of growth remaining. In general,
when there is more than 2 years of growth remaining and
the physeal arrest is less than 50 percent the width of the
physis, we prefer to resect the osseous bar and replace the
area with adipose tissue or cranioplast (see Fig. 42—178E).
Small metal markers should be placed in the epiphysis and
metaphysis to allow accurate assessment of future growth
and the success of this procedure. When the patient is closer
to skeletal maturity (girls older than 11 years and boys older
than 13 years), an epiphysiodesis of the lateral aspect of the
tibial physis and the entire fibular physis is performed. This
procedure should be combined with a contralateral epiphysi-
odesis to prevent a large limb length discrepancy. If signifi-
cant varus deformity is present at the time of the epiphysi-
odesis, an opening wedge osteotomy of the tibia can be
performed together with a fibular osteotomy. The opening
wedge osteotomy is made 2 cm proximal to the distal physis
with interposition of tricortical iliac crest graft and fixation
with crossed Kirschner wires or screws, while the fibula is
cut obliquely proximal to the tibial cut (Fig. 42—179). Exter-
nal cast immobilization is used until healing of the osteot-
omy occurs. Takakura and associates recently reviewed the
results in seven adult and two adolescent patients who had
undergone an opening wedge osteotomy for posttraumatic
varus of the ankle.” Both adolescent patients had a signifi-
cant improvement in their preoperative ankle scores and
had resumed athletic activities.

DELAYED UNION OR NONUNION. This is a very rare complication
in younger children, although it may occur in the adolescent
with a distal tibial fracture. In the largest series of distal tibial
fractures reported in children, no patients were reported to
develop a nonunion or delayed union. If nonunion is pres-
ent, we prefer an open procedure to debride fibrous tissue
at the fracture site, followed by autologous bone grafting
and internal fixation, especially if there is motion at the
fracture site.

VALGUS DEFORMITY SECONDARY TO MALUNION. This complication
usually results from inadequate reduction of a pronation-
eversion-lateral rotation fracture. A valgus tilt of the ankle
of more than 15 to 20 degrees will not correct by remodeling
with skeletal growth and must be treated surgically. When
sufficient growth remains, an epiphyseal arrest of the medial
distal tibia can be performed to allow the lateral tibial and
the distal fibula to continue to grow and correct the defor-
mity. We prefer to perform the distal medial epiphysiodesis
by placing a single screw across the medial physis so that
medial growth will be disturbed, and will allow removal
of the screw to resume medial growth if overcorrection is
anticipated. When growth is complete, then the distal tibial
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osteotomy is best performed using the Wiltse technique to
obtain correction, without excess shortening of the limb
or creating a prominent medial aspect of the ankle (Fig.
42-180).7

THE TILLAUX FRACTURE. Fractures of the lateral portion of the
distal end of the tibia in the adult were first described by
Sir Astley Cooper;" however, this fracture is referred to as
the fracture of Tillaux. This fracture results from an external
rotation of the ankle and occurs because of the asymmetric
closure of the distal tibial physis, which initially begins cen-
trally, followed by medial closure, and finally lateral closure.
The medial closure occurs at approximately 13 to 14 years
of age, with lateral closure beginning at 14.5 to 16 years of
age; therefore, an 18 month window of time will predispose
patients to this particular fracture." When the distal lateral
physis is still open and an external rotation force is applied
to the foot, an avulsion fracture of the anterolateral distal
epiphysis occurs as the inferior tibiofibular ligament pulls
this fragment free (Fig. 42—181). This is a Salter-Harris type
III fracture with a vertical fracture line that extends from
the articular surface proximally, through the lateral physis,
and out the lateral cortex (Fig. 42—182). In the older child
the fracture line occurs more laterally since the physis has
closed medially. The fracture fragment and the amount of
displacement tend to be less in this age group, although this
is variable.

The patient typically presents with pain and swelling in
the affected ankle after a traumatic event, often without
knowing the exact mechanism of injury or the position of
the foot at the time of injury. The injuries can be misdiag-
nosed as a sprain when careful evaluation of the patient is not
performed. The diagnosis is often missed in the emergency
department by those who are unfamiliar with the pattern
of distal tibial physeal closure and this specific injury. Letts
described five of 26 patients in whom the diagnosis was not
made and who returned only because of persistent inability
to bear weight for 2 to 3 days after being diagnosed with
an ankle sprain.'? The initial radiographs of the ankle should
include a mortise view to best demonstrate the fracture.

The treatment of these avulsion fractures has traditionally
been to initially attempt a closed reduction to reduce the
fracture to within 2 mm of the anatomic position. However,
there are no studies to directly support long-term good
outcomes when fracture displacement of up to 2 mm is
achieved, and we prefer an open anatomic reduction for
displacement of 2 mm or greater.

When a closed reduction is attempted, the maneuver
includes internal rotation of the foot, to allow the anterior
tibiofibular ligament to relax, together with digital pressure
applied to the distal tibial epiphyseal fragment. This reduc-
tion should be performed while the patient is under con-
scious sedation or general anesthesia. An above-knee cast can
then be applied with the foot internally rotated to maintain
fracture reduction. Following the reduction maneuver, ra-
diographs should be obtained as an initial screening measure
to evaluate the amount of displacement of the fracture frag-
ment on mortise and lateral views of the ankle. If it is clear
that the initial reduction is not within 2 mm of the anatomic
position, the surgeon should proceed to an open reduction
and internal fixation of the fracture. Acceptable reduction
has been defined as within 2 mm of the anatomic position
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FIGURE 42-179  See legend on opposite page



FIGURE 42-180 The Wiltse-type distal tibial osteotomy for a valgus de-
formity.

to prevent early degenerative arthritis. Frequently, however,
fracture reduction is difficult to adequately assess, in part
because the fracture fragments are obscured by the cast. A
postreduction CT scan best quantifies the amount of residual
fracture displacement and makes the decision of whether
or not to perform an open reduction more definitive. If an
acceptable closed reduction is achieved, an above-knee cast
should be worn for 3 to 4 weeks. It is changed to a short-leg
cast, at which time the foot can be brought to a plantigrade
position, for an additional 3 weeks. Serial radiographs to
include a mortise view should be obtained to assess the
reduction and compare it with the original one.

The indications for open reduction and internal fixation
are fracture displacement of more than 2 mm following an
attempt at a closed reduction or if the fracture is seen more
than 2 to 3 days following injury with more than 2 mm of
fracture displacement. The 2 mm of fracture displacement
has always been used as the threshold for performing an
open reduction, despite the lack of long-term studies on the
incidence of early degenerative arthritis. Also, it is difficult
to accurately define the amount of fracture displacement
on plain radiographs. In our experience, in fractures that
are displaced 2 mm or more at the time of the initial evalua-
tion, the initial reduction attempt usually fails or an accept-
able reduction is not maintained, and an open procedure
is necessary. Fractures with less than 2 mm of displacement
can be treated by closed reduction and an above-knee cast.
Some argue that an anatomic reduction of the articular
surface must be achieved to prevent ankle instability, joint
incongruity, and subsequent early degenerative arthritis.™”
We prefer an open reduction in all Tillaux fractures that
have 2 mm or more of fracture displacement because an
open reduction with stable fixation is a relatively small pro-
cedure that reproducibly achieves an anatomic reduction of
the articular surface and presumably a good long-term
result.

The open reduction is performed through an anterior
approach to the ankle between the extensor digitorum lon-
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Inferior
tibiofibular
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FIGURE42-181 Tillaux fracture mechanism. A, The inferior tibiofibular
ligament travels from the distal fibula to the distal lateral tibial epiphysis.
B, When an external rotational force is applied, the distal tibial epiphysis
is avulsed.

gus and extensor hallucis tendon interval to allow direct
observation of the fracture fragment (Fig. 42—183). Follow-
ing fracture hematoma evacuation and inspection of the
articular surface of the talar dome, the foot is positioned in
internal rotation and the fracture is reduced. It is most
important to restore the articular surface of the distal tibia
anatomically, and this is best visualized directly anteriorly.
In addition, the physeal fracture line should be anatomically
restored to ensure that the posterior aspect of the articular
surface is anatomically reduced. Following reduction, we
prefer fixation with a single 4.0-mm partially threaded can-
cellous screw placed from anterolateral to posteromedial
(Fig. 42—184). It may be necessary to place a small Kirschner
wire temporarily while the screw hole is drilled, tapped, and
filled with a cancellous screw, to prevent rotation while the
fragment is fixed. It is not necessary to avoid the remaining
aspect of the open physis during the internal fixation of
these fractures, since physeal closure is near completion. A
short-leg nonweightbearing cast should be worn for 6 weeks
postoperatively. Percutaneous reduction and fixation has
been described for these fractures, with good results in six
patients.'*

The outcome of Tillaux fractures is generally very good
in the short-term period. Kleiger and Mankin reported on
four true Tillaux fractures, two of which needed an open
reduction and internal fixation to achieve an adequate re-
duction while the two remaining patients had a satisfactory

FIGURE 42-179 Corrective opening wedge osteotomy of the distal tibia to correct significant varus deformity.
A, Injury radiograph. A 13-year-old boy was involved in a motor vehicle accident, sustaining multiple fractures. He
had two episodes of fractures on the right distal tibia associated with a growth arrest, leaving him with a varus deformity.
B, An opening wedge osteotomy using iliac crest bone fixed with crossed cannulated screws was performed. C, At 1

year the deformity had corrected and the tibia had healed.
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FIGURE 42-182 Radiograph of a Tillaux fracture.
A, AP radiograph of the ankle demonstrating a lateral
distal tibial epiphyseal avulsion fracture. Note closure
of the distal tibial physis medial to the fracture.
B, Lateral radiograph demonstrating the fracture frag-
ment displaced superiorly and anteriorly (arrow).
C, CT scan demonstrating the avulsed fragment, with
the fracture line beginning anteriorly and exiting lat-
erally.




FIGURE 42-183 The anterior approach to the ankle for
reduction of the Tillaux fracture. A, A midline anterior
incision is made directly over the ankle joint. B, The interval
between the extensor digitorum longus and the extensor
hallucis longus is developed. The surgeon carefully identifies
the deep peroneal nerve and anterior tibial artery. C, The
interval is enlarged and the neurovascular bundle is retracted
medially. The capsule is incised and the fracture is easily
identified.
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longus

Joint capsule
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FIGURE 42-184 Open reduction and internal fixation of a Tillaux fracture. A, AP radiograph. B, Mortise and lateral

views after an anatomic reduction with single screw fixation.

closed reduction and all four fractures healed with satisfac-
tory outcome at 1 year."™ Letts reported on 26 patients;
eight required an open reduction and internal fixation with
smooth Kirschner wires. There were no complications at an
average follow-up of 2.5 years.'” Dias and Giegerich reported
nine cases.™ Five patients were treated with closed reduction
and casting, and four had more than 2 mm of displacement
following an attempt at closed reduction and then under-
went an open reduction and internal fixation. All patients
had full, pain-free ankle motion with a healed fracture at
18- to 36-month follow-up.*

TRIPLANE FRACTURES. Although it was initially described by
Marmor,'” this fracture was best described by Lynn who
coined the term “triplane fracture” in 1972." Others subse-
quently described similar cases in which the fracture lines
occurred in the coronal, transverse, and sagittal planes.*
This is a relatively rare fracture, occurring in approximately
6 to 8 percent of all distal tibial physeal injuries in chil-
dren.****" These injuries occur in the adolescent age group,
generally slightly younger than the child with a Tillaux frac-
ture, with an average age of approximately 13.5 years (range,
10 to 16 years).* Because the distal tibial physis closes earlier
in females, usually girls with a triplane fracture are younger
than boys, by approximately 1 year.”” The mechanism of
injury is thought to be an external rotation force applied to
a supinated foot. This is supported by the fact that these
fractures tend to reduce, at least partially, with internal
rotation of the foot, and residual deformity with an incom-

*See references 42, 44, 52, 54, 61, 65, 102, 133, 161, 216, 222, 225.

plete reduction results in slight external rotation to the
]eg.42\54.6]

The triplane fracture is so named because the fracture
lines occur in three planes. The coronal fracture line begins
in the physis and travels proximally through the posterior
metaphysis; the sagittal fracture travels from the midjoint
line to the physis, resulting in an anteromedial and often
anterolateral fragment; and the transverse fracture travels
through the physis (Fig. 42—185). These fracture lines can
result in either a two-part or three-part triplane fracture
(Fig. 42—186). In the two-part fracture, the medial fragment
consists of the tibial shaft, the medial malleolus, and the
anteromedial aspect of the epiphysis; the lateral fragment
includes the remainder of the epiphysis and the posterior
aspect of the metaphysis. In the three-part fracture the me-
dial fragment remains the same and the lateral fragment is

FIGURE 42-185 The triplane fracture pattern. Note the three planes in
which the fracture occurs: I, axial plane; 2, sagittal plane; 3, frontal plane.



