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Abstract

Stiff-knee gait is characterized by diminished and delayed knee flexion during swing. Rectus femoris transfer surgery, a common
treatment for stiff-knee gait, is often recommended when a patient exhibits prolonged activity of the rectus femoris muscle during swing.
Treatment outcomes are inconsistent, in part, due to limited understanding of the biomechanical factors contributing to stiff-knee gait.
This study used a combination of gait analysis and dynamic simulation to examine how activity of the rectus femoris during swing, and
prior to swing, contribute to knee flexion. A group of muscle-actuated dynamic simulations was created that accurately reproduced the
gait dynamics of ten subjects with stiff-knee gait. These simulations were used to examine the effects of rectus femoris activity on knee
motion by eliminating rectus femoris activity during preswing and separately during early swing. The increase in peak knee flexion by
eliminating rectus femoris activity during preswing (7.5+ 3.1°) was significantly greater on average (paired z-test, p = 0.035) than during
early swing (4.743.6°). These results suggest that preswing rectus femoris activity is at least as influential as early swing activity in
limiting the knee flexion of persons with stiff-knee gait. In evaluating rectus femoris activity for treatment of stiff-knee gait, preswing as

well as early swing activity should be examined.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Stiff-knee gait is a debilitating consequence of cerebral
palsy characterized by diminished knee motion and delayed
peak knee flexion during swing. Each year, three out of
every 1000 children manifest one or more of the symptoms
of cerebral palsy (CDC, 2004). The ambulatory types of
cerebral palsy account for 48-79% of all cases (Stanley
et al., 2000). Stiff-knee gait is one of the most common gait
abnormalities in ambulatory children with cerebral palsy
(Wren et al., 2004). Many individuals with stiff-knee gait
frequently trip or perform inefficient compensatory move-
ments due to inadequate toe clearance (Sutherland and
Davids, 1993).

Distal transfer of the rectus femoris is a common surgical
treatment for stiff-knee gait (Gage et al., 1987; Perry,
1987). Though increased vasti and decreased iliopsoas
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activity have been identified as potential causes of stiff-
knee gait (Goldberg et al., 2004), the limited knee flexion is
usually attributed to abnormal prolongation of rectus
femoris activity into early swing phase (Gage et al., 1987;
Perry, 1987; Sutherland and Davids, 1993; Sutherland
et al., 1975, 1990; Waters et al., 1979). Rectus femoris
transfer surgery is intended to decrease the muscle’s ability
to extend the knee while preserving its ability to generate
hip flexion moment (Asakawa et al., 2002; Gage et al.,
1987; Perry, 1987), which promotes knee flexion (Asakawa
et al., 2002; Kerrigan et al., 1998; Piazza and Delp, 1996).
Several studies have reported that rectus femoris transfer
typically improves knee flexion (Gage et al., 1987; Ounpuu
et al., 1993a,b; Rethlefsen et al., 1999; Sutherland et al.,
1990). However, less positive outcomes related to swing
phase peak knee flexion have more recently been reported
in some patients (Yngve et al., 2002).

Outcomes of surgical treatments for stiff-knee gait are
inconsistent, in part, due to insufficient understanding of
the biomechanical factors contributing to stiff-knee gait.
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Although rectus femoris transfer is thought to improve
knee flexion by decreasing knee extension moment,
Goldberg et al. (2003) found that many subjects with
stiff-knee gait did not walk with abnormally large knee
extension moments during early swing, but they walked
with abnormally low knee flexion velocity at toe-off.
Goldberg et al. (2006) subsequently reported that many
subjects with stiff-knee gait walked with abnormally large
knee extension moments during double support, which
were correlated with low knee flexion velocity at toe-off.
Moreover, most subjects with favorable outcomes follow-
ing surgery walked with decreased knee extension moments
during double support and corresponding increased knee
flexion velocities at toe-off (Goldberg et al., 2006). These
results suggest that knee extension moment, which is
influenced by rectus femoris activity, prior to toe-off,
rather than after toe-off, may be a more prevalent
contributor to stiff-knee gait than previously thought.
A better understanding of when rectus femoris activity
contributes to stiff-knee gait is necessary to refine clinical
indications for rectus femoris transfer surgery.

