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Characteristics associated with improved
knee extension after strength training for
individuals with cerebral palsy and crouch
gait
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Abstract. Muscle weakness may contribute to crouch gait in individuals with cerebral palsy, and some individuals participate
in strength training programs to improve crouch gait. Unfortunately, improvements in muscle strength and gait are inconsistent
after completing strength training programs. The purpose of this study was to examine changes in knee extensor strength and
knee extension angle during walking after strength training in individuals with cerebral palsy who walk in crouch gait and to
determine subject characteristics associated with these changes. A literature review was performed of studies published since
January 2000 that included strength training, three-dimensional motion analysis, and knee extensor strength measurements for
individuals with cerebral palsy. Three studies met these criteria and individual subject data was obtained from the authors for
thirty crouch gait subjects. Univariate regression analyses were performed to determine which of ten physical examination and
motor performance variables were associated with changes in strength and knee extension during gait. Change in knee extensor
strength ranged from a 25% decrease to a 215% increase, and change in minimum knee flexion angle during gait ranged from
an improvement of 9◦ more knee extension to 15◦ more knee flexion. Individuals without hamstring spasticity had greater
improvement in knee extension after strength training. Hamstring spasticity was associated with an undesired increase in knee
flexion during walking. Subject-specific factors such as hamstring spasticity may be useful for predicting which subjects will
benefit from strength training to improve crouch gait.
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1. Introduction
Crouch gait, a common movement pattern in individuals with cerebral palsy, is characterized by excessive knee flexion during the stance-phase of gait. There
∗ Corresponding author: Scott Delp, Clark Center, Room S-321,
318 Campus Drive, Stanford, CA 94305, USA. Tel.: +1 650 723
1230; Fax: +1 650 723 8544; E-mail: delp@stanford.edu.

are several proposed causes of crouch gait, including
contracted hamstrings, weak ankle plantarflexors, contracted hip flexors, impaired balance, general muscle
weakness, and foot malalignment [1]. If left untreated, crouch gait can lead to joint pain [2], bone deformities [3], and walking limitations [4,5]. Treatment
of crouch gait frequently involves orthopedic surgery.
Surgery can be effective in reducing excessive knee
flexion, correcting bony deformities, and improving
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ysis and a progressive resistance strength training program for subjects with crouch gait. Data from studies that met these criteria [17,22,23] were used to create a database of strength measurements and walking
kinematics before and after strength training. Regression analyses were performed to identify characteristics associated with gains in strength and improvement
in knee extension.
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2. Methods
To investigate the effects of strength training in individuals with cerebral palsy who walk with a crouch
gait, a literature search was performed for studies published since January 2000 that included (1) a progressive resistance strength training program, (2) a threedimensional motion analysis before and after strength
training, and (3) a goal of improved knee extension
for individuals who walked in a crouch gait. The time
period was chosen to increase the likelihood that individual data not included in the manuscript would be
retrievable. PubMED was used as the search database
in addition to scanning reference lists. A combination
of the following search terms was used: cerebral palsy
AND strength AND (training OR program). 58 articles were identified in the initial literature search that
had been published since January 2000 (Supplementary Fig. 1). Of these articles, 32 were review articles,
post-operative rehabilitation programs, or not strength
training programs for individuals with cerebral palsy.
Additionally, 23 articles were excluded that did not include three-dimensional motion analysis, knee extensor strength measurements, or a progressive resistance
strength training protocol.
Three studies [17,22,23] were identified that met all
criteria (Table 1). The first authors were contacted and
agreed to collaborate in this study. Subject information, physical exam measures, muscle strength data,
and gait kinematics were collected for all subjects in
each study. All studies were performed according to the
human subject research requirements at their respective
institutions. All data shared as part of this analysis was
de-identified.
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walking ability [6]. However, surgery does not correct
underlying muscle weakness.
Weakness of the extensor muscles in the lower extremity is present in many individuals with cerebral
palsy [7,8]. Weakness in individuals with a crouch gait
could compromise their ability to generate the muscle
forces required to produce an upright gait pattern. Muscles such as the gluteus maximus, vasti, gastrocnemius,
and soleus are major contributors to supporting bodyweight during crouch gait [9]; therefore, strengthening
these muscles could potentially improve an individual’s
ability to walk in a more upright posture.
There is conflicting evidence on the efficacy of
strength training in cerebral palsy. Individuals with
cerebral palsy can gain muscle strength after participation in strength training programs [10,11], but the
functional changes after a strength training program
are variable. Damiano et al. [12] observed improvement in knee extension at initial contact during walking
and increased stride length after strength training, and
Blundell et al. and Dodd et al. [13,14] demonstrated
an improvement in functional tests after strength training. Other studies have not found significant changes
in functional tests [15,16], or observed increased knee
flexion during gait in some subjects after strength training [17]. There is a lack of consensus regarding the
efficacy of strength training in individuals with cerebral
palsy [18–21], and it is unclear which muscles should
be strengthened in order to improve crouch gait.
It is challenging to characterize the efficacy of
strength training programs in individuals with cerebral
palsy because most studies include individuals with different gait patterns and levels of impairment. Furthermore, most studies only report average changes and do
not document individual outcomes. This makes it difficult to understand the variability in outcomes between
subjects and confounds efforts to determine which subjects benefit from strength training. Individuals with
cerebral palsy represent a heterogeneous population.
Strengthening may not be effective in all individuals
with crouch gait, and a better understanding of the
characteristics associated with improved strength and
function following strength training is needed.
The goals of this study were to: (1) examine the variability in outcomes after progressive resistance strength
training for individuals with cerebral palsy who walk
in a crouch gait, and (2) identify the subject characteristics associated with gains in strength and improved
knee extension during gait after strength training. To
achieve this goal a literature search was performed for
studies that combined three-dimensional motion anal-
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2.1. Subject selection
Individuals who walked in a crouch gait pattern were
selected from each study. Crouch gait was defined as
a minimum knee flexion angle greater than 10◦ during
stance. Thirty subjects met this criterion and were
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Table 1
Summary of crouch subjects and training programs for all studies
Age
(yrs)
8.1 ± 2.6

