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Abstract

Many children with cerebral palsy walk in a crouch gait that progressively worsens over time, decreasing walking efficiency and leading

to joint degeneration. This study examined the effect of crouched postures on the capacity of muscles to extend the hip and knee joints

and the joint flexions induced by gravity during the single-limb stance phase of gait. We first characterized representative mild, moderate,

and severe crouch gait kinematics based on a large group of subjects with cerebral palsy (N ¼ 316). We then used a three-dimensional

model of the musculoskeletal system and its associated equations of motion to determine the effect of these crouched gait postures on

(1) the capacity of individual muscles to extend the hip and knee joints, which we defined as the angular accelerations of the joints,

towards extension, that resulted from applying a 1N muscle force to the model, and (2) the angular acceleration of the joints induced by

gravity. Our analysis showed that the capacities of almost all the major hip and knee extensors were markedly reduced in a crouched gait

posture, with the exception of the hamstrings muscle group, whose extension capacity was maintained in a crouched posture. Crouch gait

also increased the flexion accelerations induced by gravity at the hip and knee throughout single-limb stance. These findings help explain

the increased energy requirements and progressive nature of crouch gait in patients with cerebral palsy.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Crouch gait, one of the most common gait pathologies in
patients with cerebral palsy (Wren et al., 2005), is
characterized by increased knee flexion throughout stance
phase and, frequently, increased hip flexion and internal
rotation. Walking with a crouch gait increases the energy
costs of walking (Campbell and Ball, 1978; Waters and
Lunsford, 1985; Rose et al., 1990) and can lead to joint
pain and degeneration (Rosenthal and Levine, 1977;
Lloyd-Roberts et al., 1985; Bleck, 1987). Further, without
intervention, crouch gait typically worsens over time
(Sutherland and Cooper, 1978; Bell et al., 2002). A host
of possible factors have been linked to the development of
e front matter r 2008 Elsevier Ltd. All rights reserved.
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crouch gait, including muscle tightness, weakness, and
spasticity (Hoffinger et al., 1993; McNee et al., 2004;
Arnold et al., 2005), skeletal deformities (Gage and
Schwartz, 2001), and motor control deficits (Gage and
Schwartz, 2004). Treatments to improve crouch gait show
varying success.
Determining the cause of progressive crouch gait and the

appropriate corrective treatment is difficult because the
motions generated by muscle forces during crouch gait are
not clearly understood. The musculoskeletal system is a
complex, multi-joint linkage and, through dynamic cou-
pling, muscles are able to accelerate joints that they do not
cross (Zajac and Gordon, 1989; Kepple et al., 1997; Riley
and Kerrigan, 1999; Arnold et al., 2005; Kimmel and
Schwartz, 2006). Bi-articular muscles may have non-
intuitive functions as a result of this dynamic coupling.
For example, forces generated by the hamstrings muscle
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group may produce a knee flexion acceleration through the
muscles’ knee flexion moment and may generate knee
extension acceleration through the muscles’ hip extension
moment (Arnold et al., 2005). Since the joint accelerations
that result from a muscle force depend on the relative
orientation of the segments of the body, crouched gait
postures may reduce the capacity of a muscle to extend the
hip or knee (i.e., the joint extension acceleration generated
by a 1N muscle force may decrease).

A link between crouched gait postures and the capacity
of muscles to extend the hip and knee has several clinical
implications. If a crouched posture significantly reduces the
capacity of muscles to extend the hip or knee joints,
individuals may be required to exert more muscle force to
maintain a crouched posture. Crouch gait may also alter
the accelerations of the hip and knee joints that are induced
by gravity, further increasing muscle force requirements.
Crouch-related changes in muscle extension capacities may
help explain differences in muscle activation when walking
with a crouch gait (Thomas et al., 1996). For example,
muscles that maintain their extension capacity during
crouch gait may be favored over muscles with diminished
extension capacities. Determining how increasingly severe
crouched postures affect the accelerations produced by
muscles may help us better understand the progressive
nature of crouch gait (Sutherland and Cooper, 1978).

