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Summary: Crouch gait, one of the most common movement abnormalities among children with cerebral palsy,
is characterized by persistent flexion of the knee during the stance phase. Short hamstrings are thought to be
the cause of crouch gait; thus, crouch gait is often treated by surgical lengthening of the hamstrings. In this
study, a graphics-based model of the lower extremity was used in conjunction with three-dimensional kine-
matic data obtained from gait analysis to estimate the lengths of the hamstrings and psoas muscles during
normal and crouch gaits. Only three of 14 subjects with crouch gait (four of 20 limbs with knee flexion of 20°
or more throughout stance) had hamstrings that were shorter than normal by more than 1 SD during walking.
Most (80%) of the subjects with crouch gait had hamstrings of normal length or longer, despite persistent
knee flexion during stance. This occurred because the excessive knee flexion was typically accompanied by
excessive hip flexion throughout the gait cycle. All of the subjects with crouch gait had a psoas that was shorter
than normal by more than 1 SD during walking. These results emphasize the need to consider the geometry

and kinematics of multiple joints before performing surgical procedures aimed at correcting crouch gait.

Crouch gait is one of the most common movement
abnormalities among children with cerebral palsy. Al-
though crouch gait is characterized primarily by per-
sistent flexion of the knee during stance, children who
walk with a crouch often exhibit exaggerated flexion,
adduction, and internal rotation of the hip in addition
to excessive knee flexion.

Tight hamstrings due to muscle spasticity or static
contracture are reputed to be the cause of crouch gait;
thus, persistent crouch is often treated by surgical
lengthening of the hamstrings. Although a hamstrings
lengthening procedure usually decreases stance phase
knee flexion, it can lead to other problems, such as
decreased knee flexion during swing or increased hip
flexion during stance (1,2,6,7,10,16,17). In an attempt
to avoid such complications, it is now common prac-
tice for surgeons to perform additional procedures,
such as a rectus femoris transfer or iliopsoas length-
ening, in conjunction with hamstrings lengthening
(5,8,12).

The complications that can result from lengthening
the hamstrings, as well as the difficulties involved in
planning and subsequently evaluating concomitant
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procedures, have motivated us to better understand
the causes of crouch gait and the methods by which
surgical decisions are made. At present, a patient is a
candidate for hamstrings lengthening if one limb ex-
hibits persistent knee flexion of 20-30° during stance,
a popliteal angle greater than 45°, and evidence of
hamstrings overactivity as determined from electro-
myographic recordings (15). However, satisfying these
criteria does not necessarily imply that the hamstrings
are too short, for several reasons. First, the length of a
biarticular muscle such as the hamstrings does not
follow intuitively from joint kinematics; rather, it de-
pends on the angular changes of multiple joints and
on the muscle’s moment arms about these joints. Sec-
ond, the relationship between static measures of ham-
strings tightness, such as popliteal angle (defined in
Table 1), and length of the hamstrings during move-
ment has not been established. Finally, electromyo-
graphic recordings indicate only that a muscle is
active—they do not indicate why a muscle is active.
Premature or prolonged activity of the hamstrings
could reflect spasticity of the hamstrings, as is often
assumed, or could instead indicate that the hamstrings
are activated to compensate for some other abnormal-
ity. Since the hamstrings can generate a substantial hip
extension moment (18), they may be activated, for
example, to compensate for a hip flexion contracture
or spasticity of the hip flexors.

Using a computer model of the lower limb, Hoffin-
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TABLE 1. Characteristics of the subjects with crouch gait
Maximum knee Maximum hip
extension extension Hip flexion
Age during stance® during stance* Popliteal angle? contracture®
Subject?  Sex (yrs+mos) (R/Lknee flexion) (°)  (R/Lhip flexion) (°)  (R/L knee flexion) (°)  (R/L hip flexion) (°)
1 F 1149 61/60 31/43 70/55 25/10
2 F 10+ 5 52/58 22/30 55/65 20/20
3 M 13+6 55/41 27/6 70/65 15/0
4 M 10 +4 37/32 30/47 45/40 10/20
5 M 8+3 36/34 2/14 45/55 0/5
6 F 15+6 30/26 29/26 70/60 15/10
7 M 8+7 29/16 6/1-7 45/45 15/10
8 M 8+6 26/12 2317 25/40 0/0
9 M 10+1 2517 81 45/40 0/0
10 M 9+11 14/24 9/8 35/50 0/5
11 F 9+4 23/16 291 50/80 10/0
12 M 12 +11 21/9 19/12 50/65 10/15
13 M 7+2 21/13 1/-2 50/50 20/10
14 M 10+ 9 14/20 113 N.M. 0/0

