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Abstract The afferent volley generated during neuromus-
cular electrical stimulation (NMES) can increase the excit-
ability of human corticospinal (CS) pathways to muscles of
the leg and hand. Over time, such increases can strengthen
CS pathways damaged by injury or disease and result in
enduring improvements in function. There is some evi-
dence that NMES affects CS excitability differently for
muscles of the leg and hand, although a direct comparison
has not been conducted. Thus, the present experiments
were designed to compare the strength and specificity of
NMES-induced changes in CS excitability for muscles of
the leg and hand. Two hypotheses were tested: (1) For mus-
cles innervated by the stimulated nerve (farget muscles),
CS excitability will increase more for the hand than for the
leg. (2) For muscles not innervated by the stimulated nerve
(non-target muscles), CS excitability will increase for mus-
cles of the leg but not muscles of the hand. NMES was
delivered over the common peroneal (CP) nerve in the leg
or the median nerve at the wrist using a 1-ms pulse width in
a 20 s on, 20 s off cycle for 40 min. The intensity was set to
evoke an M-wave that was ~15% of the maximal M-wave
in the target muscle: tibialis anterior (TA) in the leg and
abductor pollicis brevis (APB) in the hand. Ten motor-
evoked potentials (MEPs) were recorded from the target
muscles and from 2 non-target muscles of each limb using
transcranial magnetic stimulation delivered over the
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“hotspot” for each muscle before and after the NMES.
MEP amplitude increased significantly for TA (by
45 £+ 6%) and for APB (56 £ 8%), but the amplitude of
these increases was not different. In non-target muscles,
MEPs increased significantly for muscles of the leg
(42 £ 4%), but not the hand. Although NMES increased
CS excitability for target muscles to the same extent in the
leg and hand, the differences in the effect on non-target
muscles suggest that NMES has a “global” effect on CS
excitability for the leg and a “focused” effect for the hand.
These differences may reflect differences in the specificity
of afferent projections to the cortex. Global increases in CS
excitability for the leg could be advantageous for rehabilita-
tion as NMES applied to one muscle could strengthen CS
pathways and enhance function for multiple muscles.

Keywords Neuromuscular electrical stimulation - Motor
cortex - Plasticity - Leg - Hand - Rehabilitation

Introduction

Neuromuscular electrical stimulation (NMES) is a common
rehabilitation tool used to help restore movement following
damage to central motor pathways (Sheffler and Chae
2007). Over time, NMES can strengthen corticospinal (CS)
pathways to affected muscles leading to improvements in
movement that outlast NMES training sessions (Liberson
et al. 1961; Knash et al. 2003; Conforto et al. 2002; Evera-
ert et al. 2010). These enduring improvements in function
occur concomitantly with increased CS excitability that is
driven, at least in part, by the electrically evoked afferent
volley from muscles in both the leg (Knash et al. 2003;
Kido and Stein 2004) and hand (Conforto etal. 2002;
Hoffman and Field-Fote 2007). However, there is some
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evidence that NMES may affect CS excitability differently
for muscles of the leg versus the hand. When applied to the
leg, NMES may have a relatively weak but non-specific or
“global” effect that increases CS excitability for multiple
muscles (Kido and Stein 2004; Mang et al. 2010). In con-
trast, for the hand, NMES may have a stronger but more
specific or “focused” effect that increases CS excitability
for only muscles innervated by the stimulated nerve (target
muscles) (Ridding et al. 2000, 2001). Unfortunately, differ-
ences in stimulation parameters between studies of the leg
and hand make it difficult to compare results between the
studies. Thus, the present experiments were designed to
directly compare the strength and specificity of changes in
CS excitability induced by NMES for muscles of the leg
and hand when using the same stimulation parameters.

