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Abstract
Objective—Neuromuscular electrical stimulation that incorporates wide pulse widths (1 ms) and
high frequencies (100 Hz; wide pulse-NMES (WP-NMES)) augments contractions through an
increased reflexive recruitment of motoneurons in individuals without neurological impairments
and those with spinal cord injury. The current study was designed to investigate whether WP-
NMES also augments contractions after stroke. We hypothesised that WP-NMES would generate
larger contractions in the paretic arm compared to the non-paretic arm due to increased reflex
excitability for paretic muscles after stroke.

Methods—The biceps brachii muscles were stimulated bilaterally in 10 individuals with chronic
hemiparetic stroke. Four stimulation patterns were delivered to explore the effects of pulse width
and frequency on contraction amplitude: 20-100-20 Hz (4 s each phase, 1 ms pulse width);
20-100-20 Hz (4 s each phase, 0.1 ms); 20 Hz for 12 s (1 ms); and 100 Hz for 12 s (1 ms). Elbow
flexion torque and electromyography were recorded.

Results—Stimulation that incorporated 1 ms pulses evoked more torque in the paretic arm than
the non-paretic arm. When 0.1 ms pulses were used there was no difference in torque between
arms. For both arms, torque declined significantly during the constant frequency 100 Hz
stimulation and did not change during the constant frequency 20 Hz stimulation.

Conclusions—The larger contractions generated by WP-NMES are likely due to increased
reflexive recruitment of motoneurons, resulting from increased reflex excitability on the paretic
side.

Significance—NMES that elicits larger contractions may allow for development of more
effective stroke rehabilitation paradigms and functional neural prostheses.
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Introduction
Individuals who have experienced a stroke often have difficulty generating sufficient and
appropriate joint torques required to produce functional movements in the paretic upper
limb. Neuromuscular electrical stimulation (NMES) has been applied to muscles affected by
stroke to assist with muscle strengthening and activities of daily living (Chae, 2003; de
Kroon et al., 2005; Popovic et al., 2009; Stein et al., 2006). Traditionally, parameters used to
stimulate muscles affected by stroke include pulse widths of 200–300 μs and frequencies of
20–50 Hz (de Kroon et al., 2005). During NMES the size of the evoked contraction is often
limited by the individual’s discomfort, as discomfort increases with increasing stimulation
currents. For individuals who have experienced a stroke, relatively high currents are
sometimes required to generate muscle contractions sufficient to produce functional
movements especially when the need to overcome co-contraction and abnormal joint torque
couplings is considered (Keller et al., 2005). Fatigability of NMES induced contractions also
limits contraction amplitude due to the non-physiological order in which motor axons are
activated during NMES (Feiereisen et al., 1997; Gregory and Bickel, 2005; Jubeau et al.,
2007). Thus, there is a need for the continued development of NMES techniques that
generate large muscle contractions while minimizing discomfort and muscular fatigue.

NMES that incorporates higher frequencies (up to 100 Hz) and wider pulse widths (1 ms)
(wide pulse NMES; WP-NMES) than those traditionally used for electrical stimulation can
enhance NMES-evoked contractions in individuals with no neurological impairments
(Collins et al., 2001; 2002; Collins, 2007) and in those with a spinal cord injury (Clair et al.,
2006; Nickolls et al., 2004; Thompson et al., 2011) through an increase in the “central
contribution”. This central effect is thought to develop due to the recruitment of spinal
motoneurons by the electrically-evoked afferent volley travelling along reflex pathways
through the spinal cord (see Collins, 2007). Mechanistically, the high frequencies and wide
pulse widths are thought to send a relatively larger afferent volley to the spinal cord than
traditional NMES, augmenting contraction amplitude by increasing H-reflex amplitudes
(Bergquist et al. 2011; Klakowicz et al., 2006) and potentially increasing the activation of
persistent inward currents in spinal neurons (Collins et al., 2001; 2002; Collins, 2007). A
potential advantage of using WP-NMES for rehabilitation, compared to more traditional
NMES, is that lower stimulus currents may be sufficient to generate functional muscle
contractions. Furthermore, synaptic activation of motoneurons follows the size principle
(Henneman et al., 1965) thereby recruiting fatigue-resistant motor units first, which may
help generate contractions that are more fatigue-resistant (Lagerquist et al., 2009).

