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Background: Persons with post-stroke hemiparesis usually walk slowly and asymmetrically. Stroke severity
and functional walking status are commonly predicted by post-stroke walking speed. The mechanisms that
limit walking speed, and by extension functional walking status, need to be understood to improve post-
stroke rehabilitation methods.
Methods: Three-dimensional forward dynamics walking simulations of hemiparetic subjects (and speed-
matched controls) with different levels of functional walking status were developed to investigate the
relationships between muscle contributions to walking subtasks and functional walking status. Muscle
contributions to forward propulsion, swing initiation and power generation were analyzed during the pre-
swing phase of the gait cycle and compared between groups.

Findings: Contributions from the paretic leg muscles (i.e., soleus, gastrocnemius and gluteus medius) to
forward propulsion increased with improved functional walking status, with the non-paretic leg muscles (i.e.,
rectus femoris and vastii) compensating for reduced paretic leg propulsion in the limited community walker.
Contributions to swing initiation from both paretic (i.e., gastrocnemius, iliacus and psoas) and non-paretic leg
muscles (i.e., hamstrings) also increased as functional walking status improved. Power generation was also an
important indicator of functional walking status, with reduced paretic leg power generation limiting the
paretic leg contribution to forward propulsion and leg swing initiation.
Interpretation: These results suggest that deficits in muscle contributions to the walking subtasks of forward
propulsion, swing initiation and power generation are directly related to functional walking status and that
improving output in these muscle groups may be an effective rehabilitation strategy for improving post-
stroke hemiparetic walking.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Post-stroke hemiparesis is seen in 50% of persons six months
following stroke (Kelly-Hayes et al., 2003) and is often characterized
by slow walking speed and asymmetry between the paretic and non-
paretic legs (e.g., Olney and Richards, 1996). Walking speed is
commonly used to predict stroke severity and assess functional
walking status (i.e., household, limited community and community
walking status) post-stroke (Bowden et al., 2008; Perry et al., 1995).
Given that improving walking ability is a primary goal post-stroke
(Bohannon et al., 1988), rehabilitation strategies focused on improv-
ing walking speed, and therefore functional walking status, are
important. In order to develop more effective rehabilitation inter-
ventions, the underlying mechanisms that lead to different levels of
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walking status need to be fully understood. In particular, investigating
the walking subtasks that are crucial to improving walking speed,
including forward propulsion (i.e., pelvis forward acceleration), swing
initiation (i.e., power delivery to the leg) and power generation (i.e.,
musculotendon power output), would provide insight into the
impairments that limit functional walking status in hemiparetic
subjects.

Previous studies have shown that the ankle plantarflexors, soleus
(SOL) and gastrocnemius (GAS), are essential to the walking subtasks
of forward propulsion, swing initiation and power generation in
healthy walking and that pre-swing (i.e., double support phase
preceding toe-off) is a critical region of the gait cycle for SOL and
GAS to accomplish these subtasks (Liu et al., 2008; McGowan et al.,
2008; Neptune et al., 2001; Neptune et al., 2008). SOL and GAS have
unique contributions to the walking subtasks, with SOL contributing
primarily to trunk forwardpropulsionwhileGAS contributes primarily
to leg swing initiation (Neptune et al., 2001; Neptune et al., 2008).
Plantarflexor weakness is commonly observed in hemiparetic walking
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Table 1
The 43 musculotendon actuators per leg were combined into 18 groups after analysis
according to anatomical classification and how they contributed to the three walking
subtasks.