The purpose of this study was to determine how
crouched postures affect the capacity of muscles to extend
the hip and knee joints during the single-limb stance phase
of gait. We defined a muscle’s extension capacity at the hip
or knee joint as the angular acceleration, towards exten-
sion, that results from applying a 1N muscle force to the
body along the muscle’s line of action. The muscle’s
extension capacity, as we define it, depends solely on the
orientation and inertial properties of the body segments
and is thus independent of a muscle’s activation level or
force-generating capacity. Individuals with crouch gait
may have reduced moment-generating capacity of the hip
and knee extensors as a result of skeletal deformities,
impaired motor control, muscle atrophy, or if muscles
operate in suboptimal regions of their force–length curves.
However, in this study we examined only the posture-
related changes in a muscle’s extension capacity. Since
experimentally isolating the effects of a crouched gait
posture on muscle extension capacities is difficult, we used
musculoskeletal modeling and a dynamic analysis. We first
characterized representative crouch gait kinematics, from
mild to severe, based on a large database of patients with
cerebral palsy. We then determined the effect of these
representative crouched postures on the capacity of
muscles to extend the hip and knee joints during single-
limb stance.
2. Methods

Representative mild, moderate, and severe crouch gait kinematics were

formulated using a database of subjects with cerebral palsy, age 6 or older,
who visited the Center for Gait and Motion Analysis at Gillette Children’s

Specialty Healthcare, St. Paul, MN. Human subjects approval

was obtained from the institutional review boards at Gillette Children’s

Specialty Healthcare and Stanford University. A standard clinical

protocol was used to place and track the 3D motion of markers

on the lower extremity (Davis et al., 1991) and calculate joint angles

(Kadaba et al., 1990). All joint angles were normalized to a percent of the

gait cycle. Left and right subject sides were analyzed independently. To be

included in the study, subjects had to walk with crouch gait, which was

defined as a knee flexion angle of at least 201 at initial contact and greater

than 151 throughout stance phase, which is approximately 2 SD above

normal (Arnold et al., 2006). We did not control for age, surgical history,

or level of impairment in order to obtain a general characterization of

crouch gait. Subjects with an equinus gait pattern were eliminated from

the crouch group by excluding subjects whose average foot–floor angle

during single-limb stance deviated more than 101 from normal toward

equinus.

The subjects were divided into three groups based on crouch severity.

Mild crouch subjects had between 201 and 301 of knee flexion at initial

contact (N ¼ 89), moderate crouch subjects between 301 and 401

(N ¼ 127), and severe crouch subjects more than 401 (N ¼ 100). Average

joint angles for each group were calculated over the entire gait cycle. A

comparison set of normal kinematics was determined by averaging gait

data for a group of 83 able-bodied children walking at self-selected speed,

also collected at Gillette Children’s Specialty Healthcare. Two-sample

t-tests were used to compare the joint angles, averaged over the entire gait

cycle, between the three crouch groups and normal.

The three-dimensional musculoskeletal model used in our analysis

(Fig. 1) had 10 segments and 13 degrees of freedom (Delp et al., 1990). The

model had a combined head, trunk, and arms segment, a pelvis segment,

and a right and left femur, patella, tibia, and foot. The combined upper

body segment articulated with the pelvis via a ball and socket joint. The

hip joint was modeled as a ball and socket, the articulations of the femur,

patella and tibia were modeled as a modified planar joint with one degree

of freedom, and the ankle was modeled as a hinge joint. Each of the

model’s 92 muscle paths was represented by an origin, insertion, and

appropriate wrapping and via points (Delp et al., 1990; Arnold et al., 2000;

Anderson and Pandy, 2001). The model’s equations of motion were

derived using the SIMM Dynamics Pipeline (Delp and Loan, 2000) and

SD/Fast (Parametric Technologies, Needham, MA).

To quantify the effect of crouch gait on the extension capacity of

muscles and the action of gravity at the hip and knee, we used an induced

acceleration analysis (Zajac and Gordon, 1989). We positioned the

musculoskeletal model with the averaged gait kinematics for each of the

four groups—normal, mild crouch, moderate crouch, and severe crouch

(Fig. 1) during the single-limb stance phase (14–50%). For each muscle

path in the model, at every 2% of single-limb stance, a 1N muscle force

and the corresponding ground reaction force were applied to the model, in

isolation. The resulting angular accelerations of the hip and knee joints

were then calculated using the model’s equations of motion. These

accelerations represent the capacity of each muscle to extend the hip and

knee joints per unit force, for each position of single-limb stance. For

muscles represented by more than one path, extension capacities were

calculated by taking a weighted average based on the maximum isometric

force of each component. To determine the hip and knee angular

accelerations induced by gravity throughout single-limb stance, we applied

a gravitational force to the center of mass of each model segment as well as

the corresponding ground reaction force at the foot.

