CHAPTER 23

Leg Length Inequality,

Leg Length Inequality

INTRODUCTION

Leg length inequality in children is a frequent complaint
or physical finding noted by the orthopaedist. Incidentally
identified leg length inequality is a common finding during
screening examinations such as of armed forces recruits,
scoliosis screening examinations, and routine assessments
of the asymptomatic adult population.”***% The manage-
ment of this deformity varies from no treatment to extensive
multistage reconstruction to limb ablation and prosthetic
fitting,"#121152%34 depending on the severity of the inequal-
ity and the function of the limb.

Unique aspects of the management of leg length inequal-
ity in children include the dynamics of lower limb growth
and the need to estimate the projected discrepancy at skeletal
maturity. This is necessary to determine the best orthopaedic
management of the deformity and the surgeon’s ability to
alter normal growth as a form of that management. To treat
children with leg length inequality properly, the surgeon
must be comfortable assessing leg length inequality clinically
and radiographically, be cognizant of the various causes of
leg length inequality, understand normal growth and the
impact of abnormal growth on the individual’s limb, be able
to chart and estimate ultimate leg length inequality in the
skeletally immature child, know what modalities are avail-
able to normalize leg length inequality, and select the appro-
priate management for each patient.

ETIOLOGY

Asymptomatic leg length inequality is relatively common
in both the pediatric and adult healthy population.'*#*0
Soukka and colleagues found that 53 of 247 asymptomatic
adults had a leg length inequality averaging 5 mm, with a
maximum of 2 cm.*” Hellsing found a leg length inequality
between 0.5 and 1.5 cm in 32 percent of 600 military recruits,
and exceeding 1.5 cm in 4 percent."” Rush and Steiner found
equal leg lengths in only 23 percent of 1,000 army recruits.”
Similarly, Walker and Dickson found that 138 (2.6 percent)
of 5,303 children ages 10 to 14 years who were screened for
scoliosis had a pelvic tilt due to leg length inequality or
pelvic asymmetry.”® Anderson and colleagues reported up
to 1 to 2 cm difference in length or circumference in the
normal population."

In the past, limb length inequality was most commonly
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a residuum of poliomyelitis. With vaccination, this is now
a rare cause in the Western Hemisphere. The list of possible
causes of leg length inequality in children is long (Table
23—1). In general, leg length inequality can be classified as
congenital or acquired. Congenital causes include congenital
femoral deficiency (including proximal femoral focal defi-
ciency, or PFFD), fibular deficiency, tibial hemimelia, hemi-
myelomeningocele, idiopathic hemihypertrophy or hemiat-
rophy, and spinal dysraphism. Acquired causes include
physeal growth disturbance from fracture, infection, irradia-
tion, or other cause such as infantile or adolescent Blount’s
disease; Legg-Perthes disease; malunion of long bone frac-
ture; growth stimulation secondary to long bone fracture;
and inflammatory arthritis. Developmental causes, in which
the discrepancy evolves with growth, include melorheostosis,
congenital clubfoot deformity, enchondromatosis, osteo-
chondromatosis, neurofibromatosis with gigantism, in asso-
ciation with congenital pseudarthrosis of the tibia, or vascu-
lar anomalies such as Klippel-Trénaunay syndrome.*

An important diagnostic category is that known as idio-
pathic hemihypertrophy or hemiatrophy (anisomelia). This
topic has been reviewed by Ballock and colleagues,” who
point out that hemihypertrophy can occur as part of a recog-
nized clinical syndrome or in isolation (nonsyndromic).
What constitutes hemihypertrophy or hemiatrophy is not
clearly delineated except in severe situations.”** Further-
more, the distinction between normal variation and abnor-
mal hypertrophy or atrophy between the two sides of the
body is also not clear; a significant proportion of the “nor-
mal” population will have a detectable leg length inequality,
as discussed above. One variation of hemiatrophy is Silver-
Russell syndrome,*" a syndrome characterized by short stat-
ure with associated hemiatrophy (Fig. 23—1). The etiology
of idiopathic nonsyndromic hemihypertrophy is not known.
A specific exclusionary criterion for idiopathic hemihyper-
trophy is the absence of cutaneous or vascular anomalies,
which can be seen in Proteus syndrome, Klippel-Trénaunay
syndrome, neurofibromatosis, or Beckwith-Wiedemann
syndrome. Nonsyndromic hemihypertrophy and Beckwith-
Wiedemann syndrome have both been associated with the
development of childhood neoplasias.* Beckwith-Wiede-
mann syndrome, described independently by Beckwith? and
Wiedemann,*® is characterized by neonatal hypoglycemia,
macroglossia, visceromegaly, omphalocele, hemihypertro-

* See references 16, 26, 84, 94, 118, 119, 136, 146, 168, 190, 195, 201,
235, 250, 299, 344, 383, 444,
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TABLE 23-1 Summary of Causes
of Leg Length Inequality

Causes of Decreased Leg Length
Congenital limb deficiency
Congenital femoral deficiency
Congenital fibular deficiency
Tibial hemimelia
Neurologic causes
Asymmetric neurologic disorders
Hemimyelomeningocele
Poliomyelitis
Asymmetric static encephalopathy (e.g., hemiparesis)
Asymmetric peripheral neuropathy
Traumatic
Malunion
Physeal growth disturbance or arrest after fracture
Other acquired causes of physeal growth disturbance
Infection
Tumor
Enchondroma
Osteochondroma
Unicameral bone cyst
Irradiation
Infantile Blount’s disease
Adolescent Blount’s disease
Legg-Calvé-Perthes disease
Hemiatrophy
Idiopathic, nonsyndromic hemiatrophy
Russell-Silver syndrome
Unilateral clubfoot deformity
Congenital pseudarthrosis of the tibia

Causes of Increased Leg Length
Posttraumatic overgrowth
Femoral shaft fracture
Tibial shaft fracture
Soft tissue overgrowth syndromes
Gigantism with neurofibromatosis
Klippel-Trénaunay syndrome
Beckwith-Wiedemann syndrome
Proteus syndrome
Idiopathic hemihypertrophy
Inflammatory arthritis

phy, and a propensity for the development of embryonal
tumors, especially Wilms’ tumor (although many different
types have been reported).* Elliott and Maher suggested as
major criteria for the diagnosis macroglossia, overgrowth,
and anterior chest wall defect."” Ear creases, flame-shaped
facial nevi, kidney enlargement, hypoglycemia, and hemi-
hypertrophy are considered minor criteria. Most patients
have a birth weight above the 90th percentile. Most cases
are sporadic, but autosomal dominant transmission is sus-
pected. Deletions and translocations in chromosome 11,
near the locus of insulin-like growth factor IT (IGF-II), have
been identified, suggesting a correlation between the hypo-
glycemia and growth stimulation resulting in the hemihyper-
trophy and soft tissue overgrowth. Some 7 to 9 percent of
patients with Beckwith-Wiedemann syndrome have been
reported to have tumors; those with hemihypertrophy are
at substantially greater risk (24 to 27 percent) for the devel-
opment of tumor.T Nonsyndromic hemihypertrophy has
been most commonly associated with Wilms’ tumor, but it
has also been associated with adrenal carcinoma and hepa-

* See references 16, 26, 94, 118, 119, 168, 250, 326, 383.
T See references 16, 26, 94, 118, 119, 168, 250, 383.

toblastoma. As pointed out by Ballock and colleagues,” the
majority of patients with Wilms’ tumor do not have hemi-
hypertrophy, and no large prospective study of the incidence
of tumor in nonsyndromic hemihypertrophy has been re-
ported. Wilms’ and other tumors can be identified with
abdominal ultrasonography. Unfortunately, reliable criteria
for diagnosing nonsyndromic hemihypertrophy, the inci-
dence of tumor and the effectiveness of screening in altering
the natural history, the frequency with which screening ex-
aminations should be performed, and the age at which
screening can stop all are unknown or unavailable. Thus,
no specific guidelines can be given regarding the indications
for and frequency of screening abdominal ultrasonography.
At our institution, we perform screening abdominal ultraso-
nography in patients with the diagnosis of nonsyndromic
hemihypertrophy or Beckwith-Wiedemann syndrome every
6 months until the age of 8.

Limb length inequality is a potential complication af-
ter long bone fracture, particularly femoral shaft frac-
ture.”*?"5##32 The discrepancy may develop from malunion,
growth stimulation, or subsequent disturbance of physeal
growth.* In a study of 50 children less than 10 years old
with femoral shaft fracture treated by spica immobilization
within 72 hours of injury, Corry and Nicol found that 44
overgrew by an average of 7 mm, five had retarded growth,
and one showed no effect of the treatment.” Overgrowth
was most likely in the 4- to 7-year-old age group. Hougaard,
in a study of 67 patients with femoral shaft fracture, found
that overgrowth averaged 10 mm, with a maximum of
2.6 cm; he could not correlate the extent of overgrowth with
age, sex, or fracture pattern.’”” Patients with shortening on
follow-up tended to be older and to have fractures with an-
gulation,

IMPACT OF LEG LENGTH INEQUALITY

Leg length inequality in the apparently healthy population
is relatively common. The possible relationship of leg length
inequality to any number of lower extremity or spinal prob-
lems has provoked considerable debate in the medical arena
as well as in other health care fields. Some studies have
implicated a variable amount of leg length inequality in the
development of scoliosis, low back pain, sciatica, excessive
stress on either hip or knee joints, and dysfunction of the
lower extremity such as stress fracture, plantar fasciitis, or
parapatellar knee pain.

Orthopaedists have traditionally been taught to consider
leg length equalization by some means when leg length
inequality in the absence of other deformity exceeds or is
expected to exceed 2 to 2.5 cm at skeletal maturity.* How-
ever, a firm rationale for this approach is lacking. A careful
review of the literature will discourage anyone who is trying
to establish firm and fast guidelines as to what amount of
discrepancy should serve as the threshold of inequality be-
yond which treatment is indicated. Bhave and colleagues
evaluated gait parameters in 18 patients before and after an
average lengthening of 4.7 cm. They found that significant
differences in stance time between the short and long leg
improved after lengthening, and that the second peak of the
vertical ground reaction force in the shorter limb improved

* See references 46, 184, 310, 314, 392, 407,



A

FIGURE 23-1
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Patient with Silver-Russell syndrome. A, Patient standing with mother. Note short stature and right-

sided hemiatrophy. B, Patient standing on 6 cm of blocks to compensate for shortening of the right femur and tibia.

significantly after lengthening.” Eleven of the patients had
complained of lumbosacral pain preoperatively, none after
lengthening. Brand and Yack evaluated the resultant hip
forces and moments in seven normal subjects walking with
lifts of 2.3, 3.5, and 6.5 cm.® The 2.3-cm lift produced
no effect. The other lifts modestly increased mean peak
intersegmental resultant hip forces but not moments in the
shorter limb. Goel and colleagues studied the gait of ten
subjects without leg length inequality walking with a 1.25-
cm lift under one foot and ten asymptomatic patients with
1- to 2-cm leg length inequality walking both with and
without corrective lifts. In the equal leg length group and
the leg length inequality group walking without a lift, no
side-to-side joint moment abnormalities were noted. In the
leg length inequality group walking with a corrective lift,
side-to-side joint moment differences were significantly in-
creased. The authors concluded that “minor” leg length
inequality did not produce predictable changes in joint ki-
netics likely to lead to joint abnormalities."® Kaufman and
colleagues, in a gait analysis of 20 subjects with leg length
inequality, noted that gait asymmetry beyond that seen in
the normal population became evident when the discrepancy
exceeded 2 cm (3.7 percent). This asymmetry was variable
between subjects but in general was characterized by in-
creased loading on the longer limb.* Liu and colleagues,
in a study of 30 patients with leg length inequality, found
that discrepancies less than 2.3 cm resulted in “acceptable”
gait asymmetry.”” They also noted that the amount of cor-
rection of asymmetry provided by a lift was unpredictable.
Song and colleagues evaluated 35 children with leg length
inequality ranging from 0.6 to 11.1 cm (0.8 to 15.8 percent
shortening) by gait analysis.*” Compensatory mechanisms

for leg length inequality included circumduction or persis-
tent flexion of the longer limb, vaulting over the longer
limb, and toe-walking on the shorter limb. Discrepancies
of less than 3 percent were not associated with compensatory
mechanisms. More mechanical work was performed by the
longer leg, and there was a greater vertical displacement of
the center of body mass when discrepancies exceeded 5.5
percent, a discrepancy that could not be compensated for
by toe-walking.

The association between leg length inequality and low
back pain in the adult population is also not very clear from
the literature. An increased incidence of leg length inequality
in patients with chronic low back pain has been noted by
some authors"#!%% hut not by others.* Amelioration of
preexisting low back pain after leg length equalization by
either surgical lengthening or shortening has been reported
by several authors.******* Similarly, the influence ofleg length
inequality on the morphology of the spine with or without
associated low back pain is also controversial, with some
authors noting changes in facet joint orientation and other
morphological asymmetries'®'*!¢! and other authors not
noticing such changes."*****" Leg length inequality has been
implicated in the susceptibility of athletes and armed forces
recruits to injury by some authors'?#>#2% byt not by
Others'ifl,!?%lﬁi

ASSESSMENT OF LEG LENGTH INEQUALITY

Clinical. It is important that an assessment of leg length
inequality be incorporated into screening examinations per-

* See references 156, 180, 199, 209, 354, 404, 472, 473,
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formed by both orthopaedists and primary care physicians,
since in the absence of pain or limb dysfunction, children
will tolerate and mask even substantial discrepancies. When
screening a child for limb length inequality or when assessing
a complaint of such, the physician should determine how
long the family has been aware of the apparent leg length
inequality, whether there are any associated functional limi-
tations in either limb, any family history of skeletal dysplasia,
and any history of fracture, infection, or other significant
injury to either extremity. Significant malformations such
as congenital clubfoot deformity, skin discoloration, or soft
tissue enlargement should be questioned.

Leg length inequality as determined from physical exami-
nation can be structural, due to a measurable difference in
a lower extremity segment, functional (or postural), due to
asymmetry in positioning of one lower extremity relative to
the other, or a combination of these. An accurate assessment
of the nature of the leg length inequality then must include
both careful assessment of the measured length of the lower
extremities and their segments and evaluation of the range
of motion and resting position of the lumbar spine, hips,
knees, and ankles. An excellent illustration of the impact of
functional limb length inequality presenting as structural
inequality is provided by the gait and clinical assessment of
patients with hemiparesis. Relatively minor hip adduction
and/or flexion contractures of the involved side will produce
the casual clinical impression of substantial structural leg

length inequality, whereas the actual structural discrepancy
of the femur or tibia is typically quite small (Fig. 23-2),
Ireland and Kessel?” estimated that a functional discrepancy
of 3 cm was created with each 10-degree increment in hip
adduction/abduction deformity, up to 40 degrees.

During the initial examination for a complaint of leg
length inequality or screening for evidence of same during
a routine examination, the child should stand facing away
from the examiner, undraped such that the examiner can
see the legs and the waist, including the posterior iliac spines.
The examiner must be sure that the child is standing evenly,
with the knees extended and the feet flat on the floor. In
this position, the examiner can rest his or her hands on the
iliac crests, or look at the posterior iliac spines for evidence
of one leg being longer than the other. If a discrepancy is
evident, an excellent estimation of the extent of the discrep-
ancy can be made by having the patient stand on graduated
blocks under the shorter leg until the pelvis is level (Fig.
23-3). Younger, nonambulatory, or uncooperative children
can be assessed supine on an examining table, with the
examiner drawing the child’s legs parallel in an extended
position and noting the relative levels of the soles of the
feet or the medial malleoli, and by flexing the hips 90 degrees
and noting relative knee height (Galeazzi’s sign). It is impor-
tant that the legs be held in symmetric positions at the hips,
knees, and feet, or a functional discrepancy due to alteration
in the position of the joints may be interpreted as a structural

A

FIGURE 23-2  Apparent limb length inequality in a patient with hemiparesis. A, Clinical examination of the patient
supine with the hips flexed suggests that there is a limb length inequality, with the hemiparetic side shorter than the
unaffected side. This apparent shortening is due to adduction of the hemiparetic leg. B, Patient standing. Note apparent
(and functional) shortening of the affected right side due to adduction and flexion of the right hip. Careful physical
examination will usually reveal that the apparent shortening is secondary to the adducted, slightly flexed position of
the hip, producing a functional but not a significant structural leg length inequality.
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FIGURE 23-3  Clinical assessment of limb length inequality with the aid
of graduated blocks. A, A true leg length inequality or fixed functional
discrepancy will be noted as asymmetric iliac crest or posterior iliac spine
heights with the patient standing erect. The examiner must be sure that
the patient is standing evenly on the legs with the knees straight and the
feet flat on the floor. B, A reasonably accurate estimation of leg length
inequality may be made by having the patient stand erect on sufficient
graduated blocks under the shorter limb to level the pelvis.

discrepancy. The limbs can be measured with a tape measure
from the superior iliac spine to the medial joint line and
the medial malleolus, or from the umbilicus to the medial
malleolus for functional discrepancies (Fig. 23—4). Measure-
ment with a tape is susceptible to error, however, because
of variations in the location of these bony landmarks or
difficulty identifying them, or because of variations in the
position of the joints (particularly the hip) during these
measurements.* Smith has described a clinical method for
assessing leg length inequality that he calls the “thigh-leg”
technique.” The patient is placed supine on the examining
table with the hips and knees flexed 90 degrees. Discrepancy
is measured between the table and thigh, between the thighs
at the knees, and between the soles with the knees even
(Fig. 23-5). Smith found this clinical method significantly
superior to tape measurement, and slightly more accurate
than block measurement.*”

The examiner should carefully assess the arc of motion,
resting position, and stability of the lower extremity joints.
Simultaneously, the examiner looks for angular deformity
of the long bones, vascular anomaly or skin or soft tissue
anomaly in the limbs, spinal deformity, or vascular anomaly

* See references 35, 143, 178, 236, 256, 399.
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over the spine. In cases of suspected idiopathic hemihyper-
trophy or hemiatrophy, the physician should also look for
asymmetry of upper extremity length, hand size, or facial
features. Neurologic examination of the lower extremities
concentrating on motor strength, tone, and reflexes should
be performed to complete the “static” screening assessment.
Finally, the examiner watches the patient walk and run to
gain insight into how much functional impairment is being
produced by the leg length inequality, with or without asso-
ciated deformity. During this portion of the examination, the
examiner notes any compensatory mechanisms the patient is
using, specifically circumduction of the long leg, vaulting
over the long leg, excessive flexion of the hip and knee of
the long leg, or toe-walking on the short leg.

Radiographic. Radiographic documentation of leg length
inequality can be accomplished with an anteroposterior (AP)
radiograph of the pelvis with the patient standing on an
appropriately sized block (Fig. 23—6) under the shorter limb,
scanograms, orthoroentograms, or CT scanograms.* Ultra-
sound has also been described for leg length inequality
screening.”5+"

PLAIN RADIOGRAPHY

Teleoroentgenography. This is the simplest whole-leg radio-
graphic technique for the assessment of leg length inequality.
A radiograph of the entire lower extremity is obtained with
the patient supine on the radiographic table, with a long film
and radiographic ruler beneath the patient. This technique is
also the most susceptible to magnification error, since a
single exposure is made from a midpoint on the patient’s
lower extremities (Fig. 23-7). It is, however, useful if the
patient is unlikely or unwilling to hold still for the multiple
exposure techniques described below.

Orthoroentgenography. This radiographic technique was de-
scribed by Green and colleagues in 1946." The purpose is
to minimize measurement error due to magnification by
making three separate exposures of the lower extremities
centered over the hips, knees, and ankles (Fig. 23—8). One
long film with a radiographic ruler is obtained, similar to
the teleoroentgenogram. In cases of significant leg length
inequality, separate exposures for each leg may be made,
with the radiographic beam centered over each joint. It is
important that the patient not move between exposures
(which Green and colleagues'* accomplished by strapping
the patient to the table after positioning) and that the limbs
be aligned neutrally. Saleh and Milne have described using
this technique in a weightbearing position, so that angular
deformities, mechanical axis deviations, and limb length can
be assessed simultaneously in the weightbearing position.””
Weightbearing is not important to the accuracy of the mea-
surement of leg length inequality.”

Scanography. This term arose from an early technique called
slit scanography but has come to be used for a technique
similar to orthoroentgenography, differing in that not only
is the radiographic tube moved over the patient for the three
exposures, but the film is moved under the patient as well
(Fig. 23-9). This reduces the size of film required, making
storage and handling easier. The patient needs to remain

* See references 2, 6, 12, 73, 85, 140, 141, 162, 172, 200, 213, 223, 246,
256, 314, 315, 372, 428.
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FIGURE23-5 Thigh-leg technique of leg length inequal-
ity estimation during on-table examination. A, The patient
is positioned supine on the examination table with the
hips and knees flexed 90 degrees. Discrepancy between
the two sides is checked between the table and thigh,
between the thighs and knees, and between the soles with
the knees even. B, An estimation of limb length inequality
is made by assessing asymmetry at these three levels. (After
Smith CF: Instantaneous leg length determination by
“thigh-leg” technique. Orthopedics 1996;19:955.)

motionless during the exposures, similar to orthoroentogra-
phy. The entire length of the bone is not available on film,
negating this technique as a screening tool to assess the
etiology of leg length inequality.

COMPUTED RADIOGRAPHY. An alternative to conventional radi-
ography is low-dose computed radiography (CR). The radia-
tion dosage exposure with this method is reduced signifi-
cantly (as little as 1 percent of conventional radiography for
orthoroentgenograms) and the accuracy is comparable to
that of conventional radiography.'>**

COMPUTED AXIAL TOMOGRAPHY SCANOGRAM. Computed axial to-
mography (CT) has become popular for the assessment of

FIGURE 23—-4 Assessment of functional and actual leg
length inequality on the examining table using a tape
measure. Typically the legs will be measured from the
umbilicus to the medial malleolus (functional or apparent
discrepancy) and from the anterior-superior iliac spine to
the medial malleolus (actual, true, or structural discrep-
ancy). See text for further discussion. A, With the legs in
an extended and neutral position, in a patient with struc-
tural leg length discrepancy, the length of the legs will
measure unequally both when measured from the umbili-
cus to the medial malleolus (left leg is longer than the
right) and from the anterior iliac spine to the medial
malleolus. B, In a patient with fixed pelvic obliquity but

no true limb length inequality, asymmetry will be noted
on measurement of the functional leg inequality (from
the umbilicus). In this example the abducted left leg will
measure longer than the right, C, Measurement from ante-
rior-superior iliac spine to the medial malleolus will dem-
onstrate no structural leg length inequality in the same
example as Figure 23-5B.

leg length inequality.* Advantages include lower radiation
exposure even when the entire limb is exposed, greater accu-
racy, less susceptibility to error if the patient is poorly posi-
tioned, and the ability to accommodate positioning diffi-
culties secondary to joint contractures or the presence of
external fixators (Fig. 23-10). This technique is specifically
indicated when the patient has a knee flexion contracture
or is in a circular external fixator, because the accuracy is
greater than that of conventional orthoroentgenography in
these conditions.”** The radiology technicians responsible
for obtaining CT scanograms must position the patient’s

* See references 2, 6, 73, 162, 200, 223, 428.



FIGURE 23-6 Series of graduated blocks used for estimating leg length
discrepancy. A reasonably accurate clinical estimation can be made with
a series of appropriately marked blocks, and can be used in place of
radiographs for screening of leg length inequality and for serial examina-
tions.

limbs symmetrically, or at least be certain that a given posi-
tioning difficulty will not interfere with accurate measure-
ment. For example, hip or knee flexion contractures are well
accommodated by CT scanography when measurements of
segment length are taken from the lateral projection, but
only if the limb is in a neutral position with respect to
abduction/adduction at the hip or there is no asymmetric
frontal plane angular deformity.

uLtrAsoNOGrAPHY. Ultrasound has been described for the
assessment of leg length inequality.”**" Junk and colleagues
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FIGURE 23-7 Technique of teleoroentgenography. A long film and a
ruler are placed under the patient, and a single exposure is made centered
over the limbs.
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FIGURE 23-8 Technique of orthoroentgenography. A long film and a
ruler are placed under the patient. Three (or six) exposures are made at
the hip, knee, and ankle level without moving the patient or the film.

found that this technique was more accurate than clinical
assessment alone,” and Terjesen and colleagues found the
accuracy to be within 2 mm of standard radiographic tech-
niques.” However, special jigs must be constructed, and
the patient must not move during the examination. The
main advantage of this technique is that exposure to ionizing
radiation is not required. We have no experience with this
technique for leg length inequality assessment.

