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Abstract

Persons with cerebral palsy frequently walk with a crouched, internally rotated gait. Spastic medial hamstrings or adductors are

presumed to contribute to excessive hip internal rotation in some patients; however, the capacity of these muscles to produce
internal rotation has not been adequately investigated. The purpose of this study was to determine the hip rotation moment arms of
the medial hamstrings and adductors in persons with femoral anteversion deformities who walk with a crouched, internally rotated
gait. A musculoskeletal model with a ‘‘deformable’’ femur was developed. This model was used, in conjunction with kinematic data

obtained from gait analysis, to calculate the muscle moment arms for combinations of joint angles and anteversion deformities
exhibited by 21 subjects with cerebral palsy and excessive hip internal rotation. We found that the semimembranosus,
semitendinosus, and gracilis muscles in our model had negligible or external rotation moment arms when the hip was internally

rotated or the knee was flexed } the body positions assumed by the subjects during walking. When the femur was excessively
anteverted, the rotational moment arms of the adductor brevis, adductor longus, pectineus, and proximal compartments of the
adductor magnus in our model shifted toward external rotation. These results suggest that neither the medial hamstrings nor the

adductors are likely to contribute substantially to excessive internal rotation of the hip and that other causes of internal rotation
should be considered when planning treatments for these patients. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Children with cerebral palsy frequently walk with
excessive internal rotation of the hip. Spastic medial
hamstrings or adductors, among other factors, are
thought to contribute to the excessive internal rotation
in many patients based on electromyographic evidence
that the muscles are active during walking, and the
presumption that these muscles generate an internal hip
rotation moment (e.g., Sutherland et al., 1969; Chong et
al., 1978). Surgical lengthening of the semimembrano-
sus, semitendinosus, adductor brevis, adductor longus,
and/or gracilis is often expected to decrease excessive
internal rotation (Hoffer, 1986; Root, 1987; Tachdjian,
1990). However, the extent to which the hamstrings and

adductors contribute to hip internal rotation is unclear,
and the changes in hip rotation following surgery are
inconsistent.
The rotational moment arm of a muscle about the hip

determines whether the muscle has the potential to
produce an internal or an external hip rotation moment.
Previous studies of hip rotation moment arms } based
on adult-sized cadavers and computer models that
represent normal musculoskeletal geometry } have
indicated that the medial hamstrings, adductor brevis,
and adductor longus have small (1 cm or less) internal
rotation moment arms in the upright, standing position
(Dostal et al., 1986; Mansour and Pereira, 1987;
Lengsfeld et al., 1997). These data have provided insight
into the rotational capacity of the muscles for a limited
set of body positions in unimpaired adults. It remains
unclear, however, whether such data accurately char-
acterize the actions of muscles in children with
neuromuscular disorders.
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Descriptions of hip rotation moment arms for
unimpaired subjects in the upright position may be
misleading when analyzing rotational abnormalities in
persons with cerebral palsy for two main reasons. First,
rotational abnormalities of the hip are often accom-
panied by excessive anteversion of the femur (Bleck,
1987), a torsional bone deformity that may alter the
lines of action and moment arms of muscles about the
hip. Second, the moment arms must be evaluated over
the range of limb positions assumed by persons with
cerebral palsy during walking; this frequently includes
exaggerated flexion of the hips and knees in addition to
increased internal rotation of the hip. Without such
moment arm data, the potential of the hamstrings
or adductors to produce an internal rotation moment
in these patients is unknown, and a scientific
rationale for lengthening these muscles to treat excessive
internal rotation of the hip does not exist. We believe
that a detailed analysis of the muscle moment arms,
which considers variations in femoral geometry and
limb position, is needed to improve the planning of
muscle–tendon surgeries intended to reduce internal
rotation.
As a first step toward this goal, we evaluated the hip

rotation moment arms of the medial hamstrings and
adductors using highly accurate musculoskeletal models
of three individuals with cerebral palsy that we
constructed from magnetic resonance (MR) images.
Analysis of these models, at the limb positions
corresponding to each subject’s internally rotated gait,
revealed that the semimembranosus, semitendinosus,
adductor brevis, adductor longus, and gracilis had
external rotation moment arms or very small internal
rotation moment arms throughout the gait cycle, in all
three subjects (Arnold et al., 2000a).
Based on these observations, we hypothesized that the

rotational moment arms of the medial hamstrings and
adductors are shifted toward external rotation by
excessive femoral anteversion and/or by exaggerated
hip flexion, knee flexion, or hip internal rotation. We
tested this hypothesis using a musculoskeletal model
with a ‘‘deformable’’ femur that estimates the muscle
moment arms at the body positions of patients who
walk with crouched, internally rotated gait.

