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Mechanisms Underlying Functional Changes in the Primary
Motor Cortex Ipsilateral to an Active Hand

Monica A. Perez and Leonardo G. Cohen
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Health, Bethesda, Maryland 20892

Performance of a unimanual hand motor task results in functional changes in both primary motor cortices (M1ipsilateral and
M1contralateral). The neuronal mechanisms controlling the corticospinal output originated in M1ipsilateral and the resting hand during a
unimanual task remain unclear. Here, we assessed functional changes within M1ipsilateral and in interhemispheric inhibition (IHI) asso-
ciated with parametric increases in unimanual force. We measured motor-evoked potential (MEP) recruitment curves (RCs) and short-
interval intracortical inhibition (SICI) in M1ipsilateral, IHI from M1contralateral to M1ipsilateral, and the influence of IHI over SICI using
transcranial magnetic stimulation at rest and during 10, 30, and 70% of maximal right wrist flexion force. EMG from the left resting flexor
carpi radialis (FCR) muscle was comparable across conditions. Left FCR MEP RCs increased, and SICI decreased with increasing right
wrist force. Activity-dependent (rest and 10, 30, and 70%) left FCR maximal MEP size correlated with absolute changes in SICI. IHI
decreased with increasing force at matched conditioned MEP amplitudes. IHI and SICI were inversely correlated at increasing forces. In
the presence of IHI, SICI decreased at rest and 70% force. In summary, we found activity-dependent changes in (1) SICI in M1ipsilateral, (2)
IHI from M1contralateral to M1ipsilateral, and (3) the influence of IHI over SICI in the left resting hand during force generation by the right
hand. Our findings indicate that interactions between GABAergic intracortical circuits mediating SICI and interhemispheric glutama-
tergic projections between M1s contribute to control activity-dependent changes in corticospinal output to a resting hand during force
generation by the opposite hand.
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Introduction
The primary motor cortex contralateral (M1contralateral) to a mov-
ing hand undergoes activity-dependent adaptations (Evarts,
1968; Lemon et al., 1986; Maier et al., 1993; Ashe, 1997). Func-
tional magnetic resonance imaging (fMRI) studies have shown
that blood oxygenation level-dependent signal activity in
M1contralateral relates to the type and magnitude of the motor ac-
tion (Dettmers et al., 1995; Dai et al., 2001), as does the amplitude
of motor-evoked potentials (MEPs) elicited by transcranial mag-
netic stimulation (TMS) (Flament et al., 1993; Hasegawa et al.,
2001; Ni et al., 2006).

Task-related adaptations have also been reported in the M1
ipsilateral (M1ipsilateral) to an active arm. In monkeys, activity in
neurons within M1ipsilateral depends on the type of upper-limb
movement (Tanji et al., 1988; Cisek et al., 2003). fMRI (Dettmers
et al., 1995; Thickbroom et al., 1998; Dai et al., 2001; van Duinen
et al., 2008) and TMS (Hess et al., 1986; Stedman et al., 1998;

Tinazzi and Zanette, 1998; Muellbacher et al., 2000; Hortobagyi
et al., 2003) studies in humans revealed functional changes in
M1ipsilateral during parametric increases in unimanual force. Ad-
ditionally, motor learning studies have demonstrated the in-
volvement of M1ipsilateral during acquisition of unimanual motor
skills (Chen et al., 1997; Davare et al., 2007; Duque et al., 2007;
Perez et al., 2007). Although increasing evidence points to the
involvement of M1ipsilateral during performance of a unimanual
motor task, the neuronal mechanisms controlling the corticospi-
nal output originated in the M1ipsilateral and the resting hand re-
main unclear. Gaining insight into these mechanisms may con-
tribute to a better understanding of how unimanual and
bimanual movements are controlled (Carson, 2005).

Activity in M1ipsilateral may be influenced by input from the op-
posite M1contralateral (Carson, 2005). In humans, interhemispheric
inhibitory interactions between M1s can be measured using a
paired-pulse TMS technique [interhemispheric inhibition (IHI)]
(Ferbert et al., 1992). IHI is absent in patients with callosal lesions or
agenesis of the corpus callosum, suggesting that they involve tran-
scallosal pathways (Rothwell et al., 1991; Meyer et al., 1995). Tran-
scallosal pathways between motor cortices and intracortical inhibi-
tory circuits contribute to control the corticospinal output from the
M1 (Avanzino et al., 2007; Lee et al., 2007). Therefore, we hypothe-
sized that their interactions may contribute to control the corticopi-
nal output from M1ipsilateral in an activity-dependent manner.
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The purpose of the present study was to gain insight into the
mechanisms controlling the corticospinal output to a resting
hand (originated in M1ipsilateral) during performance of a force
generation by the contralateral hand. We measured activity-
dependent changes in motor cortical excitability [MEP recruit-
ment curves (RCs)], short-interval intracortical inhibition (SICI)
(Kujirai et al., 1993), IHI (Ferbert et al., 1992), and the influence
of IHI over SICI (Daskalakis et al., 2002) as a function of para-
metric changes in unimanual wrist force flexion. We found that
SICI in M1ipsilateral and IHI from M1contralateral to M1ipsilateral as
well as their interactions differed at different force levels, indicat-
ing that interhemispheric connections between M1s provide one
possible pathway by which M1ipsilateral is facilitated, whereas
modulation of intracortical inhibition may provide a mechanism
for the facilitation.

Materials and Methods
Subjects. Ten right-handed healthy volunteers (five women and five men)
with an average age of 27.5 � 4.2 years participated in the study. All
subjects gave their informed consent to the experimental procedure,
which was approved by the National Institute of Neurological Disorders
and Stroke (NINDS) ethics committee. The study was performed in
accordance with the Declaration of Helsinki. All subjects participated in
three to four testing sessions separated by at least 2 d in the Human
Cortical Physiology Section laboratory at NINDS, National Institutes of
Health. On each session, subjects performed 10, 30, and 70% of their
maximal right wrist flexion force in a randomized order with the right
arm while the left arm remained at rest. Measurements of motor cortical
function were acquired at the different force levels and at rest (see below,
TMS measurements).