PREDICTION OF LEG LENGTH INEQUALITY IN
THE SKELETALLY IMMATURE CHILD

Normal Skeletal Growth. An appreciation of normal skele-
tal growth of the lower extremities is an integral component
of the evaluation and appropriate management of leg length
inequality. Normal physeal growth, the contribution of each
lower extremity physis to the overall length and shape of
the leg, the concept and timing of skeletal maturation, and
the impact of various disorders on normal growth are all
components of that understanding.

LONGITUDINAL GROWTH OFLONG BONES. All long bones are char-
acterized as having five regions—the central tubular shaft
(diaphysis), which flares into the funnel-shaped metaphyses
at either end of the diaphysis, and the relatively bulbous,
articular ends (epiphyses). Prior to skeletal maturity, the
epiphysis and metaphysis are separated by the cartilaginous
growth plate, or physis.

Traditionally, epiphyses have been characterized as being
of two types, pressure or traction. A pressure epiphysis is
articular, located at the end of a long bone, and contributes
to the formation of a joint. The greatest portion of the
longitudinal growth of a long bone takes place at the physes,
forming part of “pressure epiphyses.” Traction epiphyses are
nonarticular; they serve as sites of origin or insertion for
muscles, such as the greater and lesser trochanters, the tuber-
osities of the proximal humerus, the epicondyles of the distal
humerus, and the tibial tubercle. The reader should note that
the scheme of the growth plate oversimplifies the anatomy of
the physis and the epiphysis, which in many epiphyseal areas
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FIGURE 23-9 Technique of scanography. A, A 14 X 17-inch film is
placed under the patient with a ruler. Three (or six) exposures are made,
centered over the hips, knees, and ankles. The film is advanced under
the joint to be radiographed and exposed sequentially. B, Appearance of
scanogram. A smaller film is used, making storage and handling easier.
Only a portion of the bone segment is visible on the radiograph.

is a great deal more complex structure than a simple “plate.”
For example, the upper end of the femur initially incorpo-
rates the greater trochanter, femoral neck, and femoral head.
With growth and maturation, secondary ossification centers
develop in the greater trochanter and head (capital epiphy-
sis), with organization of the proximal growth plate into a
continuous physis from the base of the greater trochanter,
along the outer femoral neck, and extending into the base
of the femoral head. Finally, the physeal portion of the upper
end of the femur separates into the greater trochanteric
physis (“apophysis”) and the capital physis (see Chapter 15,
Developmental Dysplasia of the Hip). Other examples of
“complex” physes include the proximal and distal humerus,
and the triradiate cartilage of the pelvis. It should also be
noted that the epiphyses themselves grow circumferentially,
and not just at the plate.

The major long bones—the femur, tibia, fibula, humerus,
radius, and ulna—have a physis at both ends. The short
tubular bones (the phalanges, metatarsals, and metacarpals)
typically have one physis, which is located proximally in the
phalanges, first metacarpal, and first metatarsal and distally
in the other metacarpal and metatarsal bones.

Long bones grow in length at the cartilaginous area of
their extremities. This was shown by Stephen Hales in
1731.""" He marked the shafts of the limb bones of newly
hatched chicks with two holes. Two months later, when the
chickens were killed, the limb bones had increased consider-
ably in length; however, the distance between the two marker

holes had not increased. In 1736, Belchier discovered a new
method of marking osseous tissue in pigs by feeding them
madder root.*® Several years later Duhamel, in his studies
of bone growth, demonstrated that only the osseous tissue
formed during the time when the animal was fed madder
turned red; that formed before and after was of normal
color.'” In addition to confirming the findings of Hales that
the longitudinal growth of long bones takes place at the
extremities, Duhamel proposed that interstitial growth also
occurs to a varying extent in the diaphysis. He also demon-
strated that transverse growth of the diaphysis occurs by
appositional bone formation from the periosteum, and not
by interstitial growth in the bone tissue. The experiments
of Hales and Duhamel were repeated by John Hunter, who
showed that appositional bone formation is accompanied
by resorption of previously formed bony tissue.””” Flourens
found that resorption of bony tissue is not confined to the
endosteal aspect of the diaphysis but also occurs in most
parts of bony tissue."” Subsequently it was noted that longi-
tudinal growth could be influenced by mechanical factors,
specifically compression and traction, or tension. Hueter™
and Volkmann,*® in 1862, noted that compressive forces in
bone resulted in slowing of growth and that tension in-
creased bone growth and the formation of osseous tissues
(the Hueter-Volkmann principle). Wolff disputed this, be-
lieving that both compression and tension resulted in bone
growth stimulation.*® Both Haas in 1945' and Gelbke in
1951 demonstrated that wire loops placed around the
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FIGURE 23-10 CT scanogram. A, CT scanography requires less radio-
graphic exposure, less time to acquire, and is susceptible to fewer magnifi-
cation, positioning, and movement errors. B, The technique is particularly
useful when positioning is difficult or must be nonstandard, such as when

distal femur in dogs impeded longitudinal bone growth.
Haas also noted that pins placed across the physis could
restrict longitudinal growth."® Gelbke stated that the contro-
versy regarding the influences of compression and tension
on longitudinal growth arose from failure to distinguish
between growing and mature bone, and that the formation
of bone tissue and bone growth were considered to be identi-
cal processes.”” By placing loose and tightened wire loops
around the distal femur of growing dogs, he noted that
longitudinal growth would continue for several months,
until pressure developed across the physis; the physis would
then narrow radiographically and histologically, and finally
growth inhibition followed. He also noted that these changes
were reversible if he cut the wire after physeal narrowing and
growth inhibition had occurred. He attempted to produce
traction on an apophyseal physis with wire loops, but with
less success. He concluded that the effect of tension on
the physis did not increase enchondral bone growth, and
appeared to have the same effect as compression.

The physis is divided into horizontal zones, termed ger-
minal, proliferative, hypertrophic, and provisional calcifica-
tion (Fig. 23—11). The entire process of growth in this fash-
ion—Ilongitudinal growth by the cartilaginous “plate,”
followed by ossification of the cartilaginous precursor—is

the patient is in a circular external fixator.

known as enchonchondral ossification. Horizontal or pe-
ripheral growth of the physis occurs as well, in the specialized
groove of Ranvier. The control of longitudinal growth, and
the mechanisms of cartilage cell hypertrophy, calcification,
and ossification, are still not thoroughly understood and
are subject to many central hormonal, local hormonal, and
mechanical influences.”® The most widely recognized central
hormonal regulator of physeal growth is growth hormone
(GH). GH deficiency is associated with proportionate short
stature, and excess GH secretion in the skeletally immature
results in gigantism. GH action on physes is mediated by
insulin-like growth factors (IGFs) produced both in the
liver and physeal chondrocytes. Another important class of
polypeptides (there are at least ten classes) influencing nor-
mal physeal activity are the fibroblast growth factors (FGFs),
which have mitogenic influence on physeal chondrocytes.
A defect in the FGF-3 receptor is the genetic defect responsi-
ble for achondroplasia.

The reader should note that the longitudinal growth of
the epiphyses themselves is not usually specifically taken
into account in the estimation of longitudinal growth of
any particular long bone. Clinical and radiographic anthro-
morphometric measurements of the long bones during
growth are usually made from the ends of the epiphysis;
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estimations of the contribution of longitudinal growth of
the physes at either end of the long bones of the upper and
lower limb segments are known, and limited to the physes
themselves. Thus, as Moseley points out,”'’ growth data on
the length of the leg and its femoral and tibial segments
pertain to the entire length of the bone from epiphysis to
epiphysis, but calculations regarding final length by virtue
of growth from the physes ignore the increase in length
provided by the epiphysis.*!10%255311312

In long bone with physes at either end, the contribution
of each physis to the longitudinal growth of the bone is
typically asymmetric (see Fig. 1-9 in Chapter 1, Growth
and Development). Digby made observations on the con-
tribution of longitudinal growth by assessing growth ar-
rest lines in anatomic specimens."' Anderson, Green, and
Messner estimated the contributions to longitudinal growth
of the distal femur and proximal tibia by assessing sharply
delineated growth arrest lines on consecutive radiographs
in a separate, semilongitudinal study of 206 boys and girls,
discussed in their 1963 article on growth and the prediction
of growth.” These authors found that 71 percent of femoral
growth occurred distally and 57 percent of tibial growth
occurred proximally.

The timing of the appearance of the secondary centers
of ossification, which make the physis radiographically iden-
tifiable, also varies with location and to some extent by
individual. Finally, the timing of closure with cessation of
longitudinal growth in individual physes also varies by loca-
tion and individual (see Figs. 1-5 and 1-7 in Chapter I,
Growth and Development, for these approximations).

Prediction of Growth Remaining
in the Femur and Tibia

ANDERSON-GREEN-MESSNER GROWTH REMAINING CHARTS. Ander-
son, Green, and Messner have published two articles that
provide important information on the longitudinal growth
of the femur and tibia and an estimation of growth re-
maining, to be used to time epiphysiodesis or stapling appro-
priately." The first, published in 1963, examined longitudi-
nal growth data obtained in 100 children (50 boys and 50
girls) who were assessed at least once a year in the 8 years
prior to termination of their growth.” Fifty-one of the chil-
dren were normal (25 girls and 26 boys) and 49 had poliomy-

Provisional calcification

FIGURE 23-11 Scheme of organization of the growth
“plate” or physis. The histologically identifiable layers in-
clude the resting or germinal layer and the proliferative,
hypertrophic, and provisional calcification layers pro-
gressing from epiphysis to metaphysis.

elitis affecting one lower extremity only, with the data from
the “normal” leg being incorporated into data from the
normal children. Orthoroentgenograms (measuring the
length of the femur and tibia, including each epiphysis),
hand and wrist films for skeletal age (using Greulich and
Pyle’s atlas'”), total body size, and other variables were
measured at each visit. Visits were scheduled close to the
subjects’ birthdays, and measurements (including skeletal
age) were recorded against chronological age (Table 23-2).
A number of interesting findings emerged from this study.
The annual rate of overall growth (stature) rapidly decreased
from birth to age 6 and was stable from age 6 through 9
(average stature increment, 5.7 cm * 0.93 cm). Femoral
length increased at an average annual rate of 2.0 & 0.27 cm,
and tibial length increased at an average annual rate of 1.6
* 0.23 cm. A pubertal growth spurt sometime after age 9
was typical (usually reaching a maximum in girls between
ages 10 and 12 and in boys between ages 12 and 14). This
was followed by a final 4-year period of rapid decline in the
rate of growth until cessation of growth (Fig. 23—12). When
average figures for stature and femoral or tibial length
changes per year of chronological growth were computed,
the amplitude of the peak was blunted, since the age at
which the growth spurt occurred varied from one child to
the next. In general, growth continued for 2 years after the
adolescent growth spurt, irrespective of the age at which it
had occurred. As a copsequence, material based on chrono-
logical age is useful in younger children, but because of this
variation in onset of the pubertal growth spurt, it is not as
valuable in children with 5 to 6 years of growth remaining.
Anderson and colleagues used skeletal age as published by
Greulich and Pyle, but noted that assessment from the elbow,
hip, knee, and foot may also be used, as well as physical
maturation parameters (such as the Tanner stages of devel-
opment; see Chapter 1, Growth and Development).” These
authors found that when skeletal age was used as the basis
for interval changes, the mean values for growth remaining
were essentially the same as if chronological age were used,
but the recorded variation around the mean was apprecia-
tively less when skeletal age was used. Thus, estimates of
future growth in an individual child could be made with
greater precision if skeletal rather than chronological age
was used, particularly in children whose level of maturation
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TABLE 23-2 Longitudinal Growth Data of 100 Children (51 Healthy and 49 with
Unilateral Polio) as Determined by Anderson, Green, and Messner

50 Girls
Skeletal Age
Stature (cm) Femur (cm) Tibia (cm) (yr)
Age (yr) Mean o Mean o Mean o Mean o
8 128.1 4.78 33.1 1.63 263 1.39 7.6 1.02
9 133.8 4.78 35.0 171 28.0 1.50 8.7 1.02
10 139.9 5.24 37.0 1.82 29.8 1.67 9.9 1.03
11 146.6 5.93 39.2 2.00 31.6 1.84 11.1 1.07
12 153.2 6.36 41.1 2.12 33.2 1.95 12.5 1.12
13 158.3 6.14 42.4 212 342 1.94 13.8 1.06
14 160.8 6.16 43.1 215 34.5 1.97 14.8 1.05
15 162.3 6.02 43.2 2.18 346 1.98 15.8 1.00
16 162.9 6.10 43.3 2.20 34.6 2.00 16.4 0.92
17 (163.8) (6.37) (43.3) (2.21) (34.7) (2.00) (17.1) (0.85)
18 (164.9) (6.10) (43.3) (2.21) (34.7) (2.00) (17.8) (0.46)

Note: Figures in parentheses were based on 21-42 girls only, since data were not available on all subjects at these ages.

50 Boys
Skeletal Age
Stature (cm) Femur (cm) Tibia (cm) (yr)
Age (yr) Mean o Mean o Mean a Mean a
8 127.6 5.94 (32.8) (1.53) (25.9) (1.55) (7.8) (1.00)
9 133.3 6.15 (34.6) (1.78) (27.1) (1.86) (8.8) (1.04)
10 138.5 6.58 36.4 1.87 28.6 1.89 9.9 0.96
11 143.5 6.94 38.2 2.07 30.1 2.07 11.0 0.88
12 149.4 7.72 40.2 2.23 31.8 2.27 12.1 0.76
13 156.3 9.13 42.3 2,52 33.6 249 13.1 0.80
14 163.7 9.54 44.3 2.58 35.3 2.54 14.1 0.93
15 169.8 8.68 45.8 2.38 36.4 2.34 15.1 1.14
16 173.2 7.74 46.6 2.27 36.9 2.21 16.3 1.20
17 175.0 7.41 46.9 2.30 374 2.21 17.3 1.10
18 175.9 7.37 47.0 235 37.1 222 (18.0) (0.89)

Note: Figures in parentheses were based on 31-49 boys only, since data were not available on all subjects at these ages.

Bone lengths, measured from orthoroentgenograms, include both proximal and distal epiphyses. Skeletal ages read according

to Greulich-Pyle atlas (1950).

From Anderson M, Green WT, Messner MB: Growth and prediction of growth in the lower extremities. ] Bone Joint Surg

1963;45-A:3.

was consistently advanced or retarded by 2 years or more
compared with their chronological age.

The method that Green and colleagues used to develop
the growth remaining charts was to interpolate the length
of each of the 100 femora and tibia at specific, equally spaced
skeletal ages: 10 + 3, 11 + 3, and so on."” The increments of
growth between these consecutive skeletal ages were derived.
The growth of the entire femur and tibia were then related
to the growth at the specific physes using figures for the
proportional contribution of growth obtained from the semi-
longitudinal study of sharply delineated growth arrest lines
on consecutive radiographs (71 percent of femoral growth
occurred distally and 57 percent of tibial growth occurred
proximally). These results were then used to compile the
growth remaining charts for boys and girls in the distal
femur and the proximal tibia (Fig. 23—13). An example of
the variations to be encountered is provided by Anderson

and colleagues themselves, who note that the 50th percentile
growth remaining at the distal femur for a girl of skeletal
age 10 + 3 was 4.1 cm, while the extremes of growth that
occurred at that age were actually 2.2 and 7.2 ¢cm; 80 percent
of these girls were noted to grow between 3.3 and 5.0 cm.

Anderson and colleagues described how the growth re-
maining charts were to be used in the 1963 article, having
presented less complete versions of it in 1947 and 1957.'%'7°
The first consideration is the growth of the side not operated
on. They noted that the rate of growth inhibition in poliomy-
elitis was not constant over the entire period of affectation;
they recommended knowing the rate of growth in the 2 to
3 years prior to treatment by epiphysiodesis. Also, if the
affected leg physis was not growing at all, no correction
was to be expected, only prevention of further leg length
inequality. Second, they stated that the importance of a
child’s relative maturity cannot be overemphasized. They
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FIGURE 23-12 Average yearly rates of growth (femur, tibia, and total stature) as determined by Anderson, Green,
and Messner. Determined from the same data as presented in Table 23-2. A, Pattern of growth in a boy from the age
of 1 to 18 years. Note, during the first decade, the decreasing rate of growth of stature and of length of femur, tibia,
and trunk. In the second decade, there is a definite short period of accelerated growth—the “adolescent growth spurt.”
This general pattern of growth is similar in all children. (From Green WT, Anderson M: AAOS Instructional Course
Lectures, vol 17, p 200. St. Louis, Mosby, 1960.) B, Average yearly rates of growth derived from completely longitudi-
nal series. (From Anderson M, Green WT, Messner MB: Growth and prediction of growth in the lower extremities.
] Bone Joint Surg 1963;45-A:5.)
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concluded that the forming of a total picture of each child
is important, and they did not attempt to reduce prediction
of the results to a precise, mathematical formula.

The authors’ second paper," published the next year,
provided data on the length of the femur and tibia from a
completely longitudinal study of 67 boys and 67 girls derived
from radiographs taken on their birthdays from age 1 to age
18. The radiographs were teleoroentgenograms in younger
children and orthoroentgenograms in older children. The
authors used “appropriate” conversion factors on these 6-
foot films to arrive at true femoral and tibial length. Re-
corded femoral length was “from the proximal articulating
surface of the capital epiphysis to the most distal point on
the lateral condyle” and recorded tibial length was “from
the mid-point of a line drawn across the proximal condyles
to the mid-point of the distal articulating surface.” The data
were used to generate the “Length of Femur and Tibia”
graphs for boys and girls based on their chronological age
(Tables 23-3 and 23-4). (These values are represented
graphically in Figs. 23—-14A and B.) An appreciation of the
difficulty in reconciling maturation and relative height can
be seen in the example they gave (Fig. 23—15): longitudinal
follow-up of a boy with hemihypertrophy showed a “dip”
from 1 SD above the norm to the norm during a period of
presumed “delayed” maturation. Thus, assessment during
adolescence only would give a false picture of the individual’s
percentile length of the femur and tibia and would therefore
lead to an underestimation of the amount of growth re-
maining during that time.

MENELAUS METHOD. Menelaus®' in 1966 reported on his expe-
rience with the White method (reported by White and Stub-
bins in 1944%*) and reaffirmed this experience in 1981.%*
White had originally suggested that the distal femur grew
& inch and the proximal tibia grew % inch per year, with

1=11-5T THE CHILOREN'S MEDIGAL GENTER, BOSTON, MASSACHUSETTS

growth in boys stopping at age 17 and in girls at age 16.
Menelaus modified that assumption of growth cessation to
16 for boys and 14 for girls (Fig. 23—16). The results at
skeletal maturity in 44 children who had undergone 53
epiphysiodeses were reported. They used Phemister’s tech-
nique and immobilization in plaster for 6 weeks. At skeletal
maturity, 52 percent of the patients had leg length inequal-
ity within § inch of calculated, 41 percent within § inch,
and 7 percent had residual discrepancy of more than
% inch. Menelaus stated that 89.6 percent of Green and
Anderson’s patients were within % inch of the calculated
discrepancy,'” compared to 80 percent of Menelaus’s.

MOSELEY STRAIGHT LINE GRAPH. Moseley in 1977 described a
straight-line graph method for calculating the ultimate dis-
crepancy in the skeletally immature child and determining
the timing of long-leg epiphysiodesis to correct leg length
inequality. His method was further discussed in other
publications.™ ' The graph was constructed by mathe-
matical re-analysis of Anderson, Messner, and Green’s chro-
nological growth data on the length of the femur and tibia
in normal boys and girls as published in 1964." The purpose
of Moseley’s graph was to simplify and improve the accuracy
of calculations intended to estimate ultimate discrepancy in
growing children by incorporating skeletal maturation based
on hand-wrist bone films, growth inhibition, and relative
size into the calculations. In his words, “the growth of the
legs can be represented by straight lines by a suitable manip-
ulation of the scale of the abscissa.”™! As a consequence,
with the nomogram of skeletal age to correct for percentile
growth (i.e., relative size and skeletal maturation), the
growth of the short leg is also represented as a straight line,
the leg length inequality is represented as the vertical distance
between the lines, the line indicating the growth of the
shorter leg will have a less steep slope compared to the
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TABLE 23-3 Longitudinal Growth
Data, Femur and Tibia—Boys

Femur (cm)

No. Age (yr) Mean oy

21 1 14.48 0.628
57 2 18.15 0.874
65 3 21.09 1.031
66 4 23.65 1.197
66 5 2592 1.342
67 (] 28.09 1.506
67 i 30.25 1.682
67 8 32.28 1.807
67 9 34.36 1.933
67 10 36.29 2.057
67 11 38.16 2.237
67 12 40.12 2.447
67 13 42.17 2.765
67 14 4418 2.809
67 15 45.69 2.512
67 16 46.66 2.224
67 17 47.07 2,051
67 18 47.23 1.958

Tibia (cm)

No. Age (yr) Mean T4

61 1 11.60 0.620
67 2 14.54 0.809
67 3 16.79 0.935
67 4 18.67 1.091
67 5 20.46 1.247
67 [i] 22,12 1.418
67 7 23.76 1.632
67 ] 25.38 L.778
67 9 26.99 1.961
67 10 28.53 2,113
67 11 30.10 2.301
67 12 31.75 2,536
67 13 33.49 2.833
67 14 35.18 2.865
67 15 36.38 2.616
67 16 37.04 2,412
67 17 37.22 2,316
67 18 37.29 2,254

Note: Data were obtained in 67 healthy boys and 67
healthy girls on their birthdays (i.e., chronological
age) from age 1 to age 18, in a separate population
from the one used to derive the growth data shown
in Table 23-2.

From Anderson M, Messner MB, Green WT: Distribu-
tion of lengths of the normal femur and tibia in
children from one to eighteen years of age. ] Bone
Joint Surg 1964;46-A:1198.

longer, and the growth inhibition effected by epiphysiodesis
can be indicated by altering the growth inhibition (slope of
growth of the longer leg) by the expected amount, based
on the type of epiphysiodesis performed. The reader should
note that the reference line in Moseley’s straight-line graph
refers to the growth of the normal leg rather than the long
leg. This has some importance in that in cases of overgrowth
(such as hemihypertrophy) the abnormal leg should be plot-
ted above the normal, shorter leg; this has some slight impact

on subsequent depiction of the limbs, the projected final
discrepancy at maturity, and the timing of epiphysiode-
518310312315 (Gee Plate 23—1 for a detailed discussion of the
application of the straight-line graph method of Moseley.)
Moseley found in a review of 23 skeletally mature patients
who had undergone epiphysiodeses for leg length inequality
that his straight-line graph method yielded a mean error
in prediction of ultimate leg length inequality of 0.6 cm,

TABLE 23-4 Longitudinal Growth
Data, Femur and Tibia—Girls

Femur (cm)

No. Age (yr) Mean oy

30 1 14.81 0.673
52 2 18.23 0.888
63 3 21.29 1.100
66 4 23.92 1.339
66 5 26.32 1.437
66 [ 28.52 1.616
67 7 30.60 1.827
67 8 32.72 1.936
67 9 34.71 2117
67 10 36.72 2.300
67 11 38.81 2.468
67 12 40.74 2.507
67 13 42.31 2.428
67 14 43.14 2.269
67 15 4347 2.197
67 16 43.58 2.193
67 17 43.60 2.192
67 18 43.63 2.195

Tibia (cm)

No. Age (yr) Mean oy

61 1 11.57 0.646
67 2 14.51 0.739
67 3 16.81 0.893
67 4 18.86 1.144
67 5 20.77 1.300
67 6 22.53 1.458
67 7 24.22 1.640
67 8 25.89 1.786
67 9 27.56 1.993
67 10 29.28 2.193
67 11 31.00 2.384
67 12 32.61 2424
67 13 33.83 2.374
67 14 34.43 2.228
67 15 34.59 2173
67 16 34.63 2.151
67 17 34.65 2.158
67 18 34.65 2.161

Note: Data were obtained in 67 healthy boys and 67
healthy girls on their birthdays (i.e., chronological
age) from age 1 to age 18, in a separate population
from the one used to derive the growth data shown
in Table 23-2.

From Anderson M, Messner MB, Green WT: Distribu-
tion of lengths of the normal femur and tibia in
children from one to eighteen years of age. | Bone
Joint Surg 1964:46-A:1199.
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FIGURE 23-14  Average total length of the femur and tibia with 1 and 2 SD range in girls and boys, based on
chronological age, as provided by Green and Anderson. A, Girls. (Courtesy of Drs. M. Anderson, M. B. Messner, and

W. T. Green.)

compared to a mean error of 0.9 cm when the Green-
Anderson growth remaining method was used.*"!

