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Single Session of Functional Electrical 
Stimulation-Assisted Walking 
Produces Corticomotor Symmetry 
Changes Related to Changes in 
Poststroke Walking Mechanics
Jacqueline A. Palmer, HaoYuan Hsiao, Tamara Wright, Stuart A. Binder-Macleod

Background.  Recent research demonstrated that the symmetry of corticomotor drive 
with the paretic and nonparetic plantarflexor muscles was related to the biomechanical 
ankle moment strategy that people with chronic stroke used to achieve their greatest 
walking speeds. Rehabilitation strategies that promote corticomotor balance might im-
prove poststroke walking mechanics and enhance functional ambulation.

Objective.  The study objectives were to test the effectiveness of a single session of 
gait training using functional electrical stimulation (FES) to improve plantarflexor cortico-
motor symmetry and plantarflexion ankle moment symmetry and to determine whether 
changes in corticomotor symmetry were related to changes in ankle moment symmetry 
within the session.

Design.  This was a repeated-measures crossover study.

Methods.  On separate days, 20 people with chronic stroke completed a session of 
treadmill walking either with or without the use of FES of their ankle dorsi- and plan-
tarflexor muscles. We calculated plantarflexor corticomotor symmetry using transcranial 
magnetic stimulation and plantarflexion ankle moment symmetry during walking between 
the paretic and the nonparetic limbs before and after each session. We compared changes 
and tested relationships between corticomotor symmetry and ankle moment symmetry 
following each session.

Results.  Following the session with FES, there was an increase in plantarflexor corti-
comotor symmetry that was related to the observed increase in ankle moment symmetry. 
In contrast, following the session without FES, there were no changes in corticomotor 
symmetry or ankle moment symmetry.

Limitations.  No stratification was made on the basis of lesion size, location, or clinical 
severity.

Conclusions.  These findings demonstrate, for the first time (to our knowledge), the 
ability of a single session of gait training with FES to induce positive corticomotor plastici-
ty in people in the chronic stage of stroke recovery. They also provide insight into the neu-
rophysiologic mechanisms underlying improvements in biomechanical walking function.
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Restoration of walking function 
following stroke is a primary 
goal of patients following stroke.1 

However, despite often intensive reha-
bilitation efforts, the majority of peo-
ple never achieve poststroke walking 
speeds that allow for safe and effective 
community function.2 The failure of 
conventional rehabilitation strategies to 
allow people to regain poststroke walk-
ing ability results in part from our lack 
of understanding of the neural mecha-
nisms underlying motor recovery2 com-
bined with inadequately targeting key 
biomechanical factors that limit walking 
speed and economy.3–5

Despite the current focus of conven-
tional post stroke gait rehabilitation on 
ankle dorsiflexion dysfunction, reduced 
paretic limb propulsive force and ankle 
power have been consistently identified 
to be the most significant contributors 
to walking speed impairments6,7 and 
can determine whether an individual 
is categorized as a limited community 
or unlimited community ambulator.8 In 
the presence of lost paretic limb func-
tion following stroke, many people in-
crease their reliance on the nonparetic 
limb to generate propulsive force to 
achieve reduced walking speeds.9 The 
resulting asymmetrical gait patterns 
continue into the chronic phase of post-
stroke motor recovery, even when the 
capacity to regain paretic limb function 
may exist.10 When effectively improved, 
paretic limb propulsion can increase 
poststroke walking function.11,12 How-
ever, the neural factors limiting these 
biomechanical determinants of post-
stroke walking ability and the capacity 
for walking recovery are poorly under-
stood and create a barrier to current re-
habilitation approaches.

Nonuse in 1 extremity coupled with 
heavy reliance on the contralateral ex-
tremity has been shown to result in 
major imbalances of cortical excitation 
and inhibition.13,14 In the upper extrem-
ity, a decrease in corticomotor activity 
in the lesioned hemisphere coupled 
with over-activity in the nonlesion 
hemisphere has been consistently ob-
served.15–17 The resulting hemispheric 
imbalance and asymmetry of cortico-
motor drive to the paretic and nonpa-
retic arm and hand has been shown to 

be related to poor motor recovery.18–20 
Additionally, poststroke disruptions in 
interactions between the somatosen-
sory cortex and the primary motor 
cortex can profoundly influence the 
balanced pattern of cortical excitation 
and inhibition within and between 
hemispheres that is essential for normal 
motor function.21 Recently, work from 
our laboratory found that corticomotor 
symmetry to the paretic versus nonpa-
retic plantarflexor muscles predicted 
the biomechanical propulsive strat-
egy that people with chronic stroke 
used when asked to increase walking 
speed.22 Specifically, people with the 
greatest corticomotor symmetry be-
tween limbs increased their walking 
speed by improving the propulsive 
contribution of the paretic leg, reduc-
ing propulsive asymmetries between 
limbs. People with the least corticomo-
tor symmetry increased their walking 
speed by increasing reliance on propul-
sive contribution of the nonparetic leg, 
magnifying their gait asymmetries.22 It 
is conceivable that rehabilitation strate-
gies that promote improvements in cor-
ticomotor balance between limbs could 
improve biomechanical factors that lim-
it poststroke walking speed.