The extent to which the central nervous system (CNS) contributes to contractions evoked by
WP-NMES in individuals who have experienced a stroke has not been tested. Several
changes occur in the CNS after stroke that may enhance the central contribution to
contractions evoked by WP-NMES in the paretic limb. Decreases in the efficacy of pre-
synaptic inhibitory mechanisms that regulate the transmission of afferent input to
motoneurons would allow a larger afferent volley to reach the motoneurons (Aymard et al.,
2000; Lamy et al., 2009). Putative post-synaptic increases in the excitability of the
motoneurons would amplify the motoneuron’s response to afferent input (Dewald et al.,
1995; Mazavet et al., 2003; McPherson et al., 2008; Kline et al., 2007). Together these
changes increase reflex excitability, thus a given afferent volley would lead to a larger motor
output.
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The current study was therefore designed to investigate whether WP-NMES augments
muscle contractions after stroke. These experiments were prompted in part by the finding
that tonic vibration reflexes were larger in the paretic arm compared to the non-paretic arm
in individuals with chronic stroke (McPherson et al., 2008). The tonic vibration reflex and
WP-NMES both generate contractions through the reflexive recruitment of motoneurons,
thus we expected that WP-NMES would also generate larger contractions in the paretic arm
compared to the non-paretic arm. Specifically, we hypothesized that stimulation
incorporating a 1 ms pulse width would generate larger contractions in the paretic arm
versus the non-paretic arm, but contractions generated using 0.1 ms pulses would not be
different between arms. We also hypothesized that stimulation delivered using 1 ms pulses
at 100 Hz would evoke contractions with a larger central contribution compared to
stimulation using 1 ms pulses at 20 Hz. The results of the current study provide further
evidence of an increase in reflex excitability in the paretic arm after stroke and have
implications for the use of NMES in the neurorehabilitation of stroke.

Methods
Participants

NMES was applied via surface electrodes over the right and left biceps brachii muscles of
14 individuals who had experienced a hemiparetic stroke resulting in upper limb paresis.
Out of 14 participants in the current study, 4 participants withdrew due to discomfort
experienced during the stimulation. The ten participants that were included in he current
study responded to the experimenter by saying that the stimulation was comfortable.
Additionally, the experimenter observed the participant throughout the experiment for any
signs of discomfort (i.e. changes in skin coloring, sweating, tensing up). The ten participants
that were included in the current study did not show any of these signs during the
experiment. Thus, we do not believe that discomfort was a factor that affected the results of
the remaining 10 participants (7 males and 3 females; age range: 53–83 yrs). Each
participant provided informed, written consent. The experiments were conducted in
accordance with the standards set by the Declaration of Helsinki for research involving
human participants and were approved by the Institutional Review Board of Northwestern
University.

Inclusion criteria were the following: 1) A cortical or sub-cortical stroke at least one year
prior to the study (range: 26–255 months post-stroke; mean: 102 ± 23 months). 2) An upper
limb Fugl-Meyer Assessment (FMA) score for the paretic limb of less than 50 (out of 66). In
this study scores ranged from 10–46 (mean: 25 ± 4), which indicates moderate to severe
impairment (Fugl-Meyer et al., 1975). 3) An FMA score for the non-paretic limb of 66,
which indicates no impairment. 4) Passive range of motion in both limbs of at least 90° for
shoulder flexion, shoulder abduction, and elbow flexion. 5) No inflammatory conditions at
the shoulder, elbow, wrist, or fingers as screened for by applying overpressure at the end of
the range of motion. 6) No recent changes in medications used to manage hypertension. 7)
Not taking medications to treat spasticity.

Experimental Protocol
The position of the participant and the equipment used in the current study closely follow
that used by McPherson and colleagues (2008). Participants were seated in the chair of a
Biodex dynamometer system (Biodex Medical Systems, Shirley, NY, USA) with seatbelts
placed over the shoulders and across the waist to help maintain a consistent upright posture
for the duration of the experiment. Both feet were supported by a foot rest. Participants wore
a custom-made fibreglass cast over the forearm, wrist, and hand of the arm receiving
stimulation in order to minimize movement during the experiment. The cast also allowed for
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tight coupling between the arm and the 6 degrees-of-freedom load cell used to measure
elbow torques (JR3, Model 45E15A, Woodland, CA, USA). The load cell was attached to
the cast at the wrist with a Delrin ring attachment piece and orthogonal forces and moments
generated in the x, y, and z planes were recorded and converted into elbow torques. The arm
was positioned with 75° of shoulder abduction, 40° horizontal shoulder flexion, and 90° of
elbow flexion (see figure 1). The weight of the arm was supported throughout the
experiment to help participants remain fully relaxed.

To monitor whether participants remained relaxed throughout the experiment, surface
electromyography (EMG) was recorded via electrodes placed over the muscle belly with a 1
cm inter-electrode distance (Delsys, 16-channel Bagnoli EMG System, Boston, MA, USA).
In the arm receiving stimulation, the muscles recorded from were: brachioradialis, biceps
brachii, lateral head of the triceps brachii, long head of the triceps brachii, anterior deltoid,
intermediate deltoid, posterior deltoid, and pectoralis major.