2. Materials and methods

A computer model of the lower extremity with a
‘‘deformable’’ femur was developed. This model char-
acterizes the geometry of the pelvis, femur, and proximal
tibia, the kinematics of the hip and tibiofemoral joints,
and the paths of the medial hamstrings and adductor
muscles for an average-sized adult male. This model is
similar to the graphics-based, deformable lower limb
models, we have used in previous studies (Arnold et al.,

1997; Schmidt et al., 1999), with the following notable
improvements. These improvements were motivated, in
large part, by our desire to accurately estimate the
rotational moment arms of the muscles for a wide range
of joint angles and anteversion deformities. First, we
refined the locations of the muscle attachments reported
by Delp et al. (1990) to more closely correspond to
three-dimensional surface representations of the muscles
and bones generated from approximately 250 MR
images of each of three lower extremity cadaveric
specimens. Second, we implemented a description of
tibiofemoral kinematics that accounts for the three-
dimensional rotations and translations of the tibia
relative to the femur (Walker et al., 1988); in previous
models, we neglected the rotations of the tibia in the
frontal and transverse planes. Third, we defined
‘‘wrapping surfaces’’ (van der Helm et al., 1992), in
addition to ‘‘via points’’ (Delp et al., 1990), to
characterize the curved paths of the muscles with hip
internal rotation and other joint motions. The wrapping
surfaces were designed to simulate interactions between
the muscles and underlying structures, thereby provid-
ing an improvement over previous models that esti-
mated rotational moment arms based on straight-line
approximations of the muscle-tendon paths (Dostal
et al., 1986; Lengsfeld et al., 1997; Delp et al., 1999).
Lastly, we developed new algorithms to alter the
geometry of the proximal femur. These algorithms were
based on careful inspection of the deformed femurs of
four individuals with cerebral palsy constructed from
MR images. Our resulting model was capable of
estimating the hip rotation moment arms of the medial
hamstrings and adductors for a 608 range of femoral
anteversion angles and a variety of body positions,
including hip and knee angles that corresponded to
crouched, internally rotated gait. The following para-
graphs further describe our efforts to develop, test, and
analyze this model.
We defined the bone geometry, joint kinematics, and

muscle-tendon paths of our deformable model using a
musculoskeletal modeling package, SIMM (Delp and
Loan, 1995). The surface geometry of each bone was
described by a polygonal mesh. Coordinate systems for
the pelvis, femur, and tibia were established from
anatomical landmarks (Arnold et al., 2000b), and
kinematic descriptions of the hip and tibiofemoral joints
were specified based on the bone surface geometry. The
hip was represented as a ball-and-socket joint. The
tibiofemoral joint prescribed the translations and rota-
tions of the tibia relative to the femur as functions of
knee flexion angle, and was based on published
experimental measurements of tibiofemoral kinematics
(Kurosawa et al., 1985; Nisell et al., 1986; Walker et al.,
1988). Our procedures for establishing the segment
coordinate systems and joint kinematics have been
reported in detail previously (Arnold et al., 2000b).
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The paths of the semimembranosus, semitendinosus,
gracilis, adductor brevis, adductor longus, adductor
magnus (proximal, middle, distal, and ischiocondylar
compartments), and pectineus muscles were defined for
a range of hip and knee motions. Each muscle was
represented as a series of line segments from origin to
insertion. The attachment sites of the muscles were
identified, and wrapping surfaces and via points were
added to simulate underlying structures and other
anatomical constraints (Fig. 1). We determined the
muscle attachment sites by graphically superimposing
three-dimensional surface meshes of the muscles and
bones, generated from MR images of three lower
extremity cadaveric specimens, onto our deformable
model. We prescribed the paths of the muscles through a
range of hip and knee motions by specifying wrapping
surfaces (for all muscles) and via points (for semitendi-
nosus and gracilis) as follows. First, for each of the three

