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Understanding Skeletal Growth
and Predicting Limb-Length
Inequality in Pediatric Patients

Abstract

Limb-length inequality in a child can be a complex condition for
patients, parents, and medical providers. Managing these patients
and explaining the treatment options to families requires knowledge of
the potential risks associated with leaving a discrepancy untreated
and a thorough understanding of skeletal growth. The provider must
also be familiar with the available growth prediction methods as
treatment is influenced by the anticipated discrepancy at skeletal
maturity. This article provides an overview to skeletal growth,
assessing skeletal maturity and growth prediction to help providers
develop an organized and thoughtful approach to treating pediatric
patients with limb-length inequalities.

The effects of long-term limb-
length inequality have not been

clearly delineated in the literature.
Patients with limb-length discrep-
ancies have been shown to adopt a
variety of compensatory gait mecha-
nisms. These include increased hip
and knee flexion of the longer
extremity, pelvic tilt toward the
shorter limb, and vaulting over or
circumducting the longer limb.1-3

Song et al4 demonstrated that pa-
tients with an average limb-length
discrepancy of 1.6 6 2.3 cm, or a
2.2% 6 4.5% difference in leg
lengths, have no demonstrable dif-
ference in gait mechanics between
the short and long side. However,
as discrepancies increased, patients
adopted compensatory patterns
including vaulting and circum-
duction. On average, patients adop-
ted toe-walking as a compensatory
mechanism when the limb discrep-
ancy reached 6.5 6 2.8 cm, or a
difference $5.5% between the short
and long leg. Patients who used toe-
walking performed more total work
during the gait cycle than patients

who maintained a plantigrade gait.4

When limb lengths are equalized,
these compensatory mechanisms
resolve and patients demonstrate a
more symmetric gait.5

In light of these known adapta-
tions, concerns have been raised that
persistent differences in leg lengths
can result in chronic pain and scoli-
osis. However, studies regarding the
association between limb-length in-
equality, chronic back pain, and
scoliosis are small and have had
inconsistent results.3 Although mul-
tiple studies document a correlation
between leg-length discrepancy,
back pain, and scoliosis, causation
has not been established. These
studies suggest that small leg-length
differences are potentially well tol-
erated, but that there may be a limit
beyond which spine alignment and
biomechanics are negatively affected
and authors have yet to determine
what the limit is.3

It has been documented that some
patients with limb-length inequality
have increased pain in the groin on
the side of the longer limb, causing
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concern forarthritic changes in thehip.
Sustained pelvic obliquity throughout
gait can potentially result in dynamic
uncovering of the femoral head with
point-loadingcausing increasedweight
bearing on the articular cartilage of
the hip.5 This may be a mechanism
through which hip arthrosis of the
longer limb can develop. However,
because less than 40% of the gait
cycle is spent in single limb stance,
possibility is that the altered weight
transmission across the articular
cartilage in patients with limb-length
discrepancies may not cause lasting
effects.6 The literature citing a direct
correlation between limb-length in-
equality and arthrosis has produced
variable conclusions.7,8

Caring for patients with limb-
length inequality requires an under-
standing of both skeletal growth and
available prediction methods. This
information, along with an under-
standing of the long-term effects of
limb-length discrepancy on patient
function and quality of life, can then
be used to help determine an appro-
priate treatment approach.

Skeletal Growth

Children grow rapidly during the first
5 years of life. After age 5, the growth
rate slows but remains steady until
puberty. During the pubertal growth
spurt, peak height velocity (PHV) is
reached with some children increas-
ing in height by as much as 1 cm
per month.9 In addition, two-thirds
of residual growth is attributable to
the growth of the lower extremities
after age 5.10

Pubertal growth occurs in two
phases. PHV is the first phase and
corresponds with a bone age of 13
to 15 in males and 11 to 13 in fe-
males.9,10 During the second stage
of pubertal growth, adolescents
become more skeletally mature and
the rate of growth slows until full
skeletal maturity is achieved. This

transition coincides with menarche
in females.9,10 The Risser sign has
been used to help predict PHV and
adolescent growth in the setting of
scoliosis. However, neither PHV nor
the Risser sign has specifically been
used to assist with skeletal maturity
assessment in the setting of limb-
length inequality, and the Risser
classification has poor interobserver
and intraobserver reliability com-
pared with other methods of skeletal
maturity assessment.9-11

