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Abstract Afferent somatosensory information is modu-
lated before the afferent input arrives at the primary soma-
tosensory cortex during voluntary movement. The aim of
the present study was to clarify the effect of muscular con-
traction strength on somatosensory evoked fields (SEFs)
during voluntary movement. In addition, we examined
the differences in gating between innervated and non-
innervated muscle during contraction. We investigated the
changes in gating effect by muscular contraction strength
and innervated and non-innervated muscles in human using
306-channel magnetoencephalography. SEFs were recorded
following the right median nerve stimulation in a resting
condition and during isometric muscular contractions from
10 % electromyographic activity (EMG), 20 and 30 %
EMG of the right extensor indicis muscle and abductor pol-
licis brevis muscle. Our results showed that the equivalent
current dipole (ECD) strength for P35m decreased with
increasing strength of muscular contraction of the right
abductor pollicis brevis muscle. However, changes were
observed only at 30 % EMG contraction level of the right
extensor indicis muscle, which was not innervated by the
median nerve. There were no significant changes in the
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peak latencies and ECD locations of each component in all
conditions. The ECD strength did not differ significantly
for N20m and P60m regardless of the strength of muscular
contraction and innervation. Therefore, we suggest that the
gating of SEF waveforms following peripheral nerve stimu-
lation was affected by the strength of muscular contraction
and innervation of the contracting muscle.
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Introduction

Somatosensory information is processed in various ways
at different stages of movement in humans. Many studies
have reported that somatosensory evoked potentials (SEPs)
are attenuated during voluntary movement compared with
a resting state (Kirimoto et al. 2014; Nakata et al. 2003;
Ogata et al. 2009; Wasaka et al. 2005). In rat and monkey
studies, the excitability of pyramidal cells in the primary
somatosensory area (S1) was attenuated during voluntary
movement of limbs; therefore, it was suggested that affer-
ent somatosensory information is modulated before the
afferent input arrives at the S1 during voluntary movement
(Courtemanche et al. 1997; Fanselow and Nicolelis 1999).
In somatosensory evoked magnetic fields (SEFs) stud-
ies in humans, N20m and P35m deflections of SEFs were
attenuated by electrical stimulation of the peripheral nerve
during voluntary movement compared with those during
the resting condition, as detected by magnetoencephalogra-
phy (MEG) as well as SEP studies (Huttunen and Lauronen
2012; Kakigi et al. 1995; Kida et al. 2006; Schnitzler et al.
1995; Wasaka et al. 2003). SEF deflections after stimulation
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of the median nerve consist of three main components, the
N20m, the P35m, and the P60m deflection. Previous stud-
ies have reported that N20m deflection reflects excitatory
postsynaptic potentials (EPSPs) in the pyramidal neurons of
Brodmann’s area 3b, and P35m deflections reflect inhibitory
postsynaptic potentials (IPSPs) in 3b or the activation of
area 4 (Huttunen et al. 2001; Kawamura et al. 1996; Suga-
wara et al. 2014; Wikstrom et al. 1996). The response of S1
neurons to cutaneous stimulus in monkeys was modulated
during movement compared with that to only an air-puff
stimulus (Courtemanche et al. 1997). Jiang et al. (1990a)
reported that higher intensities of intracortical microstimu-
lation (ICMS) in area 4 decreased the response of the S1 in
awake monkeys. Therefore, we predicted that changes in the
strength of voluntary movement altered the processing of
somatosensory information in the S1 in humans also.
Previous studies have demonstrated that the amplitude
of P35m deflection decreases during or prior to voluntary
movement; this is known as gating (Huttunen and Lauronen
2012; Kida et al. 2006). N20m deflections are the first SEF
waveform deflections, and Kakigi et al. (1995) reported the
attenuation of N20m deflections following median nerve
stimulation during movement of four fingers. Conversely,
Huttunen and Lauronen (2012) reported attenuated P35m
deflections during ipsilateral median nerve stimulation in
a continuous finger opposition task compared with resting
conditions, whereas no difference was observed in N20m
deflections. Forss and Jousmaki (1998) investigated the
effects of muscular contraction on SEF gating and reported
that the deflection of P35m decreased during isometric con-
traction of the thenar muscle. Although there was a consen-
sus that P35m deflections were attenuated during or prior to
voluntary movement compared with those during a resting
condition (Huttunen and Lauronen 2012; Kida et al. 2006;
Wasaka et al. 2003), there is still a degree of controversy
among previous studies in terms of N20m deflections. This
may be explained by differences in the manner and strength
of muscle contractions used among these studies. P60m
deflections observed from 50 to 100 ms after peripheral
stimulation reflect activation within areas 1 and 2 (Huttunen
et al. 2006; Sugawara et al. 2014). However, there are few
reports of P60m deflection gating in middle-latency SEFs.
The aim of the present study was to clarify the effect of
muscular contraction strength on SEFs during voluntary
movement. In addition, we examined the differences in
gating between innervated and non-innervated muscle dur-
ing contraction. Many studies have reported that N20m is
unchanged during voluntary movement (Huttunen and Lau-
ronen 2012; Kida et al. 2006; Kristeva-Feige et al. 1996a).
Wasaka et al. (2003) reported gating of P35m deflections
prior to voluntary movement, indicating that SMA activity
participates in the attenuation of P35m. Therefore, we pre-
dicted that N20m deflections would be unchanged similar
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to those observed in previous studies and P35m deflec-
tions would be attenuated in proportion to the increase in
strength of muscular contractions because the activity of
the movement-related cortical area (including the M1 and
SMA) increases according to muscular strength, according
to functional magnetic resonance imaging (fMRI) studies
(Dai et al. 2001; Post et al. 2009). In addition, we predicted
that SEFs are selectively attenuated and that gating occurs
in innervated but not non-innervated areas, as demonstrated
previously (Cohen and Starr 1987; Kristeva-Feige et al.
1996a; Nishihira et al. 1997).