Muscle name Analysis group

Iliacus IL
Psoas IL
Adductor longus AL
Adductor brevis AL
Pectineus AL
Quadratus femoris QF
Superior adductor magnus AM
Middle adductor magnus AM
Inferior adductor magnus AM
Sartorius SAR
Rectus femoris RF
Vastus medialis VAS
Vastus lateralis VAS
Vastus intermedius VAS
Anterior gluteus medius GMED
Middle gluteus medius GMED
Posterior gluteus medius GMED
Piriformis PIRI
Gemellus GEM
Anterior gluteus minimus GMIN
Middle gluteus minimus GMIN
Posterior gluteus minimus GMIN
Tensor fascia lata TFL
Anterior gluteus maximus GMAX
Middle gluteus maximus GMAX
Posterior gluteus maximus GMAX
Semitendinosus HAM
Semimembranosus HAM
Gracilis HAM
Biceps femoris long head HAM
Biceps femoris short head BFSH
Medial gastrocnemius GAS
Lateral gastrocnemius GAS
Soleus SOL
Tibialis posterior SOL
Peroneus brevis SOL
Peroneus longus SOL
Flexor digitorum longus SOL
Flexor hallucis longus SOL
Tibialis anterior TA
Extensor digitorum longus TA
Peroneus tertius TA
Extensor hallucis longus TA
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and the output from the paretic plantarflexors has been correlated
with walking speed (Nadeau et al., 1999; Olney et al., 1991;
Parvataneni et al., 2007). We have recently suggested in a simulation
study of two hemiparetic subjects that impaired performance in
forward propulsion, swing initiation and power generation is at least
partially due to decreased paretic plantarflexor contributions, specif-
ically with reduced SOL contributions impairing forward propulsion,
reducedGAS contributions impairing swing initiation and reduced SOL
and GAS contributions impairing power generation (Peterson et al.,
2010). However, the relationships between plantarflexor contribu-
tions to specific walking subtasks and functional walking status in
hemiparetic subjects are not known.

Studies of healthy adults have shown the uniarticular hip flexors,
iliacus and psoas (IL), provide swing initiation together with GAS
(Neptune et al., 2004; Neptune et al., 2008) and that IL can
compensate for overall plantarflexor weakness in some hemiparetic
subjects (Nadeau et al., 1999; Olney and Richards, 1996). However,
we have shown through simulation analyses that contributions of
paretic IL to swing initiation and power generation are reduced in
hemiparetic subjects relative to controls (Peterson et al., 2010). Thus,
the relationship between paretic IL contributions to swing initiation
and power generation and functional walking status in hemiparetic
walking is also unclear.

The goal of this study was to build upon our previous work by
identifying differences in pre-swing forward propulsion, swing
initiation and power generation among hemiparetic subjects (and
speed-matched controls) with different levels of functional walking
status (i.e., limited community and community walkers) using
muscle-actuated forward dynamics simulations. The simulations
were used to identify changes in muscle coordination (i.e., muscle
force production and timing) that reduce pre-swing deficits, increase
walking speed and ultimately improve functional walking status in
hemiparetic walking. Forward dynamics simulations provide an ideal
framework to achieve this goal as they have been used to successfully
quantify individual muscle contributions to the walking subtasks in
healthy walking (e.g., Liu et al., 2008; Neptune et al., 2008) and in
hemiparetic subjects (Higginson et al., 2006; Peterson et al., 2010).
We expect that decreased muscle contributions to the walking
subtasks during the pre-swing phase limits the functional walking
status of hemiparetic subjects, with subjects who perform better in
the three subtasks attaining higher walking speeds and higher
functional walking status than subjects who have more impaired
performance in one or more of the subtasks. We expect that the
contributions of the paretic leg ankle plantarflexors (SOL and GAS)
and the uniarticular hip flexors (IL) to forward propulsion, swing
initiation and power generation will be reduced in hemiparetic
subjects relative to controls, with the difference increasing (repre-
senting more impairment) as functional walking status decreases. By
identifying the walking subtasks and specific muscle groups that limit
functional walking status, this study will provide insight into the
underlying mechanisms that contribute to reduced performance in
the hemiparetic subjects and provide rationale for developing specific
post-stroke rehabilitation interventions.

2. Methods

2.1. Musculoskeletal model

A previously described 3D musculoskeletal model (Peterson et al.,
2010) with 23 degrees-of-freedom was used to generate forward
dynamics walking simulations of control and hemiparetic subjects.
The model was developed using SIMM (MusculoGraphics, Inc., Santa
Rosa, CA, USA) and included rigid segments representing the trunk,
pelvis and two legs (thigh, shank, talus, calcaneus and toes). The
pelvis had 6 degrees-of-freedom (3 translations and 3 rotations) with
trunk and hip joints modeled by spherical joints. The knee, ankle,
subtalar and metatarsophalangeal joints were modeled as single
degree-of-freedom revolute joints. The foot-ground contact was
modeled using 31 visco-elastic elements with coulomb friction
attached to each foot (Neptune et al., 2000). Passive torques were
applied at each joint to represent the forces applied by the ligaments,
passive tissues and joint structures (Anderson, 1999; Davy and Audu,
1987). The dynamical equations of motion were generated using SD/
FAST (PTC, Needham, MA, USA) and the forward dynamics simula-
tions were produced using the framework provided by Dynamics
Pipeline (MusculoGraphics, Inc., Santa Rosa, CA, USA).