Motor task. Subjects were seated in an armchair with both arms flexed
at the elbow by 90° and the wrist in a neutral position. The right arm was
attached to a custom six-axis load cell (35-E15A; JR3), which measures
the forces exerted by the subject (Fig. 1 A). Custom software was written
to acquire signals from the load cell and to display visual feedback corre-
sponding to rest and 10, 30, and 70% of each subject maximal right wrist
flexion force in real time (Matlab R14SP3; Mathworks). Subjects were
instructed to respond to the GO signal (target signal) presented on a
computer monitor by moving a cursor to a target box. Figure 1 B illus-
trates the location of the target box showing that at 10% of force there is
a small distance between the target signal and target box compared with
70% of force. Subjects had to maintain the cursor in the target box for 3–5
s by performing a right wrist flexion isometric contraction. The instruc-
tion for the subject was “When you see the GO signal, bend the right wrist
and completely relax the left arm.” The maximal right wrist flexion force
was measured three times at the beginning of each session, and measure-
ments were averaged. Electrophysiological measurements were taken at
rest and during 10, 30, and 70% of maximal right wrist flexion force. At
the time the GO signal appeared on the computer screen, a trigger pulse
was sent to a software program (Signal), which in turn triggered the TMS.
Each TMS pulse was applied during the right flexor carpi radialis (FCR)
voluntary muscle burst in all force trials. During testing, the left arm was
immobilized by a custom brace to ensure that the same testing position
was maintained in all experimental sessions. The left FCR electromyo-
gram (EMG) was displayed as a continuous line on an oscilloscope dur-
ing right wrist voluntary contraction, and feedback was constantly shown
to participants and experimenters. In addition, verbal feedback was pro-
vided to the subjects to assure that the left FCR remained at rest at all
times. In individual traces, EMG activity on the left FCR was analyzed 500
ms before the stimulus artifact. Trials in which left FCR activity exceeded
the background noise level of 25 �V were excluded from additional
analysis (Muellbacher et al., 2000). In �11.2% of trials, subjects were
unable to relax the left FCR completely; this is consistent with a previous
report (Hortobagyi et al., 2003).

Electromyographic recordings. Surface electrodes were positioned bilat-
erally on the skin overlying the FCR muscles in a bipolar montage (in-
terelectrode distance, 2 cm). The amplified EMG signals were filtered

(bandpass, 25 Hz to 1 kHz), sampled at 2 kHz, and stored on a personal
computer for off-line analysis.

TMS measurements. TMS was delivered to the optimal scalp position
for activation of the FCR muscles overlying left- and right-hand primary
motor cortices (hot spot). The hot spot shows good correlation with
stimulation of Brodmann’s area 4 (Mills et al., 1992). MEPs were elicited
by transcranial magnetic stimuli delivered from a Magstim 200 stimula-
tor (Magstim Company) through a figure-eight coil (loop diameter, 8
cm; type number SP15560) with a monophasic current waveform. The
coil was held tangential to the scalp with the handle pointing backward
and 45° away from the midline to activate the corticospinal system pref-
erentially trans-synaptically via horizontal corticocortical connections
(Di Lazzaro et al., 2004). Measures of motor cortical excitability included
the resting motor threshold (RMT), MEP RCs, maximal MEP size (MEP-
max), SICI in the right M1ipsilateral, and IHI from M1contralateral to
M1ipsilateral. Because of the length of the physiological measurements and
to avoid excessive fatigue, all measurements were completed in three to
four sessions. Four subjects were asked to return for an additional session
to assess the effect of IHI on SICI at 70% of maximal right wrist flexion
force and at rest.

Figure 1. Experimental set-up. A, Schematic of the experimental set-up. Subjects were
instructed by the monitor to perform different levels of maximal right wrist flexion force while
RC, SICI, IHI, and the influence of IHI on SICI were tested in the left, resting hand. The right
forearm was immobilized in the manipulandum. The figure also illustrates the position of the
TMS coils. B, Diagram showing the visual display presented to all subjects during testing. The
black vertical line in the center is the cursor that subjects were instructed to move by performing
right isometric wrist flexion force over the manipulandum. The “GO” signal (dark gray box
located to the left of the cursor) was also the target to where subjects had to move the cursor,
maintaining it in position for 3–5 s. The distance between cursor and target related to the
magnitude of force required to accomplish each task, normalized to the maximal wrist flexion
force determined in each participant.
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MEPs RCs. RCs were measured in the left FCR while the right FCR was
at rest and during 10, 30, and 70% of maximal right wrist flexion force in
all subjects. At all times, the left FCR remained at rest. Stimulus intensi-
ties started at 5% below the RMT, defined as the lowest intensity of TMS
output required to evoke MEPs of at least 50 �V in peak-to-peak ampli-
tude in at least three of five consecutive trials (Rossini et al., 1994).
Stimulus intensities were increased in 5% steps of maximal device output
until the MEP amplitude did not show additional increases (MEP-max,
defined in all participants). Five MEPs were recorded at each stimulation
intensity, and each RC determination was repeated twice. Therefore, 10
trials were available to determine MEP amplitudes at each stimulus in-
tensity. TMS pulses were given every 10 s. Several periods of rest were
given to subjects between trials to avoid muscle fatigue. MEP amplitudes
were measured peak to peak, averaged off-line, and expressed as a per-
centage of the maximal peripheral motor response (M-max). To deter-
mine M-max, the median nerve was stimulated (1 ms rectangular pulse)
with supramaximal intensity using bipolar surface electrodes placed at
the elbow. Subsequently, data were normalized to the individual RMT of
each participant.

