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a b s t r a c t

Rectus femoris transfer is frequently performed to treat stiff-knee gait in subjects with cerebral palsy. In

this surgery, the distal tendon is released from the patella and re-attached to one of several sites, such as

the sartorius or the iliotibial band. Surgical outcomes vary, and the mechanisms by which the surgery

improves knee motion are unclear. The purpose of this study was to clarify the mechanism by which the

transferred muscle improves knee flexion by examining three types of transfers. Muscle-actuated

dynamic simulations were created of ten children diagnosed with cerebral palsy and stiff-knee gait.

These simulations were altered to represent surgical transfers of the rectus femoris to the sartorius and

the iliotibial band. Rectus femoris transfers in which the muscle remained attached to the underlying

vasti through scar tissue were also simulated by reducing but not eliminating the muscle’s knee

extension moment. Simulated transfer to the sartorius, which converted the rectus femoris’ knee

extension moment to a flexion moment, produced 32781 improvement in peak knee flexion on average.

Simulated transfer to the iliotibial band, which completely eliminated the muscle’s knee extension

moment, predicted only slightly less improvement in peak knee flexion (28781). Scarred transfer

simulations, which reduced the muscle’s knee extension moment, predicted significantly less (po0.001)

improvement in peak knee flexion (14751). Simulations revealed that improved knee flexion following

rectus femoris transfer is achieved primarily by reduction of the muscle’s knee extension moment.

Reduction of scarring of the rectus femoris to underlying muscles has the potential to enhance knee

flexion.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Stiff-knee gait, characterized by diminished and delayed peak
knee flexion in swing (Sutherland and Davids, 1993), is one of the
most common gait problems in children with cerebral palsy
(Wren et al., 2005). Insufficient knee flexion during swing can lead
to tripping and falling, and energy-inefficient compensatory
movements. Despite the prevalence of stiff-knee gait, its causes
are not well understood. Several factors may contribute to stiff-
knee gait (Goldberg et al., 2003; Kerrigan et al., 1999; Kerrigan and
Glenn, 1994; Piazza and Delp, 1996; Riley and Kerrigan, 1998), but
over-activity of the rectus femoris muscle is considered a primary
cause (Perry, 1987; Sutherland et al., 1990; Waters et al., 1979).
Treatments including rectus femoris transfer surgery and botuli-
num toxin injection aim to alter the function of this muscle.
A rectus femoris transfer relocates the insertion of the rectus

femoris from the patella to a more posterior site to augment knee
flexion (Perry, 1987; Gage et al., 1987).

Average improvement in knee flexion after rectus femoris
transfer is positive but variable. Most studies report an average
increase in peak knee flexion after transfer between 71 and 101
(Gage et al., 1987; Õunpuu et al., 1993b; Chambers et al., 1998;
Moreau et al., 2005; Saw et al., 2003). Some studies report
increases in peak knee flexion between 121 and 261 (Sutherland et
al., 1990; Miller et al., 1997; Hemo et al., 2007). Even studies that
report no significant improvement (Õunpuu et al., 1993a; Hadley
et al., 1992; Rethlefsen et al., 1999) or an average decrease (Carney
and Oeffinger, 2003; Yngve et al., 2002) in peak knee flexion in
swing find that patients exhibit an average increase in knee range
of motion, typically when rectus femoris transfers are performed
in conjunction with hamstrings lengthenings. There is limited
understanding of how the transferred rectus femoris affects knee
motion and a lack of consensus regarding the effects of transfer
site. Several studies have reported no difference among transfer
sites on peak knee flexion improvement (Õunpuu et al., 1993a;
Muthusamy et al., 2006), whereas others have suggested that
outcome is dependent on the transfer site (Chung et al., 1997;
Hemo et al., 2007).
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The mechanism by which rectus femoris transfer may increase
knee flexion is unclear. The transfer was originally intended
to convert the muscle from a knee extensor to a knee flexor
(Perry, 1987), and a study on cadavers showed that the rectus
femoris has a knee flexion moment arm after transfer to the
sartorius or semitendinosis (Delp et al., 1994). However, examina-
tion of postoperative patients revealed that the transferred muscle
generates a knee extension moment upon electrical stimulation
(Riewald and Delp, 1997). In vivo dynamic imaging confirmed that
the muscle is not converted to a knee flexor but that the knee
extension capacity of the rectus femoris is diminished after
surgery (Asakawa et al., 2002). In these same subjects, magnetic
resonance imaging also revealed the formation of scar tissue
between the rectus femoris and the vasti postoperatively. This
connective tissue may allow force to be transmitted from the
rectus femoris to the vasti, resulting in the rectus femoris
producing a net knee extension moment despite transfer of its
distal tendon to the sartorius or semitendinosus (Asakawa et al.,
2004). A proposed mechanism of improvement in knee flexion
after rectus femoris transfer is reduction of the muscle’s knee
extension moment with preservation of its hip flexion moment
(Delp et al., 1994; Riewald and Delp, 1997; Asakawa et al., 2002),
which promotes knee flexion through dynamic coupling (Piazza
and Delp, 1996; Kerrigan et al., 1998). However, there is little
evidence indicating whether this mechanism is likely to increase
knee flexion in patients with stiff-knee gait following rectus
femoris surgery.

