Journal of Medical and Biological Engineering, 31(1): 37-43

37

A Lack of Modulation of Motor Evoked Potential in
Sensory-impaired Individuals with Spinal Cord Injuries
Ya-Ju Chang1,†,*

Tsung-Hsun Hsieh1,2,†

Miao-Ju Hsu4,5

Yi-Ming Huang3

Alice May-Kuen Wong1,6

1

Physical Therapy Department and Graduate Institute of Rehabilitation Science, Chang Gung University, Taoyuan 333, Taiwan, ROC
2
Institute of Biomedical Engineering, National Cheng Kung University, Tainan 701, Taiwan, ROC
3
General Education Center, Tzu Chi College of Technology, Hualien 880, Taiwan, ROC
4
Physical Therapy, Kaohsiung Medical University, Kaohsiung 807, Taiwan, ROC
5
Department of Rehabilitation, Kaohsiung Medical University Hospital, Kaohsiung 807, Taiwan, ROC
6
Department of Physical Medicine and Rehabilitation, Chang Gung Memorial Hospital, Taoyuan 333, Taiwan, ROC
Received 27 Nov 2009; Accepted 20 Apr 2010; doi: 10.5405/jmbe.705

Abstract
Corticospinal excitability can be facilitated by peripheral electrical stimulation (ES) in healthy individuals. This
facilitation could possibly be via the muscle afferent pathway, however, no direct evidence has been documented. This
study was to examine the corticospinal excitability following ES in spinal cord-injured (SCI) individuals with sensory
impairments to justify the mechanism. Eight individuals with sensory impairments following SCI and nine healthy
subjects were recruited. Motor evoked potentials (MEPs), silent period (SP) elicited by transcranial magnetic
stimulation (TMS), and H-reflex elicited by median nerve stimulation were recorded on flexor carpi radialis (FCR)
muscle before, during, immediately and 30 minutes after low-intensity 20-Hz median nerve electrical stimulation (ES).
The result showed that the MEP increased to 154 ± 29% (p < 0.01) of initial in healthy controls but not in SCI
individuals following ES. The H-reflex did not change in both groups. The SP increased (from 41.8 ms to 53.8 ms,
p < 0.05) in healthy controls following ES. The SP was not present in individuals with SCI. These data confirm that the
lasting facilitation of corticospinal excitability elicited by peripheral nerve stimulation is due to supra-segmental
modulation and the muscle afferent is an essential pathway which contributes to the facilitation.
Keywords: Transcranial magnetic stimulation, H-reflex, Peripheral electrical stimulation, Spinal cord injury

1. Introduction
Neural plasticity is an intrinsic property in the human
sensorimotor cortex. Over the past years several studies have
provided evidence that additional afferent input, motor learning
and brain injury may lead to the long-term reorganization of
motor cortex [1-5]. From the clinical aspect, the reorganization
of motor cortex is considered as a possible factor correlated
with recovery of motor function [6-8]. Clarifying the
underlying mechanism leading to the reorganization of motor
cortex is important in neurological rehabilitation.
Recent advanced tools in clinical neurophysiology have
been used to non-invasively evaluate the plasticity of the
human brain. Changes in the organization of the cortex have
been investigated in imaging studies using positron emission
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tomography (PET) [9] or functional magnetic resonance
imaging (fMRI) [10] and in functional testings with
transcranial magnetic stimulation (TMS) [2,6,11]. Some
research even employed both PET and TMS, which provided
more sufficient evidence showing possible areas and
mechanisms in cortical reorganization [12-14]. Of these
techniques, TMS has high temporal resolution to objectively
assess brain plasticity to any experimental or clinical
intervention (ie, sensory input).
The central nerve system (CNS) has been shown to be
plastic depending on the sensory input [15,16]. Motor evoked
potential (MEP) elicited by TMS on motor cortex was altered
when afferent input was blocked by anesthetic technique [17].
It was concluded that somatosensory input and the
sensorimotor interaction are assumed to be important for
central plasticity. In human studies, it was also found that an
increase in afferent input by electrical stimulation (ES) could
facilitate the MEP in the muscles being stimulated, and the
facilitation persisted up to 30 minutes post stimulation
[18-20].
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However, not all types of afferent stimulation facilitate
motor cortex excitability. Ridding and colleagues stimulated
digital nerve of fingers 4 and 5 and found no MEP facilitation,
suggesting that cutaneous input alone is not sufficient to
produce a change in the excitability of the corticospinal
projection [21]. Part of the reasons might attribute to the
stimulation intensity being below motor threshold, which is too
low to induce some types of afferent conduction, such as Ia and
Ib. Recent studies have shown only ES with an intensity above
motor threshold was able to facilitate the MEP [19-21],
denoting that muscle afferents might have a more important
role in driving these excitability changes. There is still no direct
evidence to indicate muscle afferent that converges at the
cortex is the only pathway that can induce MEP facilitation.
To elucidate the mechanism by which muscle afferents
serve as a critical contributor to the MEP facilitation following
peripheral ES, we assumed that individuals with sensory nerve
impaired, such as spinal cord injury (SCI) patients, might have
no central and/or peripheral neurological changes following
peripheral nerve stimulation. Since individuals with ASIA
(American Spinal Injury Association) class C or D injury had
impaired sensory but spared motor function, they were potential
to serve as a good control of blocked sensation. This study was
conducted to identify the possible sites and the mechanism of
central reorganization after above-motor threshold ES.

