
Forward propulsion asymmetry is indicative of changes in
plantarflexor coordination during walking in individuals with
post-stroke hemiparesis

Jessica L. Allen1, Steven A. Kautz2,3, and Richard R. Neptune1

1Department of Mechanical Engineering, The University of Texas at Austin, Austin, TX, USA

2Department of Health Sciences and Research, Medical University of South Carolina, Charleston,
SC, USA

3Ralph H. Johnson VA Medical Center, Charleston, SC, USA

Abstract

Background—A common measure of rehabilitation effectiveness post-stroke is self-selected

walking speed, yet individuals may achieve the same speed using different coordination strategies.

Asymmetry in the propulsion generated by each leg can provide insight into paretic leg

coordination due to its relatively strong correlation with hemiparetic severity. Subjects walking at

the same speed can exhibit different propulsion asymmetry, with some subjects relying more on

the paretic leg and others on the nonparetic leg. The goal of this study was to assess whether

analyzing propulsion asymmetry can help distinguish between improved paretic leg coordination

versus nonparetic leg compensation.

Methods—Three-dimensional forward dynamics simulations were developed for two post-stroke

hemiparetic subjects walking at identical speeds before/after rehabilitation with opposite changes

in propulsion asymmetry. Changes in the individual muscle contributions to forward propulsion

were examined.

Findings—The major source of increased forward propulsion in both subjects was from the

ankle plantarflexors. How they were utilized differed and appears related to changes in propulsion

asymmetry. Subject A increased propulsion generated from the paretic plantarflexors, while

Subject B increased propulsion generated from the nonparetic plantarflexors. Each subject’s

strategy to increase speed also included differences in other muscle groups (e.g. hamstrings) that

did not appear related to propulsion asymmetry.
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Interpretation—The results of this study highlight how speed cannot be used to elucidate

underlying muscle coordination changes following rehabilitation. In contrast, propulsion

asymmetry appears to provide insight into changes in plantarflexor output affecting propulsion

generation and may be useful in monitoring rehabilitation outcomes.

Keywords

Forward dynamics simulations; Gait; Post-stroke hemiparesis; Rehabilitation

1. Introduction

Stroke is a leading cause of long-term disability in the United States (Roger et al., 2012) that

often leaves survivors with various levels of hemiparesis. Due to altered muscle

coordination (e.g., Den Otter et al., 2007; Turns et al., 2007), post-stroke hemiparetic

subjects typically walk at slow walking speeds with asymmetrical gait patterns (e.g., Olney

and Richards, 1996). Previous studies of healthy walking have found that proper muscle

coordination is critical for successfully generating the necessary biomechanical functions to

walk (Neptune et al., 2001; Neptune et al., 2004). Thus, to improve walking performance,

post-stroke rehabilitation programs should focus on improving muscle coordination.

However, the effects of stroke are heterogeneous and specific muscle coordination

impairments vary within the post-stroke hemiparetic population (e.g., De Quervain et al.,

1996; Knutsson and Richards, 1979; Shiavi et al., 1987).

A common measure of rehabilitation effectiveness is self-selected walking speed as it is

closely related to quality of life (Perry et al., 1995; Schmid et al., 2007). Several recent

modeling studies have investigated muscle coordination in hemiparetic subjects walking at

different speeds (Hall et al., 2011; Peterson et al., 2010) and found that limited community

walkers (self-selected walking speed between 0.4 and ≥ 0.8 m/s) have reduced paretic leg

plantarflexor contributions to forward propulsion, while community walkers (speed 0.8 m/s)

have decreased paretic leg hip flexor contributions to swing initiation (Peterson et al., 2010).

In addition, compared to limited community walkers, community walkers have increased

paretic leg contributions to both forward propulsion and swing initiation (Hall et al., 2011).

