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1. Introduction

Crouch gait, a walking pattern defined by excessive flexion of
the knee during stance phase, is a debilitating problem that affects
the population of children with spastic cerebral palsy. Many
patients benefit from treatments for crouch gait, including
hamstrings lengthening surgeries [1–4], tibial derotation osteo-
tomies [5–7], and multi-level surgery [8,9]; however, treatment
outcomes are unpredictable.

Clinical decision-making is challenging, in part because there
are no standardized protocols for determining which surgeries a
patient should receive. Three-dimensional gait analysis helps
clinicians identify which gait abnormalities should be targeted
with treatment [10–12], but there are no uniform guidelines for
interpreting the wealth of information provided by gait analysis.
For example, two clinical teams might examine the same set of
patient data and develop two different treatment plans [13].

Several studies have utilized biomechanical modeling and
simulation of the musculoskeletal system to objectively identify
the contributors to an individual’s crouch gait. For example, the

work of Arnold and colleagues [14,15] suggests that a subject’s
hamstrings lengths and velocities during gait may provide
information to more effectively prescribe hamstrings surgery.
Several investigations have demonstrated that excessive tibial
torsion reduces the capacity of muscles to extend the knee [16–18],
suggesting that subjects with crouch gait and excess tibial torsion
may benefit from a tibial derotation osteotomy. Sufficient strength
of the extensor muscles may also be a key component in achieving
normal knee motion. Analyzing the dynamics of normal and crouch
gait has demonstrated that the gluteal muscles, plantarflexors, and
vasti all play a crucial role in extending the knee during stance [18–
20].

These biomechanical modeling studies have examined individ-
ual mechanical contributors to excess knee flexion for small,
specialized groups of subjects, yet a typical patient has many
possible contributors to his or her crouch gait. Further, there may
be other variables, such as the severity of a subject’s gait pathology
or the presence of concomitant gait abnormalities, that affect how
crouch gait progresses over time.

To improve clinical decision-making and address the limita-
tions of past biomechanics research, we developed and tested a
multivariable linear regression model that used biomechanical
variables to predict subjects’ improvement in crouch gait. We
retrospectively analyzed subjects with moderate to severe crouch
gait to determine if data from a subject’s initial visit to the gait
analysis laboratory could predict the change in the subject’s knee
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Many patients respond positively to treatments for crouch gait, yet surgical outcomes are inconsistent

and unpredictable. In this study, we developed a multivariable regression model to determine if

biomechanical variables and other subject characteristics measured during a physical exam and gait

analysis can predict which subjects with crouch gait will demonstrate improved knee kinematics on a

follow-up gait analysis. We formulated the model and tested its performance by retrospectively

analyzing 353 limbs of subjects who walked with crouch gait. The regression model was able to predict

which subjects would demonstrate ‘Improved’ and ‘Unimproved’ knee kinematics with over 70%

accuracy, and was able to explain approximately 49% of the variance in subjects’ change in knee flexion

between gait analyses. We found that improvement in stance phase knee flexion was positively

associated with three variables that were drawn from knowledge about the biomechanical contributors

to crouch gait: (i) adequate hamstrings lengths and velocities, possibly achieved via hamstrings

lengthening surgery, (ii) normal tibial torsion, possibly achieved via tibial derotation osteotomy, and (iii)

sufficient muscle strength.
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kinematics measured on a follow-up gait analysis. We hypothe-
sized that i) adequate hamstrings lengths and velocities, ii) good
torsional alignment of the tibia, and iii) sufficient muscle strength
would all help predict whether subjects’ knee flexion in stance
would improve on the follow-up gait analysis.

2. Methods

We retrospectively analyzed a group of subjects with a primary diagnosis of

cerebral palsy, aged 5–18, who had at least two visits to a gait analysis laboratory,

with or without intervening treatment, as part of routine care. We studied subjects

who walked with a crouch gait [14] at their first gait analysis and had a mean knee

flexion angle during the first half of the gait cycle larger than 258. We examined only

subjects who walked barefoot and without assistive devices during gait analysis.

We allowed any combination of bony surgery, soft tissue surgery, botox

injections, or no treatment between gait analyses, but excluded subjects who

received a selective dorsal rhizotomy or intrathecal baclofen pump between gait

analyses, since this study focused on the biomechanical contributors to excess knee

flexion. A histogram of intervening surgeries for all subjects is included in

Supplementary material. Any type of prior surgery was allowed, but we excluded

subjects who had botox injections less than 6 months prior or lower extremity

surgery or other neurological treatment less than 12 months prior to the first gait

analysis. We required that pairs of gait analyses for a subject were between 9 and 36

months apart. If a subject received surgery between gait analyses, we required that

the second analysis be at least 9 months after the surgery to ensure sufficient

recovery time.