This study used dynamic simulation, in combination
with gait analysis, to evaluate the relative importance of
preswing (i.e., the period immediately prior to toe-off)
rectus femoris activity as a biomechanical factor contribut-
ing to diminished knee flexion in subjects with stiff-knee
gait. We hypothesized that rectus femoris activity during
preswing has a greater impact on peak knee flexion than
rectus femoris activity during early swing (i.e., the period
from toe-off to peak knee flexion) in subjects with stiff-
knee gait. We tested this hypothesis by simulating the
elimination of rectus femoris activity during preswing and
separately during early swing for a group of ten subjects
with cerebral palsy walking with stiff-knee gait and
computing the resulting changes in knee flexion. Identify-
ing the function of rectus femoris activity during preswing
and early swing in subjects with stiff-knee gait contributes
to our understanding of this gait abnormality and provides
insights needed to improve treatment planning.

2. Methods

The subjects in this study underwent gait analysis at Connecticut
Children’s Medical Center in Hartford, CT. Gait analysis data, including
three-dimensional joint angles, ground reaction forces and moments, and
surface electromyographic (EMG) recordings from preamplifier electro-
des, were collected as a routine part of treatment planning. Our inclusion
criteria (Goldberg et al., 2006) required that each subject (i) subsequently
underwent rectus femoris transfer surgery as a correctional treatment for
stiff-knee gait, (ii) was between 6 and 17 years of age prior to surgery, (iii)
had not undergone a selective dorsal rhizotomy, and (iv) walked without
orthoses or other assistance. Ten subjects were identified and categorized
as exhibiting stiff-knee gait in at least one limb preoperatively (Table 1).

Four gait parameters (Goldberg et al., 2006) were used to determine
whether a subject walked with stiff-knee gait: peak knee flexion in swing
phase (e.g., Gage et al., 1987; Sutherland et al., 1990), knee range of
motion in early swing (Goldberg et al., 2003), total knee range of motion
(e.g., Gage et al., 1987; Ounpuu et al., 1993a,b), and timing of peak knee
flexion during swing phase (e.g., Sutherland et al., 1990; OQunpuu et al.,
1993a,b). A limb was classified as “stiff”” if three or more of these

measures were more than two standard deviations below (or above in the
case of the timing measure) the average control value. Control data were
collected from 15 able-bodied subjects of approximately the same average
age, height, and weight as the subjects with cerebral palsy (Table 1).
Surface EMG data were not used to include or exclude subjects from this
study. However, all of the subjects with stiff-knee gait did exhibit
abnormal rectus femoris activity (Table 1). All subjects gave informed
consent for the collection of their gait data. Mutual institutional approval
was obtained for retrospective analysis of these data. The data analysis
included the creation of subject-specific dynamic simulations.

A three-dimensional, full-body musculoskeletal model with 21 degrees
of freedom and 92 muscle-tendon actuators formed the foundation of
each simulation (Fig. 1). The position and orientation of the pelvis relative
to ground was defined with 6 degrees of freedom. The head, arms, and
torso were represented as a rigid segment connected with the pelvis by a
ball-and-socket joint (Anderson and Pandy, 1999). The remaining lower
extremity joints were modeled as follows: each hip as a ball-and-socket
joint, each knee as a planar joint with tibiofemoral and patellofemoral
translational constraints as a function of knee flexion (Delp et al., 1990),
and each ankle and subtalar joints as revolute joints (Inman, 1976). Each
muscle-tendon actuator was modeled as a Hill-type muscle in series with
tendon based on musculotendon parameters from Delp et al. (1990). The
musculoskeletal model and corresponding dynamic simulation code were
produced using SIMM and the Dynamics Pipeline (Delp and Loan, 2000)
along with SD/FAST (Parametric Technology Corporation, Waltham,
MA). The musculoskeletal model was used in conjunction with gait
analysis data to create subject-specific dynamic simulations.