We used an optimization approach (Anderson and Pandy, 2003)

to calculate the ground reaction force corresponding to an individual

unit muscle force or gravity. A set of five contact points were distri-

buted on the sole of the stance foot. After applying a 1N muscle force or

gravity, we determined the force needed at each contact point to maintain

zero acceleration of the foot. A sequential quadratic programming

algorithm (CFSQP, AEM Design, Tucker, GA) was used to solve for

the distribution of forces that minimized the sum of squared forces at the

five contact points while maintaining rigid contact between the foot and

the ground.



ARTICLE IN PRESS

Fig. 1. The 3D musculoskeletal model in poses corresponding to single-limb stance (14–50% of the gait cycle) for normal gait (A) and severe crouch gait

(B). The musculoskeletal model has 10 segments, 13 degrees of freedom, and 92 muscle paths. Although an upper body segment was included in our

analysis of crouch gait, it is omitted from the figure. We assumed normal trunk kinematics in the crouch groups since upper body motion data was not

available for most subjects with crouch gait.
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3. Results

The crouch gait subjects had significantly larger knee
flexion angles than normal during stance, by definition
(Fig. 2C). Subjects in each crouch group also had larger hip
flexion (Fig. 2B) and internal rotation (Fig. 2E) than
normal, when averaged over the gait cycle (po0.05). Our
elimination of subjects with an equinus gait pattern
resulted in progressively greater dorsiflexion (po0.05) in
each crouch group (Fig. 2D). Subjects with crouch gait also
tended to walk with more anterior pelvic tilt and external
foot progression than normal, although group differences
were not significant (Fig. 2A and F). The full kinematics
profiles for each group and videos of animated models are
available as an online supplement (Appendix A).

Crouched gait postures reduced the capacity of muscles
in our model to generate extension accelerations at the hip
and knee. The gluteus maximus, posterior gluteus medius,
vasti, and soleus all had a substantial capacity to extend
the hip and knee joints during normal single-limb stance
(Fig. 3). With crouch gait, the capacities of all of these
muscles to extend the joints were markedly reduced. At the
hip, the extension capacities of posterior gluteus medius,
soleus, and vasti were all less than 50% of normal, for a
severe crouch (Fig. 3A). At the knee, the capacities of
soleus, vasti, and gluteus maximus were less than 50% of
normal while the posterior gluteus medius lost nearly all
knee extension capacity with severe crouch (Fig. 3B). The
rectus femoris had a knee extension capacity in normal
gait, which was completely lost with severe crouch
(Fig. 3B). The effect of crouch gait on the extension
capacities of these muscles was consistent throughout
single-limb stance. The effect of crouch gait on the capacity
of all muscles in the model to extend the hip and knee is
available as an online supplement (Appendix A).
In normal gait, the hamstrings in our model had a large

hip extension capacity and a small knee extension capacity
(Fig. 4). With crouch gait, at the hip, we observed an
increase in the extension capacity of the hamstrings,
especially in the second half of single-limb stance. At the
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Fig. 2. Average joint kinematics for normal and crouch gait. The gray line and bands show the mean values71 SD for a group of 83 able-bodied children

walking at self-selected speed. The black solid and dashed lines show mean kinematics for subjects with cerebral palsy who walked in a crouch gait,

classified as mild (N ¼ 89), moderate (N ¼ 127), or severe (N ¼ 100) based on knee flexion angle at initial contact. All angles are in degrees. The three

crouch groups had significantly greater than normal hip flexion (B), knee flexion (C), ankle dorsiflexion (D), and internal hip rotation (E) when averaged

over the gait cycle (po0.05). Anterior pelvic tilt (A) and external foot progression (F) tended to be larger in the crouch groups, but were not significantly

different from normal.
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knee, there was a slight decrease in the extension capacity
of hamstrings in early stance with crouch gait, while in late
single-limb stance there was an increase.