The musculoskeletal model was actuated with 43 individual Hill-
type musculotendon actuators per leg (Table 1). The muscle
excitation patterns were defined using a bimodal Henning pattern as:

e tð Þ = ∑
2

i=1

ai
2

1−cos
2π t−onsetið Þ
offseti−onseti

� �� �
; onseti≤t≤offseti

0 ; otherwise

8><
>: ð1Þ

where e(t) is the excitation magnitude at time t and ai, onseti and
offseti are the amplitude, onset and offset, respectively, of each mode,
i. Musculotendon lengths and moment arms for each muscle were
calculated using polynomial functions described by Menegaldo et al.
(2004). The muscle contraction dynamics were governed by Hill-type
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muscle properties (Zajac, 1989) and the activation dynamics were
modeled by a first-order differential equation (Raasch et al., 1997),
with activation and deactivation time constants derived fromWinters
and Stark (1988). Nominal activation and deactivation time constants
of 12 and 48 ms, respectively, were used for muscles not available in
Winters and Stark (1988).

2.2. Dynamic optimization

Forward dynamics simulations (from midstance to toe-off) were
generated to emulate group-averaged experimentally measured kine-
matics and ground reaction forces (GRFs) of limited community and
communityhemiparetic subjectswalking at their self-selected treadmill
speed (limited community walkers: mean=0.55 m/s (SD=0.15 m/s);
community walkers: mean=0.92 m/s (SD=0.05 m/s)) and similarly
aged speed-matched control subjects walking at 0.6 and 0.9 m/s. The
muscle excitation patterns (amplitude and timing) and the initial joint
angular velocities were optimized using a simulated annealing
algorithm (Goffe et al., 1994) that minimized differences between the
simulated and experimental data. Quantities included in the cost
function were the 3D pelvis translations and rotations, 3D trunk
rotations, hip, knee and ankle joint angles and 3D GRFs. Muscle stress
was also minimized in the cost function to ensure an even distribution
across muscle groups.

2.3. Experimental data collection

Experimental GRF, kinematic and electromyographic (EMG) data
were collected from 57 hemiparetic subjects (30 left hemiparesis; 37
men; age: mean=61.4 years (SD=11.4 years); time since stroke:
mean=5.0 years (SD=5.5 years) and 21 similarly aged control
subjects (4men; age:mean=65.2 years (SD=9.6 years)). Each subject
walked on an ADAL split-belt instrumented treadmill (Tecmachine,
AndrézieuxBouthéon, France)whileGRF, kinematic andEMGdatawere
simultaneously collected for 30-second trials. Hemiparetic and similarly
aged control subjects completed three walking trials at their self-
selected speed. The control subjects completed additional walking trials
atprescribed speedsof 0.3, 0.6 and0.9 m/s. All subjects providedwritten
informed consent approved by the Institutional Review Boards of the
University of Florida and the University of Texas at Austin. 3D GRF data
were measured at 2000 Hz and low-pass filtered at 20 Hz. Reflective
marker trajectories were recorded at 100 Hz with a 12-camera motion
capture system (Vicon Motion Systems, Oxford, UK) and low-pass
filtered at 6 Hz. Surface EMG data were recorded bilaterally at 2000 Hz
from the tibialis anterior, medial gastrocnemius, soleus, rectus femoris,
biceps femoris long head, vastus medialis, semimembranosus and
gluteus medius using a 16-channel EMG system (Konigsburg Instru-
ments, Pasadena, CA, USA). The rawEMGdatawere high-passfiltered at
40 Hz, demeaned, rectified and low-pass filtered at 4 Hz. All data were
processed using Visual3D (C-motion, Inc., Germantown, MD, USA). All
data were synchronized and time normalized to the paretic (right) leg
gait cycle for the hemiparetic (control) subjects and averaged across gait
cycles within each subject for each condition. The average data for each
subject were averaged across hemiparetic subjects within each
functional group (limited community (n=21); community (n=5))
and across control subjects walking at prescribed speeds (0.6 m/s
(n=20); 0.9 m/s (n=17)) to generate the tracking data for each
optimization. The EMG data were used to constrain the timing (onset
and offset) for each muscle excitation pattern in the optimizations to
ensuremuscleswereproducing force at the appropriate point in the gait
cycle.