specimens, we created a graphics-based kinematic model
of the hip joint, the tibiofemoral joint, and the
surrounding musculature from MR images (Arnold et
al., 2000a, b). Second, for each muscle–tendon compart-
ment, we developed an algorithm to specify the position,
orientation, and dimensions of an ellipsoidal wrapping
surface and the locations of via points relative to skeletal
landmarks. We chose landmarks that could be identified
on each of the MR-based models and on the deformable
model. We defined each algorithm such that the muscle
moment arms calculated with the MR-based models
compared favorably to the moment arms determined
experimentally on the same specimens from tendon
excursion experiments (Arnold et al., 2000a, b). We
calculated the moment arms from the models using the
partial velocity method (Delp and Loan, 1995). Once an
algorithm was developed that could predict the moment
arms with sufficient accuracy for all three specimens, the
same algorithm was used to specify the muscle-tendon
paths of our deformable model.
We developed techniques to deform the femur of our

model to represent excessive anteversion and other
deformities commonly observed in persons with cerebral
palsy who walk with an internally rotated gait.
Anteversion of the femur is defined as the angle between
the plane of the femoral neck axis and the plane of the
condylar axis (Fig. 2). This angle is generally between 10
and 208 in adults with normal femoral geometry
(Upadhyay et al., 1987; Miller et al., 1993), but may
be 608 or more in children with cerebral palsy (Ruwe
et al., 1992; Laplaza et al., 1993). The femur of our
undeformed model has an anteversion angle of 208.
In previous efforts to develop a musculoskeletal

model with a ‘‘deformable’’ femur, we and other
investigators have typically assumed that anteversion
deformities occur entirely within the femoral neck,
superior to the lesser trochanter (Arnold et al., 1997;
Schutte et al., 1997; Schmidt et al., 1999). We tested this
assumption in this study. Examination of the deformed
femurs of four subjects with cerebral palsy, generated
from MR images, revealed that previous assumptions
about anteversion deformities were not entirely accu-
rate. The femoral neck was deformed in these subjects,
but the lesser trochanter and proximal femoral shaft
also appeared to be involved. This finding is consistent
with a recent report by Lundy et al. (1998), who
inspected the femurs of 12 patients undergoing proximal
femoral resection.
Based on these observations, we altered the femoral

anteversion angle of our deformable model by rotating
and/or translating the bone vertices that make up the
femoral head, neck, and shaft (Fig. 3; also visit
the webpage of the Journal of Biomechanics:
http://www.elsevier.nl:80/inca/publications/store/3/2/1/
to view animations of the deformable model
‘‘in action’’). Two successive transformations were

Fig. 1. Representation of muscle–tendon paths. Ellipsoidal wrapping

surfaces were positioned at the distal femur to prevent the medial

hamstrings and gracilis from penetrating the posterior femoral

condyles and/or adjacent soft tissues with knee extension (center).

Via points were added proximal to the insertions of the semitendinosus

and the gracilis to simulate the constraints produced by surrounding

tissues. Wrapping surfaces were distributed along the shaft of the

femur to characterize the wrapping and sliding of the adductor brevis,

adductor longus, adductor magnus, and pectineus over the femoral

shaft and underlying muscles with hip flexion and internal rotation

(right).
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performed to represent an anteversion deformity. First,
we rotated the femoral head, neck, and proximal shaft
(i.e., vertices comprising the femur proximal to and
including the lesser trochanter) anteriorly about the
femoral shaft axis, thereby increasing the angle between
the plane of the femoral neck axis and the plane of the
condylar axis. Second, we translated the bone vertices
proximal to the femoral condyles to restore the position
of the femoral head in the acetabulum. Muscle inser-
tions on the femur were displaced with the bone vertices.
Hence, the lines of action and moment arms of
the adductor brevis, adductor longus, adductor
magnus, and pectineus muscles were altered by these
deformities. The position of the knee center with
respect to the hip center was not changed; thus, the
paths of the medial hamstrings and gracilis were not
affected. This model is the first to provide a mathema-
tical description of excessive anteversion that captures
the salient features of deformed femurs constructed
from MR images.
We examined the accuracy with which our deformable

model could estimate the rotational moment arms of the

medial hamstrings and adductors as follows. First, we
created graphics-based kinematic models of three
subjects with cerebral palsy from MR images (Arnold
et al., 2000a). Second, we adjusted the femoral antever-
sion angle of our deformable model to match the
anteversion angle of each subject; i.e., we deformed the
model such that the angle between the plane of the
femoral neck axis and the plane of the condylar axis was
the same as the angle measured from the model of each
subject. Third, we compared the rotational moment
arms of the muscles estimated with these ‘‘deformed’’
models to the moment arms calculated from the MR-
based models at the limb positions corresponding to
each subject’s internally rotated gait. The subjects