Materials and methods
Participants

Twelve healthy volunteers (age range 21-27 years;
mean =+ standard deviation (SD), 22.9 £ 2.2 years; 11
right-handed and one left-handed) participated in this
study. None of the participants had engaged in recreational
drug use or used medications affecting the central nervous
system. All participants provided written informed consent.
The study conformed to the Declaration of Helsinki and the
Code of Ethics of the World Medical Association and was
approved by the ethics committee of Niigata University of
Health and Welfare.

Experimental procedures
Voluntary movement task

We used isometric contraction of the right extensor indi-
cis muscle and the right abductor pollicis brevis muscle
as voluntary movement tasks. We measured the 100 %
electromyographic activity (EMG) of the right extensor
indicis muscle and abductor pollicis brevis muscle of all
participants and calculated the 10, 20, and 30 % EMG of
each participant before MEG measurements. The muscular
contraction strength was adjusted using an elastic band for
each participant. The right forearm was placed comfort-
ably on a table, with the elbow joint flexed at 70°-80° in
the pronated position, with fingers and thumbs flexed natu-
rally (Sugawara et al. 2013a, b). We observed that fingers
did not move together with the right index finger in all par-
ticipants. Contraction strengths of the right extensor indi-
cis muscle from 10 to 30 % EMG were adjusted using a
plastic band fixed to the proximal phalange (Fig. 1a). When
the contraction of the right abductor pollicis brevis muscle
was recorded, the forearm was in the supinated position,
with all fingers relaxed. Contraction strengths of the right
abductor pollicis brevis muscle from 10 to 30 % EMG were
adjusted using a plastic band fixed to the proximal phalanx
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Fig. 1 Appearance during contraction of the right extensor indicis
muscle (a) and the right abductor pollicis brevis muscle (b). Fixation
of plastic band to the proximal phalange of the right index finger and
fixation of the plastic band to the proximal phalanx of the thumb

of the thumb (Fig. 1b). Participants performed a total of
eight trials (rest, 10, 20, and 30 % EMG for the right exten-
sor indicis muscle innervated by the radial nerve and the
right abductor pollicis brevis muscle innervated by the
median nerve), and muscular contraction was performed
for 5 s, separated by 5 s of rest to avoid fatigue in each trial.
We measured SEF during a contraction condition with a
finger in a trial, and all trials were conducted in a pseudor-
andom order on the same day. By measuring and observ-
ing EMG, we monitored whether participants could resume
the isometric contraction strength after rest in a trial dur-
ing MEG measurements. SEF was measured by stimulating
the median nerve during muscular contractions and resting.
To minimize the influence of fatigue, each condition was
performed after 5 min of rest. Participants were required to
extend the index finger and abduct the thumb of the right
hand approximately 4 cm above the horizontal surface and
keep this point of extension (Fig. 1a, b). SEFs were succes-
sively recorded in the rest and muscle contraction condi-
tions in a pseudorandom order on the same day. The peak

latencies, equivalent current dipole (ECD) locations, and
ECD strengths for the N20m, P35m, and P60m SEF deflec-
tions were measured, and comparisons were made between
resting and muscular contractions (10, 20, and 30 % EMG).
Each component of the SEFs was used as a baseline meas-
ure during resting.