However, subjects may achieve the same walking speed using different strategies, with

increases in walking speed achieved through different mechanisms (e.g., output from the

paretic leg or increased reliance on the nonparetic leg). Therefore, speed alone does not

provide adequate information regarding underlying muscle coordination impairments.

An important factor in producing walking speed is generating sufficient propulsion, which

acts to propel the body center-of-mass (COM) forward. In non-impaired walking, the

plantarflexors are critical for generating propulsion (Liu et al., 2008; Neptune et al., 2001)

and in the post-stroke hemiparetic population the paretic leg plantarflexors are often

impaired (e.g., Lamontagne et al., 2007; Turns et al., 2007), resulting in altered propulsion

generation. The asymmetry in propulsion generated between the paretic and nonparetic legs

(percent of paretic propulsion, PP, paretic / paretic + nonparetic propulsion) is considered to

be representative of the coordinated output of the paretic leg due to its relatively strong

correlation with hemiparetic severity (Bowden et al., 2006). While PP was found to also

have a weaker relationship to walking speed (r = 0.55), subjects walking at the same speed
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exhibited a variety of asymmetry values, with some subjects relying more on the paretic leg

and others on the nonparetic leg to generate the same speed. This variability is likely due to

the use of different underlying coordination strategies. Therefore, analyzing PP throughout

rehabilitation may provide information that distinguishes improved paretic leg coordination

versus compensation by the non-paretic leg (i.e., increased output from the paretic

(nonparetic) leg would increase (decrease) PP).

If PP is a good indicator of changes in underlying muscle coordination post-stroke, we

believe that it may also prove to be useful in developing and monitoring rehabilitation

progress. Therefore, the goal of this study was to assess the potential of PP to provide

information regarding underlying changes in muscle coordination and function as a result of

rehabilitation. Specifically, forward dynamic simulations were performed for two post-

stroke hemiparetic subjects who walked at identical speeds pre-rehabilitation, had identical

speed increases following rehabilitation, but had approximately equal but opposite changes

in their PP values (i.e., from asymmetric to symmetric versus from symmetric to

asymmetric). Since the plantarflexors are the primary contributors to forward propulsion

(Liu et al., 2006; Liu et al., 2008; Neptune et al., 2001), we hypothesized that changes in

propulsion asymmetry following rehabilitation would be associated with changes in

plantarflexor function.

2. Methods

2.1 Subjects

The subjects analyzed were a subset a larger study of chronic post-stroke hemiparetic

subjects at the VA Brain Rehabilitation Research Center at the University of Florida

(Bowden et al., 2012). Each subject signed an institutionally approved informed consent and

protocol. Two subjects were chosen who walked at the same speed pre-rehabilitation with

identical post-rehabilitation speed increases, but had opposite changes in their values of PP

(increased versus decreased; Table 1).

2.2 Rehabilitation

Each subject completed a 12-week rehabilitation training program that consisted of therapy

three times a week with 20 minutes of actual stepping using a body weight supported

treadmill modality (Hesse et al., 1995; Plummer et al., 2007; Visintin et al., 1998) followed

by 20 minutes of immediate translation of skills acquired during walking on the treadmill to

overground walking (as described in Bowden et al., 2012; Duncan et al., 2007). Training

began with 40% of body weight support (BWS) and progressed as tolerated across sessions

to no BWS when possible. Training took place between 2.0 and 3.0 mph with manual

assistance provided by physical therapists at the hip and/or lower legs to approximate

normal trunk, pelvis and lower-limb limb kinematics as well as the spatial-temporal patterns

of walking (Bowden et al., 2012; Duncan et al., 2007).