Some assumptions are incorporated into the construction
and use of Moseley’s straight-line graph. Skeletal age—
determined lengths of the femur and tibia do not exist from
Anderson and Green’s data prior to skeletal age 8, and
thus the younger skeletal age nomograms presumably are
extrapolations. Moseley pointed out that he assumed that
individual patients maintained the same percentile skeletal
age, but acknowledged that this is not necessarily the case.
In fact, Anderson and colleagues pointed out that there is
a tendency for longer femora to grow less and shorter femora
to grow more with subsequent maturation (which is one of
the reasons why the Menelaus modification of the White-
Stubbins method has accuracy comparable to that of the
Moseley method)."” Finally, the straight-line determination
of growth of the shorter (abnormal) leg presumes that the
growth inhibition is linear; however, as both Moseley™! and
Shapiro™ have pointed out, that is not necessarily the case.
Despite these problems, the accuracy of this method in
practice is generally good, and it is the method routinely
used at our institution to determine leg length inequality at
skeletal maturity and the appropriate timing of epiphysi-
odesis of the long leg.

Hlustration continued on following page

Summary of Growth Remaining and Timing of Epiphysi-
odesis Methods. There are several areas of potential inaccu-
racy in the application of published longitudinal growth
data on the legs and calculation methods of growth re-
maining made to determine the timing of epiphysiodesis
for leg length inequality. Identification of the cause of leg
length inequality in children is important to determining
the ultimate discrepancy at skeletal maturity. Total physeal
destruction from infection, fracture, irradiation, or surgical
ablation will result in fairly predictable growth retardation
from loss of growth of the affected physis for the duration
of skeletal growth remaining. Congenital limb deficiencies
characteristically exhibit a consistent growth inhibition of
the affected leg, so that the percentage shortening remains
fairly constant during skeletal growth as the absolute amount
of discrepancy increases. However, Shapiro has pointed out
that not all growth inhibitions in growing children may be
linear (i.e., have a constant percentage growth inhibition or
acceleration in the affected limb), as implied by the graphic
methods of calculation of ultimate leg length inequality de-
scribed above.”® Eastwood and Cole noted a linear increase
in discrepancy in only eight of 20 patients treated by epiphy-
siodesis.' Shapiro described five basic patterns of leg length
inequality development based on the assessment of discrep-
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FIGURE 23-14 Continued. B, Boys. (Courtesy of Drs. M. Anderson, M. B. Messner, and W. T. Green.)

ancy development in 803 patients (Fig. 23—17).** Type 1 is
an upward slope pattern, implying a stable percentage
growth inhibition compared to the normal leg. Type 2 is
characterized by an upward slope—deceleration pattern.
Type 3 is characterized by an upward (or downward) slope—
plateau pattern and was most typical of post-femoral shaft
fracture overgrowth. In Shapiro’s series, growth in 85 per-
cent of patients with overgrowth had plateaued by 33 years
after fracture. Type 4 is an upward slope—plateau—upward
slope pattern and was seen only in abnormalities involving
the proximal femur, such as septic arthritis, Legg-Perthes
disease, and avascular necrosis (AVN) associated with the
treatment of developmental dysplasia of the hip. Type 5 is
characterized by an upward slope—plateau—downward slope
pattern, meaning that an initially increasing discrepancy
actually decreased with subsequent growth. In Shapiro’s se-
ries, the type 1 growth pattern was typical of patients with
proximal femoral focal deficiency, Ollier’s disease (enchon-
dromatosis), congenital femoral deficiency with more than
6 cm of shortening, physeal obliteration from any cause,
and poliomyelitis. Some patients with congenital femoral
deficiency with less than 6 cm of shortening or with poliomy-
elitis tended to exhibit a type 2 pattern. Patients with idio-
pathic hemihypertrophy or hemiatrophy demonstrated type
1, 2, or 3 patterns. Only 31 percent of patients with over-
growth associated with vascular anomalies demonstrated
type 1 growth, the remainder following a type 2 or 3 pattern.

Patients with neurofibromatosis most commonly demon-
strated a type 1 pattern, but types 2, 3, and 5 were also seen.
Similarly, patients with juvenile arthritis exhibited types 1,
2, 3, and 5 patterns. Patients with Legg-Perthes disease ex-
hibited all five patterns.

Prediction of leg length inequality based on serial scano-
grams, hand and wrist radiographs for skeletal age, and
straight-line graph analysis (Figs. 23—18 and 23—19) have
other potential pitfalls as well.* Kasser and Jenkins, in a
study of normal leg growth in normal children between the
ages 5 and 10, found that, except in girls with advanced
bone age, using Greulich and Pyle’s atlas in preference to
chronological age did not improve the accuracy of prediction
of leg length at skeletal maturity.”® There was a mean error
of 2.4 cm by the Anderson-Green method and 2.6 cm by
the Moseley straight-line graph when the prediction was
based on skeletal age. Blair and colleagues found that only
22 of 67 patients treated by epiphysiodesis had a final dis-
crepancy of less than 1 cm.*® Ten of the 45 failures were
due to inadequate epiphysiodesis and 35 to incorrect use of
the Green and Anderson growth prediction charts. Little
and colleagues also found that use of Greulich and Pyle’s
atlas and either the Anderson-Green charts or Moseley’s
straight-line graph did not improve the accuracy of predic-
tion over use of the Menelaus method alone, which used

* See references 41, 48, 74, 96, 109, 115, 197, 239, 255, 269.
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FIGURE 23-15 Example of change in percentile length of both femora and tibiae of a patient followed for hemihyper-
trophy by Anderson and colleagues. As they noted, if only one examination had been performed when the patient
was an adolescent, a false impression of 50th percentile length would have been concluded, resulting in an underestimation
of the ultimate discrepancy. This example points to the need for and value of longitudinal follow-up to gain an overall
impression of the maturation and relative size of each patient. (From Anderson M, Messner MB, Green WT: Distribution
of lengths of the normal femur and tibia in children from one to eighteen years of age. ] Bone Joint Surg 1964;46-A:1200~
1201.)
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FIGURE 23-16 Approximate percentage contribution to total leg length
increase and average growth per skeletal year of maturation (in millimeters
and inches) of the distal femoral and proximal tibial physes.

chronological age.” Lampe and colleagues found that nine
of 30 patients treated by epiphysiodesis based on Moseley
straight-line graph predictions had a discrepancy of more
than 1.5 cm at skeletal maturity, including one patient oper-
ated on twice.” They concluded that the pattern of skeletal
maturation limited the accuracy of the method. Beumer and
colleagues, in a study of the growth of 182 Dutch children
between 1979 and 1994, found that mean femoral and tibial
length had increased, compared to the Anderson-Green
data.” They modified the Moseley straight-line graph based
on this information and the use of skeletal age. In a study
of 34 patients treated by epiphysiodesis, they found that the
new graph better predicted limb length at maturity in 22
and yielded comparable results in five when compared with
predictions made using the Moseley straight-line graph. Car-
penter and Lester evaluated skeletal age (according to Greu-
lich and Pyle’s atlas) in the distal radius and ulna, carpus,
and metacarpals and phalanges on 100 hand and wrist radio-
graphs of 45 children less than 10 years old.”* They found
significant discrepancies between skeletal and chronological
age between the regions of the hand and between sexes.
Cundy and colleagues assessed variations in the designation
of skeletal age in 60 radiographs by four radiologists using
Greulich and Pyle’s atlas.” They found that 50 percent of
children were assigned a skeletal age that differed by
more than 1 year, and 10 percent varied by more than 2 years.
As Jean-Luc Ferron of Montpellier, France, has pointed out,
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Straight-Line Graph for Leg-Length Discrepancy

A to E, Technique of femoral lengthening over an intramedullary femoral nail as described by Paley and
colleagues. (From Moseley CF: A straight-line graph for leg-length discrepancy. ] Bone Joint Surg 1977;59-A:177.)



PLATE 23-1. Straight-Line Graph for
Leg-Length Discrepancy

THE DEPICTION OF
PAST GROWTH

Al each visit to Lhe hospital oblain these three values:

L. The length of the normal leg measured by ort horoentgenogram
from the most superior part of the temoral head to the
middie of the articular surface of the tibia at the ankle,

2. The length of the short leg, and

3. The radiologic estimale of skelelal age.

@ THE EFFECT OF SURGERY

2

Place the poinl for the
normal leg on the 'normal
leg' line at the appropr -

iate length.

Place the point for the
short leg on the current
skeletal age line at the

correct length.

™

— |

Draw a vertical line
through that point the
entire height of the graph
and through the skeletal
aqe 'scalar' area of eit her
boys or girls as the case
may be. This line repre-
sents the current skeletal
age.

EPIPHYSEODESIS

4

2 1207

f'f'f" G

1
Ascertain the length of
the normal leq just prior
to surgery, and mark thal
paint on the normal leg
line.

Reference siopes

|
1

L 2%

From that point draw a line
parallel to the reference
slope for the particular
yrowth plates fused. This
is the new growth line for
the normal leq.

Fo |

Mark the point where the
current skeletal age line
intersects that sloping
'scalar' in the skeletal

age area which corresponds
to the radiologic estimate

of skeletal age.

e

f = G

Plot successive sets of
three points in the same
fashion.

f?

Draw the straight line
which best fits the points
plotted previously for
successive lengths of the
short leg.

DISCREPANCY— s represented by the vertical distance between

INHIBITION—

the two growth lines.

is represented by the difference in slope between

the two growth lines, taking
normal leg as 100%

the slope of the

sk Thegrowth plates each make a known contribution lo the total
qrowth of the leqg.

Distal femur—37%

Proximal Tibia — 28%

65% — both

£ 7

The percentage decrease in slope of the new growth line (taking the

@ e previous slope as 100%) exact ly represents the loss of the
contribution of the fused growth plateis).

LENGTHENING

3

Draw the new growth line for the lengthened leg

exactly paral lel to the previous growth line
but displaced upwards by a distance exact ly
equal to the length increase achieved. Since
the growth plates are not affected neither is
the growth rate, and the slope of the line is

therefore unchanged.

H

A

THE PREDICTION OF
FUTURE GROWTH

@ THE TIMING OF SURGERY

1’1—\47‘7%%‘-2*

Extend to the right the
growth line of the short

Draw the horizontal
straight line which best

EPIPHYSEODESIS

1

Project the growth line of
the short leg to intersect
the maturity line, taking
into account the effect of
a lengt hening procedure if
necessary.

2

From the intersection with
the maturity line draw a
line whose slope is equal

1o the reference slope for
the proposed surgery.

=3

The point at which this
line meets the growth line
of the normal leg indicates
the point at which the
surgery should be done.
Note that this point is
defined, not in terms of
the calendar, but in terms
of the length of the
normal leq.

leg. fits the points plotted
previously in the skeletal
' age area.
il
GROWTH is represented by the position of that
horizontal line and indicates whether the
PERCENTILE— child is 'taller' or "shorter' that the mean.
SKELETAL AGE  isrepresented by the intersections of this
SCALE— horizontal line with the scalars in the
skeletal age area.
The Maturity Poinl is the intersection of
the line with the maturity scalar.

* = Maturity
3 point.
Through the maturity point draw rem——" A_nlicipalw
avertical line, the Maturity discrepancy
Line. This line represents at maturity.

maturity and the cessation of
growth. Its intersections with
the growth lines of the two legs
represents their anticipated
lengths at maturity.

LENGTHENING

Since lengthening procedures do not affect the
rate of growth, the timing of this procedure

is not crilical and will be governed by

clinical considerations.

@ POST-SURGICAL FOLLOW-UP

= In keeping a child's graph up to date it is recommended that these
lines be drawn in pencil. The addition of further data makes this
method more accurate and may require slight changes in the

positions of these lines.

1
Draw the new growlh line of
the normal leg as shown in
section'C'.

_,..--"'2
Data is plotted exactly as
before except that the
length of the short leg
Is plotted first and s
placed on the growth line

previously established for
the shortl leg.
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Upward Slope

Upward Slope-
Deceleration

Upward Slope-
Plateau

Upward Slope-
Plateau-
Upward Slope

Upward Slope-
Plateau-
E. Downward Slope

FIGURE 23-17 Five patterns of altered limb growth as described by
Shapiro. A, Upward slope pattern. This suggests a consistent rate of growth
inhibition of the shorter leg. B, Upward slope—deceleration pattern. The
rate of growth inhibition decreases over time. C, Upward slope—plateau
pattern. After an initial constant growth inhibition, the legs grow at the
same rate (plateau). D, Upward slope—plateau—upward slope pattern. A
constant rate of growth inhibition is interrupted by a period of growth at
the same rate. E, Upward slope—plateau—deceleration pattern. The slower-
growing limb exhibits an initial growth deceleration followed by symmet-
ric growth and finally increased growth compared to the contralateral
limb.

STY NN

the standard deviation of Greulich and Pyle’s atlas is “plus
or minus one page.”'”

TREATMENT OF LEG LENGTH INEQUALITY

Indications. Traditionally, orthopaedists have been taught
that leg length inequality greater than 2 to 2.5 cm should
be treated by some form of equalization. From a review of
the literature it is difficult to justify this figure as an absolute,
above which treatment is indicated. Patients with discrepan-
cies of more than 5 percent (corresponding to approximately
4 cm at skeletal maturity in 50th percentile patients) and
those who compensate for leg length inequality by toe-
walking have been shown in the gait laboratory to have
appreciable alteration in gait mechanism and energy con-
sumption. Thus, this is certainly an absolute level above
which limb length equalization by some means should be
achieved. Treatment of lesser discrepancies in the absence
of other deformity in the limb is based on considerably
softer evidence of short- or long-term dysfunction in the
affected patient. The wise orthopaedist will carefully assess
the impact of leg length inequality in each individual and
that person’s concerns regarding the leg length inequality
in determining the best treatment. I have found it helpful

to ask adolescents to wear a shoe lift corresponding to
5 mm less than their discrepancy for a brief period to provide
them with a sense of what correction will provide them in
situations where the need for treatment is equivocal (usually
in the 2 to 2.5 cm range). This will help the surgeon and
patient decide whether shortening or epiphysiodesis is indi-
cated. Treatment options for the management of leg length
inequality and indications for each are summarized in Ta-

ble 23-5.

Orthotic Management. In theory, any leg length inequality
could be managed with a lift of appropriate size applied to
the sole or within the shoe. Interestingly, only rarely is this
acceptable to the patient as a long-term solution for the
treatment of leg length inequality, and the child and parents
are almost always willing to proceed with any appropriate
surgical procedure that obviates the use of a lift.

The indication for use of a shoe lift, even in the short
term, is not clearcut and is controversial. There is little
evidence to support the presumption that the use of a shoe
lift provides any short- or long-term protective or mechani-
cal benefits.*%'%%¥737" We consider a lift when a child begins
to toe-walk, which is usually when leg length inequality
reaches 5 percent of the contralateral side, since increased
work of the long leg at this point has been documented.*”
A lift of up to 1 cm can be incorporated into most shoes;
larger ones do not allow the child to wear the shoe comfort-
ably, and if a larger lift is prescribed, it must be applied to
the sole of the shoe. Once the child is compensating for leg
length inequality by toe-walking and other compensatory
strategies, such as vaulting, circumducting, or increased
flexion of the long leg, we consider not only the lift but an
orthosis as well. Lifts of more than 8 cm are not easy for
the patient to manage, as they may fall over the large lifts
or sprain their ankles (Fig. 23—20). The addition of an ankle-
foot orthosis (AFO) can be helpful in such circumstances.
If the child is actually hopping on the longer leg because
the shorter leg is not reaching the floor, an extension orthosis
can significantly improve gait. This orthosis is a combination
of a suspension component (an AFO, usually set in equinus,
with an anterior shell, or more commonly a KAFO), and a
shank terminating in a SACH (solid ankle-cushioned heel)
prosthetic foot. This allows the patient to ambulate with a
level pelvis and wear a normal shoe (Fig. 23-21).

Shortening of the Long Leg

EPIPHYSIODESIS. Phemister is credited with the first descrip-
tion of the technique of epiphysiodesis.” Many reports and
modifications of the procedure have followed.* Phemister’s
index case was a girl he described as having “dyschon-
droplasia” (Ollier’s disease), with shortening and curvature
of the left upper and lower extremities; he “excised” the
upper epiphysis of the left radius to correct the forearm
deformity and the upper epiphysis of the right distal femur
to arrest longitudinal growth. Phemister fused the right distal
femoral physis through medial and lateral incisions, with
excision of the cartilaginous disk to a depth of 1 cm with an
osteotome and a bone graft slid distally from the metaphysis,
when the child was 8 + 7, with a 2}-inch leg length inequal-
ity. At the age of 18, a -inch elevation under the left heel

* See references 22, 23, 48, 65, 68, 70, 71, 109, 169-171, 214, 232, 255,
267,273, 290, 291, 295, 334, 335, 348, 355, 380, 382, 416, 424, 432, 433, 454.
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FIGURE 23-18 Moseley straight-line graph. (From Moseley CF: A straight-line graph for leg-length discrepancy.
] Bone Joint Surg 1977;59-A:176.)
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FIGURE 23-19 Rotterdam straight-line graph. This modified straight-line graph was developed using more modern
growth data and was found by its originators to be more accurate in the prediction of leg length inequality and
correction by epiphysiodesis than the Moseley straight-line graph. Method of use is as for the Moseley graph. See text,
Figure 23-18, and Plate 231 (Straight-Line Graph for Leg-Length Discrepancy) for details.”
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TABLE 23-5 Options and Indications for Treatment of Leg Length Inequality

Option Indication Contraindication
No treatment Discrepancies < 2 cm Shortening = 5% of contralateral limb (4 cm)
Shoe lift Consider for discrepancies > 2 cm None
Recommend for toe-walkers
Extension orthosis or pros- Child who walks with extreme long-leg knee flexion, None
thesis or who hops
Epiphysiodesis Predicted discrepancies > 2 cm As sole means of correcting discrepancies > 8 cm

Epiphyseal stapling Same as epiphysiodesis

Acute surgical shortening Skeletally mature patient
Femoral discrepancy 2—6 cm

Tibial discrepancy 2-5 cm

Acute surgical lengthening Femoral discrepancy 2—4 cm

Tibial discrepancy 2—-3 cm

Gradual limb lengthening Femoral discrepancy > 4 cm

Leg length inequality associated with angular defor-

mity requiring correction

Inadequate growth remaining
Same as epiphysiodesis

Discrepancies requiring more than 6 cm of femoral or
5 cm of tibial shortening

Patients at risk for neurovascular injury or with poor
bone quality

Unstable joints associated with bone segment to be
lengthened
Noncompliant patient

“completely [did] away with” the residual discrepancy, al-
though he measured the discrepancy at 2.5 cm. He reported
on 20 further patients treated by epiphysiodesis for leglength
inequality, describing the surgical technique and diagram-
ming the procedure (Fig. 23—22). A piece of cortex 3 X
1-1.5 cm and 1 cm deep was removed, and the underlying
epiphysis was excised to a depth of 1 cm. The piece of cortex
was replaced with its ends reversed. White and Stubbins
modified the technique, using a 3-inch osteotome to fashion
a 3- to l-inch square straddling the physis in a diamond
position, curetting the physis exposed by this plug, and re-
inserting it rotated 90 degrees from its original position (Fig.
23-23).** They reported no deformities resulting from over

FIGURE 23-20 Large lift attached to the shoe to manage significant leg
length inequality. In general, lifts of more than 8 cm are not well tolerated.

200 procedures, which were “relatively free of complica-
tions.”

Green and Anderson also provided an early report of the
results of epiphysiodesis.'®'™ In their 1947 publication,'®
they reported the results of 77 procedures in 50 patients
performed with a variety of techniques by different surgeons
in more than one center. The technique used was to create

FIGURE 23-21 Once a child begins to walk with grossly exaggerated
contralateral knee flexion, or hop, an extension orthosis should be consid-
ered. An AFO (usually with an anterior shell) or a KAFO is connected by
a shank to a prosthetic foot (such as a SACH foot).
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A B

FIGURE 23-22 Phemister technique of epiphysiodesis of the distal femur
and proximal tibia. A, A large rectangular bone block is removed from
the lateral and medial aspect of the distal femur and/or proximal tibia.
B, After the underlying physis is curetted, the bone blocks are reinserted
after being rotated 180 degrees.

a “wide, thick graft extending at least one inch into the
diaphysis, and at least 2 cm deep.” A hand drill was used
to drill out remaining physis, and the graft was reinserted
after being rotated 180 degrees. In 77 epiphysiodeses there
were five cases of angular deformity developing (four requir-
ing corrective osteotomy), one deep infection, one transient
peroneal palsy, and three cases of overcorrection. In their
1957 publication, they evaluated the results of 237 epiphysi-

A B

FIGURE 23-23 White and Stubbins technique of epiphysiodesis of the
distal femur and proximal tibia. A, A square-sided cube of bone bridging
the physis is removed. B, After the underlying physis is curetted, the cubes
are rotated 90 degrees and replaced in their original beds.

odeses in 173 patients, and 83 staplings. The results of epi-
physiodesis were good or excellent in the 173 epiphysiodesis
patients, with few exceptions. Two had overcorrection
greater than 3-inch, but five underwent a contralateral epi-
physiodesis to prevent this from happening. Five developed
angular deformity, which required a corrective osteotomy
in four and a repeat epiphysiodesis in one. In one patient
osteomyelitis developed. Their overall rate of complications
(including slow fusion) was 9.3 percent. The Green modifi-
cations of distal femoral and proximal tibial epiphysiodesis
are described in Plates 23—2 and 23-3.

Stephens and colleagues reported results in 56 patients
treated by epiphysiodesis for leg length inequality during
the years 1940-1976,"" using the technique of White and
Stubbins.** There were no infections. Two patients had de-
creased sensation in the region of the infrapatellar branch
of the saphenous nerve, and four patients had symptoms of
chondromalacia patellae. Ten patients underwent a proximal
tibial epiphysiodesis only, without concomitant epiphysi-
odesis of the proximal fibula; in five of these patients there
was asymptomatic overgrowth of the fibula of 5 mm, with
a normal appearance in the other five. Four patients (7
percent) needed further surgery, one for asymmetric fusion,
two requiring the addition of a proximal tibial epiphysiodesis
to improve equalization, and one requiring contralateral
distal femoral epiphysiodesis to prevent overcorrection. Be-
cause they noted no problem with fibular overgrowth in
their cases, Stephens and colleagues recommended that the
proximal fibular physis not be epiphysiodesed if the patient
had less than 3 to 4 years of skeletal growth remaining.
However, 1 have treated two patients with symptomatic
fibular head prominence and/or instability after isolated
proximal tibial epiphysiodesis who met these criteria, and
it is my standard to perform proximal fibular epiphysiodesis
in all patients undergoing proximal tibial epiphysiodesis.

Little and colleagues noted one case each of infection,
knee stiffness, and painful medial scar after a Phemister
epiphysiodesis in a group of 71 patients.”” In addition, 14
required further surgery because of inadequate prediction
of ultimate discrepancy.

Concern with the cosmetic appearance of two to four
incisions around the knee has prompted interest in the
percutaneous modification of epiphysiodesis.* Bowen and
Johnson described a percutaneous technique of epiphysi-
odesis in which a portion of the physis is excised using stab
incisions, curets, and fluoroscopic guidance.” Ogilvie and
Canale and colleagues demonstrated in animal experiments
that percutaneous techniques using a combination of drills
and high-speed burs effectively produced the desired epi-
physiodesis effect.”** This was subsequently substantiated
by a number of authors in clinical series.T In all cases, a
percutaneous stab incision was made directly over the physis
to be ablated, and the physis was destroyed with various
instruments (Fig. 23—-24). It is important that an adequate
amount of physis be destroyed (Bowen seeks to leave only
the central one-third of the physis, others remove less), that
the surgeon be attentive to the undulations of the physis,
and that the physis be removed both anteroposteriorly as

* See references 22, 23, 59, 70, 71, 214, 232, 267, 269, 273, 334, 335,
355, 380, 432.