Height
(cm)
118 ± 13

Weight
(kg)
20.5 ± 4.8

Unger
(2006)

17

16.2 ± 1.4

158 ± 12

51.5 ± 9.5

Eek
(2006)

6

12.4 ± 1.6

145 ± 9

40.5 ± 9.2

30

13.7 ± 3.8

147 ± 20

42.4 ± 15.2

Damiano
(2009)

Total

2.2. Strength training programs

8 weeks (3 times/week)
Progressive resistance with weight machines & cuffs
Targeted hip and knee extensors
8 weeks (1–3 times/week)
Progressive resistance with weights & resistance bands
Full body
8 weeks (3 times/week)
Progressive resistance with weights & resistance bands
Targeted 4 muscle groups per child

strength was measured using an isokinetic strength assessment at 30◦ /s [17] or an isometric strength assessment using a dynamometer [22,23]. Change in knee
extensor strength was calculated as the percent change
in maximum knee extensor torque after strength training. Change in minimum knee flexion angle was calculated from kinematics obtained from three-dimensional
motion analysis.
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included in the study (Table 1). The subjects included
14 who had a mild crouch with a minimum knee flexion
angle less than 20◦ , 12 who had a moderate crouch
gait with a minimum knee flexion angle between 20◦
and 30◦ , and 3 who had a minimum knee flexion angle
greater than 30◦ . The average minimum knee flexion
angle during stance was 20◦ . GMFCS levels were
available for two of the studies [17,22] and the crouch
gait subjects included 3 GMFCS Level I, 6 GMFCS
Level II, and 4 GMFCS Level III. All studies excluded
subjects that had surgery within 12 months prior to the
study.