The paretic and non-paretic arms were tested on separate days. For a given participant, the
sessions were conducted at the same time of day, between 1 and 5 days apart. The non-
paretic arm was tested on the first day because stimulation intensities for both arms were
matched to a percentage of the maximum voluntary elbow flexion torque in that arm.
Participants started each experiment by performing maximal voluntary isometric elbow
flexion contractions, using visual feedback of their maximal voluntary torque (MVT)
provided on a computer monitor. Verbal encouragement to perform maximally was provided
by the experimenters. The participants completed as many trials as necessary to record three
maximal contractions within 10% of each other (typically 3–5). For all other trials
participants were instructed to relax to minimize muscle activity in the arm being tested and
to stay as still as possible.

NMES was delivered through bipolar surface electrodes (oval 3.81 x 6.35 cm, Uni-patch
Superior Silver Electrodes, Wabasha, MN, USA) over the biceps brachii muscle. The
electrodes were positioned over the proximal and distal ends of the muscle belly to allow for
the biceps brachii EMG electrodes to be placed between the stimulating electrodes. A
Compex Motion stimulator (Keller et al., 2002) was used to control the parameters of the
stimulation. Stimulation intensity was set based on the peak torque generated during a 250
ms stimulus train (25 pulses at 100 Hz; 1 or 0.1 ms pulse width). These short trains were
chosen because they provided an indication of primarily peripheral motor axon activation in
each arm (Baldwin et al., 2006; Collins et al., 2001; 2002). This procedure for matching
stimulus intensity was used because we could not measure EMG during the stimulation due
to the presence of large stimulation artifacts, and therefore could not use M-wave amplitude
as an indication of stimulation intensity. Intensity was adjusted to generate peak torque
during the short train in both arms that was approximately 6% of the non-paretic MVT. This
stimulation intensity was chosen because it was the highest that was comfortable for
participants in pilot experiments. In 7 out of 10 subjects this was achieved by using the same
stimulation current for both arms. For the other 3 subjects to generate the same torque in
both arms the current had to be increased by 2, 6, and 12 mA for the paretic arm.

Four stimulation patterns were delivered: 20-100-20 Hz (4 s each phase, 1 ms pulse width);
20-100-20 Hz (4 s each phase, 0.1 ms pulse width); 20 Hz for 12 s (1 ms pulse width); and
100 Hz for 12 s (1 ms pulse width). The second period of 20 Hz stimulation in the
20-100-20 Hz pattern was used to determine whether the increases in torque that occur
during the 100 Hz period were sustained once the frequency has gone back to 20 Hz. If the
torque remains elevated during the second period of 20 Hz, we have shown previously in
individuals with no neurological impairments that it was due to enhanced activation in the
CNS (Collins et al., 2001; 2001). If there was no additional contribution from the CNS
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during the second period of 20 Hz stimulation, we would expect the torque during the
second 20 Hz period to return to, or close to, the level it was at prior to the 100 Hz burst.
The 20-100-20 Hz stimulation pattern was also delivered using a narrower pulse width
(20-100-20 Hz, 0.1 ms) to assess the effect of pulse width on the evoked contraction. The
torque evoked by each of these stimulation patterns was compared between arms. The 20
and 100 Hz constant frequency patterns were included to assess the effect of stimulation
frequency on the evoked contraction. The central contribution has been quantified in other
studies by measuring the difference in the torque between the beginning and end of the
stimulation train (Baldwin et al., 2006; Dean et al., 2007; Klakowicz et al., 2006); an
increase in torque throughout the stimulation train was evidence of an increasing central
contribution. In the present study, this difference in torque was compared between the 20
and 100 Hz stimulation patterns within each arm and for each stimulation pattern between
arms. In a single trial, one stimulation pattern was delivered 5 times with 2 minutes of rest
between each stimulation train. The order of delivery of the stimulation patterns was
randomized across subjects.

The experimenter visually inspected the torque and all EMG channels after each trial to
determine if that trial was acceptable. For each trial, if the participant had a pre-activation
level of greater than 5% MVC, that trial was re-collected and the trial with the lowest pre-
activation level was included. Pre-activation levels ranged from ~ 1–15% non-paretic MVC.
The size of this range is partly due to 3 of the 10 participants who had particular difficulty
relaxing their paretic arm prior to each trial. We chose to include these 3 participants in the
main study group for the following two reasons. Firstly, it is common for individuals with
chronic stroke to have involuntary activation of some muscles and by including this type of
natural variance in our study group, we felt our results would be more generalizable to the
general stroke population. Secondly, the torque responses evoked by the trains of WP-
NMES in these 3 participants were qualitatively not distinguishable from the rest of the
participants in the study. A trial was also rejected, and subsequently re-collected, if the
participant moved before the trial finished (i.e. coughed, moved their head) or fell asleep.

