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Abstract The present study examined whether the

excitability of the corticospinal pathway and the GABA-

mediated inhibitory circuits of the primary motor cortex

that project onto the corticospinal neurons in the tonically

contracting hand muscle are changed by tonic contraction

of the adjacent hand muscle. The motor evoked potential

(MEP) and cortical silent period (CSP) in the tonically

contracting hand muscle were obtained while the adjacent

hand muscle was either tonically contracting or at rest. The

MEP and CSP of the first dorsal interosseous (FDI) muscle

elicited across the scalp sites where the MEP is predomi-

nantly elicited in the FDI muscle were decreased by tonic

contraction of the abductor digiti minimi (ADM) muscle.

The centers of the area of the MEP and the duration of the

CSP in the FDI muscle elicited across the sites where the

MEP is predominantly elicited in the FDI muscle were

lateral to those in the FDI muscle elicited across the sites

where the MEP is elicited in both the FDI and ADM

muscles. They were also lateral to those in the ADM

muscle elicited either across the sites where the MEP is

predominantly elicited in the ADM muscle, or across the

sites where the MEP is elicited in both the FDI and ADM

muscles. The decrease in the corticospinal excitability and

the excitability of the GABA-mediated inhibitory circuits

of the primary motor cortex that project onto the corti-

cospinal neurons in the FDI muscle may be due either to

(1) the interaction between the activity of the lateral area of

the FDI representation and the descending drive to the

ADM muscle, or (2) the decreased susceptibility of the

primary motor area that predominantly projects onto the

corticospinal neurons in the FDI muscle, which also plays a

role in independent finger movement when both the FDI

and ADM muscles act together as synergists.

Keywords Transcranial magnetic stimulation � Motor

evoked potential � Primary motor cortex � Cortical silent
period � Coordination � Surround inhibition

Introduction

Production of force by some fingers causes involuntary

force production of the other fingers (Zatsiorsky et al.

2000). Moreover, force production by one finger decreases

force production of the other fingers and cessation of force

production by the same finger increases that (Li et al.

2003). Such interaction of motor outputs between the fin-

gers must be partially mediated by horizontal interaction

among motor cortical cells (Huntley and Jones 1991).

Indeed, inactivation of the motor cortical cells decreases

the independence of finger movements (Schieber and

Poliakov 1998), indicating that motor cortical cells con-

tribute to the balance between independent and coordinated

finger movements.

Coordination of motor cortical or corticospinal activities

between tonically contracting hand muscles has been

investigated using transcranial magnetic stimulation

(TMS). The amplitude of the motor evoked potential

(MEP) in the tonically contracting abductor digiti minimi

(ADM) muscle elicited at the hotspot was not changed by

tonic contraction of the first dorsal interosseous (FDI)
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muscle (Poston et al. 2012). In contrast, the MEP amplitude

averaged across the TMS sites around the hotspot of the

representation of the tonically contracting muscle was

changed by tonic contraction of another muscle. The

average amplitude of the MEPs elicited across the agonist

muscle representation in the arm was decreased by tonic

contraction of the antagonist muscle (Aimonetti and Niel-

sen 2002). Similarly, the average amplitude of the MEPs

elicited across the TMS sites around the hotspot of the

representation of the tonically contracting FDI muscle was

decreased by tonic contraction of the ADM muscle (Jono

et al. 2015). In contrast, the average amplitude of the MEPs

elicited across the TMS sites around the hotspot of the

distal arm muscle representation was increased by tonic

contraction of the proximal arm muscle (Tyč and Boyad-

jian 2011). Accordingly, the tonic contraction of one

muscle does not affect the MEP of another tonically con-

tracting muscle elicited at the hotspot, but it does affect the

average amplitude of the MEPs elicited across the TMS

sites around the hotspot. It is possible to elicit the MEP in

one hand muscle not only at the hotspot, but also at some

sites around the hotspot (Wassermann et al. 1992; Wilson

et al. 1995). Therefore, a plausible explanation for the

different findings between the study on the MEP elicited at

the hotspot and the studies on the MEP across the TMS

sites around the hotspot is that motor cortical cells, which

play a role in hand muscle coordination, are unequally

distributed across the TMS sites around the hotspot and

relatively sparse at the hotspot. Accordingly, it seems

reasonable to speculate that the TMS sites around the

hotspot interact with the intracortical interneurons that

mediate coordination between the hand muscles.

Different finger movements partially share functional

somatotopy of the primary motor area (Sanes et al. 1995;

Kleinschmidt et al. 1997; Beisteiner et al. 2001; Hlustik

et al. 2001; Dechent and Frahm 2003). The representations

of the muscles that overlap each other are thought to play a

role in the coordination of finger movements, while the

muscle representations that do not overlap each other play

a role in independent movements (Cunningham et al.

2013). This hypothesis was studied in a previous investi-

gation on the MEP map (Jono et al. 2015). In that study, the

active TMS sites where TMS elicits MEP in the FDI and/or

ADM muscles were categorized into two areas: the over-

lapped (OL) area, where TMS elicits MEP in both the FDI

and ADM muscles, and the non-overlapped (NOL) area,

where TMS elicits MEP predominantly in one of the two

muscles. This previous study revealed that the MEP of the

tonically contracting FDI muscle elicited across the NOL

area was decreased by tonic contraction of the ADM

muscle, although this effect was absent in the MEP elicited

across the OL area. This finding indicates that the

descending drive to the ADM muscle decreases the

excitability of the corticospinal pathway that predomi-

nantly projects onto the FDI muscle, but does not change

the excitability of the corticospinal pathway that projects

onto both the FDI and ADM muscles.