The Gillette database contained 2300 subjects with a diagnosis of cerebral palsy

and available gait kinematics. Our subject selection criteria resulted in a group

comprised of 212 subjects and 353 pairs of gait analyses. We analyzed a subject’s right

and left sides if both met our selection criteria. We also included more than one pair of

gait analyses for a subject if all analyses occurred on different days. In other words, a

second visit gait analysis for a subject could not also be used as a first visit gait analysis

for the same subject. The individual data points we used to build the regression model

were pairs of gait analyses for a subject-side, which we refer to as ‘‘limbs’’.

Using this set of data, we built a multivariable linear regression model. The

general form of the model is:

rY ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x2x3 þ � � � þ bnxn

To assess crouch severity, we calculated the mean stance knee flexion for each

limb, between 0% and 50% of the gait cycle (Fig. 1). The outcome variable, Y, was

then the change in mean stance knee flexion between the first and second gait

analyses, such that a positive value corresponds with improvement in crouch gait.

The xi are the predictive variables, derived from the first gait analysis, intervening

treatment, and prior treatment, used to estimate the expected improvement in

crouch gait on the second gait analysis. The bi are the linear weighting coefficients

for the predictive variables. The interaction terms (b4) allow for the causal effect of

one predictor (x2) on the outcome Y to vary according to another predictor (x3). The

regression model was formulated using Stata (StataCorp, College Station, TX).

We started with a set of candidate predictive variables and interaction terms

drawn from research about the biomechanical contributors to excess knee

flexion and the other factors that may affect improvement in crouch gait (Table

1). We determined a reduced set of predictive variables to include in the model

by using the stepwise function in Stata to conduct backward selection. The

variable with the least significance was successively dropped from the model

until all variables were significant at the p = 0.2 level based on the Wald Test

[21].

The first biomechanical variable we considered was a binary variable

denoting whether the subject had an appropriate hamstring length and velocity

profile during gait (GoodHams). We calculated each limb’s peak hamstrings

lengths and velocities using a model of the lower extremity and classified a

limb’s hamstrings as short and/or slow if the peak values were more than

2.5 SDs shorter and/or slower than the value for unaffected children [22]. A

limb’s hamstrings function was then classified as ‘Good’ (GoodHams = 1) if the

hamstrings were neither short nor slow on the first gait analysis or the

hamstrings were short and/or slow and the limb received a hamstrings

lengthening surgery between gait analyses. A limb’s hamstrings were classified

as ‘Poor’ (GoodHams = 0) if the limb had short and/or slow hamstrings and did

not receive hamstrings lengthening surgery.

We similarly created a variable denoting alignment of the knee axis and foot,

related to tibial torsion (GoodTibia). We examined the thigh foot angle (TFA) from

the physical exam at the first gait analysis and classified the angle as abnormal if it

was 108 or more degrees internal or 208 or more external. The standard deviation

of the TFA in typically developing children was not available, so we selected this

range based on 1 SD from the mean of subjects analyzed in this study. A limb’s

tibial torsion was then classified as ‘Good’ (GoodTibia = 1) if the TFA was normal on

the first gait analysis or the TFA was abnormal and the limb received a tibial

derotation osteotomy. A limb’s tibial torsion was classified as ‘Poor’ (Good-

Tibia = 0) if the limb had an abnormal TFA and did not receive an osteotomy. A

tabulation of the GoodHams and GoodTibia variables is included in Supplemen-

tary material.

The third biomechanical variable was a limb’s muscle strength. Manual muscle

strength [23] of the muscles crossing the hip, knee, and ankle, as measured on the

initial physical exam, was combined into a single muscle strength score using

principal component analysis [24].

We examined the overall fit of the model using the R2 statistic. We calculated the

standard errors of each of the coefficients using the cluster adjustment in Stata to

account for the correlation between limb data points that corresponded to the same

subject [25]. We assessed the significance and relative importance of each of the

coefficients in the model with the t-test and normalized regression coefficients (z-

scores), respectively, for the continuous variables, respectively.

After predicting the expected change in mean stance knee flexion, we tested the

ability of the regression model to correctly classify each limb as ‘Improved’ or

‘Unimproved’ on the second gait analysis. We defined a limb’s knee flexion as

‘Improved’ if the mean stance angle decreased by at least 108 or if the limb’s mean

stance knee flexion was less than 188 on the second analysis, which is within 2 SD

of the value for unaffected children. We selected a 108threshold as this represents

a meaningful clinical change and is larger than errors associated with measuring

knee flexion kinematics. A summary of characteristics for ‘Improved’ vs.