2.4. Analysis of muscle function

Performance of the walking subtasks was quantified by individual
muscle contributions to forward propulsion, swing initiation and
power generation. Amuscle-induced acceleration and segment power
analysis (Fregly and Zajac, 1996) was performed to quantify in-
dividual muscle contributions to the walking subtasks (e.g., Neptune
et al., 2001; Neptune et al., 2004; Neptune et al., 2008). Each muscle's
contribution to forward propulsion was determined by quantifying its
average contribution to the horizontal pelvis acceleration during pre-
swing. Muscle-induced mechanical power generated, absorbed or
transferred to or from each segment within the leg was summed and
averaged over the pre-swing phase to determine each muscle's
contribution to swing initiation. Power generation for each muscle
was calculated as the average musculotendon power during pre-
swing with positive contributions representing concentric shortening
and negative contributions representing eccentric lengthening. Con-
tributions from individual muscles were grouped after analysis
according to anatomical classification and how they contributed to
the walking subtasks (Table 1). The contributions of the muscle
groups to each of the waking subtasks were compared across the
hemiparetic and control groups to identify the relationships between
performance of the subtasks and functional walking status.

3. Results

The kinematic and GRF data from the control and hemiparetic
simulations agreed well with the experimental data, with an average
absolute difference of 5.0° (SD=0.71°) and 3.8% BW (SD=0.77% BW)
for all simulations (Table 2). The differences between simulated and
experimental data were within the average of two standard devia-
tions of the experimental data for all subjects (angle: mean=13.6°
(SD=0.86°); GRF: mean=9.8% BW (SD=1.2% BW)). The timing of
the optimized excitation patterns generally agreed with the experi-
mentally collected EMG data as in our previous work (e.g., Neptune
et al., 2001; Neptune et al., 2004).

3.1. Forward propulsion

In the control subjects, contributions to forward propulsion from the
ipsilateral and contralateral leg muscles increased and decreased,
respectively, with increasedwalking speed (Fig. 1: Total). Contributions
from the ipsilateral and contralateral leg muscles to pelvis deceleration
(negative values) were similar as walking speed increased (Fig. 1:
Total).

In the hemiparetic subjects, contributions from the paretic and
non-paretic leg muscles to forward propulsion increased and
decreased, respectively, with improved functional walking status
(Fig. 1: Total). Similarly, contributions from the paretic and non-
paretic leg muscles to pelvis deceleration increased and decreased,
respectively, as functional walking status improved (Fig. 1: Total).

3.2. Swing initiation

In the control subjects, positive contributions to swing initiation
from the ipsilateral and contralateral leg muscles increased with
increased walking speed (Fig. 2: Total). The negative contributions to
swing initiation from the ipsilateral and contralateral leg muscles
increased and decreased, respectively, as walking speed increased
from 0.6 to 0.9 m/s (Fig. 2: Total).

In the hemiparetic subjects, positive contributions to swing
initiation from the paretic and non-paretic leg muscles increased as
functional walking status improved (Fig. 2: Total) while the negative
contributions to swing initiation from the paretic and non-paretic leg
muscles increased and decreased, respectively (Fig. 2: Total).

3.3. Power generation

In the control subjects, ipsilateral and contralateral leg muscles
increasedpower generation as speed increased from0.6 m/s to 0.9 m/s



Table 2
The average difference between the experimental and simulated kinematic angles and ground reaction forces (GRFs) compared to the average standard deviation (SD) of the
experimental data. For each quantity: the average difference (2 SD) is reported.