2.3 Experimental data

Each subject walked for 30s on a split-belt instrumented treadmill (Techmachine) at their

fastest comfortable speed pre- and post-rehabilitation (Table 1). A safety harness mounted to
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the laboratory ceiling was worn across the shoulders to protect the subject in case of a loss

of balance. One or more practice trials were performed to ensure subjects were comfortable

with the setup. Subjects walked approximately 10s prior to data collection to ensure a

steady-state walking pattern had been reached. A modified Helen-Hayes reflective marker

set was recorded using a 12-camera motion analysis system (Vicon Motion Systems) to

capture bilateral 3D kinematics at 100 Hz. A 16-channel electromyography (EMG) system

(Konigsburg Instruments) was used to record bilaterally at 2000 Hz from the medial

gastrocnemius, soleus, tibialis anterior, rectus femoris, vastus lateralis, biceps femoris long

head, semimebranosus, and gluteus medius. Bilateral 3D ground reaction forces (GRFs)

were collected at 2000Hz.

Visual 3D (C-Motion) was used to process all data. Marker and GRF data were low-pass

filtered using a 4th-order Butterworth filter with cutoff frequencies of 6 Hz and 20 Hz,

respectively. EMG was high-pass filtered with a cutoff frequency of 40 Hz, de-meaned and

low-pass filtered with a cutoff frequency of 10 Hz. PP was calculated as the propulsion

generated by the paretic leg divided by the total propulsion generated by both legs, where

propulsion was calculated as the time integral of the positive anterior-posterior (AP) GRFs

generated by the leg. The individual gait cycle for each subject with the minimum difference

in kinematics and GRFs compared to that subject’s average data was then used as the

simulation tracking data.

2.4 Musculoskeletal model

A previously described 3D musculoskeletal model (Allen and Neptune, 2012) with 23

degrees-of-freedom was developed using SIMM (Musculographics, Inc.) and included rigid

segments representing the trunk, pelvis and two legs (thigh, shank, talus, calcaneus and

toes). The pelvis had six degrees-of-freedom (3 translations, 3 rotations) with the trunk and

hip joints modeled using spherical joints. The knee, ankle, subtalar and metatarsophalangeal

joints were modeled as single degree-of-freedom revolute joints. Foot-ground contact forces

were modeled with 31 independent visco-elastic elements attached to each foot (Neptune et

al., 2000). Passive torques representing forces applied by ligaments, passive tissue and joint

structures were applied at each joint (Anderson, 1999). The dynamical equations-of-motion

were generated using SD/FAST (PTC).

The model was driven by 38 Hill-type musculotendon actuators per leg that were combined

into 34 muscle groups based on anatomical classification (Table 2), with muscles within

each group receiving the same excitation pattern. Each group was excited by either one or

two Gaussian excitation patterns with timing constrained based on the recorded EMG. For

those muscles in which EMG were not recorded, broad timing constraints were based on

published EMG data (Perry, 1967; Sutherland, 2001). A first-order differential equation was

used to represent activation dynamics (Raasch et al., 1997), with activation and deactivation

time constants derived from Winters and Stark (1988).

2.5 Dynamic optimization

Simulations were generated from paretic mid-stance to non-paretic toe-off in order to

capture both the paretic and nonparetic propulsive phases of gait. A simulated annealing
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algorithm (Goffe et al., 1994) fine-tuned the muscle excitation patterns and initial joint

velocities such that the difference between the simulated and experimentally measured

walking data was minimized. Quantities included in the cost function were differences in 3D

pelvis translations, trunk, pelvis, hip, knee and ankle joint angles and GRFs.

2.6 Analysis of muscle function

A previously described ground reaction force decomposition (Neptune et al., 2001) was

performed to quantify individual muscle contributions to forward propulsion (through the

GRF). The contribution of each muscle to forward propulsion (braking) was calculated as

the time integral of the positive (negative) GRF in the AP direction resulting from that

muscle’s activity during the paretic and nonparetic propulsive phases, where a propulsive

phase consists of late single leg stance and the double support immediately preceding swing.

Muscles on each leg were combined into 18 groups based on similar anatomical and

functional classification for the simulation analyses (Table 2).