EMG recordings

When we measured EMG of the right extensor indicis mus-
cle and abductor pollicis brevis muscle of all participants
and calculated the 10, 20, and 30 % EMG of each partici-
pant before MEG measurements, the EMG was measured
using a pair of Ag/AgCl electrodes (Blue-sensor NF-00;
Ambu, Denmark) mounted over the right extensor indicis
muscle and abductor pollicis brevis muscle to detect any
voluntary movements. EMG signals (DL-140; 4 assist,
Japan) were sampled at 1000 Hz (Power Lab; AD Instru-
ments, CO) and band-pass filtered at 0.5-500 Hz. When we
measured EMG as MEG recordings, Ag/AgCl disk elec-
trodes with a paste were mounted in a bipolar arrangement
over the right extensor indicis muscle and abductor pollicis
brevis muscle at a distance of 2 cm.

SEF recordings

SEFs were recorded following electrical stimulation of
the right median nerve stimulated at the wrist with rand-
omized inter-stimulus intervals from 0.5 to 1.5 s and an
electrical pulse width of 0.2 ms (Neuropack; Nihon Koh-
den, Japan). Stimulation intensity was fixed at the motor
threshold and was monitored throughout the experiment.
The motor thresholds were decided for each test of the
right extensor indicis muscle and the right abductor polli-
cis brevis muscle. The mean intensity for the SEF during
muscular contraction of the right extensor indicis muscle
was 5.3 £ 1.9 mA (mean £ SD) (range 3.3-10 mA) and
5.0 £ 2.0 mA (2.1-10 mA) with contraction of the abduc-
tor pollicis brevis muscle. Since previous studies reported
that SEP changes differ by the phase of isometric contrac-
tion and during articular movement (Gantchev et al. 1994;
Rushton et al. 1981), we stimulated median nerves 1 s after
the onset of isometric contraction.

Data acquisition

Neuromagnetic signals were recorded using a 306-channel
whole-head MEG system (Vectorview; Elekta, Helsinki,
Finland). This 306-channel device contains 102 identical
triple sensors, each housing two orthogonal planar gradi-
ometers and one magnetometer. This configuration of gradi-
ometers specifically detects the signal just above the source
current. Continuous MEG signals were sampled at 1000 Hz
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using a band-pass filter ranging between 0.03 and 330 Hz.
The participants were comfortably seated inside a mag-
netically shielded room (Tokin Ltd., Sendai, Japan). MEG
recordings were acquired from 50 ms before to 300 ms after
median nerve stimulation to analyze SEFs. An average value
from more than 150 recordings (155.0 & 4.1 recordings)
was calculated during each session. Before MEG measure-
ments were made, three anatomical fiducial points (nasion
and bilateral preauricular points) and four indicator coil
locations (bilateral mastoids and bilateral hairlines superior
to temple) on the scalp were digitized using a three-dimen-
sional digitizer (Polhemus, Colchester, VT, USA). We set up
to automatically reject MEG artifacts more than 3000 fT/
cm during MEG measurements in this study, but few wave-
forms were observed. All MEG measurements were taken at
Nishi-Niigata Chuo National Hospital.

Data analysis

For analysis of SEFs, the band-pass filter was set between
0.5 and 100 Hz. The 20-ms period preceding stimulation
was used as the baseline. The ECDs, best describing the
measured data, were determined by a least-squares search
using subsets of 16-22 channels, including a gradiometer
and magnetometer, over the maximum response area for the
left hemisphere (Kida et al. 2006; Lin et al. 2000; Sugawara
et al. 2014). These calculations resulted in the three-dimen-
sional location, orientations, and strength of the ECDs in a
spherical conductor model, and we used source modeling
software (Elekta) to estimate the sources. We accepted
ECDs corresponding to peak amplitudes from sensor levels
and a goodness-of-fit (g) of >90 % for analysis and the ECD
strengths which were calculated from each ECDs during
each muscular strength or finger movement were expressed
as a percentage of the SEF recorded during resting.