Controls at 0.6 m/s Controls at 0.9 m/s Limited community Community

Kinematic angles (°) Pelvis Obliquity 2.7 (3.9) 1.5 (3.8) 1.5 (7.7) 2.4 (4.3)
Rotation 2.0 (7.5) 3.5 (7.6) 2.3 (13.5) 2.9 (9.9)
Tilt 6.3 (13.5) 9.6 (12.7) 3.1 (13.2) 5.6 (12.8)

Trunk Obliquity 3.0 (5.5) 3.4 (4.9) 2.2 (8.5) 2.4 (8.6)
Rotation 6.3 (11.8) 7.9 (11.2) 4.8 (9.7) 5.0 (12.6)
Tilt 0.5 (15.4) 3.2 (16.3) 2.3 (13.8) 6.7 (16.7)

Ipsilateral/paretic leg Hip adduction 3.3 (5.2) 2.1 (5.9) 2.8 (9.5) 7.3 (8.9)
Hip rotation 8.4 (27.2) 5.2 (28.2) 8.9 (22.7) 16.9 (13.1)
Hip flexion 6.1 (18.5) 7.4 (17.7) 13.5 (22.0) 12.7 (18.2)
Knee flexion 4.5 (14.6) 4.3 (13.2) 14.2 (24.9) 5.2 (17.9)
Ankle dorsiflexion 3.2 (11.4) 6.6 (12.1) 3.9 (11.4) 9.8 (9.7)

Contralateral/non-paretic leg Hip adduction 2.1 (9.0) 1.2 (7.9) 10.2 (12.7) 2.4 (12.0)
Hip rotation 11.4 (29.2) 4.8 (26.0) 1.6 (19.5) 2.5 (18.9)
Hip flexion 5.0 (15.3) 5.8 (15.4) 2.9 (21.6) 6.2 (22.5)
Knee flexion 8.4 (14.8) 2.5 (12.9) 4.5 (17.2) 2.9 (19.7)
Ankle dorsiflexion 2.3 (10.6) 2.4 (11.3) 1.7 (10.3) 6.1 (7.3)

Forces (%BW) Ipsilateral/paretic leg A/P GRF 2.4 (5.1) 3.2 (5.5) 1.1 (3.7) 1.9 (4.9)
Vertical GRF 7.0 (18.2) 12.7 (19.4) 6.1 (23.8) 10.9 (27.5)
M/L GRF 1.8 (2.7) 3.1 (2.8) 2.1 (2.6) 0.7 (1.7)

Contralateral/non-paretic leg A/P GRF 3.1 (4.5) 1.1 (4.8) 0.7 (4.5) 0.5 (4.6)
Vertical GRF 7.6 (17.0) 7.7 (18.5) 8.7 (26.7) 4.4 (24.3)
M/L GRF 1.4 (3.2) 1.9 (3.3) 1.4 (3.0) 1.1 (3.3)

Average Angle Difference (°) 4.1 (13.4) 4.5 (12.9) 5.0 (14.9) 6.1 (13.3)
Average GRF Difference (%BW) 3.9 (8.5) 4.9 (9.1) 3.3 (10.7) 3.3 (11.0)
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(Fig. 3: Total). Power absorption increased in the ipsilateral leg and did
not change in the contralateral leg, with increased walking speed
(Fig. 3: Total).

Paretic and non-paretic leg muscles generated more power as
functional walking status improved (Fig. 3: Total). Power absorption
was increased and did not change with improved functional walking
status in the paretic and non-paretic legs, respectively (Fig. 3: Total).
Fig. 1. Average muscle contributions to forward propulsion (i.e., horizontal pelvis accelerati
subjects during the paretic pre-swing phase, where Total is the sum of the positive and n
ipsilateral leg muscles to forward propulsion increased as walking speed increased from 0.6
(i.e., SOL, GAS and GMED) to forward propulsion increased with improved functional w
propulsion in the limited community walkers to compensate for reduced paretic leg muscl
4. Discussion

We previously showed using simulation analyses that output from
the paretic leg ankle plantarflexor and hip flexormuscles is reduced in
hemiparetic subjects relative to controls, which leads to impaired
performance in the walking subtasks of forward propulsion, swing
initiation and power generation (Peterson et al., 2010). The purpose of
on) by the control subjects during the ipsilateral pre-swing phase and the hemiparetic
egative contributions from all muscles for the respective leg. Contributions from the
to 0.9 m/s in the control subjects. Similarly, contributions from the paretic leg muscles
alking status. The non-paretic leg muscles (i.e., RF and VAS) contributed to forward
e contributions.