Functional electrical stimulation (FES) 
is a rehabilitation strategy that tempo-
rally couples electrical stimulation of 
motor and sensory nerve fibers during 
performance of a functional motor task 
and may target neural pathways that 
could restore poststroke hemispheric 
imbalances.23–26 Recently, studies using 
neuroimaging and noninvasive brain 
stimulation techniques have investigat-
ed the effect of FES on corticomotor 
function. Specifically, the long-term use 
of FES during rehabilitation activities 
improved motor function, increased 
corticomotor drive to the paretic limb, 
and shifted the focus of brain activity 
from the nonlesion to the lesion sen-
sorimotor cortex during a paretic hand 
motor task.23–26 In the lower extremity, 
an increase in corticomotor input to the 
tibialis anterior27 and improved timing 
of paretic dorsiflexor activation during 
walking have been observed follow-
ing long-term use of FES of the paretic 
dorsiflexors.28 Gandolla et al29 demon-
strated that FES coupled with volition-
al dorsiflexion increased the sensitivity 

of the primary somatosensory cortex 
selectively to primary motor cortex 
projections. Together these studies pro-
vide strong evidence for the potential 
effectiveness of the use of FES to induce 
positive neuroplasticity and show that 
FES targets the potentially maladaptive 
corticomotor pathways associated with 
poor motor function following stroke. 
However, though single session cor-
ticomotor changes can be predictive 
of poststroke long-term functional im-
provements,19 no previous studies have 
investigated FES-induced corticomotor 
plasticity in response to a single ses-
sion of rehabilitation in either upper or 
lower extremities in people with stroke. 
Additionally, previous research using 
FES in poststroke gait rehabilitation 
has focused on the paretic dorsiflex-
ors. Although it has been shown that 
plantarflexor motor impairments are 
more likely to limit poststroke walk-
ing function than that of dorsiflexors, 
few previous studies have investigated 
corticomotor excitability of the plan-
tarflexor muscles after stroke and no 
previous studies have investigated how 
the changes in corticomotor excitabili-
ty to the plantarflexor muscles relate to 
changes in walking mechanics.

Thus, there is a substantial gap in our 
understanding of the neurophysiolog-
ic underpinnings of the salient biome-
chanical limitations of poststroke walk-
ing function, and how changes in neural 
mechanisms might affect these gait me-
chanics. Further, previous research in 
the upper extremity has demonstrated 
the important prognostic ability of cor-
ticomotor response to a single session 
of rehabilitation in predicting individu-
al poststroke functional outcomes to a 
long-term intervention.19 However, to 
date no previous studies have investi-
gated FES-induced corticomotor plas-
ticity in response to a single session of 
rehabilitation in people with poststroke 
walking disability. Additionally, little is 
known about the immediate neural ef-
fects that may occur when an individual 
adopts his or her own biomechanical 
walking pattern, particularly compared 
to those that may be induced with spe-
cific gait intervention strategies such 
as FES. Therefore, the purposes of this 
study were to test the effectiveness of 
a single session of FES gait training for 
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improving plantarflexion ankle moment 
symmetry and corticomotor symmetry 
of plantarflexor muscles compared to 
a session of walking without stimula-
tion and to determine the relationship 
between changes in corticomotor sym-
metry and changes in ankle moment 
symmetry within the session.