Despite Jono et al.’s findings (2015), two issues remain

to be elucidated. One is whether the effect of the tonic

contraction of the hand muscle on the corticospinal

excitability of the tonically contracting adjacent hand

muscle is dependent on the muscle tested. Different inter-

actions take place among the descending drives to the

different fingers. While the index finger moves indepen-

dently, the little finger moves together with the other fin-

gers (Häger-Ross and Schieber 2000; Reilly and Hammond

2000; Slobounov et al. 2002b; Aoki et al. 2005). The

motor-related cortical potential was found to be greater

when force production of the ring finger was combined

with force production of the other fingers, but smaller when

force production of the index finger was combined with

that of the other fingers (Slobounov et al. 2002b). In

addition, the surround inhibition of the MEP is not equiv-

alent between the hand muscles (Beck et al. 2008).

Accordingly, the decrease in excitability of the corti-

cospinal pathway that predominantly projects onto the

tonically contracting FDI muscle induced by tonic con-

traction of the ADM muscle, found in the previous study

(Jono et al. 2015), may not occur in the other hand muscles.

Based on this view, we hypothesize that the descending

drive to the ADM muscle interacts with the motor repre-

sentation that predominantly projects onto the corticospinal

neurons in the FDI muscle. This is because the ADM

muscle moves the little finger, which is interactive with the

other fingers, but the descending drive to the FDI muscle is

not interactive with the motor representation that pre-

dominantly projects onto the corticospinal neurons in the

ADM muscle; the FDI muscle moves the index finger,

which frequently moves independently in daily motor

tasks. If this hypothesis is correct, the MEP of the tonically

contracting FDI muscle elicited in the NOL area is affected

by tonic contraction of the ADM muscle, but the MEP of

the tonically contracting ADM muscle in the NOL area is

not affected by tonic contraction of the FDI muscle. The

present study tested this hypothesis.

Another issue to be elucidated is whether tonic con-

traction of one hand muscle affects the inhibitory circuits

of the primary motor cortex that project onto the corti-

cospinal neurons in the adjacent hand muscle. The effect of

the tonic contraction of the hand muscle on intracortical

inhibition of the adjacent hand muscle representation has

been investigated via observation of the MEP elicited at the

hotspot. Studies have found that short-latency intracortical

inhibition (SICI) of one-hand muscle representation is not

changed either by tonic or phasic contraction of the adja-

cent hand muscle (Sohn and Hallett 2004a; Beck et al.
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2008); long-latency intracortical inhibition, however, was

decreased by phasic contraction of the adjacent hand

muscle (Sohn and Hallett 2004a). Despite these findings,

the effect of the tonic contraction of one hand muscle on

the inhibitory circuits of the primary motor cortex that

project onto the corticospinal neurons in the tonically

contracting adjacent hand muscle has not been investi-

gated. The long-lasting cortical silent period (CSP) repre-

sents the activity of the inhibitory circuits mediated by

intracortical c-aminobutyric acid (GABA) (Nakamura et al.

1997; Siebner et al. 1998; Chen et al. 2008). The duration

of the CSP in the FDI muscle during a grip task was shown

to be shorter than that during an index finger abduction task

(Tinazzi et al. 2003). Furthermore, the CSP duration of the

ADM muscle was shortened by phasic movement of the

index finger, but was not changed by tonic movement of

the index finger (Poston et al. 2012), indicating that

excitability of the GABA-mediated inhibitory circuits of

the primary motor cortex that project onto the corticospinal

neurons in the hand muscle are changed in a task-depen-

dent manner. Given these facts, the excitability of not only

the corticospinal neurons but also the GABA-mediated

inhibitory circuits of the primary motor cortex that project

onto the corticospinal neurons in the tonically contracting

hand muscle may be decreased by tonic contraction of the

adjacent hand muscle. This hypothesis was also tested in

the present study.

Materials and Methods

Participants

Ten healthy participants aged 28.9 ± 1.9 years (nine males

and one female) participated in this study. All participants

were right-handed according to the Edinburgh Handedness

Inventory (Oldfield 1971). No participant had any history

of orthopedic or neurological issues. The experimental

protocol was explained to, and informed consent was

obtained from, all individual participants included in the

study. All procedures were approved by the Ethics Com-

mittee of Osaka Prefecture University and were conducted

according to the Declaration of Helsinki.

Apparatus

Each participant was seated in a chair. The right forearm

was in the prone position, and the right hand was placed on

a table with the palm facing downward. The middle and

ring fingers and the forearm were sandwiched by metal

plates fixed to the table, so that the fingers and the forearm

were maintained at the start position throughout each trial.

Electromyographic (EMG) activities of the FDI and ADM

muscles were recorded using Ag/AgCl surface electrodes

configured in belly-tendon montages. The EMG signals

were amplified and band-pass filtered (15 Hz–3 kHz) using

an amplifier (MEG-1200; Nihon Kohden, Tokyo, Japan). A

display with the targets of the EMG levels in the FDI and

ADM muscles and a cursor indicating actual EMG levels

was placed in front of the participant (Fig. 1d). A cursor

along the vertical axis indicated the EMG level of the FDI

muscle, while a cursor along the horizontal axis indicated

the EMG level of the ADM muscle. The angles of the

index and little fingers were recorded using electrogo-

niometers fixed over the fingers. The signals from the

electrogoniometers were amplified via strain amplifiers

(DPM-712B; Kyowa Dengyo, Tokyo, Japan). The EMG

signals and the signals from the electrogoniometers were

converted to digital signals at a sampling rate of 10 kHz

using an A/D converter (PowerLab 800S; AD Instruments,

Colorado Springs, CO, USA) and stored on a personal

computer.