3. Results

Each simulation emulated well the experimental tracking data with the average kinematic

and GRF deviation generally within two standard deviations (2SD) of the experimental data

(Fig. 1): 4.32° (experimental 2SD = 5.92°) and 4.83% body weight (BW, experimental 2SD

= 13.44% BW) for Subject A pre-rehabilitation; 4.49° (experimental 2SD = 6.78°) and

5.86% BW (experimental 2SD = 11.70% BW) for Subject A post-rehabilitation; 4.00°

(experimental 2SD = 4.82°) and 4.17% BW (experimental 2SD = 6.48% BW) for Subject B

pre-rehabilitation; and 4.01° (experimental 2SD = 3.74°) and 4.54% BW (experimental 2SD

= 5.02% BW) for Subject B post-rehabilitation.

As expected, the major contributors to the AP GRFs during the paretic (nonparetic)

propulsive phase were the paretic (nonparetic) leg muscles. Contributions from the muscles

of the nonparetic (paretic) leg to the paretic (nonparetic) GRF during the paretic (nonparetic)

propulsion phase were minimal and are not presented.

3.1 Subject A (PP increased with rehabilitation)

The major contributors to forward propulsion during the paretic propulsive phase before

rehabilitation were the paretic plantarflexors (GAS), hamstrings (HAM and BFSH) and hip

extensors/abductors (GMED and GMIN, Fig. 2A). Both GAS and HAM had increased

contributions to the AP GRFs after rehabilitation, while GMED and GMIN had decreased

contributions. The major sources of braking during the paretic propulsive phases before

rehabilitation were the paretic uniarticular plantarflexors (SOL), and the uniarticular (VAS)

and biarticular (RF) knee extensors (Fig. 2A). After rehabilitation, when PP increased, SOL

no longer generated braking and was instead a major source of forward propulsion. The

biarticular RF had increased contributions to braking after rehabilitation while the

uniarticular VAS had similar contributions before and after rehabilitation.

The nonparetic plantarflexors (SOL and GAS), hamstrings (HAM and BFSH) and hip

extensors/abductors (GMED) were the major sources of forward propulsion during the

nonparetic propulsive phase before rehabilitation (Fig. 3A). After rehabilitation, the
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nonparetic plantarflexors either had a decreased contribution (SOL) or remained unchanged

(GAS). Both HAM and GMED had decreased contributions after rehabilitation. The major

source of braking during the nonparetic propulsive phase before rehabilitation was the knee

extensors (Fig. 3A). The contribution from the biarticular RF increased while the

contribution from the uniarticular VAS remained the same after rehabilitation.

3.2 Subject B (PP decreased with rehabilitation)

The major contributors to forward propulsion during the paretic propulsive phase before

rehabilitation were the paretic hip abductors/extensors (GMED and GMIN, Fig. 2B). GMED

had an increased contribution and GMIN a decreased contribution after rehabilitation. The

plantarflexor (SOL and GAS) and knee extensor (VAS and RF) were both major

contributors to braking before rehabilitation and had only minor changes after rehabilitation

when PP worsened (Fig. 2B).

The nonparetic plantarflexors (SOL and GAS), hamstrings (HAM and BFSH), and hip

abductors/extensors (GMED and GMIN) all contributed to forward propulsion during the

nonparetic propulsive phase before rehabilitation (Fig. 3B). All muscle groups had an

increased contribution to forward propulsion after rehabilitation except for HAM, which had

a small decrease. The major source of braking during the nonparetic propulsive phase was

the nonparetic uniarticular VAS, which had a similar contribution before and after

rehabilitation (Fig. 3B).