Fig. 2. Average muscle contributions to swing initiation (i.e., net power transferred to/from the ipsilateral/paretic leg) by the control subjects during the ipsilateral pre-swing phase
and the hemiparetic subjects during the paretic pre-swing phase, where Total is the sum of the positive and negative contributions from all muscles for the respective leg. In the
control subjects, both the ipsilateral leg muscles (i.e., GAS, IL and SAR) and contralateral leg muscles (i.e., HAM) increased their contributions to swing initiation with increased
walking speed. In a similar manner, both the paretic leg muscles (i.e., GAS and IL) and non-paretic leg muscles (i.e., HAM) increased their contributions to swing initiation with
improved functional walking status. In the community walkers, paretic AM and GMED contributed positively and negatively, respectively, to swing initiation, while these muscles
did not contribute to swing initiation in the limited community walkers.
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this study was to build upon this work by analyzing hemiparetic
subjects with different levels of functional walking status to identify
the relationships between individual muscle contributions to these
subtasks and walking status.
Fig. 3. Average power generation (i.e., net musculotendon power) by the control subjects dur
swing phase, where Total is the sum of the positive and negative contributions from all muscle
and SAR) and the contralateral leg muscles (i.e., HAM) increased in the control subjects as
status improved, the paretic leg muscles (i.e., SOL and GAS) and the non-paretic leg muscle
The results showed that decreased paretic legmuscle contributions
to these subtasks were indeed associated with functional walking
status. In both the control and hemiparetic subjects, ipsilateral
(paretic) SOL was an important contributor to forward propulsion
ing the ipsilateral pre-swing phase and the hemiparetic subjects during the paretic pre-
s for the respective leg. Power generation by the ipsilateral legmuscles (i.e., SOL, GAS, IL
speed increased from 0.6 to 0.9 m/s. In the hemiparetic subjects, as functional walking
s (i.e., HAM) generated more power.

image of Fig.�2
image of Fig.�3
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during pre-swing and was critical to increasing walking speed and
corresponded with higher functional walking status (Fig. 1). This
result is consistent with previous studies showing SOL to be a primary
contributor to forward propulsion (e.g., McGowan et al., 2008;
Neptune et al., 2001) and a mechanism for attaining higher walking
speeds in healthywalking (Liu et al., 2008; Neptune et al., 2008) and in
the hemiparetic population (Nadeau et al., 1999; Olney et al., 1991;
Parvataneni et al., 2007). The contralateral (non-paretic) VAS also had
a large contribution to forward propulsion during the ipsilateral
(paretic) leg pre-swing phase in the control (hemiparetic) subjects
(Fig. 1). As a result, both ipsilateral (paretic) SOL and contralateral
(non-paretic) VAS were important determinants of walking speed in
our subjects.

In the hemiparetic subjects, a strong relationship was found be-
tween the contribution of the paretic leg muscles to forward
propulsion and functional walking status. In the community walkers,
the paretic leg muscles generated the majority of the forward
propulsion similar to the control subjects (Fig. 1). However, the
limited community walkers’ muscle contributions were altered
compared to the community walkers and the control subjects, with
the paretic leg muscles (SOL, GAS and GMED) contributing little to
forward propulsion and the non-paretic leg muscles (RF and VAS)
compensating for the reduced paretic leg output (Fig. 1). This result is
consistent with Bowden et al. (2006) who showed that the non-
paretic leg's contribution to the A/P GRF increased as hemiparetic
severity increased. In addition, the non-paretic leg muscles (primarily
HAM) increased their contributions to pelvis deceleration in the
limited community walkers compared to the community walkers,
resulting in a net (sum of all paretic and non-paretic leg muscles)
deceleration of the pelvis during pre-swing.