Crouch gait also influenced some of the hip and knee
flexor muscles. At the hip joint, crouch gait had little effect
on the psoas, but increased the capacity of both rectus
femoris and tensor fascia latae to generate flexion acce-
lerations at the hip (Fig. 3A). At the knee joint, the tensor
fascia latae showed a slight increase in flexion capacity with
crouch gait, while the psoas showed a decrease in flexion
capacity (Fig. 3B).

In normal gait, gravity accelerated the hip towards
flexion in the first half of single-limb stance and towards
extension in the second half (Fig. 5A). Gravity acted to flex
the knee throughout normal single-limb stance, with a
decreasing magnitude as stance progressed (Fig. 5B). In
crouch gait, gravity instead had a flexion action at both
joints, throughout single-limb stance, increasing the
demands on muscles.

4. Discussion

This study examined the effect of crouched gait postures
on the capacity of muscles to generate extension accelera-
tions at the hip and knee during single-limb stance. We
found that a crouched posture, which changes the relative
orientation of the body segments and thus alters dynamic
coupling between joints, led to major reductions in the
hip and knee extension accelerations generated by
several important stance-phase muscles. Gluteus maximus,
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Fig. 3. The effect of crouch gait on the capacity of muscles to extend the hip (A) and knee (B). Each bar graph shows the capacity of the major leg muscles

to accelerate the hip and knee joints per 1N muscle force, averaged over the single-limb stance period, for normal and crouch gait. Darker shades of gray

represent more severe crouch. Extension capacities are positive. The muscles shown include gluteus maximus (GMAX), hamstrings (HAMS), the posterior

compartment of gluteus medius (GMEDP), vasti (VAS), soleus (SOL), gastrocnemius (GAS), rectus femoris (RF), tensor fascia latae (TFL), and psoas

(PSOAS). Results for the other muscles in the model are available as an online supplement (Appendix A).
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posterior gluteus medius, vasti, and soleus all showed
reduced extension capacities for mild, moderate, and severe
crouch gait—reductions that are independent of muscle
activation and the physiological ability of the muscle to
generate force.

In a crouched posture, the joint flexion accelerations
induced by gravity increase and the capacity of muscles to
generate joint extension accelerations decrease, so an
individual in a crouch gait must generate more muscle
force to maintain a crouched posture. This increase in
required muscle force is consistent with experimental
studies that show greater muscle activity in flexed postures
(Hsu et al., 1993) and reports of increased energy
expenditure for crouch gait (Rose et al., 1990; Waters
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and Mulroy, 1999). Larger muscle forces also increase joint
loading, a likely contributor to knee abnormalities, like
patella alta, observed in patients who walk with crouch gait
for extended time periods (Rosenthal and Levine, 1977;
Lloyd-Roberts et al., 1985). The progressive reduction in
muscle extension capacities with increasing crouch severity
suggests that subjects may enter a downward cycle once
they start to develop crouch, as observed in clinical settings
(Sutherland and Cooper, 1978; Bell et al., 2002).
Extended hamstrings activation into mid- and late-

stance is commonly observed in individuals with crouch
gait (Hoffinger et al., 1993). While this hamstrings over-
activity is believed to cause the excess knee flexion asso-
ciated with crouch gait, the results of our analysis suggest
that, for some patients, increased hamstrings activation
during single-limb stance may instead be a compensation
for crouch gait. Patients walking in a crouched posture
may increase activation of the hamstrings during single
support since the capacity of this muscle group to
accelerate the hip and knee toward extension is maintained
in crouched postures. Over time, this hamstrings over-
activity would likely lead to muscle remodeling and
tightness, further feeding the downward cycle of crouch
gait. We emphasize that the change in joint extension
capacities with crouched gait postures is only one possible
component of the set of factors that may lead to pro-
gressively worsening crouch gait. Muscle weakness and
spasticity, joint contractures, bony deformities, and motor
control deficits, in addition to changes in muscle extension
capacities that result from a crouched posture, are all
interacting factors that may contribute to crouch gait.
More investigation is needed to determine why patients
initially develop a crouch gait pattern, despite its detri-
mental effect on the capacity of muscles to extend the
joints.
We previously demonstrated that excess tibial torsion, a