4. Discussion

While increased walking speed is a primary goal post-stroke (Bohannon et al., 1988), speed

can be increased using different strategies (Olney et al., 1998), and therefore walking speed

alone cannot be used to direct rehabilitation towards improving specific gait deficits. In

order to assess how walking speed was improved and to evaluate the effectiveness of

rehabilitation efforts in improving coordination, additional measures are needed to identify

the underlying coordination mechanisms. Therefore, the purpose of this study was to assess

the potential of PP, a measure of asymmetry in the generation of forward propulsion

between legs, to identify underlying changes in muscle coordination following

rehabilitation. Specifically, two subjects were analyzed using musculoskeletal simulations

that walked at the same speed pre-rehabilitation and had identical speed increases following

rehabilitation yet exhibited opposite changes in PP. The results show that the increases in

speed were achieved through different coordination mechanisms of which some appear

strongly related to the changes in PP.

A major source of increased forward propulsion in both subjects was the plantarflexors,

which is consistent with previous studies showing the plantarflexors to be a primary

contributor to forward propulsion (i.e., Liu et al., 2008; McGowan et al., 2008; Neptune et

al., 2001) and a mechanism for attaining higher walking speeds in both non-impaired (Liu et

al., 2008; Neptune et al., 2008) and post-stroke hemiparetic walking (Hall et al., 2011;

Olney et al., 1994; Parvataneni et al., 2007). However, the extent to which the plantarflexors

were utilized to increase forward propulsion differed between subjects despite their identical

increase in walking speed. Subject A increased the propulsion generated from the paretic leg
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plantarflexors (SOL and GAS, Fig. 3A), while Subject B increased the propulsion generated

from the nonparetic leg plantarflexors (Fig. 3B). In agreement with our hypothesis, these

opposite changes in plantarflexor output between legs were consistent with the opposite

changes in PP that accompanied the speed increases following rehabilitation in each subject

(Table 1); an increase in PP (i.e., more reliance on the paretic leg) was accompanied with

increased output from the paretic leg plantarflexors (Subject A) whereas a decrease in PP

(i.e., increased reliance on the nonparetic leg) was accompanied with an increased output

from the nonparetic leg plantarflexors (Subject B). This suggests that changes in PP may be

useful in monitoring the effectiveness of rehabilitation to improve muscle coordination by

providing information regarding changes in plantarflexor coordination and function.

Interestingly, the paretic leg soleus contributed to braking instead of forward propulsion in

both subjects before rehabilitation, but only Subject A had an improvement in muscle

coordination after rehabilitation such that both plantarflexors contributed to forward

propulsion. While the soleus is a primary generator of forward propulsion during non-

impaired walking (Liu et al., 2008; Neptune et al., 2004), the fact that it can contribute to

braking in individuals with post-stroke hemiparesis may be a common impairment

mechanism. For example, a similar result was seen in a recent simulation study that

examined the function of the ankle plantarflexors in several individuals with post-stroke

hemiparesis before and after rehabilitation (Knarr et al., 2013). Knarr et al. found that in

almost all individuals the paretic leg plantarflexors generated braking during pre-swing by

acting to decelerate the center-of-mass before rehabilitation and in only a few individuals

did they switch to generating forward propulsion following rehabilitation. The fact that only

some individuals improve paretic plantarflexor contributions to forward propulsion

highlights how a particular rehabilitation intervention does not necessarily induce the same

improvement in coordination mechanisms in all subjects.

Thus, while PP appears to be a promising measure to determine whether a subject is relying

more on the paretic or nonparetic leg plantarflexors to increase speed throughout

rehabilitation, an interesting question remains as to what predisposes an individual to use

one mechanism over another. Many studies have reported an increase in metabolic cost in

hemiparetic populations compared to healthy walkers (Bard, 1963; Detrembleur et al., 2003;

Zamparo et al., 1995). One reason individuals may utilize different strategies is to minimize

this cost, which likely depends on an individual’s specific impairments and their remaining

neuromuscular resources. In addition, rehabilitation may not be able to influence all

impairments (e.g. contractures, disrupted neural pathways) that affect the resources on

which an individual can draw when improving walking through rehabilitation. Because the

effects of stroke are highly variable, the differences in functional resources available and the

types of impairments present may dictate the strategy used to increase speed throughout

rehabilitation and measures other than PP may be necessary to identify these types of

impairments.