Recently, attention has been paid to
trying to determine when an adoles-
cent achieves 90% of his or her ulti-
mate height. Puberty has been shown
to coincidewith 86%ultimate height,
whereas PHV coincides with 90%
ultimate height.9,12 For development
of new prediction systems and opti-
mization of current systems, 90%
ultimate height represents a better
benchmark than PHV because it can
be easily calculated for any child
with yearly measurements to matu-
rity, whereas PHV is more difficult
to pinpoint on an individual basis.
Although calculating 90% ultimate
height may be more predictable than
determining the occurrence of PHV
in a patient, the utility of this infor-
mation in managing patients with
limb-length discrepancies has yet to
be delineated in the literature.
Early in development, lower ex-

tremity height accounts for approxi-
mately 35% of total skeletal height.
However, by maturity, the lower
extremities account for almost 50%
of height, indicating that lower
extremity growth accounts for an
increasing proportion of total growth
as children grow.9 White and Stub-
bins13 published that the distal
femoral physis grows at a rate of 3/8
inch (9 mm) and the proximal tibial
physis grows at a rate of ¼ inch
(6 mm) annually. Through careful
documentation of annual changes in
stature, femoral length, and tibial
length in children, Anderson et al
showed that 71% of femoral growth

and 57% of tibial growth comes
from the distal femoral and proximal
tibial physes, respectively, and that
these physes account for about 37%
and 28% of total lower extremity
growth, respectively (Figure 1).14-16

Based on these data, we can calculate
approximate annual growth from
each of the lower extremity physes.

Determining Skeletal Age

Prediction of growth requires an
accurate assessment of skeletal
maturity. Chronologic age only cor-
responds to skeletal age within a
6-month range in 49% of boys and
51% of girls.10 As many as 26% of
individuals have a skeletal age that
varies greater than 1 year from
chronologic age.10,17 It has been
shown that, before onset of the
adolescent growth spurt, chrono-
logic age is superior to skeletal age

Figure 1

Radiograph showing the percentage
contribution of the femoral and tibial
physes to bone growth, lower limb
growth, and average annual growth
of each physis.
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for predicting ultimate limb length.
However, skeletal age is superior for
predicting limb length once the child
enters his or her adolescent growth
spurt.18

The most common tool for evalu-
ating bone age is through use of the
Greulich and Pyle atlas.19 Although
commonly used, this method re-
quires immediate access to the atlas
in the clinical setting and relies on
the subjective assessment of hand
radiographs. In addition, wide in-
tervals between reference standards
exist for both females and males at
critical periods of pubertal growth.19

This method also requires that pa-
tients have a normal left hand.9 The
second most common system is the
Tanner Whitehouse system. By
staging 20 different bones in the
hand, this system offers better reli-
ability than the Greulich and Pyle
system, but takes substantially more

time to perform. To help minimize
variability in bone age assessment,
computer software systems such as
Bone Xpert have been developed.
These programs analyze differences
in bone age radiographs to deter-
mine skeletal age. This method has
been shown to be faster and poten-
tially introduces less variability in
bone age analysis,20 although rigor-
ous validation studies are still
lacking.
Because skeletal age has been

shown to be a more accurate predic-
tor of growth in the peri-pubertal
patient, multiple methods have been
described to help assess skeletal
maturity in this specific age range.
The shorthand Greulich and Pyle
method specifically describes the key
features on hand radiographs for
males between ages 12.5 and 16 and
females between ages 10 and 14
(Figures 2 and 3).21 This method

simplifies assessing skeletal age for
adolescents in the peri-pubertal
range. However, this method has
not been validated against a true
skeletal maturity benchmark.21

The Sauvegrain method uses
radiographic changes seen around
the elbow to determine skeletal
age.22,23 Elbow radiographs are not
helpful for determining skeletal age
in young children because the elbow
is mainly cartilaginous and ossifica-
tion centers do not display remark-
able morphologic characteristics.9

However, this method is very useful
for females between ages 10 and 13
and males between ages 12 and 15
because specific morphologic changes
occur around the time of puberty.
The full Sauvegrain method is based
on a 27-point scoring system of
anatomic landmarks including the
lateral condyle, trochlea, olecranon,
and proximal radius.23 The simpli-
fied Sauvegrain method uses five
distinct changes that occur around
the olecranon apophysis on lateral
radiographs. This allows skeletal age
to be determined in regular 6-month
intervals in females between ages 11
and 13 and in males between ages 13
and 15. This method has been shown
to have a short learning curve and is
also clinically relevant because the
radiographic changes are specifically
seen during the adolescent growth
spurt.22 However, this method has
also not been validated against a true
skeletal maturity benchmark.
The Tanner Whitehouse III and the