2Subjects are ordered according to the maximum knee extension attained during stance. Subjects 1-6 exhibited knee flexion of 20°
or more throughout stance in both limbs; subjects 7-14 exhibited knee flexion of 20° or more throughout stance in one limb.

Knee flexion/extension angle is the angle formed between the long axis of the thigh and the shank. Knee flexion is represented by

a positive joint angle and is 0° at the anatomical position.

“Hip flexion/extension angle is the angle formed between the long axis of the thigh and a line perpendicular to the plane formed by
the left and right anterior superior iliac spine and posterior superior iliac spine (as estimated by a sacral wand marker). Hip flexion is
represented by a positive joint angle and is approximately 13° at the anatomical position.

4 A popliteal angle test measures the degree to which the knee can be passively extended with the hip flexed 90°. This test is performed
with the patient supine, the pelvis stabilized, and the contralateral limb extended. The popliteal angle is defined as the angle between
the shank and a vertical line. A popliteal angle of 0° indicates that the knee is fully extended; a popliteal angle greater than 45° may

indicate tightness of the hamstrings. N.M. = not measured.

¢ A hip flexion contracture test measures the degree to which the hip can be extended without arching the spine. This test is performed
with the patient supine, the pelvis stabilized, and the contralateral limb fully flexed. Hip flexion contracture is determined by measuring
the angle between the patient’s extended limb and the examining table.

ger et al. (9) estimated hamstrings and psoas lengths
during crouch gait to investigate why some patients
exhibit increased anterior pelvic tilt following length-
ening of the hamstrings. They found that most (12 of
16 subjects; 28 of 32 limbs) of the subjects’ hamstrings
were “long” rather than “short” during walking due to
the subjects’ excessive hip flexion and to the ham-
strings’ relatively large moment arm at the hip as com-
pared with the knee. These authors subsequently
proposed lengthening the hip flexors as an alterna-
tive to lengthening the hamstrings. Hoffinger et al.
modeled the knee joint as a simple hinge, which could
have caused errors in their estimates of muscle length.
They also included patients who had undergone a
number of previous surgeries. Nevertheless, the re-
sults of their study are interesting and warrant further
consideration.

The objectives of this study were to (a) estimate the
lengths of the hamstrings and psoas during normal
and crouch gait on the basis of a computer model
of the lower limb that accurately characterizes knee
kinematics and patients who have not had previous

surgery, and (b) compare the lengths of subjects’ ham-
strings and psoas muscles during walking with their
lengths during static muscle tests. Our goal was to
determine whether the hamstrings are indeed short in
patients with crouch gait, as is often inferred from
measures of knee flexion and popliteal angle, or
whether the hamstrings might actually be longer than
normal, as suggested by Hoffinger et al.

MATERIALS AND METHODS

Fourteen subjects with crouch gait (mean age 10.5 years) and
10 subjects without movement disorders (mean age 12.6 years)
underwent gait analysis at the Children’s Memorial Hospital in
Chicago. A five-camera VICON motion measurement system (Ox-
ford Metrics, Oxford, England) was used to track the three-dimen-
sional positions of 15 reflective markers during walking. These
marker positions were used, along with estimates of the joint cen-
ter locations (3), to calculate subjects’ three-dimensional joint ki-
nematics as described by Kadaba et al. (11).