SICI. SICI in M1ipsilateral was measured in the left FCR while the right
FCR was at rest and during 10, 30, and 70% of maximal right wrist flexion
force in all subjects. At all times, the left FCR remained at rest. SICI was
tested using the method described by Kujirai et al. (1993). A conditioning
stimulus (CS) was set at an intensity of the RMT that elicited an amount
of inhibition of �50% at rest. In all subjects, the intensity used for the CS
ranged from 33 to 53% of the stimulator output (45.3 � 6.1% of stimu-
lator output) corresponding to 79.4% of the RMT. This low-intensity
stimulus does not activate corticospinal fibers and does not produce
changes in the excitability of spinal motoneurons (Di Lazzaro et al.,
2001). The same stimulation intensity used for the CS at rest was used
during trials in which 10, 30, and 70% of maximal right wrist flexion
force was completed. The test stimulus (TS) was adjusted to produce an
MEP of �0.3– 0.5 mV at rest. Test stimuli were delivered 2.5 ms after CS,
an optimal interstimulus interval for eliciting SICI and to avoid mixture
of the two phases of inhibition (Fisher et al., 2002). At this interval, SICI
is prone to contamination by the second peak of short-interval intracor-
tical facilitation (Ziemann et al., 1998), which may, to some extent, affect
SICI. In cases in which TS size was facilitated by the right wrist flexion,
the TS intensity was adjusted to match a size of 0.3– 0.5 mV. Ten test
stimuli and conditioning stimuli were presented randomly at each con-
dition, and responses were recorded for off-line analysis. Stimuli were
applied every 10 s. Several periods of rest were given to subjects between
trials to avoid muscle fatigue. Measurements were repeated three times at
rest until a consistent baseline was established. After the baseline was
established, two measurements were done at each level of right wrist
flexion and averaged.

IHI. IHI from M1contralateral to M1ipsilateral was measured in the left
FCR during 10, 30, and 70% of maximal right wrist flexion force in all
subjects. At all times, the left FCR remained at rest. IHI was tested after a
randomized conditioning-test design reported previously (Ferbert et al.,
1992). A suprathreshold CS was set at an intensity of the RMT that
elicited an amount of inhibition of �50%. In all subjects, the intensity
used for the CS ranged from 58 to 76% of the stimulator output (67.2 �
6% of stimulator output) corresponding to 122.8% of the RMT. The
same stimulation intensity was used for the CS during 10, 30, and 70% of
force. Testing was also completed, when the intensity of the CS was
adjusted to maintain similar conditioned MEP (the “conditioned MEP”
is the MEP elicited by the CS and TS) amplitudes during right wrist
flexion force (Chen, 2004). Here, the size of the CS was maintained
around 1 mV during all levels of right wrist flexion (10% � 1.3 � 0.8 mV;
30% � 1.4 � 1 mV; 70% � 1.2 � 0.8 mV) by decreasing the intensity of
the CS pulse. We were not able, in all subjects, to match this MEP ampli-
tude for the conditioned MEP when IHI was tested at rest (even increas-
ing the stimulator output to 100%). Therefore, we completed a separate
test to compare the magnitude of IHI with the right FCR at rest and
during 10% of force with and without adjustments of the conditioned
MEP amplitude.

During all testing, the CS was given 10 ms before a TS delivered to the
contralateral side. The CS was always given to the left M1, and the TS was

always given to the right M1. In all testing, the size of the TS was main-
tained at �0.3– 0.5 mV at rest and during all levels of right wrist flexion.
The coil was positioned at the optimal location for activating the left and
right FCR, respectively. The two coils were secured by straps and attached
to a coil holder to ensure that the same area of the primary motor cortex
was stimulated. The handle of the coils pointed backward and laterally
�45° to the midsagittal line. The order of the testing was randomized.
Ten test stimuli and conditioning stimuli were averaged during off-line
analysis. Stimuli were applied every 10 s. Several periods of rest were
given to subjects between trials to avoid muscle fatigue. Measurements
were repeated three times at rest until a consistent baseline was estab-
lished. After the baseline was established two measurements were done at
each level of right wrist flexion and averaged.

Effect of IHI on SICI. Previous evidence demonstrated that SICI is
reduced in the presence of IHI when tested at rest (Daskalakis et al.,
2002). Here, we investigated whether SICI tested in the right M1ipsilateral

was altered by IHI from the left M1contralateral to the right M1ipsilateral at
rest and during 70% of maximal right wrist flexion force using an exper-
imental paradigm similar to that used before (Daskalakis et al., 2002).
Because our results demonstrated that SICI decreased at 70% of force, we
asked four subjects who had incomplete decrease in SICI at 70% of force
and in whom we were able to elicit reliable SICI by changing the CS
intensity to return for an additional testing session. Seven conditions
were tested and are listed in Table 1 as 1A–1G. Conditions 1A to 1C were
used to determine SICI (1B/1A) and IHI (1C/1A) for a 0.3 mV test MEP.
Because IHI inhibits the test MEP and SICI tested in M1ipsilateral may be
altered by an attenuated test MEP, for conditions 1D-1G the strength of
the TS was adjusted to produce a 0.3 mV test MEP in the presence of an
earlier conditioning pulse to M1contralateral that occurred 10 ms before a
TS (CCS10). Here, we refer to this TS a “TS 0.3 mVCCS10.” This adjust-
ment allowed us to match MEP amplitudes to produce a similar degree of
corticospinal activation with (1F) and without (1D) preceding a CCS10.
We studied SICI in the presence of IHI using three pulses in condition
1G. We measured SICI (1E/1D) and IHI (1F/1D) with the increased TS
strength (TS 0.3 mVCCS10). In this experiment, we compared SICI in the
presence of IHI (1G/1F) to SICI in the absence of IHI matched for test
MEP amplitude (1B/1A) and TS intensity (1E/1D).