All data were expressed as the mean £ standard error
of the mean (SE). The muscular contraction strengths
(%EMG) were statistically analyzed using one-way
repeated-measures analysis of variance (ANOVA), and the
latencies for the N20m, P35m, and P60m deflections dur-
ing resting and muscular contraction were compared using
two-way ANOVA with finger movement versus strength of
contraction as factors. The ECD locations were compared
using three-way ANOVA with finger movement (index fin-
ger and thumb) versus strength of contraction (rest, 10, 20,
and 30 % EMG) vs. SEF component (N20m, P35m, and
P60m) as factors. Post hoc analyses with Bonferroni cor-
rection were used for multiple comparisons. The Friedman
test with post hoc analysis using the Wilcoxon signed-rank
test for N20m, P35m, and P60m ECD strengths was used to
test for significant differences between the muscular con-
traction and finger movement conditions. The statistical
significance was set at P < 0.05.
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Results

The responses to stimulation of the right median nerve
consisted of three main deflections in the left primary
sensorimotor cortex: N20m, P35m, and P60m. Clear
response deflections were found in all participants.
Figure 2a, b presents SEF grand averaged waveforms
during each condition (rest, 10, 20, 30 % EMG) of the
right extensor indicis muscle and abductor pollicis brevis
muscle. We used the largest amplitude for each waveform

(a) Extensor indicis muscle
N20m

100 fT/cm

------ 10% EMG

—— 20%EMG
—— 30%EMG
P60mM
50 0 50 100 150 200 250 300 (ms)
(b) Abductor pollicis brevis muscle

N20m

100 fT/ecm

------ 10% EMG
—— 20% EMG
— 30% EMG

50 0 50 100 150 200 250 300 (ms)

Fig. 2 We used the largest amplitude for each waveform within the
sensors of interest in the SEF over the sensorimotor area and calcu-
lated the grand averaged waveforms in all participants. a The grand
averaged waveforms from a channel showing maximum signals from
the left sensorimotor area after stimulation of the right median nerve
during contraction of the right extensor indicis muscle. The responses
consisted of three deflections peaking at N20m, P35m, and P60m,
respectively, after stimulus onset. Dotted line rest. Dashed line 10 %
EMG condition. Gray line 20 % EMG condition. Black line 30 %
EMG condition. b The grand averaged waveforms from a channel
showing maximum signals from the left sensorimotor area after stim-
ulation of the right median nerve during contraction of the abductor
pollicis brevis muscle. The responses consisted of three deflections
peaking at N20m, P35m, and P60m after stimulus onset. Dotted line
rest condition. Dashed line 10 % EMG condition. Gray line 20 %
EMG condition. Black line 30 % EMG condition
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Table 1 Mean and standard error (SE) % EMG during rest and con-
traction of the right extensor indicis muscle and abductor pollicis bre-
vis muscle

Rest 10 % EMG 20 % EMG 30 % EMG

Extensor indicis 24(0.2) 104 (0.4) 19.2(0.7) 31.5(1.0)
muscle
Abductor pollicis 2.1 (0.2) 10.5(0.3) 21.0(0.6) 31.6(1.0)

brevis muscle

within the sensors of interest in the SEF over the sensori-
motor area and calculated the grand averaged waveforms
for all participants. For the present analyses, the source
was modelled at the peak latencies of the waveforms.

Table 1 shows the EMG (%) from the right extensor
indicis muscle and abductor pollicis brevis muscle during
rest, 10, 20, and 30 % EMG. One-way ANOVA showed
significant differences between the four conditions for
each muscle (extensor indicis muscle, F; 45) = 442.402,
P < 0.001, partial n2 = (0.976; abductor pollicis brevis mus-
cle, F(3,48) = 584.042, P < 0.001, partial 172 = 0.982), and
post hoc analysis revealed significant differences between
all conditions (rest vs. 10 % EMG, P < 0.001; rest vs. 20 %
EMG, P < 0.001; rest vs. 30 % EMG, P < 0.001; 10 %
EMG vs. 20 % EMG, P < 0.001; 10 % EMG vs. 30 %
EMG, P < 0.001; 20 % EMG vs. 30 % EMG, P < 0.001
for the extensor indicis muscle and abductor pollicis brevis
muscle).

Table 2 shows the peak latencies of N20m, P35m, and
P60m during the four conditions in both muscles. There
was no significant main effect of finger movement or
strength of isometric contraction for all SEF components
(P > 0.05) and also no significant interaction between
finger movement and strength of contraction (P > 0.05).
These results indicate that finger movement and strength
of contraction did not effect on the peak latencies of SEF
waveforms.