Fig. 2. Geometric description of femoral anteversion angle. H is the

center of the femoral head. G is the most superior point on the greater

trochanter. D is the most distal point on the lesser trochanter. P is the

attachment of the posterior cruciate ligament. O is the center of the

base of the femoral neck, which was determined by iteratively locating

the centroid of the femoral diaphysis on a cross section through the

midpoint of the vector joining points G and D, perpendicular to the

vector joining points O and P. Lc and Mc are the posterior aspects of

the lateral and medial condyles. The femoral neck axis is defined by

points O and H, the femoral shaft axis by points O and P; these two

axes define the plane of the femoral neck. Anteversion is the angle

formed by the plane of the femoral neck and the plane of the condylar

axis, which passes through points O and P parallel to the vector joining

points Lc and Mc. Figure adapted from Murphy et al. (1987).

Fig. 3. Algorithm for deforming the femur. Anteversion deformities

were represented in the model by rotating and/or translating the bone

vertices that make up the femoral head, neck, and shaft. Vertices

comprising the femoral head and neck (within the inner box) were

rotated anteriorly about the femoral shaft axis through an angle

corresponding to the desired change in anteversion. Vertices in the

transition region, encompassing the lesser trochanter and proximal

femoral shaft (between the inner and middle boxes), were rotated

anteriorly about the femoral shaft axis through an angle that was

decreased linearly as a function of superior–inferior distance along this

axis. Vertices comprising the entire femur proximal to the femoral

condyles (within the outer box) were translated after each deformation

to restore the position of the femoral head to the acetabulum (compare

undeformed shaded bone and deformed wireframe bone). The position of

the knee center with respect to the hip center was not changed.
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ranged in age from 7 to 27 years and had anteversion
angles of 44–478. The fourth subject with cerebral palsy
who was imaged walked with external rotation of his
hips and was excluded from this analysis.
Differences in the rotational moment arms of the

medial hamstrings and adductors determined from the
MR-based models and estimated with the deformed
models were small (Table 1); errors in the peak internal
rotation moment arms during walking were at most
4mm (proximal compartment of adductor magnus,
Subject C) over the gait cycles of the three subjects.
The peak moment arms determined from the MR-based
and deformed models occurred at similar times in the
gait cycle. Based on these data, we believe our
deformable model is suitably accurate for estimating
the hip rotation moment arms of the medial hamstrings
and adductors for joint angles and femoral geometries
typical of persons who walk with excessive internal
rotation of the hip.
We used our deformable model to evaluate our

hypothesis in two steps. First, we used the model to
determine how independent variations in hip rotation
(�408 external rotation to 408 internal rotation), hip
flexion (full extension to 908 flexion), knee flexion (full
extension to 908 flexion), and femoral anteversion (0–
608) affect the rotational moment arms of the medial
hamstrings and adductors. Second, we obtained gait
analysis measurements for 21 subjects (23 limbs) with
excessive internal rotation of the hip, and we used our
model in conjunction with the subjects’ measured gait
kinematics and estimated femoral anteversion angles to
calculate the muscle moment arms at the limb positions
corresponding to each subject’s abnormal gait. Our goal
was to determine whether the medial hamstrings or
adductors could produce an internal hip rotation
moment in these subjects, or whether these muscles are
likely to have external rotation moment arms for the

ranges of anteversion angles and body positions that we
observed.
The subjects who were analyzed in this study

exhibited a wide variety of gait abnormalities
(Table 2). Eighteen of the subjects had a diagnosis of
spastic diplegia; three subjects had a diagnosis of spastic
hemiplegia. All of the subjects were age seven or older,
had no previous orthopaedic surgery, and walked
without orthoses or other assistance. Nineteen of the
subjects walked with 158 or more of hip internal rotation
in only one limb; two subjects walked with excessive hip
internal rotation in both limbs (Table 2, limbs 8–9, 12–
13).
Each subject underwent gait analysis at the Children’s