T See references 23, 70, 214, 267, 273, 335, 380, 432.



well as peripherally-centrally. Several technical variations
have been described, including the use of a cannulated tube
saw, cannulated reamers, reamers and curetes, and osteo-
tomes and curets. The proximal fibular physis can be curet-
ted in an open fashion, percutaneously in an anterior-to-
posterior direction (with care not to injure the peroneal
nerve), or, according to the recommendations of Stephens
and colleagues,*” left intact if the patient has less than 3 to
4 years of skeletal growth remaining. Series comparing the
Phemister and percutaneous techniques have noted shorter
hospital stays, more cosmetic incisions, and a less frequent
need for postoperative physical therapy.?**7*%%3% Horton
and Olney noted continued growth after either percutaneous
or Phemister epiphysiodesis in 13 percent and 15 percent
of cases, respectively,? but all other authors have reported
100 percent closure rates after percutaneous epiphysiodesis,
with few or no complications.*

EPIPHYSEAL STAPLING. Interest in mechanical disruption of
normal physeal growth is as old as the concept of surgical
epiphysiodesis as described by Phemister. Haas described
the retardation of bone growth by using a wire loop around
the physis in a series of animal experiments.'™ Successful
retardation of growth in these experiments encouraged him
to attempt this in five patients, two of whom, both with
polio, had adequate follow-up to allow him to describe the
results. In both patients stainless steel wire loops were passed
around the distal femoral physis. In both patients the wire
loop broke and was replaced, but retardation of growth was
noted, as was resumption of growth after fracture of the
wire. This suggested the reversibility of the technique, with
obvious advantages. Haas subsequently conducted animal
experiments using staples instead of wires, since the latter
tended to break."” He noted deceleration of growth with
staples if they were inserted medially and laterally. After
removal of the staples, growth of the operated segment
increased, but not to normal and not in all cases, suggesting
asurgical injury to the physis. When the staples were inserted
unilaterally, there was a global decrease in growth of the
operated physis, but more on the side of staple insertion,
producing an angular deformity. No clinical cases were re-
ported by him in this publication. It was left to Blount to
report the use of staples clinically.” He noted that one staple
inserted on either side of the physis would invariably break,
two tended to bend and occasionally break, but if three were
inserted, “growth will be stopped immediately and almost
completely” (Figs. 23-25 and 23-26). He recommended
open epiphysiodesis of the proximal fibula when tibial sta-
pling was performed (done while the radiographs were de-
veloping!). He emphasized that the three staples should span
the physis and that their position should be verified on both
AP and lateral radiographs. He reported the results in 13
cases, seven treated for leg length inequality and six for
angular deformity. It is difficult to determine the precise
rate of complications in his patients, but he felt that this
technique stopped elongation at the operate site almost im-
mediately; that this surgery was less extensive, with a lower
risk of complication than other methods; that “occasional
complicating irregularities of growth following stapling”
could be corrected by vigilance and rearrangement of the

* See references 23, 147, 267, 273, 335, 355, 380, 432.
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staples; and that after removal of the staples, growth at the
epiphysis was about the same as on the other side (sometimes
faster, sometimes slower). Initially, stainless steel staples
were used, but in his subsequent report, he found that
vitallium staples with reinforced shoulders were superior.™
Green and Anderson, in the same publication describing
the results of epiphysiodesis, evaluated 83 stapling proce-
dures, with 61 patients having reached skeletal maturity,™
Stapling was found to be effective in inhibiting growth,
although the distal femur was found to grow an average of
6 mm after stapling. The incidence of complications was
greater than after epiphysiodesis, but not significantly so;
complications included slow arrest, asymmetric growth, and
staple extrusion. There was, however, a high incidence of
secondary operations after stapling, particularly in the proxi-
mal tibia. They too noted the “vagarities of growth which
may occur after the removal of staples™ and illustrated this
with two patients, one of whom grew at the distal fem-
oral physis 2 mm more than on the opposite side after
staple removal, and another patient who did not grow at
all after distal femoral stapling, resulting in 1.8 cm of over-
correction. Twenty-nine percent of the tibial staples and
14 percent of the femoral staples were removed; others were
repositioned.

Bylander and colleagues, in a series of stereoscopic growth
studies, found a gradual cessation of growth across the sta-
pled physis over 6 months, accommodated by bending of
the staples, which contributed to their loosening.***” Further
experience with epiphyseal stapling has been described by
Blount™ and others.”** Blount recommended epiphysi-
odesis when there was an anticipated undercorrection, pre-
ferring stapling for angular deformity of the longer leg, or
when surgery is performed in younger children (ages 8 to
10).* The staples should be inserted parallel to the physis,
and the reinforced, smooth-tined vitallium staples used (Fig.
23-27). Blount reported that 426 operations were necessary
in 185 patients, but only two patients required osteotomy
for final correction. Frantz reported staple extrusion in 12
of 189 patients treated for either leg length inequality or
angular deformity.'” Sengupta and Gupta believed that this
stapling is valuable in developing countries because of the
relative simplicity of the procedure.* They found that 71
percent of 503 patients treated with stapling had less than
1 cm of discrepancy at skeletal maturity. Other studies have
been less complimentary of the technique. May and Clem-
ents, in a review of 70 patients, noted that they had removed
staples in 50, had 24 extrusions, and had knee deformity in
10.% Trias and colleagues noted that six of 17 patients
required osteotomy after staple removal.*”

My experience with stapling has significantly narrowed
my indications to nearly never. The procedure requires close
attention to detail. Specifically, the proper staples must be
used and the staples must be evenly spaced around and
paralle] to the physis (Fig. 23-28). The perichondrium and
periosteum must not be stripped or otherwise damaged
during either insertion or removal, or growth arrest may
result. Careful postoperative monitoring of the patient is
required. Removal of the staples after correction in a skele-
tally immature patient theoretically should be followed by
symmetric, normal growth, without further treatment re-
quired. In practice, the surgeon is placed in the unpleasant
position of watching with bated breath for evidence of either
rebound overgrowth requiring further intervention or the

Text continued on page 1073
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Epiphysiodesis of the Distal Femur (Green’s Modification of
Phemister’s Technique)

OPERATIVE TECHNIQUE

A, The knee is supported in 20 to 30 degrees of flexion and the joint line is identified. First, the medial aspect
of the distal femur is exposed. Beginning | ¢m superior to the joint line, a longitudinal incision about 3 cm
long is made midway between the anterior and posterior margins of the femoral condyles. The subcutaneous
tissue and deep fascia are divided in line with the skin incision.

B, Following the anterior surface of the medial intermuscular septum, the vastus medialis muscle is lifted
anteriorly with a blunt periosteal elevator. The suprapatellar pouch should not be entered. In the inferior margin
of the wound, the capsule and reflected synovial membrane of the knee joint are gently elevated and retracted
with blunt instruments distally. The superior medial genicular vessels traverse the wound; it is best to coagulate
them to prevent troublesome bleeding later.

C, A midline longitudinal incision is made in the periosteum, starting proximally and extending throughout
the extent of the wound.

D, The medial distal femoral physis is exposed by raising anterior and posterior flaps of periosteum by
subperiosteal dissection; it appears as a white, glistening transverse line that is softer than adjacent cancellous
bone. Some surgeons prefer to make a longitudinal I-shaped incision in the periosteum to expose the growth
plate. The periosteum is gently retracted. Rough traction and shredding of the periosteum should be avoided.
If necessary, elevators are placed subperiosteally on the anterior and posterior aspects of the distal femur for
adequate exposure. Dull right-angled retractors are used for proximal and distal retraction.

E and F, With matched pairs of osteotomes, a rectangular piece of bone 1% to 13 inches long and 4 to §inch
wide is excised. The epiphyseal plate should be at the junction of the distal one-third and proximal two-thirds
of the length of bone graft resected, at a point equidistant between the anterior and posterior surfaces of the
femur. The posterior cortex of the femur should not be broken. The depth of the bone graft is 4 to § inch.
Because of the flare of the femoral condyles, the anterior and posterior osteotomes should be tilted somewhat
distally so that they are perpendicular to the medial surface of the femur. Following removal of the osteotomes,
the completeness of osteotomy is checked with a thin (£ or § inch) osteotome. Then the graft is removed with
curved osteotomes. Breakage of the graft at the physis is prevented by straddling the growth plate with
the osteotomes.



PLATE 23-2. Epiphysiodesis of the Distal Femur (Green’s
Modification of Phemister’s Technique)
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Epiphysiodesis of the Distal Femur (Green’s Modification of
Phemister’s Technique) Continued

G, The growth plate is curetted in anterior, posterior, and distal directions. It should be remembered that the
distal femoral physis is pointed inferiorly. The softness of the cartilaginous plate serves as a guide to its direction,
Cancellous bone graft is taken from the proximal bed and packed into the defect created by removal of the
growth plate.

H, The bone graft is then reinserted into its original bed, with its ends reversed by 180-degree rotation.

I, With an impacter and mallet, the bone graft is securely seated in the bony defect. It should be tapped in a
distal direction, as the growth plate is inferior in location.

J, The periosteum is tightly closed with interrupted sutures. It is important not to include the patellar retinaculum
with the periosteum, as this will bind it down, restricting knee motion. Suture the periosteurn with the knee
in complete extension.

K, The same procedure is repeated on the lateral side.

POSTOPERATIVE CARE

A compressive dressing is applied to the wounds. The limb is immobilized in a knee immobilizer in full
extension. In the early postoperative period, the patient should be carefully observed for evidence of excessive
swelling leading to a constrictive dressing. This is particularly likely if the patient has undergone a pangeniculate
epiphysiodesis or develops an acute hemarthrosis, and will necessitate splitting or loosening of the dressing.

The patient is started on straight-leg-raising exercises and weightbearing as tolerated with crutches as soon
as postsurgical discomfort allows. A patient with significant leg length inequality who does not normally use
a shoe lift may need one if walking with the longer leg held straight in the knee immobilizer is too difficult.
One week postoperatively the dressings are removed and active range-of-motion and strengthening exercises
for the knee are instituted. If the patient has a large, uncomfortable hemarthrosis, it should be aspirated; smaller
effusions can be ignored. The patient is evaluated between 4 and 6 weeks postoperatively to ensure that full
range of motion has been recovered. Patients slow to recover knee range of motion may require supervised
physical therapy. The patient is allowed to resume normal activities after recovery of knee strength and range
of motion, typically 6 to 8 weeks after surgery.

The patient should be followed radiographically at appropriate intervals until skeletal maturity to document
symmetric, complete surgical physeal closure and to monitor the effect of epiphysiodesis on leg length inequality.



PLATE 23-2. Epiphysiodesis of the Distal Femur (Green'’s
Modification of Phemister’s Technique)

Taking cancellous bone with curet
to fill area of growth plate

Tight closure of periosteum Lateral exposure




1068

Anatomic Disorders

Epiphysiodesis of the Proximal Tibia and Fibula
(Green’s Modification of Phemister’s Technique)

OPERATIVE TECHNIQUE

A, The patient is placed supine or in a semilateral position. A sterile folded sheet is placed under the knee for
support. The knee joint line, the head of the fibula, and the proximal tibial tubercle are identified. A 30-degree
slanted oblique incision is made midway between the proximal tibial tubercle and the fibular head; it begins
proximally 1 cm inferior to the joint line and 1 cm anterior to the fibular head and extends distally and forward
for a distance of 5 cm. The subcutaneous tissue is divided, and the wound flaps are widely undermined
and retracted.

B and C, The head of the fibula is in line with the proximal growth plate of the tibia. The capsule of the knee
joint, the insertion of the biceps tendon, and the fibular collateral ligament of the knee are identified.

The common peroneal nerve lies close to the medial border of the biceps femoris muscle in the popliteal
fossa; then it passes distally and laterally between the lateral head of the gastrocnemius and the biceps tendon.
Behind the fibular head it is subcutaneous. At the site of origin of the peroneus longus muscle at the head and
neck of the fibula, the common peroneal nerve winds anteriorly around the fibular neck and then passes deep
to the peroneus longus muscle and branches into the superficial and deep peroneal nerves.

D, The origins of the toe extensors, extensor hallucis longus, and anterior tibial muscles, along with a cuff of
periosteal flap, are elevated from the arcuate line. With a periosteal elevator, the origin of the peroneus longus
muscle is detached from the head of the fibula. Keeping the dissection anterior to the fibular head will prevent
injury to the nerve.



PLATE 23-3. Epiphysiodesis of the Proximal Tibia and
Fibula (Green’s Modification
of Phemister’s Technique)
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Epiphysiodesis of the Proximal Tibia and Fibula
(Green's Modification of Phemister’s Technique) Continued

E and F, The site of the growth plate of the proximal fibula is identified. Next, a longitudinal incision is made
on the anterior aspect of the fibular head and extended distally to include the growth plate. Alternatively, a
rectangular piece of bone (i inch wide and # inch long) is removed from the proximal fibula, straddling the
physis. Three-fourths of the length of the bone graft includes the fibular head, so that only one-fourth of the
graft length includes the metaphysis. The growth plate is thoroughly curetted, the ends of the bone graft are
reversed (180 degrees), and the piece of bone is placed securely back in the graft bed. This author simply curets
the growth plate from anteriorly to posteriorly.

The lateral aspect of the proximal tibial physis is already exposed for the fibular epiphysiodesis. A longitudinal
incision is made midway between the anterior and posterior borders of the lateral tibia. The periosteum is
elevated, and a rectangular piece of bone is resected in a manner similar to that described for the bone graft
technique with the distal femur. The steps of the epiphysiodesis are the same as those outlined in Plate 23-2,
G to K, for epiphysiodesis of the distal femur.

G and H, The medial side of the proximal tibial physis is exposed by a longitudinal incision about 3 cm long,
beginning 1 cm distal to the joint line and continuing distally midway between the proximal tibial tubercle
and posteromedial margin of the tibia. The subcutaneous tissue and deep fascia are divided in line with the
skin incision, The anterior margins of the sartorius tendon and tibial collateral ligament are partially elevated
and retracted posteriorly.

The steps for growth arrest of the proximal tibial physis follow the steps described for a distal femoral
epiphysiodesis. The rectangular piece of bone graft removed from the tibia, usually { inch wide and { inch long,
is smaller than that removed from the femur. Prior to closure of the wound, the tourniquet is released and
hemostasis is secured.

POSTOPERATIVE CARE

After closure of the wound, compressive dressing and knee immobilizer are applied. Postoperative management
is the same as for a distal femoral epiphysiodesis. In general, hemarthrosis is much less likely, and recovery of
range of motion much more rapid and certain, after proximal tibial and fibular epiphysiodesis than after distal
femoral epiphysiodesis.



PLATE 23-3. Epiphysiodesis of the Proximal Tibia and
Fibula (Green’s Modification
of Phemister’s Technique)

EPIPHYSIODESIS OF PROXIMAL TIBIA AND FIBULA (continued)
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FIGURE 23-24 Technique of percutaneous

epiphysiodesis. A, The physis is localized by flu-
eeroendy P oroscopy. B, The physis is removed with curets,
‘}‘ {f a tube saw, or a drill under fluoroscopic control
LB ' with sweeping motion superoinferiorly and ante-
t A roposteriorly across the radiographic line of the
i
!

physis. C, An adequate amount of physis needs
to be removed, usually leaving only a central
bridge of physis.




FIGURE 23-25 Ideal spacing of staples as recommended by Blount.
Three evenly spaced staples should be placed extraperiosteally with their

tines parallel to the physis. A, Anterior view. B, Medial view.
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absence of growth, resulting in overcorrection of leg length
inequality; new angular deformity; or reverse angular defor-
mity. Even when the patient reaches skeletal maturity with-
out requiring staple removal or readjustment in the manage-
ment of the original indication, staples frequently need to
be removed because of soft tissue irritation from staple
prominence or extrusion.

Métaizeau and colleagues have described a modification
of epiphysiodesis using percutaneously inserted transphyseal
screws.” They insert fully or partially threaded cancellous
screws using either a crossed-screw or nonintersecting screw
technique for the femur and tibia (Fig. 23—29). They insert
a screw across the proximal fibula with an open technique
to prevent injury to the peroneal nerve, and only if tibial
epiphysiodesis is expected to exceed 2 cm. In their series of
postfracture overgrowth and leg length inequality patients,
they calculated an average reduction in distal femoral physeal
growth of 68 percent after 6 months and 89 percent thereaf-
ter; for the tibia, physeal growth was reduced by 56 percent
of normal in the first 6 months and by 95 percent thereafter.
They also used this technique for angular deformity correc-
tion at the knee, as has Stevens and Belle at the ankle with
a percutaneously inserted screw in the medial malleolus.*” In
two of 41 patients a hemarthrosis developed postoperatively,
without long-term sequelae. Serious complications included
overcorrection of 1.3 ¢cm because of failure to adequately
monitor the patient’s growth postoperatively, and the devel-

FIGURE 23-26 Radiographs of a patient treated for persistent physiologic genu valgum by epiphy-
seal stapling of the distal femur as described by Blount. A, Preoperative radiographic appearance.
B, Postoperative appearance after stapling of the medial distal femur. Three staples on either side
of the distal femur span the physis (see Figs. 23-59 and 23-60).
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FIGURE 23-27 Vitallium staples suitable for epiphysiodesis. Shoulders
are reinforced to prevent bending of tines with growth. There should be
no barbs on tines to facilitate their removal. A, Staples come in assorted
sizes, with an inserter. B, A staple loaded in inserter.

opment of varus angulation of the proximal tibia in three
patients. The latter complication was attributed to over-
growth of the fibula in cases in which the tibial growth
retardation exceeded 2 cm and epiphysiodesis of the proxi-
mal fibular physis had not been performed. A theoretically
attractive advantage of the technique is the prevention of
overcorrection of angular deformity or leg length inequality
by removal of the screws after correction if the patient is

FIGURE 23-28 Proper technique of staple insertion. The physis is local-
ized clinically, or preferably fluoroscopically, and driven across extraperios-
teally. Typically three staples should be inserted, evenly spaced across
the physis.

T

A B

FIGURE 23-29 Scheme of insertion of cannulated percutaneous screws
for epiphysiodesis (after Métaizeau). A, Crossed screw insertion. B, Un-
crossed, convergent screw placement.

not skeletally mature. In all likelihood, however, further
experience will reveal that removal of the screws, similar to
removal of staples, will have an uncertain result with respect
to resumption of growth or rebound effect. We have no
experience with this technique.

ACUTE SHORTENING. Shortening of the longer leg by removal
of the desired amount of bone and fixation has several
appealing attributes. Surgical shortening is a single-stage
procedure with a lower complication rate than either acute
or gradual lengthening.* In contradistinction to epiphysi-
odesis, the surgeon need not rely on the vagarities of skeletal
age and maturation. The only calculation required is the
extent of bone to be resected, and consideration of whether
a tibial or femoral segment should be removed to gain
symmetric knee height. On the other hand, the likelihood
and severity of complications are higher for surgical shorten-
ing than for epiphysiodesis,"****%" significant muscle
adaption and rehabilitation are required,”**"** and the
technique is often met with the same initial resistance as
epiphysiodesis, in that patients and their families are usually
not keen, at least until they appreciate the risks and intensity
of treatment, to sacrifice length for safety or expediency.
FemoralT or tibial®*1%32226 shortening techniques can be
performed. Combined one-stage femoral shortening and
contralateral femoral lengthening using the segment of bone
from the shortened side can also be done*"' and is
probably best indicated when the patient has a discrepancy
greater than ideal for shortening alone and is not a candidate
for gradual lengthening of the shorter limb.

* See references 43, 47, 62, 78, 92, 122, 133, 230, 242, 349, 368, 375,
425, 460, 462.

T See references 43, 47, 68, 78, 92, 122, 230, 242, 243, 349, 375, 425,
460, 462.
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FIGURE 23-30 Options for open acute femoral shortening. A, Shortening in the midshaft of the femur with plating.
B, Proximal femoral shortening with a compression screw plate or similar device fixation. C, Distal femoral shortening

with compression plate fixation.

Femoral. Acute femoral shortening for the purpose of equal-
ization of leg length has been described by many authors
(Fig. 23-30).* Acute shortening of the femur is a relatively
major procedure and as such is generally indicated only in
skeletally mature individuals with leg length inequality of
more than 2 cm. Discrepancy localized to the femur and
average stature are preferable features to maintain adequate
overall stature and symmetric knee height after the proce-
dure. Shortening can be undertaken in the proximal, middle,
or distal portions of the femur. If there is associated angular
deformity, then in general, osteotomy for angular correction
and shortening should be at the level of deformity. In the
absence of deformity, shortening can be at the subtrochan-
teric or mid-diaphyseal levels; distal metaphyseal shortening
is less desirable because of the incongruity of the bone seg-
ments after shortening due to the funnel shape of the distal
femur. Internal fixation may be achieved with a proximal
femoral blade plate, plate and screws, or intramedullary rod.
Merle d’Aubigné and Dubousset reported one case of deep
infection with no other complications in four patients
treated by an average 4.9 cm of femoral shortening over a
Kiintscher rod.”” Szepesi and colleagues described the results
of subtrochanteric shortening of the femur in 14 patients,
11 of whom had developed leg length inequality as a sequela
of developmental dysplasia of the hip.*” Shortening of 2.5

* See references 47, 52, 68, 78, 92, 122, 133, 216, 230, 242, 292-2%4,
308, 317, 337, 349, 368, 375, 425, 431, 460, 461.

to 3.5 cm was carried out with internal fixation using an
angled blade plate and screws. These authors reported no
complications in their series of patients, although some mus-
cle weakness was present for 6 months.

Thompson and colleagues reported the results of open
femoral shortening with intramedullary fixation in 11 pa-
tients; since four of them had significant complications, they
recommended against the procedure.”' Kiintscher devel-
oped the intramedullary saw that made “closed” femoral
shortening possible.” Winquist reported the advantages of
“closed” femoral shortening, which has been made techni-
cally feasible by two advances: refinement of the intramedul-
lary saw, and the development of the interlocking intramed-
ullary nail.**** In 1986 Winquist described the technique
and reported results in 154 patients treated with 2 to 7 cm
of femoral shortening for a variety of reasons.*®

Significant technical intraoperative problems can be en-
countered during closed femoral shortening with intramed-
ullary rod fixation. These include difficulty completing the
osteotomy, particularly posteriorly at the linea aspera; frag-
menting and displacing the intercalary bone segment; and
preventing rotational malalignment and distraction at the
osteotomy site. Experience with intramedullary rodding
techniques, a full complement of instrumentation and im-
plants, fluoroscopic monitoring of the surgical procedure,
and capable assistance are essential prerequisites to closed
femoral shortening. Winquist described the role of the “un-
scrubbed surgeon” as the most important in the procedure,
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FIGURE 23-31 Radiographs obtained after closed femoral shortening
with intramedullary fixation and proximal and distal locking of the rod
in the femur to prevent rotational deformity. A, AP radiograph. Remnants
of the removed intercalary segment of the femur are located around the
shortening osteotomy site. B, Lateral radiograph.

since that assistant is responsible for completing closed os-
teoclasis after the initial saw cut and for maintaining rota-
tional alignment. The linea aspera portion of the circumfer-
ential osteotomy may need to be cut percutaneously with
an osteotome; some surgeons prefer this as an added “vent”
for reaming (see below). Postoperatively the patient will
need to walk with crutches for 6 to 12 weeks to protect
the osteotomy site and to support the knee, which will be
weakened by the effect of shortening on the thigh muscu-
lature.

Generally good results with closed femoral shortening
and intramedullary rod fixation have been reported.* In
Winquist’s series of 154 patients, there was one case each
of superficial infection, delayed union, and nonunion. Three
patients had rotational deformities greater than 20 degrees,
two requiring surgical correction. Distraction of the osteot-
omy site occurred in five patients, all of whom had under-
gone attempted shortening of more than 4 cm. As reported
by Sasso and colleagues, the problems of the development
of postoperative external rotation deformity or distraction
of the osteotomy site can be largely overcome by the use
and manipulation of proximally and distally locked intra-
medullary rods (Fig. 23-31)."* Blair and colleagues reported

* See references 47, 78, 92, 122, 242, 243, 349, 368, 375, 460, 462,

successful results in 20 skeletally mature patients treated by
closed femoral shortening of 2 to 5 cm.” At an average 35
months’ follow-up, the patients’ ipsilateral hip and knee
motion and strength were clinically normal. Uneven knee
heights were exacerbated by the femoral shortening in four
patients with leg length inequality secondary to tibial short-
ening, but this was deemed acceptable by both patient and
surgeon. No other complications were encountered. Chap-
man and colleagues reported the results of femoral shorten-
ing of 2 to 6.6 cm in 31 patients.” There were no nonunions
or infections. All patients regained full range of motion.
Two patients had postoperative bleeding requiring a return
to surgery to evacuate buttock hematomas; no other compli-
cations were encountered.