Table 3 shows the ECD locations of N20m, P35m, and
P60m during four conditions in both muscles. There was a
significant main effect of all SEF components in the X-axis
(medial-lateral), Y-axis (anterior-posterior), and Z-axis
(superior-inferior) (X-axis, F(;,64) = 15.038, P < 0.001,
partial n* = 0.102; Y-axis, F(5 ¢, = 6.743, P = 0.001,

partial n* = 0.049; Z-axis, F6 = 3.391, P = 0.033,
partial > = 0.025), but there was no significant effect of
finger movement (X-axis, F 54y = 2.00, P = 0.158, par-
tial n* = 0.008; Y-axis, Fj 554y = 0.173, P = 0.678, par-
tial 7> = 0.001; Z-axis, F61) = 0.582, P = 0.446,
partial n> = 0.002) or strength of contraction (X-axis,
F361 = 0.792, P = 0.499, partial n* = 0.009; Y-axis,
F3061) = 0342, P = 0.795, partial n* = 0.009; Z-axis,
F 3064y = 0.336, P = 0.799, partial n> = 0.004). In all ECD
locations (X-axis, Y-axis, and Z-axis), there were no signifi-
cant interactions among finger movement, strength of con-
traction, and SEF component (finger movement vs. strength
of contraction vs. SEF component: X-axis, F,64) = 0.067,
P = 0.999, partial n2 = 0.002; Y-axis, F(6’264) = 0.002,
P = 1.000, partial 772 = 0.002; Z-axis, F(6’264) = 0.006,
P = 1.000, partial n2 = 0.002); (strength of contraction vs.
finger movement: X-axis, F; 554y = 0.075, P = 0.974, par-
tial n* = 0.001; Y-axis, F304) = 0.278, P = 0.841, par-
tial 172 = 0.003; Z-axis, Fio61) = 1.171, P = 0.321, partial
772 = 0.013); (finger movement vs. SEF component: X-axis,
Foes = 0.058, P = 0.943, partial n* < 0.001; Y-axis,
Fo64y = 0.026, P = 0.974, partial n* < 0.001; Z-axis,
F 064y = 0.023, P = 0.978, partial n* < 0.001); (strength
of contraction vs. SEF component: X-axis, Fg ¢4, = 0.095,
P = 0.997, partial 172 = 0.002; Y-axis, F(6’264) = 0.018,
P = 1.000, partial > < 0.001; Z-axis, F6261) = 0.022,
P = 1.000, partial 7> < 0.001).

Concerning the SEF component, the mean ECD loca-
tions for P35m were significantly more medial than N20m
and P60m in the X-axis (P35m vs. N20m, P < 0.001,
r = 0.94; P35m vs. P60m, P = 0.029, r = 0.94), and the
mean ECD location for P60m was significantly more
medial than N20m (P = 0.011, r = 0.94). Although the
mean ECD locations for P35m were significantly more
anterior than P60m in the Y-axis (P = 0.001, r = 0.88),
there were no significant differences between P35 and
N20m, and P60m and N20m (P35m vs. N20m, P = 0.210,
r = 0.88; P60m vs. N20m, P = 0.178, r = 0.88). In the
Z-axis, the mean ECD location for P35m was significantly
more superior than N20m (P35m vs. N20m, P = 0.045,
r=0.79), but there were no significant differences between
P35 and P60m (P = 0.796, r = 0.79), N20m and P60m
(P =0.084, r=0.79).

Table 2 Mean (SE) peak
latencies at N20m, P35m, and

Extensor indicis muscle

Abductor pollicis brevis muscle

P60m during contractions of N20m P35m P60m N20m P35m P60m

the right indicis muscle and

abductor pollicis brevis muscle Rest 21.8(0.5) 31.1 (0.6) 59.0 (2.6) 21.1 (0.4) 31.5(0.7) 59.9 (2.1)

(ms) 10 % EMG 21.5(0.5) 31.3(0.7) 59.2(2.0) 21.4(0.5) 32.2(0.9) 59.4 (2.1)
20 % EMG 21.6 (0.5) 31.2 (0.6) 57.8 (2.2) 21.3(0.5) 31.4(0.7) 59.1 (1.6)
30 % EMG 21.7 (0.5) 31.1(0.6) 57.5(2.3) 21.4(0.4) 31.4(0.7) 57.7(1.5)