The purpose of this study was to investigate the mechanisms of
improved knee flexion after rectus femoris transfer by comparing
the changes in knee flexion predicted by simulating transfers to
sartorius, transfers to iliotibial band, scarred rectus femoris
transfers, and botulinum toxin injection of the rectus femoris.
This study evaluated the relative importance of the transferred
muscle’s hip and knee moments by analyzing subject-specific
simulations of children with stiff-knee gait.

2. Methods

Muscle-actuated simulations were created to investigate the mechanism by

which rectus femoris transfer alters muscle function. We created simulations that

reproduced the gait dynamics of ten subjects with stiff-knee gait prior to

treatment. The rectus femoris was then altered to simulate the effects of different

treatments. Resulting changes in peak knee flexion were compared.

2.1. Subjects

All ten subjects in this study were diagnosed with cerebral palsy and classified

as exhibiting stiff-knee gait (Fig. 1). To be classified as ‘‘stiff’’ the subject’s knee

motion was outside a normal range by more than two standard deviations for at

least three of four gait parameters: (1) peak knee flexion angle, (2) range of knee

flexion in early swing (from toe-off to peak knee flexion), (3) total range of knee

motion, and (4) timing of peak knee flexion in swing (Goldberg et al., 2006).

Control data were collected from 15 typical children of approximately the same

average age, height, and weight as the subjects with stiff-knee gait. Each stiff-knee

subject underwent a physical exam and gait analysis at Connecticut Children’s

Medical Center in Hartford, CT. All subjects met the following selection criteria:

(i) underwent rectus femoris transfer surgery to treat stiff-knee gait, (ii) were 6–17

years of age at surgery, (iii) had not undergone a selective dorsal rhizotomy, and

(iv) walked without orthoses or other assistance. The group of subjects had an

average age of 10.6 years. Rectus femoris was transferred distally to sartorius in all

subjects. Retrospective analysis of these data was performed with approval of

participating institutions.

2.2. Creating subject-specific simulations

The musculoskeletal system was represented by a three-dimensional model

with 21 degrees of freedom and 92 muscle–tendon actuators. The position and

orientation of the pelvis segment with respect to ground were defined by six

degrees of freedom. A single rigid segment articulating with the pelvis by a ball

and socket joint represented the head, arms, and torso. Each hip was modeled as a

ball and socket joint, each knee as a planar joint with tibiofemoral and

patellofemoral kinematics defined by knee flexion angle (Delp et al., 1990),

and each ankle and subtalar joint as revolute joints (Inman, 1976). The

musculoskeletal model and corresponding dynamic simulation code were

produced using SIMM (Delp and Loan, 2000) and SD/FAST (Parametric Technology

Corporation, Waltham, MA).

The musculoskeletal model was scaled to match the size and weight of each

subject. Next, we solved for the joint angles that minimized the distances between

virtual markers on the model and experimentally measured marker positions.