Significant biological complications can occur with closed
femoral shortening. These include postoperative respiratory
distress, presumably secondary to fat embolism; AVN of the
femoral head from disruption of the blood supply in the
piriformis fossa; and knee muscle weakness secondary to
shortening. Sasso and colleagues reported acute respiratory
distress requiring intubation and mechanical ventilation for
2 days in one patient out of a group of 18 treated by closed
femoral shortening,” and Edwards and Cummings reported
two other cases."® Closed rodding techniques are thought
to be more likely to result in fat embolism because of the
closed compartment in which reaming is done, in contrast
to either reaming of femoral fracture or open shortening.
Venting of the intramedullary canal distally may not, how-
ever, prevent this complication. Sasso and colleagues noted
that venting of the intramedullary canal was not effective
in preventing fat embolism during total knee replacement,
and they recommended instead that an enlarged portal with
slow, 0.5-mm incremental reaming be performed.”” AVN
of the femoral head after intramedullary rod insertion (or
extraction) in the piriformis fossa for the management of
femoral shaft fractures has been reported in skeletally imma-
ture patients and after closed femoral shortening.” These
are very serious complications of which both patient and
surgeon must be acutely aware in determining whether
closed femoral shortening is indicated. Femoral shortening
with intramedullary fixation devices inserted through the
piriformis fossa should not be done in patients prior to
skeletal maturity because of the risk of AVN of the femo-
ral head.

The most common direct negative consequence of femo-
ral shortening is weakness of the hamstrings and quadriceps.
Lack of control of the knee will typically require the patient
to walk with the assistance of crutches and possibly a knee
immobilizer for 6 to 12 weeks postoperatively. The long-
term clinical significance of this weakness is a matter of
some debate, but it is clear that this weakness will occur at
least temporarily postoperatively, and limits the extent of
shortening that should be undertaken. Recommendations
for the upper limit of femoral shortening because of this
development varies from 4.5 cm™ to as much as 7 cm.*®
Kenwright and Albinana, in a review of 46 patients, reported
successful shortening of up to 7.5 cm in the femur and 5
cm in the tibia without loss of function.” Chapman and
colleagues found normal quadriceps and hamstring strength
by Cybex testing 1 year or more after closed femoral shorten-
ing in 13 patients out of a group of 31.”™ However, Holm and



colleagues, evaluating 12 limbs prospectively in ten patients,
found that 2 years postoperatively, neither hamstring nor
quadriceps strength had returned to normal in any patient
by Cybex 340 dynamometer testing (Cybex-Lumex Inc.,
Ronkonkoma, N.Y.).”"" There was an average 26 percent
reduction of total work at 60°/sec for the quadriceps com-
pared to preoperative values, and 12 percent for the ham-
strings. The amount of reduction in strength correlated lin-
early with the amount of femoral shortening and was
statistically significant in patients whose shortening was
more than 10 percent of original femoral length. They con-
cluded that shortening should be limited to 10 percent of
original femoral length. In a separate study, these authors
also compared muscle strength in 20 patients treated by
diaphyseal intramedullary shortening with a group of 14
patients treated by subtrochanteric shortening and blade-
plate fixation.”" The group treated by subtrochanteric Z-
cut shortening osteotomy did not sustain the same signifi-
cant loss of muscle strength noted in the mid-diaphyseal
group, despite the average shortening being 12 percent, and
as much as 15 percent, of original length. However, patients
in the subtrochanteric group were tested significantly longer
postoperatively (average of 136 months) than patients in
the mid-diaphyseal group (average of 34 months).

In conclusion, closed femoral shortening with intramed-
ullary fixation with a locked rod can be indicated in skeletally
mature patients with more than 2 c¢m, and probably less
than 5 cm, of shortening, preferably in the femoral segment.
Only surgeons experienced with the technique of intramed-
ullary femoral rodding should undertake this procedure,
and both patient and surgeon should be aware of the risk
of respiratory distress, presumably from the development
of fat embolism. Shortening should be limited to 10 percent
or less of the original length to minimize the risk of long-
term knee weakness. Open subtrochanteric shortening with
blade-plate fixation is an acceptable alternative, without the
risk of fat embolism and with potentially less risk of long-
term muscle weakening. Skeletally immature patients should
not undergo closed shortening with intramedullary rodding,
to avoid the potential complication of AVN of the femo-
ral head.

Tibial. Shortening of the tibia is performed less frequently
than shortening of the femur for several technical reasons:
the procedure must be performed in an open fashion, since
the intercalary bone fragment must be extracted from the
leg; the fibula must be osteotomized to allow shortening of
the limb segment; and complications may be more frequent
and significant (compartment syndrome, circulatory imped-
iment, foot weakness) than noted with femoral shortening.
Broughton and colleagues reported the results of 12 patients
treated over a 25-year period by tibial shortening of 2.5 to
5.1 cm.” The technique used was a step-cut mid-diaphyseal
shortening osteotomy with fixation with two screws (Fig.
23-32). The only postoperative complication was a tempo-
rary delay in return of circulation to the foot after release of
the tourniquet, which recovered spontaneously. The patients
were satisfied on follow-up, and had normal function by
clinical assessment.

Tibial shortening may also be accomplished with intra-
medullary fixation, similar to femoral shortening (Fig.
23-33)."7422% The patient must be counseled to expect
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FIGURE 23-32 Scheme of tibial shortening using step-cut and screw
fixation. A, Longitudinal osteotomy with step cuts in shaft of tibia. B, After
shortening of the shaft of the tibia and transverse screw fixation.

weakness in the foot and ankle for a period postoperatively.
Kenwright and Albinana reported successful shortening of
the tibia of up to 5 cm without clinically evident loss of
function,™ but Kempf and colleagues recommended that
tibial shortening be limited to 3 cm.*

Lengthening of the Short Leg. Except in cases of clear
hemihypertrophy, such as associated with neurofibromatosis
and Klippel-Trénaunay syndrome, parental and patient in-
terest usually focuses initially on methods of restoring the
shorter limb to a length comparable to the longer side. It
is important in our opinion to counsel the family of a child
with a limb length inequality that the purpose of treatment
is to maximize function and mobility, and, as far as possible,
address cosmetic concerns. As discussed earlier, the motiva-
tion for treating minor discrepancies should nof be the intu-
itive logic of preventing long-term injury to the lower ex-
tremity joints or spine. Unfortunately, the surgical options
for normalizing leg length inequality by lengthening the
short limb are more extensive than those that equalize leg
lengths by shortening the longer extremity. The options for
lengthening the shorter limb include stimulation of natural
growth of the shorter limb, acute lengthening, and grad-
ual lengthening.

STIMULATION OF GROWTH IN THE SHORT LEG. Stimulation of
growth in the shorter leg has long been of interest to ortho-
paedic surgeons. Most interest in stimulation of the growth
of the shorter leg is largely historical at present, since unfor-
tunately, no effective method for doing so (except for femo-
ral fracture in the 5- to 10-year-old age group, which is not
recommended!) has evolved.* Bohlman in 1929 described

* See references 53, 112, 203, 427, 440, 458,
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FIGURE 23-33 Open tibial shortening with intramedullary rod fixation in the tibia. A, Postoperative AP radiograph.

B, Postoperative lateral radiograph.

a monumental effort to stimulate growth experimentally.”
In a series of experiments, he inserted 22 different materials
into drill holes in the distal femora of guinea pigs. Materials
inserted into the drill hole included iron, copper, lead, ivory,
resinous (“greasy”) pinewood, asphalt, and dry beef bone
pegs; red iron oxide, black copper oxide, and menthol crys-
tals; and Staphylococcus aureus “vaccine.” Dissection and
measurement of all these specimens led him to conclude
that none of these materials produced increased growth in
the operated femora, and that shortening was the more
common result. He concluded that insertion of foreign ma-
terials to promote growth was not warranted. Despite this
experimental study, Tupman in 1960 reported the results
of insertion of a beef bone peg into the metaphysis just
below the physis in 28 children, the majority of whom had
polio.”" The procedure was surprisingly well tolerated; the
author reported temporary knee stiffness as the only compli-
cation he encountered. However, no actual reduction in leg
length inequality was noted in any patient, although Tup-
man felt that progressive inequality was slowed in 12 pa-
tients. Sola and colleagues performed single- and two-stage
(2 months apart) periosteal strippings of the entire length
of the femur in dogs and monkeys."” Although an increase
in length was noted in most specimens, the increase was
only 1 to 2 mm on average. They did anecdotally report
performing periosteal stripping in poliomyelitis patients,
stating that 80 percent demonstrated a decrease in leg length
inequality, but not to what extent. Wilde and Baker reported
a reduction in leg length inequality in 38 children from an
average 7.2 percent (3.8 cm) to 5.4 percent (3.2 cm) by
circumferential periosteal stripping of the femur or tibia.”
In contradistinction to most other clinical studies, the ma-

jority of patients (15) had congenital fibular deficiency. Al-
though the authors reviewed these results favorably, we can-
not recommend a surgical intervention in children for such
a modest positive result.

An intriguing concept is the transplantation of physeal
cartilage into areas where the original physis is deficient or
damaged. Experimental attempts to perform physeal trans-
plant have been reported.’”** Nettelblad and colleagues
evaluated the feasibility of “vascularized™ total physeal trans-
plant in dogs.”” When they performed a “switch” of the
proximal fibula, with one side transplanted as a vascularized
graft, the vascularized fibula continued to grow at a rate
comparable to that of control fibulae, whereas the nonvascu-
larized transplants did not. Histologically, the vascularized
transplanted physes remained viable. In a less taxing proce-
dure, Olin and colleagues found that a free plug of iliac
crest apophyseal cartilage inserted into a surgically induced
defect in the distal femur of rabbits prevented growth arrest
and valgus deformity in 60 percent.” It should be empha-
sized that the plug was maintained in its desired position
by a press-fit into the defect, a situation that is difficult to
replicate clinically. Although promising, neither technique
has broad clinical applicability at the present time.

SURGICAL LENGTHENING. Lengthening of an extremity can be
performed acutely or gradually and with internal fixation,
external fixation, or combinations thereof. What follows is
a discussion of the history, effects, techniques, complica-
tions, and indications for leg lengthening.

History. Codivilla® is credited with the earliest description of
limb lengthening."** Codivilla stated that the “best results
are obtained from forced lengthening, practiced under nar-



FIGURE 23-34 Codivilla apparatus for limb lengthening.
Skeletal fixation of the calcaneus was performed distally, with
acute, heavy traction applied to a midshaft femoral osteotomy
through the traction pin, followed by incorporation of the
limb and trunk in a spica cast.

cotics; by using a sudden and intense force; and by then
applying the plaster apparatus to the limb while it is still
maintained in complete extension.” Initially he described a
technique of traction of up to 75 kg on the osteotomized
femur, with the lower limb incorporated in plaster (Fig.
23-34). Ulceration and skin sloughing led him to place a
“large nail” through the heel and fixed to the plaster appara-
tus. He reported lengthening of 3 to 8 cm using this tech-
nique. Putti, a student of Codivilla, in 1934 published a
technique he originally described in 1921, in which “piano
wires” were placed in an AP direction in the greater trochan-
ter and transversely in the femoral condyles to apply traction
and countertraction for a period of 2 to 3 weeks, followed
by incorporation of the wires in a plaster cast worn for 8
to 10 months.*' Abbott presented a method for lengthening
the tibia, after due consideration of the contributions of
Codivilla and Putti (as well as Ombrédanne and Magnu-
son).* The technique included placement of Steinmann pins
transversely above and below a complex tongue-and-groove
step-cut in the tibia, with the Steinmann pins connected by
spring-loaded rods. Lengthening did not commence until 7
to 10 days postoperatively, when all swelling had subsided.
Daily turning of the thumb screws was continued until the
desired lengthening (up to 2 inches) was completed over a
3- to 4-week period. He also described placing a metallic
marker with incremental markings on the leg when tak-
ing radiographs to aid in the calculation of magnification.
Bosworth described a technique using two transverse pins
(or wires in children) above and below a step-cut tibial
osteotomy and an additional pin in the os calcis.” Lengthen-
ing was carried out by a rachet device attached to the pins,
with the limb supported in a Balkan frame. Bosworth noted
that this apparatus had been first described by O. Lambret
of Lille, France, but only for the management of fractures.

Compere” and Sofield"™ severely dampened enthusiasm
for lengthening by noting the high frequency of serious
(sometimes fatal) complications and significant loss of mus-
cle function of the lengthened limb on long-term follow-
up. Sofield and colleagues subsequently reported the results
of leg lengthening in 40 patients more than 20 years after
the treatment; this is still by far the longest follow-up investi-
gation of the effect of leg lengthening.*"" These authors noted
that although the majority of patients had maintained length
and were pleased with the results of lengthening, many had
lost some muscle strength in the lengthened limb (most
had polio), and they concluded that “leg-lengthening was
seldom justified.”
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In 1952, Anderson introduced his technique of tibial
lengthening using a distraction device.” Initially he recom-
mended a two-stage procedure to initiate lengthening, the
first to divide the fibula and place the fragments under the
periosteum of the tibia, and then to osteotomize the tibia.
This approach was subsequently modified by Coleman and
Noonan to a single stage of tibial and fibular osteotomy
with internal fixation of the fibula to the tibia.*

Wagner provided important contributions to limb
lengthening and reconstruction, including introduction of
his lengthening device in 1972.** The technique included
fixation of the long bone with heavy Schantz pins (or screws);
osteotomy with resection of fascial tissue and acute lengthen-
ing of approximately a centimeter; gradual continued
lengthening at a rate of 1 to 2 mm per day until the desired
lengthening had been achieved; and a second surgical proce-
dure during which a special plate was secured to the bone
fragments, bridging the gap between bone ends, and filling
the gap with bone graft (Fig. 23-35). This plate was usually
subsequently removed in one or two stages (loosening the
screws, followed by complete removal of the plate and
screws). Wagner’s technique was the standard for lengthen-
ing of the tibia or femur in the Western Hemisphere until
the introduction of current devices and techniques, and was
the subject of many reports.*

Significant drawbacks to the Wagner technique included
the need for at least three surgeries (device application and
osteotomy; plate application and bone graft; plate removal),
the extensive scarring these surgical interventions caused,
and the relatively poor quality of the lengthened bone, which
was prone to fracture and infection, and often precluded
further lengthening. T The incidence and severity of compli-
cations associated with leg lengthening were significant
enough for Chandler and colleagues to conclude as recently
as 1988 that “Wagner leg lengthening is generally recom-
mended when amputation is the only other surgical alterna-
tive and a full, complete informed consent is given to the
parents and patient.””

Significant advances in the technique of limb lengthening
(method) and the external fixation (apparatus) used to effect
lengthening have been provided by Ilizarov?**** and De
Bastiani and colleagues.'™'"” English-language publications
by Ilizarov first appeared in 1989,”*** but reports in the

* See references 3, 45, 60, 75, 77, 83, 87, 88, 100, 150, 181, 211, 234,
259, 272, 282, 284, 311, 339, 346, 371, 414, 449.

T See references 3, 45, 77, 181, 211, 271, 272, 414,
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FIGURE 23-35 Wagner apparatus and technique. A, The apparatus consists of a
telescoping rectangular tube with fixation clamps at either end to accept Schantz screws.
The angle of screw insertion could be varied, but not the plane of insertion relative to
the distractor. Usually two large Schantz screws were inserted in each fragment. B, At
the initial surgery for femoral lengthening, the intermuscular septum and iliotibial band
were divided transversely after application of the fixator, and the bone was acutely
distracted approximately 1 cm. C, Lengthening was effected by turning a knob at one
end of the device. Distraction was typically 1 to 2 mm per day in +-mm increments (a
complete revolution lengthened the device 1 mm). D, After completion of lengthening,
a special lengthening plate was inserted, usually with an iliac crest bone graft inserted
into the gap created by the lengthening, and the external fixator was removed.



Italian literature had begun appearing in 1981, and Ilizarov
had been developing his techniques in the former Soviet
Union since the late 1940s. Both Ilizarov and De Bastiani
recommended gradual distraction either across the physis
(chondrodiatasis) or after low-energy, soft tissue— and med-
ullary canal—-preserving osteotomy, or “corticotomy” (callo-
tasis), with no immediate displacement of the bone frag-
ments and gradual distraction of the developing fracture
callus after a “latency” period (see discussions under Chon-
drodiatasis and Callotasis, below).

Excellent reviews of the history of both the methods
of and the devices used to accomplish leg lengthening are
provided by Wiedemann*’ and Paterson®* and are recom-
mended to any reader interested in further insight into
this topic.

Acute Lengthening. Pelvic: Lengthening of a short limb by acute
transiliac lengthening has been described by several au-
thors.”*#* Millis and Hall’™ attributed the introduction
of the technique to Salter, as a modification of his pelvic
osteotomy for acetabular dysplasia (Fig. 23-36).” With this
modification, the traditional triangular graft harvested from
the ipsilateral iliac crest is replaced by a quadrangular graft,
with angulation as needed to redirect the dysplastic acetabu-
lum, if present. Millis and Hall used this modification in
patients with femoral shortening associated with acetabular
dysplasia, leg length inequality, intrapelvic asymmetry, and
decompensated scoliosis. In a review of 20 patients 2 to 6
years after surgery, performed between the ages of 5 to 20
years, they found that the average amount of lengthening
was 2.3 cm. They did not try to achieve more than 3 cm of
lengthening. An iliopsoas tenotomy is mandatory with this
technique. In their original description, the osteotomy and
graft were held in place by two heavy threaded Steinmann
pins; postoperatively, patients were maintained in traction
for 5 days, followed by toe-touch weightbearing for 3
months. With more secure internal fixation (described in
Chapter 15, Developmental Dysplasia of the Hip), a more
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FIGURE 23-36 Scheme of acute transiliac lengthening combined with
Salter innominate osteotomy for hip dysplasia associated with shortening.
A, A quadrilateral graft can be used for combined lengthening and rotation
of the distal pelvic fragment to correct associated acetabular dysplasia.
Lengthening by this method should be limited to 2.5 to 3.0 cm. B, A
rectangular graft may be used for acute transiliac lengthening without
associated acetabular dysplasia.
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rapid return to ambulation may currently be possible. Only
two of the 20 patients had leg length inequality as the sole
indication for surgery; eight had acetabular dysplasia associ-
ated with leg length inequality. Complications in the entire
group included three wound infections, a measurable loss
of length in one (6 mm), and a femoral neck fracture in
an adult with poliomyelitis and osteopenia. No cases of
disruption of the sacroiliac joint, cartilage space loss, AVN
of the femoral head, or neurovascular complications were
noted in this group. The authors did, however, recount a
separate case of attempted 3.5 cm lengthening in which
partial sciatic nerve palsy was evident in the immediate
postoperative period, which resolved when the graft was
reduced to 2.5 cm. Barry and colleagues had similar good
results in 23 patients, gaining an average of 2.8 cm (range,
2.0 to 3.5 cm).” However, two patients developed femoral
nerve palsy postoperatively, which resolved in one but was
permanent in the other.

In summary, transiliac lengthening should be kept in
the surgeon’s armamentarium when assessing patients with
acetabular dysplasia or fixed pelvic obliquity and leg length
inequality. The ideal indication seems to be a patient requir-
ing Salter innominate osteotomy for acetabular dysplasia
with an associated ipsilateral shortening of 3 c¢m or less.
Limiting lengthening to 2.5 cm appears prudent, and any
postoperative neuropraxia should be treated by prompt re-
turn to the operating room to reduce the amount of acute
distraction by trimming the quadrangular graft.

Femoral and tibial: In 1965 Merle d’Aubigné and Vaillant
described in the French literature a technique of transverse
osteotomy with acute lengthening over an intramedul-
lary rod, with locking of the fragments by a cortical bone
block.” An English literature report was provided by Merle
d’Aubigné and Dubousset in 1971.** In that publication,
the authors presented the results of three methods of acute
leg length inequality correction: femoral shortening, femoral
lengthening, and combined femoral lengthening and contra-
lateral shortening. They provided a detailed description of
acute femoral lengthening using a Kiintscher rod, soft tissue
release, and allograft bone (Fig. 23—37). Two of their patients
who underwent the lengthening had transient ischemia re-
quiring lysis of scar tissue around the femoral artery, three
had transient sciatic nerve palsy, three had delayed unions,
and two developed flexion contractures (one each of the
hip and knee) requiring secondary release. Other modern
descriptions of acute long bone lengthening are provided
by several authors.* Cauchoix described a method of acute
lengthening of the femur with internal fixation using a plate
and screws.”” Through a long lateral incision in the thigh,
the iliotibial band is cut transversely, the vastus lateralis is
released from the linea aspera after ligation of the perforating
vessels as they enter the vastus lateralis, the linea aspera,
including its tendinous attachments, is elevated with a chisel,
the femoral shaft is exposed subperiosteally along its entire
length, and the posterior intermuscular septum is transected
(including the raised linea aspera). Steinmann pins are
driven into the proximal and distal fragments at the base
of the greater trochanter (anteroposteriorly) and the femoral
condyles (transversely), and an 8-cm step osteotomy is made
in the shaft of the femur. A cable is attached to each

* See references 76, 120, 133, 204, 231, 318, 434, 464, 474,
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FIGURE 23-37 Acute femoral lengthening as described by Merle d’Aubigne and Dubousset.™ A, After insertion of
a femoral (Kiintscher) rod, femoral osteotomy, and initial distraction at the osteotomy site (held open by a blocking
device), a soft tissue release of the iliotibial band, rectus femoris, and vastus lateralis is performed. B, Distraction is
continued across the osteotomy with a distracting device. C, After distraction is complete, longitudinally halved segments
of femur (cadaveric, or harvested from the contralateral femur when combined acute lengthening and contralateral
one-stage shortening are performed) are placed in the distraction gap.

Steinmann pin through a traction bow, and the bone frag-
ments are distracted. The knee is kept flexed to protect the
sciatic nerve. The fragments are fixed with a long plate and
screws; the author found it convenient to affix the plate to
the proximal fragment before the lengthening. The gap is
filled with autologous bone graft from the iliac crest.
Major complications are associated with acute lengthen-
ing of either the femur or tibia. These complications include
acute femoral and/or sciatic nerve injury, femoral artery
occlusion, reflex sympathetic dystrophy, intraoperative frac-
ture at a site remote from the osteotomy for lengthening,
implant failure, delayed union or nonunion requiring repeat
bone graft, and infection. Long-term joint stiffness and sub-
luxation, however, do not appear to be frequent problems
with this technique. Cauchoix, in reporting the results in
180 cases, thought that up to 4.5 cm was a reasonable gain in
length.” Two intraoperative fractures of the femur occurred,
requiring extension of the internal fixation. He reported no
distal vascular complications. One patient had a sciatic nerve
injury with permanent foot drop, and two patients had
quadriceps palsy that improved postoperatively but did not
normalize. Fifteen patients had postoperative wound infec-
tions, in three the implants failed prior to union, in 12
nonunion developed, and eight had late fractures of the
lengthened femur. Herron and colleagues reported results
in nine patients treated by the method described by Cau-

choix with an average lengthening of 4 cm.” They reported
a rather intimidating implant failure rate (three patients),
delayed union requiring repeat bone grafting in two, and a
femoral refracture in one. Even more notable was femoral
and/or sciatic nerve injury in four patients (with permanent
sensory and/or motor weakness in all), and one case of
femoral artery occlusion that did resolve with intraoperative
shortening and lysis of adhesions around the artery. Coura-
geously, these authors concluded that the technique was
demanding, intraoperative monitoring of the neurovascular
status of the limb was mandatory, but that when the tech-
nique was properly executed, the results were gratifying.
More recently, in 1993, Murray and colleagues reported
no neurovascular complications in 17 patients treated for
angular or rotational deformities in conjunction with acute
lengthening of 2 to 7 cm, using a variety of techniques and
implants. In contradistinction to Cauchoix and Herron, they
attempted to limit soft tissue dissection and subperiosteal
bone exposure to that necessary to correct deformity, and
used locked intramedullary rods whenever the deformity
was mid-diaphyseal. They had no neurovascular complica-
tions.*®

Gradual Lengthening. Chondrodiatasis: Since most causes of
limb length inequality are in some way related to disturbance
of normal physeal function, effort to restore that function



is a logical progression of thought. As we have seen, however,
efforts to stimulate normal growth have not succeeded, and
transplantation of normal physes is currently largely not
feasible. Interest has naturally turned to efforts to distract
a physis mechanically, a process variably referred to as
“chondrodiatasis,” “epiphysiolysis,” “epiphyseal distrac-
tion,” “distraction epiphysiolysis,” or “epiphyseal trac-
tion.”* The earliest report of attempted lengthening of bone
by mechanical traction across a physis appears to be that of
Gelbke," and, as Letts and Meadows have noted, other early
work was reported by Harsha, Marsh, and colleagues; Smith
and Cunningham; and Ring. %

Part of the reason for the different descriptive terms
for distraction of the physis is that different methods of
distraction have been used both experimentally and clini-
cally. Letts and Meadows deliberately produced a physeal
fracture in an animal model, followed by distraction.’ Ring
distracted across the physis in an animal model, but was
uncertain whether this produced a physeal fracture or not.”*
The great majority of both clinical and experimental studies
indicate that distraction across the physis produces an epi-
physeal separation after a period of a few days to a few
weeks, which can be followed by further lengthening; hence
the term “distraction epiphysiolysis.” The occurrence of
this acute separation depends on the rate and extent of
distraction force applied to the physis. First Sledge and No-
ble,”® then De Bastiani and colleagues,'® noted experimen-
tally that lower forces or slower distraction (for example,
0.5 mm per day) could result in hypertrophy of the cellular
layers of the physis without actual acute physeal separation.
De Bastiani termed this form of physeal distraction “chon-
drodiatasis” to specifically refer to physeal distraction with-
out separation; common usage (and the uncertainty clini-
cally as to whether or not acute physeal separation will
occur) has resulted in use of the term “chondrodiatasis”
without consideration as to whether the intent or event of
physeal separation occurs or not.