Training program

Y

Number of
crouch subjects
7

OP

Study
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The studies consisted of 8-week progressive resistance strength training programs, including both home
and therapist-supervised training sessions, and targeted
a range of muscle groups. The subjects in the program
reported by Damiano et al. [17] were younger than the
other two studies and participated in a program targeting the hip and knee extensors in therapist-supervised
sessions three times per week. Unger et al. [23] organized a school-based circuit strength training program
that subjects completed one to three times per week.
Eek et al. [22] designed individualized strength training programs that targeted four lower-extremity muscle
groups that subjects completed three times per week
(twice at home and once at a physiotherapy clinic).
Detailed information on each study is provided in the
original publications.
2.3. Outcome measures
Since the focus of this study was on individuals with
a crouch gait, change in knee extensor strength and
change in minimum knee flexion angle during stance
after strength training were examined. Knee extensor

2.4. Subject-specific characteristics

Ten subject characteristics were selected based upon
literature and clinical experience that could be associated with changes in knee extensor strength and knee
extension during gait. These included: (1) hamstring
spasticity, (2) popliteal angle, (3) knee flexion angle at
initial contact, (4) minimum knee flexion angle during
stance, (5) quadriceps strength, (6) age, (7) height, (8)
weight, (9) walking speed, and (10) Gross Motor Function Classification System (GMFCS) level. All characteristics were measured before the strength training
program.
Hamstring spasticity, popliteal angle, and GMFCS
level were only available for the subjects in studies by
Damiano et al. [17] and Eek et al. [22]. Hamstring
spasticity was included as a binary variable with an
Ashworth score  2 indicating hamstring spasticity.
2.5. Regression analyses
Univariate linear regression analyses were performed between each of the 10 subject-specific characteristics and the two outcome measures, (1) change in
knee extensor strength and (2) change in minimum knee
flexion angle during stance, to determine which characteristics had the strongest association with each outcome measure. A random effect term for “study” was
also included in each model to account for between-
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3. Results

flexion, had an average change of 10◦ more knee flexion. After the strength training program, the subjects
with the best outcomes achieved knee extension within
normal limits in late stance.
There was a significant association between change
in minimum knee flexion angle and change in minimum
hip flexion angle (slope = 0.59, p = 0.001), suggesting
that individuals with improved knee extension also had
improved hip extension after strength training. There
was no association between change in knee flexion angle and change in maximum dorsiflexion angle during
stance. Average hip flexion angle and ankle dorsiflexion angle did not change significantly after strength
training for the group (Fig. 2A), but the inter-subject
variability was similar to the variability in change in
knee flexion angle.
Hamstring spasticity was associated with change in
minimum knee flexion angle after strength training (Table 2). No subject with an Ashworth Score  2 had an
improvement in knee flexion angle after strength training (Fig. 3A). Individuals with a hamstring Ashworth
score of 1 had an average improvement of 3◦ more knee
extension, and 4 out of 6 of these subjects showed improved knee extension after the strength training program. The association between hamstring spasticity
and change in knee flexion angle was maintained after controlling for age, height, and weight. Walking
speed recorded before the strength training program
was also associated with change in minimum knee flexion angle (p = 0.02); individuals who walked faster
were more likely to have improved knee extension after the strength training program (Fig. 3B). However,
when included in a multi-regression analysis with hamstring spasticity, walking speed did not add additional
information to the model and was no longer significant.
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study variation [24]. No corrections were made for
multiple comparisons [25]. To compare the relative effects of the characteristics, we performed a multivariate
linear regression analysis that included all the characteristics with a significant association for each outcome
measure (p < 0.05). Significant associations were also checked for confounding effects of age, height, and
weight. All statistics were performed using R, a statistical analysis package (www.r-project.org/index.html).
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Fig. 1. Histograms of (A) percent change in knee extensor strength and (B) change in minimum knee flexion angle during gait after completing
a strength training program. Subjects from each of the three studies are shown separately – Damiano (white), Eek (gray), and Unger (black). A
negative change in minimum knee flexion angle indicates a more upright posture, or a positive outcome, after strength training. Note that in all
three studies the outcomes were variable between subjects.
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The 30 crouch gait subjects had variable changes
in knee extensor strength and minimum knee flexion
angle during gait after completing a strength training
program. The average change in knee extensor strength
was a 23% increase; however, the range varied from
a 25% decrease to a 215% increase (Fig. 1A). The
average change in minimum knee flexion angle after
strength training for the group was 0◦ ; however, the
range varied from an improvement of 9◦ more knee
extension to a deterioration of 15◦ more knee flexion
(Fig. 1B).
Although the average knee kinematics of the group
suggest that the strength training program had no effect
on knee kinematics (Fig. 2A), examining the changes
in knee flexion for the subjects with the best and worst
outcomes demonstrates that some subjects had substantial improvements (Fig. 2B), while others had deterioration after completing the strength training program
(Fig. 2C). For example, the top ten percent of subjects
had an average improvement of 9◦ more knee extension during stance, whereas the bottom ten percent of
subjects, with the greatest increase in minimum knee
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Table 2
Results of regression analyses
Strength
Change in knee extensor strength
Coeff
S.E.
p-value
0.13
0.1
0.21
−0.01
0.005
0.11
0.005
0.006
0.43
−0.002
0.01
0.77
−2.83
0.79
0.11
−0.02
0.03
0.45
<0.001
<0.001
0.99
<0.002
0.01
0.52
0.01
0.57
0.99
0.03
0.13
0.79