When NMES is applied to increase CS excitability for
leg muscles, it is typically delivered at relatively high inten-
sities that generate M-waves between 15 and 50% of the
maximal M-wave (M), frequencies between 25 and
200 Hz, a range of duty cycles, and durations of ~30-
45 min. This type of NMES generates contractions in the
target muscles that can be used for rehabilitation and to
assist with functional movements. Delivered in this way, all
studies showed that NMES increased CS excitability for
target muscles (Khaslavskaia etal. 2002; Knash et al.
2003; Kido and Stein 2004; Khaslavskaia and Sinkjaer
2005; Mang et al. 2010), but the effect on CS excitability
for leg muscles not innervated by the stimulated nerve
(non-target muscles) was less consistent. Two studies
reported no change in CS excitability for non-target leg
muscles (Khaslavskaia et al. 2002; Knash etal. 2003),
while 2 other studies reported significant increases (Kido
and Stein 2004; Mang etal. 2010). In contrast, when
NMES is applied to increase CS excitability for hand mus-
cles, it is delivered at low intensities (near motor threshold),
low frequencies (10-30 Hz), duty cycles involving short
bursts of stimulation (i.e. 500 ms on—-500 ms off), and for
up to 2 h. This type of stimulation is designed to “prime”
CNS circuits and increase CS excitability for subsequent
rehabilitation sessions without producing large or func-
tional contractions (Hoffman and Field-Fote 2007). Using
this type of stimulation, CS excitability increased for the
target muscles, but did not change for non-target hand
muscles in close proximity (Ridding etal. 2000, 2001;
McKay et al. 2002; Pitcher et al. 2003).

Generally, increases in stimulation intensity enhance the
afferent drive generated by NMES (Smith et al. 2003) and
increase CS excitability more than lower intensity NMES
(Khaslavskaia etal. 2002). However, despite applying
NMES at higher intensities and frequencies when activat-
ing the leg muscles compared with the hand muscles, CS
excitability for target muscles increased similarly (range:
~40-100%). Therefore, we predict that when stimulation
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parameters are the same, NMES will increase CS excitabil-
ity more for a target hand muscle than for a farget leg mus-
cle. Furthermore, the evidence that NMES can increase CS
excitability in non-target leg muscles, but not in non-target
hand muscles, suggests that NMES may have a global effect
on CS excitability for leg muscles and a focused effect for
hand muscles. Presently, it is unclear whether the differ-
ences in the strength and specificity of NMES on CS excit-
ability for leg and hand muscles are due to physiological
differences in the neural circuits that control the leg and
hand or are simply due to methodological differences in the
stimulation parameters used between studies.

In this study, we compared the effect of NMES of the
common peroneal (CP) nerve in the leg and the median
nerve at the wrist on CS excitability for target and non-tar-
get muscles when using the same stimulation parameters in
the same participants. The CP and median nerves were cho-
sen because they have been studied previously and are
commonly stimulated for rehabilitation of dorsiflexion and
grasping, respectively. We hypothesized that for target
muscles, motor-evoked potentials (MEPs) evoked by trans-
cranial magnetic stimulation (TMS) over the motor cortex
would increase more after NMES of the hand than NMES
of the leg. We also hypothesized that NMES applied to the
leg would increase MEPs for non-target muscles, consis-
tent with a global effect of NMES on CS excitability for leg
muscles, while NMES applied to the hand would increase
MEPs only for the farget muscle, consistent with a focused
effect of NMES on CS excitability for hand muscles. The
results of this study contribute to a growing body of knowl-
edge about how the afferent volley generated during NMES
alters CS excitability in humans.

Methods

Eleven men and three women ranging in age from 19 to
47 years old and with no known neurological disorders par-
ticipated in this study. All participants gave written
informed consent prior to testing. The experimental proce-
dures were approved by the Human Research Ethics Board
at the University of Alberta. Subjects were seated with their
backs and necks supported. All subjects participated in 2
separate ~3-h testing sessions at least 48 h apart in which
NMES was applied to the CP nerve to activate tibialis ante-
rior (TA) in the leg on one occasion and the median nerve
to activate abductor pollicis brevis (APB) in the hand on the
other occasion. The order of testing sessions was random-
ized for each participant. The time of day of each session
was the same for each subject to reduce the potential con-
founding effect of diurnal changes in CNS excitability
(Lagerquist et al. 2006; Tamm et al. 2009). When NMES
was applied over the CP nerve, the hip, knee, and ankle
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angles were maintained at ~110°, 100°, and 90°, respec-
tively. Padded restraints were secured around the right foot
to minimize movement, and the left foot was placed on a
foot rest. When NMES was applied over the median nerve,
the shoulder, elbow, and wrist angles were maintained at
~15°, 120°, and 180°, respectively. The elbow was sup-
ported by an arm support, and the hand was placed on a hand
rest in a relaxed position. Subjects were instructed to avoid
consumption of caffeine 12 h prior to testing sessions and
during a session to eliminate the influence of caffeine on
CNS excitability (Walton et al. 2003) and to refrain from
intense physical activity 12 h prior to the testing sessions.