Memorial Medical Center in Chicago. A five-camera
motion measurement system (VICON, Oxford Metrics,
Oxford, UK) was used to compute the subject’s three-
dimensional gait kinematics as described by Kadaba et
al. (1990), based on estimates of the joint center
locations as suggested by Davis et al. (1991). One
representative trial for each internally rotated limb was
selected, and the measured joint angles were trans-
formed to be consistent with the coordinate systems that
describe our deformable model (Arnold et al., 2000b).
The anteversion angle of each subject was estimated
based on the subject’s measured range of passive hip
internal and external rotation (Tables 2 and 3). The hip
rotation moment arms of the medial hamstrings and
adductors were calculated, at every 2% of the gait cycle,
using the appropriately deformed model. The maximum
internal rotation moment arm (or minimum external
rotation moment arm) of each muscle over the gait cycle
was noted. Our protocols for human subjects were
approved by Institutional Review Boards at the
Children’s Memorial Medical Center and at North-
western University. All subjects and/or their parents
provided informed written consent.

Table 1

Errorsa,b,c in peak internal rotation moment arms during gait estimated with the deformable model

Subject A Subject B Subject C

Semimembranosus �1 1 0

Semitendiniosus �2 1 0

Gracilis �2 3 1

Adductor brevis 1 �3 �3
Adductor longus 1 �1 �3
Pectineus 3 1 3

Adductor magnus (proximal) �3 �1 �4
Adductor magnus (middle) 0 1 �2
Adductor magnus (distal) 1 0 �2
Adductor magnus (ischiocondylar) 1 1 1

aError defined as peak moment arm estimated with the deformable model } peak moment arm calculated with the MR-based model; the

anteversion angle of the deformable model was adjusted to match the anteversion angle of each subject.
bPositive error value indicates that the moment arm estimated with the deformable model was more internal than the moment arm calculated with

the MR-based model.
cUnits of mm.
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3. Results

At the upright standing position, with normal
anteversion of the femur, the medial hamstrings,
adductor brevis, adductor longus, pectineus, and ischio-
condylar compartment of the adductor magnus in our
deformable model have hip rotation moment arms that
are slightly internal (Fig. 4, shaded regions). The gracilis
and the proximal compartment of the adductor magnus
have hip rotation moment arms that are slightly
external. The middle and distal compartments of the
adductor magnus in our model have rotational moment
arms that are negligible. These observations are
consistent with our tendon excursion experiments
(Arnold, 1999) and with EMG studies and moment
arms published in the literature (Basmajian and
DeLuca, 1985; Dostal et al., 1986; Lengsfeld et al.,
1997).

When the hip is internally rotated more than about
208 (Fig. 4C), or the knee is flexed more than about 308
(Fig. 5), the rotational moment arms of the semimem-
branosus and semitendinosus in our model switch from
internal to external rotation. The rotational moment

Table 2

Characteristics of the cerebral palsy subjects

Limb Gender Age (yrs) Average hip

internal rotationa

during gait

Hip flexionb

during stance phase

(max/min)

Knee flexionc

during stance phase

(max/min)

Hip Rotationd

Range of Motion

(internal/external)

Assumed

Anteversion

Anglee

1 M 8 15 46/14 43/34 40/30 20

2 F 10 20 62/13 37/18 50/30 30

3 M 13 16 50/12 26/9 55/25 30

4 F 10 17 58/26 74/69 65/30 30

5 M 13 22 56/27 62/55 50/15 30

6 M 7 15 40/�1 40/20 50/15 30

7-Af F 7 31 51/3 33/3 65/25 40

8 F 10 25 52/42 77/73 70/30 40

9 F 10 24 58/30 64/58 70/30 40

10 M 7 19 44/7 48/30 50/5 40

11 M 12 22 45/24 65/54 80/30 40

12-Cf M 27 32 61/28 83/73 80/30 40

13 M 27 24 60/31 73/56 70/20 40

14 F 9 24 31/1 26/24 75/15 50

15 F 17 20 47/7 29/7 70/10 50

16 M 7 24 57/1 44/21 75/5 50

17 M 13 15 31/0 33/3 90/20 50

18 F 20 44 41/6 47/35 75/0 50

19 F 12 33 52/23 56/46 90/10 60

20 F 18 35 41/20 37/32 85/5 60

21-Bf M 14 37 39/17 39/26 90/10 60

22 F 15 39 56/29 38/30 75/�10g 60

23 M 7 33 44/0 40/20 90/0 60

aRotation of the thigh in the transverse plane relative to the pelvis as tracked from a mid-thigh marker, in units of degrees; hip internal rotation is