FIGURE 42-186 The triplane fracture can
be two-part or three-part.

in two parts, with the rectangular anterolateral quadrant of
the epiphysis as a separate fragment. Further variants of this
fracture include the four-part fracture and the extra-articular
triplane fracture, in which the fracture travels through the
medial malleolus.* Cooperman and colleagues used tomog-
raphy in five of the 15 cases to demonstrate the two-part
fracture: a medial fragment, which included the tibial shaft,
medial malleolus, and an anteromedial fragment of the
epiphysis, and a lateral fragment, which included the poste-
rior metaphysis and the remainder of the epiphysis.* Dias
and Giegerich reported that six of eight patients had a three-
part triplane fracture and two had the two-part triplane
fracture described by Cooperman.® In the largest series of
patients reported to date, Ertl and colleagues reported on
23 fractures. In 15 cases the anatomic configuration of the
fracture was confirmed: 11 were three-part fractures and
four were two-part fractures.®’ An extra-articular triplane
fracture or intra-articular fracture in the nonweightbearing
zone has been described; in these cases the fracture line
travels in the sagittal plane, exiting through the anterior
medial malleolus, while the transverse fracture occurs
through the physis and the coronal fracture occurs through
the posterior metaphysis of the distal tibia (Fig. 42—187).%"
It is important to recognize this particular variant of the
triplane fracture since it can be successfully treated with a
closed reduction.

The patient typically presents following a twisting injury
of the foot. Most injuries occur during participation in
sports, but they may be due to a fall from a height or a
twisting injury sustained while walking. Of 23 fractures, 15
occurred during sporting activities, four resulted from a fall
from a height, three from stepping into a hole or off a curb
while walking, and one patient was involved in a motor
vehicle accident.”

Radiographic examination of these fractures should in-
clude AP, lateral, and mortise views of the ankle, for a
Salter-Harris type III fracture is demonstrated on the AP
radiograph and a Salter-Harris type II fracture is demon-
strated on the lateral radiograph (Fig. 42—188). The vertical
fracture line in the sagittal plane travels up from the articular
surface and enters the physis, then extends out the physis
laterally. The vertical component of the fracture line is usu-
ally in the center of the tibia, although it may be just medial
to the midline and is most often displaced. Ertl and col-
leagues described eight patients with less than 2 mm of
displacement and 15 patients with more than 2 mm of

*See references 42, 52, 65, 102, 161, 198, 222.
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displacement.” Occasionally the fracture lines are difficult
to see on plain radiographs, especially when good ankle
radiographs are not obtained at the time of the initial evalua-
tion. The fibula is fractured in approximately 50 percent
of all triplane fractures.®’ The mortise view better demon-
strates the epiphyseal sagittal fracture line and best defines
the amount of fracture displacement. Further evaluation of
these fractures is best done with CT to assess the amount
of articular surface step-off both before and after treat-
ment, especially when a closed reduction is attempted (Fig.
42-189).

The principal goal in the treatment of triplane fractures is
to achieve an anatomic reduction of the distal tibial articular
surface, since long-term follow-up indicates painful symp-
toms and early degenerative arthritis when an anatomic
reduction is not achieved. Ertl and colleagues reported short-
(3-year) and long-term (up to 13 years) follow-up of patients
following treatment of triplane fractures and found a sig-
nificant decline in satisfactory results, especially in patients
who had more than 1 mm of fracture displacement.”” They
further found that three of eight minimally displaced frac-
tures treated by closed reduction and casting declined an
outcome grade (e.g., excellent to good, good to fair) between
the 3-year follow-up and the final follow-up (averaging 6
years)."!

Most authors recommend nonoperative treatment of
those fractures with minimal or mild displacement, less than
2 mm. In these cases a closed reduction can be performed
with axial traction placed on the ankle and internal rotation
of the foot with the patient under general anesthesia.** The
patient is placed in a long-leg nonweightbearing cast with
the foot internally rotated for 3 to 4 weeks, followed by a
short-leg cast for an additional 2 to 3 weeks. Following a
closed reduction, lateral and mortise views should be ob-
tained to confirm an adequate reduction. If the fracture
can be adequately seen on the plain radiographs, a residual
fracture displacement of less than 2 mm is acceptable, al-
though we prefer an anatomic reduction at the time of the
initial reduction to allow for some mild displacement, which
is likely to occur in the cast with time. In addition, one can
argue that a successful closed reduction in the operating
room should be followed by single smooth Kirschner wire
or screw fixation of the articular fragment to provide more
secure fixation and less risk for future fracture displacement.
This can be done percutaneously or through a small, 2- to
3-cm arthrotomy.

It is difficult to accurately assess mild displacement in
the distal articular surface of the tibia using plain radiographs
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FIGURE 42-187 The three-part triplane fracture.
A, AP radiograph demonstrating the epiphyseal fracture,
which travels in the sagittal plane. The lateral radiograph
demonstrates the coronal plane metaphyseal fracture and
epiphyseal fracture. B, A horizontal CT scan showing the
displaced anterolateral epiphyseal fragment. C, A hori-
zontal CT scan through the metaphysis showing the
mildly displaced metaphyseal fragment.

alone, and we prefer to obtain a CT scan following any
closed reduction to confirm a near-anatomic reduction. It
is important to obtain serial weekly radiographs following
the initial reduction to ensure that an unacceptable loss of
reduction has not occurred during this period of time. It
may be also necessary to repeat the CT study at 1 week so that
an open reduction and internal fixation can be performed if
loss of reduction has occurred. An associated greenstick or
displaced fracture of the fibula makes reduction difficult, as
the strong ligamentous attachments to the fibula maintain
the angular deformity and the resultant shortening of the
attached tibial fragment, making it necessary to reduce the
fibular fracture prior to attempting any reduction of the
tibia.”

When the fracture displacement is more than 3 mm at
the time of the initial evaluation, the likelihood of achieving
an acceptable reduction is low, owing to the energy imparted
at the time of injury, soft tissue swelling, and soft tissue
interposition at the fracture site. Of five fractures with dis-
placement of more than 3 mm, no patient had a successful
closed reduction, and at the time of open reduction, inter-

posed soft tissue consisting of periosteum or the extensor
hallucis longus tendon was present at the fracture site,”

The extra-articular triplane fracture is recognized by the
two-part nature of the fracture in which the sagittal fracture
exits the anterior medial malleolus, the axial fracture travels
through the physis, and the coronal fracture travels through
the posterior metaphysis.®** These fractures can be treated
by closed reduction and long-leg casting for 4 weeks, fol-
lowed by short-leg casting for 2 weeks, since they are extra-
articular.® A variant of this fracture pattern was recently
described as three types of intramalleolar triplane fractures:
an intra-articular fracture within the weightbearing zone,
which may require operative intervention; an intra-articular
fracture outside the weightbearing zone; and an extra-articu-
lar fracture. The latter two can be treated with a closed re-
duction.’

The indications for open reduction and internal fixation
are failure to achieve an adequate reduction (to within 2
mm of the anatomic position) and a displaced fracture (more
than 3 mm) at the time of the initial evaluation. The preoper-
ative assessment should include a thorough physical exami-
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FIGURE 42-188 The typical radiographic examination of the
triplane fracture, A, On the AP radiograph, a Salter-Harris type
III fracture pattern is seen. B, On the lateral radiograph, a Salter-
Harris type I fracture pattern is seen. C, The triplane fracture is
well seen on these coronal and sagittal plane CT scans.
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FIGURE 42-189 CT scan of a triplane fracture. Note the fracture is
similar to a Tillaux fracture, running from the anterior cortex out laterally.
The second fracture line seen runs from anterior to posterior. There is
minimal displacement of this fracture.

nation with special emphasis on the status of the soft tissue
envelope, since significant swelling can occur with these
fractures and should resolve prior to performing an open
reduction. The method of operative intervention depends
on the fracture pattern and the degree of displacement. This
should be assessed on plain films and CT.

When the Salter-Harris type I posterior fragment is min-
imally displaced or when there is a two-part fracture, then an
anterior exposure of the ankle is the only necessary operative
incision (Fig. 42—190). These fractures are usually not associ-
ated with a fracture of the fibula. The fracture hematoma
is removed and the fracture is reduced with internal rotation
of the foot followed by compression across the fracture site
using a bone reduction forceps. A small stab incision is then
made over the medial malleolus and a 4.0-mm cancellous
screw is placed under fluoroscopic visualization. Cannulated
systems can be used; however, we prefer the small-fragment
4.0-mm cancellous screw to obtain better purchase and re-
duce the risk of pin breakage with the smaller cannulated
screw systems. Arthroscopic visualization has been used in
two patients with two-part fractures to allow direct visualiza-
tion during hematoma evacuation and fracture reduction,
with good results.’” A short-leg cast with the foot internally
rotated should be worn for 6 weeks after anatomic reduction
and stable internal fixation. If there is any concern about
the purchase or reliability of the screw fixation, a long-leg
cast should be worn for the initial 4 weeks, followed by a
short-leg cast for 2 to 3 weeks.

The displaced triplane fracture with a large displaced
Salter-Harris type II metaphyseal fragment, often associated
with a fibular fracture, requires a more extensive operative
procedure with reduction of the fragments. The initial inci-
sion is an anterior approach to the ankle with visualization
and manual displacement of the anterolateral epiphyseal
fragment. Next, a closed reduction of the posterior meta-
physeal fragment should be attempted with direct compres-
sion and internal rotation of the foot, which can be assessed
fluoroscopically. A second attempt at a reduction can be

made using a Weber bone reduction forceps placed through
a stab incision in the posterolateral aspect of the ankle, just
lateral to the Achilles tendon (Fig. 42—191). If neither of
these techniques is successful, then an open reduction with
direct visualization of the fracture fragment should be per-
formed through a posterolateral incision, lateral to the Achil-
les tendon, developing the interval between the flexor hal-
lucis longus and the peroneus brevis (Fig. 42—192). The
fracture is then reduced under direct vision, held with a
bone-reduction forceps, and internally fixed with one or
two cancellous screws placed from anterior to posterior. The
fibular fracture should be reduced temporarily during the
reduction maneuver of the posterior metaphyseal fragment
and re-reduced if necessary following internal fixation of
the posterior fragment. The last fragment to be reduced is
the anterolateral epiphyseal fragment, which can be reduced
under direct vision and fixed as described previously. The
leg should be placed into a long-leg nonweightbearing cast
for 4 weeks, followed by a short-leg cast for an additional
2 to 3 weeks.