Electromyography (EMG)

When NMES was applied to the CP nerve, EMG was
recorded from TA, soleus, and vastus medialis (VM) of the
right leg. When NMES was applied to the median nerve,
EMG was recorded from APB, FDI, and extensor carpi
ulnaris (ECU) of the right hand (see Fig. 1a). All EMG was
recorded using bipolar (2.25 cm?) surface recording elec-
trodes (Vermed Medical, Bellow Falls, Vermont) with the
exception of EMG from FDI, which was recorded with
electrodes trimmed down to ~1 cm? EMG signals were
pre-amplified (1,000x) and band-pass filtered at 10—
1,000 Hz (NeuroLog System; Digitimer, Welwyn Garden
City, Hertfordshire, England). Data were sampled at
2,000 Hz with a 12-bit A/D converter (National Instru-
ments, Austin, Texas). During the collection of MEPs, data
{rexﬁhgtﬁ
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delivered for NMES. Each gray
box represents a period of

Fig. 1 Schematics of electrode a
placements and stimulation

were recorded in 450-ms sweeps from 100 ms before to
350 ms after stimulus delivery.

Neuromuscular electrical stimulation (NMES)

NMES was applied over the right CP nerve near the fibular
head or the right median nerve at the wrist using bipolar
round (3.2 cm) neurostimulation electrodes (Axelgaard
Manufacturing Co., Ltd.) placed at the site that evoked a
response (M-wave or H-reflex) at the lowest stimulation
intensity in TA and APB, respectively. With these stimula-
tion sites, TA and APB were considered to be the target
muscles because they are innervated by the stimulated
nerves. Muscles not innervated by the stimulated nerves
were considered to be the non-target muscles and were cat-
egorized as either adjacent or remote muscles relative to
the rarget muscle. Soleus and FDI were considered to be
the adjacent muscles, and VM and ECU, the remote mus-
cles, when NMES was applied to the CP and median
nerves, respectively (see Fig. 1a).

Rectangular pulses of 1 ms duration were delivered from
a Digitimer (DS7A, Hertfordshire, England) constant cur-
rent stimulator for all experimental sessions. The stimula-
tion was adjusted to an intensity at which a single stimulus
evoked an M-wave that was ~15% M, in the target mus-
cle (TA or APB) during a single tr1a1 in which 5 stimuli
were delivered 3-5 s apart. NMES was then delivered at
this intensity with a stimulation frequency of 100 Hz for
40 min in a 20 s on, 20 s off cycle (see Fig. 1b; Mang et al.
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2010). A 1-ms pulse width was utilized because wide pulse
NMES increases the afferent volley to the CNS and can
enhance the central or “reflexive” contribution to electri-
cally evoked contractions (Lagerquist and Collins 2008,
2010). Likewise, a frequency of 100 Hz was utilized
because we have previously shown that 100-Hz NMES
increases CS excitability more than 10, 50, or 200-Hz
NMES (Mang et al. 2010). To eliminate any effect of vol-
untary contraction on CS excitability, participants were
instructed to remain relaxed while NMES was applied.

Transcranial magnetic stimulation (TMS)

To test the excitability of the CS pathway, MEPs were
evoked using TMS (Magpro R30; Medtronic Inc., Minne-
apolis, Minnesota) applied with a parabolic (Medtronic
MMC-140, Minneapolis, Minnesota) or figure-of-eight coil
(Medtronic MC-B70, Minneapolis, Minnesota). The para-
bolic coil was used in 6 subjects because it was difficult to
evoke MEPs in leg muscles with the figure-of-eight coil.
For a given subject, the same coil was used in both ses-
sions. All MEPs were evoked, while subjects were relaxed.
In the experimental session involving CP nerve stimulation,
separate trials were conducted in which MEPs were evoked
from the optimal stimulation sites (“hotspots™) for right
TA, soleus, and VM. In the experimental session involving
median nerve stimulation, MEPs were evoked in separate
trials from the hotspots for right APB, FDI, and ECU. The
hotspots were found before the application of NMES by
moving the coil over the left motor cortex to find the site
that elicited the largest amplitude MEP in the muscle of
interest at the lowest intensity of stimulation. Using a Bra-
insight image-guided stimulation system (Rogue Research,
Montreal, Quebec), the sites were recorded and the coil was
manually held in place to maintain position and orientation
(precision: £3 mm) during measurement trials. Resting
MEP thresholds were then determined by finding the lowest
intensity that produced MEPs of at least 50 pV in 4 out of 8
stimuli. The intensity of TMS was then set at 120% of the
threshold for each muscle for the measurements. Ten MEPs
were evoked from each hotspot and recorded from each
muscle immediately before (Pre) and after (Post) the pro-
longed period of NMES. The MEPs were evoked at an
inter-stimulus interval that varied randomly between 4 and
6 s. The order in which muscles were tested was random-
ized before and after the NMES for each session.