Data Collection and Analyses
Data were sampled at 1000 Hz. EMG data were amplified 1000 times, high pass filtered
(cut-off frequency, 20 Hz) (16-channel Bagnoli EMG System), and then low pass filtered
using an eighth-order low-pass Butterworth filter (cut off frequency, 500 Hz) (Model 9016;
Frequency Devices, Havelhill, MA). Custom written Matlab software (The Mathworks Inc.,
Natick, MA, USA) was used to analyze the torque and biceps brachii EMG data. A
Jacobian-based algorithm was used to convert the load cell forces and moments measured at
the wrist into elbow flexion torque. The torque data were filtered using a digital 8th order
low pass Butterworth filter (cut-off frequency, 50 Hz). All torque data were then normalized
to the MVT of the non-paretic arm. This normalization was performed for two reasons: 1)
the MVT of the paretic arm can be unreliable and may not truly represent the force
generating capacity of the muscle due to reduced central drive, the possibility of increased
co-contraction between elbow flexors and extensors, and changes in muscle properties
(Dietz and Sinkjaer, 2007; Sinkjaer and Magnussen, 1994); and 2) it was not possible to
measure the electrically-stimulated maximum torque in the paretic arm due to pain tolerance
of the participants. For statistical analyses, torque data were averaged over two 500 ms
windows centred around: 1.5 s (Time 1) and 11.5 s (Time 2) into the stimulus train (see
shaded regions Figure 2A).

Biceps brachii EMG data were full-wave rectified and then smoothed using a causal one-
sided moving average filter (window duration, 250 ms). This was followed by baseline
correction which involved subtracting the average biceps brachii EMG over the first 250–
500 ms in a trial, during which the subject was at rest and there was no stimulation, from all
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other EMG data within that trial. The EMG data were then normalized to the maximum
EMG recorded during maximum voluntary contractions in the non-paretic arm. The EMG
was quantified prior to the stimulation to verify if the muscle was fully relaxed. Although
analysis of the EMG recorded during the stimulation was not possible due to interference
from the stimulation artifacts, a comparison of EMG activity before and after stimulation
was made. Data were averaged over two 500 ms windows centred around 1 s prior to and 1 s
after the stimulation. However, it must be noted that in individuals with no neurological
impairments we do not always see residual EMG activity after the stimulation when the
torque has been augmented during the stimulation train (i.e. after the 100 Hz burst;
Lagerquist and Collins, 2010). Therefore, in the current study we were not expecting to see a
direct relationship between torque during the stimulation and residual EMG after the
stimulation. The EMG data from muscles other than the biceps brachii (i.e. brachioradialis,
lateral head of the triceps brachii, long head of the triceps brachii, anterior deltoid,
intermediate deltoid, posterior deltoid, and pectoralis major) were only used to determine
whether participants were relaxed prior to the start of each trial. One participant’s EMG data
were excluded due to poor signal quality.

Statistical Analysis
A two-way repeated measures analysis of variance test (rm-ANOVA) was used to assess
differences in torque evoked by the 250 ms train used to set stimulus intensity based on the
following two factors: arm (2 levels: paretic and non-paretic) and pulse width (2 levels: 1
and 0.1 ms). A three-way rm-ANOVA was used to assess differences in torque during the 12
s stimulation trains based on the following three factors: stimulation pattern (4 levels:
20-100-20 Hz (1 ms pulses), 20-100-20 Hz (0.1 ms pulses), 20 Hz (1 ms pulses), 100 Hz (1
ms pulses)), arm (2 levels: paretic and non-paretic), and time (2 levels: Time 1 and Time 2).
A similar three-way rm-ANOVA was used to assess changes in biceps brachii EMG activity
with the following three factors: stimulation pattern (4 levels: 20-100-20 Hz (1 ms pulses),
20-100-20 Hz (0.1 ms pulses), 20 Hz (1 ms pulses), 100 Hz (1 ms pulses)), arm (2 levels:
paretic and non-paretic), and time (2 levels: pre-stim and post-stim). The Huynh-Feldt
correction was applied if the data violated the assumption of sphericity for rm-ANOVA.
Tests of simple effects, followed by simplecomparisons, if necessary, were used post-hoc to
assess significant 3-way interactions identified in the rm-ANOVA results. Tukey’s HSD
tests were performed on significant 2-way interactions or main effects when appropriate.
Descriptive statistics are reported as the mean ± 1 SE. All statistical tests were conducted
with an alpha level of 0.05.