A muscle-actuated dynamic simulation of each subject was created
using a four-step process. First, the musculoskeletal model was scaled to
represent the experimentally measured size of each subject. Second, inverse
kinematics analysis was utilized to obtain values of generalized
coordinates for the model that closely matched the experimentally
measured kinematics of each subject. Third, a residual elimination
algorithm (Thelen and Anderson, 2006) was applied to achieve dynamic
consistency between the model’s motions and the experimentally measured
ground reactions of each subject, by adjusting pelvis translations and back
rotations. Fourth, computed muscle control (Thelen et al., 2003) was
implemented to determine an optimal set of muscle activities that
produced forward simulations and that were generally consistent with
the experimentally measured kinematics and EMG patterns of each
subject. Constraints were placed on the muscle activity of each simulation
based on the recorded EMG. For example, when activity was recorded for
rectus femoris during early swing, the simulated rectus femoris was
required to have activity during this time as well. This four-step process
was used to create simulations for each subject’s preoperative gait during
the period of preswing through peak knee flexion in swing. The simulated
joint angles reproduced the subjects’ measured hip, knee, and ankle angles
within 3°. The subject-specific dynamic simulations were used to conduct
subsequent simulation experiments.

The simulation of each subject was altered to examine the effects of
rectus femoris activity on knee motion. In particular, the activity of rectus
femoris was eliminated during preswing and separately during early swing,
creating two new simulations per subject, to determine the muscle’s
relative importance to peak knee flexion for each case (Fig. 2). By
observing the changes in peak knee flexion between the new and
unperturbed simulations, the muscle’s contribution to knee motion was
inferred for that period of time in which its activity was eliminated. For
these simulation experiments, preswing was defined to be the period of the
gait cycle before toe-off equal in length of time to early swing. Early swing
was defined to be the period of the gait cycle from toe-off to peak knee
flexion. Equal lengths of time were chosen for preswing and early swing to
remove any intrasubject variability which would weight the effects of each
period by a percentage of simulation time. On average, the duration of
preswing was 20 ms longer than double support.

We evaluated our hypothesis regarding the relative importance of
preswing and early swing rectus femoris activity by conducting a paired
t-test at the 0.05 significance level. A one-tailed test was used due to a
priori expectation about directionality (i.e., rectus femoris activity during
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Table 1
Descriptive values for 10 subjects with stiff-knee gait and 15 able-bodied subjects
Subject Rectus femoris electromyography Age Mass (kg) Knee ROM  Knee Peak knee Timing of peak Double Preswing Early swing
deviations (years) from toe-off to ROM flexion knee flexion support
peak knee total (deg.) (% swing) Duration (s) Duration (s) Average knee Duration (s) Average knee
flexion (deg.) (deg.) extension extension
moment moment
(Nm/kg) (Nm/kg)
1 Prolonged loading response burst,  12.8 38.1 6.9 26.5 35.7 37.8 0.117 0.072 0.194 0.072 0.054

brief shutdown at toe-off,
excessive firing in swing

2 Continuous activity 10.3 26.9 17.5 29.3 40.7 39.4 0.090 0.144 0.296 0.144 0.040
3 Prolonged loading response burst,  10.8 29.3 14.6 36.3 45.2 429 0.103 0.141 0.399 0.141 0.017
inappropriate firing in swing
Continuous activity 9.12 322 9.0 20.9 459 45.4 0.084 0.126 0.378 0.126 0.077
5 Continuous activity 12.5 36.5 6.0 11.8 49.2 38.9 0.144 0.167 0.688 0.167 0.056
6 Prolonged loading response burst, 6.84 21.8 11.8 32.1 50.7 40.7 0.146 0.156 0.396 0.156 0.017
continuous activity in swing
7 Prolonged loading response burst, 8.23 222 17.9 44.6 51.3 40.4 0.072 0.120 0.126 0.120 0.015
inappropriate firing in initial and
mid swing
8 Continuous activity 15.6 53.9 5.1 15.2 53.1 51.9 0.160 0.160 0.688 0.160 0.037
9 Continuous activity 10.8 28.6 18.5 25.8 54.4 48.3 0.100 0.141 0.293 0.141 0.008
10 Continuous activity 12.8 30.8 16.4 41.6 64.0 41.7 0.122 0.113 0.395 0.113 0.053
Able-  None 10.5 (2.9) 352 (13.6) 31.0 (4.3) 59.5(6.8) 65.8 (5.3) 33.0(3.1) 0.066 (0.014) 0.135 (0.018) 0.185 (0.080) 0.135 (0.018) 0.031 (0.016)
bodied®
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?Able-bodied subject values are given as average (standard deviation).
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Fig. 1. Muscle-actuated dynamic simulation of a subject’s gait during the
period of preswing through early swing. A three-dimensional, full-body
musculoskeletal model with 21 degrees of freedom and 92 muscle-tendon
actuators was used in conjunction with the subject’s gait analysis data to
create each subject-specific simulation. The dynamic simulation is shown
at the initiation of preswing (/eft), just following toe-off (center), and at the
termination of early swing (right). Each subject-specific simulation was
used to conduct simulation experiments to evaluate the relative
importance of preswing rectus femoris activity as a biomechanical factor
contributing to the subject’s diminished knee flexion.