represented as a positive angle and is 08 at the anatomical position.
bAngle formed between the long axis of the thigh and a line perpendicular to the plane formed by the left and right anterior superior iliac spines

and posterior superior iliac spines, in units of degrees; hip flexion is represented as a positive angle and is approximately 128 at the anatomical
position.

cAngle formed between the long axis of the thigh and the shank, in units of degrees; knee flexion is represented as a positive angle and is 08 at the
anatomical position.

dPassive range of hip rotation measured in the prone position with the hip extended and the knee flexed 908; hip internal/external rotation ranges

determined by the angle of the shank relative to vertical (Bleck, 1987), in units of degrees.
eEstimated from Table 3; in units of degrees.
fLimb for which an MR-based model was created.

Table 3

Asymmetry index used to estimate femoral anteversion angle

Asymmetrya in hip

rotation range of motion

Assumed anteversion angle

5208 208
5208 but 5408 308
5408 but 5608 408
5608 but 5808 508
5808 608

aAsymmetry defined as range of internal rotation } range of

external rotation.
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arm of the gracilis also becomes more external with hip
internal rotation and knee flexion, and the moment arm
of the ischiocondylar compartment of the adductor
magnus becomes less internal with hip internal rotation.
Adductors that insert along the proximal femoral

shaft have hip rotation moment arms that become more
internal with hip internal rotation (Fig. 4A). With
excessive femoral anteversion, however, the moment
arms of the adductor brevis (Fig. 6), pectineus, and
middle compartment of the adductor magnus in our
model switch from internal to external rotation.
Similarly, the moment arm of the adductor longus
becomes less internal, and the moment arm of the
proximal compartment of the adductor magnus be-
comes more external, with increased femoral antever-
sion.
Estimates of the muscle moment arms during

crouched, internally rotated gait (Fig. 7) reflect these
trends toward external rotation. For example, our
analysis of the moment arms for 21 subjects with
cerebral palsy (23 limbs) revealed that the semimem-
branosus, semitendinosus, and gracilis had hip rotation
moment arms that were less than 1mm or external
throughout the gait cycle. This occurred because all of
the subjects walked with excessive hip internal rotation,
and many of the subjects also exhibited exaggerated
knee flexion. The adductor brevis and the proximal,
middle, and distal compartments of the adductor
magnus had hip rotation moment arms, in most
subjects, that were external throughout the gait cycle.
Only one subject (Limb 1, Table 2) had an internal
rotation moment arm of the adductor brevis during
walking that was greater than 5mm; this subject had an
anteversion angle that was within the normal range.
None of the subjects had an internal rotation moment
arm of the adductor longus that was greater than 5mm.
The pectineus and the ischiocondylar compartment of
the adductor magnus, in most subjects, had rotational

moment arms that were internal throughout the gait
cycle. However, neither of these muscles had an internal
rotation moment arm that was greater than 8mm during
walking, for any of the subjects, based on our
deformable model.

4. Discussion

The success of muscle–tendon surgeries to correct
excessive internal rotation of the hip is limited, in part,
because the rotational functions of the hip muscles } in

Fig. 4. Hip rotation moment arm vs. hip rotation angle for the semimembranosus (SM), semitendinosus (ST), gracilis (GRA), adductor brevis (AB),

adductor longus (AL), adductor magnus (AM), and pectineus (PECT), calculated with the undeformed model. Hip flexion, adduction, and knee

flexion angles are 08. At the upright standing position (shaded areas), the pectineus, adductor brevis, adductor longus, medial hamstrings, and

ischiocondylar compartment of the adductor magnus have hip rotation moment arms that are internal. The gracilis and the proximal compartment of

the adductor magnus in our model have rotational moment arms that are external.