Results
Stimulation intensity

For all trials stimulus intensity was adjusted such that a 250 ms stimulus train (25 pulses at
100 Hz) evoked torque of approximately 6% of the non-paretic MVT. Examples of the
torque recorded during these short trains in the paretic and non-paretic arms of a single
participant are shown in Figure 2B (inset). For the group of participants, the torque evoked
by the 250 ms train was not different between the paretic and non-paretic arms for either
pulse width [F(1,9) = 4.186, p = 0.071]. For trials that used a 1 ms pulse width, the evoked
contractions were 6.4 ± 0.5 and 5.9 ± 0.1 % of the non-paretic MVT in the paretic and non-
paretic arms, respectively. For trials that used a 0.1 ms pulse width, the evoked contractions
were 5.7 ± 0.4 and 6.1 ± 0.1 % of the non-paretic MVT in the paretic and non-paretic arms,
respectively.
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Single participant torque data
Elbow flexion torque evoked for all stimulation patterns in the paretic and non-paretic arms
of one participant is shown Figure 2(A–D). This participant had a stroke 12.5 years prior to
being involved in the study and a Fugl-Meyer score of 34 for the impaired upper limb. A
clear effect of pulse width on torque generation in the paretic arm was evident for this
participant. For all stimulation patterns that incorporated the wide (1 ms) pulse width there
was more torque evoked in the paretic arm than the non-paretic arm (dark vs. light trace,
respectively, Fig. 2A, 2C, and 2D). In contrast, when the stimulation was delivered with a
0.1 ms pulse width, torque generated in the paretic and non-paretic arms was not different
(Fig. 1B). For this participant, there was no influence of stimulation frequency on the
amplitude of the central contribution because the 100 Hz constant frequency stimulation
pattern (1 ms pulses) (Fig. 1D) did not show a greater increase in the amplitude of the
central contribution compared to the 20 Hz constant frequency stimulation pattern (1 ms
pulses) (Fig. 1C) in either arm.

Group torque data: Effect of pulse width
The torque evoked by each stimulation pattern, averaged over the 10 participants, is shown
in Figure 3. The shaded areas in Figure 3A represent the time windows over which data
were quantified for statistical analyses. There was a significant three-way interaction
between stimulation pattern, arm, and time for the torque generated by NMES [F(1,12) =
4.43, p < 0.05]. To assess the effect of pulse width on torque, we used post-hoc analyses of
this interaction to compare the two-way interaction of arm by time for the two stimulation
patterns that used the same stimulation frequencies, but different pulse widths: 20-100-20
Hz (1 ms pulse width) and 20-100-20 Hz (0.1 ms pulse width). The arm by time interaction
for the 20-100-20 Hz (1 ms pulse width) pattern was significant [F(1,12) = 5.79, p < 0.05].
Simple comparisons analyses revealed that for this stimulation pattern more torque was
evoked in the paretic arm than the non-paretic arm at Time 1 [F(1,12) = 33.9, p < 0.05] and
Time 2 [F(1,12) = 85.1, p < 0.05]. These statistically significant differences can be seen by
comparing the dark and light traces in Figure 3A and each pair of black and white columns
in Figure 4A. For the 20-100-20 Hz stimulation pattern that used a 0.1 ms pulse width,
significant interactions or main effects were not found which indicates that the torque was
not different between arms at either Time 1 or Time 2 (Fig. 3B; each pair of black and white
columns in Fig. 4B).

Effect of stimulation frequency
To assess the effect of stimulation frequency on torque, we used post-hoc analyses of the
significant 3-way interaction mentioned above, to compare the two-way interaction of arm
by time for the two stimulation patterns that used the same pulse width, but different
stimulation frequencies: 20 Hz (1 ms pulse width) and 100 Hz (1 ms pulse width). For the
20 Hz stimulation pattern no significant interactions or main effects were found which
indicates that the torque was not different between arms at Time 1 or Time 2 (Fig. 2C; Fig.
4A). For the 100 Hz stimulation pattern the main effects of arm [F(1,12) = 5.66, p < 0.05] and
time [F(1,12) = 14.36, p < 0.05] were significant. The main effect of arm showed that the
torque was larger in the paretic arm compared to the non-paretic arm throughout the
stimulation train. The main effect of time highlighted the significant decline in torque from
the beginning (Time 1) to the end (Time 2) of the stimulation train in both arms (Fig. 3D;
each pair of columns in Fig. 5B). This decrease was not significantly different between
arms. These main effects are not shown in Figure 5 for clarity.

To investigate whether the 4 s period of 100 Hz stimulation during the 20-100-20 Hz (1 ms
pulse width) pattern resulted in a prolonged increase in torque, post-hoc analyses of the
significant 3-way interaction mentioned above was used to compare the two-way interaction
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of arm by time during the 20-100-20 Hz (1 ms pulse width) stimulation pattern. The arm by
time interaction was significant [F(1,12) = 5.79, p < 0.05] and simple comparisons analyses
revealed that the torque increased significantly from Time 1 to Time 2 in the paretic arm
only [F(1,12) = 10.04, p < 0.05] (dark trace, Figure 3A; black columns in Fig. 4A). When a
0.1 ms pulse width was used, an increase in torque after the 4 s period of 100 Hz stimulation
was not observed in either arm.