The results of treatment of triplane fractures are generally
good in the short term.* Patients generally return to their
preinjury level of activities without symptoms. The long-
term outcome of these fractures, however, is not fully de-
fined. The only study examining the relatively long-term
outcome of treatment of triplane fractures noted a deteriora-
tion in successful results between the early results at 3 years
and the final results (averaging just over 6 years), with pain
and swelling the most common reasons for the decline in
outcome.®" This is postulated to be due to several factors.
First, it is generally accepted that less than 2 mm of fracture
displacement is acceptable, leading to good results; however,
three of eight patients with minimally displaced fractures at
the time of injury had a deterioration in outcome between
year 3 and year 6 follow-up. Second, loss of reduction may
have occurred during the immobilization period of some
fractures and was not assessed by the more accurate CT
in those cases. Third, in some severely displaced fractures
function deteriorated over time despite an anatomic reduc-
tion achieved through an open reduction followed by stable
internal fixation, suggesting significant articular cartilage
damage at the time of the initial injury.

The Foot
TALAR FRACTURES

Fractures of the talus in children are very rare, accounting
for less than 10 percent of all talar fractures reported in the
literature. Fractures of the neck of the talus are more com-
mon and generally have a better prognosis than talar body
fractures. The mechanism of injury is usually a fall from a
height with a forced dorsiflexion injury at the ankle with
some supination component to the injury, resulting in asso-
ciated malleolar fractures. The diagnosis is often difficult to
make in the young child because of mild radiographic
changes at the initial visit. Treatment in the young child is
usually nonoperative, with cast immobilization producing
good results. In the adolescent, treatment is similar to that

*“See references 39, 42, 44, 54, 102, 106, 132, 161, 203, 216, 222.



FIGURE 42-190 Open reduction and internal fixation of a triplane fracture.
A, AP radiograph demonstrating the Salter-Harris type III fracture pattern in
the tibial epiphysis. There is approximately 4 mm of displacement. B, The lateral
radiograph does not show an obvious Salter-Harris type Il pattern. However,
the Salter-Harris type 1l fracture pattern of the distal fibula is apparent (arrow).
C, The CT scan demonstrates the intra-articular fracture with displacement.
D, Intraoperative radiographs obtained after an open reduction with cannulated
screw fixation. A Weber clamp was placed to compress the fracture site, which
was viewed directly with an open approach. The guide pin was then placed
across under fluoroscopic guidance.
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FIGURE 42-191 Reduction of posterior metaphyseal fragmented and
displaced triplane fracture. The fracture can be reduced with a Weber bone
reduction forceps directly on the posterior metaphyseal fragment, and by
making a small stab incision in the anterior tibia to gain reduction.

for adults, with similar results and a high risk of AVN in
the displaced fracture.

Anatomy. The talus is the transition bone between the foot
and the leg. It is divided anatomically into the body, the
neck, and the head. The superior dome of the talar body
articulates with the distal tibial articular surface and has a
quadrilateral surface, which is wider anteriorly than posteri-
orly and is composed of the medial and lateral facets. From
front to back the talar dome is convex; from side to side it
is slightly concave (Fig. 42-193). The neck is relatively short
and is the only surface of the talus not covered by articular
cartilage, allowing passage of nutrient blood vessels to the
body. The lateral process of the talus is a large, wedge-
shaped prominence that is covered with articular cartilage.
It articulates with the fibula superolaterally and with the
lateralmost portion of the subtalar joint inferiorly (Fig.
42-194). The distalmost end of the lateral process is the
origin of the lateral talocalcaneal ligament.**** The posterior
region of the talus often exhibits a radiographically separate
ossification center, which occurs at 11 to 13 years in boys
and 8 to 10 years in girls and usually fuses to the talus 1
year after its appearance.'” The inferior surface is composed
of three facets that articulate with the superior aspect of
the calcaneus.

The blood supply to the talus has been well studied. It
is susceptible to injury following the displaced talar neck or
body fracture, with subsequent development of AVN.* There
are four main sources of extraosseous blood supply,
branches of the posterior tibial, anterior tibial, and the pero-
neal arteries (Fig. 42—195). The first is the artery of the
tarsal canal, which branches from the posterior tibial artery
approximately 1 cm proximal to the origin of the medial
and lateral plantar arteries and passes between the tendon
sheaths of the flexor digitorum longus and the flexor hallucis
longus tendons. There it enters the tarsal canal, which is
formed by the sulci of the talus and calcaneus and narrows

*See references 80, 103, 151, 166, 167, 226.

from posteromedial to anterolateral. Branches of this artery
are given off in the canal to supply the body of the talus.
The second source of blood supply is the deltoid branch of
the artery of the tarsal canal, which travels between the
talotibial and talocalcaneal aspects of the deltoid ligament
and supplies the medial periosteal surface of the body; anas-
tomoses with the dorsalis pedis artery occur. The third major
source of blood supply is the arterial branches to the dorsal
neck, which arise from the anastomoses between branches
of the dorsalis pedis artery (extension of the anterior tibial
artery). Finally, the artery of the sinus tarsi, primarily a
branch of the perforating peroneal artery, supplies the lateral
aspect of the talus. A rich intraosseous blood supply is pres-
ent within the talus; in a simulated fracture model this blood
supply becomes compromised.'®-"%

Classification. Talus fractures can be broadly divided into
talar neck fractures and talar body fractures. A further divi-
sion of the more common talar neck fractures was first
described by Hawkins in 1970. His three-part classification
was primarily based on the amount of fracture displacement
and provided information on the prognosis for AVN.* This
classification was later modified by Canale to include a
fourth type (Fig. 42—196).” The type I injury is an undis-
placed vertical fracture of the talar neck. A type II fracture
is a displaced fracture; the subtalar joint is subluxed or
dislocated but the ankle joint is normal. The type III injury
is similar to the type I injury; however, there is a subluxation
or dislocation of both the ankle and subtalar joints. The
type IV injury is very rare and is characterized by dislocation
of the talar head from the talonavicular joint. In adults,
type II and III fractures are most common, accounting for
approximately 75 to 90 percent of all talar neck fractures.”*

Fractures of the body of the talus were first classified, in
1977, by Sneppen and colleagues,”? whose classification was
later modified by Delee’' into a five-part classfication: type
I, transchondral dome fractures; type II, shear fractures;
type I1I, posterior tubercle fractures; type IV, lateral process
fractures; type V, crush fractures (Fig. 42—197).

Children’s talar fractures are probably best classified ac-
cording to the age of the child, with children younger than
6 years having a better prognosis than older children."
Treatment of talar fractures in younger children is more
often nonoperative, with generally good results, while talar
fractures in older children are best addressed as talar frac-
tures in adults.

Mechanism of Injury. Most talar neck fractures in children
are due to falls from a height, with a dorsiflexion injury of
the ankle.”'* The excess dorsiflexion and axial loading
result in a dorsally directed shear force exerted against the
sole of the foot while the body of the talus is fixed between
the tibia and the calcaneus. The fracture line typically occurs
in a vertical or slightly oblique direction between the middle
and posterior subtalar facets, with displacement of the distal
fragment superiorly and medially.”” One reason why these
injuries are uncommon is that high-energy forces are usually
necessary to produce them, estimated to be approximately
twice the force needed to produce a calcaneal or navicular
fracture.'®

Diagnestic Features. A history of a fall with axial loading
of the ankle, followed by pain and swelling in the area of
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FIGURE 42-192  The approach to the posterior metaphyseal fragment in a triplane fracture. An incision is made in
the posterolateral aspect of the distal ankle. The interval between the peroneus brevis and the flexor hallucis longus
muscles is developed. The capsule is incised and the fracture is identified.

the talus, should alert the physician to the possibility of a
talus fracture. The child is usually unable to bear weight on
the affected extremity, and the physical examination reveals
ankle effusion and pain on motion of the ankle joint, espe-
cially dorsiflexion. The patient with a displaced talar neck
fracture and fractures of one or more malleoli presents in
significant pain and with massive swelling in the region of
the talus and the ankle. In a young child a talar fracture
may be difficult to diagnose, especially when the talus has
not fully ossified. Mazel and associates reported on 23 talar
fractures in children, dividing them into two groups based
on the age of the patient.” Fractures in patients less than
6 years old were difficult to diagnose, and when the diagnosis
was made the amount of fracture displacement was often
underestimated.

Radiographic examination should include AP, lateral, and
oblique views centered at the ankle. A pronated oblique radio-
graph of the talus, first described by Canale and Kelly, is an
excellent view to see the talus (Fig. 42-198).* The foot is
placed into equinus, pronated approximately 15 degrees, and
the x-ray beam is angled 75 degrees to the horizontal. Associ-
ated fractures of the medial and lateral malleoli are seen most
commonly with the displaced talar fracture.” Ifa talar fracture
is suspected but not confirmed on the initial radiographs, CT
can be used to identify or confirm the presence of the fracture
and the amount of fracture displacement.

ANTERIOR

POSTERIOR

FIGURE 42-193 The superior surface of the talus. Note the increased
width of the anterior dome of the talus compared to the posterior dome.

Treatment. The treatment of talar fractures in children
largely depends on the age of the child and the amount of
fracture displacement. Most children younger than 8 with
minimally displaced fractures respond well to nonoperative
treatment'%.lli]!?.lﬂ

FRACTURES OF THE NECK OF THE TALUS. The treatment of talar
neck fractures in children is solely dependent on the amount
of displacement and the classfication of Hawkins. The ma-
jority of talar neck fractures are undisplaced at the time of
the initial presentation (Hawkins type I) and should be
treated in a short-leg cast for 6 to 8 weeks to allow fracture
consolidation. Weightbearing can then be instituted at the
time the cast is removed. In the young child with a displaced
fracture but without subluxation of the ankle or subtalar
joints (Hawkins type II), an attempt at a closed reduction
should be made with the patient under conscious sedation
or general anesthesia. The definition of an acceptable reduc-
tion in children’s talar neck fractures has not been estab-
lished; however, we prefer to attempt a gentle closed reduc-
tion of any talar neck fracture with residual angulation of
more than 15 to 20 degrees. The distal fragment is usually
dorsally and medially displaced, and therefore gentle plantar
flexion and pronation of the foot should be performed. The
foot may need to remain in some plantar flexion and is
placed into a long-leg cast for the initial 4 weeks. The foot
can then be brought up to a neutral position and placed in

|
Talus é/——%} Lateral
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FIGURE 42-194 The lateral process of the talus. Note its articulation
with both the fibula and the calcaneus.
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Posterior Dorsalis pedis FIGURE 42-195 Blood supply to the talus. A, The

tibial artery artery branches  four major blood supplies: (1) the artery of the tarsal
canal, (2) the deltoid branch from the posterior tibial
artery, (3) the dorsalis pedis branches, and (4) the
artery of the tarsal sinus. B, The blood supply to the
middle one-third of the talus comes from the tarsal
sinus branches and the artery of the tarsal canal.
C, The blood supply to the medial one-third of the

?aﬂr:ra); 2;:12? talus comes from the artery of the tarsal canal and the
G deltoid and dorsalis pedis branches.

a short-leg cast for an additional 3 to 4 weeks. If the fracture
cannot be reduced to within 15 to 20 degrees on the initial
attempt at a closed reduction, then an open reduction should
be performed.