Fig. 5. Hip rotation moment arm vs. hip rotation angle for the

semitendinosus, calculated using the undeformed model with 0, 30 and

608 knee flexion. Hip flexion and adduction angles are 08.
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children with femoral deformities, at the limb positions
corresponding to walking } are not well understood.
Only a few investigators have reported the hip rotation

moment arms of muscles (Dostal et al., 1986; Mansour
and Pereira, 1987; Lengsfeld et al., 1997; Delp et al.,
1999; Arnold et al., 2000a); none have given a full
account of how the muscle moment arms vary with hip
rotation, hip flexion, knee flexion, and femoral antever-
sion. As a result, interventions commonly performed to
treat crouched, internally rotated gait, such as lengthen-
ing of the medial hamstrings, adductor brevis, adductor
longus and gracilis, are currently planned without
quantitative descriptions of the muscle actions under
appropriate biomechanical conditions. Identification of
the muscles that have the potential to produce internal
rotation moments about the hip is necessary to establish
a rational basis for planning surgery.
We have developed a musculoskeletal model with a

‘‘deformable’’ femur that can compute the moment arms
of the hip muscles for a wide range of femoral
geometries and joint configurations. In this study, we
used this model to estimate the hip rotation moment
arms of the medial hamstrings and adductors for the
combinations of anteversion angles and body positions
exhibited by a representative sample of subjects who
walked with excessive internal rotation of the hip. We
showed that the semimembranosus, semitendinosus, and
gracilis muscles do not have internal rotation moment
arms for crouched or internally rotated postures } the
body positions commonly assumed by persons with
cerebral palsy during walking. This suggests that neither
the medial hamstrings nor the gracilis is likely to
contribute substantially to excessive internal rotation

Fig. 6. Hip rotation moment arm vs. hip rotation angle for the

adductor brevis, calculated using the deformable model with 20, 40

and 608 of anteversion (solid lines), and determined from MR-based

models of three cerebral palsy subjects (dashed lines). Hip flexion and

adduction angles are 08. Moment arms of the deformed model are

similar to the moment arms of the subjects, whose anteversion angles

ranged from 44–478.

Fig. 7. Peak internal rotation moment arms of the medial hamstrings and adductors during internally rotated gait. Boxplots denote the median (thick

line), upper and lower quartiles (shaded region), and range (thin lines) of the peak moment arms estimated with the deformable model for 21 subjects

(23 limbs) with cerebral palsy who walked with excessive hip internal rotation.
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of the hip. We also determined that the rotational
moment arms of the adductor brevis, adductor longus,
pectineus, and proximal compartments of the adductor
magnus are shifted toward external rotation when the
femur is excessively anteverted. Hence, in persons who
have anteversion deformities, these muscles are also
unlikely to be important contributors to excessive
internal rotation of the hip.
It is important to consider some of the limitations of

this study. First, we assumed that the hip could be well
represented by a ball-and-socket joint. In previous work,
we demonstrated that hip flexion and rotation moment
arms calculated from MR-based models of three lower
limb specimens compared favorably to the moment
arms determined experimentally on the specimens
(Arnold, 1999; Arnold et al., 2000b). This suggests that
our methods for representing hip kinematics in our
models and for locating the hip center are adequate} at
least for individuals with normal musculoskeletal
geometry. However, some persons with cerebral palsy
have hips that are subluxed or dislocated. Additional
work may be required to develop accurate representa-
tions of deformed hips, and to determine how these
deformities alter the moment arms of muscles.
Second, we approximated the origins and insertions of

muscles as points in our deformable model, even though
several of the adductors have broad attachments along
the pelvis and femoral shaft. We divided the adductor
magnus into four compartments to better characterize
this muscle’s geometry. Nevertheless, the rotational
moment arms of the adductor magnus and other
muscles, such as the adductor brevis and adductor
longus, may vary slightly with attachment location from
the values reported here. We are confident that the
trends predicted by our model, however, are representa-
tive and accurate.
Third, we developed algorithms to deform the femur

of our model after inspecting three-dimensional surface
representations of the deformed femurs of only four
subjects. These four subjects had anteversion angles that
ranged from 34–478. Some children with cerebral palsy
have been reported to have anteversion angles greater
than 608 (Ruwe et al., 1992; Laplaza et al., 1993).
Imaging of patients with a broader range of deformities
in future studies may enable our deformable model to be
further tested and improved.
Fourth, for each of our 21 subjects (23 limbs) with