Subjects with crouch gait were included in this study if they
exhibited a minimum of 20° of knee flexion in one or both limbs
throughout the stance phase (Table 1). Eight of the subjects
walked with knee flexion of 20° or more in one limb, and six
walked with knee flexion of 20° or more in both limbs. All had
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FIG. 1. Plots of (A) hip flexion/extension, (B) knee flexion/exten-
sion, and (C) ankle plantar/dorsiflexion angles for the 14 subjects
with crouch gait (20 “crouched” limbs) during walking. Averaged
curves for the normal subjects (shaded areas) =1 SD are shown
for comparison. To be included in this study, subjects with crouch
gait had to exhibit knee flexion of 20° or more in one or both
limbs throughout stance. Some subjects were crouched consider-
ably more than this and walked with more than 60° of knee flexion
during stance. Variability was also observed in subjects’ ankle an-
gles. Although most of the subjects with crouch gait walked with
a certain amount of dorsiflexion, three of the subjects had exces-
sive plantar flexion. Regardless of knee or ankle kinematics, all
subjects with crouch gait exhibited exaggerated hip flexion for at
least part of the gait cycle.

I Orthop Res, Vol. 14, No. 1, 1996

been diagnosed with spastic cerebral palsy, were over age 7, had
not undergone previous orthopaedic surgery, and walked without
orthoses or other assistance. A comparison of the sagittal plane
kinematics during walking for the normal subjects and for the
subjects with crouch gait (Fig. 1) illustrates some of the important
characteristics of the latter group.

A graphics-based biomechanical model of the lower extremity
(4) was used in conjunction with subjects’ kinematic data to es-
timate the changes in hamstrings and psoas lengths that occur
during crouch gait and normal walking (Fig. 2). This model char-
acterizes the origin-to-insertion paths of the muscles and the
kinematics of the joints for a nominal male subject (height approx-
imately 1.8 m) so that the lengths and moment arms of the muscles
can be estimated for a wide range of body positions. The hip model,
which defines relative motions between the pelvis and femur, is
assumed to be a ball-and-socket joint. The knee model, which is
based on the work of Yamaguchi and Zajac (19), accounts for the
kinematics of the tibiofemoral and patellofemoral joints in the
sagittal plane.

Attachment coordinates for the semitendinosus, semimembra-
nosus, biceps femoris long head, and psoas muscles in the lower
extremity model were defined by Delp et al. (4). A single “ham-
strings” muscle path was constructed using an average of the at-
tachment coordinates for the semitendinosus, semimembranosus,
and biceps femoris long head, weighted by the physiologic cross-
sectional areas of the muscles. A single psoas muscle path was
constructed on the basis of the average of its origin sites along the
lumbar vertebrae. Intermediate “via points” were introduced so
that the psoas path wrapped over the pelvic brim before inserting
on the lesser trochanter. Although the psoas is a multijoint muscle,
its origin was fixed to the model’s pelvic reference frame rather
than to a separate sacral or lumbar reference frame; hence, changes
in psoas length reflect changes in hip angles only.

The length of a muscle for a given limb position was calculated
as the distance from origin to insertion along the muscle path. This
length was normalized by the computer model’s muscle length at
the anatomical position (hamstrings 43.2 cm; psoas 25.8 cm) so that
comparisons could be made among subjects of different sizes. To
obtain estimates of hamstrings and psoas lengths during walking,
muscle lengths were calculated at limb positions corresponding to
subjects’ body positions at approximately 50 evenly spaced points
in their gait cycles. Maximum and minimum lengths were noted.
For the subjects with normal gait, muscle lengths for the right limbs
were averaged at each point in the gait cycle to obtain repre-
sentative “normal” curves; normal maximum and minimum muscle
lengths were taken from these averaged curves. For the subjects
with crouch gait, muscle lengths for the right and left limbs were
estimated and evaluated on a limb-by-limb basis. Our results focus
on the 20 “crouched” limbs (i.e., limbs with knee flexion of 20° or
more throughout stance) since these are the limbs most likely to
undergo surgery to lengthen the hamstrings.