Methods
For this study we recruited 20 peo-
ple with chronic stroke (>6 months) 
(16 men, mean time since stroke=42 
months [SD=35], mean age=59.5 years 
[SD=12.0], mean self-selected walking 
speed=0.67 m/s [SD=0.24], range of 
walking speed=0.14–1.0 m/s, lower ex-
tremity Fugl-Meyer score=22 [SD=6]). 
All participants gave written informed 
consent, and the experimental protocol 
was approved by the University of Del-
aware Institutional Review Board. All 
participants had lower extremity hemi-
paresis with visually detectable gait 
deficits as determined by the license 
physical therapist, sustained a single 
cortical or subcortical stroke, sufficient 
ankle range of motion to reach neutral 
with the knee fully extended, and were 
able to walk for at least 6 minutes on a 
treadmill without an orthotic and with-
out the assistance of another person. 
Exclusion criteria included more than 1 
previous stroke, cerebellar involvement, 
pain in the lower extremities, and any 
unsafe TMS testing criteria.30

Biomechanical Testing
All participants performed a 10-m walk 
test to quantify their self-selected walk-
ing speeds. The walk test was complet-
ed 3 times, and the average was used 
to the participant’s treadmill walking 
speed during biomechanical testing and 
gait training. Handrail use was discour-
aged but participants were permitted 
to use a light touch on lateral handrails 
if necessary for balance and safety. If 
a handrail strategy was used, this was 
held constant pre- and posttesting and 
between sessions. Kinetic and kinemat-
ic data were collected with an 8-camera 
motion capture system (Motion Anal-
ysis 3D Eagle; Motion Analysis Corp, 
Santa Rosa, California) while partici-
pants walked on a dual-belt instrument-
ed treadmill (Bertec Corp, Columbus, 
Ohio) for a total of 1 minute immedi-

ately before and after each gait training 
session. The treadmill was instrument-
ed with 2 independent 6-degree-of-free-
dom force platforms that measured 
ground reaction forces at 1,080 Hz.

Assessment of Corticomotor 
Excitability to Plantarflexors
A magnetic stimulator (Magstim 2002; 
The Magstim Company Ltd, Carm-
arthenshire, United Kingdom) was used 
to deliver monophasic magnetic pulses 
with an approximate 100-microsecond 
rise time and a 1.0-millisecond total 
duration through a custom batwing 
coil (maximal output=2 T, diameter of 
each wing=11 cm, angle between wind-
ings=65°). All participants were seated 
upright in an arm chair with both feet 
resting on the floor and knees and an-
kles positioned at approximately 90 
degrees. Electromyographic (EMG) 
activity was recorded from each par-
ticipant’s plantarflexor and dorsiflexor 
muscles using a 6-channel active EMG 
system (BL-EMG-6; B&L Engineering, 
Santa Ana,California) and double dif-
ferential surface electrodes that had 
an integrated ground (BL-AE; B&L En-
gineering) and that were carefully po-
sitioned and secured to the skin over 
the lateral soleus and tibialis anterior 
(TA) muscles of the paretic and nonpa-
retic legs. EMG data were sampled at 
a rate of 2,000 Hz with a 330 gain set 
on a 16-bit data acquisition board (NI 
USB-6341; National Instruments, Austin, 
Texas) and band-pass filtered at 15 to 
450 Hz. The coil was aligned posteri-
or-anteriorly to the vertex of the skull 
so that the induced electrical current 
traveled in the anterior direction with-
in the cortex.31 Using a suprathreshold 
stimulus intensity, the optimal coil posi-
tion for eliciting lower extremity motor 
evoked potentials (MEPs) of maximal 
amplitude was located using standard 
procedures and carefully marked on 
the cap.31,32 We detected no discernable 
difference in hotspot locations between 
the TA and soleus muscles of the same 
leg in our pilot testing for this study. 
Thus, we chose to use the TA as a guide 
in the search for the common TA and 
soleus lower extremity hotspot for each 
leg because TA MEPs were more pro-
nounced than soleus MEPs, particularly 
in the most impaired participants. Only 

data from the soleus muscles were pro-
cessed and used in the analysis for the 
present study. Throughout the trial, 
participants maintained a light plan-
tarflexion contraction at 15% of their 
maximal volitional soleus EMG activity 
produced during a maximal voluntary 
isometric contraction. Real-time EMG 
biofeedback was provided to assist par-
ticipants in maintaining a constant level 
of muscle activity. If a participant was 
unable to produce or maintain a 15% 
contraction, they were asked to pro-
duce an observable increase in EMG 
that they could maintain. Participants 
were encouraged to rest if they report-
ed fatigue or if a notable change in 
muscle activity was observed. Ten to 15 
TMS pulses at 100% maximum stimula-
tor output intensity were delivered to 
each the paretic and nonparetic soleus 
muscle.22,32 All TMS testing procedures 
for each limb were performed immedi-
ately before and immediately following 
each gait training session.

All MEP amplitudes were normalized 
to the maximal response to peripheral 
nerve stimulation collected prior to the 
start of each training session (Mmax). 
The tibial nerve was located in the 
popliteal fossa and stimulated using a 
custom electrical stimulator to activate 
the soleus muscle. Surface stimulation 
was delivered to the nerve using 1-ms 
square electrical pulses of gradually 
increasing intensities until no increase 
in the M-wave was observed within the 
soleus muscle. The same testing proce-
dures were performed for the paretic 
and nonparetic soleus muscles.