Data analysis. In the initial analysis, normal distribution was tested by
the Kolmogorov–Smirnov tests for each variable, and Mauchly’s test of
sphericity was followed by a repeated-measures ANOVA to determine
the effect of TASK (rest and 10, 30, and 70%) on left FCR EMG activity
and to determine the effect of TASK (rest and 10, 30, and 70%) and
stimulus INTENSITY (1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9) on
MEP RCs. We also tested the effect of TASK (rest and 10, 30, and 70%) on
SICI and MEP-max. During IHI testing, we assessed the effect of TASK
(10, 30, and 70%) on IHI and used a paired t test to compare IHI mea-
surements at rest and during 10% of force. Repeated-measures ANOVA
was used to test the effect of IHI on SICI. A Bonferroni post hoc test was
used for multiple comparisons. Significance was set at p � 0.05. Variance
is expressed as mean � SD. Pearson correlation analysis was used to test
correlations as needed.

Table 1. Stimulus conditions used to test the effect of IHI on SICI

Stimulus intensity

Condition CCS10 CS2 TS

1A 0.3 mV
1B 80% RMT 0.3 mV
1C 120% RMT 0.3 mV
1D TS 0.3 mVCCS10

1E 80% RMT TS 0.3 mVCCS10

1F 120% RMT TS 0.3 mVCCS10

1G 120% RMT 80% RMT TS 0.3 mVCCS10

CCS10, CS applied over the left M1ipsilateral delivered 10 ms before the TS applied over the right M1contralateral for
testing IHI; CS2, CS delivered 2.5 ms before TS for testing of SICI; TS 0.3 mVCCS10, TS adjusted to produce a 0.3 mV MEP
in the presence of a previous CCS10 pulse.
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Results
MEP RCs
Figure 2A illustrates left FCR MEPs re-
corded in a single subject while the right
FCR was at rest and during 10, 30, and 70%
of maximal right wrist flexion force.
Repeated-measures ANOVA showed effect
of TASK (F � 23.2; p � 0.001), INTEN-
SITY (F � 43.2; p � 0.001), and their in-
teraction TASK � INTENSITY (F � 1.7;
p � 0.02) on left FCR MEP RCs in all sub-
jects (Fig. 2B). Post hoc testing showed a
significant increase in RC amplitude at
70% ( p � 0.001) and 30% ( p � 0.001) of
force compared with rest. MEP RCs were
significantly larger at 70% compared with
30% ( p � 0.001) and 10% ( p � 0.001) of
force. MEPs RC were significantly larger at
30% compared with 10% ( p � 0.01). No
differences were observed between MEPs
RC at rest and during 10% ( p � 0.2) of
force. RMTs remained unchanged across
conditions (F � 1.56; p � 0.2). Repeated-
measures ANOVA showed effect of TASK
(F � 8.9; p � 0.001) on MEP-max. Post hoc
testing showed a significant increase in
MEP-max at 70% (11.8 � 6.6% of M-max;
p � 0.001) compared with rest (6.7 � 3%
of M-max; p � 0.001) and 10% (7.2 �
2.9% of M-max; p � 0.01) of force. No
difference was observed between MEP-
max at rest and 10% ( p � 0.9) and 30%
( p � 0.2) of force. MEP-max were larger at
70% compared with 30% ( p � 0.03). EMG
activity in the right FCR increased with in-
creasing levels of right wrist flexion (F �
7.2; p � 0.01), while no changes were ob-
served in EMG activity in the left FCR (F �
0.2; p � 0.8). In summary, left FCR MEPs
RC amplitude increased with increasing
levels of force generated by the right-hand.

SICI
Figure 3A illustrates changes in SICI in
M1ipsilateral recorded in a single subject
while the right FCR was at rest and dur-
ing 10, 30 and 70% of force. Repeated-
measures ANOVA showed a significant
effect of TASK (rest and 10%, 30% and
70%; F � 20.03; p � 0.001) (Fig. 3B) on
SICI. Post hoc analysis revealed a signifi-
cant attenuation of SICI (Cond.
MEP*100)/Test MEP) at 70% (89.6 �
24.6%; p � 0.001) and 30% (62.2 �
23.8%; p � 0.04) compared with rest
(42.7 � 9.2%). SICI was decreased at
70% compared with 30% ( p � 0.001)
and 10% ( p � 0.01) of force. SICI was decreased, although not
significantly, at 30% compared with 10% ( p � 0.08) of force.
No difference was observed between SICI at rest and 10%
(mean, 44.8 � 11.1%; p � 0.9). Test MEP amplitudes across
conditions were comparable (rest � 0.34 � 0.2 mV; 10% �

0.3 � 0.15 mV; 30% � 0.32 � 0.14 mV; 70% � 0.35 � 0.22
mV; F � 0.68; p � 0.57). EMG activity in the right FCR in-
creased with increasing levels of right wrist flexion (F � 8.1;
p � 0.01), with no changes in EMG activity in the left FCR
(F � 0.9; p � 0.5). In summary, SICI tested in M1ipsilateral

Figure 2. Recruitment curves. A, MEPs recorded from the left FCR of a representative subject during performance of different
levels of maximal right wrist flexion force (rest and 10, 30, and 70%). In the left column, traces show burst of EMG activity across
the different force levels, whereas in the right column, traces shows 1 s of EMG activity within each burst. Calibration bars are
shown for the left FCR at rest and the right FCR across force levels. Note the increasing levels of EMG activity in the right FCR (R FCR)
while the left FCR (L FCR) remains at rest. B, Group data (n � 10) showing left FCR MEP RCs at rest and during 10, 30, and 70% of
maximal right wrist flexion force. The abscissa shows transcranial magnetic stimulus intensity expressed relative to the RMTs in
each subject, and the ordinate shows MEP amplitudes as a percentage of the left FCR M-max. Error bars indicate SEs. *p � 0.05.
Note the progressive increment in RCs with increasing levels of maximal right wrist flexion force.
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decreased with increasing levels of force generated by the right
hand.