Children older than 10 years with talar neck fractures
should be treated as adults with this injury. The type I
fracture in an older child can usually be treated in a short-

FIGURE42-196 Classification of talar neck fractures: type
[—nondisplaced fracture; type II—displaced fracture with
subluxation or dislocation of the subtalar joint; type 11—
displaced fracture with dislocation of the talar body from
both the ankle and subtalar joints; type IV—subluxation or
dislocation of talar head and dislocation of talar body.

leg cast with the foot in slight plantar flexion and inversion
for 6 to 8 weeks, until fracture healing has occurred. The
majority of displaced fractures (Hawkins type II and III
fractures) occur in older children and should be treated as
in adults, with open reduction and internal fixation. Reduc-
tion of type II fractures can often be achieved using closed
methods; however, because of significant soft tissue dis-
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Naviculus
Cuboid

TYPE Ill




GROUP |

Transchondral
dome fractures

GROUP I

Posterior tubercle
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ruption, the ability to maintain the reduction with exter-
nal immobilization is poor. Early reduction and rigid inter-
nal fixation helps in reestablishing circulation and allows
early motion.

Type III injuries require open reduction and internal
fixation, which is best done through a posterolateral incision,
allowing access to the fracture for reduction and initiation
of screw placement without risking further injury to the
important blood supply to the talus. When the posterior
approach fails to achieve a reduction, an alternative ap-
proach is through an anteromedial incision. Care must be
taken to avoid the deltoid branch of the posterior tibial
artery during this approach (Fig. 42—199). The best fixation
is provided by partially threaded cancellous screws, which
are placed to provide compression across the fracture site.
The result is biomechanically strongest when the screws are

FIGURE 42-197 Classification of talar
body fractures.

xray beam
/s

foot pronated 15°

FIGURE 42-198 Positioning of the foot for the oblique radiograph to
best visualize the talar neck when this fracture is suspected.
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placed from the posterior talus into the neck anteriorly.
In children, a single 6.5- or 4.0-mm screw works well and
should be protected with a short-leg nonweightbearing cast
for 4 to 6 weeks. As in adults, these injuries have a poor
prognosis despite the best of treatments. A case report de-
scribes a 10-year old girl with a type III talar neck fracture
who underwent open reduction and internal fixation. The
fracture healed within 3 months, but AVN developed.'®

In a patient with a talar neck fracture, good AP and
mortise radiographs of the ankle should be obtained between
6 and 8 weeks following injury to look for Hawkins sign,
which is described as subchondral atrophy of the talar
dome.” This is a good prognostic sign that excludes the
presence of AVN. When the Hawkins sign is absent at this
time, the patient should be kept nonweightbearing to pre-
vent talar dome collapse.

138,207

FRACTURES OF THE BODY OF THE TALUS. Osteochondral injuries
to the dome of the talus will be discussed separately. A
fracture through the body of the talus is much more uncom-
mon than talar neck fractures in both adults and children,
and generally carries a worse prognosis, especially when
displaced. In a series of 14 fractures in children, four (29
percent) were fractures of the talar body.” The majority of
these fractures are undisplaced at the time of the initial
evaluation and can be treated with a short-leg cast for 6 to
8 weeks, until fracture healing has occurred. Open reduction
and internal fixation is required in the displaced fracture to
prevent early degenerative osteoarthritis.

FRACTURES OF THE LATERAL PROCESS. These are rare injuries,
accounting for less than 1 percent of all ankle injuries.'*
The mechanism of injury is forced dorsiflexion and inversion
of the foot.” The diagnosis is difficult to make, in part
because it is so uncommon, in part because it is difficult
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to identify the fracture on radiographs on the initial visit,
especially when the fracture is undisplaced.** Of 13 frac-
tures of the lateral process of the talus, six (46 percent) were
missed at the initial presentation.” The clinician should have
a high index of suspicion when there is any lateral ankle
pain following an ankle injury, especially in the child who
participates in athletic activities requiring quick cutting
movements, which stress the ankle joint. An increase in the
incidence of these injuries has been seen in snowboarders
over the last decade."*'** Treatment of these injuries depends
on the amount of displacement of the fracture at the initial
visit. These fractures are most commonly undisplaced and
are best treated in a short-leg weightbearing cast for 6 weeks.
Fractures displaced more than 1 cm require reduction and
internal fixation with a single compression screw to restore
the congruity of the articular surfaces.®*#2

Complications. AVN is the most serious complication fol-
lowing a talar fracture and is well-defined in the adult litera-
ture, with the incidence of this complication directly related
to the location of the fracture and the amount of fracture
displacement.”***"* The reported incidence of AVN with
fractures of the talar neck is 0 to 10 percent for type I
fractures, 40 to 50 percent for type II fractures, 80 to 90
percent for type III fractures, and 100 percent for type IV
fractures.”® These figures were derived in predominantly
adult populations and may not reflect the true incidence
of AVN in the pediatric population. In addition, newer
treatment techniques, including earlier reduction with stable
internal fixation of these displaced fractures, may provide
improved results.”®

The few reports in the literature on talar fractures in
children offer conflicting data with respect to factors predis-
posing to AVN. Letts and Gibeault reported a 25 percent
incidence of AVN in 12 patients; however, two of these three
patients had undisplaced fractures that were unrecognized
at the time of injury, and AVN later developed.'” Similarly,
Linhart and Hollwarth reported a 27 percent incidence of
AVN in children, some of whom had undisplaced frac-
tures.'” Mazel and associates reported two of seven complete
talar neck fractures in children older than 6 years who later
developed AVN." However, Jensen and colleagues reported
no evidence of AVN in 11 nondisplaced fractures and three
displaced talar fractures in children.”

Radiographic assessment for the Hawkins sign should be
performed between 6 and 8 weeks following injury. The
Hawkins sign, described as a radiolucency in the subchon-

FIGURE 42-199 The anteromedial approach to the
talus. A curvilinear skin incision is made just anterior
to the medial malleolus. This incision is extended over
the medial aspect of the midfoot. Dissection is then
carried out just medial to the anterior tibialis tendon.
Retraction will permit access to the fracture site and
fracture fixation.

dral area, indicates that the body of the talus has not under-
gone an avascular process. If the Hawkins sign is present,
there is a high likelihood that the talar body has a good
blood supply and will remain viable, allowing the patient
to begin weightbearing 6 to 8 weeks following the injury.
Absence of the Hawkins sign is not considered an entirely
reliable indicator that AVN will develop.” The patient
should be kept nonweightbearing and reevaluated 3 months
after the injury. MRI of the talus is indicated at 3 months
if there is no radiographic indication of the Hawkins sign;
MRI performed at that time will accurately show AVN.*1
It is important to use titanium implants at the time of
internal fixation of displaced talar neck fractures to allow
clear visualization of the talus on MRI. Although not proved
to be effective, when AVN is present and fracture healing
has occurred, activity restriction is recommended, in an
effort to prevent collapse.

OSTEOCHONDRAL FRACTURES OF THE TALUS

Also known as osteochondritis dissecans, an osteochondral
fracture of the talus typically involves the posteromedial or
anterolateral aspect of the talar dome. Although the etiology
of this lesion is not completely understood, most patients
recall a traumatic episode, especially those who have an
anterolateral lesion. The diagnosis is based on the plain
radiographic appearance, or on bone scan and MRI when
the initial radiographs are normal. The Berndt and Hardy
classification scheme is based on the radiographic nature of
the injury and is used when deciding on treatment. Most
children respond well to nonoperative treatment when the
lesion is stable; however, operative intervention is necessary
in some patients to remove or stabilize a detached fragment.

Mechanism of Injury. The etiology of osteochondral frac-
tures of the talus has been debated for many years; however,
trauma appears to be the principal cause.” Berndt and Hardy
created osteochondral injuries of the talus in cadavers. They
found that the anterolateral aspect of the talar dome impacts
the medial aspect of the fibula when the dorsiflexed foot is
subjected to an inversion force. The posteromedial aspect
of the talar dome is injured as it strikes the distal tibial
articular surface when the plantar flexed foot is forcibly
inverted and externally rotated.”

The link to trauma as the etiology of these lesions is

*See references 4, 6, 15, 31, 86, 90, 127, 134, 170, 175, 193, 224,



FIGURE 42-200 The Berndt and Harty classification
of talar osteochondral lesions. Stage I—small area of
subchondral compression. Stage [I—partially detached
osteochondral fragment. Stage II—a completely de-
tached fragment remains within the crater of the lesion.
Stage IV—the osteochondral fragment is loose in the
joint. STAGE |

strongest for lesions that occur on the lateral aspect of the
talus.* Canale and Belding reported that all 15 patients with
lateral lesions had a history of trauma, whereas only nine
(64 percent) of 14 patients with medial lesions had a history
of previous trauma.” A review of the literature prior to 1985
found that 98 percent of patients with lateral lesions and
70 percent of patients with medial lesions had sustained
trauma.” Patients who present after an acute traumatic event
more often have a lateral lesion. Canale suggested that the
morphology of the lateral lesions—wafer-shaped and shal-
lower than the deeper, cup-shaped lesions—is more consis-
tent with a traumatic shearing force producing these le-
sions.”"

Other factors may contribute to the development of these
lesions. A familial association has been described in which
more than one family member had a lesion.*” Also, lesions
of the talus occur bilaterally in 5 to 10 percent of cases.

Classification. Berndt and Hardy published their four-part
radiographic classification of these lesions in 1959 (Fig.
42-200):

Stage I: A small subchondral trabecular compression frac-

ture not seen radiographically.

Stage II: Incomplete avulsion or separation of the frag-

ment.

Stage I1I: Complete avulsion without displacement.

Stage IV: The fragment is detached and rotated, and may

be free within the joint.

Because this classification is based on radiographic crite-
ria, which may be difficult to interpret and cannot distin-
guish a stage I lesion, Anderson and associates modified the
Berndt and Hardy classification to include the associated
MRI findings.* MRI is useful in two circumstances. The first
is to identify an osteochondral injury when the radiographs
are normal (stage I). MRI findings consistent with an osteo-
chondral injury were decreased signal intensity on both T1-
and T2-weighted images. At times there may be an increased
signal on T2-weighted images due to the presence of marrow
edema in a stage | lesion. The second situation in which
MRI is useful is to identify a subchondral cyst in a stage II
lesion, which is felt to represent areas of posttraumatic ne-
crosis of bone followed by a cascade of host responses leading
to ultimate free separation of the fragment. This finding
places the lesion into the stage ITa category, which is treated
by unroofing the lesion and drilling down to bleeding bone.*
They found no utility of MRI in stage III and IV lesions.

Although CT is not useful in defining the Berndt and
Hardy stage I lesion,'” it can be used to further define the

*See references 31, 69, 86, 142, 194, 236.
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remaining lesions.'”#** A previously unreported lesion has
been described using CT and consists of a radiolucent defect,
seen in 77 percent of cases. It is best treated with curettage
and drilling."”

Further comparison of the radiographic classification and
visualization of the lesion through the arthroscope was in-
vestigated by Pritsch and colleagues, who provided some
guidelines for the treatment of these lesions." The cartilage
overlying the lesion was grouped into three grades: grade I
indicated intact, firm, shiny cartilage; grade II cartilage was
intact but soft; and grade III indicated frayed cartilage. They
reported a poor correlation between the radiographic ap-
pearance of the lesion and the state of the overlying cartilage,
and therefore treatment of the osteochondral lesions was
based on the visual appearance of the cartilage: for grade I,
simple restriction of sports activities was recommended; for
grade II, arthroscopic drilling; for grade III, curettage of the
lesion through the arthroscope was recommended. MRI
best correlates with the arthroscopic findings, accurately
predicting the stability of the fragment in 92 percent of
cases.” !