preamplified with a factor of 350 and was further amplified at
the mainframe amplifier. The mainframe amplifier had a input
impedance greater than 10 MΩ, a common mode rejection ratio
of 100 dB at 60 Hz, and a gain range from 0.5 to 100,000 times
(Gould, Inc., Valley View, OH, USA). The raw EMG data were
fed through a 60-Hz notch filter and a band-pass (10–1000 Hz)
filter to eliminate environmental interference and motion
artifacts. EMG activity was monitored on an oscilloscope and
digitized by a 12-bit resolution analog-to-digital converter
(Metrabyte DAS 1600) at 4000 Hz.

2. Methods

The H-reflex and maximum M-wave of the FCR muscle
were evoked by the median nerve ES (Stimulator model DS7A,
Digitimer Ltd., England) with the stimulating electrode placed
on the cubital fassa. The pulse duration was from 0.5 to 1 ms,
and the stimulation frequency was set at 0.1 Hz. The stimulation
intensity for maximum M-waves was set at supramaximum. The
stimulation intensity for H-reflexes was set to elicit about 80%
of maximal H-reflex with a preceding M-wave clearly shown.
This preceding M-wave was used to confirm that the stimulation
electrode was not moved and the stimulation intensity was
unvaried during the whole testing session.

2.1 Subjects
Nine individuals with no neurological and physical
disabilities (five females, four males) aged 21–27 years
(24.3 ± 2.3 years; mean ± S.D.) and eight subjects with SCI (two
females, six males) aged 25–55 years (42 ± 11.17 years;
mean ± S.D.) participated. Subjects with no physical disabilities
had no previous history of neuromuscular disease. Subjects with
SCI were in Class C or D according to the ASIA Impairment
Scale [22]. The sensory levels were above C6, as confirmed by
neurological examinations performed by a neurologist. The
motor score of flexor carpi radialis (FCR) was equal to or greater
than 3 in manual muscle testing (MMT), and the stretch reflex
was present. All subjects participated with informed consent, and
the testing protocols had been approved by our internal review
board in accordance with the Helsinki Declaration.
2.2 Electromyography recording and H-reflex
The experimental setup is shown in Fig. 1. One hand of
each subject was randomly selected for testing. The testing
hand was strapped to a custom-designed hand plate which was
used to measure the wrist isometric flexsion/extension force.
The wrist was kept at 0º flexion and 90º supination, and the
elbow was kept in comfortable position. The surface
electromyography (EMG) of the FCR was recorded by a
bipolar surface electrode with a fixed interelectrode distance of
2 cm (B&L Engineering, Canada). The recording electrode was
located on the muscle belly of FCR, with the direction parallel
to the muscle fiber (Fig. 1(A)). A reference electrode was
placed on the styloid process. The EMG activity was on-site

Figure 1. Experimental setup for measuring (A) H-reflex on medial
nerve and (B) motor evoked potentials on FCR muscle in
response to ES and TMS, respectively.