IHI
With matched conditioned and test MEP amplitudes across force
levels, Figure 4A illustrates changes in IHI from M1contralateral to
M1ipsilateral recorded in a single subject during 10, 30, and 70% of
force. Repeated-measures ANOVA showed a significant effect of
TASK (10, 30, and 70%; F � 9.5; p � 0.01) (Fig. 4B) on IHI. Post
hoc analysis revealed a significant attenuation of IHI (condi-
tioned MEP � 100)/test MEP) at 70% (82.7 � 26%) compared
with 10% (48 � 10%; p � 0.001) of force. IHI was decreased at
30% (71.7 � 22.8%; p � 0.04) compared with 10% ( p � 0.02),
but no differences were observed between 70 and 30% ( p � 0.4).
Test (10% � 0.35 � 0.2 mV; 30% � 0.40 � 0.16 mV; 70% �
0.45 � 0.3 mV; F � 1.38; p � 0.27) and conditioned MEP am-
plitudes (10% � 1.3 � 0.8 mV; 30% � 1.4 � 1 mV; 70% � 1.2 �
0.8 mV; F � 1.4; p � 0.3) were comparable across conditions.
EMG activity in the right FCR increased with right wrist flexion
force (F � 6.3; p � 0.01), and no changes were observed in left
FCR EMG activity (F � 1.08; p � 0.4). With matched condi-
tioned and test MEP amplitudes in a different set of experiments,
we compared IHI at rest and during 10% of force. Here, IHI
(rest � 55 � 24%; 10% � 68 � 20.5%; p � 0.36) was comparable
while the test (rest � 0.35 � 0.21 mV; 10% � 0.41 � 0.26 mV;
p � 0.2) and conditioned MEP (rest � 0.35 � 0.21 mV; 10% �
0.41 � 0.26 mV; p � 0.2) amplitudes were matched. EMG activ-
ity in the right FCR increased at 10% compared with rest ( p �
0.01) with no changes in EMG activity in the left FCR ( p � 0.43).

Without adjusting for the size of the
conditioned MEP amplitude, repeated-
measures ANOVA showed a significant ef-
fect of TASK (10, 30, and 70%; F � 12.8;
p � 0.001) on IHI. IHI (conditioned
MEP � 100)/test MEP) was significantly
increased (as seen by lower numbers) at
70% (31.3 � 21%) compared with 30%
(64 � 21.5%; p � 0.001) and 10% (52 �
11.8%; p � 0.02) of force. Test MEP ampli-
tudes were comparable (10% � 0.46 �
0.22 mV; 30% � 0.48 � 0.2 mV; 70% �
0.53 � 0.32 mV; F � 0.26; p � 0.7),
whereas the size of the conditioned MEP
increased with increasing force (10% �
1.0 � 0.6 mV; 30% � 1.7 � 1 mV; 70% �
3.4 � 1.4 mV). EMG activity in the left FCR
was comparable across conditions ( p �
0.51). Without adjusting for the size of the
conditioned MEP amplitude, we also com-
pared IHI at rest and during 10% of force in
a different set of experiments. IHI (condi-
tioned MEP � 100)/test MEP) increased at
10% (48 � 17.7%) compared with rest
(63.6 � 22%; p � 0.04) when test MEP
amplitudes were comparable (rest �
0.28 � 0.22 mV; 10% � 0.29 � 0.19 mV;
p � 0.55), and the size of the conditioned
MEP increased at 10% (1.15 � 0.56 mV)
compared with rest (0.34 � 0.32 mV; p �
0.001). EMG activity in the right FCR in-
creased at 10% compared with rest ( p �
0.01), whereas no changes were observed in
EMG activity in the left FCR ( p � 0.73).

In summary, IHI from M1contralateral to M1ipsilateral decreases
with increasing levels of force generated by the right hand when
the size of the conditioned MEP is matched across conditions.
However, IHI from M1contralateral to M1ipsilateral increases with
increasing levels of force generated by the right hand when the
size of the conditioned MEP is not adjusted between force levels.

Correlation analysis
When all conditions (rest and 10, 30, and 70%) were tested, we
found a significant correlation between SICI in M1ipsilateral and
left FCR MEP-max (r � 0.73; p � 0.001) (Fig. 3C) and between
SICI and force levels (r � 0.75; p � 0.001). Subjects who had
larger MEP-max during right wrist flexion were also the ones
with less SICI. The analysis of each separate condition revealed a
significant correlation between MEP-max and SICI at 30% (r �
0.68; p � 0.03) and 70% (r � 0.8; p � 0.001) of force. In contrast,
we found no correlation between MEP-max and IHI when tested
with (r � �0.1; p � 0.46) (Fig. 4C) or without (r � �0.06; p �
0.6) adjustments of the conditioned MEP amplitude. SICI and
IHI were correlated only when IHI was tested by adjusting the
conditioned MEP amplitude (Fig. 5) (70%: r � �0.68, p � 0.01;
30%: r � �0.52, p � 0.12; 10%: r � 0.14, p � 0.69; rest: r � 0.12,
p � 0.7).

Effect of IHI on SICI
Figure 6 illustrates the effect of IHI from M1contralateral to
M1ipsilateral on SICI in M1ipsilateral at rest and during 70% of force.
The experimental setting for this experiment is shown in Table 1.
The MEP amplitude for TS 0.3 mV was 0.26 � 0.17 mV (Table 1,