Y

Hamstring spasticity∗∗
Popliteal angle∗∗ (deg)
KFA at initial contact (deg)
Min KFA (deg)
Knee extensor strength (Nm/kg)
Age (yr)
Height (cm)
Weight (kg)
Walking speed/height (s−1 )
GMFCS level∗∗

Kinematics
Change in min knee flexion angle (KFA)
Coeff
S.E.
p-value
p-adj*
8.51
3.06
0.02
0.006
−0.14
0.15
0.36
0.12
0.08
0.12
−0.05
0.12
0.66
6.43
21.2
0.76
−0.35
0.28
0.22
−0.08
0.05
0.13
−0.07
0.07
0.35
−16.7
6.95
0.02
0.02
2.51
2.62
0.36
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p < 0.05.
Each regression analysis included a random effects term, “study”, as a covariate.
Coeff, Regression coefficient; S.E., Standard Error; GMFCS, Gross Motor Function Classification System.
∗ Adjusted for age, height, and weight.
∗∗ Data available for subjects from studies by Damiano and Eek.

(A) All subjects

(B) Best subjects (N=3)

(C) Worst subjects (N=3)

Fig. 2. Average hip, knee, and ankle flexion angles for (A) all subjects, (B) the three subjects with the largest increase in knee extension (best
outcomes), and (C) the three subjects with the largest increase in knee flexion (worst outcomes) before and after completing strength training
program. Note that although there was no significant change in knee flexion for the group as a whole, there were subsets of subjects with
significant positive and negative changes.
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4. Discussion

effects of excessive muscle activity during gait. Future studies should incorporate more quantitative spasticity measurements and evaluate spasticity of multiple
muscle groups before and after strength training.
No significant associations were found between
the subject characteristics and change in quadriceps
strength. The lack of associations may be confounded by the different methods used for measuring knee
extensor strength between studies. Not all subjects included in this analysis increased quadriceps strength
after completing a strength training program; therefore, future studies to explain the variability in changes
in strength between subjects would be valuable. Other factors such as selective motor control, hip range
of motion, or rotational deformities may contribute to
variability in change in knee extensor strength.
The change in knee flexion angle after strength training was significantly correlated with change in hip flexion angle but not with change in ankle dorsiflexion angle. The individuals included in this study walked with
varying degrees of ankle dorsiflexion during stance,
which likely contributed to the lack of correlation between change in knee and ankle angle. Eight of the
thirty individuals included in this study had a maximum
ankle dorsiflexion angle during stance of less than 5
degrees. Testing to see if the outcomes or regression
models were different for those individuals who walked
with reduced dorsiflexion during stance showed no significant differences. Future studies that examine differences between subgroups of crouch gait could further
improve the ability of clinicians to determine optimal
treatments for each subject.
Strength training programs designed for individuals
who walk in a crouch gait, including those in this analysis, have focused on strengthening the hip and knee
extensors. However, weakness of these muscle groups
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Walking speed was correlated with hamstring spasticity (r2 = −0.55), indicating that individuals with hamstring spasticity tended to walk slower.
There were no significant associations between the
subject characteristics and percent change in knee extensor strength (Table 2). There was also no relationship between the change in minimum knee flexion angle and change in knee extensor strength (r2 = 0.0).