2.3 Transcranial magnetic stimulation
The MEP of FCR was elicited by the TMS (Magstim 200,
Magstim Co., Dyfed, UK) using a round coil with 9-cm outside
diameter and anticlockwise-oriented current (side A facing up)
over the contralateral scalp. The magnetic pulse was
monophasic, with rise time at 0.1 ms, and the maximum
duration less than 1 ms. The maximum output of the coil was
1.5 Tesla. The optimal scalp location for consistently producing
largest MEPs in the target muscle (FCR) at the lower intensity
was marked, and this location was used for the remainder of the
experiment. The coil was manually maintained by one of the
experimenters so that the position and orientation of the coil
were kept constant throughout the experiment. The resting
motor threshold (RMT) was defined as the minimum TMS
intensity required to elicit at least five out of 10 MEPs greater
or equal to 50 μV in consecutive trials [23,24] in the relaxed
FCR. The stimulation intensity for the experiment was set at
20% above the RMT. Silence period (SP) was measured with
TMS during active contraction (10% of maximal voluntary
contraction) for each subject.
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Figure 2. Raw data from representative subjects at before, during and after ES intervention. The MEPs of a healthy control (A) and an SCI
subject (B). There is a clear facilitation of the MEP in the healthy control subject but no facilitation effect in the SCI subject after the
period of ES. Examples of changes in H-reflex (C) and M-wave (D) in a healthy control subject. The amplitude of H-reflex and
M-wave were not significantly increased during and post ES intervention.

2.4 Repetitive peripheral nerve electrical stimulation
In the healthy and SCI groups, subjects received
30 minutes of median nerve stimulation by the same
stimulating electrode used for eliciting M-waves and H-reflexes
of FCR. The stimulation intensity was set to elicited 10% of
maximum M-wave, with obviously visible muscle contraction.
The stimulation frequency was set at 25 Hz, and the on/off time
was set at 800 ms/800 ms. The ES pattern continued in 10-min
blocks for a total period of 30 min. Before, during, and
immediately, 10 minutes, 20 minutes, and 30 minutes after
median nerve stimulation, ten MEPs, H-reflexes, maximal
M-waves and SPs were recorded.
2.5 Data analysis and statistics
The peak-to-peak amplitudes of the MEP, H-reflex and
M-wave were measured. For each subject before and after
peripheral stimulation, the excitability of the spinal motor
neuron pool was assessed by the Hmax expressed as a
percentage of the Mmax (%Mmax). Similarly, the excitability of
the corticospinal tract was assessed by the MEP amplitude
expressed as %Mmax.
The duration of the SP was detected by measuring the time
from the end of the MEP to the earliest re-emergence of the
background EMG [25]. The definition of onset time was the
first relevant decrease in EMG activity (lower than three
standard deviations of the resting baseline EMG). The offset
time of the SP was determined in similar criteria using the first
significant rise in EMG activity [26]. SP duration was
determined from five averaged TMS responses.

For each subject, amplitudes of MEP, H-reflex, maximal
M-wave and silent period durations were averaged separately
for the time periods before and after intervention. All data were
presented as mean ± SEM.
Data were analyzed using SAS version 9.1. A two-way
repeated-measures analysis of variance (ANOVA) with
post-hoc Tukey test was used to determine and compare the
effect of median nerve stimulation on the MEP, H-reflex,
maximal M-wave and SP in different groups. The factors were
stimulation conditions (seven levels: pre-stimulation, during
stimulation × 3, and post-stimulation × 3) and groups (two
levels: healthy and SCI group). The significance level was set
at p < 0.05 and post-hoc tests were performed where
appropriate.

3. Results
Figures 2(A) and 2(B) show examples of MEP during ES
intervention in one subject of healthy controls and one subject
in the SCI group. Changes in MEP amplitude during and after
ES differed between groups (significant two-way interaction of
group by time, F = 4.7, p < 0.001), indicating the subjects in
the two groups responded differently to median nerve
stimulation. According to post-hoc analysis, MEP amplitude of
FCR increased significantly (154 ± 29%, p = 0.01) after
30 minutes of above-motor threshold median nerve ES only in
healthy controls and the MEP amplitude remained increased
up to 20 min post ES (150 ± 30%, p = 0.02; Fig. 3(A)). In SCI
group, the MEP amplitude of FCR did not change with ES
intervention (F = 0.81, p = 0.5707; Fig. 3(A)).

40

J. Med. Biol. Eng., Vol. 31 No. 1 2011

Figure 3. (A-D) Time-course changes of MEP, H-reflex, M-wave and SP responses after ES intervention. Data are shown for the baseline
(Pre), during (first to third ES sessions) and post 10, 20 and 30 min following ES. (A) Note MEP increased in the healthy control
group after ES and remained increased throughout the period of 20 min (*p < 0.05). In contrast to the healthy control group, the SCI
group showed no significant MEP change after the application of ES. (B and C) The H-reflex and M-wave amplitude did not
increase with stimulation time. (D) The SP increased with ES intervention and maintained for 30 min following ES in the healthy
control group (*p < 0.05). Error bars show ± SEM.