Group EMG data
All participants had some difficulty completely relaxing the muscles in their paretic arm
during some trials. Therefore the average group pre-stimulus biceps brachii EMG recorded
from the paretic arm, across all trials, was 11 ± 3 % of the EMG recorded from the non-
paretic arm during the maximum voluntary contraction. For the non-paretic arm the average
group pre-stimulus EMG was 2 ± 0.4 % of the non-paretic maximal EMG. To assess
whether the stimulation caused a sustained increase in EMG amplitude once the stimulation
had been turned off, we measured EMG over two half second windows centred around: 1 s
before and 1 s after stimulation. There was a significant stimulation pattern by time
interaction [F(3,24) = 3.51, p = 0.031] and no main effect of arm. With the data from both
arms grouped together, there was significantly more biceps brachii EMG 1 s after the 100
Hz stimulation pattern as compared to 1 s before the stimulation. There was also more
activity 1 s after the 100 Hz stimulation as compared to 1 s after the 20 Hz stimulation.
There were no differences in the EMG amplitudes before and after the 20 Hz constant
frequency stimulation using a 1 ms pulse width or the 20-100-20 Hz stimulation using a 1 or
0.1 ms pulse width.

Discussion
In the current study a novel stimulation paradigm (WP-NMES) was delivered to the biceps
brachii muscles of the paretic and non-paretic arms in individuals with chronic hemiparetic
stroke. Consistent with our first hypothesis, more torque was generated in the paretic arm
compared to the non-paretic arm when a 1 ms pulse width was used. There was no
difference in torque between arms when a 0.1 ms pulse width was used. Our second
hypothesis, which stated that higher stimulus frequencies would increase the central
contribution more than lower frequencies, was not supported. As predicted, there was no
difference in torque from the beginning to the end of the stimulation for each arm during
constant frequency stimulation at 20 Hz using a 1 ms pulse width. However, for both arms
during the 100 Hz constant frequency stimulation (1 ms pulses), there was a decline in
torque from the beginning to the end of the stimulation train. Interestingly, when only 4 s of
100 Hz stimulation was incorporated into the 12 s stimulation train (1 ms pulses), torque
was larger in the paretic arm compared to the non-paretic arm after the 100 Hz burst.

WP-NMES enhances the central contribution to contractions after stroke
The present experiments were prompted by two previous findings: 1) In individuals with no
neurological impairments and those with a spinal cord injury, WP-NMES enhances
electrically-evoked contractions, compared to more traditional NMES that uses narrower
pulse widths and lower stimulus frequencies, due to an increased central or reflexive
activation of motoneurons (Collins et al., 2002; Klakowicz et al., 2006); and 2) After a
stroke, tonic vibration reflexes were larger in the paretic arm than the non-paretic arm
(McPherson et al., 2008). Larger contractions evoked by WP-NMES in the present study
may share a similar central mechanism with the tonic vibration reflexes and the sensory
volleys evoked during the stimulation (vibration or electrical) may have resulted in greater
reflexive recruitment of motoneurons in the paretic arm than the non-paretic arm. In the
present study, contractions were larger in the paretic arm when 1 ms pulses were used, but
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not when 0.1 ms pulses were used. This effect of pulse width occurred despite adjusting the
stimulation intensity so that a brief 100 Hz stimulus train delivered using both pulse widths
evoked contractions of equal amplitude in both arms (i.e. a similar peripheral contribution
via direct motor axon depolarization). The reflexive contribution to contractions during the
brief 100 Hz stimulus trains should have been minimal because in individuals with no
neurological impairments a reflexive contribution develops slowly (over seconds) when
stimulation is applied over the muscle (Baldwin et al., 2006), as in the present study. There
is some evidence that after stroke motor axons change and there is a reduction in the
efficacy of inwardly rectifying channels (IH) in the paretic arm versus the non-paretic arm
(Jankelowitz et al., 2007). A reduced IH current on motor axons in the paretic arm would
mean the axons show less accommodation to hyperpolarizing currents and would be more
difficult to activate repetitively. Since the stimulation intensity was adjusted to recruit a
similar proportion of motor axons with the different pulse widths in both arms, changes to
motor axons after stroke would, if anything, reduce contraction amplitude during NMES.
Thus, we propose that the enhanced contractions in the paretic limb in the present study
resulted from an increased recruitment of motoneurons centrally and were not due to a
purely peripheral mechanism such as the non-linear torque generating capacity of muscle
(Binder-Macleod and Clamann, 1989; Frigon et al., 2011)

If the effect of pulse width in the paretic limb is not due to a difference in activating motor
axons, it may be due to a differential ability of the two pulse widths to depolarize sensory
axons in individuals with chronic stroke. However, unlike motor axons, there is no evidence
for differences in properties of sensory axons between the paretic and non-paretic arms
(Jankelowitz et al., 2007). Accordingly, changing the pulse width should have a similar
effect on the afferent volley for the paretic and non-paretic arms and cannot explain how
increasing the pulse width enhanced contractions in the paretic arm only. Thus, the enhanced
elbow flexion torque responses in the paretic arm are more likely to be of central origin, due
to pre- and post-synaptic changes that occur in the spinal cord.