Maximal M-waves (M_,.)

To determine M, for the target muscles, stimulation
intensity was increased over 5 stimuli from below motor
threshold to 1.5-2 times the minimum current required to

evoke M, ... M. was calculated as the largest M-wave
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evoked in the target muscle. The amplitude of M, from
the target muscle was tested on 3 occasions before and after
the delivery of NMES. Occasionally, the amplitude of M,
was reduced in APB following the NMES. In these
instances, the recording electrodes were replaced and M,
was re-collected. In some instances, there were still small
variations in M,,,,, despite replacement of the electrodes.
Thus, all MEPs in target muscles were normalized to the
M., recorded nearest in time to the collection of the

MEPs.
Data analyses

Changes in CS excitability induced by NMES were deter-
mined by quantifying and comparing the group averages of
the 10 MEPs evoked before and after NMES. MEPs
recorded from TA and APB were measured peak-to-peak
and normalized to M,,,,. As we did not measure M, in the
non-target muscles (soleus, VM, FDI, and ECU), these
MEPs were left in mV. To ensure all MEPs were obtained
at rest, MEP data were inspected post hoc and discarded if
the EMG during the 1 s before the TMS exceeded 2 stan-
dard deviations of the average baseline signal recorded at
rest before the stimulation. Of the 1,680 MEPs evoked from
14 subjects, 17 MEPs (~1% of the total responses) were
removed from the analyses based on this criterion. Data
from the trials in which 5 stimuli at the selected NMES
intensity were delivered were also inspected post hoc to
ensure that NMES intensity was set correctly (to ~15%
M,,,,) for the target muscle and that there was minimal to
no activation of the non-target muscles by the electrical
stimulus.

A two-way repeated measures analysis of variance (RM-
ANOVA) test was used to compare NMES-evoked changes
in MEP amplitude between the leg and hand for the target
muscles. The factors were Limb (2 levels: leg and hand)
and Time (2 levels: Pre and Post). To test whether NMES
had a global or focused effect on CS excitability in the leg
and hand, separate two-way RM-ANOVAs were used to
examine NMES-evoked changes in MEP amplitude for
non-target muscles of each limb. For these ANOVAs, the
factors were Muscle (2 levels: adjacent and remote) and
Time (2 levels: Pre and Post). For all tests, the significance
level was set at P <0.05. As no significant interactions
were found and each main effect had only 2 levels, post hoc
analyses were not necessary. All descriptive statistics are
reported as mean =+ standard error.

Results

MEP amplitude for farget muscles increased following the
NMES over both the CP nerve and median nerve, but the
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Fig. 2 Changes in MEP ampli- Target

tude in the target, adjacent, and a
remote muscles following
NMES of the leg and hand in a
single subject. a shows the mean
MEP waveforms (n = 10) before
(Pre; gray line) and after (Post;
black line) CP nerve stimulation. b
b shows the mean MEP wave-

forms (n = 10) before (Pre; gray

line) and after (Post; black line)

median nerve stimulation

magnitude of these increases was not different. NMES over
the CP nerve also increased MEP amplitude for non-target
muscles, while median nerve NMES did not alter MEP
amplitude for non-target muscles.

Figure 2 shows mean MEP waveforms (n = 10) recorded
from one subject before and after NMES applied to the CP
(Panel a) and median nerves (Panel b). MEPs are shown
for the target muscles (TA and APB), the adjacent muscles
(soleus and FDI), and the remote muscles (VM and ECU).
After NMES of the CP nerve in the leg, MEPs increased by
69% for the target muscle, 98% for the adjacent muscle,
and 2% for the remote muscle in the leg. After NMES of
the median nerve at the wrist, MEPs increased by 81% for
the rarget muscle, 15% for the adjacent muscle, and
decreased by 9% in the remote muscle. Although changes
in MEP amplitude were not tested for statistical signifi-
cance in individual subjects, in this subject MEPs appear to
increase markedly for both the farget muscle and the adja-
cent muscle in the leg, but only for the farget muscle in the
hand.