Figure 3. SICI in M1ipsilateral. A, SICI from the left FCR of a representative subject during performance of different levels of
maximal right wrist flexion force (rest and 10, 30, and 70%). Solid lines, Test MEPs; dashed lines, conditioned MEPs. Note the well
defined SICI at rest and 10% of maximal right wrist flexion force and the progressive disinhibition shown at 30 and 70% of
maximal right wrist flexion force. B, Group data (n �10). The abscissa shows all conditions tested (rest and 10, 30, and 70%). The
ordinate indicates the magnitude of SICI in M1ipsilateral. The size of the conditioned MEP is expressed as a percentage of the size of
test MEP amplitude (horizontal dotted line). Note the progressive attenuation in SICI at 30 and 70% of maximal right wrist flexion
force. C, Relationship between SICI in M1ipsilateral (abscissa, vertical dotted line shows complete absence of SICI) and left FCR
MEP-max (ordinate) at all conditions tested. Note that subjects that showed less SICI are those that showed larger left FCR
MEP-max. Error bars indicate SEs. *p � 0.05. Cond. MEP, Conditioned MEP.
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condition 1A) and for TS 0.3 mVCCS10 was
0.56 � 0.43 mV (condition 1D). When a
TS 0.3 mVCCS10 was preceded by CCS10,
the test MEP amplitude was 0.3 � 0.27 mV
(Table 1, condition 1F). Then, the test MEP
amplitudes for conditions 1A and 1F were
matched ( p � 0.5) (Table 1). Compared
with a TS 0.3 mVCCS10 (Table 1, condition
1D), a preceding CS2 (Table 1, condition
1E) or CCS10 (Table 1, condition 1F) in-
hibited the test response. The nature of the
test MEP had a significant effect on SICI
(F � 8.6; p � 0.01). The post hoc test
showed a significant reduction in SICI in
the presence of IHI (96 � 26%) (Table 1,
conditions 1G/1F) compared with SICI
alone (52 � 14%; p � 0.02) (Table 1, con-
ditions 1B/1A; Fig. 6D) and to SICI when
comparisons were made using the TS 0.3
mVCCS10 (46 � 5%; p � 0.03) (Table 1,
conditions 1E/1D; Fig. 6D) during 70% of
force. In all subjects, we observed the dis-
inhibitory effect of IHI on SICI. In the same
subjects at rest (TS 0.3 mV, 0.41 � 0.33
mV; TS 0.3 mVCCS10, 0.79 � 0.41 mV), the
test MEP had a significant effect on SICI
(F � 8.4; p � 0.01). SICI was significantly
reduced in the presence of IHI (66.4 �
34%) (Table 1, conditions 1G/1F) com-
pared with SICI alone (41 � 24%; p �
0.04) (Table 1, conditions 1B/1A; Fig. 6C)
and to SICI when comparisons were made
using the TS 0.3 mVCCS10 (36.3 � 23.7%;
p � 0.02) (Table 1, conditions 1E/1D; Fig.
6C). Our results show that the inhibition
from SICI (conditions 1B/1A, 52 � 14%; conditions 1E/1D, 46 �
5%) and IHI (conditions 1C/1A, 58.7 � 10%; conditions 1F/1D,
51.6 � 7%) do not add together, consistent with the idea that
SICI is disinhibited by transcallosal input. In addition, the disin-
hibitory effect of IHI on SICI was significantly stronger at 70% of
force compared with rest ( p � 0.03). In summary, at rest and
during 70% of force, IHI from M1contralateral to M1ipsilateral de-
creased SICI in M1ipsilateral. However, the disinhibitory effect of
IHI on SICI is stronger at 70% of force compared with rest.

Discussion
In the present study, we investigated the neuronal mechanisms
contributing to control the corticospinal output to a resting hand
during performance of a contralateral unimanual force genera-
tion task. We found activity-dependent changes in (1) SICI in
M1ipsilateral, which controls the resting hand, (2) IHI from
M1contralateral to M1ipsilateral, and (3) the influence of IHI over SICI
in the left resting hand during performance of a parametric force
generation task with the right hand.

Previous studies showed that performance of high levels of
force with one hand results in an increase in corticomotor excit-
ability targeting the contralateral resting hand (Hess et al., 1986;
Meyer et al., 1995; Stedman et al., 1998; Tinazzi and Zanette,
1998; Muellbacher et al., 2000; Hortobagyi et al., 2003), whereas
performance of low levels of force led to conflicting results: facil-
itation, inhibition, or no changes (Hess et al., 1986; Stedman et
al., 1998; Liepert et al., 2001; Sohn et al., 2003). These results
raised the untested hypothesis that the mechanisms within the

primary motor cortex controlling corticospinal output to a rest-
ing hand may differ in an activity-dependent manner. To address
this question, we evaluated various neurophysiological parame-
ters including (1) RCs to TMS in M1ipsilateral, which reflect excit-
ability of high- and low-threshold motor cortical neurons to the
stimulating magnetic coil (Siebner and Rothwell, 2003); (2) SICI
in M1ipsilateral, which reflects activity in intracortical GABAergic
inhibitory interneurons (Kujirai et al., 1993; Ziemann et al.,
1996) shown to contribute to control the output from contralat-
eral corticospinal neurons (Ziemann et al., 1996; Reynolds and
Ashby, 1999; Buccolieri et al., 2004); (3) IHI from M1contralateral to
M1ipsilateral, mediated predominantly by transcallosal glutamater-
gic projections, acting through local GABAergic interneurons
(Berlucchi, 1990; Ferbert et al., 1992; Meyer et al., 1995; Gerloff et
al., 1998; Di Lazzaro et al., 1999; Chen, 2004); and (4) the influ-
ence of IHI over SICI (Daskalakis et al., 2002) controlling the
resting hand with parametric changes in wrist force in the oppo-
site hand.