Then, a residual elimination algorithm (Thelen and Anderson, 2006) was applied to

make model kinematics consistent with measured ground reaction forces by

adjusting pelvis translations and back angles. Finally, computed muscle control

(Thelen et al., 2003) was utilized to determine a set of muscle excitations that

produced a forward simulation of the subject’s preoperative kinematics. The

muscle excitations were constrained to be consistent with measured EMG

patterns. Sagittal knee, hip, and ankle angles were within 31 of measured

preoperative angles. Simulations represented a portion of the gait cycle from

preswing to peak knee flexion, centered around toe-off.

2.3. Comparing effects of simulated treatments on knee flexion

Three types of rectus femoris transfers and a botulinum toxin injection into the

rectus femoris were simulated for each subject. The three different types of rectus

femoris transfer investigated included transfer to the sartorius, transfer to the

iliotibial band, and a transfer in which rectus femoris was scarred to the underlying

vasti. The preoperative musculoskeletal model for each subject (Fig. 2a) was altered

to represent each transfer scenario. The tendon slack length of the transferred

muscle was adjusted to keep muscle fibers operating near preoperative length

ranges. The set of muscle excitations from each subject’s preoperative simulation

was applied to each transfer model to simulate the effects of the surgery.

To simulate a transfer of the rectus femoris to the sartorius, the rectus femoris

insertion was relocated to the effective insertion of the sartorius in the model

(Fig. 2b). Even though the effective insertion of the sartorius is more proximal and

posterior than the anatomical insertion, the simulated rectus femoris transfer

closely approximates moment arms of transferred muscles measured experimen-

tally by Delp et al. (1994; compare model to experiment in Fig. 2b). To simulate the

negligible knee extension moment arm (0–5 mm) measured by Delp et al. (1994)

after transfer to the iliotibial band, the muscle’s insertion was fixed on the femur,

transforming it into a uniarticular hip flexor. To simulate the effects of a transfer

surgery in which the rectus femoris becomes scarred to the underlying vasti, we

reduced the knee extension moment arm of rectus femoris by half (Fig. 2d).

Although the model of the scarred transfer does not resemble a typical transfer

surgery, it represents the net effect of a scarred rectus femoris transfer on the

muscle’s knee extension capacity based on the subject who showed the least

reduction in rectus femoris knee extension capacity in the study of Asakawa et al.

(2002). To simulate the effects of injection of botulinum toxin into the rectus

femoris, which decreases active muscle force by inhibiting the release of

acetylcholine from the neuromuscular junction (Burgen et al., 1949), we applied

the set of muscle excitations in the preoperative simulation to the preoperative

model but eliminated rectus femoris excitation.

After creating simulations of each treatment for each subject, the improve-

ments in peak knee flexion, measured at the point of preoperative peak knee

flexion, were quantified (Fig. 3). The average amounts of peak knee flexion

improvement for all subjects were compared among treatments, using a two-

tailed, paired t-test (po0.05) with Bonferroni correction for multiple comparisons.
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Fig. 1. Average experimental knee flexion (in more stiff limb) of ten subjects with

stiff-knee gait (thick line)7one standard deviation (dark-shaded region), com-

pared to average knee flexion of typical subjects (thin line)7one standard

deviation (light-shaded region).
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2.4. Comparing influence of hip and knee moments of rectus femoris on knee flexion

To investigate the relative importance of the hip and knee moments of

transferred rectus femoris on peak knee flexion in swing, we analyzed four

additional simulations for each subject to represent conditions under which the hip

and knee moments of the muscle were separately eliminated or preserved. The

simulations of each subject’s preoperative gait served as the first condition that

preserved both hip and knee moments of the muscle. A second model was created

for each subject in which the muscle’s knee extension moment was eliminated,

while its hip flexion capacity after transfer was preserved. We preserved the

transferred muscle’s hip flexion capacity by maintaining its hip flexion moment arm

and adjusting tendon slack length to approximate the range of fiber operating

lengths in the preoperative simulation. A third model was created for each subject in

which the muscle’s hip flexion moment was eliminated while its knee extension

moment was preserved. A fourth model was created for each subject in which rectus

femoris was removed from the model, eliminating both hip and knee moments.

The set of muscle excitations found for each subject’s preoperative simulation

was applied to each model to simulate the effects of each condition on knee

flexion. We compared the changes in peak knee flexion from the preopera-

tive condition using a two-tailed, paired t-test (po0.05) with Bonferroni

correction.