Gait Training Session  
With Functional  
Electrical Stimulation
A licensed physical therapist adminis-
tered all gait training sessions. Partic-
ipants completed a session of walk-
ing with FES (FESW) and a session of 
walking without FES (NoFESW) ap-
proximately 1 week apart. The order 
of each session was randomized. The 
FESW session consisted of five 6-min-
ute treadmill walking bouts at the 
participant’s self-selected gait speed. 
FES was delivered through self-adhe-
sive surface stimulation electrodes in 
an alternating pattern for 1 minute on 
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and 1 minute off to the paretic ankle 
dorsi- and plantarflexor muscle groups 
(Fig. 1). Two compression foot switches 
were attached to the sole of the shoe 
of the paretic limb under the lateral 
aspect of the fifth metatarsal head and 
the lateral portion of the heel. These 
foot switches were used to control the 
delivery of FES from a custom built 
stimulator. During gait, FES parameters 
for stimulation used variable frequency 
trains that consisted of a high-frequen-
cy (200-Hz) 3-pulse burst followed by 
a lower-frequency, 30-Hz constant-fre-
quency train.33 The pulse duration was 
set at 300 microseconds, and the pulse 
amplitude was set at the intensity need-
ed to reach an ankle neutral position 
(dorsiflexors) and heel rise with stag-
gered stance and weight bearing (plan-
tarflexors). FES of the dorsiflexors was 
delivered during the swing phase of 
gait as determined when the forefoot 
switch was turned off (paretic toe off) 
until the hind foot switch was turned 
on (paretic heel strike). FES of the 
plantarflexors was delivered during the 
terminal-stance phase, when the hind 
foot switch was turned off (indicating 
paretic heel off) and ended when the 
forefoot switch was turned off (indi-
cating paretic toe off). Further details 
regarding the customized FES system 
and methods can be found in a previ-
ous study put forth by our laboratory.33 
Procedures for the NoFESW session 
were identical to those for the FESW 
session, without administration of the 
FES. Two 30-second bouts of posttest 
biomechanics were collected at the 
same initial walking speed immediate-
ly following the fifth bout of walking 
during each session. FES remained off 

during all biomechanical testing. TMS 
posttesting was completed immediate-
ly after the participant was seated in a 
chair following each training session.

Data Reduction and Analyses
Kinematic and kinetic data were filtered 
using a bidirectional Butterworth low-
pass filter at 6 and 30 Hz. Biomechanical 
data processing was performed using 
Cortex and Visual3D software programs 
(C-Motion Inc, Bethesda, Maryland). We 
calculated peak ankle plantarflexion 
moment resolved into the shank coor-
dinate system for each limb during the 
stance phase of gait. An average of the 
peak plantarflexion moment for each 
limb was taken for all strides for each 
participant during the two 30-second 
walking bouts at pre- and posttesting 
for each session. Ankle plantarflexion 
moment symmetry was calculated for 
each participant at each speed as the 
average paretic plantarflexion moment 
divided by the average nonparetic plan-
tarflexion moment.

We quantified prestimulus EMG from 
the paretic and nonparetic soleus 
muscles during pre- and posttesting 
to ensure that all participants met ap-
propriate EMG activity during muscle 
facilitation. We calculated the average 
root-mean-squared amplitude of the 
prestimulus EMG during a 100-milli-
second window prior to the stimulus 
artifact for each MEP. Trials were dis-
carded from analysis if the EMG activity 
of the targeted soleus muscle was less 
than 15  µV in amplitude or less than 
2.5  standard deviations greater than 
that during the resting condition or 
if the EMG activity in the contralater-

al muscle was 2.5 standard deviations 
greater than that during the resting con-
dition.