Target muscles

MEP amplitude for the target muscles averaged across the
group before (Pre) and after (Post) NMES was applied to
the CP and median nerves are shown in Fig. 3a. Mean MEP
amplitude before (Pre) and after (Post) NMES for the target
muscle of the leg and hand for each subject is shown in
Panels b and c, respectively. The RM-ANOVA revealed a
main effect of Time [F(l, 13) = 11.1, P<0.01], no main
effect of Limb [F(l, 13) = 1.0, P =0.33], and no interaction
[F(l, 13) = 0.85, P =0.37]. Thus, MEPs in the target muscle
were significantly increased following NMES of both the
leg (45 £ 6% increase) and hand (56 + 8% increase), but
the magnitude of these increases was not different.

Non-target muscles

MEP amplitude for non-target muscles averaged across the
group before (Pre) and after (Post) NMES was applied to
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Fig. 3 MEP amplitude Pre-(gray) and Post-NMES (black) averaged
across the group for the farget muscles following NMES of the leg and
hand. Asterisks in a represent significant increases from control (Pre-
NMES). Error bars represent one standard error. b and ¢ show mean
MEP amplitude of the farget muscle Pre-and Post-NMES for the leg
and hand, respectively, for each subject

the CP and median nerves are shown in Fig. 4a. For non-
target muscles of the leg, the RM-ANOVA revealed a main
effect of Time [F; 3, = 12.6, P <0.01], no main effect of
Muscle [F{; 13y=2.4, P=0.15], and no interaction [F; |3,=
0.84, P =0.38]. These results show that NMES of the leg
significantly increased MEPs in the non-target muscles (by
42 4+ 4%), but the magnitude of these increases was not
different between the adjacent (47 £ 5%) and remote
(36 &= 3%) muscles. For non-target muscles of the hand,
there was no main effect of Time [F; 5, =0.05, P =0.83],
a main effect of Muscle [F(; 13,=9.1, P=0.01 (not
shown)], and no interaction [F, 3 =0.11, P =0.75]. Thus,
although MEPs for both non-target muscles were elicited at
a TMS intensity of 120% MEP threshold, the amplitude of
MEPs in mV was different between the adjacent and
remote muscles at all time points. Nonetheless, MEP
amplitude did not change following NMES for either of the
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Fig. 4 MEP amplitude Pre-(gray) and Post-NMES (black) averaged
across the group for the non-target muscles following NMES of the leg
and hand. Asterisks in a represent significant increases from control
(Pre-NMES). Error bars represent one standard error. b and ¢ show
mean MEP amplitude of the non-target muscle Pre-and Post-NMES
for the leg and hand, respectively, for each subject

non-target muscles of the hand (30 £+ 8 and 14 £ 5% for
adjacent and remote muscles, respectively). MEP ampli-
tude Pre- and Post-NMES for the non-target muscles of the
leg and hand for each subject are shown in Panels b and
cof Fig. 4, respectively. As there were no interactions
between Time and Muscle, the data for adjacent and
remote muscles have been collapsed in the figures to show
the average changes in MEPs for non-target muscles from
Pre- to Post-NMES.

M-wave amplitudes of target and non-target muscles
during NMES

Data from trials in which the NMES intensity was adjusted to
the appropriate intensity were inspected post hoc to ensure
that intensity was set correctly and that there was minimal to
no M-wave elicited in the non-target muscles by the electrical
stimulus. The average M, across the group for TA when the
CP nerve was stimulated was 4.98 mV. Averaged across
the group, the intensity of stimulation utilized for NMES of the
CP nerve elicited an M-wave of 750 uV in TA (~15% M)
The average M-wave elicited in soleus at this intensity was
110 uV, and there was no M-wave elicited in VM. The aver-
age M, across the group for APB when the median nerve
was stimulated was 8.0 mV. Averaged across the group, the
intensity of stimulation utilized for NMES of the median
nerve elicited an M-wave of 1.2 mV in APB (~15% M_,,).
The average M-wave elicited in FDI at this intensity was
180 uV, and there was no M-wave elicited in ECU.
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Discussion

The present experiments were designed to compare the
strength and specificity of changes in CS excitability when
NMES was applied to the leg and the hand. The main find-
ings were that NMES of the leg and hand increased CS
excitability for rarget muscles to the same extent, but only
NMES applied to the leg increased CS excitability for non-
target muscles. These results support the idea that NMES
has a global effect on CS excitability for leg muscles and a
focused effect for hand muscles.