3. Results

The largest improvement in peak knee flexion (32781)
occurred after simulated transfer of the rectus femoris to sartorius
(Fig. 4). Transfer of the muscle to the iliotibial band predicted a
smaller (po0.001) improvement in peak knee flexion (28781).
Simulated scarred rectus femoris transfer resulted in an average
improvement in peak knee flexion of 14751, which was
significantly less (po0.001) than the average improvement from
unscarred transfer to either the sartorius or the iliotibial band.
Simulated botulinum toxin injection to the rectus femoris, which
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Fig. 2. Illustrations of the rectus femoris muscle (top panels) and its moment arm at the knee averaged over 20–601 of knee flexion (bottom panels). The moment arms of

the models (black bars) are compared with moment arms measured experimentally (grey bars) by Delp et al. (1994) in cadaver specimens in the (a) preoperative condition,

after (b) transfer to the sartorius, and after (c) transfer to the iliotibial band. The muscle insertions shown in models (b) and (c) are effective insertions used to calculate

moment arms (see Methods). The muscle’s knee extension moment arm in the (d) scarred transfer model is compared to its moment arm calculated from in vivo

measurements of the muscle’s displacement in the patient from Asakawa et al. (2002) with the minimum reduction in knee extension moment arm after rectus femoris

transfer.

Fig. 3. Peak knee flexion resulting from simulation of (a) preoperative gait, (b) RF transfer to sartorius, (c) RF transfer to iliotibial band, (d) scarred RF transfer, and (e)

botulinum toxin injection for a single subject.
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eliminated the muscle’s active hip flexion and knee extension
moments, resulted in an average improvement of 12751 in knee
flexion.

The knee extension moment of rectus femoris was more
influential than its hip flexion moment on peak knee flexion
(Fig. 5). All subjects showed larger (po0.001) increase in peak
knee flexion (281 on average) when knee extension moment was
eliminated compared to decrease in peak knee flexion (�81 on
average) when hip flexion moment was eliminated. In the absence
of the muscle’s knee extension moment, average improvement in
peak knee flexion was 31 greater (po0.001) with hip flexion
moment than without hip flexion moment.

4. Discussion

Our results suggest that the primary mechanism by which
rectus femoris transfer improves knee flexion is the reduction of
the rectus femoris’ knee extension moment. Previous observations
that the surgery diminishes knee extension moment but generally
does not convert the rectus femoris to a knee flexor (Asakawa
et al., 2002; Riewald and Delp, 1997) support this finding.

A secondary mechanism of improvement is the preservation of
some of the muscle’s hip flexion moment, which induces knee
flexion (Piazza and Delp, 1996; Riley and Kerrigan, 1998).
However, it is likely the hip flexion moment generated by the
rectus femoris is diminished after transfer. The hip flexion
moment generated by the rectus femoris could not be preserved
in simulations in which the muscle’s insertion was relocated. In
the preoperative simulation, the rectus femoris lengthened due to
the patella translating distally on the femur with knee flexion. In
the transfer simulations in which the rectus femoris was relocated
from the patella, the muscle shortened. Concentric muscle
contraction in the transfer simulations produced less force than

the eccentric muscle contraction in the preoperative simulations;
this reduced the hip flexion moment generated by the rectus
femoris in transfer simulations. This suggests that when the
rectus femoris is transferred from its insertion on the patella the
muscle’s hip flexion moment may not be preserved, reducing
the contribution of the muscle’s hip flexion moment to knee
flexion and increasing the importance of reducing, or eliminating,
the muscle’s knee extension moment.

Our results show that rectus femoris transfers to either the
sartorius or the iliotibial band predicted greater improvements in
peak knee flexion than a scarred transfer, suggesting that methods
to reduce postoperative scarring of the muscle to underlying vasti
may be beneficial. Transfer to the sartorius predicted only slightly
greater peak knee flexion in swing (approximately 41) than
transfer to the iliotibial band, even though the simulated transfer
to the sartorius converted the muscle to a knee flexor. Although
the rectus femoris had a knee flexion moment arm in the model of
transfer to the sartorius, the amount of force the rectus femoris
produced was diminished after transfer since the change in
muscle path caused the muscle to shorten rather than lengthen
while contracting. Transfer to semitendinosus or gracilis, which
have larger knee flexion moment arms than sartorius, may result
in larger changes in knee flexion. Transfer to sartorius was
investigated in this study because of its prevalence as a surgical
option (Gage et al., 1987; Õunpuu et al., 1993a; Saw et al., 2003;
Moreau et al., 2005; Hemo et al., 2007).