The MEP amplitude was treated as a 
continuous variable and quantified as 
the peak-to-peak value of the EMG 
response within a 100-millisecond win-
dow duration beginning at 10 millisec-
onds after the stimulus artifact.22 For 
each participant, the average of the nor-
malized, peak-to-peak MEP amplitudes 
at 100% of the magnetic stimulator out-
put intensity (MEP100) was determined 
for each of the paretic and nonparetic 
soleus muscles. Symmetry of the cor-
ticomotor input to the plantarflexors 
was calculated for each participant 
as the paretic soleus MEP100 divided 
by the nonparetic soleus MEP100. For 
both measures of symmetry, a val-
ue of 1.0  indicates perfect symmetry, 
with the paretic and nonparetic val-
ues being equal in magnitude; a value 
greater than 1 indicates the paretic was 
greater than the nonparetic; and a value 
of less than  1.0 indicates the paretic 
was less than the nonparetic.22

Two-way repeated-measures analyses of 
variance were used to determine wheth-
er plantarflexor corticomotor symmetry 
and ankle moment symmetry differed 
from pre- to posttesting for each session 
(FESW and NoFESW). We then tested 
the differential interlimb contributions 
to corticomotor and ankle moment 
symmetry. Two-way repeated-measures 
analyses of variance were used to test 
whether soleus MEP amplitude and 
plantarflexion ankle moment differed 
between limbs (paretic and nonpa-
retic) and between pre- to posttesting 
within each session. For all significant 
interactions, post hoc testing using a 
Bonferroni method was performed for 
within-session comparisons. If interac-
tions were not significant, main effects 
were tested. The relationship between 
change in corticomotor symmetry and 
change in plantarflexion ankle moment 
symmetry was tested for each session 
using a Pearson product moment cor-
relation coefficient. Relationships be-
tween change in paretic and nonparetic 
MEP amplitudes versus change in paret-
ic and nonparetic plantarflexion ankle 
moments were also tested. All analyses 

Figure 1. 
Schematic of functional electrical stimulation (FES) gait training session.
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were performed using SPSS version 
23 (IBM SPSS, Chicago, Illinois). An al-
pha level was set a priori at P=.05.

Results
Complete data sets were obtained from 
19 participants. Data for 1 participant 
who could not return for the second 
session of NoFESW due to transpor-
tation problems were discarded from 
analysis. Similar levels of EMG were ob-
served within and between sessions for 
the paretic soleus (pre: FESW=34.82 ± 
6.51 µV, NoFESW=35.23 ± 6.09 µV; post: 
FESW=28.39 ± 7.78 µV, NoFESW=33.27 ± 
5.87 µV) and the nonparetic soleus (pre: 
FESW=52.81 ± 7.04 µV, NoFESW=51.96 
± 7.23 µV; post: FESW=51.67 ± 5.79 µV, 
NoFESW=53.90 ± 6.58 µV).

Following gait training with FES, we 
observed an increase in corticomotor 
and ankle moment symmetry that was 
driven by an increase in paretic soleus 
MEP amplitude and paretic plantarflex-
ion ankle moment (Fig. 2). For corti-
comotor symmetry, there was a signif-
icant time (pre versus post) by session 
(FESW versus NoFESW) interaction 
(F1,18=13.80, P<.01). Post hoc testing 
revealed significant changes in cortico-
motor symmetry from pre- to posttest-
ing following FESW (P<.01) but not fol-
lowing NoFESW (P=.22) (Fig. 3A). For 
MEP amplitude measures, no significant 
limb (paretic versus nonparetic) by 

time (pre versus post) interaction was 
observed following the FESW session 
(F1,18=2.28, P=.14) or the NoFESW 
session (F1,18=3.90, P=.06) (Figs. 3B 
and 3C). However, there were signifi-
cant main effects for limb (F1,18=14.27, 
P<.01) and time (F1,18=4.89, P=.04) fol-
lowing the FESW session and a main ef-
fect of limb (F1,18=11.81, P<.01) but not 
time (F1,18=0.97, P=.34) following the 
NoFESW session.

For ankle moment symmetry, there 
was a significant time (pre versus post) 
by session (FESW versus NoFESW) in-
teraction (F1,18=9.57, P<.01). Post hoc 
testing revealed significant changes in 
symmetry from pre- to posttesting fol-
lowing FESW (P=.05) but not following 
NoFESW (P=.11) (Fig. 4A). For ankle 
moment measures, no significant limb 
by time interaction was observed fol-
lowing the FESW session (F1,18=2.25, 
P=.15), but significant main effects were 
observed for limb (F1,18=12.04, P<.01) 
and time (F1,18=5.76, P=.02) (Fig. 4B). 
There was a significant limb by time 
interaction following the NoFESW ses-
sion (F1,18=5.63, P=.02) for the ankle 
moment measure (Fig. 4C). However, 
post hoc testing revealed no significant 
pre- to posttest differences for paretic 
ankle moment (P=.15) and nonparetic 
ankle moment from pre- to posttesting 
(P=.07).