Pre-synaptic changes may enhance contractions evoked by WP-NMES after stroke
WP-NMES will activate large diameter afferents from muscle and cutaneous receptors and
both of these may contribute to the central recruitment of motoneurons during the
stimulation. After a stroke, changes occur in the spinal cord that are pre-synaptic to
motoneurons and influence the regulation of afferent input to motoneurons. For example,
post-activation depression (Crone and Nielsen, 1989; Hultborn et al., 1996) in reflex
pathways controlling the paretic limb is reduced compared to the non-paretic limb (Aymard
et al., 2000; Lamy et al., 2009; Masakado et al., 2005). There is also a decrease in
presynaptic inhibition on Ia afferent terminals in humans after stroke (Artieda et al., 1991;
Aymard et al., 2000; Kagamihara and Masakado, 2005; Lamy et al., 2009; Nakashima et al.,
1989). Similar to reductions in post-activation depression, reduced presynaptic inhibition
would also increase neurotransmitter release each time an action potential reaches the
afferent terminal (Rudomin and Schmidt, 1999). The net effect of these changes is that more
afferent input will reach motoneurons of the paretic arm versus the non-paretic arm for a
given input to the spinal cord. Thus, a WP-NMES protocol designed to maximize afferent
activation may contribute to the larger muscle contractions evoked in the paretic arm in the
current study.

Post-synaptic changes may enhance contractions evoked by WP-NMES after stroke
In addition to changes that occur pre-synaptic to the motoneuron after a stroke, there may be
post-synaptic changes that affect motoneuron excitability. After a stroke, the disruption of
corticospinal input may lead to an increased influence on motoneuron excitability of
bulbospinal projections that provide monoaminergic input to the spinal cord (Dewald et al.,
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1995; Dewald and Beer, 2001; Ellis et al., 2007; Kline et al., 2007; Zaaimi et al., 2009).
Increased monoaminergic drive could increase subthreshold depolarization, reduce the
action potential threshold, reduce the spike afterhyperpolarization, or augment PIC
amplitude (Fedirchuk and Dai, 2004; Heckman et al., 2005; 2008; Heckman, 2003; Powers
and Binder, 2001). Mottram and colleagues (2009) showed no difference in an indirect
measure of PIC amplitude in paretic muscle and suggested that increases in the number of
spontaneously active motor units often seen in the paretic limb may be due to a low-level
tonic depolarizing synaptic drive either of cortical or segmental origin. If monoaminergic
drive increases after a stroke, synaptic inputs may more readily activate motoneurons
innervating paretic muscles; this would be consistent with the finding that tonic vibration
reflexes in the biceps muscle were larger in the paretic arm compared to the non-paretic arm
(McPherson et al., 2008). Regardless, both pre- and post-synaptic changes could contribute
to the enhanced flexion torques in the paretic arm and the present study was not designed to
distinguish between the two.

Clinical Significance
This work represents the first time WP-NMES has been used to generate contractions for
individuals who have experienced a stroke and is a first step towards the potential
application of WP-NMES for rehabilitation in this population. By using WP-NMES it may
be possible to generate larger muscle contractions in the paretic arm for a given stimulus
current. Electrically-evoked muscle contractions that involve a large central contribution
from the recruitment of motoneurons in the spinal cord may also be more fatigue-resistant
due to the physiological motor unit recruitment order followed with synaptic activation, in
which small fatigue-resistant motor units are activated first. This type of recruitment is
preferable to that which occurs during contractions that primarily involve the direct
depolarization of motor axons underneath the stimulating electrodes and employs a random
motor unit recruitment order. In the present study, since torque declined during the 12 s train
of 100 Hz constant frequency stimulation, but was augmented after a shorter (4 s) burst of
100 Hz stimulation, including brief periods of high frequency stimulation may be the most
effective way to augment muscle contractions in the paretic limb while limiting peripheral
fatigue.