TMS

TMS was delivered using a figure-of-eight coil (YM-133B;

Nihon Kohden) connected to a magnetic stimulator (SMN-

1200; Nihon Kohden). The maximum intensity of the coil

was 0.96 T. The intersection of the coil was placed tan-

gentially to the scalp with the two wings at a 45� angle to

the sagittal plane, and a posterior-anterior electrical current

in the brain was induced (Sakai et al. 1997). Hotspots

where the MEP amplitude was maximum among the TMS

sites were determined in each muscle. The resting motor

threshold (RMT) of the FDI muscle—defined as the min-

imal intensity of the magnetic stimulator output producing

MEP with an amplitude larger than 50 lV in at least five

out of ten stimulations delivered over the hotspot—was

determined (Groppa et al. 2012). The earlier component of

the CSP is the spinal origin, but the late component of the

CSP is the cortical origin (Fuhr et al. 1991; Inghilleri et al.

1993; Chen et al. 1999). Accordingly, the CSP long enough

to involve the late component must be obtained to observe

the inhibitory circuits of the primary motor cortex. Fur-

thermore, since the CSP duration is dependent on TMS

intensity (Inghilleri et al. 1993), the TMS intensity used for

the present experiment was 120 % of the RMT in the FDI

muscle (Daskalakis et al. 2003).

Motor Tasks

The participant abducted the index or little finger at max-

imum effort for 5 s to obtain an EMG trace while exerting

maximum voluntary contraction (MVC) of the tested

muscle. The MVC was considered to be the average

amplitude of the rectified EMG trace in a time window of
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approximately 3 s during the period when the amplitude

level was steady. The participant performed a motor task

with visual feedback of the EMG levels in the FDI and

ADM muscles (Fig. 1d). In the TEST task of the FDI

muscle, the participant abducted the index finger so that the

FDI muscle produced an EMG at 10 % of the MVC

without contraction of the ADM muscle (0 % of MVC) by

placing a cursor in the monitor over target ‘‘A’’ (Fig. 1a, d).

In the TEST task of the ADM muscle, the participant

abducted the little finger so that the ADM muscle produced

an EMG at 10 % of the MVC without contraction of the

FDI muscle (0 % of MVC) by placing the cursor over

target ‘‘B’’ (Fig. 1b, d). In the TEST ? COND task, the

participant abducted the index and little fingers simulta-

neously so that the FDI and ADM muscles produced an

EMG at 10 % of the MVC by placing the cursor over target

‘‘AB’’ (Fig. 1c, d).

Mapping Procedure

TMS was delivered over the map, which was a fixed

5 9 5 cm grid (25 points) where the hotspot was centered

(Pascual-Leone et al. 1995; Malcolm et al. 2006; Reilly and

Mercier 2008). Since a map containing 15 MEP points is

reliable according to a previous study, we considered our

map to be reliable (Littmann et al. 2013). A session was

conducted on each TMS site for each task. The coil was

placed over one of the 25-pointmapping sites at each session.

For each session, TMSwas delivered six times consecutively

with intervals from3 to 5 s at eachmapping site for each task.

The average MEP area estimated from the six MEPs was

considered reliable, based on a previous study in which the

average size of the MEP estimated from five MEPs was not

significantly different between sessions (Littmann et al.

2013). The tasks and the TMS sites were randomly altered

from session to session. The interval between the sessions

was approximately 30 s. The twenty-five points of the TMS

sites centered at the hotspot of the FDI representation were

stimulated during the TEST task for the FDI muscle; those

centered at the hotspot of the ADM representation were

stimulated during the TEST task for the ADMmuscle, while

the TMS sites in both the FDI and ADM muscles were

stimulated during the TEST ? COND task (Fig. 2). Several

Fig. 1 Motor tasks of the experiment. Black objects indicate the

metal plates, while black and gray arrows indicate the direction of

finger movement (a, b, c). The participant abducts the index finger

when testing the FDI muscle (a) and abducts the little finger when

testing the ADM muscle (b) in the TEST task. The participant abducts

the index and little fingers simultaneously in the TEST ? COND task

(c). The participant abducts the finger or fingers with visual feedback

of the EMG level on a display (d). A cursor (closed circle) indicating

EMG levels in the FDI and ADMmuscles and targets (opened circles)

is indicated on the display. Target ‘‘A’’ indicates the point at which

the FDI muscle contracts at 10 % of the MVC without contraction of

the ADM muscle; target ‘‘B’’ indicates the point at which the ADM

muscle contracts at 10 % of the MVC without contraction of the FDI

muscle, while target ‘‘AB’’ indicates the point at which both the FDI

and ADM muscles contract at 10 % of the MVC

Fig. 2 Mapping sites. The circles indicate the TMS sites. The letter

‘‘F’’ indicates the hotspot of the FDI representation, while the letter

‘‘A’’ indicates the hotspot of the ADM representation. The TMS sites

of the FDI muscle in the TEST task are enclosed by a solid thin line;

those of the ADM muscle in the TEST task are enclosed by a dashed

line, and those in the TEST ? COND task are enclosed by a bold line
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familiarizing sessions were conducted before the experi-

ment. The mapping procedure was completed within 2 h

with several intermissions.