There was a significant positive relation-
ship between change in plantarflexion 
corticomotor symmetry and change 
in plantarflexion ankle moment sym-
metry in response to FESW (Pearson 
r=0.64, P<.01, n=19) but not to NoFESW 
(Pearson r=−0.31, P=.20, n=19) (Fig. 5). 
Interlimb correlation analysis of paretic 
and nonparetic symmetry components 
following FESW revealed a positive re-
lationship between change in paretic 
soleus MEP amplitude and change in 
paretic ankle moment (Pearson r=0.62, 
P<.01, n=19) and no relationship 
between change in nonparetic soleus 
MEP amplitude and change in nonpa-
retic ankle moment (Pearson r=0.27, 
P=.24, n=19) (Fig. 6).

Discussion
This study provides novel evidence 
that a single session of gait training 
with FES targeting paretic plantarflex-
or muscles can induce improvements 
in corticomotor symmetry and related 
improvements in ankle moment sym-
metry between limbs in people in the 
chronic stage of poststroke motor re-
covery. This shows for the first time that 
rehabilitation strategies that effectively 
promote corticomotor balance to lower 
limb muscles could improve poststroke 
biomechanical walking function and 
potentially enhance functional walking 
outcomes in response to intervention.

Figure 2. 
Examples of pre- and posttesting paretic motor evoked potential (MEP) (left) and paretic ankle moment (right) data for the walking with func-
tional electrical stimulation (FESW) session from a participant showing positive corticomotor and biomechanical responses. %BW=percentage 
of body weight, %Mmax=percentage of maximal electromyographic (EMG) response to peripheral nerve stimulation.
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The relationship between changes in 
plantarflexor corticomotor symmetry 
and changes in plantarflexion ankle 
moment symmetry in response to gait 
training with FES may offer novel in-
sight into the neurophysiologic mecha-
nisms underlying changes in poststroke 
lower extremity biomechanical function 
that can be achieved during a single 
session of rehabilitation. FES-induced 
corticomotor plasticity has been report-
ed in the upper extremity to be relat-
ed to poststroke motor function,24–26 in 
the paretic lower extremity in response 
to prolonged dorsiflexion-targeted in-
terventions,27 and in people who are 
neurologically intact within a single 
session.29,34,35 However, to our knowl-
edge, there have been no previous stud-

ies that have investigated FES-induced 
corticomotor plasticity in response to a 
single session of rehabilitation in peo-
ple with stroke despite the potential 
importance this could have for predict-
ing an individual’s functional outcome 
in response to long-term intervention.19 
Importantly, the relationship between 
corticomotor responses to rehabilita-
tion and changes in walking mechanics 
has not been studied. In environments 
where FES is coupled with volitional 
motor contraction during a functional 
task in people with stroke, neuroimag-
ing studies have consistently demon-
strated shifts in the balance of cortical 
activation towards the contralateral le-
sioned primary motor and sensorimotor 
cortices and away from the same areas 

in the ipsilateral nonlesion hemisphere 
that were associated with improve-
ments in upper extremity motor func-
tion.24,26 Similar findings have not been 
found after passive stimulation para-
digms35,36 and after walking without 
stimulation.34 Similarly, in the present 
study, we observed improvements in 
the balance of corticomotor excitability 
to the paretic and nonparetic plantar-
flexors following a session of FES gait 
training but not following gait training 
without FES. These improvements in 
corticomotor symmetry were associated 
with improvements in ankle moment 
symmetry and were driven by strength-
ened corticomotor drive to the paretic 
limb, as seen in Figure 3B. Following 
FESW, there was a significant increase 

Figure 3. 
Corticomotor symmetry (A) and motor evoked potential (MEP) amplitude (mean  and SE) for the paretic (P) and nonparetic (NP) limbs 
during pre- and posttesting for the walking with functional electrical stimulation (FESW) (B) and walking without functional electrical stim-
ulation (NoFESW) (C) sessions. There was a significant session × time interaction for corticomotor symmetry (A). * indicates a significant 
difference between pre- and posttesting. There was no significant limb × time interaction for MEP amplitude for either FESW (B) or NoFESW 
(C) sessions. ∞ indicates a main effect of time (pre and post). ψ indicates a main effect of limb. %Mmax=percentage of maximal electromy-
ographic (EMG) response to peripheral nerve stimulation.
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in paretic MEP amplitude and a relat-
ed increase in paretic ankle moment 
(Fig. 6). The observed increase in corti-
comotor excitability to the paretic limb 
following FESW could be a result of 
increased coupling between neuronal 
activity in lower extremity regions of 
primary motor and somatosensory cor-
tices found in previous neuroimaging 
studies following FES therapy,24–26,29 
leading to increased cortical activity in 
the lesioned lower extremity primary 
motor cortical area. Further, despite re-
ceiving less corticomotor input than the 
dorsiflexor muscles,37,38 these changes 
were observed in plantarflexor muscles 

in response to a single session of reha-
bilitation in people in the chronic stage 
of poststroke motor recovery. These 
findings demonstrate that FES gait train-
ing targeting paretic plantarflexor mus-
cles may be an effective rehabilitation 
tool to promote corticomotor balance 
between paretic and nonparetic lower 
limbs and symmetry of clinically mean-
ingful poststroke walking mechanics.