‘Unimproved’ groups is included in Supplementary material. We estimated the

predictive ability of the model for a new group of subjects using 10-fold cross-

validation [26].
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Fig. 1. Knee flexion kinematics at the initial gait analysis. The black solid curve and

dashed curves show the mean knee flexion angle over the gait cycle �2 SD for the

entire group of limbs. The gray lines show the first-visit knee flexion kinematics for

each limb analyzed in this study. The black box highlights the portion of the knee

flexion curve used to derive the mean stance knee flexion measure, our metric to assess

improvement in crouch gait.

Table 1
Candidate predictive variables.

GoodHams (1/0) Mean stance dorsiflexion (8)
GoodTibia (1/0) Hip flexion range of motion

during gait (8)GoodTibia and Good Hams (1/0)

Patellar tendon advance? (1/0)Strength score [24]

Gastrocnemius lengthening? (1/0)Interactions between GoodTibia,

GoodHams and Femoral derotation osteotomy? (1/0)

Foot stabilization surgery? (1/0)Strength score (two-way)

Prior tendo-achilles lengthening? (1/0)Gait deviation index [30]

Prior selective dorsal rhizotomy? (1/0)Normalized walking speed

Date of first gait analysisDiagnosis subtype

Time to follow-up gait analysis

visit (months)

(Hemi-, di-, tri-, or

quadriplegic)

Age (years)

Body mass index (kg/m2)
Ipsilateral mean stance

knee flexion (8)
Multiple qualifying pairs of gait

analyses? (1/0)

Contralateral mean stance

knee flexion (8)
Mean pelvic tilt (8)
Knee flexion velocity at

toe-off (8/% gait cycle)

All variables are drawn from the subject’s first gait analysis visit, treatment plan,

and surgical history.
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3. Results

The multivariable linear regression model was able to predict
whether a limb’s mean stance knee flexion was ‘Improved’ or
‘Unimproved’ on the second gait analysis with 73% accuracy. The
overall performance of the model is displayed in Fig. 2, which plots
the change in knee flexion predicted by the regression model for each
limb vs. the observed change between gait analyses. The regression

model correctly classified 119 limbs as ‘Improved’ and 139 limbs as
‘Unimproved’. There were 44 limbs incorrectly classified as
‘Improved’ and 51 limbs incorrectly classified as ‘Unimproved’.
The R2 value of the fit was 0.49, which indicates that the model was
able to explain 49% of the variance in improvement in knee flexion.

When we used 10-fold cross-validation to estimate the ability
of the regression model to make predictions for a new group of
subjects, there was a slight decrease in accuracy, with 71% of limbs
correctly classified on average across the 10 cross-validation folds.
The average R2 value computed with cross-validation was 0.44.

Examining the coefficients of the variables in the regression
model allows us to assess their individual impact on improvement
in knee flexion, when holding the other variables in the model
constant (Table 2). There was a significant positive relationship
between muscle strength and improvement in stance phase knee
flexion, with an expected 1.38 more improvement in knee flexion
for each one point increase in strength score. Further, limbs with
‘Good’ hamstrings function and ‘Good’ tibial torsion were expected
to have 7.58 more improvement in knee flexion than limbs with
‘Poor’ hamstrings function and tibial torsion.

For each 18 increase in mean stance knee flexion on the initial
gait analysis, there was an increase in expected improvement of
0.98. In contrast, having more severe crouch on the contralateral
side was associated with less improvement. More severe involve-
ment, as indicated by cerebral palsy sub-type (triplegic or
quadriplegic), was associated with more improvement, while a
slower knee flexion velocity at toe-off, a prior tendo-achilles
lengthening, and multiple qualifying pairs of gait analyses were
associated with less expected improvement. Limbs with a smaller
gait deviation index, more equinus, and more anterior pelvic tilt
tended to show less improvement in knee flexion, but these
relationships were not significant. The receipt of a patellar tendon
advancement/distal femoral extension osteotomy or a femoral
derotation osteotomy was also associated with significantly more
improvement in knee flexion.