Theoretically, chondrodiatasis is appealing in skeletally
immature patients. First, many angular deformities arise
from the region of the physis and epiphysis in children, so
that the apex of deformity correction more nearly corre-
sponds to the apex of deformity with this technique (see
subsequent discussion under Principles of Angular Defor-
mity Correction in Children). Second, in some regions of
the body the distracted bone segment is distal to deforming
muscle forces. The specific example of this is the distal
femur, where chondrodiatasis occurs distal to the adductor
insertion, theoretically minimizing the risk of adduction
deformity which can occur with femoral lengthening. How-
ever, several practical considerations keep this technique
from being the most common method of limb lengthening
in skeletally immature patients. The first practical problem
is that the moment of physeal separation is often extremely
painful to the patient. Separation usually occurs with an
audible pop, accompanied by acute distraction of the soft
tissues as the result of the distraction force that has been
building with distraction across the physis without corre-
sponding movement of the bone. Although in theory, acute

* See references 7, 11, 44, 69, 91, 105, 106, 123, 130, 131, 134, 192,
233, 244, 306, 307, 322, 327, 364, 365, 398, 413, 441.

T See references 106, 129, 130, 233, 244, 305, 322, 413.
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physeal separation may not occur with gradual distraction
of 0.5 mm per day or less, in practice, owing to variability
in physes and patients, this is not a controllable event, and
may occur despite efforts to avoid it. Second, segmental
fixation of the distal femoral epiphysis, proximal tibial
epiphysis, or distal tibial epiphysis is in general more tenuous
than segmental fixation of the metaphysis. Furthermore, in
the distal femur and proximal tibia, fixation may be intra-
articular, introducing a risk that pin-tract infection may lead
to septic arthritis. Although this has not been a frequent
complication in practice, there can be significant conse-
quences for the patient. Finally, physeal closure frequently
occurs after distraction, as has been noted repeatedly, both
experimentally* and clinically.**""*** To be fair, not all
authors have noted this occurrence,”'™% or have noted a
slowing of expected physeal growth without an actual cessa-
tion of growth."'™ This consequence has led to the recom-
mendation that physeal distraction be carried out only in
patients approaching skeletal maturity. Several studies com-
paring chondrodiatasis with metaphyseal corticotomy and
callotasis (see below) have noted comparable or worse results
with chondrodiatasis with respect to the development and
nature of complications,*%134357.364

In summary, we believe that chondrodiatasis has at best
a limited role in the management of leg length inequality
in children. The risks and problems associated with the
increased challenge of the integrity of external fixation to
the epiphysis only with the attendant increased risk for septic
arthritis, the unpleasant acute physeal disruption, and the
unlikely continued growth of the physis subsequently make
metaphyseal osteotomy and callotasis a more appealing and
controllable alternative in our view.

Callotasis: Currently, a more accepted method of leg
lengthening is by gradual distraction (callotasis) of a fracture
callus after low-energy “corticotomy” of the long bone with
careful preservation of the soft tissue envelope surrounding
the bone, described by both Ilizarov?*** and De Bastiani
and associates.*'™” In contradistinction to the Wagner
method, with the “corticotomy” technique, a limited expo-
sure of the bone (usually the metaphysis) is made, with
careful preservation of the surrounding soft tissue and peri-
osteum without any initial distraction after external fixation
of the bone segment to be lengthened (Fig. 23-38). After a
3- to 21-day “latent period,” during which fracture callus
develops at the site of corticotomy, gradual distraction be-
gins (Fig. 23-39). The distraction period continues until
the desired amount of lengthening (or the maximal amount
attainable secondary to soft tissue constraints) has been
achieved (Fig. 23—40). The rate of lengthening is that which
appears to be tolerable to the fracture callus and soft tissues
without interference with their blood supply, typically a
millimeter a day. The limb is maintained in the lengthened
state in the external fixator until adequate consolidation of
the new bone has occurred, to minimize the risk of fracture
after removal of the apparatus (“consolidation period™) (Fig.
23-41). Typically, the consolidation period is approximately
twice as long as the distraction period, but its duration is
influenced by many factors (see below). The “healing index”
is the total amount of time in external fixation per centimeter

* See references 129, 130, 264, 305, 306, 413.
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FIGURE 23-38 Corticotomy techniques. A, With either the drill and osteotome technique described by De Bastiani
or the “corticotomy” technique described by Ilizarov, a small incision is made over the bone (in this example, over
the proximal anterior tibial crest). B, The bone is exposed with minimal periosteal elevation. C, With Ilizarov’s
corticotomy technique, the anterior aspect of the cortical bone is divided with a small osteotome. This bone cut is
continued posteriorly along one surface of the cortex. D, The opposite anterior surface of the cortex is divided.
E, The corticotomy is completed by torqueing the osteotome within the cortex with the aid of a wrench applied to
the handle of the osteotome. F, Alternatively, the level of bone osteotomy can be outlined with a series of small drill
holes, as described by De Bastiani. G, The osteotomy is completed with an osteotome, similar to Ilizarov's techni-
que. H, A Gigli saw may be used to perform the osteotomy, thus ensuring complete osteotomy. Usually more than one
skin incision will be required to pass the saw around the tibia. This technique will obviously damage the intramedullary

circulation, See text for further discussion.

of lengthening, and is thus typically approximately 30 days
per centimeter.

After removal of the external fixator, there is an extended
period of regenerate new bone remodeling, which usually
results in radiographically and histologically appearing nor-
mal bone. This regenerate new bone is much more amenable
to repeated lengthening than bone formed after the Wagner
technique of diaphyseal lengthening,

Ilizarov preferred dividing the bone with a small osteo-
tome, often completing the osteotomy by a closed osteoclasis
maneuver, such as rotation of the fragments.””*” De Bastiani
described making a series of drill holes in the bone at the
desired level and connecting the holes with an osteotome."”’
Ilizarov’s premise was that preservation of the intramedul-
lary blood supply was important to the quality of subsequent
new bone (regenerate) formation. However, subsequent in-

vestigations have shown that minimization of injury to the
soft tissues is the critical factor, not the actual preservation
of the intramedullary blood supply.'”#'#% Similarly, the
external device used is not critical to the development and
quality of new bone formation; rather, it is the gradual
manipulation of the fracture callus after an appropriate la-
tent period which is important.

The importance of this technique of lengthening is easily
appreciated by assessing the results of lengthening using
the Wagner apparatus with the callotasis method. Several
authors report significantly fewer soft tissue complications,
better new bone formation, and the lack of need for second-
ary bone grafting and internal fixation when the Wagner
method of soft tissue release and immediate initial distrac-
tion is replaced by the callotasis method using the same
external fixation device. 0181271284346



CHAPTER 23—Limb Length Discrepancy = *+ 1085

FIGURE 23-39  After corticotomy, the bone fragments are kept in apposi-
tion, allowing reconstitution of the local blood supply and the development
of a fracture callus. This is the “latent” period of the callotasis technique.

i

FIGURE 23-40 During the distraction phase, the bone fragments are
gradually distracted, typically at a rate of 1 mm per day in four {-mm
increments. During this distraction phase, new bone (regenerate bone) can
and should be seen between the ends of the distracted bone fragments.

FIGURE 23-41
ments are held to length by the external fixator (the consolidation phase)
until regenerate bone healing is adequate to allow removal of the device.

After completion of the distraction phase, the bone frag-

Much credit must be given to Ilizarov for his studies on
the effect of gradual distraction on bone and soft tissues,”****
although the effect of lengthening was studied by many both
before and after him. Ilizarov termed the process of tissue
response to gradual lengthening using his method as the
“tension-stress effect on the genesis and growth of tissues”
and found that in general, with preservation of the soft
tissue envelope and callotasis techniques, the tension created
by gradual distraction stimulated neogenesis not only of
bone, but also of all the soft tissues, including skin, blood
vessels, peripheral nerves, and muscle.”*?**?’ Further experi-
ence by other, perhaps lesser, surgeons is that while true
neogenesis of these tissues may occur, injury of muscle,
nerve, or blood vessels, overdistraction of muscle and/or
nerve, poor bone formation, joint compression, and the
psychological stress of lengthening by external fixation may
lead to a much less functional result than simple “genesis”
of tissues in clinical applications of Ilizarov’s methods.* The
reader is encouraged to study closely the effects of lengthen-
ing on bone and soft tissues, and the closely related complica-
tions associated with this reconstructive procedure. These
issues are more important to understanding the impact of
leg lengthening on the child than the choice of external or

* See references 17, 31, 60, 79, 101, 103, 117, 123, 127, 128, 148, 149,
154, 177, 193, 212, 217, 219, 237, 238, 257, 271, 276, 297, 298, 301, 304,
320, 340, 358, 363, 388, 397, 406, 408, 411, 412, 418, 419, 423, 435, 442,
443, 451, 459, 469, 470.
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FIGURE 23-42 The major portion of new bone formation in the distrac-
tion gap occurs by intramembranous bone formation, with direct ossifica-
tion of the fibrous tissue. Note the new bony spicules forming within dense
collagenous tissue in the central and upper left portions of this specimen.

internal fixation method or the precise surgical technique
used to accomplish the task.

Effect on bone: Ilizarov concluded, after extensive studies
in dogs as well as an assessment of his clinical experience,
that the quality and quantity of newly formed bone (“regen-
erate bone”) stimulated by the generation of “tension-stress”
during limb elongation depended on the rigidity of external

A

fixation, the extent of damage to the soft tissue and medul-
lary canal at the time of osteotomy, the rate (speed) of
distraction, and the frequency of the increments (rhythm)
of distraction.”** Ilizarov found experimentally that new
bone formation in the distraction gap was most exuberant
when the medullary artery was preserved and soft tissue
injury at the time of osteotomy was minimized. Other clini-
cal investigations have concluded that the important features
of an osteotomy resulting in acceptable new bone formation
are minimal soft tissue injury during exposure of the bone
and avoidance of bone necrosis by excessive heat generation
as may be produced by an oscillating saw, rather than the
preservation of the medullary artery."™"**'%%¢ An important
principle of callotasis is the “latency period,” during which
the soft tissues stabilize, fracture callus develops, and the
blood supply to the osteotomized region, including the in-
tramedullary vessels, reconstitutes.’

Ilizarov found experimentally that continuous distraction
at a rate of 1 mm per day was the ideal rate and rhythm of
distraction in the formation of new bone in the distraction
gap; for practical purposes, dividing the daily rate into four
i-mm increments provided adequate new bone formation.
This “rate” of 1 mm per day with a “rhythm” of -mm
increments is firmly established in current clinical practice,
but it must be modified by the quality of new bone formation
in each individual patient.

The gap tissue between the bone ends is characterized
by dense, longitudinally arranged collagen bundles. Ilizarov
reported a “growth zone” in the middle of this distraction
gap simulating a growth plate (physis). Other investigations

B

FIGURE 23-43 An uneven column of new bone formation may be seen during the distraction phase. A, Slower
radiographic evidence of ossification is typical around bone with poorer soft tissue coverage, such as the anteromedial
tibia. B, New bone formation may also be poorer on the side from which the surgical approach to the bone was made
for the osteotomy. In this example, the distal femur was approached from the medial side. The presumed etiology of
this phenomenon is damage to the periosteal and endosteal blood supply by the surgical approach.
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FIGURE 23-44 Kawamura's experimental distraction using
an external fixator, published in 1968.%"

have demonstrated primarily intramembranous ossification
of this collagenous tissue, with or without an intermediate
cartilaginous precursor phase (or enchondral bone forma-
tion) (Fig. 23—42).19447

Other important factors affecting the extent and quality
of new bone formation include the age of the patient, the
location of the osteotomy, the amount of soft tissue sur-
rounding the distraction gap, and the direction of the surgi-
cal approach.™"¥'* Specifically, metaphyseal osteotomies
tend to heal more quickly than diaphyseal osteotomies, the
proximal tibia tends to heal more quickly than the distal,
the anterior tibia tends to heal more slowly than the poste-
rior, and the side of surgical approach tends to heal more
slowly than the unexposed surfaces (Fig. 23—43).

Effect on muscle: The effect of lengthening on the func-
tion of muscle, and correspondingly the resistance to length-
ening by muscle tissue, was noted by the earliest descriptors
of limb lengthening, including Codivilla® and his student,
Putti.* It is fascinating to read Codivilla,” who in 1905 wrote,
“We are in fact, without the requisite knowledge as to how
the normal muscles and other tissues act, when subjected to
forced distension; as to how great an extent they are capable
of being lengthened, without their physiologic action being
altered . . .,” or Putti, who in 1934 wrote, “My experience
with bone lengthening since the Great War has emphasized
in my own mind that one must give much study to the muscu-
lar and ligamentous structures attached to the femur, as the
handling of these structures in my opinion presents the great-
est difficulty encountered in obtaining a successful result.”*"
The harshest critic would argue that little progress has been
made in the intervening period with respect to the impact of
lengthening on muscle, and how that can be favorably altered
by limb lengthening techniques.*

Kawamura and colleagues studied the effect of lengthen-
ing on bone and soft tissue extensively.”' Their studies led
them to conclude that limb lengthening causes temporary
damage to muscle (worse in denervated muscle) and moder-
ate to marked decreases in mono- and polysynaptic reflexes
after 15 percent lengthening, and that blood flow to the

* See references 108, 157, 237, 258, 275, 285, 303, 309, 378, 396, 421,
422, 459, 465, 471.
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affected limb usually decreased with lengthening, The latter
effect was reversed by medicating patients with diazepam.
The published clinical and radiographic figures of one of
their cases are remarkably reminiscent of radiographs of
current callotasis techniques (see below) (Fig. 23—44).

The precise nature of response of muscle to distraction is
poorly understood. Sun and colleagues found in an experi-
mental study that myofibrillogenesis occurred, primarily near
the myotendinous junction.” Matano and colleagues, in an-
other experimental investigation, found that sarcomere
length initially increased in response to stretch, then subse-
quently decreased.” This suggested to the authors that mus-
cleadapted to stretch by the addition of sarcomeres. However,
increased fibrosis of the epimysium and perimysium has been
noted by other investigators,"”’*" suggesting decreased com-
pliance of the muscle, with the potential result ofloss of mus-
cle function. On a macroscopic level, loss of muscle strength
at the knee corresponding to the extent of lengthening has
been noted.”"*” Qverall, soft tissue (primarily muscle) toler-
ance of gradual lengthening seems to be limited to 15 to 20
percent of the original length of the lower limb segment, and
lengthenings greater than this amount are associated with
substantially higher incidence of complications.

Effect on peripheral nerves: Ilizarov described histologic
evidence of development and growth of nerves, including
axon elongation and Schwann cell lengthening and envelop-
ment around the lengthened axon.” Other studies, however,
indicate a more deleterious effect of lengthening on periph-
eral nerve function in both experimental animals and clini-
cal studies, particularly as assessed by nerve conduction
and electromyographic investigations.* Wall and colleagues
noted that acute stretching of the tibial nerve 12 percent
beyond its original length in an experimental model resulted
in complete loss of nerve conduction.”" Ippolito and col-
leagues noted loss of myelin fibers after as little as 8 percent
lengthening in an animal model.” Electrophysiologic exam-
inations of patients after tibial lengthenings have revealed
high rates of abnormalities. #3470

Effect on joints/articular cartilage: The one tissue that
appears to incur only deleterious effects from lengthening

* See references 31, 148, 219, 228, 260, 278, 353, 418, 451, 470.
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is articular cartilage.”"*#1%41 Shevtsov and Asonova noted
that the severity of degenerative changes in the knee of
experimental animals was directly related to the duration
of immobilization in an Ilizarov apparatus, and that subse-
quent unrestrained activity actually increased the amount
of cartilage degeneration.” Nakamura and colleagues noted
that the severity of fibrillation of articular cartilage could
be ameliorated by increasing the rhythm of distraction (120
increments, compared to two).*®* Stanitski noted gross
cartilage fibrillation and loss of proteoglycan staining in the
knees of dogs undergoing 30 percent femoral lengthening.*®
In a second study in which the apparatus was extended
across the knee, articular cartilage demonstrated decreased
proteoglycan staining but no gross fibrillation."" Stanitski
concluded that extending the apparatus across the knee had
a protective effect on cartilage by preventing joint compres-
sion during lengthening.

Clinical investigations suggest that joint motion may be
relatively preserved after lengthenings unencumbered by
complications compromising joint function.*** Herzenberg
and colleagues found that knee flexion averaged 127 degrees
preoperatively compared to 122 degrees postoperatively in a
series of 25 femoral lengthenings; two patients lost more than
15 percent of flexion compared to preoperative values.”
Bowen and colleagues found in a series of 23 patients that
those undergoing femoral lengthening with ring-and-wire
fixation and distal osteotomy had significantly reduced knee
range of motion than patients undergoing lengthening after
mid-diaphyseal osteotomy and monolateral fixation with
Shanz half-pins.” Based on these experimental and clinical
studies, it is unlikely that long-term follow-up will be kind to
the assessment of the impact of lengthening on joint function
and the development of early degenerative arthritis.

Complications of Lengthening. The incidence of complications as-
sociated with gradual leg lengthening has been reported to
be as low as 14 percent'” and as high as 134 percent (i.e.,
more than one complication for each segment length-
ened).” These widely divergent reports, and all in between,
are more a reflection of the different definitions of “compli-
cation” in relation to limb lengthening and the diligence
with which these events are sought. Wagner suggested that
untoward events occurring during lengthening should be
thought of as problems (intrinsic, cannot be avoided, and
must be dealt with) and complications (extrinsic, must be
avoided).*” Paley classified these untoward events as prob-
lems (difficulties not requiring operative intervention to re-
solve), obstacles (difficulties requiring operative intervention
but without permanent sequelae), and complications (intra-
operative injury or any difficulty resulting in permanent
sequelae).* However, I share the opinion of Stanitski and
colleagues? that any untoward event that transpires during
lengthening or after apparatus removal is a complication o
the patient, even though we as surgeons can acknowledge
that the impact and long-term significance of different com-
plications will vary in their nature and severity. Although the
more modern methods of callotasis and improved fixation
represent significant advances in our ability to perform
lengthening with substantially reduced risks of complica-
tions, lengthening procedures still carry a very high to nearly
certain risk of complications that we as surgeons would not
tolerate in other reconstructive procedures. The reader and

any surgeon undertaking lengthening on behalf of a patient
must be thoroughly versed in the myriad complications that
can arise from attempted leg lengthening.* What follows is a
partial list of complications associated with limb lengthening
using current methods.

Nerve/vessel injury during application of device: Acute
nerve or vascular injury during application of an external
fixator is an uncommon but significant problem, 130422
The likelihood of acute nerve injury would seem to be higher
with the use of transfixing wires, such as with the Ilizarov
device, and in patients with distorted anatomy. Intimate
familiarity with cross-sectional and surface anatomy, supple-
mented by a good textbook on this subject,”!* is mandatory
for any surgeon performing external fixation for any reason.
Unfortunately, such knowledge will not necessarily prevent
injury, since anatomic variations or severe deformities make
the extrapolation of normal anatomy to the deformed limb
ineffective. Peripheral nerve monitoring similar to spinal
cord monitoring using sensory-evoked potentials has been
described as an aid in the prevention of peripheral nerve
injury during surgery.”**' Alternatively, the surgeon may
replace any half-pin or wire that causes stimulation of the
distal extremity during insertion; this technique requires
that muscle-paralyzing agents not be used during anesthesia.

Incomplete corticotomy: When a low-energy “corticot-
omy” is performed through a small incision with surgical
efforts to minimize soft tissue injury, incomplete osteotomy
may occur. When the patient commences gradual distrac-
tion, tension will develop within the distracting apparatus
without bone separation (Fig. 23—45A). This complication
can be avoided by using a Gigli saw to perform the osteot-
omy, or by distracting the osteotomy site intraoperatively
to confirm complete division of the bone. A radiograph of
the distraction site should be taken within a few days of
initiation of distraction to confirm uneventful early dis-
traction.

Premature consolidation: This complication is unique to
gradual distraction techniques of callotasis (see previous
discussion under Callotasis). On occasion, the rate of dis-
traction will be inadequate for the maintenance of continued
fragment separation, and premature consolidation will oc-
cur. The clinical setting will be similar to that of incomplete
corticotomy, but after an initially successful distraction pe-
riod (Figs. 23—45B and C). Factors in the development of
premature consolidation include individual exuberant new
bone formation, lack of patient compliance with the distrac-
tion protocol, an inadequate prescribed rate of distraction,
and mechanical failure of the distraction mechanism. Treat-
ment consists of mobilization of the premature consolida-
tion by either closed manipulation or osteotomy of the re-
generate bone with rapid resumption of distraction.

Poor regenerate bone formation: The opposite of prema-
ture consolidation is poor regenerate bone formation. This
may be a global phenomenon (see Fig. 23—43), or there may
be a focal defect (Fig. 23—-45D). Poor new bone formation
can lead to excessive consolidation time, fracture of regener-
ate bone, loss of length, or regenerate bone bending. Factors
leading to poor new bone formation include too short a

* See references 17, 60, 79, 101, 103, 117, 123, 148, 149, 154, 177, 185,
193, 212, 217, 219, 257, 272, 297, 301, 304, 320, 333, 340, 358, 388, 397,
408, 418, 419, 423, 435, 442, 443, 469, 470.
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FIGURE 23-45 Complications associated with limb lengthening, particularly in association with the callotasis tech-
nique. A, Incomplete corticotomy. Despite 5 days of distraction, there is no separation of the bone fragments of the
upper tibia. Note bending of the wires from the distraction of the apparatus without concomitant distraction of the
bone. Surgical completion of the corticotomy was necessary. B and C, Premature consolidation. Distraction was stopped
because of the development of knee flexion contracture (B). During the pause, the regenerate bone consolidated. The
clinical and radiographic features are similar to incomplete corticotomy (note bending of the wires and half-pins in
C). Repeat corticotomy was necessary. D, Poor new bone formation may be global, due to too rapid distraction, poor
local blood supply, or other poorly understood host factors. E, Knee subluxation after femoral lengthening. Note the
lack of full extension at the knee, and the posterior subluxation of the tibia on the femoral condyles. F, Proximal and
posterior subluxation of the hip during femoral lengthening. This event occurred despite a preliminary Steel triple
innominate osteotomy performed for acetabular dysplasia associated with congenital femoral deficiency.

Tilustration continued on following page
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latency period, too rapid distraction, the location of the
osteotomy site (metaphyseal level better than diaphyseal),
excessive soft tissue injury during osteotomy, soft tissue
injury by the surgical approach, preexisting poor vascular
supply or soft tissue coverage, and local soft tissue anatomy
(such as the anterior tibia).* Reducing the rate of distraction,
ceasing distraction altogether, compression of the distraction
gap, and manipulation of the distraction gap may improve
new bone formation in the distraction gap.

Joint subluxation: One of the most serious complications
of leg lengthening is joint subluxation or frank dislocation.
Typically, the hip and knee are at risk for subluxation or
dislocation during femoral lengthening. T Anterior or poste-
rior subluxation of the knee has been rarely reported during
tibial lengthening. Risk factors for joint subluxation or dislo-
cation include excessive lengthening, continued lengthening
despite the development of contracture (especially hip
flexion or adduction, and knee flexion), preexisting joint
instability, or preexisting joint dysplasia. The development
of joint subluxation is potentially catastrophic to the preser-
vation of limb function. The best treatment is prevention
by regular detailed clinical and radiographic examination
assessing the development of contractures that predispose
to subluxation. Significant acetabular dysplasia should be
corrected by reconstruction prior to lengthening. If the risk
of subluxation is considered significant and lengthening is
still considered essential, prophylactic stabilization of the
at-risk joint should be undertaken by extending the external
fixation beyond that joint. If subluxation occurs, lengthening
must stop, or be reversed. Vigorous physical therapy aimed
at restoring motion must be instituted. If the subluxation
does not respond promptly to this treatment (and it usually
will not), extension of the lengthening device to incorporate
the subluxed joint with gradual distraction and relocation of

* See references 127, 128, 193, 194, 265, 271, 274, 316, 379, 391, 455,
466, 468.