In terms of H-reflex amplitude, there was no significant
interaction between stimulation condition and group (2-way
ANOVA, F = 0.39, p = 0.88), indicating the subjects in two
groups did not respond differently to median nerve stimulation.
The main effect of ANOVA showed that the H-reflex
amplitude did not change significantly during and after median
nerve stimulation (F = 1.79, p = 0.11). For the time-course
measurement of H-reflex, the example from an individual
subject is displayed in Fig. 2(C), and group results are
presented in Fig. 3(B). There was no significant difference in
H-reflex during ES intervention in both groups (p > 0.05).
Figure 2(D) shows the example of maximum M-wave
recorded from one healthy control subject before and after
30 min ES. After 30 minutes of median nerve stimulation, the
amplitude of the maximum M-waves did not change
significantly in two groups (p > 0.05 for all time points),
indicating that the recording electrodes were stable during each
test (Fig. 3(C)).
In terms of SP, all subjects in the SCI group did not show
the SP, and the SP was not restored after 30-minute median
nerve stimulation. The statistical analysis was performed only
in the healthy group. In the healthy group, the SP of FCR
increased slightly but significantly from 41.83 ± 11.14 ms to
53.82 ± 16.97 ms immediately after 30-minute median nerve

stimulation (p < 0.05), and the SP remained at longer durations
(49.23 ± 15.76 ms) at 30 minutes post ES (p < 0.05; Fig. 3(D)).
Figure 4 shows typical SP recordings of one healthy control
subject at pre, during and post peripheral nerve ES. We can
observe that there is a lengthening in SP after ES.

4. Discussion
The major finding of this study was that 30-minute
median nerve ES was able to increase the MEP of FCR, and
the increase persisted up to 20 minutes post stimulation in
healthy subjects. The MEP failed to increase in subjects with
sensory impairment following SCI. The H-reflex did not
change either during or after 30 minutes of median nerve
stimulation in both groups. This study provides direct evidence
that sensory input is a critical factor to induce facilitated MEP.
The finding that the MEP after above-motor threshold ES
increased and was maintained at least 20 minutes after ES
ceased in healthy subjects (Fig. 3(A)) is consistent with the
previous studies’ findings on above-motor threshold repetitive
ES of peripheral nerves for hand muscles [18,21,24], leg
muscles [19,20] and pharynx muscles [27], although some of
them utilized a longer stimulation duration (60~120 min)
[18,20,21,27].
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Figure 4. Example of SP evoked by single-pulse transcranial magnetic
stimulation (TMS), with 10% of maximal voluntary
contraction in FCR muscle. The arrows indicate the beginning
and the end of the SP. SP is illustrated for a representative
subject at Pre, during (10, 20, 30 min) and post (10, 20,
30 min) ES intervention. The SP duration showed significant
increase after stimulation.