CS excitability changes for farget muscles

It is well documented that NMES increases CS excitability
for the target muscle in both the leg and hand. CP nerve
stimulation in the leg increased CS excitability for the tar-
get muscle (TA) by ~40-50% in some studies (Knash et al.
2003; Kido and Stein 2004; Khaslavskaia and Sinkjaer
2005) and by ~100% in others (Khaslavskaia et al. 2002;
Mang et al. 2010). Similarly, ulnar nerve stimulation in the
hand increased CS excitability for the farget muscle (FDI)
by ~50% in two studies (Ridding et al. 2000; McKay et al.
2002) and by ~100% in another study (Ridding et al.
2001). Although the increases in CS excitability induced by
NMES for muscles of the leg and hand were similar in the
aforementioned studies, the stimulation parameters used in
these studies were vastly different. NMES of the leg was
applied with high intensities (up to 50% M,,,,) and frequen-
cies (up to 200 Hz) for ~30—45 min. In contrast, NMES of
the hand was applied with low intensities (near motor
threshold) and frequencies (10 Hz) for 2 h. Presently, our
hypothesis that when stimulation parameters were the
same, CS excitability of the farget muscle would increase
more following NMES of the hand than NMES of the leg
was not supported.

The similarity in the effect of NMES on the farget mus-
cle in the leg and hand could reflect a “ceiling effect” in the
extent to which CS excitability can be increased by NMES.
Previously, when stimulating the CP nerve with the same
stimulation parameters utilized in this study, we found that
CS excitability for TA was elevated by the twenty-fourth
minute of stimulation and did not increase further over the
remainder of the 40 min of stimulation (Mang et al. 2010).
When stimulating the ulnar nerve in the hand for 2 h with
lower intensity and lower frequency parameters than are
used for the leg, McKay et al. (2002) found that increases
in CS excitability plateaued after ~45—-60 min. These stud-
ies suggest that a ceiling effect exists for both leg and hand
muscles for the effect of NMES on CS excitability. If the
ceiling was reached in the present study, our data suggest
that it is the same for the leg and hand. However, further
research is required to identify the NMES parameters that
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maximize increases in CS excitability and do so in the
shortest amount of time.

CS excitability changes for non-target muscles

The present study is the first designed to investigate
NMES-induced increases in CS excitability in non-target
muscles of the leg and hand in the same participants using
the same stimulation parameters. Our hypothesis that
NMES would have a global effect on CS excitability for
leg muscles and a focused effect for hand muscles was
supported by our results. NMES of the CP nerve in the leg
increased CS excitability significantly for the farget mus-
cle (TA) and non-target muscles (soleus and VM), while
NMES of the median nerve at the wrist increased CS
excitability significantly for only the target hand muscle
(APB) and not for non-target muscles (FDI, ECU). It is
also important to note that some individuals had particu-
larly robust increases in CS excitability for non-target leg
muscles following NMES, while others did not (see panels
b and c of Figs. 3 and 4). Similar inter-subject variability
for the effect of NMES on CS excitability has been
described previously (Kaelin-Lang et al. 2002), suggest-
ing that NMES has a greater effect on CS excitability for
some individuals than for others. The lack of an effect of
NMES on CS excitability for non-target muscles of the
leg found in previous studies (Khaslavskaia et al. 2002;
Knash et al. 2003) may have been due to insufficient sta-
tistical power to identify such changes, as the effects on
non-target muscles were tested in relatively few subjects
in those studies. Alternatively, by stimulating over the
hotspot on the motor cortex for non-target muscles in the
present study, which has not been done previously, we
may have increased our ability to detect changes in CS
excitability for non-target muscles. Regardless, the pres-
ently observed increases in CS excitability for non-target
leg muscles could have been due to the spread of the elec-
trical current from the stimulation site to activate afferents
and efferents of non-target muscles; however, this is
unlikely because CS excitability increased for non-target
muscles in the leg but not in the hand, despite the further
distance between the stimulation site and the non-target
muscles for the leg compared with the hand. The small
M-waves recorded in soleus and FDI may have been due to
cross talk between EMG channels or activation of axons
in the antagonist nerve. Thus, we cannot discount the pos-
sibility that increased CS excitability in soleus was due to
activation of afferents in the tibial nerve, although CS
excitability did not change for FDI despite recording of
small M-waves similar to those observed in soleus.
Also, this explanation cannot account for changes in CS
excitability in VM following CP nerve stimulation as no
M-waves were elicited in VM, and it is unlikely that current