Diagnostic Features. The patient usually presents follow-
ing an ankle injury. Presentation can occur in the acute
stage, immediately following the injury, and the diagnosis
is made from the plain radiographic findings. Often, how-
ever, the patient does not seek medical attention following
the acute injury but presents at a later date with chronic
ankle symptoms that have not resolved, or with chronic
painful symptoms without an inciting traumatic event.
The physical examination in the patient who presents
with chronic pain is often benign, without any specific find-
ings. There may be generalized swelling in the ankle region
secondary to synovitis and a joint effusion. In a stable lesion,
forced dorsiflexion and inversion may cause symptoms in
an anterolateral lesion, while a posteromedial lesion may
become symptomatic when a plantar flexed foot is inverted
and externally rotated at the ankle. In the loose or completely
displaced fragment, passive motion of the ankle is painful.
The initial radiographs include AP, lateral, and mortise
views of the ankle. These views should be scrutinized for
evidence of an osteochondral lesion. When seen, the lesion
should be classified according to the Berndt and Hardy
classification. Radiographs of the opposite ankle are useful to
identify the rare bilateral lesions and to provide comparison
views. When no radiographic lesion is seen on the initial
radiographs but an osteochondral lesion is strongly sus-
pected, further studies are indicated. We recommend a ra-
dionuclide bone scan at this point to help confirm the diag-
nosis and also to identify other areas of abnormality,
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FIGURE 42-201
view of the talar dome demonstrating the guide wire which has been used to drill retrograde through the osteochondral
lesion. B, Arthroscopic view of the talus from the anterolateral portal showing two bioabsorbable pins which have
been placed in a loose osteochondral lesion. The pins were cut off at the joint level.

especially when the talus does not exhibit increased uptake.
Loomer and colleagues reported a sevenfold increase in the
frequency with which these lesions were diagnosed when
bone scans were utilized.'”” Anderson and colleagues diag-
nosed a talar osteochondral lesion in 17 (57 percent) of 30
patients who had been evaluated because of posttraumatic
chronic instability and normal radiographs.*

As the next step in the evaluation of the lesion diagnosed
on bone scan without radiographic changes or the type II
lesion, we prefer MRI, to analyze the status of the cancellous
bone and to evaluate for the presence of a subchondral cyst,
respectively. CT is most useful in stage IIT and IV lesions
to determine the exact location of the lesion, its size, and
its stability.

Treatment. Treatment of stage I and I1 lesions is nonopera-
tive. The patient is placed in a short-leg nonweightbearing
cast for 6 weeks. The patient is then allowed weightbearing
as tolerated; however, we restrict patients from strenuous
athletic activities for an additional 6 weeks. Although the
concept has not been scientifically tested, the lack of load
bearing should allow the talus to partially revascularize
somewhat to allow healing of the fragment. Although many
reports do not stage and size the lesion, most pediatric series
report excellent results when conservative treatment is used.
Bauer and colleagues reported results in five children with
an average age of 10 years at the time of treatment; in four
patients the lesion healed without operative intervention,
and all patients had a good or excellent result at 22-year
follow-up." Similarly, a 7.5-year follow-up of nonoperative
treatment of stage I or II lesions demonstrated 78 percent
good results, compared to only 16 percent good results for
stage III or IV lesions.'” Conservative treatment of stage 111
lesions on the medial aspect of the talus has also had good
results.”™* Higuera and colleagues reported good results in
11 of 12 patients when conservative treatment was used;
seven of the patients had type III lesions.*® They recom-
mended initially treating all stage I to III lesions in children
conservatively, since good results are seen in young patients.
If conservative treatment fails to produce a good clinical

B

Arthroscopic treatment of a partially detached osteochondritis dissecans lesion. A, Arthroscopic

result or if radiographs show progression to a stage III or
IV lesion, then operative treatment is indicated. A delay of
more than 12 months from the time of the initial symp-
toms to operative treatment results in a worse clinical out-
come."””

The indications for operative intervention include lateral
stage I lesions and all stage IV lesions, or failure of nonop-
erative treatment in any stage lesion. We prefer an arthro-
scopic approach to the ankle to minimize soft tissue injury
while allowing good observation of the entire dome of the
talus. We use anteromedial, anterolateral, and posteromedial
portals and a 30-degree arthroscope.* The options for treat-
ment of the specific lesion fall into three broad categories:
drilling of the intact lesion, drilling and fixing the lesion
with internal fixation, or curettage and drilling of the dis-
placed lesion.

A stage II lesion with intact overlying cartilage can be
drilled in a retrograde fashion to promote healing and revas-
cularization of the osteochondral fragment. To drill the bony
bed of the osteochondral fragment, we prefer to use the
tibial guide from the ACL reconstruction setup to allow for
accurate placement of the drill without penetration of the
articular surface (Fig. 42-201). Posteromedial lesions are
difficult to approach, often requiring a transmalleolar drill-
ing, which partially disrupts the articular cartilage of the
medial malleolus. A newer technique using meniscal repair
instrumentation allows accurate arthroscopic localization
and drilling, obviating transmalleolar drilling.”* Immobiliza-
tion and nonweightbearing are continued for 6 to 8 weeks
postoperatively.

The stage III lesion with minimal fraying of the articular
cartilage can be treated in a similar fashion as stage I1 lesions;
however, the fragment should be stabilized with internal
fixation. The ideal patient is one who has sustained an acute
injury with a resulting small lesion that has good overlying
articular cartilage. We prefer bioabsorbable pins, since they

*See references 5, 10, 11, 24, 30, 38, 66, 70, 79, 109, 130, 157, 160, 174,
175, 211, 234,



do not require removal at a later date and are not associated
with tibial cartilage injury if subsequent collapse occurs. At
least two pins should be placed in a divergent manner to
provide optimal fragment stability. Immobilization and
nonweightbearing are continued for 6 to 8 weeks postopera-
tively, followed by gradual weightbearing until the lesion
heals.

In large (more than 1 cm) chronic stage 111 lesions with
frayed articular cartilage, we prefer to curette the lesion,
followed by drilling or abrading the base of the lesion. De-
bridement is carried out until healthy, bleeding subchondral
bone is seen and continued peripherally until good articular
cartilage is visible, The ankle is immobilized for approxi-
mately 2 weeks, then allowed to undergo range-of-motion
exercises to promote fibrocartilage formation.

An open arthrotomy can be performed; however, it gen-
erally requires fairly large incisions and may require medial
or lateral malleolar osteotomies to obtain good visualization
and access to the osteochondral fragment.®*"!

The final treatment option is bone grafting of the base
of the lesion, replacing the necrotic bone in the hope of
stimulating more rapid healing. The articular surface is left
intact, and no defect is left behind. Metal implants are not
used in the talus./%"* When bone grafting was compared to
excision of the lesion in children with more than 2 years of
follow-up, good results were seen in 83 percent of patients
treated by bone grafting compared with 50 percent of pa-
tients who had undergone excision.” Patients remain non-
weightbearing in a short-leg cast for 6 to 8 weeks and are
then allowed gradual motion and partial weightbearing until
healing of the lesion is seen.

FRACTURES OF THE CALCANEUS

Fractures of the calcaneus in children are rare. The usual
mechanim is a fall from a height, usually a short distance
in younger children and more than 10 feet in adolescents.
The diagnosis in young children is often difficult to make
and is often made only when fracture callus is seen on
follow-up evaluation. Treatment is usually nonoperative and
the outcomes are generally good in the young child. Opera-
tive treatment is best used in the adolescent with a displaced
intra-articular fracture.

Anatomy. The calcaneus is the largest tarsal bone in the
foot. Its anatomy is designed to provide a lever arm to
increase the power of the gastrocnemius-soleus complex
and to help transmit body weight to the remaining lower
extremity. The posterior tuberosity is palpable as one follows
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the Achilles tendon inferiorly to its insertion. The inferior
surface of the calcaneus extends obliquely and dorsally to-
ward the calcaneocuboid joint. The sinus tarsi is the depres-
sion anterior and distal to the lateral malleolus and marks
the lateralmost aspect of the subtalar joint. The calcaneus is
irregularly shaped, yielding six surfaces with four articulating
facets, three for the talus and one for the cuboid. On the
superior surface the posterior, middle, and anterior facets
all lie at different angles to one another, with the sinus tarsi
and the floor of the tarsal canal separating the posterior
facet from the anterior and middle facets (Fig. 42—202). The
posterior facet is oval and convex along the longitudinal
axis and articulates with the undersurface of the talus, while
the middle facet is concave and oval and articulates with
the middle facet on the head of the talus. The sustentaculum
tali projects from the medial side of the calcaneus and,
together with the talus, forms the lateral boundary of the
tarsal tunnel. Its inferior surface is grooved by the tendon
of the flexor hallucis longus.

On the lateral radiograph in the more mature patient,
Bohler’s angle is formed as the angle subtended by a line
from the superior point on the posterior articular surface
to the superior point of the calcaneal tuberosity and a line
drawn from the anterior process to the highest aspect of the
posterior articular surface. This angle varies from 25 to
40 degrees and is a relative measurement of the degree
of compression and deformity in calcaneal fractures. The
“crucial angle” of Gissane is the angle formed by a line
drawn from the sulcus calcaneus to the tip of the anterior
process and varies between 120 and 145 degrees. With a
calcaneal fracture, the talus compresses down onto the cru-
cial angle, producing the primary fracture line in older pa-
tients.

Mechanism of Injury. The mechanism of injury in the
majority of calcaneal fractures is an axial load applied to
the lower extremity, most often as a result of a fall from
a height. The forces are transmitted through the talus,
which is then driven down into the calcaneus, resulting
in fracture. In young children the height fallen is usually
less than 4 feet; in children older than 10 years the fall
is usually more than 14 feet.” In 56 children with calca-
neal fractures, 25 (45 percent) were due to a fall from
a height.” Motor vehicle accidents, lawn mower injuries,
and a direct blow from an object can also result in cal-
caneal fractures in children.

Classification. The most common classification systems for
calcaneal fractures in adults are the Essex-Lopresti and Le-

Anterior facet
Medial facet
Posterior facet
Medial facet
Anterior facet
Posterior facet
MEDIAL VIEW SUPERIOR VIEW

FIGURE 42-202 The articular facets of the calcaneus.
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tournel classifications.®*'*' Schmidt and Weiner modified the
classifications of Essex-Lopresti, Rowe,'® and Chapman and
Galway” to better describe the fracture types in children
(Fig. 42-203):'%
Type 1
A—Fracture of the tuberosity or apophysis
B—Fracture of the sustentaculum tali
C—Fracture of the anterior process
D—Distal inferolateral aspect
E—Small avulsion of the body
Type 2
A—Beak fracture
B—Avulsion fracture of the insertion of the Achilles
tendon
Type 3: Linear fracture not involving the subtalar joint.
Type 4: Linear fracture involving the subtalar joint.
Type 5
A—Tongue type
B—Joint-depression type
Type 6: Any fracture with significant soft tissue injury,
bone loss, and loss of the insertion of the Achilles
tendon.

Diagnostic Features. The patient usually presents follow-
ing a fall from a height and has pain in the area of the
calcaneus. The older patient who falls from a height of more
than 10 to 15 feet will often have significant swelling in the
hindfoot area, and may also have complaints corresponding
to injuries of the spine and the lower extremities. The physi-
cal examination should include an assessment of the foot
for soft tissue swelling, a good neurologic examination, and
inspection for open skin lacerations. As with any other or-
thopaedic injury, the patient should be thoroughly evaluated
for the presence of other fractures or injuries, especially of
the spine and lower extremities.