Sanders skeletal stage methods of
skeletal age assessment analyze the
radiographic changes seen in the
epiphyses and physes of the phalan-
ges, metacarpals, distal radius, and
ulna on hand radiographs (Table 1).
Skeletal maturity is described in eight
stages, with stages 1 and 2 corre-
sponding to the prepubertal growth
spurt, three and four to the pubertal
growth spurt, and five through eight
to the eventual progression to full
skeletal maturity.24,25 This method

Figure 2

Figure showing shorthand bone age assessment for males. This figure
demonstrates a characteristic change in the bone age radiograph at key time
points during the male adolescent growth spurt. (Reproduced with permission
from Heyworth BE, Osei DA, Fabricant PD, et al: The shorthand bone age
assessment: A simpler alternative to current methods. J Pediatr Orthop
2013;33:569-574.)

Understanding and Predicting Skeletal Growth

314 Journal of the American Academy of Orthopaedic Surgeons

Copyright © the American Academy of Orthopaedic Surgeons. Unauthorized reproduction of this article is prohibited.



has been used to guide the treatment
of adolescent idiopathic scoliosis,
but its use in managing limb-length
inequality has been limited. It has
been shown that Sanders stage 2
occurs immediately before both PHV
and to achieving 90% ultimate
height, whereas stage 3 occurs
immediately after these maturity
milestones. The transition from stage
2 to stage 3 correlates with 90%
final height and the onset of PHV.12

Growth Prediction Methods

Multiple growth prediction methods
have been described (Table 2).
The arithmetic method (also called
the White-Menelaus method or the
Menelaus26 calculation) has been
described as a rapid way to predict
limb-length inequality with the ben-
efit of not requiring access to specific
radiographs or a Greulich and Pyle
atlas. However, it relies on chrono-
logic age and assumes that females
stop growing at age 14 and males
stop growing at age 16, with yearly
growth of 0.375 inches from the
distal femur and 0.25 inches from
the proximal tibia annually (Figure
1). According to this method, a 12-
year-old female who developed a
complete distal femoral physeal
arrest after a trauma would be
expected to have an ultimate limb-
length difference of 1.8 cm at skeletal
maturity, whereas a 12-year-old male
with the same injury and physeal
arrest would be expected to have an
ultimate discrepancy of 3.6 cm. If
these patients were markedly more or
less skeletally mature than their
chronologic ages, these calculations
may not be accurate.
Green and Anderson had multiple

publications that have contributed to
our understanding of skeletal growth
and growth prediction. In 1963, the
authors published charts including
changes in stature, femoral length,

and tibial length from data obtained
from 100 children, 51 of whom were
healthy and 49 who had a history of
unilateral poliomyelitis, with ages
between 8 and 18.14 One year later,
Anderson et al created growth-
remaining charts based on measure-
ments of serial radiographs of 134
otherwise healthy boys and girls
from age one through skeletal

maturity.16 Their growth-remaining
charts have been widely used to help
predict limb-length inequality at
maturity and plan the timing of
epiphysiodesis. However, the infor-
mation for these graphs is based on
data gathered from select groups of
patients, which make it unclear
whether they are truly applicable to a
wide range of patients with regional,

Figure 3

Figure showing shorthand bone age assessment for females. This figure
demonstrates a characteristic change in the bone age radiograph at key time
points during the female adolescent growth spurt. (Reproduced with permission
from Heyworth BE, Osei DA, Fabricant PD, et al: The shorthand bone age
assessment: A simpler alternative to current methods. J Pediatr Orthop
2013;33:569-574.)

Table 1

Skeletal Maturity Systems Focused on Peak Height Velocity

Name Radiograph Validation Strengths Limitations

Shorthand
Greulich and
Pyle

Left hand Minimal Quick,
simple

Need additional
clinical data to
validate

Sauvegrain Elbow Minimal Quick,
simple

Need additional
clinical data to
validate

Sanders Hand Left hand Yes Quick,
relatively
simple

Clinical data mainly
on scoliosis
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racial, ethnic, and generational
differences.
In 1977, Moseley27 published the

straight-line method. This method
can be used to predict both limb-
length inequality at skeletal maturity
and the optimal time point for epi-
physiodesis for patients diagnosed
with limb-length inequality early in
their skeletal growth. It can also take
into account previous lengthenings
and/or iatrogenic or pathologic epi-
physiodeses. Unlike the Green-
Anderson charts, this method takes
a patient’s skeletal age into account
when predicting growth. The method
requires having access to a minimum
of three bone age and three lower
extremity radiographs and/or scano-
grams to complete the prediction
method as well as access to special
graph paper and a Greulich and Pyle
atlas. Consequently, this can be a
time-consuming method that can
make it difficult to use in a busy
clinical setting.
More recently, Paley et al28 popu-