4. Discussion

The multivariable linear regression model was able to predict,
with 73% accuracy, whether subjects with crouch gait would be
‘Improved’ or ‘Unimproved’ on their second gait analysis using
biomechanical variables and other subject characteristics. In
contrast, only 48% of the limbs had ‘Improved’ knee flexion on
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Fig. 2. Performance of the linear regression model. This figure shows the measured

improvement in mean stance knee flexion between gait analyses vs. the amount of

improvement predicted by the regression model for each limb. The solid black line

is the least squares fit to this data (R2 = 0.49). The horizontal and vertical dashed

lines indicate the 108 threshold for predicted and measured improvement. Note

that limbs were also classified as ‘Improved’ if they had a predicted or measured

mean stance knee flexion angle less than 188 on their second gait analysis. Solid

black circles indicate limbs that the regression model correctly classified as

‘Improved’. Open black circles indicate limbs whose measured improvement was

not detected by the regression model. Solid gray circles indicate limbs correctly

classified as ‘Unimproved’, while open gray circles indicate limbs that were

incorrectly classified as ‘Improved’.

Table 2
Specification of the linear regression model used to predict improvement in mean stance knee flexion.

First-Visit Variable Coefficient Normalized coefficient Robust standard errora p-Valueb

GoodHams (1/0) 6.62 3.28 0.045

GoodTibia (1/0) 6.18 3.03 0.043

GoodHams and GoodTibia (1/0) 7.52 3.39 0.016

Strength score [24] 1.28 1.88 0.604 0.035

Ipsilateral mean stance knee flexion (8) 0.898 10.0 0.108 0.001

Contralateral mean stance knee flexion (8) �0.235 �3.35 0.0639 0.001

Gait deviation index [29] �0.136 �1.43 0.105 0.194

Mean pelvic tilt (8) �0.213 �1.57 0.127 0.094

Knee Flex vel at toe-off (8/% gait cycle) 2.54 2.48 0.923 0.006

Mean stance ankle dorsiflexion (8) 0.137 1.88 0.0615 0.027

Prior Tendo-achilles lengthening (1/0) �3.04 1.67 0.069

Intervening patellar advance/femoral

extension osteotomy (1/0)

9.36 2.18 0.001

Intervening femoral derotation osteotomy (1/0) 3.87 1.62 0.018

Triplegic subtype (1/0) 5.36 2.05 0.010

Quadriplegic subtype (1/0) 6.11 2.20 0.006

Multiple qualifying visit pairs (1/0) �5.45 1.81 0.003

Constant �18.7 �7.4 10.1 0.066

a Robust standard errors, adjusted for the correlation between limbs from the same subject.
b p-Value from a Student’s t-test.
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their second gait analysis. This suggests that there are some
patients not receiving surgeries that might improve their crouch
gait and other patients receiving treatment despite a low
probability for improvement. Use of the regression model may
avoid this in some cases.

Each of the biomechanical variables – adequate hamstrings
lengths and velocities, normal tibial torsion, and muscle strength –
was associated with improvement in knee flexion, which lends
support to using gait analysis and biomechanical modeling to
understand gait pathology and plan treatment. We did not see a
large difference between having both ‘Good’ hamstrings function
and tibial torsion and having a ‘Good’ value for only one of these
variables. Subjects may be able to compensate for one of their
biomechanical contributors to crouch gait or there may be
diminishing returns for surgically correcting both contributors.
Given the positive relationship between muscle strength and
improvement in crouch gait, we suggest future research on the
benefits of pre-operative strength training. Our finding that prior
tendo-achilles surgery is associated with less improvement in
crouch gait supports earlier investigations that indicate a tendo-
achilles lengthening increases the risk of developing crouch gait
[27,28].

Receiving a femoral derotation osteotomy or patellar tendon
advancement/distal femoral extension osteotomy was associated
with significant improvement in crouch gait. The observed effect
corresponds to the amount of improvement expected when these
surgeries are prescribed using standard practice at Gillette. Future
research should elucidate and test biomechanical guidelines for
these procedures. Patients with crouch gait also frequently receive
foot stabilization surgeries and gastrocnemius lengthenings, but
the variables associated with these surgeries were not retained in
the backwards selection process, and thus did not have an
independent, significant impact on improvement in mean stance
knee flexion.

Crouch severity and overall level of involvement were both
associated with more expected improvement, since severe
subjects may have received more treatment or due to a ‘‘ceiling
effect’’ for milder subjects. In contrast, a lower gait deviation index
[29], more severe crouch on the contralateral side, and the
presence of other gait abnormalities was associated with less
improvement. These concomitant problems may make it more
difficult for subjects to recover from their crouch gait. Finally,
subjects with multiple qualifying gait analyses tended to show less
improvement, which was expected because this group of subjects,
by definition, had a recurring crouch gait.