preswing has a greater impact on peak knee flexion than rectus femoris
activity during early swing in subjects with stiff-knee gait). The null
hypothesis was that the difference in peak knee flexion change between the
preswing and the early swing simulations was zero. The test was

performed against the right-tailed alternative hypothesis that peak knee
flexion increased more, on average, in the simulations when rectus femoris
activity was eliminated during preswing than during early swing.

3. Results

Peak knee flexion increased more (p = 0.035), on
average, when rectus femoris activity was eliminated
during preswing than during early swing in our simulations
(Fig. 3). Peak knee flexion increased 7.5+3.1° when
activity was eliminated during preswing and 4.7+3.6°
when eliminated during early swing. Peak knee flexion
increased more for the preswing case than for the early
swing case in the majority of subject simulations. For six
subjects (1, 4, 5, 7, 9, and 10), the increase in peak knee
flexion was 90% higher or more for the preswing case than
for the early swing case. For three subjects (2, 6, and 8), the
increase in peak knee flexion was similar (within 10%) for
the preswing case and the early swing case. For the
remaining subject (3), the increase in peak knee flexion was
substantially lower (37%) for the preswing case than for
the early swing case.

4. Discussion

Rectus femoris transfer surgery is often performed to
treat stiff-knee gait when a patient exhibits prolonged
activity of the rectus femoris into early swing. However,
Goldberg et al. (2006) suggested that rectus femoris activity
prior to toe-off may also contribute to stiff-knee gait by
causing abnormally large knee extension moments and
corresponding low knee flexion velocity at toe-off. Our
results confirm that preswing rectus femoris activity is at
least as important as early swing activity and, for some
subjects with stiff-knee gait, may limit knee flexion more
than activity in early swing. In evaluating rectus femoris
activity for treatment of stiff-knee gait, preswing and early
swing EMG should be examined.

There are several possible biomechanical explanations
why preswing rectus femoris activity may limit knee flexion
more than early swing activity. First, impaired motor
control may cause varying levels of preswing and early
swing rectus femoris activity (Fig. 4). In fact, preswing and
early swing EMG activity of the rectus femoris varies
considerably in children with stiff-knee gait (Miller et al.,
1997). Excessive preswing activity (Fig. 4a) may result in
above normal muscle force that limits knee flexion. Second,
the delay between muscle excitation and muscle force
generation suggests that preswing rectus femoris activity
may cause forces that persist into early swing phase and
limit knee flexion. This delay in electromechanical coupling
has been reported to be between 30 and 100 ms (Cavanagh
and Komi, 1979), which is roughly 25-75% of the duration
of preswing or early swing for the subjects in this study.
Third, musculoskeletal geometry and multibody dynamics
may cause varying magnitudes of preswing and early swing
muscle forces that produce joint motion. The transmission
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Fig. 2. Example (subject 7) of methods used to determine increase in peak knee flexion when rectus femoris activity was eliminated during preswing and
separately during early swing. (a) Rectus femoris surface EMG of a subject with stiff-knee gait was recorded over an entire gait cycle. Normal rectus
femoris EMG timing is indicated by horizontal white bars (Bleck, 1987). Toe-off is indicated by a vertical dashed line at 61% of the gait cycle. Two time
periods were selected for analysis: early swing (i.e., period from toe-off to peak knee flexion) and preswing (i.e., period before toe-off equal in duration to
early swing). (b) Two simulation experiments were conducted by eliminating rectus femoris activity during preswing (dashed line) and separately during
early swing (dotted line) to determine the muscle’s effect on peak knee flexion. (¢) Simulated changes in knee flexion angles were different when rectus
femoris activity was eliminated during preswing (dashed line) or early swing (dotted line). The unperturbed simulation (thick solid line) and experimentally
measured (thin solid line) knee angles are shown for comparison. Normal knee flexion (shaded line) and two standard deviations of the normal curve
(shaded region) are shown as well.