T See references 149, 234, 328, 339, 340, 371, 408, 423.

FIGURE 23-45 Continued. G, Ring sequestrum of
the tibia at the site of a previous wire. Local debride-
ment of necrotic bone was required. H, Regenerate
bone fracture after apparatus removal. Axial deformity
and loss of length invariably result from this event.

the joint can be undertaken. This is most easily accomplished
with circular fixation (see discussion under Ilizarov Appara-
tus, below). Soft tissue releases may be needed to help relo-
cate the joint. Even when the joint is reduced with these
measures, stiffness usually persists, and the long-term prog-
nosis for the development of degenerative arthritis is high
(Figs. 23—45E and F).

Neuropraxia and lengthening: In addition to acute nerve
injury at the time of external fixation, neuropraxia can occur
with lengthening.* This may be due to a pure overstretching
phenomenon, or it may be due to the development of nerve
encroachment by an external fixation element due to alter-
ation in the soft tissue—fixation element relationship. The
peroneal nerve is more susceptible to this development. We
believe that developmental neuropraxia should be treated
by discontinuation of lengthening and careful clinical assess-
ment of potentially offending wires or half-pins. If nerve
function does not recover promptly, we believe that explora-
tion of the nerve should be carried out prior to resumption
of lengthening. Permanent nerve injury from leg lengthening
is rare but does occur.

Pin site infection: Pin site infection is nearly universal
in external fixation for leg lengthening owing to a combina-
tion of the duration of fixation and the need for fixation
elements to move through the soft tissue, with attendant
necrosis. Pin tract infections are so common that authors
will report a frequency of 100 percent or will not even
address this as a complication.

Sequestrum: Much less frequent than the development
of pin site infection is the development of a true ring seques-
trum. The presumed mechanism for the development of a
ring sequestrum is bone necrosis secondary to excessive heat
generation during insertion of the fixation element, followed
by contamination by pin site infection (Fig. 23—45G). Re-

* See references 24, 77, 148, 219, 260, 278, 333, 339, 340, 353, 418,
4432, 451, 470.



moval of the offending half-pin or wire and curetting of the
bone locally will be required.

Regenerate bone fracture: A significant complication of
lengthening is fracture or bending of regenerate bone after
apparatus removal. This can occur acutely, with the patient
experiencing sudden pain and deformity, or gradually, with
little pain but an awareness of the development of deformity
(usually reported as “swelling”) (Fig. 23—45H). Rapid con-
solidation of the regenerate bone usually ensues, but almost
always with a loss of length or the development of angular
deformity. Treatment options include re-application of ex-
ternal fixation with osteotomy of the regenerate bone, closed
osteoclasis with immobilization in a cast, or osteotomy and
internal fixation. Current methods for determining the de-
velopment of sufficient regenerate bone strength to prevent
this complication are inadequate, and the incidence of frac-
ture is as high as 10 to 15 percent. Prolonged external fixa-
tion, gradual disassembly of the external fixation device,
temporary immobilization in a cast or brace after device
removal, and internal fixation are treatment options to help
prevent this complication.

Subsequent growth disturbance of the lengthened limb:
There are many reports of significant deceleration of ex-
pected growth after leg lengthening in skeletally immature
patients.* The presumed pathophysiology of this observa-
tion is as a direct response to increased pressure across physes
after lengthening or hyperemia as an indirect consequence of
increased blood flow to the limb during lengthening. This
can result in the development of unexpected angular defor-
mity or effective loss of length. Avoiding excessive lengthen-
ing and deferring lengthening until skeletal maturity when-
ever feasible are ways to avoid this complication.

Psychological stress: The prolonged treatment protocol,
intensity of treatment of the extremity, and chronic pain,
even if mild or moderate, may all result in significant psycho-
logical stress for both the child and parents, 3217362408469
Younger children typically have trouble sleeping and lose
weight during extended treatment regimens. Careful preop-
erative assessment of family stressors with the aid of clinical
psychologists, extensive education of the child and family
as to the nature of the entire procedure, and thoughtful
selection of appropriate candidates for these extensive, ex-
tended treatment programs by the surgeon are all important
prerequisites to proceeding with leg lengthening.

Other complications: In addition to these well-recognized
complications, joint loss of motion, joint contracture, and
muscle weakness may result from the effect of significant
muscle tensioning by bone elongation. All of these untoward
events are undoubtedly thought of as complications by the
patient, and therefore should be carefully explained to pro-
spective patients, guarded against, recognized and treated
appropriately when they occur, and be given due consider-
ation when the surgeon considers whether a child should
undergo leg lengthening at all.

Indications for Leg Lengthening. In 1958, after evaluating 40 pa-
tients who had undergone leg lengthening 20 or more years
previously, Sofield and colleagues stated that “we cannot
escape the fundamental concept that improved function,
not just increased length, is the objective, and that these

* See references 79, 212, 304, 358, 387, 388, 443,
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terms are not synonymous.”*" The reader and all surgeons
with the technical expertise to carry out leg lengthening
would do well to remember these words, as they are as
true today as when they were written. Each surgeon must
carefully weigh the risks and benefits of leg lengthening in
all patients with due consideration for the direct predictable
consequences of bone lengthening with resultant soft tissue
tensioning, and the possibility of the development of the
innumerable complications discussed above.

Based on the work of Song and colleagues,*” we believe
that compensatory mechanisms begin to break down with
the development of the strategy of toe-walking, which as a
generality occurs when limb shortening reaches 5 percent
of the contralateral limb (approximately 4 cm in a patient
with 50th percentile length to the tibia and femur). Thus,
we believe that an expected limb length inequality of 4 cm
can be considered a relative indication for leg lengthening.
Although no absolute indications for lengthening can be set
because of all the potential complications associated with
this extensive reconstructive procedure, serious consider-
ation should be given to leg lengthening when the expected
shortening approaches 10 percent (8 cm), since attempts
to correct discrepancies of this magnitude by shortening
procedures may be excessive, Angular deformities requiring
correction when associated with ipsilateral shortening can
also be considered a relative indication for limb lengthening.

Whenever leg length inequality is 10 percent or less of
the contralateral limb, we prefer to delay lengthening until
skeletal maturity, provided that function of the limb is not
compromised. This avoids the subsequent growth distur-
bance that potentially results from leg lengthening during
growth and allows a more precise estimation of the amount
of lengthening required. If greater discrepancy is anticipated,
we combine lengthening with an appropriately timed con-
tralateral epiphysiodesis, or we perform staged lengthenings
of 15 to 20 percent of the original length of the bone segment
under treatment.

Wagner Device. Heinz Wagner introduced his apparatus into
the English literature in 1978,* although his device had
been in use since 1972.%!! For some time, his method and
device were the treatment of choice for limb lengthening.*
His technique for femoral lengthening consisted of soft tissue
release of the fascia lata and lateral intermuscular septum
and application of his lengthening device, Two heavy Shantz
screws were inserted into the bone above and below the
osteotomy site and secured to his special telescopic device.
Intraoperatively, acute distraction of approximately 1 cm
was performed after diaphyseal osteotomy. A few days post-
operatively, daily distraction of 1 to 2 mm in one or two
increments was begun, performed by the patient or caretaker
turning a knob at the end of the device. After completion
of lengthening, if adequate consolidation was not to be
expected within a “reasonable” period, internal fixation with
a special lengthening plate and iliac crest bone graft was
performed (see Fig. 23-35, Wagner technique).

Wagner emphasized a number of important principles,
which are still true. The joints above and below the segment
to be lengthened should be stable and without significant
radiographic abnormality, or able to be made so. Patients

* See references 3, 45, 60, 75, 77, 87, 88, 100, 176, 181, 211, 217, 238,
249, 271, 272, 284, 321, 339, 346.
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should be cooperative and highly motivated, since the proce-
dure is prolonged, complicated, and dependent on the pa-
tient’s compliance with an exercise program. Children less
than 8 years old should rarely undergo lengthening proce-
dures since they are too young to be expected to cooperate
or understand the procedure being carried out on their
limbs. Lengthening for discrepancies less than 7 cm should
be delayed until skeletal maturity if clinically appropriate to
avoid the uncertain effect of lengthening on subsequent
growth.

Results of lengthening: Wagner reported the results of
femoral lengthening in 58 patients under the age of 17.*
Forty-four of them had undergone 89 preliminary “correc-
tive” procedures. The average amount of lengthening was
6.8 cm; seven had undergone repeated lengthenings for an
average total lengthening of 18.7 cm. He reported a 100
percent rate of pin “contamination” but only one pin site
infection; four cases of deep infection, which resolved on
removal of the plate; and three cases of joint subluxation/
dislocation. Although he commented that the complication
of fatigue fracture had been resolved by using a more flexible
plate, he did not report the incidence of this fracture or the
incidence of bone graft procedures in this patient popula-
tion. Other authors reported good results,* although with
complication rates as high as 92 percent’! and generally
cautionary comments as to the complexity of this recon-
structive procedure.

However, Jones and Moseley noted posterior subluxation
of the knee in seven of 21 patients treated by femoral length-
ening,” and Salai and colleagues reported three cases of hip
subluxation in 24 cases of femoral lengthening.”” Luke and
colleagues noted 10 fractures in eight patients (out of a
group of 27 undergoing Wagner-type lengthening), seven
of which required open reduction and fixation, and ques-
tioned the quality of bone healing after this form of lengthen-
ing.”” Several authors noted that modifying the surgical
technique to “corticotomy and callotasis” principles (preser-
vation of the periosteum and soft tissues, no immediate
distraction, and delayed distraction) combined with the
Wagner external fixation device improved results.?*3** Fj-
nally, direct comparison between the Wagner apparatus and
technique and the Ilizarov apparatus and technique demon-
strated a generally lower rate of complication and improved
bone healing with the latter.>'**** As a consequence, the
Wagner method has been supplanted by corticotomy and
callotasis techniques (described above), and by other forms
of external fixation.

Dynamic Axial Fixator. De Bastiani and colleagues™ '™ popu-

larized the application of Ilizarov’s concepts of low-energy
“corticotomy” with a latency period prior to distraction and
gradual distraction of the callus tissue (callotasis), and many
publications regarding the techniques and results of this
method and apparatus have been published subsequently.T
De Bastiani and colleagues actually originally described the
use of the monolateral fixator either for chondrodiatasis'®!®
or for callotasis."” In their original description,'”” these au-
thors recommended a 10- to 15-day latency period, followed

* See references 18, 45, 77, 181, 211, 339, 414.
T See references 100, 163, 185, 276, 328—330, 356, 357, 359, 360, 376.

by i-mm incremental lengthening every 6 hours for the
callotasis technique.

The apparatus itself consists of one of two types of exter-
nal connecting bodies, a simple linear distractor (lengthener)
with a telescopic body (available in several lengths), and a
similar device with articulating, adjustable ends (fixator).
The authors recommend use of the lengthener for lengthen-
ing, since the articulating joint of the fixator is prone to
deformation with lengthening as soft tissue tension develops.
The latter device is more suitable for fracture management.
Either device is secured to the bone using conical, tapered
half-pins, which are available in a variety of sizes.

The major advantage of this and related types of monolat-
eral fixation is that they are easier for the surgeon to apply
properly and for the patient to accommodate compared to
circular external fixators. The device is relatively well toler-
ated by patients compared to circular external fixation, and
a general anesthetic is typically not required for removal.
However, the ability to correct axis malalignment or joint
subluxation is much more restricted than with circular fixa-
tors, should these complications arise during lengthening.

Results of De Bastiani technique of leg lengthening:
De Bastiani and colleagues described only 14 complications
(14 percent) during the lengthening of 100 bone segments:
premature consolidation of the lengthening bone, premature
consolidation of the fibula, loosening of the half-pins requir-
ing revision, and fracture after fixator removal (five pa-
tients).'” Although other authors noted acceptable or im-
proved results with this method compared to Wagner’s
technique, complication rates have been much higher.* Price
and Cole, in a series of 11 segment lengthenings in 10
patients, reported 13 minor complications not requiring
anesthesia or hospital admission, and three cases of angular
deformity developing during lengthening that required ma-
nipulation under anesthesia.™ Schlenzka and colleagues re-
ported good results in 10 patients.”” However, all four pa-
tients undergoing femoral lengthening developed varus
deformity secondary to loosening of proximal femoral half-
pins, which required revision. They solved the problem of
the ball-joint connectors deforming with lengthening by
locking them with methylmethacrylate. Noonan and col-
leagues reported the results of lengthening of 261 femora and
tibiae using monolateral fixation and callotasis techniques.”
These authors recorded 114 complications in 114 femora,
which led to 87 additional surgical procedures, and 196
complications, leading to 219 additional procedures in 147
tibial lengthenings. The monolateral devices used included
Wagner, Orthofix (Orthofix, Verona, Italy), and Monotube
(Howmedica, Rutherford, N.J.).

Hizarov Apparatus. Ilizarov began his work with external fixa-
tion for the management of fractures, deformity correction
and lengthening using a circular fixator, and fine, crossed,
tensioned wires in the Kurgan region of Siberia in the early
1950s.20:16624-22745 Although initially not recognized for his
contributions to the field of limb lengthening and deformity
correction either in the former Soviet Union or the rest of
the world, appreciation of the value of his method and
apparatus is now universal. Ilizarov published extensively,
primarily in Russian, on the principles and application of

* See references 100, 185, 276, 328, 359, 360, 376.



his method of lengthening and use of his apparatus. Only
in 1989 did he publish a portion of his extensive studies of
the biology of lengthening in English.”*** His apparatus
and methods have been the focus of many investigations
and reports since their introduction to the rest of the world.*

The most important contribution to limb lengthening
provided by Ilizarov was undoubtedly his investigations into
the effect of gradual distraction on both bone and soft tissues
(see the previous discussion in the section Lengthening of
the Short Leg, under the subsection Gradual Lengthening).
llizarov’s circular external fixator is inherently more com-
plex than other devices used for either lengthening or defor-
mity correction. This feature provides flexibility to the sur-
geon in the application of the apparatus to virtually any
clinical deformity, but it also demands a thorough under-
standing of bony and soft tissue anatomy, the biological
principles of lengthening and deformity correction, and the
mechanical features of the apparatus itself. In essence, in
current practice, for the purposes of leg lengthening, the
circular external fixator is fixed to the femur or tibia using
fine crossed wires tensioned to the rings, or a combination
of wires and half-pins. The apparatus is fixed to the bone
segment so that its axis parallels that of the bone. The bone is
divided with a low-energy, soft tissue—preserving osteotomy
(“corticotomy”), and subsequently lengthened using the cal-
lotasis technique described above.

Major advantages of the Ilizarov apparatus for leg length-
ening include the ability to correct residual angular or ro-
tational deformities without removing the apparatus, or
without anesthetic; and the ability to extend the apparatus
beyond the bone segment undergoing lengthening (such as
the knee during femoral lengthening, or the ankle-foot dur-
ing tibial lengthening) to stabilize the adjacent joint or im-
prove fixation, as required in specific individual circum-
stances. The reader is cautioned that the complexity of the
application of Ilizarov’s apparatus for deformity correction
and limb lengthening requires intimate familiarity with the
device, the surgical technique of its application to the limb,
and aftercare. Use of this device in a clinical setting requires
specific training and guided experience beyond the scope of
this or any textbook.

Results of use of apparatus for leg lengthening: In addi-
tion to the publications of Ilizarov***’ and the ASAMI
group,” a number of studies on the use of the Ilizarov
apparatus in children have been published.T Bonnard and
colleagues performed 26 femoral or tibial lengthenings in
24 children, for an average lengthening of 5 cm.” The healing
index averaged 35 days. Only 13 of the 26 lengthenings were
without complication. Complications included incomplete
corticotomy, knee and/or ankle stiffness, and one case of
hip subluxation. The desired length was achieved in 88 per-
cent. The authors noted that the complication rate, particu-
larly infection, was lower than that experienced with the
Wagner method. Stanitski and colleagues reported results
in a group of 30 children undergoing 36 femoral lengthen-
ings, with an average lengthening of 8.3 cm in an average 6.4

* See references 3, 19-21, 24, 25, 30, 39, 55, 72, 97, 98, 101, 103, 104,
110, 151, 152, 154, 155, 176, 207, 218, 219, 221, 238, 248, 271, 289, 298,
323, 338, 341, 363, 389, 390, 393, 408, 410, 412, 442.

T See references 3, 19, 21, 24, 30, 39, 49, 55, 72, 79, 80, 98, 151, 154,
155, 189, 205, 207, 238, 271, 298, 323, 324, 363, 408, 409, 412, 442.
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months.* This group encountered four cases of premature
consolidation, two cases of malunion, and two cases of knee
subluxation. Lengthening had to be discontinued in two
patients because of psychological problems. The authors felt
the Ilizarov technique showed significant improvement in
results and reduction of complications compared to other
lengthening techniques. Stanitski and colleagues also re-
ported the results of 62 tibial lengthenings in 52 children
using the Ilizarov technique.””” The average amount of
lengthening was 7.5 ¢cm (32 percent increase in length).
There were 28 unplanned operative procedures.

Combined Internal and External Fixation for Lengthening (Lengthening over
Intramedullary Rods). A significant problem associated with
gradual lengthening of fracture callus is the prolonged con-
solidation phase spent in external fixation awaiting the mo-
ment when the surgeon has deemed that enough strength
has developed in the lengthened segment to allow removal
of the apparatus. To circumvent this period, lengthening of
the femur or tibia over intramedullary rods with locking of
the fragments to the rod at the completion of distraction and
removal of the external fixation device has been proposed.*
Interestingly, Bost and Larsen in 1956 were the first to pub-
lish experience with lengthening of the femur over an intra-
medullary rod.*® At a single stage, through a Kocher ap-
proach, with the patient in a lateral decubitus position, the
femur was divided either in a step-cut fashion, obliquely,
or, their preference, transversely. An intramedullary rod (the
authors did not specify a particular type) was inserted into
the femur after osteotomy. Steinmann pins were introduced
into the proximal and distal femur for traction and coun-
tertraction (usually one pin proximally in an AP direction)
and two or three transversely distally in the distal femur,
sometimes including the proximal tibia. The patient was
then placed either in a Thomas splint for traction-coun-
tertraction or in an external frame designed by Bost. Gradual
traction was continued until the desired length was achieved
(in their series, averaging 11 weeks), and the patient was
then placed in a spica cast after adequate consolidation had
occurred, until union (an average of 32 weeks in patients
not requiring bone graft and 72 weeks in those who required
supplemental grafting). The purpose of the rod was to main-
tain fragment alignment. Bost and Larsen reported the re-
sults of 23 femoral lengthenings of § to 4] inches in children.
Ten femora required bone grafting to complete consolida-
tion. The authors felt that the need for bone grafting and
the length of time to union were directly related to the
amount of lengthening, but that neither the reason for short-
ening nor the osteotomy type influenced the rate of consoli-
dation. Emphasizing the seriousness of limb lengthening
procedures in this era, they happily reported no deaths or
loss of limb. The rate of other complications was, however,
sobering. Seven patients developed late peroneal nerve palsy,
and in two it was permanent. Knee deformity developed in
seven patients, including five with posterior subluxation;
four other patients lost knee range of motion. The intramed-
ullary rod migrated proximally in four patients, bent in two,
and broke in one. There were four late femoral fractures.
This was all in addition to 11 patients with delayed union,
10 of whom had secondary bone grafting. There were no

* See references 242, 251, 261, 266, 342, 395,
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infections from the primary procedure, but there were three
infections after supplemental bone grafting.

Wasserstein described a technique of femoral or tibial
lengthening over a ribbon-like nail using external fixation
and callotasis protocol.** However, the rate of lengthening
was 1 to 2 mm per day, determined by patient tolerance,
without regard for the quality of regenerate bone formation.
At the end of distraction, a slotted allograft of axially oriented
femur or tibia was inserted over the rod within the osteoperi-
osteal sleeve of new bone in the distraction gap. The external
fixator was then compressed to promote union and could
usually be removed within 6 to 8 weeks, according to Was-
serstein. He recommended the procedure only for lengthen-
ings greater than 6 cm, since an adequate rate of consolida-
tion could be expected from the regenerate bone alone,
without resort to a second operative procedure or use of
the allograft, after lesser amounts of lengthening,.

Kempf and colleagues used a step-cut osteotomy and
locked intramedullary rod for acute femoral lengthening in
17 patients.”” They reported 13 complications, including
significant loss of length in five, femoral nerve palsy in four,
three deep infections, and one nonunion. These authors
concluded that acute femoral lengthening over a locked
intramedullary rod should not exceed 4 cm.

More recently, Paley and colleagues described gradual
lengthening by external fixation performed over a lockable
intramedullary rod.** Other authors have reported the use
of this technique both in the femur and in the tibia.?"212663%
The technique consists of simultaneous insertion of the in-
tramedullary rod, external fixation, and osteotomy. After
the desired lengthening is achieved, the patient undergoes
a second stage of surgery when the external apparatus is
removed and the rod is “locked” with screws (Fig. 23-46).
The authors compared 32 lengthenings in 29 patients under-
going this procedure for an average lengthening of the femur
of 5.8 cm with 32 standard Ilizarov femoral lengthenings in

FIGURE 23-46

31 patients. The “lengthening over nails” technique reduced
the time in external fixation by one-half, resulted in earlier
consolidation of the distraction gap and a more rapid return
of knee motion. One nail and one proximal locking screw
failed. There were no infections; however, the cost of treat-
ment and average blood loss were higher in the “lengthened
over nails” group. Simpson and colleagues reported good
results in 20 cases of lengthening over a nail (18 femoral
and two tibial), but did have three cases of deep infection,
which responded to debridement and removal of the intra-
medullary nail after consolidation of the distraction gap.*
Marshall and colleagues found the risk of infection with
intramedullary rodding after the use of external fixation
for either fracture or lengthening to be low, and not a
contraindication to this technique.” Lin and colleagues also
reported only one deep infection in 15 cases of femoral or
tibial lengthening over an intramedullary rod.* Kristiansen
and Steen, however, sounded a cautionary note.”' In a series
of nine tibial lengthenings over intramedullary rods for short
stature, they found that consolidation was very slow, averag-
ing 4 months per centimeter of lengthening. This resulted
in three fatigue fractures of the implants, requiring revision,
and supplemental bone grafting in one. Furthermore, one
patient developed a deep wound infection. As a result, these
authors returned to the traditional Ilizarov method using
external fixation alone.

Totally Implantable Lengthening Devices. An intriguing concept is
that of a totally implantable lengthening device. Such a
device would have the obvious benefit of requiring no period
of external fixation, and would at least theoretically reduce
concerns of infection associated with the combination of
external and internal fixation. Guichet notes that Bliskunov
is credited with the design of the first such device, for the
femur. Two other femoral rods designed for this purpose
have been described, one working on a purely mechanical

Scheme of femoral lengthening over a locked intramedullary nail, as described by Paley and

colleagues.” A, A femoral lockable intramedullary nail is inserted after diaphyseal osteotomy, and locked proximally.
An external fixator is applied to avoid contact between the external and internal fixation devices. In this example,
half-pin fixation (denoted by &) is located posterior to the rod both proximally and distally. B, Half-pin fixation
anteriorly proximally and distally. C, Half-pin fixation anteriorly proximally, and posteriorly distally. D, Intramedullary
fixation with proximal locking screw inserted. An external fixator (Orthofix) is applied parallel to rod. E, Lengthening
over intramedullary nail performed with an external fixator. F, After lengthening is completed, distal locking
screws are inserted into the intramedullary nail. G, The external fixator is removed after the distal locking screws

have been inserted.



racheting mechanism'® and the other a transcutaneously
controlled hydraulic system.” However, at the present time,
neither device is available for routine clinical use in North
America.

SUMMARY OF LOWER EXTREMITY LENGTHENING, Leg lengthening
represents one of the most significant and complicated re-
constructive procedures that an orthopaedic surgeon can
undertake on behalf of the patient. The surgeon should be
very familiar with the principles of lengthening and the
myriad complications that can develop as a consequence
of the procedure. A broad array of devices for leg lengthen-
ing is available to the surgeon. The device selected should
be one with which the surgeon is comfortable and familiar,
one that will be tolerated by the patient, and one that
has the ability to address both the deformity being cor-
rected and the complications that may develop during leg
lengthening.
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Principles of Angular Deformity
Correction in Children

INTRODUCTION

Children are commonly seen by the orthopaedist because
of parental concern regarding angular deformity of the legs.
To assess angular deformity properly, the examiner must
be familiar with the normal evolution of the femoral-tibial
angle in children and normal lower extremity alignment,
both clinically and radiographically (see Chapter 21, Disor-
ders of the Leg). A complete assessment of this deformity
requires the examiner to obtain a good history and perform
careful general musculoskeletal and focused lower body ex-
aminations (see discussion in Chapter 4, The Orthopaedic
Examination: Clinical Application). Radiographs should be
obtained as needed to complete the assessment.