In response to FESW, the MEP ampli-
tude showed a main effect of time for 
both the paretic and nonparetic limb 
(Fig. 3B). The mean increase in paretic 
limb MEP amplitude was greater than 

that of the nonparetic limb (Fig. 3B), 
but there was a small observed increase 
in nonparetic MEP amplitude mean. As 
observed in Figure 5, change in non-
paretic corticomotor drive was variable 
between people. Though unrelated to 
changes in nonparetic ankle moment, 
we observed an increase in cortico-
motor drive to the nonparetic plantar-
flexors in a few participants following 
gait training with FES; interestingly, 
increases in corticomotor drive to the 
nonparetic plantarflexors has not been 
reported in previous literature. Unlike 
upper extremity motor task training,24,26 
or simple ankle pumping tasks in the 

Figure 4.
Ankle moment (Mom) symmetry (A) and peak ankle moment (mean and SE) for the paretic and nonparetic limbs during pre- and posttesting 
for the walking with functional electrical stimulation (FESW) (B) and walking without functional electrical stimulation (NoFESW) (C) sessions. 
There was a significant session × time interaction for ankle moment symmetry (A). * indicates a significant difference between pre- and 
posttesting. There was no significant limb × time interaction for ankle moment for the FESW (B) session, but there were main effects of time 
(∞) and limb (ψ). There was a significant limb × time interaction for ankle moment for the NoFESW session (C). There was no significant 
difference within the nonparetic limb between pre- and posttesting (P=.07). D=change, %BW=percentage of body weight.
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seated position previously reported in 
FES literature,29,35 in the present study 
the nonparetic limb was required to be 
continuously active during walking and 
tied to the antiphasic stepping patterns 
of the paretic limb. As such, both the 
lesioned and nonlesioned sensorimotor 
cortexes likely remained continuous-
ly active during the walking sessions, 
which could have resulted in neuro-
plastic changes in both hemispheres.39 
Alternatively, because a greater mean 
nonparetic corticomotor input was ob-
served in response to walking without 
FES, the FES gait training session could 
have actually reduced the enhancement 
of corticomotor drive to the nonparetic 
leg that may occur during typical walk-
ing patterns over time in people with 
poststroke lower extremity hemiparesis. 
It is possible that this could result from 
the reduced demand placed on the non-
paretic extremity due to the increased 
contribution to forward propulsion by 
the paretic extremity.

Although both corticomotor and an-
kle moment symmetry showed overall 
increases in response to FESW, we ob-
served high variability between people 
in response to this gait training session. 
As evident in Figures 5 and 6, FESW was 

not an effective strategy for inducing 
corticomotor or biomechanical changes 
in some people. A range of responses 
is consistent with the variability in bi-
omechanical responses40 and cortico-
motor changes induced by FES in the 
upper extremity.24,41 This variability 
could explain inconsistencies between 
previous studies investigating the effec-
tiveness of FES gait training42,43 and for 
small group effect sizes following FES 
gait training interventions.42,43 It is con-
ceivable that the people in the present 
study who showed a positive response 
to FESW may have possessed a neural 
substrate that allowed them to be re-
sponsive to the FESW.19,39 Though base-
line measures of corticomotor function 
generally show poor prognostic ability 
for rehabilitation outcomes in the chron-
ic stage of stroke recovery,19 these find-
ings suggest individual corticomotor 
response to a single session of rehabili-
tation could potentially be an important 
indicator for response to a long-term 
intervention, similar to findings in the 
upper extremity.19 Specifically, if corti-
comotor response to a single session 
of FES gait training revealed that an 
individual possessed good potential for 
improvement, then subsequent training 
sessions could use that strategy to focus 

on improving paretic limb function. In 
contrast, if corticomotor response to a 
single session indicated no potential 
for improvement, then rehabilitation 
efforts could focus on nonparetic limb 
compensation to maximize walking 
function. In this way, measurements 
of corticomotor response to a single 
session could provide a useful clinical 
tool to quantify individual neuroplastic 
responses to rehabilitation strategies 
that could ultimately help to individu-
alize poststroke rehabilitation among a 
heterogeneous patient population and 
maximize poststroke walking function.