Simulated botulinum toxin injection to the rectus femoris
predicted less peak knee flexion improvement than transfer of the
muscle. This is likely due to the preservation of detrimental
passive knee extension moments (i.e., the knee extension moment
generated by stretch of the rectus femoris even when it is inactive)
and elimination of helpful active hip flexion moments. The
simulated result may overestimate anticipated clinical improve-
ment since injection of botulinum toxin is unlikely to achieve
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complete elimination of active muscle force. Stoquart et al. (2008)
reported a 51 average increase in peak knee flexion after
botulinum toxin injection into rectus femoris in adults with
stiff-knee gait due to stroke. Other studies have reported no
significant change (Chantraine et al., 2005) and 91 average
improvement (Sung and Bang, 2000) in peak knee flexion after
motor branch block of the rectus femoris in patients with stiff-
knee gait.

Simulations of rectus femoris transfers to the sartorius and the
iliotibial band resulted in larger peak knee flexion improvements
than those reported clinically or observed in the postoperative
kinematics of our subjects (27131) measured approximately one
year postoperatively. This is likely to occur because the rectus
femoris may not produce the intended knee flexion moment due
to scarring of the transferred muscle to underlying soft tissues
(Asakawa et al., 2004). Also, the subjects in this study were
treated with other surgeries that may affect knee flexion. All ten
subjects received hamstrings lengthenings and many received
additional bony or soft-tissue surgeries. We have not attempted to
model the effects of concomitant surgeries in our subject group
because our goal was to isolate the effects of rectus femoris
transfer surgery. Our simulations of scarred rectus femoris
transfers predict improvements in knee flexion of 141 on average,
which is similar to a clinical report of 121 of increase after isolated
rectus femoris transfer (Hemo et al., 2007).

Several assumptions were made in implementing the gait
simulations. First, the muscle excitations used to drive the
treatment simulations were assumed to remain unchanged from
preoperative simulations. While some muscle excitations are
likely to change, Patikas et al. (2007) found no significant changes
in rectus femoris activity after multilevel surgery, including rectus
femoris transfer. Secondly, muscle parameters prescribed in these
models were based on data for typical adults, which are unlikely
to be accurate representations of muscles in children with
cerebral palsy. Additionally, our subject-specific models were
scaled to the sizes of each subject and accurately represented the
kinematics and kinetics measured preoperatively for each subject,
but did not replicate skeletal deformities or contractures which
may have been present. Also, we cannot be certain that the muscle
forces produced in our simulations accurately represented the
forces generated by individual subjects in vivo, although the net
joint moments and muscle excitations in the preoperative
simulations were consistent with those measured in the gait
laboratory. Finally, we modeled the net effect of a scarred transfer
by reducing the average moment arm of rectus femoris at
the knee by half. This is an approximation of the function of a
scarred transfer, and may not represent secondary effects of
scarring or variations in the actual moment arm of the transferred
muscle throughout a range of knee flexion. Although different
modeling assumptions may have resulted in different peak knee
flexion improvements, the relationships of improvement in peak
knee flexion among treatments would not be likely to change
since the same assumptions were used in each treatment
simulation.

Our dynamic simulations of individual subjects with stiff-knee
gait revealed that substantial improvement in peak knee flexion in
swing after rectus femoris transfer may be obtained by reducing
the muscle’s knee extension moment. Preserving the muscle’s
hip flexion moment may provide some additional improvement,
but was less influential than decreasing the muscle’s knee
extension moment. Surgeries that intend to convert the rectus
femoris to a knee flexor may instead only reduce its knee
extension moment, possibly due to scarring (Asakawa et al.,
2002). Reducing postoperative scarring of the rectus femoris to
underlying tissues may improve postoperative peak knee flexion
in swing.
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