With further validation, the regression model could be used to
aid clinical practice. Table 3 describes the characteristics of a
hypothetical subject with crouch gait. The subject has excess tibial
torsion and short and slow hamstrings. For the other predictive
variables, this subject has values close to the mean of the present
study’s subject pool. Based on this information, we would
recommend that the subject receive a tibial derotation osteotomy,
hamstrings lengthening, or both as a part of his treatment plan, to
achieve an expected 138 improvement in knee flexion. Without
these two additional surgeries, we expect only 6.58 improvement
based on the subject’s strength, crouch severity, the planned
femoral derotation osteotomy, and other characteristics, although
we caution that further, prospective testing is needed to validate
our regression model.

The regression model, which estimates the expected amount of
change in knee flexion, could also be used by clinicians to set
realistic expectations for the outcome of multi-level surgery given
a subject’s treatment plan, muscle strength, and other gait
problems. If the regression model predicts little or no improve-
ment for a patient, extensive surgical treatment may be contra-
indicated.

Interpretation of the regression model must be undertaken
with caution. For new subjects, cross-validation estimated that the
model would explain only 44% of the variance in our outcome
measure. Additionally, while we adjusted the standard errors to
account for the correlation between limbs from the same subject,
this approach may not fully correct for the lack of independence in
our subject pool, inflating the cross-validation prediction accuracy.
The p-values reported for the regression coefficients may be too
small, since backwards selection was used to formulate the
reduced model and no standard technique is available to correct
for the multiple statistical comparisons used in backwards
selection.

We did not penalize subjects for receiving an ‘unnecessary’
hamstrings lengthening or tibial derotation osteotomy. Receiving
an ‘unnecessary’ hamstrings lengthening can have a detrimental
effect on pelvic motion, but a similar negative effect on knee
kinematics has not been demonstrated [15]. Since surgeons adjust
the amount of correction to the severity of a subject’s tibial
deformity, we did not expect a tibial derotation osteotomy to have
a detrimental effect on knee kinematics in subjects whose pre-
operative tibial torsion was within our defined ‘‘normal’’ range.

We were only able to explain 49% of the variance in subjects’
improvement in knee flexion because there were many factors that
we could not measure accurately or at all. For example, manual
strength measures are an approximate assessment of a subject’s
muscle strength and the thigh foot angle is an approximation of a
subject’s tibial torsion angle [30]. There may have also been errors
in the other gait and physical exam measures. In addition, we were
unable to account for motor control, patient motivation, variability
in surgical technique, compliance with post-operative rehabilita-
tion, and potential recurrence of hamstrings tightness or tibial
mal-alignment.

In this study, we built and tested the first statistical model of its
kind to predict improvement in crouch gait using knowledge about
the biomechanical contributors to excess knee flexion. This
statistical model can help improve treatment outcomes by
identifying good candidates for common surgeries performed on

Table 3
Pre-operative data and predictions for a hypothetical subject with crouch gait

subject has excess tibial torsion and short and slow hamstrings at his first gait visit.

First-visit variable Coefficient Subject

value

D Expected

improvement

Strength score [24] 1.28 0.26 0.333

Ipsilateral mean stance knee flexion (8) 0.898 38.0 34.1

Contralateral mean stance

knee flexion (8)
�0.235 34.6 �8.13

Gait deviation index [29] �0.136 64.9 �8.83

Mean pelvic tilt (8) �0.213 15.7 �3.34

Knee flex vel at toe-off

(8/% gait cycle)

2.54 1.05 2.67

Mean stance ankle dorsiflexion (8) 0.137 10.7 1.47

Prior tendo-achilles lengthening (1/0) �3.04 YES �3.04

Planned patellar advance/femoral

extension osteotomy (1/0)a

9.36 NO 0

Planned femoral derotation

osteotomy (1/0)a

3.87 YES 3.87

Triplegic subtype (1/0) 5.36 NO 0

Quadriplegic subtype (1/0) 6.11 NO 6.11

Multiple qualifying visit pairs (1/0)b �5.45 NO 0

Constant �18.7 �18.7

Expected improvement without

hamstrings lengthening or TDO

�6.58

Expected improvement with

hamstrings lengthening and/or TDO

�138

a The clinical team has decided to perform a femoral derotation osteotomy for

this hypothetical subject, but not a patellar advance.
b This is the first time the patient has visited the gait lab exhibiting a moderate

crouch gait pattern.
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subjects with crouch gait, in particular hamstrings lengthenings
and tibial derotation osteotomies. The methods used to build the
regression model in this study could be used to develop similar
predictive models for other patient populations and gait
pathologies. For example, we are currently investigating a linear
regression model to predict improvement in overall gait
kinematics after multi-level surgery. As demonstrated here,
retrospective statistical analysis of patient data and biomechani-
cal modeling are powerful and complementary tools to improve
the treatment of movement disorders and make outcomes more
predictable.
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