could spread from the CP nerve at the fibular head to acti-
vate afferents in VM above the knee. Thus, instead of an
issue of current spread during NMES, we suggest that CS
excitability increases in non-target leg muscles but not in
non-target hand muscles, reflect differences in the neural
circuits that control the leg and hand.

Studies investigating the afferent conditioning of MEPs
by a preceding peripheral nerve stimulus suggest that CNS
excitability is affected differently by afferent input received
from the leg and hand (Deletis et al. 1992; Roy and Goras-
sini 2008). These studies show that when a peripheral nerve
stimulus precedes a TMS stimulus, the resulting MEP is
either inhibited or facilitated depending on the conditioning
(peripheral nerve stimulus)-test (TMS) interval. The facili-
tation of MEPs was due to increases in both cortical and
spinal excitabilities (Poon et al. 2008) and occurred for
both target and non-target muscles (Deletis et al. 1992;
Roy and Gorassini 2008). However, the facilitation appears
to spread to non-target muscles to a greater degree for mus-
cles of the leg (Deletis et al. 1992; Roy and Gorassini 2008)
than the hand (Classen et al. 2000). This global effect of
afferent input on excitatory circuits in leg motor cortex,
when compared with a more focused effect for hand mus-
cles, is consistent with the findings in the present study and
could reflect more diffuse excitatory afferent projections to
motor cortex from leg muscles than from hand muscles.
Alternatively, the differences we observed in the leg and
hand could be explained by differences in the mechanisms
underlying cortical plasticity for hand and leg muscles;
however, such mechanistic differences have not been
addressed experimentally.

Location of excitability changes

Changes in MEP amplitude measured in the present study
could be due to changes in the excitability of cortical cir-
cuits, spinal circuits, or both, but the experiments were
not designed to distinguish between them. Previously, all
studies have shown that cortical excitability of rarget
muscles changes following NMES (Ridding et al. 2000;
Stefan et al. 2000; Mang et al. 2010), with some evidence
for spinal excitability changes as well (Khaslavskaia et al.
2002).

Implications

Afferent feedback and its effect on CS excitability is
thought to play an important role in improvements in motor
performance (Ziemann et al. 2001) and the acquisition of
new motor skills (Pascual-Leone et al. 1995) in individuals
with and without neurological injury. Our results show that
afferent feedback from the leg has global effects on CS
excitability compared with focused effects for hand
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muscles. If these results reflect more diffuse excitatory
sensory projections from the leg compared with more spe-
cific projections from the hand, it may be that there are also
differences in the mechanisms that underlie how afferent
feedback from the leg and hand is utilized when humans
learn new motor tasks. For example, more specific sensory
projections from the hand to motor cortex than from the leg
could contribute to the greater skillfulness of the hand for
developing fine motor skills.

NMES is commonly used for treatment of impaired dor-
siflexion and grasping following CNS injury (Sheffler and
Chae 2007). Improvements in dorsiflexion (Knash et al.
2003; Everaert etal. 2010) and grasping (Conforto et al.
2002) that outlast the stimulation are associated with
increases in CS excitability for the involved muscles. If
enhancing CS excitability leads to functional improve-
ments, then a better understanding of how NMES affects
CS excitability for different muscles will be important for
maximizing the efficacy of NMES therapies. Our data sug-
gest that NMES can increase CS excitability to the same
extent for the farget muscles of both the leg and hand.
Thus, rehabilitative benefits associated with increased CS
excitability could be realized to a similar extent for the
target muscle when applied to both the leg and hand.
The global increases in CS excitability following NMES of
the leg could be advantageous for rehabilitation as NMES
applied to activate just one muscle could strengthen CS
pathways and produce enduring functional benefits for
multiple muscles.
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