@ Springer



3394

Exp Brain Res (2016) 234:3389-3398

Table 3 ECD locations for
N20m, P35m, and P60m

Extensor indicis muscle

Abductor pollicis brevis muscle

during contractions of the right N20m P35m P60m N20m P35m P60m
extensor indicis muscle and
abductor pollicis brevis muscle X
(mm) Rest —482(2.2) —438(1.6) —-454(1.7) —469(1.7) —424(014) —-439(1.7
10 % EMG —49.2(22) —449Q25) —455@23) —478(19) —428(2.2) —458(1.9
20 % EMG —47.8(1.7) —42.0(1.8) —454(15) —464(1.1) —41.0(1.2) —442(1.4)
30% EMG —47.6(14) —425(1.8) —450(22) —46.8(1.2) —4222.0) —44.7(1.5)
Y
Rest 11.9 (2.0) 14.0 (2.7) 9.4(2.9) 10.9 (1.9) 13.5(2.3) 9.1 (2.5)
10 % EMG 11.2 (2.1) 13.3 (3.0) 8.6 (2.5) 11.1 (2.6) 13.7 (2.1) 93 (3.1
20 % EMG 12.8 (2.6) 15.0(3.2) 9.4 (2.5) 13.0 (2.8) 15.4 (2.8) 10.2 (2.5)
30 % EMG 12.9 (2.5) 15.0 (3.0) 10.5 (2.7) 10.7 (2.5) 13.3(2.8) 8.52.7)
zZ
Rest 86.3 (1.4) 89.0 2.4) 88.4 (1.8) 89.2 (1.9) 91.4(1.7) 90.8 (1.9)
10 % EMG 87.9 (1.5) 90.1 (2.2) 90.0 (2.1) 89.2 (1.3) 90.9 (1.3) 90.5 (1.8)
20 % EMG 88.1(1.5) 90.1 (1.8) 90.1 (2.1) 87.3(14) 89.4 (1.5) 89.2 (2.1)
30 % EMG 87.6 (1.6) 89.6 (1.5) 89.9 (1.5) 87.0 (1.9) 89.2 (1.9) 88.9 (2.0)
Values represent mean (SE)
Fig. 3 ECD strengths for (%) Extensor indicis muscle
N20m, P35m, and P60m < 150
with 10, 20, and 30 % EMG th
compared to resting baseline. S 125
The upper panel is a graphical ]
. . v 100 ---
representation during contrac- fa . 10% EMG
tion of the extensor indicis 8 75
muscl.e, and the lowerpanel'is a 5 50 . 20% EMG
graphical representation during 0o
contraction of the abductor pol- B 25 D 30% EMG
licis brevis muscle. *P < 0.05, o 0 |
ok
P<0.01 N20m P35m P60mM
(%) Abductor pollicis brevis muscle
<
tci’ 150
o 125
%100 -
o) B 10%EmvG
o 75
5 5 B 20% EMG
o
5 25 [ ] 30%EMG
o S

N20m

Figure 3 shows the ECD strength of each contraction of
the right extensor indicis muscle and abductor pollicis bre-
vis muscle. The Friedman test revealed a significant main
effect on P35m (P < 0.001, r = 0.92), but no significant
main effects were observed for N20m and P60m (N20m,
P =0.958, r =0.59; P60m, P = 0.839, r = 0.98). During
contraction of the right extensor indicis muscle, the ECD
strengths for P35m significantly decreased during 30 %

@ Springer

P35m P60mM

EMG compared with the resting condition (P = 0.021,
r = 0.98). The ECD strengths for P35m during 20 and
30 % EMG significantly decreased during contraction of
the right abductor pollicis brevis muscle compared with
the resting condition (rest vs. 30 % EMG, P = 0.008,
r = 0.98; rest vs. 20 % EMG, P = 0.043, r = 0.92).
Figure 4 shows the source waveforms at the ECD
calculated from the peak latencies of P35m during all
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@) 4 Extensor indicis muscle
30 A e Rest
20 A N 10% EMG
— 10 ' —— 20% EMG
€ — 30%
< ) 30% EMG
-10
-20
-30
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(ms)
Abductor pollicis brevis muscle
(b)
40
30 ............ Rest
20| I\ 10% EMG
- 10 —— 20%EMG
€ 3
b 30% EMG
5 O ~ s N/
-10 ........
-20
-30
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(ms)

Fig. 4 a The source waveforms at the ECD calculated from the peak
latencies of P35m during contraction of the abductor pollicis brevis
muscle. b The source waveforms at the ECD calculated from the peak
latencies of P35m during contraction of the right extensor indicis
muscle. Dotted line rest. Dashed line 10 % EMG condition. Gray line
20 % EMG condition. Black line 30 % EMG condition

conditions calculated from all participants. Strength of only
30 % EMG was observed in the extensor indicis muscle,
which was not innervated by the median nerve (Fig. 4a).
The ECD strength of P35m during muscular contraction
of the abductor pollicis brevis innervated by the median
nerve decreased as the contraction strength of the muscle
increased (Fig. 4b).