Data Analysis

The EMG traces were rectified, and six of the rectified EMG

traces from each TMS site were averaged for each task. The

MEP area and pre-stimulus background EMG (bEMG)

amplitude were estimated from the rectified and averaged

EMG trace. The average pre-stimulus bEMGamplitude in the

time window between 110 and 10 ms before TMS was esti-

mated. The onset of theMEP area was the period at which the

post-stimulus EMG amplitude first exceeded the pre-stimulus

bEMG amplitude, and the offset was the period at which the

post-stimulus EMG amplitude was first below the pre-stimu-

lus bEMG amplitude. The onset and offset were both visually

determined. In order to estimate the MEP area, the area of the

MEP in the time window between the onset and offset of the

MEP was provisionally estimated. Then, the provisionally

estimated MEP area was subtracted from the area of the

bEMG in the timewindow between the onset and offset of the

MEP, which was the mean pre-stimulus bEMG amplitude

multiplied by the time between the onset and offset of the

MEP. CSP duration was defined as the interval between the

TMS artifact and the reappearance of bEMG activity after the

TMS. The active TMS site, where an MEP larger than two-

thirds of the maximal MEP area across the 25-point map of

each muscle was elicited, was identified (Classen et al. 1998;

Reilly and Mercier 2008). The overlapping area between the

active TMS sites in the muscle and the sites in the adjacent

muscle was designated as the OL area. Thus, the OL area

represents the scalp sites where TMS elicits a large MEP in

both the FDI and ADM muscles. The active TMS sites that

were not categorized into the OL area were considered the

NOLarea. Thus, theNOLarea represents the siteswhereTMS

elicits a large MEP either in the FDI or ADM muscle. The

center of gravity (COG) of the OL area and that of the NOL

area in the MEP and CSP maps were estimated to determine

the spatial distribution of the excitability of theMEP and CSP

across each area (Classen et al. 1998; Hetu et al. 2011; Litt-

mann et al. 2013; Wassermann et al. 1992).

One-way analysis of variance (ANOVA) was conducted

to test the difference in means for a main effect: [4 (COG)].

Two-way ANOVA was conducted to test the difference in

means for two main effects: [2 (task) * 25 (TMS site)], [2

(finger) * 2 (task)], [2 (muscle) * 2 (task)], or [2 (OL vs.

NOL) * 2 (task)]. When ANOVA revealed a statistical

difference, Bonferroni’s multiple comparison test was

conducted. When two-way ANOVA revealed a significant

interaction, a test of simple main effect was conducted. A

paired t test was performed to examine the difference

between two means. A one-sample t-test was conducted to

test whether the velocity of finger movement was signifi-

cantly different from the theoretical zero velocity. The

alpha level was 0.05. Statistical analysis was conducted

using the software package Ekuseru-Toukei 2012 (Social

Survey Research Information Co., Tokyo, Japan). Data are

expressed as the mean and standard error of the mean.

Results

Behavioral Data

The pre-stimulus bEMG amplitude in the tonically con-

tracting tested muscle was similar between the tasks and

among the TMS sites. In the FDI muscle, the pre-stimulus

bEMG amplitude was not significantly different between

the tasks [F(1, 9) = 3.18, p = 0.11] or among the TMS

sites [F(24, 216) = 0.57, p = 0.95], and there was no

significant interaction between the two main effects [F(24,

216) = 0.98, p = 0.49]. Similarly, in the ADM muscle, the

pre-stimulus bEMG amplitude was not significantly dif-

ferent between the tasks [F(1, 9) = 0.28, p = 0.61] or

among the TMS sites [F(24, 216) = 0.66, p = 0.88], and

there was no significant interaction between the two main

effects [F(24, 216) = 0.64, p = 0.90].

The angle of each finger in the pre-stimulus time win-

dow is shown in Fig. 3a. The angle of index finger

abduction was 11.8 ± 2.0� during the TEST task and

10.1 ± 1.8� during the TEST ? COND task. The angle of

little finger abduction was 13.8 ± 1.8� during the TEST

task and 14.0 ± 1.8� during the TEST ? COND task. The

angle of finger abduction was not significantly different

between the fingers [F(1, 9) = 2.30, p = 0.16] or between

the tasks [F(1, 9) = 3.52, p = 0.09], and there was a sig-

nificant interaction between the two main effects [F(1,

9) = 7.59, p\ 0.05]. A test of the simple main effect

revealed that the angle of index finger abduction during the

TEST ? COND task was significantly smaller than that

during the TEST task [F(1, 18) = 10.40, p\ 0.05].

The angular velocity of each finger movement is shown

in Fig. 3b. The angular velocity of each finger movement

was similar between the tasks and between the fingers. The

angular velocity of index finger abduction was

0.04 ± 0.04�/s during the TEST task and 0.02 ± 0.04�/s
during the TEST ? COND task. The angular velocity of

little finger adduction was 0.00 ± 0.11�/s during the TEST

task and 0.01 ± 0.03�/s during the TEST ? COND task.

The one sample t-test revealed that the angular velocity of

index finger abduction was not significantly different from

the theoretical zero velocity both during the TEST

(p = 0.31) and TEST ? COND tasks (p = 0.59), and that

of little finger abduction was not significantly different

from the theoretical zero velocity both during the TEST

838 Brain Topogr (2016) 29:834–846
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(p = 1.00) and TEST ? COND tasks (p = 0.76). These

statistical results using one-sample t-tests indicate that the

fingers were almost stationary at a position in the pre-

stimulus period.