15 B preswing Preswi.ng activity may r.es1'11t in a pot'entially large knee
s B early swing extension moment that limits knee flexion. .
oL There are several possible reasons why simulated
2 increases in peak knee flexion varied across subjects. First,
% EMG patterns and simulated muscle activity varied across
E 9 subjects. Constraints were placed on the muscle activity of
o each simulation based on the recorded EMG. As a result,
é 6 |- elimination of high rectus femoris activity led to large
g simulated increases in peak knee flexion. For example,
- subject 3 had more activity in early swing compared to
x 3 preswing (Fig. 4b); consequently, peak knee flexion
& increased more when rectus femoris activity was eliminated

0 during early swing than during preswing (Fig. 3). The

1 2 3 4 5 6 7 8 9 10 presence of high vasti activity in lieu of rectus femoris

activity may have attenuated the simulated increases in

Flg. 3 Incr.ease in pe.ak knee flexion caused‘ by ehmmat}ng ‘rect.us femorls peak knee flexion. Second, joint motion and body MAss
activity during preswing and separately during early swing in simulations

of ten subjects with stiff-knee gait (ordered by increasing unperturbed peak properties varied across sub]ects and these can affect the

knee flexion). The increase was determined by eliminating rectus femoris change in knee motion caused by rectus femoris activity.
activity in a forward dynamic simulation and computing the change in For example, improper positioning of the foot before toe-

peak knee flexion compared with the unperturbed value (Fig. 2). The off may dramatically decrease the ankle power required for
changes i'n simulated knee motion give i'nsight 'into'the F)iorpechar'licizal proper knee flexion. Third, the duration of the simulation
contribution of rectus femoris for that period of time in which its activity . . . . .
was eliminated. times varied across subjects and long simulations may have
produced large changes in knee flexion. Given two
simulations differing only in length of time, a longer
of muscle force to joint motion depends on the muscle’s simulation ecliminating rectus femoris activity increases
moment arm, which varies during movement. In fact, peak knee flexion more than a shorter simulation because
rectus femoris has large potential during double support to the inhibitory knee extension moment, in part due to rectus
decrease peak knee flexion velocity (Goldberg et al., 2004). femoris muscle force, is reduced for a longer period of time.
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Fig. 4. Two subjects with varying levels of preswing and early swing rectus femoris activity. (a) Subject 8 had more rectus femoris activity in preswing
compared to early swing. (b) Subject 3 had less rectus femoris activity in preswing compared to early swing.

By carefully defining the duration of preswing to equal
the duration of early swing, the intra-subject results were
not contaminated by the effects of a long perturbation
being compared with those of a short perturbation. The
period of double support is defined by vertical ground
reaction force measurements. Knee flexion motion along
with ground reactions defines early swing. There was
significant variation between double support and early
swing durations for each subject (Table 1). For example,
double support was roughly 54 ms shorter than early swing
for subject 2. If we had not controlled the duration over
which we perturbed RF activity in the simulations, then
this difference would have allowed the early swing
perturbations to affect the model motion for 60% more
time than double support perturbations. For this reason,
preswing was defined to be the period before toe-off equal
in length of time to early swing.