internally rotated gait, we deformed the femur of our
model based on the subject’s assumed anteversion angle
(Table 2), which we estimated based on the subject’s
measured range of hip internal and external rotation
(Asymmetry Index, Table 3). Several factors in addition
to femoral anteversion angle may influence an indivi-
dual’s hip rotation range of motion, such as degree of
acetabular anteversion or laxity of the hip capsule. If we
systematically overestimated the femoral anteversion

angles of our subjects, then our estimates of the subjects’
moment arms could be biased toward external rotation,
particularly for the adductors. We elected to use hip
rotation range of motion to estimate anteversion angle
in this study because it is routinely measured during a
patient’s clinical exam and is correlated with anteversion
of the femur (Staheli et al., 1968). We believe that our
Asymmetry Index provided a conservative estimate of
most subjects’ anteversion angles for several reasons.
We limited the maximum anteversion angle predicted by
the Index to be 608, even though some cerebral palsy
patients have been reported to have anteversion
deformities as large as 808 (e.g., Ruwe et al., 1992). In
addition, we designed the Index such that the assumed
anteversion angles of our subjects were well distributed
between 20 and 608 (Table 2). Only five of the 23 limbs
were estimated to have anteversion deformities of 608;
two of the three subjects who were imaged (Subjects A
and C) had femoral anteversion angles that were
underestimated by our Asymmetry Index. Fortunately,
our primary conclusions are not sensitive to our method
of estimating anteversion angle; the medial hamstrings
and adductors had external rotation moment arms or
very small internal rotation moment arms throughout
the gait cycle for all of the subjects who were analyzed in
this study, including those whose femoral anteversion
angles were assumed to be near normal.
Fifth, persons with anteversion deformities frequently

undergo derotational osteotomies of the femur, in
addition to soft-tissue surgeries, in an effort to improve
the rotational alignment of the limb. Alterations in
femoral geometry that result from these procedures may
change the hip rotation moment arms of muscles. We
did not report the effects of such alterations in this
study. However, our previous work suggests that
changes in the rotational moment arms of the ham-
strings and adductors following derotational osteotomy
are minimal (Schmidt et al., 1999).
Sixth, we inferred the rotational functions of the

medial hamstrings and adductors from analyses of the
musculoskeletal geometry. Our deformable model does
not include descriptions of the muscle force-generating
properties, and our investigation has not considered the
potential capacity of the muscles to accelerate the limb
in directions opposite to their moment arms through
dynamic coupling (Zajac and Gordon, 1989).
Despite these limitations, this study provides impor-

tant evidence which suggests that the medial hamstrings
and adductors cannot generate a substantial hip internal
rotation moment in many persons with cerebral palsy
who walk with crouched, internally rotated gait. Of the
muscles that were analyzed, only the adductor longus,
pectineus, and ischiocondylar compartment of the
adductor magnus in our model had internal rotation
moment arms in some subjects that were greater than
5mm during walking. The medial hamstrings and the
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other adductors had moment arms that were negligible
or external, for most subjects, throughout the gait cycle.
To put these data into perspective, we used our

deformable model to calculate the hip rotation moment
arms of the gluteus medius during crouched, internally
rotated gait (Fig. 8). A recent experimental study has
shown that the hip rotation moment arms of the gluteus
medius and gluteus minimus increase dramatically with
hip flexion (Delp et al., 1999). The moment arms of the
anterior and posterior compartments of the gluteus
medius computed with our model are consistent with
this observation (Fig. 8). Since excessive flexion of the
hip frequently accompanies internally rotated gait
(Bleck, 1987; Gage, 1991), and since the gluteal muscles
are typically active and play an important role in
walking (Csongradi et al., 1980; Perry, 1992), we
hypothesize that the excessive hip flexion, which
increases the internal rotation moment arms of the
gluteus medius and minimus, is more likely than the
hamstrings or adductors to cause internal rotation. The
rotational moment arms of the medial hamstrings and
adductors in our model were not substantially altered by
hip flexion, in contrast to the gluteus medius. This work
emphasizes the need to account for altered bone
geometry and abnormal joint kinematics when hypothe-
sizing the causes of movement abnormalities and
planning surgical treatments.
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