Hotspot

The loci of the hotspots are shown in Fig. 4a. The hotspot

of the FDI representation and that of the ADM muscle were

close to each other. Moreover, in eight out of 10 partici-

pants, the locus of the hotspot of the FDI representation and

that of the ADM muscle were identical. The hotspot was

located 61.0 ± 2.3 mm lateral to and 15.0 ± 3.4 mm

anterior to the vertex in the FDI muscle, and

62.0 ± 2.5 mm lateral to and 13.0 ± 3.3 mm anterior to

the vertex in the ADM muscle. The TMS intensity at the

RMT of the FDI muscle was 62.5 ± 1.6 %, and that of the

ADM muscle was 63.1 ± 1.4 % of the maximum

stimulator output. The MEP area and CSP duration were

similar between the tasks and between the muscles, as

shown in Fig. 4b, c. The MEP area at the hotspot was not

significantly different between the muscles [F(1,

9) = 3.33, p = 0.10] or between the tasks [F(1, 9) = 0.47,

p = 0.51], and there was no significant interaction between

the two main effects [F(1, 9) = 1.11, p = 0.32]. The CSP

duration at the hotspot was not significantly different

between the muscles [F(1, 9) = 2.05, p = 0.19] or

between the tasks [F(1, 9) = 2.01, p = 0.19], and there

was no significant interaction between the two main effects

[F(1, 9) = 1.92, p = 0.20].

COG of the OL and NOL Areas

The specimen record of the rectified EMG traces in each

grid of the 25-point map is presented in Fig. 5. The COGs

of the MEP are shown in Fig. 6a. The COG of the MEP in

Fig. 3 Angle (a) and velocity

(b) of finger abduction. Bars
indicate the mean, and error

bars indicate the standard error

of the mean. An asterisk

indicates a significant difference

(p\ 0.05)

Fig. 4 The locus of the hotspot from the vertex of each muscle (a), the area of the MEP (b), and the duration of the CSP (c) elicited at the

hotspot. Data points (a) and bars (b, c) indicate the mean, and error bars indicate the standard error of the mean
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the FDI muscle elicited in the OL area was 3.8 ± 1.2 mm

medial to and 3.7 ± 2.5 mm anterior to the hotspot, and

that elicited in the NOL area was 4.2 ± 2.1 mm lateral to

and 2.9 ± 2.6 mm anterior to the hotspot. The COG of the

MEP in the ADM muscle elicited in the OL area was

5.0 ± 1.6 mm medial to and 5.5 ± 2.5 mm anterior to the

hotspot, and that elicited in the NOL area was

6.9 ± 1.4 mm medial to and 3.9 ± 3.5 mm posterior to the

hotspot. The COG of the MEP in the mediolateral axis was

significantly different among the four areas [F(3,

35) = 8.93, p\ 0.05]. A post hoc test revealed that the

COG of the MEP in the FDI muscle elicited in the NOL

area was significantly lateral to the COG of the MEP in the

FDI muscle elicited in the OL area or the COG of the MEP

in the ADM muscle elicited in the NOL or OL area

(p\ 0.05). In contrast, no significant difference in the

COG of the MEP in the anterior-posterior axis was found

among the four areas [F(3, 35) = 2.10, p = 0.12].

The COGs of the CSP are shown in Fig. 6b. Similar to

the COG of the MEP, the COG of the CSP of the FDI

muscle elicited at the NOL area was particularly lateral to

the other COGs of the CSP. The COG of the CSP elicited

in the OL area was 4.1 ± 1.3 mm medial to and

4.0 ± 2.5 mm anterior to the hotspot, while that elicited in

the NOL area was 4.3 ± 2.2 mm lateral to and

3.0 ± 2.6 mm anterior to the hotspot in the FDI muscle.

The COG of the CSP elicited in the OL area was

4.9 ± 1.6 mm medial to and 5.7 ± 2.4 mm anterior to the

hotspot, and that elicited in the NOL area was

7.0 ± 1.4 mm medial to and 3.9 ± 3.5 mm posterior to the

hotspot in the ADM muscle. The COG of the CSP in the

mediolateral axis was significantly different among the

four areas [F(3, 35) = 8.80, p\ 0.05]. A post hoc test

revealed that the COG of the CSP of the NOL area in the

FDI muscle was significantly lateral to the other three areas

(p\ 0.05). In contrast, the COG of the CSP in the anterior-

posterior axis was not significantly different among the

four areas [F(3, 35) = 2.20, p = 0.10].

Task Effect on the OL and NOL Areas

The number of active TMS sites in the FDI muscle is

shown in Fig. 7a. The number of active TMS sites was

similar between the OL and NOL areas and between the

Fig. 5 Specimen EMG traces. Each trace indicates the average of six

rectified EMG traces in the time window between 110 ms before

TMS and 240 ms after TMS. EMG traces in the upper panels are

from the FDI muscle (a–c), while those in the lower panels are from

the ADM muscle (d–f). An EMG response in each trace indicates an

MEP
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tasks. The number of active TMS sites in the OL area was

4.1 ± 0.8 during the TEST task and 4.9 ± 0.8 during the

TEST ? COND task. The number of active TMS sites in

the NOL area was 5.0 ± 1.3 during the TEST task and

5.5 ± 1.1 during the TEST ? COND task. The number of

active TMS sites was not significantly different between

Fig. 6 The distance of the COG of the MEP map (a) and that of the CSP map (b) from the hotspot. A filled square indicates the hotspot. Data

points and bars indicate the mean, and error bars indicate the standard error of the mean. An asterisk indicates a significant difference (p\ 0.05)

Fig. 7 The number of the active TMS sites (a, d), the MEP area (b,
e), and the CSP duration (c, f) in the OL and NOL areas. The upper

panels represent data from the FDI muscle (a–c) and the lower panels

represent data from the ADM muscle (d–f). Bars indicate the mean,

and error bars indicate the standard error. An asterisk indicates a

significant difference (p\ 0.05)
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the tasks [F(1, 9) = 1.90, p = 0.20] or between the areas