Interestingly, results of this study sug-
gest that a session of walking without 
FES could actually magnify corticomo-
tor and ankle moment asymmetries 
during gait. Though decreases in corti-
comotor symmetry and ankle moment 
symmetry following NoFESW were 
not statistically significant, consist-
ent patterns of change were observed 
for corticomotor and biomechanical 
measures. Following a gait training 
session without FES, we observed an 
overall decrease in paretic corticomo-
tor drive and paretic ankle moment 
and an overall increase in nonparetic 
corticomotor drive and nonparetic 

Figure 5. 
Positive relationship between change in plantarflexor (∆sPF) corticomotor symmetry and ∆PF ankle moment symmetry with functional 
electrical stimulation (FES) gait training (r=0.64, P<.01) (left). In response to gait training without FES (NoFES), no relationship was observed 
(r=−0.31, P=.20) (right).
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ankle moment (Figs. 3C and 4C). These 
results may suggest that typical post-
stroke asymmetrical walking patterns 
may strengthen corticomotor imbal-
ances between hemispheres and could 
potentially amplify gait asymmetries in 
some people. Gait training with FESW 
may have interfered with underlying 
neural mechanisms of these patterns 
in those same people, both enhancing 
corticomotor drive to the paretic leg 
and reducing the typical enhancement 
of corticomotor drive to the nonparetic 
leg following typical gait, as posited 
above. The lack of relationship between 
change in corticomotor symmetry and 
change in ankle moment symmetry in 
response to the NoFESW (Fig. 5) may 
be because, in the absence of a specific 
learning strategy, people adopted dif-
ferent biomechanical strategies (ie, in-
creased trailing limb angle to increase 
propulsion)44 during walking over time 
to achieve the same speeds. Thus, the 
relationship between change in corti-
comotor measures and change in bio-
mechanical gait patterns may only exist 
when induced by specific targeted in-
terventions that activate specific neural 
pathways.29

Limitations
Some limitations of the present study 
are important to consider in the in-
terpretation of the results. Due to the 
correlational analysis of the present 
study, it is uncertain whether changes 
in corticomotor balance led to changes 
in gait mechanics or whether they 
resulted from the observed changes in 
walking pattern itself. The sample size 
of this study was too small to determine 
specific characteristics of responders 
versus nonresponders to each of the 
training session. Interestingly in explor-
atory analyses we found no relation-
ships between change in plantarflexion 
ankle moment metrics and walking 
speed, baseline plantarflexion ankle 
moments, baseline corticomotor excit-
ability or Fugl-Meyer scores. Because 
of the close proximity of the lower ex-
tremity motor representations of each 
hemisphere within the primary motor 
cortex, the specific hemispheric origin 
of corticomotor excitability to the pa-
retic and nonparetic plantarflexors can-
not be determined. Future research us-
ing neuroimaging could help elucidate 
specific neural origins of corticomotor 
symmetry.

Conclusions
Findings of this study advance our un-
derstanding of the effectiveness of FES 
gait training to induce corticomotor 
plasticity to plantarflexor muscles lim-
iting poststroke walking function and 
demonstrate that neuroplastic changes 
in the lower extremity are detectible fol-
lowing a single session of rehabilitation. 
Though it is difficult to determine cau-
sality of the reported relationships, re-
sults may provide insight to mechanisms 
of corticomotor plasticity underlying bi-
omechanical improvements that can be 
made within a single session of reha-
bilitation in people in the chronic stage 
of poststroke motor recovery. Findings 
from this study may provide a basis for 
future studies to test whether measures 
of early corticomotor responses to a 
specific rehabilitation strategy provide a 
good predictor of the potential for long-
term gains in functional walking ability. 
Future research in this area could lead 
to the development of effective and 
individualized rehabilitation strategies 
that may interrupt learned corticomotor 
imbalances underlying poststroke walk-
ing dysfunction and maximize walking 
ability in people with poststroke walk-
ing disability.

Figure 6. 
Positive relationship between ∆ paretic MEP100 and ∆ paretic ankle moment with functional electrical stimulation (FES) gait training (r=0.62, 
P<0.01) (left). No relationship was observed between ∆ nonparetic MEP100 and ∆ nonparetic ankle moment (r=0.27, P=.24) (right). ∆=change, 
MEP100=100% of the magnetic stimulator output intensity, %Mmax=percentage of maximal electromyographic (EMG) response to peripher-
al nerve stimulation., NP=nonparetic, P=paretic, PF=plantarflexor, Sol=soleus.
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