ETIOLOGY

There are many potential causes of lower extremity angular
deformity. Most of these can be readily determined from
the combination of history and physical examination find-
ings, and most of the rest will be easily diagnosed based on
radiographic abnormality (Fig. 23—47). A list of potential
causes of angular deformity is summarized in Table 23-6.

ASSESSMENT OF DEFORMITY

The physician will need to know how long the perceived
deformity has been present, the rate of its evolution, whether
there was any antecedent injury or infection in the limb,
whether the patient has any pain or functional impairment
in the use of the limb, and whether there is any personal
or family history of a generalized condition that may mani-
fest as angular deformity. The physical examination should
include a general assessment of the health and vigor of the
child and a search for signs of connective tissue disorder
(such as neurofibromatosis, enchondromatosis with vascular
anomalies [Maffucci’s syndrome], Marfan syndrome, osteo-
chondromatosis, or Ehler-Danlos syndrome). The physical
examination of the lower extremities includes an assessment
of standing lower extremity alignment, joint range of motion
and stability, limb length inequality, neurologic status, and
limb function during walking or running.

If abnormalities are detected on examination, radio-
graphic assessment is indicated. A long standing film of the
lower extremities with the hips, knees, and ankles all visible
on the film is best for the quantification of lower extremity
malalignment (Fig. 23-48). Specific views of abnormal
joints, physes, or bone segments should also be obtained if
a deformity localized to these regions is identified. Scano-
grams, including hand and wrist films for determining bone
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age, should be obtained if there is leg length inequality
present in association with the angular deformity (Fig.
23-49).

NORMAL LOWER EXTREMITY ALIGNMENT

The examiner must be familiar with the evolution of the
normal femoral-tibial angle in children (Fig. 23-50).” In
essence, essentially symmetric physiologic varus can be ex-
pected between birth and 18 to 24 months of age, followed
by a valgus “deformity” that is maximal between the ages
of 3 to 3} years and resolves by the age of 6 to 8 years of
age. After “mature” lower extremity alignment has been
achieved, the legs will normally look “straight,” that is, the
pelvis will be level and the medial femoral condyles and the
medial malleoli will touch. Variations from this “standard”
or “normal” appearance are common, and, just as for leg
length inequality, there are no specific guidelines to separate
normal variations (assuming symmetric appearance of the
legs) from pathologic angular deformity.®'¢%1%%

Normal lower extremity alignment is reasonably well
documented radiographically within a few degrees of varia-
tion from “normal” (Fig. 23-51)."%1%%% The mechanical
axis is typically 0 to 1 degrees from the center of the
femoral head to the “middle” of the knee to the middle
of the distal tibial articular surface. The normal anatomic
axis (femoral-tibial angle) is 5 to 7 degrees valgus, slightly
higher in skeletally mature females than males. Thus, the
mechanical and anatomic axes in the femur differ by 5
to 7 degrees. The mechanical and anatomic axes in the
tibia are essentially the same. In the neutral anatomic
position, with equal limb lengths, the top of the greater
trochanter is normally level with the center of the femoral
head, and the femoral shaft—femoral neck angle is 135
degrees. The normal angle between the distal femur and
the frontal plane horizontal knee axis is 87 degrees (lateral
distal femoral-mechanical axis angle). The angle between
the axis of the tibia and the tibial articular surfaces is
usually 87 degrees (medial proximal tibia-mechanical axis
angle) proximally and 90 degrees distally.

There is some debate in the literature over what consti-
tutes the “center” of the knee and ankle joints radiographi-
cally, what the range of normal values is for the various
angle measurements, and what magnitude of deviation con-
stitutes an “abnormality.”'® Furthermore, there are no clini-
cal longitudinal studies that establish with certainty a
“threshold” for deformity, above which degenerative arthri-
tis or other limb function impairment is to be expected.
There is some evidence that angular deformity after fracture
malunion or other causes will lead to degenerative arthri-
tis,*'? but other investigations have disputed even this." The
wise physician will incorporate symmetry, lower extremity
function, symptoms, the patient’s perception of deformity,
and the magnitude of surgical intervention required to cor-
rect a particular deformity in determining whether lower
extremity alignment is abnormal and requires treatment in
any given patient.

Careful analysis of the mechanical axis and joint relation-
ships in a child with a long-standing, presumably isolated
deformity of one lower limb segment will often reveal the
presence of a subtle, usually compensatory, deformity in the
adjacent bone segment. An example of this is shown in
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FIGURE 23-47  See legend on opposite page



TABLE 23-6 Causes of Lower Extremity
Angular Deformity

Physiologic varus and valgus
Resolving
Persistent (physiologic) valgus
Systemic abnormalities
Metabolic bone disease of any cause:
Renal metabolic bone disease
Vitamin D-resistant rickets
Metaphyseal dysostosis (Schmidt, Jansen types)
Generalized bone disorders
Enchondromatosis (Ollier’s disease, Maffucci’s syndrome)
Osteochondromatosis (multiple hereditary exostoses)
Melorrheostosis
Osteogenesis imperfecta
Physeal abnormalities
Partial physeal arrests secondary to:
Physeal fracture
Physeal infection
Irradiation
Direct (surgical) injury
Langenski6ld stage VI infantile Blount’s disease
Asymmetric physeal growth deceleration:
After periphyseal fracture
In association with enchondroma or osteochondroma
Infantile Blount's disease and adolescent Blount's disease
Asymmetric physeal growth stimulation:
Proximal tibial metaphyseal fracture
Long bone malunion
Congenital long bone deformity
Posteromedial bowing of the tibia
Anterolateral bowing of the tibia
Variants of congenital pseudarthrosis of the tibia
Resolving anterolateral bowing of the tibia (rare)
Associated with congenital limb deficiency
Distal femoral valgus associated with congenital femoral defi-
ciency
Anteromedial bow of tibia associated with congenital fibular
deficiency

Figure 23—-47A, where a growth disturbance of the lateral
distal femoral physis by a solitary enchondroma has pro-
duced a distal femoral valgus deformity with mild limb
shortening. Less obvious both clinically and radiographically
is the presence of slight proximal tibial varus, partially com-
pensating for the valgus deformity (Fig. 23-52). In a case
such as this, if the distal femoral deformity is corrected
completely, the varus deformity will be unmasked (Figs.
23-53A and B). If the deformity is corrected until the limb
appears clinically straight, there will be residual deformities
of the distal femur and proximal tibia, with knee joint oblig-

FIGURE 23-47 Different causes of angular deformity in children.
A, Enchondroma of the lateral distal femur with growth disturbance, leading
to a valgus deformity (see also Fig. 23—52). B, Radiographic appearance
of a patient with osteochondromatosis, demonstrating osteochondromas
of the left proximal tibial metaphysis with associated proximal tibial valgus
deformity. C, Clinical appearance of the patient in B. D, Apparently healthy
13-year-old girl with persistent physiologic valgus deformity of the legs
(see also Fig. 23-60). E, Valgus deformity of the proximal tibia after a
penetrating injury to the proximal tibial epiphysis resulted in a partial
lateral proximal tibial growth arrest (see also Figs. 23-49 and 23-65).
F, Patient with Langenskitld stage I11 infantile Blount’s disease and proximal
tibial varus deformity (see Fig. 23-58).
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FIGURE 23-48 A long standing film with the hips, knees, and ankles
visible on the radiographs is the best radiographic method to assess angular
deformity in the lower extremities.

FIGURE 23-49  Patients with asymmetric angular deformity should un-
dergo a clinical assessment and frequently scanography to document leg
length inequality associated with the angular deformity. This patient, with
a traumatic partial proximal tibial physeal arrest (same patient as in Fig.
23-47E}, has, in addition, a leg length inequality of 2.5 cm by scanogram.
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Valgus 1o} FIGURE 23-50 Evolution of the femoral-tibial angle in children. From
birth to approximately 18 months of age, the femoral-tibial angle on radio-
graphs is in varus, from 18 months to 6 years it is typically in valgus, and
15 thereafter it is in 5 to 7 degrees of valgus. (Adapted from Salenius P, Vankka
E: The development of the tibiofemoral angle in children. ] Bone Joint Surg
20°ke 1975;57-A:260.)
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FIGURE 23-51  Scheme of the normal anatomic and mechanical axes. A, The mechanical axis,
from the center of the hip to the center of the knee to the center of the ankle, is straight (0
degrees) to 1 degree of varus. The angle between the mechanical axis and the tangent to the
knee joint is 87 degrees (lateral distal femoral angle), and the angle between the mechanical
axis and the proximal tibia is 87 degrees (medial proximal tibial angle). B, The femoral-tibial
angle (anatomic axis) is normally 5 to 7 degrees of valgus. The angle between the mechanical
axis and a tangent to the ankle mortise is usually 90 degrees. See text for further explanation.
Minor deviations from “normal” are common in the normal population. A B
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FIGURE 23-52  Patient with long-standing distal femoral valgus secondary to a solitary enchondroma affecting growth
of the lateral distal femoral physis (same patient as in Fig. 23-47A). A, Clinical appearance of the valgus deformity.
B, Radiographic appearance of the knee. A solitary enchondroma of the lateral distal femur has produced a lateral
distal femoral physeal growth disturbance, and subsequent valgus deformity. Note that there is also a radiographic
proximal tibial varus deformity. There is no enchondromatous lesion of the proximal tibia, and the proximal tibial
deformity presumably developed to partially compensate for the distal femoral deformity.

uity to the mechanical axis (Fig, 23-53C). “Complete” cor-
rection to anatomic normalcy would require both distal
femoral varus and proximal tibial valgus osteotomies (Fig.
23-53D), a significant surgical intervention. Myriad exam-
ples of this phenomenon can be identified in long-standing
deformities in children (proximal tibial varus in association
with posteromedial bowing of the tibia or proximal tibial
metaphyseal fracture with valgus overgrowth (Fig. 23-54);
distal tibial valgus and/or distal femoral valgus/varus in
association with adolescent Blount’s disease (Fig. 23-55);
and proximal tibial valgus associated with congenital club-
foot deformity. What degree of deformity constitutes
“enough” to warrant a two-bone, two-level osteotomy, or
alternatively, how much angular deformity of the bone or
joint obliquity can be left untreated without long-term det-
riment to the patient, is a matter of conjecture. I person-
ally consider each deformity independently to the best of
my ability. If I would normally consider correction of any
secondary deformity if it was the only deformity present, I
recommend correction of both. Any clinically or radio-
graphically subtle deformity of no concern to the patient
for which I would normally discourage correction I leave
uncorrected (or, more often, undercorrect the primary de-
formity).

PRINCIPLES OF DEFORMITY CORRECTION

Ideally, angular deformity correction by osteotomy (when
indicated) should be performed at the level of the apex of
the deformity. When the apex of deformity is in the metaph-
ysis or diaphysis of a long bone, such correction is not
difficult. Either a closing or opening wedge osteotomy can
be made at the level of deformity, with the desired angular
deformity correction and internal or external fixation as
preferred by the surgeon and depending on the specific
clinical situation (Fig. 23-56).

In children, the apex of angular deformity is frequently
at the level of the physis or epiphysis, where osteotomy is
usually not feasible (Fig. 23-57). In such cases, osteotomy
is usually performed at a level remote from the apex of
angular deformity, typically in the adjacent metaphysis. If
angular deformity correction alone is performed at this re-
mote level, a translational deformity of the mechanical axis
will result (Fig. 23-57B). To correct angular deformity at a
level remote from the apex of the deformity without creating
axis translation, the distal fragment must be translated an
adequate amount to correct the translational deformity (Fig.
23-57C). Such correction is most easily accomplished with
external fixation and gradual angular deformity correc-
tion, with the hinges placed in such a location as to effect
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FIGURE 23-53 Approach to correcting the distal femoral deformity in the patient in Figure 23-52. A, Analysis of
the deformity. There is 20 degrees of distal femoral valgus deformity secondary to the enchondroma-induced distal
femoral growth disturbance. There is a partially compensating proximal tibial varus deformity of 7 degrees. B, Complete
correction of the distal femoral valgus with proper knee orientation will unmask the slighter proximal tibial varus
deformity. C, Incomplete correction will leave the patient with residual distal femoral valgus deformity, persistent
proximal tibial varus deformity, and knee joint obliquity. D, Ideal correction requires correction of both the distal
femoral and proximal tibial deformities with restoration of the mechanical axis and proper orientation of the knee

joint to that axis.
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FIGURE 23-54 Radiograph obtained several years after the development of a proximal tibial
valgus deformity following a proximal tibial metaphyseal fracture. Some valgus deformity persists
in the upper diaphysis, and there are slight compensatory varus deformities in the proximal and
distal tibia.

A

B

FIGURE 23-55 Clinical and radiographic appearance of a patient with adolescent tibia vara (adolescent Blount’s
disease). A, Clinical appearance of the proximal tibial varus. B, Radiographic appearance. In addition to the obvious
proximal tibial varus, a distal tibial valgus deformity at the ankle and a distal femoral valgus deformity are present.
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FICURE 23-57 Correction of an angular deformity with its
apex in the region of the epiphysis or physis. Such a location
is typical of infantile or adolescent Blount’s disease. A, Analysis
of the deformity. There is proximal tibial varus, with an apex
at the level of the physis. B, Angular deformity correction by
valgus osteotomy in the metaphysis (below the tibial tubercle)
will correct the angular relationships but leave the distal tibial
mechanical axis medial to the proximal tibial mechanical axis.
C, Ideal correction of the deformity requires both angular cor-
rection and translation of the distal fragment laterally to correct
axis translation. A

FIGURE 23-56 Angular deformity correction at the
apex of the deformity. A, Analysis of an angular deformity
of the diaphysis of the tibia. B, Deformity correction with
an opening wedge at the apex of the deformity. C, Defor-
mity correction with a closing wedge osteotomy at the
apex of the deformity.
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FIGURE 23-58 High tibial osteotomy for infantile Blount’s disease with correction of the angular deformity and
simultaneous lateral translation of the distal fragment. A, Preoperative clinical appearance (same patient as in Fig.
23-47F). B, Immediate postoperative appearance with Steinmann pin and cast fixation. C, Radiographic appearance

after healing of the osteotomy.

this correction. This principle may be used, however, with
acute correction techniques and simple fixation (such as a
Steinmann pin) (Fig. 23-58). With more formal internal
fixation, axis deviation usually results (Fig. 23-59).

SURGICAL OPTIONS FOR
DEFORMITY CORRECTION

A number of surgical options are available to the surgeon
to correct angular deformity in children. Surgical options
include correction by influencing longitudinal growth by
staple insertion or hemiepiphysiodesis, acute correction with
internal or external fixation, and gradual correction with
external fixation. Which technique is chosen depends on a
number of factors, including how much growth remains in
the affected bone segment, the likelihood of recurrence based
on the etiology of the deformity, the quality of the bone to
be treated, the presence and extent of associated leg length
inequality, patient compliance, and individual surgeon pref-
erence.

Hemiepiphyseal Stapling. In a growing child with sym-
metric angular deformity, or angular deformity in the longer
leg, asymmetric deceleration of growth may be attempted by
inserting staples, as described by Blount (Fig. 23-60).437152¢
The basic principles and techniques are the same as for
using staples for leg length inequality. The best candidates

for this technique are patients with angular deformity of the
longer leg or very young children who should not undergo
epiphysiodesis because excessive growth retardation would
result, and in whom correction by osteotomy is not desirable.
The advantages of hemiepiphyseal stapling include a rela-
tively low surgical morbidity, and in theory, reversibility of
growth deceleration after staple removal. The main disad-
vantage of stapling for angular deformity is the uncertain
nature of subsequent growth after the staples are removed:
recurrence of deformity, continued angular growth, or
maintenance of correction may follow (Fig, 23—61).

A variation of hemiepiphyseal stapling is to use percuta-
neously inserted screws across the physis, as described by
Stevens and Belle” and Métaizeau and colleagues." The same
disadvantages are present as with stapling for angular defor-
mity correction (Fig. 23—-62).

Hemiepiphysiodesis. An alternative to hemiepiphyseal sta-
pling is surgical hemiepiphysiodesis. This technique has been
described primarily for the management of adolescent
Blount’s disease,” but it may be used for any angular defor-
mity originating in the region of the physis in which the
physis on the convex side of deformity has adequate growth
remaining to allow angular correction.® The surgeon must
determine the amount of growth remaining in the affected
physis to ascertain that excessive limb shortening will not
result. Bowen and associates® have published a table to assist
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FIGURE 23-60 A patient treated for persis-
tent physiologic genu valgum by epiphyseal sta-
pling of the distal femur as described by Blount
(same patient as in Fig. 23-47D). A, Preopera-
tive clinical appearance. B, Radiographic ap-
pearance at skeletal maturity after removal of
the staples.

FIGURE 23-59 When a metaphyseal osteotomy combined with secure internal
fixation is performed to correct epiphyseal or physeal apex deformities, realignment
of the mechanical axis is often not achieved. In this example, a high tibial osteotomy
for adolescent Blount’s disease with intramedullary rod fixation results in medial
translation of the mechanical axis of the distal fragment.




FIGURE 23-61

Example of complications that can arise from a poorly
performed epiphyseal stapling. This patient was treated for dysplasia-related
genu valgum by medial stapling of the distal femur. The staples have
broken, extruded, and migrated. In addition, the patient was not adequately
monitored, and genu varum has resulted. The barbed staples proved difficult
to remove at surgery, and the patient required osteotomies to correct the
genu varum,

in the timing of hemiepiphysiodesis, based on geometric
manipulation of the Anderson-Green growth remaining
charts.”> We have not found this method helpful in our
practice, however, since often the physis in question (such
as in adolescent Blount’s disease) has an unpredictable
amount of growth remaining. We prefer to determine that
there is not an excessive amount of growth remaining, which
could lead to an unacceptable amount of limb shortening,
and we counsel families that completion of the hemiepi-
physiodesis may be required after full correction has been
achieved.
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After hemiepiphysiodesis, the patient must be followed
carefully postoperatively to guard against overcorrection;
correction of deformity prior to skeletal maturity will require
completion of epiphysiodesis and a determination of the
need for contralateral limb epiphysiodesis to prevent symp-
tomatic limb length inequality. This procedure is our pre-
ferred technique in patients with an adequate but not exces-
sive amount of growth remaining in the physis to undergo
epiphysiodesis in whom osteotomy is preferably avoided
(Fig. 23-63).

Osteotomy. Osteotomies of the lower extremity carry a
variable risk for delayed union, nonunion, infection, inade-
quate correction or overcorrection, compartment syndrome,
and peripheral nerve injury, depending on the nature of
the osteotomy, the degree of deformity and correction, the
location of the osteotomy, the local bone condition, and
other factors. Each of the following procedures has advan-
tages and disadvantages, depending on the type of deformity
being corrected; the surgeon must weigh these in each case to
select the optimum treatment plan for specific deformities.

ACUTE CORRECTION. Acute correction of angular deformity by
osteotomy provides a certain measure of immediate satisfac-
tion to both patient and surgeon and limits the convalescent
period to that required for osteotomy union. However, the
risk of compartment syndrome after osteotomy of the tibia
is higher with acute correction, and there is always some
uncertainty involved in attempting to determine the exact
amount of correction to be achieved when the patient is
in the nonweightbearing position at surgery. Metaphyseal
osteotomies with acute correction performed to correct de-
formities in which the apex is physeal or epiphyseal usually
allow only limited translation of the fragments to restore
axial alignment, and that translation usually prevents stable
internal fixation, Usually the soft tissues are tensioned with

A

FIGURE 23-62 Correction of ankle valgus deformity by hemiepiphysiodesis effect of a percutaneously inserted medial
malleolar screw. A, Preoperative appearance of distal tibial valgus associated with myelomeningocele. B, Postoperative
appearance 2 years after insertion of medial malleolar screw with correction of distal tibial valgus deformity.
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A

B

FIGURE 23-63 A patient with adolescent Blount’s disease who was treated by open epiphysiodesis of the lateral
proximal tibia and fibula. A, Preoperative radiographic appearance. B, Postoperative radiographic appearance, 12

months after hemiepiphysiodesis.

the acute correction, even if a closing wedge osteotomy is
performed, so that the amount of lengthening achievable is
limited. These osteotomies may be opening wedge, closing
wedge, or a combination of opening and closing (see Figs.
23-56A to C). When the osteotomy is performed at a level
in the bone remote from the apex of the deformity, transla-
tion of the fragments to restore mechanical axis alignment
is preferable whenever possible (see Figs. 23-57A to C).

Internal fixation after acute corrective osteotomy may be
definitive, with plate and screws or intramedullary device,
or partial, such as with percutaneous pins supplemented
with casts. Extensive definitive fixation is preferable in older
children, in whom early mobilization and avoidance of ex-
tensive casting (such as with a spica cast) are desirable.
Simple Steinmann pin fixation is appropriate for younger
children, especially in tibial osteotomies, where less soft
tissue dissection is desirable, casting is not obtrusive, and
rapid union is typical.

Scheffer and Peterson have described a technique of
opening wedge metaphyseal osteotomy with tricortical iliac
crest graft interposition for angular deformity correction
and minor acute lengthening.”’ According to these authors,
this technique is suitable for the management of angular
deformities of 25 degrees or less and projected discrepancies
of 2.5 cm or less, and if the local bone and soft tissue
quality permit acute correction with a stable site for the
interpositional bone graft. The graft can be held in place with
Steinmann pins, crossed screws, or a bone plate (Fig. 23—64).

External fixation of corrective angular osteotomies has
several theoretical advantages: the amount of soft tissue
dissection is typically less, the risk of infection is less than

when internal fixation is used; postoperative adjustment to
the extent of correction can usually be accomplished without
difficulty, depending on the fixation device used; axis trans-
lation to restore the mechanical axis is more easily accom-
plished; and angular deformity correction can be combined
with lengthening when desired. Disadvantages include
longer healing time, slower mobilization, potentially more
complex surgery with the application of the device, and the
need for patient acceptance and compliance in the postoper-
ative management.

External fixation may be used in conjunction with acute
correction of angular deformity.'""® The usual surgical tech-
nique is to orient the components of the device to parallel
the axis of the bone segments, perform the osteotomy (as
described earlier for leg lengthening), acutely correct the
angular deformity ideally with translation as indicated, and
secure the device. Subsequent lengthening of the limb
through the osteotomy site by the callotasis technique is
possible if desired. The advantages of this technique include
immediate patient and surgeon satisfaction with immediate
postoperative correction, and stable external fixation with-
out the use of more complex hinge components in the
external fixator. Disadvantages include a greater risk of neu-
rovascular stretch than with other acute correction tech-
niques, and, when the procedure is combined with lengthen-
ing, the healing index may be longer than with gradual
correction.' Noonan and colleagues reported generally good
results in a group of 35 patients, with an average angular
correction of 19 degrees;'® Kamegaya and colleagues recom-
mended a dome-shaped osteotomy for correction of defor-
mity greater than 20 degrees." Noonan and colleagues found
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FIGURE 23-64 Acute opening wedge correction with
tricortical graft interposition as described by Scheffer and
Peterson.”' A, Preoperative AP radiographs of a patient with
a distal tibial varus deformity secondary to medial malleolar
malunion and physeal arrest. A scanogram revealed a limb
length inequality of 2 ecm. B, Intraoperative radiograph
demonstrating distal tibial metaphyseal opening wedge and
fibular osteotomy. A tricortical iliac crest graft was then
inserted into the tibia, with internal fixation using cannu-
lated screws. C, Radiographic appearance after union, prior
to internal fixation removal.

1115
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FIGURE 23-65 Gradual angular deformity correction using the Ilizarov circular ring fixator. A, Preoperative clinical
appearance of a patient with a proximal tibial valgus deformity secondary to lateral proximal tibial physeal arrest (same
patient as in Fig, 23—47E). B, Clinical appearance after application of Ilizarov apparatus with ring segments connected
by hinges. C, Radiographic appearance after angular deformity correction and 2-cm lengthening. D, Final radiographic
appearance. E, Final clinical appearance. The limb lengths are equal.



that adults and patients with metabolic bone disease such
as rickets were more prone to bone complications, including
poor bone healing, and did not recommend this technique
in such patients."

Angular deformities may also be corrected by osteotomy,
external fixation, and gradual correction. The circular ring
fixator is most suitable for this method, although satisfactory
angular deformity correction using the Garches clamp (an
Orthofix monolateral fixation device) and other similar de-
vices have been reported (Fig. 23-65)."* The surgeon must
be comfortable with the external fixation device used and
with the proper location of hinges to correct the angular
deformity and effect axis translation when necessary.
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