Future Directions
These experiments have shown that WP-NMES enhances contractions in the paretic arm
after stroke, ostensibly due to an enhanced reflexive recruitment of motoneurons. Studies in
which reflex responses and motor units are recorded from the paretic limb during WP-
NMES may help verify the central contribution to the evoked contractions and may provide
insights into the pre- and post-synaptic changes that occur in the spinal cord after stroke. An
investigation to determine the optimal combination of stimulation pulse width, frequency
and intensity for maximizing the central contribution to electrically-evoked contractions
after stroke would help identify the best stimulation parameters for rehabilitation. It would
also be interesting to characterize responses to WP-NMES in a variety of muscles, given that
some muscles have stronger reflexive input (Eccles et al., 1957; Jusiet al., 1995; Palmieri,
2002; Pierrot-Deseilligny and Burke, 2005) and thus may generate contractions with a larger
central contribution than others. Gaining a better understanding of the afferent origin of the
central contribution (i.e. muscle vs. cutaneous afferents) may lead to improved methods for
enhancing the evoked contractions. Experiments designed to test muscle fatigue and the
recruitment characteristics of single motor units during WP-NMES in the paretic limb are
needed to determine the extent to which WP-NMES reduces muscle fatigue after stroke.
Ultimately, a study comparing training programs that use WP-NMES to programs that
incorporate more traditional NMES, in conjunction with functional evaluations before and
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after the training programs, would answer the question of whether it would be beneficial to
use WP-NMES for rehabilitation for people who have had a stroke.
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Highlights

• Wide pulse width (1 ms) neuromuscular electrical stimulation at high
frequencies (100 Hz) generates larger contractions in the paretic limb as
compared to the non-.paretic limb in individuals with chronic hemiparetic
stroke.

• The larger contractions evoked during WP-NMES in the paretic limb were
likely due to increased reflexive recruitment of motoneurons, as a result of
increased reflex excitability on the paretic side.

• NMES that elicits larger contractions in the paretic limb may allow for the
development of more effective stroke rehabilitation paradigms and functional
neural prostheses.
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Figure 1.
Image of the experimental setup with the paretic arm in the test configuration. The metal
forearm interface plate and ring are mounted directly to a 6-DOF load cell. A delrin
interface ring connects the wrist of the test subject with a Fiberglass cast to the metal ring.
EMG recording and stimulating electrodes are placed over the biceps brachii muscle.
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Figure 2.
Torque generated by each stimulation pattern in a single participant. Torque in the paretic
arm is shown by the dark trace and in the non-paretic arm by the light trace. Each panel
shows the torque generated by a specific stimulation pattern: A) 20-100-20 Hz (1 ms pulse
width); B) 20-100-20 Hz (0.1 ms pulse width); C) 20 Hz constant frequency (1 ms pulse
width); and D) 100 Hz constant frequency (1 ms pulse width). The inset in panel B shows
the torque evoked in each arm by the short stimulus train (25 pulses at 100 Hz; 1 ms pulse
width) used to set stimulus intensity. Each trace is an average of 5 repetitions of each
stimulation pattern. The shaded bands represent ± 2 SE. The shaded regions in Panel A
represent the time periods (Time 1 and Time 2) over which data were quantified for
statistical analyses (see Figures 4 and 5).
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Figure 3.
Torque generated throughout each stimulation pattern averaged across the group. Torque in
the paretic arm is shown by the dark trace and in the non-paretic arm by the light trace. Each
panel shows the torque generated by a specific stimulation pattern: A) 20-100-20 Hz (1 ms
pulse width); B) 20-100-20 Hz (0.1 ms pulse width); C) 20 Hz constant frequency (1 ms
pulse width); and D) 100 Hz constant frequency (1 mspulse width). Error bars have been
omitted for the sake of clarity. The shaded regions in Panel A represent the time periods
(Time 1 and Time 2) over which data were quantified for statistical analyses (see Figures 4
and 5).
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Figure 4.
The group mean effect of pulse width (1 vs. 0.1 ms) on torque generation for the 20-100-20
Hz stimulation pattern. Torque evoked in the paretic arm is represented by the black
columns; in the non-paretic arm by the white columns. Panel A shows torque evoked using 1
ms pulses at Time 1 (1.5 s into the stimulation train) and Time 2 (11.5 s into the stimulation
train). Panel B shows the torque evoked at Time 1 and Time 2 by stimulation using 0.1 ms
pulses. 1 SE is shown. Data columns connected by brackets are significantly different from
each other (p < 0.05).
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Figure 5.
The group mean effect of stimulation frequency (20 vs 100 Hz) on torque generation for the
group. Torque evoked in the paretic arm is represented by the black columns; in the non-
paretic arm by the white columns. Panel A shows the torque evoked by 20 Hz stimulation (1
ms pulse width) for each arm at the beginning (Time 1; T1) and end (Time 2; T2) of the
stimulation train. Panel B shows the torque evoked by 100 Hz stimulation (1 ms pulse
width) for each arm at Time 1 and Time 2. 1 SE is shown. For the 100 Hz stimulation
pattern, there were significant main effects of arm and time which are not shown here for
clarity (see text).
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