[F(1, 9) = 0.42, p = 0.53], and there was no significant

interaction between the two main effects [F(1, 9) = 0.02,

p = 0.89]. In contrast, in the ADM muscle, the number of

active TMS sites in the OL area was higher than that in the

NOL area, as shown in Fig. 7d. In the ADM muscle, the

number of active TMS sites in the OL area was 4.4 ± 0.9

during the TEST task and 4.8 ± 0.9 during the

TEST ? COND task. The number of active TMS sites in

the NOL area was 1.6 ± 0.3 during the TEST task and

0.9 ± 0.3 during the TEST ? COND task. The number of

active TMS sites was not significantly different between

the tasks [F(1, 8) = 0.11, p = 0.75], but the number of

active TMS sites in the NOL area was significantly smaller

than that in the OL area [F(1, 8) = 18.02, p\ 0.05],

without significant interaction between the two main

effects [F(1, 8) = 1.29, p = 0.29].

Tonic contraction of the adjacent muscle decreased the

area of the MEP elicited in the NOL area in the FDI

muscle, but did not decrease this area in the ADM muscle,

as shown in Fig. 7b, e. The MEP area was not significantly

different between the tasks [F(1, 9) = 4.96, p = 0.05], but

was significantly different between the OL and NOL areas

[F(1, 9) = 21.16, p\ 0.05], with significant interaction

between the two main effects [F(1, 9) = 6.18, p\ 0.05] in

the FDI muscle. The test of the simple main effect revealed

that the MEP area during the TEST ? COND task was

significantly smaller than that during the TEST task in the

NOL area [F(1, 16) = 10.63, p\ 0.05], and the MEP

elicited in the NOL area was significantly smaller than that

elicited in the OL areas during the TEST ? COND task

[F(1, 17) = 26.50, p\ 0.05]. The MEP elicited in the

NOL area was decreased by 18 % in the FDI muscle. In the

ADM muscle, the MEP area was not significantly different

between the tasks [F(1, 8) = 0.07, p = 0.80] or between

the sites [F(1, 8) = 4.96, p = 0.06], and there was no

significant interaction between the two main effects [F(1,

8) = 0.10, p = 0.76].

The tonic contraction of the adjacent muscle decreased

the duration of the CSP elicited in the NOL area in the FDI

muscle, but it did not do so in the ADM muscle, as shown

in Fig. 7c, f. The duration of the CSP in the FDI muscle

elicited in the OL area was 164.5 ± 9.6 ms during the

TEST task and 160.0 ± 8.6 ms during the TEST ? COND

task. The duration of the CSP in the FDI muscle elicited in

the NOL area was 161.2 ± 10.7 ms during the TEST task

and 139.7 ± 9.9 ms during the TEST ? COND task. The

CSP duration was not significantly different between the

tasks [F(1, 9) = 3.94, p = 0.08], but was significantly

different between the sites [F(1, 9) = 7.63, p\ 0.05];

there was a significant interaction between the two main

effects [F(1, 9) = 5.67, p\ 0.05]. The test of the simple

main effect revealed that the duration of the CSP elicited in

the NOL area during the TEST ? COND task was sig-

nificantly shorter than that elicited in the NOL area during

the TEST task [F(1, 14) = 8.29, p\ 0.05], and the dura-

tion of the CSP elicited in the NOL area was significantly

shorter than that elicited in the OL area during the

TEST ? COND task [F(1, 17) = 13.29, p\ 0.05]. The

duration of the CSP in the FDI muscle elicited in the NOL

area was decreased by 12 %. In the ADM muscle, the

duration of the CSP elicited in the OL areas was

154.6 ± 6.6 ms during the TEST task and 140.4 ± 6.7 ms

during the TEST ? COND task. The duration of the CSP

elicited in the NOL area was 157.1 ± 9.7 ms during the

TEST task and 155.3 ± 7.9 ms during the TEST ? COND

task. The CSP duration in the ADM muscle was not sig-

nificantly different between the tasks [F(1, 8) = 3.25,

p = 0.11] or between the areas [F(1, 8) = 2.13, p = 0.18],

and there was no significant interaction between the two

main effects [F(1, 8) = 3.79, p = 0.09].

Discussion

The present study investigated whether the excitability of

the corticospinal pathway and inhibitory circuits of the

primary motor cortex that project onto the corticospinal

neurons in the tonically contracting hand muscle is chan-

ged by tonic contraction of the adjacent hand muscle. The

area of the MEP and duration of the CSP in the FDI muscle

elicited by TMS over the NOL area were decreased by

tonic contraction of the ADM muscle, but these decreases

were absent in the MEP and CSP elicited across the OL

areas of the FDI muscle, as well as in those elicited across

both the OL and NOL areas of the ADM muscle.

Methodological Consideration

In a previous study, the effect of the tonic contraction of

the ADM muscle on the MEP elicited across the active

TMS sites of the MEP map in the tonically contracting FDI

muscle was investigated (Jono et al. 2015). In this previous

study, participants abducted their index and/or little fingers

against rigid plates fixed over a table. When they abducted

their fingers against the fixed rigid plates, cutaneous sen-

sation was likely produced by counter force from the

plates. In the present study, cutaneous sensation was min-

imal during the tasks, because the index and/or little fingers

were freely abducted. Thus, cutaneous sensation must not

be the cause of the change in the MEP area or CSP dura-

tion. When moving the fingers freely, proprioceptive

afferents from the contracting muscle are produced.