The simulated elimination of rectus femoris activity was
not intended to represent the activity of able-bodied
control subjects. Although rectus femoris activity for an
individual subject is repeatable, there are significant
differences across subjects (Arsenault et al., 1986). In some
cases using surface electrodes, a bi-phasic pattern (i.e., one
main burst during swing-to-stance transition and the
second main burst during stance-to-swing transition) can
be observed (Arsenault et al., 1986; Murray et al, 1984;
Shiavi, 1985). In other cases using fine wire electrodes, no
muscle activity or a brief, weak burst is observed during
stance-to-swing transition (Perry, 1987). In a study with
both types of electrodes, cross-talk from the underlying
vasti contaminated the EMG of rectus femoris recorded
with surface electrodes (Nene et al., 2004). Rather than
simulating rectus femoris activity of able-bodied control
subjects, the simulations in this study allowed the muscle’s
contribution (i.e., importance) to knee flexion to be
determined for that period of time in which its activity
was eliminated.

The muscle-actuated simulations of stiff-knee gait
developed in this study had several limitations. First, the
model used in this study was scaled to represent the
size¢ and mass properties of each subject, but not
individual impairments (e.g., skeletal deformities, muscle

contractures, and spasticity). Second, the simulations did
not explicitly model arm motions, which may have
minimally affected the motions of other body segments.
Third, the model utilized muscle parameters representative
of an able-bodied adult, whereas the subjects in this
study were children with neuromuscular abnormalities.
Fourth, the forces produced by muscles in our simulations
may not have accurately represented the forces generated
by individual subjects even though the net joint moments
were representative of each subject. Although the increases
in peak knee flexion reported may change if we made
different modeling assumptions, our conclusions regarding
the relative importance of preswing and ecarly swing
activity would be unlikely to change significantly because
the same assumptions would be simulated across both
time periods.

Our finding that preswing rectus femoris activity is an
important biomechanical factor contributing to diminished
knee flexion in subjects with stiff-knee gait is consistent
with the findings of others. Several studies have shown that
swing-phase initial conditions are important in generating
knee flexion during normal gait with (Piazza and Delp,
1996) and without (Mochon and McMahon, 1980; Mena et
al., 1981) muscle activity. More recently, (Goldberg et al.,
2003) demonstrated the importance of swing-phase initial
conditions in stiff-knee gait. Our finding supports these
studies because preswing muscle forces generate initial
conditions for swing phase (e.g., knee flexion velocity at
toe-off). In particular, excessive rectus femoris force during
double support has the potential to decrease knee flexion
velocity at toe-off in normal gait (Goldberg et al., 2004).
Some studies have reported subjects with stiff-knee gait
exhibit a below normal knee flexion velocity at toe-off
(Granata et al., 2000; Goldberg et al., 2003), and others
have simulated the proportional relationship between knee
flexion velocity at toe-off and swing-phase knee flexion for
normal gait (Piazza and Delp, 1996) and stiff-knee gait
(Goldberg et al., 2003). Our finding of the cause—effect
relationship between preswing rectus femoris activity and
swing-phase knee flexion is consistent with these studies as
well. The current work demonstrates the impact of rectus
femoris activity on swing-phase knee flexion and provides a
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direct comparison of preswing and early swing importance
for a number of subjects with stiff-knee gait.

Many subjects with stiff-knee gait walked with excessive
knee flexion in stance phase (e.g., crouch gait). This results
in larger than normal knee extension moments during
double support. Large knee moments generated by the
knee extensors are necessary to support the body (McNee
et al., 2004), but diminish knee flexion velocity at toe-off
and reduce peak knee flexion (Goldberg et al., 2006).
Recent analyses (Goldberg et al., 2006) suggest that the
improvements in stiff-knee gait are associated with
sufficient decreases in excessive knee extension moments
during double support and corresponding increases in knee
flexion velocity at toe-off. Further analyses are necessary to
determine if the correction of excessive knee flexion in
stance may diminish the excessive knee extension moments
in double support. If so, excessive rectus femoris excitation
may no longer be necessary for body support. Correcting
excessive knee flexion in stance may increase knee flexion in
swing.

The combination of gait analysis and dynamic simula-
tion in this study identified the importance of preswing
rectus femoris activity in stiff-knee gait. This result
indicates that excessive preswing rectus femoris activity is
a biomechanical factor contributing to diminished knee
flexion in subjects with stiff-knee gait. While gait analysis
tools alone are useful for characterizing stiff-knee gait,
dynamic simulation provides an additional, valuable tool
for investigating its underlying biomechanical causes and
the mechanisms leading to improvement following treat-
ment.
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