Leg swing initiation was provided primarily by ipsilateral GAS, IL
and contralateral HAM in the control subjects and increased con-
tribution from these muscles was required to increase walking speed
from 0.6 to 0.9 m/s (Fig. 2), which is consistent with previous
simulations of healthy walking at self-selected speed (e.g., Neptune
et al., 2001; Neptune et al., 2004) and increased walking speeds
(Neptune et al., 2008). In the hemiparetic subjects, these muscles
have a clear impact on functional walking status. The community
walkers’ muscle contributions to swing initiation were similar to the
muscle contributions seen in the control subjects with paretic GAS, IL
and contralateral HAM contributing strongly to paretic leg swing
initiation. In addition to these muscles, AM and GMED contributed
positively and negatively, respectively, to swing initiation. The
contributions from AM and GMED were similar in magnitude and
resulted in a small net negative contribution (−3.5 W) to swing
initiation. Clear deficits existed in the paretic and non-paretic leg
muscle contributions to swing initiation in the limited community
walkers (Fig. 2), which is consistent with previous studies showing
reduced paretic leg kinetic energy at toe-off, suggesting impaired
swing initiation in the paretic leg (e.g., Chen and Patten, 2008). Paretic
GAS, IL and non-paretic HAM contributions were reduced in the
limited community walkers compared to the community walkers
(Fig. 2). The negative contributions from the paretic leg muscles (VAS,
GMED, SOL) were also greatly reduced (Fig. 2) in the limited
community walkers, allowing the leg to accelerate into swing.

Power generation by both ipsilateral and contralateral leg muscles
during pre-swing in the control subjects generally increased with
walking speed (Fig. 3) and showed consistent trends to previous studies
(e.g., Neptune et al., 2004; Neptune et al., 2008). Power generation was
also an important indicator of functional walking status in the
hemiparetic subjects. Power generation by muscles in the community
walkers closely resembled those of the control subjects. However, in the
limited community walkers, the paretic leg muscles, specifically GAS
and IL, generated less power, consistent with their reduced contribu-
tions to forward propulsion (GAS) and swing initiation (GAS and IL). In
addition, paretic SOL absorbed power in the limited communitywalkers
in contrast with the community walkers and control subjects, where it
generated power in pre-swing. The power absorbed by SOL in the
limited community walkers limited its ability to contribute to forward
propulsion.

The limitations of forward dynamics simulations and analyses have
been previously discussed (e.g., Neptune et al., 2001; Neptune et al.,
2004), including necessary modeling assumptions and constraints.
Specific to this study, a potential limitation is that model parameters
for all the simulations were based on measurements obtained from
healthy control subjects. It is likely that these properties are altered
post-stroke, as has been shown in a recent study (Gao et al., 2009).
However, the optimization was able to compensate for altered model
properties by modulating the magnitude of the muscle excitation to
produce the necessary muscle force output to replicate the subject's
walking mechanics. Muscle redundancy is also present in the
neuromuscular system such that multiple muscle coordination
patterns may exist that produce the same kinematic and kinetic
patterns. In this study, the timing of the muscle excitation patterns
were constrained to closelymatch the experimental EMGpatterns and
muscle stress was minimized in the cost function to reduce un-
necessary co-contraction. We expect that hemiparetic subjects who
generate similar muscle forces to those in this study would have
similar muscle contributions to the walking subtasks. In addition, the
results of this study are specific to hemiparetic subjectswhowalkwith
similar kinematic and kinetic patterns to the groups simulated in this
study. Because of the heterogeneity of the post-stroke hemiparetic
population, the extent to which these results can be generalized to the
post-stroke population as a whole is not clear. Future work should
focus on developing simulations of a large number of hemiparetic
subjects to gain further insight into the changes in muscle function in
this population.

In summary, the analyses showed that deficits in the walking
subtasks of forward propulsion, swing initiation and power genera-
tion are related to functional walking status in the hemiparetic
walkers. Increased contributions from the paretic leg muscles (i.e.,
ankle plantarflexors and hip flexors) and reduced contributions from
the non-paretic leg (i.e., knee and hip extensors) to the walking
subtasks were critical in achieving higher functional walking status.
These results provide rationale for developing locomotor therapies
that focus on these muscle groups in order to improve the functional
walking status of persons with post-stroke hemiparesis.
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