The radiographic examination is often difficult to inter-
pret, especially in the young patient with a nondisplaced
fracture. This may result in a missed diagnosis, which is
reported to occur in 27 to 55 percent of cases.”"'?"1*>** When
a calcaneus fracture is suspected, standard radiographic
views should include a lateral, axial, straight dorsoplantar,
and an oblique dorsoplantar view.'” Broden’s views are espe-
cially useful when a fracture is suspected but not seen on
the lateral or oblique views. Broden’s views are obtained
with the leg internally rotated 40 degrees and the x-ray beam

A. EXTRA-ARTICULAR FRACTURES
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FIGURE 42-203 Classification of calcaneal fractures in children. A, Extra-articular fractures. B, Intra-articular

fractures. C, Significant bone loss.



directed 10, 20, 30, and 40 degrees toward the head and
centered on the sinus tarsi.” These views show the posterior
facet of the calcaneus from posterior to anterior as the beam
is angled from 10 to 40 degrees.

For the adult-type fracture patterns with intra-articular
joint involvement, CT scan is useful for defining the fracture
pattern, determining the number of intra-articular frag-
ments, and planning treatment.* The classification system
of Sanders and colleagues analyzes the posterior facet and
divides the fractures into four types, based on standard
views:'""

Type I: Nondisplaced fractures.

Type II: Two-part or split fractures.

Type III: Three-part or split depression fractures.

Type IV: Four-part or highly comminuted articular frac-

tures.

This classification has prognostic value with respect to
articular reduction and overall outcome. Excellent or good
results are achieved in 73 percent of type II fractures, 70
percent of type III fractures, and 9 percent of type IV frac-
tures. CT is most useful in the older patient with an intra-
articular fracture. By accurately showing the fracture pattern,
it allows the surgeon to select the best treatment protocol."

In the young child, radiographs may appear normal de-
spite the presence of a calcaneal fracture. When there is a
high suspicion that a fracture is present, the child can be
placed in a short-leg cast and radiographs can be repeated
2 to 3 weeks from the time of the injury. An alternative is
to obtain a bone scan to help define the presence of fracture;
however, the results with respect to clearly identifying the
fracture are mixed,'"®"” and we prefer the former option.

Treatment. In general, calcaneal fractures in children are
successfully treated nonoperatively by means of a short-leg
cast or splint worn for 3 to 6 weeks, followed by weightbear-
ing as tolerated.t This is especially true in children less than
10 years, because of better healing potential and a lower
incidence of intra-articular fractures in this age group.'”'*

In the patient less than 5 years, the fracture is universally
undisplaced and often not seen on the initial radiographs.
We prefer to treat these children with short-leg casts for 3
weeks, and we allow full weightbearing. A large proportion
of these fractures are most likely missed on the initial presen-
tation and do well without formal treatment. Matteri and
Frymoyer reported results in two of three children with
missed calcaneal fractures who were less than 3 years old.
Treatment of the diagnosed fracture consisted of a posterior
splint for 3 weeks, and all three children were back to full
activities by 3 weeks.'”

Children 12 years old or younger have good results, even
though a small proportion have displaced intra-articular
fractures.f Schmidt and Weiner described 37 patients with
extra-articular fractures, with an average age of 10 years,
compared to 22 patients with intra-articular fractures, with
an average age of 13 years."” In addition, the mechanism
of injury imparts less energy to the calcaneus in young
children because of their smaller size and because the height
of the falls is generally less than 4 feet, versus more than 14

*See references 46, 58, 107, 150, 159, 188.
1See references 25, 37, 40, 50, 91, 108, 137, 191, 192, 195, 213, 229.
$See references 37, 50, 91, 191, 192, 195, 229.
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feet in children older than 10 years.”” We prefer to treat
these children in short-leg nonweightbearing casts for 4 to
6 weeks, depending on the age of the child, followed by
weightbearing as tolerated.

Children older than 12 years have a higher proportion
of intra-articular fractures (63 percent vs 27 percent), sustain
greater trauma to the extremity, and have a higher incidence
of associated injuries (50 percent vs 20 percent) than younger
children." Because the associated injuries include lumbar
vertebral fractures, other lower extremity fractures, pelvic
fractures, and upper extremity fractures, the treating physi-
cian should anticipate associated injuries in the older child
with a calcaneal fracture. This is especially true in the child
involved in a motor vehicle accident, in which the incidence
of associated injuries is highest."”! Treatment of extra-articu-
lar fractures is similar to that in younger children but may
include a longer period of immobilization, up to 12 weeks.
Intra-articular fractures in this age group are relatively com-
mon, and the results of closed treatment are generally good
with regard to function."'*> However, most studies have
short” or inadequate follow-up,'” some patients do experi-
ence pain on short-term follow-up, and radiographs do
demonstrate residual deformity and some evidence of early
degenerative changes in the subtalar joint.'" Schantz and
Rasmussen reported a 12-year follow-up in 15 children with
intra-articular calcaneal fractures that had been treated
closed. Four had pain. Radiographs demonstrated an in-
creased width of the calcaneus in nine patients, a step-off
at the articular surface of the posterior facet in four, and
early degenerative arthrosis in two.'” We prefer to perform
CT in the older patient with an intra-articular fracture to
assess the number of intra-articular fragments and the
amount of displacement or step-off of the joint surface.
The skeletally mature patient with a displaced intra-articular
fracture should be treated as an adult, with an open reduc-
tion and internal fixation to restore the articular surface of
the joint, restore the height of the heel, and reduce the width
of the heel to a more normal position. Consultation with
an adult foot and ankle surgeon is advised because of the low
incidence of these fractures in a typical pediatric orthopaedic
practice and the complexity of the surgical procedure.”

Complications. Complications from calcaneal fractures are
infrequent. The most common complication in these frac-
tures is residual pain and early arthrosis in the subtalar joint,
especially with displaced intra-articular fractures. In adult
calcaneal fractures, there is an associated 10 percent inci-
dence of compartment syndrome of the foot, which is treated
by nine-compartment releases.”'** To our knowledge, com-
partment syndrome has not been reported in the pediatric
population, but it must be evaluated for in all children,
especially adolescents with displaced intra-articular frac-
tures.

TARSOMETATARSAL (LISFRANC'S) FRACTURES

This is a very rare injury in adults and was only reported
in children as individual cases'™'” until Wiley reported a
series of 18 cases in pediatric patients.” The diagnosis is
often difficult to make because the anatomy is difficult to

*See references 59, 60, 63, 95, 121, 125, 188.
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FIGURE 42-204 Mechanism of injury producing Lisfranc’s fractures. A, Indirect
injury. An impact load is applied with the foot in a tip-toe position. B, Direct injury
=== pattern. While the patient is kneeling, a direct load is applied to the posterior heel.

G C, The Lisfranc injury occurs when the patient falls backwards from a fixed forefoot.

discern on plain radiographs and because fractures in chil-
dren are usually undisplaced. Most children with these inju-
ries can be treated with casting alone; however, displaced
fractures require closed reduction with internal fixation or
open reduction and internal fixation. The results are rela-
tively good, although some patients continue to have persis-
tent pain in the area of the Lisfranc’s joint, especially if
anatomic reduction is not achieved or if loss of reduction
occurs. Salvage operations for persistent discomfort include
tarsometatarsal arthrodesis.

Anatomy. The tarsometatarsal joints form articulations be-
tween the distal row of tarsals and the bases of the metatar-
sals: the medial three metatarsal bases articulate with their
respective cuneiforms and the lateral two with the cuboid.
Weak dorsal and stronger plantar tarsometatarsal ligaments
connect the adjacent borders of the cuneiforms and the
second and third metatarsals, the rigid keystones of the
tarsometatarsal joint. The intermetatarsal ligaments provide
greater strength than the dorsal and plantar ligaments. Lis-
franc’s ligament travels from the second metatarsal to the
first cuneiform without connections to the first cuneiform.
At the base of the first and second metatarsals lies the plantar
branch of the anterior tibial artery and the deep peroneal
nerve.

Mechanism of Injury. Three basic mechanisms have been
described.””* The first involves an indirect injury in which
the foot sustains an impact load while in the tiptoe position
(Fig. 42—-204A). Most commonly this is from a fall from a
height in which the patient lands on the foot with the toes
flexed, producing acute plantar flexion at the tarsometatarsal
level. This often results in a sudden abduction moment to

the foot and results in lateral displacement of the metatarsals
and fracturing at the base of the second metatarsal.

The second mechanism is a direct compression injury in
which the patient is in a kneeling position and an object
strikes the back of the heel, producing the heel-to-toe com-
pression (Fig. 42-204B). This injury pattern may result in
lateral displacement of the second through fourth meta-
tarsals.

The third mechanism results from the foot being in a
fixed position and sustaining a fall backward (Fig. 42—-204C).
The heel of the foot is the fulcrum around which the injury
occurs; the injury can result in multiple fractures of the
foot.”

In children the most common mechanism of injury is a
fall from a height (56 percent), followed by a fall backward
(22 percent) and heel-to-toe compression (18 percent).”?®
In adults a large proportion of these injuries are from motor
vehicle accidents, crush injuries, and falls from heights.*
Two of the pediatric patients described by Wiley had severe
crushing injuries of the foot with associated tarsometatar-
sal fractures.”

Classification. The three-part classification of Hardcastle
and colleagues,” a modification of the original description
by Quena and Kuss,"® best defines these fractures, their
mechanism, and their treatment (Fig. 42-205).

Type A—Total Incongruity. There is incongruity of the
entire tarsometatarsal joint in a single plane, with lateral
displacement (Fig. 42—-205A).

Type B—Partial Incongruity. Only partial incongruity of

*See references 8, 28, 47, 154, 164, 182, 190, 212, 218, 220, 227, 230, 231.
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FIGURE 42-205 Classification of Lisfranc’s injuries. Type A—total in-
congruity. Type B—partial incongruity: medial dislocation or lateral dislo-
cation. Type C—divergent pattern.

the joint is seen, affecting either the medial or the lateral
aspect of the foot. The medial dislocation involves the dis-
placement of the first metatarsal from the first cuneiform
because of disruption of Lisfranc’s ligament or fracture at
the base of the metatarsal, which remains attached to the
ligament (Fig. 42—-205B).

Type C— Divergent Pattern. There may be partial or total
incongruity, with the first metatarsal displaced medially
while any combination of the lateral four metatarsals may
be displaced laterally (Fig. 42-205C).

In children, the type A and C patterns are extremely rare,
and the type B injury pattern usually demonstrates minimal
displacement.”® Similarly, in adults the incidence of types
A, B,and C is 17 percent, 72 percent, and 10 percent, respec-
tively.'™

Diagnostic Features. The diagnosis of these injuries is no-
toriously difficult, with as many as 20 percent of injuries
misdiagnosed or overlooked.”'™ The prognosis of the un-
treated Lisfranc’s fracture is generally poor. The child or
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adolescent will present with pain in the foot and dorsal
swelling, which may be localized over the dorsum of the
tarsometatarsal joint. With significant trauma the entire dor-
sum of the foot may be swollen and localization of the pain
may be difficult. However, a mild injury with more focal
swelling may allow palpation of the foot to better identify
the pain over the tarsometatarsal joint. Deformity of the
foot is rare since the majority of injuries in children either are
not displaced at the time of injury or reduce spontaneously
following injury. Pain on attempted weightbearing or persis-
tent inability to bear weight despite a normal physical exami-
nation and radiographs should raise the physician’s suspi-
cion that a tarsometatarsal injury is present. Ecchymosis on
the plantar aspect of the midfoot implies trauma to the
tarsometatarsal ligaments and an injury of that joint.'