MEP RCs
We found more prominent facilitation of MEPs elicited in the left
resting FCR muscle at 30 and 70% of force than at rest and 10% of
force when background EMG activity was comparable (see Re-
sults, MEP RCs). These findings are in agreement with previous
studies demonstrating an increase in MEP size in a resting hand
during higher levels of unimanual force generation by the oppo-
site hand (Hess et al., 1986; Meyer et al., 1995; Stedman et al.,
1998; Tinazzi and Zanette, 1998; Muellbacher et al., 2000; Hor-

Figure 4. IHI from M1contralateral to M1ipsilateral. A, IHI from M1contralateral to M1ipsilateral (10 ms) recorded from the left FCR of a
representative subject during performance of different levels of maximal right wrist flexion force (10, 30, and 70%; gray squares).
Solid lines, Test MEPs; dashed lines, conditioned MEPs. Recordings from the right FCR are shown to demonstrate with solid lines
the MEP evoked by the CS (for eliciting IHI) and in light gray solid lines the raw EMG activity in the right FCR at the time of
application of the TS alone. Note the well defined IHI at 10% and the progressive disinhibition shown at 30 and 70% of maximal
right wrist flexion force. B, Group data (n � 10). The abscissa shows the three levels of maximal right wrist flexion force (10, 30,
and 70%). The ordinate indicates the magnitude of IHI, in which the size of the conditioned MEP is expressed as a percentage of
the size of test MEP amplitude. Note the progressive attenuation in IHI at 30 and 70% of maximal right wrist flexion force (bars
approaching the horizontal dotted line). C, Relationship between IHI from M1contralateral to M1ipsilateral and left FCR MEP-max at all
three levels of maximal right wrist flexion force. Error bars indicate SEs. *p � 0.05. Cond. MEP, Conditioned MEP.
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tobagyi et al., 2003). These results are also in agreement with Rau
et al. (2003) demonstrating that during forceful phasic finger
movements M1ipsilateral is essentially facilitated.

SICI
We found that at 30 and 70% of right wrist force SICI tested in the
left resting FCR was decreased compared with rest and to 10% of

force. Although a previous study showed that maximal voluntary
contraction of one hand decreased SICI in the other hand (Muell-
bacher et al., 2000), our results, to our knowledge, are the first
reporting the influence of parametric increases in unimanual
force generation on SICI in the M1 ipsilateral to the moving
hand, referred to here as M1ipsilateral. We found that the magni-
tude of the exerted force correlated with the magnitude of
changes in SICI. These results document activity-dependent
modulation of SICI that might contribute to facilitate corticospi-
nal excitability in M1ipsilateral (Ziemann et al., 1996; Reynolds and
Ashby, 1999; Buccolieri et al., 2004), a proposal consistent with
the strong correlation that we found between the size of left FCR
MEP-max and SICI across conditions (Fig. 3C). Given that the
instruction to our subjects was to avoid contracting the left rest-
ing arm (see Materials and Methods), it would be theoretically
possible that the reduction in SICI might be related to “volitional
inhibition” (i.e., to the intent to suppress unwanted voluntary
movements in the resting arm) (Waldvogel et al., 2000). How-
ever, such interpretation seems unlikely because volitional inhi-
bition results in increases in SICI and suppression of corticospi-
nal excitability, opposite to our results (Waldvogel et al., 2000;
Sohn et al., 2002; Coxon et al., 2006).

IHI from M1contralateral to M1ipsilateral

Our results also showed activity-dependent changes in IHI dur-
ing performance of a force generation task by the opposite hand.
Because in our experiment the conditioning transcranial mag-
netic stimulus was applied to the M1contralateral to the active hand,
there are some considerations that need to be taken into account.
The activity of intracortical circuits in M1contralateral changes with
increasing levels of force (Zoghi and Nordstrom, 2007), and in-
tracortical circuits influence IHI and corticospinal output origi-
nated from M1contralateral (Lee et al., 2007). Therefore, we first
tested IHI by matching the conditioned MEP amplitude to elicit
the same level of corticospinal output across conditions (Chen,
2004). When the conditioned MEP amplitude was maintained
constant, as required for IHI measurements (Chen, 2004), IHI at
30 and 70% force decreased compared with rest and to 10% force.
Interestingly, the magnitude of left FCR MEP-max did not cor-
relate with the changes in IHI, suggesting a less direct influence of
IHI, compared with SICI, on MEP facilitation in M1ipsilateral.
When we did not correct for changes in CS MEP size, we found, as
expected, that the same CS intensities resulted in much larger
conditioned MEP amplitudes at higher levels of force. IHI tested
in the left resting FCR increased at 10 and 70% of force, in agree-
ment with previous results tested during mild voluntary contrac-
tion only (Ferbert et al., 1992; Hamzei et al., 2002; Talelli et al.,
2008). More importantly and similar to the results when condi-
tioned MEP amplitudes were corrected for, the magnitude of
changes in the left FCR MEP-max also did not correlate with the
magnitude of increases in IHI. Altogether, results using both
techniques to measure IHI pointed clearly toward a less direct
influence of IHI on MEP facilitation observed in M1ipsilateral. It is
critical to note that, on one hand, by adjusting the size of the
conditioned MEP (accomplished by decreasing the CS intensity),
we normalized IHI to the increase in corticospinal excitability
caused by voluntary contraction. On the other hand, the IHI
results without adjusting the CS intensity (which caused larger
MEPs in the right FCR muscle, as expected) might be interpreted
as a “true” reflection of how IHI originating in the contralateral
M1 changed with different degrees of contraction. Overall, these
results indicate that changes in the state of the motor cortex re-

Figure 5. Relationship between IHI from M1contralateral to M1ipsilateral and SICI tested in
M1ipsilateral. SICI in M1ipsilateral and IHI from M1contralateral to M1ipsilateral at 10% (A), 30% (B), and
70% (C) of right wrist flexion force. In all graphs, the ordinate shows the magnitude of IHI from
M1contralateral to M1ipsilateral in which the size of the conditioned MEP (Cond. MEP) is expressed as
a percentage of the size of test MEP amplitude. The abscissa shows the magnitude of SICI tested
in M1ipsilateral in which the size of the conditioned MEP is expressed as a percentage of the size of
test MEP amplitude. Note that at 70% of maximal right wrist flexion force the decrease in SICI is
associated with an increase in IHI.
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ceiving the CS should be carefully weighted
in the interpretation of IHI results.