However, such proprioceptive afferents must not have been

related to the changes in the MEP area or changes in the

CSP duration either, because the velocity of finger motion
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was almost zero when TMS was delivered. While the MEP

is dependent on the bEMG level (Devanne et al. 1997;

Hasegawa et al. 2001), the CSP is not (Inghilleri et al.

1993; Kojima et al. 2013). Nevertheless, the pre-stimulus

bEMG level must not have affected the MEP map in the

tested muscle, because EMG activity was maintained at a

certain level; indeed, the level was not significantly dif-

ferent among the TMS sites or among the tasks. The onset

of fatigue-induced facilitation of the MEP occurs after

6 min of sustained contraction of the tested muscle with

20 % of the MVC, and that of the CSP occurs after 13 min

of such contraction (Sacco et al. 1997). However, in the

present study, each session terminated before the onset of

fatigue: the participant sustained the target EMG level

(10 % of MVC) for only about 30 s each session. Thus, the

fatigue within each session must not have been the cause of

the changes in the MEP area and CSP duration. In addition,

fatigue across sessions must not have been the cause of the

changes in the MEP area or CSP duration, because the

effect of long-term fatigue was cancelled by random

alternation of the TMS sites and tasks session by session.

Abduction of the index finger in the TEST task of the FDI

muscle was smaller than that in the TEST ? COND task of

the same muscle. This may have been related to the change

in mechanical constraint induced by abduction of the little

finger; the tension of the connective tissues in the hand

increased during little finger abduction and increased the

passive force pulling the index finger to the side of the little

finger. The total sum of the number of active TMS sites in

the OL and NOL areas was around seven in the present

study. The number of active TMS sites in the hand muscles

was from 20 to 40 when an amplitude of MEP larger than

10 lV was considered to be active (Wassermann et al.

1992), but it was around six when MEPs larger than two-

thirds of the maximum MEP amplitude were considered to

be active (Reilly and Mercier 2008). The small number of

active TMS sites in the present study must have been due to

the strict criteria for defining active TMS sites: only MEPs

larger than two-thirds of the maximum MEP size were

considered to be active, following the criteria of Reilly and

Mercier (2008). Finally, the change in the number of active

TMS sites must not have been the cause of the changes in

the MEP area or CSP duration induced by tonic contraction

of the adjacent muscle, because the number was not sig-

nificantly different between the tasks.

Hotspot

The MEP and CSP elicited at the hotspot in the tonically

contracting muscle were not affected by tonic contraction

of the adjacent muscle. This finding was consistent with the

previous finding that tonic contraction of the FDI muscle

did not change the amplitude of the MEP or the duration of

the CSP in the tonically contracting ADM muscle elicited

at the hotspot (Poston et al. 2012). MEP size as a function

of TMS intensity forms a sigmoidal curve (Devanne et al.

1997; Carrol et al. 2001). High-intensity TMS was deliv-

ered to elicit a sufficient length of CSP in the present study,

as well as in the previous study by Poston et al. (2012). In

our study, TMS with an intensity of 120 % of RMT was

delivered during tonic contraction with 10 % MVC; in the

previous study by Poston et al. (2012), TMS with an

intensity of 130 % of RMT was delivered during tonic

contraction with 5 % MVC. Accordingly, one may spec-

ulate that the excitability of the MEP in the tested muscle

elicited by high-intensity TMS at the hotspot was not

changed by tonic contraction of the conditioned muscle due

to the ceiling effect resulting from the large MEP size.

However, such a phenomenon was not likely, because even

when TMS with intensity at the RMT was delivered over

the hotspot, the MEP amplitude in the FDI muscle at rest

was not changed by tonic contraction of the ADM muscle

in a previous study (Jono et al. 2015).

Moreover, the amplitude of the MEP and the duration of

the CSP in both the FDI and ADM muscles elicited at the

hotspot were not changed by tonic contraction of the

adjacent muscle, indicating that the changes in excitability

of the corticospinal pathway and the GABA-mediated

inhibitory circuits elicited at the hotspot induced by tonic

contraction of the adjacent muscle were not dependent on

the muscle tested. In previous studies, the MEP amplitude

in the ADM or abductor pollicis brevis (APB) muscle

elicited at the hotspot was decreased by phasic contraction

of the FDI muscle (Sohn and Hallett 2004a, b; Beck et al.

2008; Poston et al. 2012), and the MEP amplitude in the

ADM or APB muscle at rest elicited at the hotspot was

facilitated by tonic contraction of the FDI muscle (Hess

et al. 1986; Beck et al. 2008). These previous findings were

derived from a task in which the conditioned muscle was

phasically contracted or the tested muscle was at rest. In

contrast, when the tested muscle was tonically contracted,

the changes in the amplitude of the MEP and/or the dura-

tion of the CSP elicited at the hotspot induced by tonic

contraction of the adjacent muscle were absent (Poston

et al. 2012; Jono et al. 2015). Accordingly, it is likely that

the excitability of the corticospinal pathway and the

GABA-mediated inhibitory circuits of the primary motor

cortex that project onto the corticospinal neurons in the

hand muscle elicited at the hotspot is not modulated by the

contraction of the adjacent muscle when the tested muscle

is tonically contracted.

OL and NOL Areas

The MEP area and CSP duration of the FDI muscle elicited

in the NOL area were decreased by tonic contraction of the
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ADM muscle, although such a decrease was not observed

in either the MEP or CSP of the FDI muscle elicited in the

OL area, or those of the ADM muscle elicited in either the

OL or NOL area. These findings indicate that excitability

of the corticospinal pathway and the GABA-mediated

inhibitory circuits of the primary motor cortex that pre-

dominantly project onto the corticospinal neurons in the

FDI muscle are specifically decreased by the descending

drive to the ADM muscle. One question regarding this

finding is why both the MEP area and CSP duration were

similarly decreased by adjacent muscle contraction. Con-

sistent with the present finding, both the amplitude of the

MEP and the duration of the CSP in the tonically con-

tracting muscle elicited at the hotspot were previously

reported to be decreased by phasic contraction of the

adjacent muscle (Poston et al. 2012). As speculated by

Poston and colleagues in this previous study, the similar

decreases in the MEP area and CSP duration induced by

contraction of the adjacent muscle must be mediated by

different neural mechanisms.