The lengths of the hamstrings and psoas muscles during static
tests were compared with estimated lengths during walking. The
computer model was used to calculate the length of the hamstrings
at limb positions corresponding to a range of popliteal angles. The
lengths corresponding to subjects’ measured popliteal angles were
then compared with the subjects’ maximum hamstring lengths
during walking. Similarly, the psoas lengths corresponding to mea-
sured hip flexion contracture angles were compared with the max-
imum psoas lengths during walking. The hamstrings and psoas
lengths were calculated with the model’s pelvis at 0° of pelvic tilt
(the position at which the popliteal angle and hip flexion contrac-
ture are ideally measured) and at +5° of pelvic tilt to account for
our uncertainty about the actual orientation of subjects’ pelves
during the static tests.

The musculoskeletal model was used to determine which joint
rotations have the greatest influence on hamstrings and psoas
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FIG. 2. Graphics-based model of the lower extremity depicting (A) normal and (B) crouch gaits at 16% of the gait cycle (midstance).
The paths of the hamstrings and psoas used to estimate the muscle-tendon lengths are highlighted.

lengths during walking. The maximum and minimum hip flex-
ion/extension, abduction/adduction, internal/external rotation, and
knee flexion/extension angles were recorded for the group of sub-
jects with normal gait and for the group of subjects with crouch
gait, to obtain an estimate of the range of motion of each joint
during normal and crouch gait. The change in muscle length over
each range of motion was expressed as a percentage of the mus-
cle’s length at the anatomical position, and the relative importance
of each joint rotation on hamstrings length and on psoas length
was assessed.

RESULTS

Only three of the 14 subjects with crouch gait (both
limbs of subject 3 and the “crouched” limbs of subjects
7 and 9; Table 1) had maximum hamstring lengths that
were shorter than normal by more than 1 SD (Fig. 3,
at approximately 95% of gait cycle). Only one subject
with crouch gait (the right limb of subject 3; Table 1)
had a maximum hamstring length that was shorter
than normal by more than 2 SDs. None had a mini-
mum hamstring length (approximately 60% of gait
cycle) that was shorter than normal by more than 1
SD. Thus, for the majority of the subjects with crouch
gait, the hamstrings appeared to reach normal or
longer-than-normal lengths during walking despite
excessive knee flexion during stance. This occurred
because the hamstrings span the hip as well as the
knee, and the excessive knee flexion was accompanied
by excessive hip flexion throughout the gait cycle.

All of the subjects with crouch gait (all limbs with
knee flexion of 20° or more and the other limbs of

subjects 8-12; Table 1) had a maximum psoas length
that was shorter than normal by more than 2 SDs (Fig.
4 at approximately 50% of gait cycle). Most of the
subjects with crouch gait (all limbs with knee flexion
of 20° of more except the left limbs of subjects 3 and
10 and the right limbs of subjects 7 and 9; Table 1) had
a minimum psoas length (approximately 90% of gait
cycle) that was shorter than normal by more than 2
SDs, and all subjects with crouch gait (all 28 limbs)
had a minimum psoas length that was shorter than
normal by more than 1 SD. These findings can also be
attributed to excessive hip flexion during walking.

Comparison of subjects’ hamstring lengths during
the popliteal angle tests with their maximum ham-
string lengths during walking yielded two important
findings. First, for all but one subject (both limbs of
subject 6; Table 1), the hamstrings were considerably
shorter during walking than during the popliteal angle
test (most circles are below the dark shaded area in
Fig. 5A). Second, on the basis of measured popliteal
angles, all of the subjects’ hamstrings were seemingly
long enough for normal gait (all circles are to the right
of where the shaded areas intersect in Fig. 5A). These
observations suggest that measurements of the popli-
teal angle are not related to hamstring lengths during
walking and thus may not be highly relevant when
deciding whether a patient’s hamstrings need to be
lengthened.