larized the multiplier method. These
authors argue that lower limbs
follow a biological growth constant
based on patient age and sex. The
developers use Green and Ander-
son’s growth data to calculate age-
and sex-specific coefficients that can
be used to calculate the growth-
remaining through skeletal matu-
rity.28 Because the multiplier method
is based on a ratio of growth over

time, it eliminates differences in
growth due to ethnicity and race.29,30

Unlike the straight-line graph, calcu-
lation of ultimate limb-length dis-
crepancy for congenital anomalies
requires only a single data point so
that patients can theoretically be
given an estimate of limb-length
discrepancy at their first clinic visit
(calculation of differences for devel-
opmental discrepancies requires
knowledge of the child’s limb lengths
at two different time points). The
creation of multiple smartphone
applications can make it easier for
clinicians to rapidly calculate limb-
length inequality at maturity and
determine an age at which an epi-
physiodesis should be performed.31

One critique of this method is that it
relies on chronologic rather than
skeletal age, which can lead to less
accurate predictions in peri-pubertal
adolescents in whom skeletal age has
been shown to be more accurate for
prediction.18

Several authors have compared the
available growth prediction methods
to determine which provides the
greatest accuracy. Little et al32 re-
viewed the accuracy of the arithmetic
method (referred to as the Menelaus
calculation), Green and Anderson
charts, and the Mosely straight-line
graph by reviewing data from 110
patients who underwent epiphysio-
desis for limb-length inequality. Each
of the methods had approximately

10% to 20% risk of error, which
would result in a limb-length differ-
ence greater than 2 cm at maturity,
with the least accurate method be-
ing the computer-generated Mosely
graph.32 Makarov et al17 compared
the accuracy of the White-Menelaus,
growth-remaining, Mosely straight-
line, and multiplier methods by
reviewing data from 77 patients
treated for limb-length inequality
at a single center. All patients had at
least three preoperative scanograms
and associated bone age radiographs
of the left hand, with each pair of
studies spaced at least 6 months
apart, and patients were followed
through skeletal maturity. The pre-
diction methods were compared
both using chronologic age and
skeletal age to determine which
method and which age (chronologic
or skeletal) provided the most accu-
rate prediction of short and long
limb-length as well as leg-length
difference at maturity. The authors
found that skeletal rather than
chronologic age markedly reduced
prediction error of the ultimate short
leg length for each of the aforemen-
tioned methods and markedly
reduced the prediction error for total
limb-length difference for the White-
Menelaus and straight-line graph
methods.17 Each method was
associated with a prediction error of
approximately 1 cm, with the White-
Menelaus method being the most

Table 2

Growth Prediction Methods

Name Requirements Strengths Limitations

Arithmetic Age, sex, discrepancy data Quick, simple Assumed yearly growth, does not
incorporate skeletal age

Green and
Anderson

Age, sex, discrepancy data Simple Developed on homogenous group

Moseley Age, sex, skeletal age, and discrepancy
data from three visits

Good validation
studies

Time consuming, requires multiple data
points

Multiplier Age, sex, discrepancy data Quick, simple Recent study suggests that this may be
least accurate17 (accuracy improves if
skeletal rather than chronologic age is
used for calculation)

Understanding and Predicting Skeletal Growth
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(0.7 6 0.6 cm) and the multiplier
Method being the least (1.16 0.9 cm)
accurate. The White-Menelaus
method had markedly lower predic-
tion error values compared with the
multiplier Method in this cohort
(P , 0.0001).17

Management of Limb-
Length Inequality

When managing patients with limb-
length inequality, understanding
multiple patterns of growth is critical
and these patterns have been docu-
mented in this patient population.
Shapiro et al described five distinct
growth patterns among patients with
limb-length inequality.33 Although
many diagnoses that result in limb-
length inequality follow a type 1
linear growth inhibition pattern,
there are several conditions that have
been shown to demonstrate multiple
different patterns of growth, includ-
ing hemihypertrophy, hemiatrophy,
and neurofibromatosis.33 Appropriate
prediction of leg-length discrepancy at
maturity requires an understanding of
the cause of the discrepancy and the
type(s) of growth that can be seen with
the underlying condition. Most pre-
diction tools, such as the multiplier
Method and the Mosely straight-line
graph, assume a type 1 pattern of
growth and therefore may not be
accurate in patients with other pat-
terns of growth inhibition.27