Radiographs of the extremity should include AP, lateral,
and oblique views of the foot. The lateral border of the first
metatarsal should be in line with the medial cuneiform and
the medial aspect of the second metatarsal should line up
with the medial aspect of the middle cuneiform on the
oblique radiograph., A subtle Lisfranc’s injury is detected
with a fracture at the base of the second metatarsal, a diastasis
between the base of the first and second metatarsals of 2
mm or more (Fig. 42-206). Weightbearing stress views to
accentuate the diastasis with comparison views of the oppo-
site foot are helpful.* CT has been useful to diagnose and
define the extent of injury in patients whose radiographs
are suspicious for but not confirmatory of a tarsometatarsal
injury.”>2%12 MRI can delineate ligamentous injuries of the
tarsometatarsal joint in patients whose radiographs are nor-
mal. In patients with radiographs demonstrating diastasis
between 0 and 2 mm, Potter and colleagues reported three
complete tears and 18 partial ligament tears.'” They recom-
mend MRI for any patient whose history or physical exami-
nation findings are suspicious for Lisfranc’s injury despite
normal radiographs, with operative treatment indicated in
any patient with a complete or nearly complete ligamentous
tear. Bone scintigraphy has been reported to be useful in the
diagnosis; however, it is not specific and does not accurately
suggest the severity of injury.”

Treatment. The amount of displacement and the adequacy
and stability of fracture reduction determine the type of
treatment, The majority of tarsometatarsal fractures in chil-
dren are undisplaced or displaced less than 2 mm at the
time of the initial evaluation and can be treated nonopera-
tively. When swelling is present, a bulky dressing for 2 to 3
days has been advocated to allow the soft tissue swelling to
resolve.””® This is followed by short-leg cast immobilization
for 5 to 6 weeks. Although some recommend weightbearing
in the cast, we prefer to have the patient nonweightbearing
so that the possibility of fracture displacement is minimized.

For fractures that are displaced 2 mm or more on the
initial radiographs or CT scan, we prefer to perform a closed
reduction under general anesthesia to achieve an anatomic
reduction. A stable anatomic reduction must be achieved
before application of external immobilization. The closed
reduction is performed with manual manipulation, includ-
ing axial traction along the affected toes, followed by manual
pressure on the dorsum of the foot when dorsal displacement
is present. Adequate radiographic assessment is needed to
ensure that the fracture is reduced to an anatomic position.
Residual displacement of more than 1 mm is an indication
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for open reduction and internal fixation. The three main
reasons for failure of closed reduction are anterior tibialis
tendon interposition, incongruity of the medial cuneiform-
first metatarsal articulation, and fracture fragment interposi-
tion in the second metatarsal-middle cuneiform joint."” If
the fracture is reduced anatomically but is unstable, then
percutaneous wire fixation is required to maintain the ana-
tomic alignment of the foot. We prefer to use smooth .0062-
inch K-wires, with the most important pin traveling between
the medial cuneiform and the second metatarsal and addi-
tional pins placed according to the type of fracture present.
In the type A total incongruity pattern, Hardcastle and asso-
ciates recommend medial and lateral pins for fixation. In
the most common pattern, type B, with partial incongruity
and medial dislocation, a second pin is placed between the
first metatarsal and the medial cuneiform or between the
first two metatarsals to stabilize the medial displacement of
the first metatarsal (Fig. 42-207). For the lateral dislocation-
partial incongruity pattern, lateral pins are needed. For the
type C or divergent pattern, a similar pin construct can
be used for the medial displacement pattern; however, an
additional pin or pins may need to be placed from the
third, fourth, or fifth metatarsals into the second or third
cuneiform or the cuboid, respectively.

The indications for open reduction and internal fixation
are inability to achieve an anatomic closed reduction, and
chronic symptomatic injury with residual diastasis. The skel-
etally mature patient may best be treated similarly to adults,
with open reduction and internal fixation for all tarsometa-

FIGURE42-206 Lisfranc’s injuriesina 10-
year-girl who sustained injury while per-
forming gymnastics. A, Standing AP radio-
graph of the left foot. B, Comparison views
of the right foot are used to identify increased
joint space in Lisfranc’s joint on the left
(arrows).

tarsal injuries to achieve optimal results.* One or two longi-
tudinal incisions over the first-second metatarsal interspace
and over the third-fourth metatarsal interspace are utilized.
The injury is reduced to an anatomic position under direct
visualization, and percutaneous pin fixation is placed as
described above. We prefer to leave the pins outside the
skin and pull these at 6 weeks from the time of injury. In
the chronic symptomatic case, treatment should consist of
removal of debris from the joint, roughening of any re-
maining articular cartilage, followed by pin fixation of the
joint(s). Open injuries are usually due to a crush injury to
the foot and should be treated with thorough irrigation and
debridement of the foot. Treatment of the tarsometatarsal
injury should follow the above guidelines.

Complications. The only series of tarsometatarsal fractures
in children reported 14 of 18 patients with excellent results
without residual symptoms at short-term follow-up (3 and 8
months).” No patient required an open reduction; however,
four patients had discomfort at 1 year follow-up, with two
patients having residual malreduction—one due to inability
to achieve a closed reduction and one whose injury was not
recognized. They reported one complication; a 16-year-old
patient developed asymptomatic AVN of the second meta-
tarsal head. The most common complication in adults is
residual pain, which may be associated with progressive
flatfoot deformity or lateral impingement and is best treated
with tarsometatarsal joint arthrodesis.'***"

*See references 7-9, 28, 47, 154, 164, 180, 182, 212, 218, 220,
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FIGURE 42-207 Open reduction and internal fixation of Lisfranc’s fracture. Intraoperative radiographs during an
open reduction and internal fixation of a Lisfranc’s injury. A, The Lisfranc’s joint is distracted to allow for debridement
of the joint in this chronic injury. B, A bone reduction forceps is then used to reduce the joint, C, The Lisfranc’s joint
is stabilized between the first cuneiform and the second metatarsal using a threaded pin. Additional fixation is utilized

between the first and second metatarsals,

METATARSAL FRACTURES

Fractures of the metatarsals are the most common fracture
of the foot in children, accounting for approximately 15
percent of all foot injuries (Fig. 42—208)."" These fractures
can be due to direct trauma from an object falling onto the
foot or from a crush injury from a bicycle or motor vehicle
running over the foot. They can also be from indirect trauma
in which the child lands on the foot with axial and torsional
loads applied to the midfoot. The commonest fracture oc-
curs at the fifth metatarsal, accounting for 45 percent of all
metatarsal fractures in children. In the young child, less than
5 years old, the most common fracture is fracture of the
first metatarsal, while in children older than 10 years the
most commonly fractured metatarsal is the fifth.™ In young
children the base of the first metatarsal is often fractured
and presents as a small buckle fracture. A small percentage of
these fractures are missed at the time of initial presentation;
however, fractures of the first metatarsal are especially prone
to be overlooked, in 20 percent of cases.'”

The patient usually presents with pain in the foot after
a twisting injury or following a direct blow to the foot. The
mechanism of injury is important to define, since crush
injuries need careful assessment of the soft tissues and evalu-
ation for the uncommon but significant compartment syn-
drome. Silas and colleagues reported seven compartment
syndromes of the foot in children, three of whom had meta-
tarsal fractures following a crush injury.'” In the multiply
injured child the foot fractures may seem trivial when long
bone or pelvic fractures are present. However, because of

the significant energy force required to produce these inju-
ries, the metatarsal fractures may be associated with severe
soft tissue trauma and impending compartment syndrome,
especially when hypotension is present.

Radiographic examination should include AP, lateral, and
oblique views of the foot, with full visualization of the meta-
tarsals and phalanges. The initial radiographs in a young
child may not show a fracture, and so radiographs may have
to be repeated in 2 weeks to make the diagnosis. Metatarsal
neck fractures are more often due to a torsional force applied
to the foot, while direct compression results in shaft frac-
tures.

Most metatarsal fractures can be treated nonoperatively
since the majority are undisplaced at the time of the initial
evaluation. Soft tissue swelling of the foot is a contraindica-
tion to applying a circumferential cast at the time of the
initial evaluation. We prefer a short-leg posterior splint or
a modification of the U-type splint with a foot plate (Fig.
42-209). The patient should keep the foot elevated for 24
to 48 hours, and the splint can then be overwrapped with
fiberglass cast material in 1 week to enhance its durability.
Weightbearing is allowed in the cast, which is worn for 3
to 6 weeks, depending on the age of the child and the amount
of fracture displacement.

The indications for a closed reduction are not fully de-
fined. We prefer to reduce fractures which are completely
displaced, especially in the older child, and fractures angled
greater than 20 degrees, especially when apex-dorsal. The
child should be sedated in the emergency room, and if
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FIGURE 42-208 Radiographs of a right foot demonstrating fractures of
the second, third, and fourth metatarsals.

FIGURE 42-209 A short-leg splint. The leg is first wrapped with cast
padding. A foot plate is then placed using plaster splint material. The foot
plate is twice the length of the foot. While the foot plate is held in place,
a U-slab is placed to reinforce the forefoot. The foot slab is then folded
back onto itself to ensure there is no pressure on the heel. This is then
overwrapped with cast padding and an elastic bandage.

closed reduction is difficult, finger traps can be placed on
the affected toes to restore length and fracture reduction.
The foot should be placed in a short-leg plaster cast that is
well molded over the dorsal and plantar aspect of the foot;
however, the ankle can be left in slight plantar flexion and
should be well molded to promote resolution of the foot
swelling. The unreliable patient can be admitted to maintain
elevation of the foot and periodic ice pack application to
the foot. If a compartment syndrome of the foot is suspected
at the time of the initial evaluation or subsequent to treat-
ment, compartment pressures should be measured and a
nine-compartment foot release should be performed as de-
scribed by Myerson and Manoli.'”

Open reduction and internal fixation is indicated for open
fractures, irreducible fractures, and fractures that cannot be
maintained reduced by external immobilization in a cast.
However, it is rarely necessary to perform an open reduction
of these fractures in children. The dorsal skin incision should
be made directly over the fracture with exposure of the
fracture. A Kirschner wire is then drilled antegrade out the
distal fragment, followed by fracture reduction and retro-
grade pinning. The pin is bent and cut, and left on the
plantar aspect of the skin, and the foot is immobilized in a
short-leg nonweightbearing cast for 4 to 6 weeks. The pin
(or pins) can be removed at 4 to 6 weeks, depending on
the age of the child, and a walking cast or a fracture boot
worn for an additional 2 weeks.

FRACTURES OF THE BASE OF THE
FIFTH METATARSAL

The proximal fifth metatarsal can be anatomically divided
into three regions: the proximal cancellous tuberosity, the
more distal tuberosity, and the proximal metaphyseal-dia-
physeal junction. The blood supply to the base of the fifth
metatarsal is important in understanding the risk of non-
union. ! The nutrient artery enters medially into the
cortex and branches proximally and distally, with a water-
shed area between the proximal branch of the nutrient artery
and the metaphyseal vessels (Fig. 42—210). Fractures in this
watershed area are at risk for delayed union or nonunion.
The proximal apophyseal growth center is usually visible
radiographically at age 9 and becomes united to the diaphysis
between 12 and 15 years of age. This apophyseal growth
center, or the os vesalianum, can be mistaken for a fracture
in children but can be differentiated by the sagittal orienta-
tion of the apophysis and the metatarsal. In contrast, the
true fracture line is oriented transversely, at a right angle to
the shaft of the metatarsal.