Comparison of subjects’ psoas lengths during the
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FIG. 5. Comparison of hamstrings and psoas lengths during static muscle tests with maximum lengths during walking. A: The dark shaded
area shows hamstring length at static limb positions corresponding to a range of popliteal angles, estimated at pelvic tilt angles of 0 = 5%
the light shaded area indicates the maximum hamstring length + 1 SD during normal gait; and the circles represent plots of maximum
hamstring length (during walking) versus popliteal angle for each of the “crouched” limbs. B: The dark shaded area shows psoas length
at static limb positions corresponding to a range of hip flexion angles, estimated at pelvic tilt angles of 0 = 5% the light shaded area
indicates the maximum psoas length =1 SD during normal gait; and the circles represent plots of maximum psoas length (during walking)
versus hip flexion contracture angle for each of the “crouched” limbs. Note that the maximum length of the hamstrings during normal
walking, as estimated from the model, is equal to its length at a popliteal angle of about 80°.

hip flexion contracture tests with their maximum
lengths during walking similarly revealed that most
subjects’ psoas muscles were shorter during walking
than during their hip flexion contracture test (most
circles are below the dark shaded area in Fig. 5B). This
finding suggests that spasticity or other dynamic fac-
tors—not just static muscle contracture—contribute
to the abnormal movement patterns of subjects with
crouch gait.

DISCUSSION

In this study, three-dimensional kinematic mea-
surements and a computer model of the musculo-
skeletal system were used to investigate whether the
hamstrings are short in patients with crouch gait, or
whether the hamstrings might instead be longer than
normal due to the excessive hip flexion that typically
accompanies knee flexion in these patients. Our anal-
ysis indicates that 11 of the 14 subjects with crouch
gait (16 of 20 limbs with knee flexion of 20° or more
throughout stance) had hamstrings that were of nor-
mal length or longer during walking, despite excessive
knee flexion during stance. In contrast, our estimates
suggest that the psoas was shorter than normal in all
of the subjects with crouch gait. These results are con-
sistent with the findings of Hoffinger et al. (9) and
suggest that short hip flexors—not short hamstrings—
may be the primary muscle abnormality in most chil-
dren with crouch gait.

Before discussing the clinical implications of these
results, it is important to consider some of the limita-
tions of this study. First, the musculoskeletal model
used represents an adult subject, whereas the kine-
matic data were obtained from children. Hamstrings
and psoas lengths were normalized to the length of the

muscle at the anatomical position in an effort to ac-
count for the differences in size. This normalization
scheme assumes, however, that the ratio of a muscle’s
moment arm to its length at the anatomical position
is constant among subjects. Unfortunately, there are
insufficient data in the literature to determine how
muscle moment arms vary between subjects of differ-
ent sizes and ages; thus, this assumption cannot cur-
rently be tested. Perhaps of greater concern is the
fact that the same model was used to analyze muscle
lengths for both normal and pathological gait, even
though some children with cerebral palsy have bone
deformities. If bone deformities substantially alter the
moment arms of the muscles about the hip and knee,
then our model would not provide accurate estimates
of muscle lengths. Certainly, future work is needed to
determine how muscle moment arms vary among sub-
jects of different sizes and ages and to understand
how bone deformities affect the moment arms of var-
ious muscles. Fortunately, our basic conclusions are
not sensitive to small errors in calculations of muscle
length.

A second limitation of our analysis results from
fixing the origin of the psoas in the pelvic reference
frame and therefore assuming that changes in psoas
length due to rotations at the lower lumbar spine and
lumbosacral joint are negligible. We considered fixing
the origin of the psoas to a reference frame attached
to the sacrum or one of the lumbar vertebrae; how-
ever, this would have required knowledge of the re-
lative motion between the spine and the pelvis and
hence would have necessitated devising a system ca-
pable of accurately measuring the kinematics of the
lumbar spine during walking.

Finally, the accuracy of our calculations of muscle
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TABLE 2. Effects of joint motions on muscle lengths during normal walking and crouch gait

Change in length® (%)

Range of motion? (°) Hamstrings Psoas

Normal walking

Hip flexion/extension® 45 to 16 12.8 13.0

Hip abduction/adduction? -11to 11 1.7 0.6

Hip internal/external rotation® 24 to -14 0.2 0.5

Knee flexion/extension® 68 to -3 10.8 —
Crouch gait

Hip flexion/extension 77 to 0 18.2 19.6

Hip abduction/adduction -20 to 18 3.0 0.9

Hip internal/external rotation 45 to -10 0.4 0.7

Knee flexion/extension 82 to 20 11.1 —

“Range of motion for each degree of freedom during walking is based on the maximum and minimum joint angles for the group of
subjects with normal gait and the group with crouch gait (limbs with knee flexion of 20° or more throughout stance).

b Changes in muscle-tendon length are expressed as percentages of the muscle-tendon lengths at the anatomical position.