common skeletal deformity in patients with crouch gait,
reduces the capacity of the soleus and gluteal muscles to
extend the hip and knee at body positions corresponding to
the single-limb stance phase of normal gait (Hicks et al.,
2007). The impact of a tibial deformity when walking in a
crouched posture has not been determined. Using our
previously developed technique to simulate torsional bone
deformities, we created a set of musculoskeletal models
with a range of tibial torsion angles and positioned each of
these deformed models with moderate crouch gait single-
limb stance kinematics. We determined the additional
reduction in average muscle extension capacities during
single-limb stance as a result of tibial torsion and compared
these results to the trends observed with normal gait. Tibial
torsion had a similar effect for both normal and moderate
crouch gait, reducing the hip and knee extension accelera-
tions generated by several important stance-phase muscles,
particularly the gluteal muscles and soleus (Fig. 6). These
findings suggest that tibial deformities may be problematic
in subjects with crouch gait, as their muscle extension
capacities are already substantially reduced.
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Fig. 6. The effect of tibial torsion on the capacity of muscles to extend the

hip (A) and knee (B) in normal and moderate crouch gait during single-

limb stance. The muscles shown, including gluteus maximus (GMAX), the

posterior compartment of gluteus medius (GMEDP), and soleus (SOL),

are the stance-phase extensor muscles that are substantially affected by

tibial torsion (Hicks et al., 2007). The solid white bars show the average

extension capacity during normal single-limb stance for each muscle in a

model with 01, 301, and 601 of tibial torsion. The grey bars show the

average extension capacity during moderate crouch gait single-limb

stance, for a model with 01, 301, and 601 of tibial torsion.
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Although the gait kinematics of subjects within each
crouch group were generally consistent, the walking
patterns of individuals with crouch gait can be variable.
For example, the crouch subjects exhibited mean anterior
pelvic tilt angles ranging from approximately 01 to 301. To
test the sensitivity of our results to pelvic tilt, we further
divided each crouch severity group into mild, moderate,
and severe anterior pelvic tilt groups, creating nine sets of
averaged crouch gait kinematics. At each crouch severity
level, increasing the amount of pelvic tilt led to a further
decrease in muscle extension capacities. Hence, for a given
crouch severity, a subject with severe anterior pelvic tilt
may have larger reductions in extension capacity than a
subject with pelvic kinematics closer to normal. We also
assumed normal trunk kinematics in our analysis, which
may not accurately represent the commonly observed
forward trunk lean in patients with crouch gait. We tested
adding an artificial forward lean to the crouch gait
kinematics, which did not substantially change the results.
In this study, we only analyzed the capacity of a muscle

to generate extension accelerations at the hip or knee. The
actual angular acceleration induced by a particular muscle
also depends on the muscle’s activation level and physio-
logical ability to generate force. For the bi-articular
muscles like hamstrings and rectus femoris, our calcula-
tions are sensitive to the ratio of the muscles’ moment arms
at the hip and knee, so the results for these muscles must be
interpreted with the caution that these ratios may vary
from subject to subject.
Our analysis was limited to the single-limb stance phase

of gait, since obtaining a continuous estimate of the ground
reaction force component for each muscle required that the
foot had zero acceleration (i.e., was in rigid contact with
the ground). However, the single-limb support phase is of
particular clinical importance, since the generation of
excess knee flexion accelerations during single support is
thought to be one of the major contributors to crouch gait.
Further research is warranted to investigate how a
crouched posture may affect muscles in terminal swing
and early stance, thus altering the initial conditions for
single support.
We have demonstrated that crouch gait reduces the

capacity of several important stance-phase muscles to
extend the hip and knee joints. As a consequence, muscles
must work harder to maintain a given limb position, which
helps to explain the increase in energy expenditure when
walking in a crouched posture. The negative impact of this
pathological gait pattern increases with worsening crouch
severity, which suggests that crouch gait is a downward
cycle, a commonly observed clinical phenomenon. More
optimistically, the findings of this study suggest that small
improvements in gait posture, as a result of physical
therapy or surgery, may help to reverse this process. For
example, if correcting a patient’s tibial alignment leads to a
small improvement in the capacity of the subject’s muscles
to extend the joints, it may lead to a more erect posture,
and thus further improvement in muscle extension capa-
cities, perhaps reversing the downward cycle. In addition,
the dynamic analysis used in this study could be adapted
to analyze the gait kinematics and bone geometry of
individual patients. Such quantitative analyses may help
to identify candidates who would benefit from targeted
strength training or from surgery to correct bony
malalignment.
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