It should also be kept in mind that there
are multiple interhemispheric effects that
can be assessed by TMS at different stimu-
lus intensities and time intervals (Reis et al.,
2008). We designed and controlled this
study to evaluate specifically IHI at an in-
terstimulus interval and stimulus intensity
accepted to elicit this particular effect (Fer-
bert et al., 1992; Chen et al., 2003). Changes
in these parameters may elicit different ef-
fects such as interhemispheric facilitation
(Hanajima et al., 2001) or might mediate
IHI through other mechanisms (Chen et
al., 2003), not tested under our experimen-
tal design.

Interactions between IHI and SICI
An important finding in our investigation
was that, in the presence of IHI, SICI in
M1ipsilateral decreased at 70% of force. A
first conclusion from these findings is that
the influence of IHI over SICI appears to
operate in behaviorally relevant settings
(performance of a unimanual force gener-
ation task) as it does at rest (Daskalakis et
al., 2002) (Fig. 6). These results suggest that
our findings of a decreased SICI in
M1ipsilateral may be related to changes in
IHI. This is supported by the stronger dis-
inhibitory effect of IHI on SICI at 70% of
force compared with rest. Also, the inverse
correlation between IHI–SICI at 70% of
force when we adjusted for the conditioned
MEP amplitude (i.e., subjects with larger
IHI were those who showed less SICI) sug-
gest an activity-dependent link between
both mechanisms. Although speculative,
the strong disinhibitory effect of IHI on
SICI during 70% of force may contribute to balance activity of
corticospinal cells in M1ipsilateral.

Our findings suggest that activity-dependent modulation of
SICI, IHI, and their interactions contribute to control the corti-
cospinal output to a resting hand during performance of a uni-
manual force generation task. This conclusion is in tune with the
view that intracortical function associated with performance of
unimanual motor tasks relies on an active and often discrete
interaction between both M1s (Murase et al., 2004; Duque et al.,
2005, 2007), although differences may be seen between move-
ments of the dominant and nondominant hand (Liepert et al.,
2001; Ziemann and Hallett, 2001; Vines et al., 2006; Duque et al.,
2007). On one side, our results show that a strong unimanual
movement provides extra excitation to the M1ipsilateral in the ab-
sence of involuntary EMG activity in the contralateral resting
arm. A possibility is that functional changes in SICI, IHI, and
their interactions may be seen as processes tuning the corticospi-
nal motor output from M1ipsilateral. In our setting, at 10% of force
the overall net interhemispheric effect targeting M1ipsilateral is
more inhibitory and similar to rest, whereas at 70%, there is an
overall release of inhibition. This is consistent with findings
showing that during a strong unimanual contraction it is more
likely to have the presence of mirror EMG activity than during

small efforts (Zijdewind et al., 2006). In other unimanual tasks,
the existence of disinhibition in the M1ipsilateral may vary depend-
ing on the behavioral context: distal versus proximal muscles
involved (Harris-Love et al., 2007), level of complexity of the
movement (Avanzino et al., 2008) and learning related improve-
ments (Chen et al., 1997; Davare et al., 2007; Duque et al., 2007;
Perez et al., 2007). On the other side, the activity-dependent
changes in IHI–SICI identified here may provide insights to bet-
ter understand unwanted mirror EMG activity in the opposite
limb, which is frequently reported during unimanual movements
in patients with motor disorders (Hashimoto et al., 2001;
Georgiou-Karistianis et al., 2004; Cincotta and Ziemann, 2008).
Although it has been widely considered that mirroring may relate
to IHI (Carson, 2005; Daffertshofer et al., 2005; Duque et al.,
2005, 2007; Li et al., 2007), our results suggest a more complex
relationship in which mirroring might relate to interactions be-
tween circuits, such as IHI and SICI in the M1ipsilateral rather than
only to IHI. These results raise the importance of considering
interactions between multiple circuits and not only the state of
individual pathways when we search for the neural underpin-
nings of a behavioral phenomenon-like mirroring. Then, it is
theoretically possible that activity-dependent abnormalities in
IHI–SICI interactions may influence behavioral deficits reported

Figure 6. Effect of IHI from M1contralateral to M1ipsilateral on SICI tested in M1ipsilateral at rest and 70% of force. A, B, The first four
traces (average of 10 single trials recorded from the left FCR) show test MEP amplitudes alone (Table 1, condition 1D), SICI tested
in M1ipsilateral alone (Table 1, condition 1E), IHI from M1contralateral to M1ipsilateral alone (Table 1, condition 1F), and the effects of
the CS applied for IHI on SICI tested in M1ipsilateral (IHI�SICI) (Table 1, condition 1G) at rest (A) and during 70% of force (B). The
fifth trace (average of 10 single trials recorded from the right FCR) shows the MEP amplitude elicited by the CS required to induce
IHI at rest (A) and during 70% of force (B). Note that at 70% of force, compared with a test MEP alone (first trace), a preceding CS
at 2.5 ms (second trace, SICI) and at 10 ms (third trace, IHI) inhibited the test response. However, with IHI followed by SICI there
was little additional inhibition (fourth trace, IHI�SICI). C, D, Group data (n � 4). The abscissa shows SICI tested in M1ipsilateral in
the absence of IHI matched for test MEP amplitude (Table 1, conditions 1B/1A) and TS intensity (Table 1, conditions 1E/1D) and
SICI in the presence of IHI (Table 1, conditions 1G/1F). The ordinate shows the size of the conditioned MEP expressed as a
percentage of the size of test MEP. Error bars indicate SDs. *p � 0.05.
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in the “unaffected” limb after brain lesions such as stroke (Win-
stein and Pohl, 1995; Desrosiers et al., 1996; Yarosh et al., 2004;
Murase et al., 2004; Ward and Cohen, 2004), an issue for future
investigation. Finally, another possible functional role of these
activity-dependent changes is that they operate when there is a
need to control extended and bilateral overflow of high levels of
motor activity, as during 70% of force. If so, IHI–SICI interac-
tions targeting the M1ipsilateral to a hand engaged in unimanual
force generation may vary according to the need to control cor-
ticospinal output to a resting hand in different behavioral sets.
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