Discussion

We investigated whether changes in SEF following stim-
ulation of the right median nerve were affected by the
strength of muscular contractions and by innervated or
non-innervated muscular contraction. Our results showed

that the ECD strength for P35m decreased with increas-
ing strength of muscular contraction of the right abductor
pollicis brevis muscle. However, changes were observed at
only 30 % EMG contraction level in the contraction of the
right extensor indicis muscle, which was not innervated by
the median nerve. There were no significant changes in the
latencies and ECD locations of each component in all con-
ditions. ECD strength did not differ significantly for N20m
and P60m regardless of the strength of muscular contrac-
tion and innervation.

Gating in voluntary movement is caused by two main
factors. One is SEF or SEP gating before and at the onset
of contraction. This gating is generated by a central mecha-
nism (centrifugal gating); outputs from movement-related
cortical areas such as M1 and the supplementary motor area
(SMA) inhibit afferent impulses originating from periph-
eral nerves that were stimulated at the cortical or subcor-
tical stages. The other factor is gating during voluntary or
passive movement, which is due to competition between
the input from the presented stimulus and the afferent pro-
prioceptive feedback caused by the movement itself (cen-
tripetal gating) (Cheron and Borenstein 1992; Jones et al.
1989; Kakigi and Jones 1985; Kida et al. 2004; Kirimoto
et al. 2014, Starr and Cohen 1985). Our results were caused
by both centrifugal and centripetal gating mechanisms
since we stimulated median nerves during voluntary mus-
cular contraction.

Gantchev et al. (1994) investigated the attenuation of
SEP amplitude during muscular contraction and reported
that attenuation occurred as muscular force increased
(dynamic phases) and not during maintained muscular
force (hold contraction phases). The authors suggested
that the modulation of SEP differed according to the phase
(dynamic or hold contraction) of muscular contraction. In
the present study, we stimulated median nerves after 1 s at
the onset of voluntary muscular contraction, and we used
isometric contraction as a voluntary movement task for
investigating the relation between the strength of muscular
contraction and gating effects in detail because the gating
occurred in prior to movement onset and the gating effect
was changed by the change of velocity of movement (Kida
et al. 2006; Rauch et al. 1985; Wasaka et al. 2003, 2005).

Many previous studies have reported that the N20m
component of SEFs following median nerve stimula-
tion reflects a response in area 3b (Forss et al. 1994; Hut-
tunen et al. 1987, 1992, 2006; Kakigi 1994; Kakigi et al.
2000; Lin et al. 2005) and reported that the amplitude was
not attenuated during voluntary movement (Huttunen and
Lauronen 2012; Kida et al. 2006; Kristeva-Feige et al.
1996a; Wasaka et al. 2003). However, Gantchev et al.
(1994) reported that suppression of the early components
was caused by fatigue during muscular contraction. In the
present study, fatigue may have been avoided because the
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duration of isometric contraction was short and rests were
taken among contraction tasks. We found that N20m was
unchanged by increasing muscular contraction strength, in
agreement with previous studies.

The current source for P35m is still debated, but previ-
ous studies have reported as a response activation in areas
3b or 4 (Huttunen et al. 2001; Kawamura et al. 1996; Suga-
wara et al. 2014; Wikstrom et al. 1996). Previous studies
have indicated differential activation of N20m and P35m;
the ECD for P35m was located medial to the N20m source
(Ishibashi et al. 2000; Lin et al. 2005; Sugawara et al.
2014). These results suggested that N20m, P35m, and
P60m reflect differential activation as ECD for P35m was
located medial and superior to that for N20m and anterior
to that for P60m in all conditions. Our results showed that
the ECD strength for P35m was attenuated during 20 and
30 % EMG contractions in the right abductor brevis muscle
innervated by the median nerve compared to a resting con-
dition, but N20m and P60m were unchanged. It has been
reported that SMA activation or reduced IPSP in area 3b is
involved in attenuation of P35m (Huttunen and Lauronen
2012; Wasaka et al. 2003). Several factors have been impli-
cated in the attenuation of P35m in response to increas-
ing strength of isometric contraction in this study. First,
an increase in SMA activity in response to the increasing
strength of muscular contraction affected IPSP in area 3b,
resulting in an attenuation of the ECD strength for P35m.
Many studies reported that activation of M1 was not only
observed during voluntary movement but also during acti-
vation of several cortical areas, including S1 and SMA
(Kristeva-Feige et al. 1995, 1996b; Kristeva et al. 1990,
1991; Mima et al. 1999; Onishi et al. 2011, 2013; Suga-
wara et al. 2013a, b). It has been reported in fMRI stud-
ies that SMA activity also increases with the increase in
strength of voluntary movement (Dai et al. 2001; Liu et al.
2003; Post et al. 2009; Siemionow et al. 2000). Second, the
ECD direction of P35m was countervailed by the increase
in activation in area 4 because the ECD direction of P35m
was posterior (Sugawara et al. 2014), whereas that of area
4 during voluntary movement was anterior (Onishi et al.
2006), resulting in an attenuation of P35m. Finally, input
from Ia afferents may have increased due to the increasing
contraction strength of the abductor pollicis brevis mus-
cle (increase in centripetal gating). Afferent input follow-
ing muscle contraction and proprioceptive feedback during
conservation of muscular activity (Harrison and Jankowska
1984; Kirimoto et al. 2014; Rushton et al. 1981) attenu-
ated the ECD strength for P35m because of competition
between median nerve stimulation and afferent input as the
strength of muscular contraction increased.