Fractures of the base of the fifth metatarsal are best classi-

Intermedullary nutrient artery

Metaphyseal vessels

Metaphyseal vessels
Watershed area

FIGURE 42-210 Blood supply of the proximal fifth metatarsal.



FIGURE 42-211
tarsal.

The three anatomic zones of the proximal fifth meta-

fied according to their location, best defined by the anatomy
of the three zones of the proximal metatarsal (Fig. 42-211).
Zone 1 comprises the cancellous tuberosity, including the
insertion of the peroneus brevis tendon and the calcaneo-
metatarsal ligament of the plantar fascia; zone 2 is the distal
aspect of the tuberosity, with dorsal and plantar ligamentous
attachments to the fourth metatarsal; and zone 3 begins
distal to the ligamentous attachments and extends to the
mid-diaphyseal area. It is most important to recognize the
zone 2 injury, the so-called Jones fracture, which is prone
to nonunion due to the poor blood supply.”!'"16

Treatment of these fractures is principally dependent on
the location of the fracture and the activity level of the
patient. Zone 1 injuries are traction-type fractures in which
the peroneus brevis tendon and the lateral aspect of the
plantar aponeurosis are under tension, resulting in avulsion
of the proximal aspect of the metatarsal. Minimal treatment
is needed in these patients since the outcome is universally
good with healing of the fracture and full return to activi-
ties.* We prefer to treat these fractures in a short-leg cast
and allow weightbearing as tolerated for 3 to 6 weeks. Other
authors have recommended a hard-sole shoe, elastic wrap,
or a functional brace; all of these have produced good results.
Radiographic union generally lags behind the time to resolu-
tion of the patient’s symptoms and is not a prerequisite for
removal of the cast or return to activities at 3 to 4 weeks.
There are reports of nonunion of these fractures, which are
most often displaced more than 3 mm at the time of injury,
and we prefer to immobilize these injuries in a cast for
6 weeks.""

The Jones fracture is located in zone 2, the proximal
metaphyseal-diaphyseal junction, with the fracture line ex-
tending obliquely and proximally from the lateral cortex
through the medial cortex, where articulation with the
fourth metatarsal occurs. The mechanism of injury is
thought to be a combination of vertical loading and coronal-
plane shear forces that occur at the junction of the stable
proximal metaphysis, provided by ligamentous attachment
to the base of the fourth metatarsal and the mobile fifth
metatarsal diaphysis. It is most likely that these fractures
are stress injuries that occurred prior to the acute event that
brings the patient to the hospital *#*!1%15 These patients
are usually adolescent, are most often involved in athletics,
and present after a traumatic event despite having prior
symptoms. A good history is important to determine the
duration of symptoms, since patients with more chronic
symptoms (3 to 4 months) may be more prone to nonunion.
Josefsson and colleagues reported results in a large series of
patients with Jones fractures; late surgery was required in
12 percent of patients with acute fractures and 50 percent of
patients with chronic fractures when nonoperative treatment
was initially used.” For the acute fracture, we prefer immobi-
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lization in a short-leg cast and do not allow weightbearing
for the initial 6 weeks. Serial radiographs are evaluated for
evidence of fracture healing. Tenderness at the fracture site
or lack of fracture callus formation at 6 weeks requires
further immobilization in a short-leg nonweightbearing cast.
With evidence of fracture callus and lack of tenderness, the
patient can begin protected weightbearing in a hard-soled
shoe for an additional 4 weeks. Return to full activities is
allowed after solid fracture union is seen radiographically
(Fig. 42-212). In adults, Torg and associates reported frac-
ture healing at 7 weeks in 14 of 15 patients treated with a
short-leg nonweightbearing cast, while only four of ten pa-
tients who were allowed to bear weight went on to union.*"
In the chronic injury, when symptoms have been present
for more than 3 months, the likelihood of fracture healing
with conservative treatment is significantly decreased. In the
untreated patient, at the time of presentation, we prefer a
trial of nonweightbearing in a cast for 6 weeks to attempt
to obtain fracture healing. However, if this treatment does
not result in fracture healing, we prefer intramedullary fixa-
tion using a compression screw and bone grafting (Fig.
42-213). We prefer the distal tibia as the site to harvest
bone graft since only a small quantity of bone is needed,
the harvest site is close to the operative site, and only a small
incision is required. Postoperatively the patient is allowed to
bear weight, initially in a short-leg cast for 3 to 4 weeks.
The technique has been described using a 4.0-mm malleolar
screw; however, we prefer a larger 6.5-mm screw with good
distal cortical purchase when the size of the metatarsal per-
mits. The results of intramedullary screw fixation and bone
grafting have been good, with few complications.*

The zone 3 fracture is most often a stress fracture, usually
occurring in the active athlete. Similar to the Jones fracture,
the acute zone 3 fracture can be treated in a short-leg non-
weightbearing cast for 6 weeks, followed by protection dur-
ing weightbearing for 3 to 4 weeks. The active athlete with
a chronic injury or nonunion should be treated with intra-
medullary screw fixation with or without bone grafting.

PHALANGEAL FRACTURES

Phalangeal fractures are rare in children, are the result of
direct trauma, and generally require minimal treatment. The
proximal phalanx is more often injured than the more distal
phalanges, and injuries of the hallux are more common
than injuries of the lesser toes. The mechanism is usually
“stubbing” the toe or direct trauma from a falling object.
These fractures may be associated with significant soft tissue
injury, especially when they result from direct trauma. Open
injuries are rare and most often involve the nail plate and
nail bed.

Treatment for most phalangeal fractures is symptomatic,
with weightbearing as tolerated in a stiff-soled shoe. In the
severely displaced fracture, a manual reduction may be re-
quired, followed by taping to the adjacent toe (“buddy”
taping). In the older child with a displaced fracture, percuta-
neous pin stabilization of the fracture may be required fol-
lowing reduction. The pin can be removed at 6 weeks, at
which time the fracture should be healed and full weight-
bearing is allowed. Associated nail bed injuries should be

*See references 99, 117, 171, 181, 187, 215.
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FIGURE 42-212 An acute zone I injury of the fifth metatarsal, the so-called
Jones fracture, in a 15-year-old boy who had pain following a twisting injury
while playing basketball. A, Injury radiographs. B, After 6 weeks of cast immobili-

zation, the radiographs demonstrate healing of this acute Jones fracture.

repaired and open injuries should be irrigated and debrided
and treated with intravenous antibiotics for 24 hours, fol-
lowed by oral antibiotics for 5 to 7 days.

LAWNMOWER INJURIES

Approximately 25,000 injuries occur each year from power
lawnmower accidents in the United States.” Children are
involved in approximately 20 percent of these injuries and
account for 12 percent of all deaths related to lawnmowers."”
The average age of children is between 4 and 8 years, and
boys are more often involved than girls.* Some studies report
a higher proportion of injuries in children who are passen-
gers or operators of the lawnmower,'"™** while others report
a greater likelihood of injury in children bystanders.”!*

*See references 14, 57, 96, 124, 128, 136, 223.

Riding lawnmowers are more often involved than push
mowers and generally result in more severe injury patterns.’’
The lower extremities are most often injured, and the major-
ity of injuries result from direct contact with the power
blades under the housing of the lawnmower. The wounds
sustained from contact with the blades are of two main
types, depending on the position of the child at the time of
injury: the foot or toes are involved when the child is supine
at the time of injury, and the plantar foot or heel is injured
when the child is prone at the time of injury.

Assessment of the injured child should be thorough and
prompt to allow urgent transfer to the operating room for
initial irrigation and debridement. Antibiotics should be
administered in the emergency room and should achieve
broad coverage with triple antibiotics consisting of a cepha-
losporin, an aminoglycocide, and penicillin, We prefer mul-
tiple debridements at 48-hour intervals until viable tissue is
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FIGURE 42-213 A chronic Jones fracture in a 16-year-old boy who presented with a 2-year history of
right foot pain. A and B, Initial radiographs. Note the chronic appearance of this Jones fracture. C and D,
Radiographic appearance at 3 months. The fracture has healed.
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present at all wound edges, which usually requires at least
three trips to the operating room.” Wounds should be left
open between procedures. Significant foreign material can
be forced under pressure into the soft tissue envelope, and
therefore it is always preferable to repeat the irrigation and
debridement procedure if there is any question about tissue
viability and sterility prior to soft tissue closure or coverage.
Bony injuries should be stabilized using standard techniques
at the initial debridement. Up to 80 percent of these inju-
ries require some form of ablative procedure, and attempts
should be made to preserve as much length as possible
and avoid transdiaphyseal amputation, to prevent difficulties
with overgrowth."™ Although limb salvage is a natural goal
following these injuries, an objective analysis of the long-
term outcome and the duration of treatment with associated
complications must be done.

Soft tissue coverage of most lawnmower injuries can be
accomplished with delayed closure or a split thickness skin
graft. #1223 Unlike in adults, a split-thickness skin graft
works extremely well for most soft tissue injuries in children,
including coverage on the plantar aspect of the foot. Vos-
burgh and colleagues reported results in nine patients with
split-thickness skingrafts applied to the heel or plantar aspect
of the foot; three had no difficulty and the remaining six had
minor areas of junctional hyperkeratosis.”” It is important to
obtain input from a plastic surgeon at the time of the second
or third debridement to plan appropriate soft tissue cover-
age, especially when free flap coverage is anticipated.

The outcome in these patients is overall satisfactory and
largely depends on the force imparted during the initial
injury and the location of injury.”” Patients in whom the
injury was confined to the toe and forefoot have 88 percent
of normal function, whereas patients who sustain injuries
to the posterior and plantar aspect of the foot retain 72
percent of normal function.’” Similarly, Dormans and col-
leagues reported excellent functional outcomes in patients
who sustained paucilaceration-type injuries, while patients
who sustained the more common shredding-type injury had
poor results.”

PUNCTURE INJURIES OF THE FOOT

Puncture injuries of the foot are common in children and
most often result when a child steps on a nail.****! Treatment
in the emergency room should consist of tetanus toxoid
administration (when appropriate) and irrigation of the en-
try site with saline using a large syringe and plastic angio-
catheter. This can be done under a local anesthetic using
an ankle block or under conscious sedation. The use of
antibiotics at the initial visit in the emergency room is con-
troversial and without good scientific analysis, and we do not
recommend prophylactic administration. If there is concern
that the wound is severely contaminated, then a formal
debridement in the operating room may be necessary. Pseu-
domonas is the most common organism cultured from chil-
dren who have a puncture wound and is thought to be due
to the presence of this organism in sneakers.*
Complications following these injuries are relatively rare.
The incidence of cellulitis following puncture wounds of
the foot is reported to be close to 10 percent. Cellulitis

*See references 21, 56, 67, 74, 75, 93, 94, 100.

usually can be treated with intravenous antibiotics but may
require surgical debridement. The offending organism in
cellulitis is usually Staphylococcus aureus and not Pseudomo-
nas. However, osteomyelitis is the most serious complication
from this injury. It is seen in up to 3 percent of these injuries
and most often involves the metatarsals, followed by the
calcaneus. Penetration of the offending object into the carti-
laginous surface at the time of the initial injury is thought
to occur.® Systemic signs are usually absent; however, the
patient has continued pain and an antalgic gait. The diagno-
sis is often difficult to make and is best established with an
initial radiograph, followed by bone scan and/or MRI if
necessary. Treatment is thorough surgical debridement of
the soft tissue, bone and cartilage, and/or joint, followed
by a 7-day course of an intravenous antibiotic.”? Pseudomonas
is the most common organism and may be associated with
Staphylococcus infection.” The sequelae of osteomyelitis in-
clude recurrent infection, physeal arrest, and early arthritis.
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