¢Hip flexion/extension and knee flexion/extension angles are defined in Table 1.

¢Hip abduction/adduction angle is the angle formed between the long axis of the thigh and a line perpendicular to the line joining
the left and right anterior superior iliac spines in the coronal plane. Hip adduction is represented by a positive joint angle and is 90° at

the anatomical position.

¢ Hip internal/external rotation angle is the angle formed by a line joining the medial and lateral condyles (as estimated by a thigh
wand marker) and a line joining the left and right anterior superior iliac spines in the transverse plane. Internal rotation is represented

by a positive joint angle and is 0° at the anatomical position.

length depends on the accuracy of our measure-
ments of joint kinematics. Our analysis indicates that
changes in hamstrings and psoas lengths during nor-
mal and crouch gait can be attributed primarily to
joint rotations in the sagittal plane (Table 2). Because
these degrees of freedom undergo relatively large ro-
tations during gait, we are reasonably confident in our
kinematic measurements. The accuracy of our mea-
sured gait kinematics is also confirmed by the fact that
the averaged kinematics for the normal subjects re-
ported here are within 1 SD of data published in the
literature (13,14).

The length of a multijoint muscle during movement
depends on the angular changes of multiple joints and
on the muscle’s moment arms about these joints. The
most visible sign of crouch gait is flexed knees; how-
ever, flexed knees are often accompanied by ex-
cessively flexed hips. Flexing the knees shortens the
hamstrings but flexing the hips lengthens them. Since
the hip extension moment arm of the hamstrings is
greater than its knee flexion moment arm, the lengths
of the hamstrings are affected more by hip flexion
than by knee flexion. In this study, the hamstrings of
most subjects with crouch gait appeared to be of nor-
mal or longer-than-normal lengths despite excessive
knee flexion during stance. This suggests that length-
ening the hamstrings may be inappropriate in some
patients with crouch gait.

In contrast, all of the subjects with crouch gait had
a psoas that was shorter than normal throughout the
gait cycle, even though the subjects were admitted to
this study on the basis solely of their excessive knee
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flexion during the stance phase. This suggests that the
coupling between the knee and hip, via the hamstrings,
may be an important factor contributing to abnormal-
ities of movement. If hip flexion were reduced, then
perhaps the knee flexion would improve, since de-
creasing excessive hip flexion may decrease ham-
strings tension and enable knee extension.

Certainly, short hip flexors are not necessarily the
only problem in these limbs. Crouch gait could arise
from a multitude of other causes including weak plan-
tar flexors, weak hip extensors, external tibial tor-
sion, or difficulties with balance. It is also important
to recognize that overlengthening or weakening the
hip flexors could cause other problems, as the hip
flexors serve to initiate swing and contribute to limb
advancement. Thus, aggressive lengthening or tenot-
omy of the iliopsoas is not recommended. Never-
theless, this study emphasizes the need to consider
musculoskeletal geometry and the kinematics of mul-
tiple joints when assessing the causes of crouch gait.

Calculation and examination of muscle lengths dur-
ing walking could aid in surgical decision-making and
planning. A computer model of the musculoskeletal
system provides information that is not immediately
evident from kinematic gait analysis or static muscle
tests but which is relevant to muscle lengthening sur-
geries. Interestingly, we found that the three subjects
with crouch gait whose hamstrings were shorter than
normal during walking were not distinguishable from
the other subjects in this study on the basis of their
gait kinematics and static tests. Analysis of our model,
in fact, indicated that subjects’ measured popliteal an-
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gles did not correlate well with their estimated ham-
string lengths during crouch gait; on the basis of mea-
sured popliteal angles, all subjects had hamstrings of
adequate length for normal walking. We believe that
the use of musculoskeletal models in conjunction with
quantitative motion analysis will help to uncover
other factors that contribute to crouch gait and could
provide a more effective means of selecting appropri-
ate patients for surgery. Further work to test this hy-
pothesis is needed.
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