The CSP duration recorded in the present study was

considered to represent the activity of the intracortical

inhibitory circuits in the motor representation, as it was

long enough to represent cortical activity (Fuhr et al. 1991;

Inghilleri et al. 1993; Chen et al. 1999). More specifically,

the long-lasting CSP represents the activity of the inhibi-

tory circuits mediated by GABA (Nakamura et al. 1997;

Siebner et al. 1998; Chen et al. 2008). Thus, the effect of

the tonic contraction of the adjacent muscle on the CSP

observed in the present study means that tonic contraction

of the ADM muscle decreases the excitability of the

GABA-mediated inhibitory circuits in the representation

that predominantly project onto the corticospinal neurons

in the FDI muscle.

On the other hand, various neural circuits that project

onto the corticospinal neurons in the FDI muscle are pos-

sible candidates for the decrease in the MEP area. TMS

transsynaptically activates the intracortical circuits, induc-

ing descending volleys (the D-wave and I1, I2, and I3
waves). These volleys produce an MEP in the tested

muscle. Each I-wave is mediated by different interneurons

that project onto the corticospinal neurons (Di Lazzaro

et al. 2004). Moreover, when the inhibitory interneurons

are activated by the paired-TMS, the MEP is decreased no

matter how long the inter-stimulus interval is (Chen et al.

1999), indicating that the activity of various inhibitory

interneurons that project onto the corticospinal neurons

decreases the MEP. The decrease in the long-lasting CSP

duration observed in the present study reflects the decrease

in excitability of the GABA-mediated inhibitory neurons

acting for the CSP (Nakamura et al. 1997; Siebner et al.

1998; Chen et al. 2008). The SICI is inhibited during the

CSP, indicating that the activity of the GABA-mediated

inhibitory neurons acting for the CSP inhibits the SICI (Ni

et al. 2007). In the present study, both the MEP area and

CSP duration of the FDI muscle were decreased by tonic

contraction of the ADM muscle. Given these findings, one

possible explanation for the observed decrease in the MEP

area of the FDI muscle induced by tonic contraction of the

ADM muscle in the present study would be disinhibition of

the SICI due to a decrease in excitability of the GABA-

mediated intracortical inhibitory neurons acting for the

CSP.

Muscle-specific Effect

In contrast to the findings in the FDI muscle, tonic con-

traction of the FDI muscle did not change the excitability

of the corticospinal pathway or the GABA-mediated

inhibitory circuits of the primary motor cortex that project

onto the corticospinal neurons in the ADM muscle. The

NOL area of the FDI muscle was particularly lateral to the

OL area of the FDI muscle and lateral to the OL and NOL

areas of the ADM muscle. Accordingly, the present

finding might be explained by the viewpoint that the

activity of the lateral area of the FDI representation is

particularly interactive with the descending drive to the

ADM muscle. An alternative explanation for the muscle-

specific effect of adjacent muscle contraction may be a

difference in supraspinal control between the index and

little fingers. The index finger moves independently in

daily activities. Such independence of the index finger is

supported by previous findings that involuntary force

production of the fingers induced by force production of

the index finger is smaller than that induced by force

production of the little finger (Häger-Ross and Schieber

2000; Reilly and Hammond 2000; Slobounov et al.

2002a, b), and that the tapping speed of the index finger is

faster than that of the little finger when single-finger or

double-finger tapping is performed (Aoki et al. 2005). The

FDI and ADM muscles become the synergists when the

index and little fingers are abducted together, because

simultaneous abduction of the index and little fingers is

common in daily activities, such as when spreading out

the fingers. When those muscles act as the synergists, an

isolated descending drive to the FDI muscle may be

detrimental for the coordinated activity of these muscles.

Therefore, the decrease in the MEP and CSP elicited in

the NOL area of the FDI muscle induced by tonic con-

traction of the ADM muscle can be reasonably explained

by the decrease in susceptibility of the circuits of the

primary motor cortex that project onto the corticospinal

neurons in the relatively independent FDI muscle to

prevent isolated activity of the muscle causing indepen-

dent index finger movement, when the FDI muscle acts

together with the ADM muscle as the synergist.
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Conclusion

The area of the MEP and the duration of the CSP in the FDI

muscle elicited across the sites where the MEP is pre-

dominantly elicited in the FDI muscle were decreased by

tonic contraction of the ADM muscle. In contrast, the MEP

area and CSP duration of the FDI muscle elicited across the

sites where the MEP is elicited in both the FDI and ADM

muscles, and those of the ADM muscle elicited both across

the sites where the MEP is predominantly elicited in the

ADM muscle and the sites where the MEP is elicited in

both the FDI and ADM muscles, were not changed by tonic

contraction of the adjacent hand muscle. These area-de-

pendent and muscle-specific decreases in the MEP area and

CSP duration may reflect the fact that the activity of the

lateral area of the FDI representation interacts with the

descending drive to the ADM muscle, or the fact that the

susceptibility of the motor representation that projects onto

the FDI muscle, which plays a role in independent finger

movement, is decreased when both the FDI and ADM

muscles act together as synergists.
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