The general recommendation re-
garding management of limb-length
inequalities is that discrepancies pre-
dicted to be less than 2 cm atmaturity
do not require any surgical interven-
tion, whereas those ranging from 2 to
4 cm at maturity can be managed
with contralateral epiphysiodesis in
the skeletally immature patient.33,34

No study proves that a limb-length
discrepancy up to 2 cm is asymptom-
atic. However, multiple studies have
shown that otherwise healthy people
without pain or limitation can have up

to a 2 cm limb-length inequality found
incidentally on examination. Authors
use these population studies to argue
that discrepancies less than 2 cm
at skeletal maturity can either be
observed or treated with a shoe
lift.35,36 An exception to the afore-
mentioned recommendations would
be if there were an unacceptable
angular deformity in the short limb,
which requires surgical management
to restore appropriate mechanical
alignment to the limb, or in a patient
with symptomatic limb length dis-
crepancy who desired permanent
correction, as a shoe lift might not
be used particularly when indoors.
Gradual lengthening is generally

recommended for predicted discrep-
ancies greater than 4 cm although
no firm data exist in the literature
upon which these treatment guide-
lines have been established. With
the advent of internal lengthening
devices, lengthening has been con-
sidered for smaller discrepancies,
especially if a patient is predicted to
have a short final height.37 Internal
lengthening devices have the advan-
tage of reduced pin-site infections
and minor complications compared
with external fixation systems.
However, the rate of more notable
complications associated with leng-
thening is similar when internal and
external lengthening methods are
compared, which is important to
discuss these risks with patients before
going forward with limb-lengthening
procedures.38 Complications associ-
ated with limb-lengthening procedures
can be notable and include muscle
contractures, joint stiffness, and dislo-
cation. Furthermore, the complexity of
lengthening procedures results in tech-
nically demanding skills for surgeons.
Therefore, the recommendation is that
inexperienced surgeons start with
smaller lengthenings and less complex
cases to gain proficiency before at-
tempting larger reconstructions.39

Management of the skeletally
immature patient with a limb-length

discrepancy requires regular follow-
up along with careful clinical and
radiographic assessment. Because
there is a period of slow, steady
growth between age five and the
onset of puberty, patients with small
discrepancies can be followed up
annually until age 9, then every
6 months until skeletal maturity.10

Each of the prediction methods has
the potential for error. Therefore, to
ensure accuracy with growth pre-
diction, using more than one method
is wise. Consistent predictions when
more than one prediction tool is used
and consistent predictions across
multiple patient visits, allow the
surgeon to be more confident in
his/her assessment.9 Tanner staging
has also been recommended to
ensure the accuracy of predictions,
although the assessment may be
outside the comfort zone of ortho-
paedic surgeons with low reliability
reported in the literature.9,40 Finally,
comprehensive treatment of patients
with leg length discrepancy requires
the surgeon to take into account not
just differences in limb length but
also hip, knee, and ankle range of
motion as well as joint stability if a
lengthening is being considered.

Summary

Limb-length discrepancy has been
shown to cause changes in gait pat-
terns, with the greatest changes seen
in those who have differences of
5.5% or greater.4 There is inconsis-
tent evidence that limb-length
inequality has long-term effects on
the biomechanics of the spine, hip,
and knee joints. Correcting limb-
length discrepancies has been
shown to restore some normal gait
parameters, but long-term studies
demonstrating resolution of chronic
back pain and prevention of arthritic
changes in ipsilateral or contralateral
hip and knee joints are missing from
the literature.5
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Appropriate treatment of skeletally
immature patients with limb-length
discrepancies requires an understand-
ingof skeletal growth, themethodsused
to assess skeletal maturity, and the
growthpredictionmethods available.
Patients must be followed up serially
and these examinations should in-
clude careful clinical assessments of
limb-length inequality, joint range of
motion, and joint stability. Radio-
graphic evaluation of the lower ex-
tremities as well as radiographs to
evaluate skeletal maturity, including
hand and elbow skeletal-age radio-
graphs, should be obtained. Multiple
prediction tools should be used and
predictions should be made over
consecutive patient examinations to
determine anticipated discrepancies
at maturity and minimize errors with
prediction. This knowledge allows
the orthopaedic surgeon to provide
patients and families with an under-
standing of the severity of the dis-
crepancy and serves as a foundation
for determining the appropriate
treatment course for each patient.
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