To answer what led to the increase of MEP after ES
intervention, as described in our result of H-reflex, the
H-reflexes in healthy and SCI subjects were not changed
during ES and 30-min follow-up, suggesting that MEP
facilitation induced by ES was not due to excitability changes
at the level of spinal motor neurones. This is also suggested by
other researchers [19,20]. Repetitive electrical nerve
stimulation reported no changes in the H-reflex [19], F-wave
[21] and brainstem ES [24], indicating the facilitation of MEP
is most likely under the motor cortex.
The MEP was significantly increased in healthy control
subjects after 30-min peripheral nerve ES. The MEP was not
changed in individuals with sensory impairment following SCI.
Since the SCI subjects in our study had no brain injury, the
unchanged MEP should be attributed to a direct pathway
deprivation or disturbance. In our study, the three subjects with
less sensory impairment demonstrated only slight increase in
MEP, ranging from 109% to 126% of rest MEP amplitude.
Therefore, the MEP can be facilitated to some extent by
peripheral nerve stimulation in subjects with partial afferent
preservation.
Enhancement of corticospinal excitability (MEP
facilitation) was observed after not only peripheral electrical
stimulation but also voluntary contractions [28] or combined
use of both of the above methods by functional electrical
stimulation (FES) [29], denoting the firing of afferent pathway
induced by muscle contraction should be a key factor. The
above-motor threshold ES, similar to voluntary contractions,
was able to induce muscle contraction, which also activated
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muscle afferent, including Ia and Ib fiber. The intensity of
peripheral nerve stimulation in our study was above motor
threshold. Therefore, repetitive stimulation of the median
nerve at the elbow simultaneously activated the FCR muscle,
its afferent, and cutaneous fibers. Since pure sensory level
stimulation failed to facilitate the MEP [21,24], the facilitated
MEP in our study should come from muscle afferent. Our
study found that the MEP was not facilitated in the SCI group,
further indicating that activation of motor neuron without
accompanied afferent conduction could not facilitate the MEP.
Although the specific afferent to mediate the facilitation of
MEP could not be identified in the present study, it is
speculated that the effect is mediated through the
proprioceptive sensors of the muscle.
An animal study has discovered the existence of the
projection of Ia afferent input to primary motor cortex (M1)
[30]. In human study, Steyvers and colleagues activated Ia
afferent of FCR with tendon vibration at 75 and 120 Hz and
found increased MEP amplitude [31]. They concluded that the
excitatory effect of muscle tendon vibration on the M1 was
mediated by Ia afferent input. However the Ia afferent we
activated was on median nerve, rather than muscle spindle
directly. To verify if the excitatory effect of supraspinal level
after nerve ES comes from Ia pathway, further investigations
are needed. The Ib afferent might also be activated since
muscle contraction was induced during repetitive stimulation
protocol. It has been suggested that the afferent from Golgi
tendon organs may contribute to the direct projections to the
cerebral cortex in cat [32], but the evidence has not been
established in humans yet.
Theoretically the pulse induced by ES should activate Ia
fiber and therefore might have effect on the excitability of
alpha motor neuron pool or monosynaptic pathway, which was
represented as the amplitude of H-reflex on the EMG. Similar
to our study, previous studies [19] that measured H-reflex
following a short-term ES showed no alternation. However,
using vibration as a stimulating source to excite Ia afferent
showed opposite results. Following vibration, there was a
long-lasting depression of the H-reflexes of the tibia anterior
and abductor pollicis brevis muscles [33]. The depression
could be due to the result of presynaptic inhibition [34]. The
different responses could be due to different types of Ia input
stimulation. ES directly excites Ia afferent fiber, while
vibrations firstly activate muscle spindle and convey excitation
along Ia fiber. Apparently, the pathways that the
vibration-induced pulses involved are more complicated,
although one of their common pathways is Ia fiber.
The present study found that 30 minutes of ES prolonged
the SP slightly in healthy control subjects (Fig. 3(D)). This
trend is consistent with a previous report which showed a 28%
increase in SP increase after 60-minute stimulation [18]. The
total stimulation time and the stimulation intensity in Knash
et al.’s study were different from ours, and their effect on SP
could not be excluded [19]. The underlying mechanisms of the
SP prolongation after ES are not well known. Several studies
suggested that the early phase of the SP is due to spinal
mechanisms and the late phase of the SP is cortical in origin
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[35,36]. Since neither the H-reflex amplitude nor the latency
changed after ES in our study, the spinal mechanisms were
least likely to be changed after ES. Knash et al. suggested that
the prolongation of SP after ES was likely to be the supraspinal
effect, as the same effect occurred on the MEP facilitation [19].
One might speculate that the prolongation of SP and
facilitation of MEP after ES were originated from the same
cortical mechanisms. However, from our observation in
disproportional change of MEPs and SP, it is suggested that
not all of the increased SP can be accounted for MEP
facilitation. The prolongation of SP and the facilitation of MEP
probably originated from different cortical neurons, which was
also suggested by other researchers [37].
The silence period was not seen in sensory-impaired
individuals with SCI. The 30 minutes of ES prolonged the SP
in healthy control subjects but did not restore the SP in
individuals with SCI. Loss of the silence period would be the
representation of weak or absent cortical inhibition and may
contribute to restoration of useful motor function in individuals
with incomplete SCI [38]. Shimizu and colleagues reported the
loss of the cortical silent period in three patients with cervical
spinal cord lesions [12]. They suggested sensory afferent
impairment in SCI individuals is likely to be the key to cause
motor cortical reorganization and thus, lead to loss of the
silence period.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

5. Conclusion
The absence of an increase in MEP following peripheral
nerve ES in sensory-impaired SCI individuals provided direct
evidence indicating that muscle afferents are an essential
pathway for facilitating corticospinal excitability. Further
study with long-term ES is suggested to determine the
efficiency of plasticity in the CNS.
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