In addition to using different strategies at the level of the ankle plantarflexors, each subject’s

strategy to increase speed included differences in other muscle groups, which do not appear

related to PP. For example, while the increase in the paretic leg hamstrings contribution to

forward propulsion in Subject A is consistent with this subject’s increased reliance on the
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paretic leg after rehabilitation, Subject B did not utilize the paretic hamstrings for propulsion

generation (Fig. 2). Further, while only Subject A relied on the paretic leg hamstrings to

generate forward propulsion, both subjects utilized the nonparetic leg hamstrings for

forward propulsion generation (Fig. 3). This suggests that PP may not be useful to elucidate

changes in hamstrings function throughout rehabilitation. In non-impaired walking the

hamstrings are typically active only into early stance, and therefore do not generate

propulsion during late stance (Neptune et al., 2004). Prolonged activity of both the paretic

(Den Otter et al., 2007; Knutsson and Richards, 1979) and nonparetic (Raja et al., 2012)

hamstrings later into stance has previously been documented post-stroke. This prolonged

duration may represent a compensatory mechanism to overcome plantarflexor weakness that

does not appear related to PP. A post-hoc segmental power analysis (Neptune et al., 2004)

revealed that hamstrings absorb energy from the trunk and deliver energy to the legs (Fig.

4). Energy delivered to the leg prior to swing is critical for initiating leg swing and

increasing energy delivered to the leg prior to swing can improve swing time and/or step

length such that walking speed is increased. Therefore, measures more focused on leg

swing, such as the asymmetry in swing time and/or step length, may be more appropriate for

identifying reliance on compensatory mechanisms related to leg swing.

A potential limitation of this study is that that model parameters were based on quantities

found in healthy individuals while muscle weakness, spasticity, and joint stiffness, common

among post-stroke hemiparetic individuals (Olney and Richards, 1996), were not included.

For example, stroke survivors often have shorter optimal fiber length and increased muscle

stiffness (Gao et al., 2009) that alters the intrinsic force-length relationship. However, the

optimization scales the excitation magnitudes such that the total force generated by each

muscle remains unaffected, thus compensating for any differences in muscle parameters. In

addition, to counteract the problem of muscle redundancy in solving for the optimal

coordination pattern, we constrained the muscle excitation timing in the optimization to

closely match measured EMG. Further, the results of this study are specific to subjects with

coordination similar to the two subjects studied, and due to the heterogeneity of the post-

stroke hemiparetic population, may not generalize to other subjects with similar changes in

PP but different coordination mechanisms. However, due to the importance of the

plantarflexors in generating forward propulsion, we expect that the relationship between PP

and plantarflexor output would be reasonably consistent across the post-stroke population.

Finally, calculating PP requires expensive force-plates and technical staff that are unlikely to

be available in most clinical settings. Translating these findings to the clinic may require the

use of less-expensive devices that can be implemented by the clinicians, such as

accelerometers that can approximate whole-body COM, and further research is needed to

determine if such devices can serve as a proxy for PP. Nevertheless, we believe that PP is a

useful measure to assess in research labs for novel rehabilitation programs that are designed

to improve plantarflexor recruitment and function.

5. Conclusions

Speed alone cannot elucidate underlying muscle coordination changes following

rehabilitation and the percent of paretic propulsion may provide some of this missing

information. Specifically, percent of paretic propulsion can provide insight into changes in
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plantarflexor output affecting propulsion generation. However, other coordination changes

cannot be explained by this measure, such as compensatory mechanisms that utilize the hip

muscles to alter leg swing control. Future work should examine whether different measures

of asymmetry can be used to identify changes in coordination related to leg swing control,

such as asymmetry in step lengths or swing times.

Supplementary Material
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Highlights

• We analyzed propulsion asymmetry in post-stroke subjects pre/post

rehabilitation.

• Modeling and simulation was used to identify muscle contributions to

propulsion.