Selectivity in gating has been reported (Cohen and
Starr 1987; Kristeva-Feige et al. 1996a; Nishihira et al.
1997). Tapia et al. (1987) reported that attenuation of SEP
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amplitude by median nerve stimulation was accompanied
by movement of the thumb but not the little finger, whereas
attenuation of SEP amplitude by stimulation of the ulnar
nerve stimulation was accompanied by movement of the
little finger but not the thumb. A muscular contraction
of 30 % EMG (but not 10 and 20 % EMG) significantly
attenuated the ECD strength for P35m in the extensor indi-
cis muscle. These results suggest that the attenuation of
P35m occurs during contraction of non-innervated muscle,
at least when the strength of the muscular contraction is
above a certain threshold. It is possible that the attenuation
of P35m during isometric contraction of the extensor indi-
cis muscle (which is not innervated by the median nerve)
occurred because the ECD direction of P35m was counter-
vailed by that of area 4 as the anterior direction involving
in contraction of the extensor indicis muscle. However, gat-
ing is caused by several factors (Morita et al. 1998), and
the selective mechanism of gating is not known (Nishihira
et al. 1997). Our findings cannot fully explain gating in
non-innervated muscles. Further investigation is required
into the relationship between increased contraction strength
and gating in non-innervated domains.

In the present study, the ECD for P60m was located
posterior to P35m and medial to N20m and P35m, which
was consistent with findings from previous studies (Ishiba-
shi et al. 2000; Sugawara et al. 2014). The current source
for P60m is still being debated, but some studies have sug-
gested activation in areas 1/2 or late IPSPs originating from
gamma-amino-butyric acid b (GABADb) (Huttunen et al.
2003, 2006; Sugawara et al. 2014). Kristeva-Feige et al.
(1996a) reported that the attenuation of SEF amplitude dur-
ing voluntary movement was observed until 100 ms after
median nerve stimulation. However, although we stimu-
lated the median nerve during isometric contraction as mus-
cle activation, changes in the ECD strength for P60m were
not observed in this study. It was believed that the findings
from the current study did not agree with those of previous
studies on P60m since previous studies reported that the
effect of gating differed in phase of muscular contraction
and contraction manner (Gantchev et al. 1994; Jiang et al.
1990b; Rushton et al. 1981). For these results, isometric
contraction did not affect late IPSP or area 1/2 regardless of
the innervation or the strength of muscular contraction as
the peripheral nerve was stimulated by electric stimulation.

We investigated the effect of isometric muscle contrac-
tion strength on the gating of SEF as manners of muscu-
lar contraction were different among previous studies
investigating gating and there were no studies investigat-
ing the relation between gating and the strength of muscu-
lar contraction. In the present study, we observed attenu-
ated ECD strength for P35m as the contraction strength of
the abductor pollicis brevis (which was innervated by the
median nerve) increased. In previous studies investigating
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selectivity in gating, it has been reported that gating did
not occur in non-innervated muscles (Kristeva-Feige et al.
1996a; Tapia et al. 1987) but that strength of only 30 %
EMG was found in the extensor indicis muscle, which was
not innervated by the median nerve in the present study.
The ECD strengths for N20m and P60m were not affected
by innervation and the strength of muscular contractions.
Therefore, we could clarify that the gating of SEF wave-
forms following peripheral nerve stimulation was affected
by the strength of muscular contraction and by the innerva-
tion of the contracting muscle by analyzing ECD strengths
and ECD directions obtained from the present study.
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