OP

Fig. 3. Hamstring spasticity (A) and walking speed (B) were associated with change in minimum knee flexion angle (KFA) during stance with a
p-value < 0.05.
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Individuals with cerebral palsy who walk in a crouch
gait have inconsistent outcomes after strength training.
Although the majority of subjects had an increase in
knee extensor strength, the change in knee extension
during gait was variable. Some individuals had an
improvement in knee extension during gait that was
comparable to outcomes after orthopedic surgery [26];
however, other subjects with crouch gait walked with
greater knee flexion after strength training. Determining which subjects will improve knee extension after
strength training is necessary to determine who should
participate in these programs.
Hamstring spasticity was associated with more knee
flexion after strength training. Strength training in subjects with hamstring spasticity to improve crouch gait
is not supported by this analysis. However, from the
small sample included in this study, it does not appear
that strength training exacerbated spasticity. The Ashworth score for the hamstrings changed for only two
subjects after strength training; one subject had a lower Ashworth score and another had a higher Ashworth
score. The association between hamstring spasticity
and increased knee flexion after strength training may
be a result of increased muscle strength amplifying the
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come. Some subjects benefit from progressive resistance strength training, but it is unlikely that strengthening is the ideal therapy for all subjects. Methods that determine which subjects are unlikely to respond well can
save resources of patients, clinicians, and caregivers.
Understanding how characteristics such as spasticity
and changes in muscle strength affect functional outcomes are important areas for future research to inform
the design of optimal, subject-specific treatments.
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may not be a primary cause of crouch gait. During
normal gait, the vasti and gluteus maximus support the
body weight in early stance and the ankle plantarflexors support the body weight in terminal stance [27]. In
crouch gait, the knee extensor moment during stance
is larger, which requires higher forces to be generated
by the knee extensors. These larger loads may lead to
patellar fracture or patella alta [28–30]. Since walking
in an erect gait requires less strength than walking in
a crouch gait, strengthening of the knee extensors may
not correct crouch gait in some subjects.
In contrast, ankle plantarflexor weakness is commonly cited as a potential cause of crouch gait [1]. Engsberg et al. (2006) examined the effects of strengthening
the ankle plantarflexors and reported an improvement
in knee flexion during stance, although the study was
not specific to individuals with crouch gait [31]. Identifying the primary cause of crouch gait in each individual would improve the ability of clinicians to target
the correct muscles for strength training programs or
other treatment strategies.
The limited number of subjects and combination of
outcomes from three centers limits the power of this
analysis. No corrections were made for multiple comparisons, which increases the probability of Type I errors in this statistical analysis. This analysis also combined data from three independent studies performed
according to different protocols at different institutions.
The change in knee flexion angle and percent change
in knee extensor strength were similar in magnitude at
all three institutions, and all three studies had variable
outcomes between subjects. The limited number of
subjects also limited the number of subject characteristics that could be included in this analysis. Additionally, other factors that were not included in the original
studies, such as selective motor control, range of motion, and spasticity in other muscle groups, could be
important predictors of outcomes after strength training. There may also be benefits of strength training
programs that are not captured by the outcome measures included in this analysis, such as increased physical activity, improved cardiovascular health, and enhanced self-image [32]. The Ashworth score was used
by the studies included in this analysis to measure hamstring spasticity; however, more quantitative measures
of spasticity are desirable. Due to these limitations,
future studies are required to test the generalizability of
the results.
The goal of strength training studies in individuals
with cerebral palsy should be to identify those subjects with the greatest likelihood for a positive out-
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