• Propulsion asymmetry appears to provide insight into changes in plantarflexor

output.

• Propulsion asymmetry may be useful in monitoring rehabilitation outcomes.

• Walking speed cannot be used to elucidate underlying muscle coordination

changes.
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Figure 1.
Example comparison plot of simulated and experimental data (see supplementary data for all

comparison plots). Simulations were generated from paretic mid-stance to nonparetic toe-

off. The paretic (nonparetic) propulsive phase was defined as paretic (nonparetic) mid-

stance to paretic (nonparetic) toe-off. Abbreviations: PMS = paretic mid-stance; NHS =

Nonparetic heel-strike; PTO = paretic toe-off; NMS = nonparetic mid-stance; PHS = paretic

heel-strike; NTO = nonparetic toe-off.
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Figure 2.
Contributions of muscles on the paretic leg to the anterior-posterior ground reaction forces

during the paretic propulsive phase for A) Subject A and B) Subject B.
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Figure 3.
Contributions of muscles on the nonparetic leg to the anterior-posterior ground reaction

forces during the nonparetic propulsive phase for A) Subject A and B) Subject B.
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Figure 4.
Energy delivered to the paretic leg, nonparetic leg and trunk from the A) paretic hamstrings

(HAM and BFSH) during the paretic propulsive phase and B) nonparetic hamstrings (HAM

and BFSH) during the nonparetic propulsive phase.
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Table 2

The 38 muscles on each leg were combined into 34 groups, with muscles within each group receiving the

same excitation, and then into 18 groups when analyzing muscle function. Excitation patterns for each group

consisted of one or two blocks (paretic, nonparetic when two values listed).

Muscle name Analysis Group Excitation group # Excitation Blocks

Subject 1 Subject 2

Iliacus IL IL 1 1

Psoas IL IL 1 1

Adductor Longus AL AL 1 1

Adductor Brevus AL AB 1 1

Pectineus AL PECT 1 1

Quadratis Femoris QF QF 1 1

Adductor Magnus 1 AM AM1 1 1

Adductor Magnus 2 AM AM2 1 1

Adductor Magnus 3 AM AM3 1 1

Sartorius SAR SAR 1 1

Rectus Femoris RF RF 2 2

Vastus Medialis VAS MVAS 1 1

Vastus Lateralis VAS LVAS 1 1

Vastus Intermedialis VAS LVAS 1 1

Gluteus Medius 1 GMED GMED1 2 2,1

Gluteus Medius 2 GMED GMED2 2 2,1

Gluteus Medius 3 GMED GMED3 2 2,1

Gluteus Minimus 1 GMIN GMIN1 2 2,1

Gluteus Minimus 2 GMIN GMIN2 2 2,1

Gluteus Minimus 3 GMIN GMIN3 2 2,1

Piriformis PIRI PIRI 2 2,1

Gemellus GEM GEM 2 2,1

Tensor Fascia Lata TFL TFL 1 1

Gluteus Maximus 1 GMAX GMAX1 1 1

Gluteus Maximus 2 GMAX GMAX2 1 1

Gluteus Maximus 3 GMAX GMAX3 1 1

Semitendinosus HAM MH 1,2 1,2

Semimembranosus HAM MH 1,2 1,2

Gracilis HAM GRAC 1,2 1,2

Biceps Femoris Long Head HAM BFLH 1,2 1
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Muscle name Analysis Group Excitation group # Excitation Blocks

Subject 1 Subject 2

Biceps Femoris Short Head BFSH BFSH 1 1

Medial Gastrocnemius GAS MGAS 1 1

Lateral Gastrocnemius GAS LGAS 1 1

Soleus SOL SOL 1 1

Tibialis Posterior SOL TP 1 1

Flexor Digitorum Longus SOL FDL 1 1

Tibialis Anterior TA TA 1 1

Extensor Digitorum Longus TA TA 1 1

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2015 August 01.


