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a b s t r a c t

Interhemispheric inhibition (IHI) is an important mechanism to maximize the independent functioning
of each hemisphere and is most likely mediated by transcallosal fibres. IHI can be investigated by paired
pulse transcranial magnetic stimulation (TMS) whereby, in half of the trials, a test stimulus (TS) over one
hemisphere is preceded by a conditioning stimulus (CS) over the other hemisphere. Whereas various
studies have investigated IHI in rest, less is known about interhemispheric interactions during voluntary
muscle activation. Here, we investigated the influence of tonic muscle activity (5% of the maximal vol-
untary contraction) in either the right wrist flexor or extensor versus rest on IHI from the active (left) to
otor cortex the resting (right) hemisphere. Our main finding was that tonic activation of the right wrist flexor, led
to an increase in IHI from the active (dominant left) to the resting (non-dominant right) hemisphere as
compared to rest. A control experiment employed the same design but CS intensity was lowered to match
MEP amplitudes of the conditioning hand between active and rest conditions. This resulted in a relative
decrease of IHI. It is hypothesized that functional regulation of IHI might prevent the occurrence of mirror
activity in the primary motor cortex (M1) of the resting hemisphere and, thus, might play an important
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role in the execution of un

he corpus callosum (CC) is the largest neural link that connects
he cerebral hemispheres in mammals. It is a pathway for inter-
emispheric transfer of perceptual, sensory, motor, gnostic and
ther forms of information contributing to higher-order functions
8,10,11,17,22]. The CC promotes both interhemispheric facilitation
nd inhibition which play a major role in motor control and, par-
icularly, in bimanual coordination [1,8–10,12,13,17].

Interhemispheric inhibition (IHI) can be studied by transcranial
agnetic stimulation (TMS) which allows the non-invasive esti-
ation of IHI in conscious human subjects [14] by applying paired

ulse TMS as described by Ferbert et al. [9]. They showed that the
mplitude of motor evoked potentials (MEP) produced by a test
timulus (TS) given over the motor cortex of one hemisphere was
educed when the TS is preceded by a conditioning stimulus (CS)
ver the homotopic area of the opposite hemisphere [9]. Several
ines of research suggest that this protocol measures IHI medi-
Please cite this article in press as: K. Vercauteren, et al., Unimanual muscl
the resting hemisphere, Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.0

ted at cortical level and predominantly via transcallosal pathways
5,6,11,28].

The effectiveness of double pulse TMS in probing IHI depends
n several methodological parameters such as the interval between
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oth stimuli which is most efficient between 8 and 12 ms [3,9,13,15],
ut also the CS and TS intensity. The amount of IHI is positively
orrelated with suprathreshold CS intensity [4,9,15] and negatively
ith the TS intensity (at 40–90% of stimulator output) [9]. Potential
hysiological factors affecting IHI are gender [4], direction of inhi-
ition, i.e. from the dominant to the non-dominant hemisphere or
ersus the opposite direction [4,7,9], and motor cortex excitability
7,29].

Previously, IHI was mainly investigated when subjects were
t rest. However, in the context of movement control it is more
nteresting to know how IHI is modulated by voluntary muscular
ctivity. With the present study, we aimed to extend the existing
iterature by investigating the influence of voluntary muscle acti-
ation of the right wrist extensor and flexor, respectively, on IHI
rom the left (active) to the right (resting) hemisphere. A recent
tudy showed that IHI increases close to movement onset during a
eaction time task [7].

Here we investigated, first, whether IHI is also increased during
uscle activation and, second, whether IHI differs between homol-

gous versus non-homologous muscles. Based on previous studies
e activation increases interhemispheric inhibition from the active to
9.013

nvestigating IHI during passive wrist movements [29], we hypoth-
sized that IHI increases only when the homologous but not the
on-homologous muscle is active.

Thirteen healthy volunteers (7 female, mean age 22.86 ± S.D.
.39 years) participated in the main study. Six subjects (2 female,

dx.doi.org/10.1016/j.neulet.2008.09.013
http://www.sciencedirect.com/science/journal/03043940
mailto:Nicole.wenderoth@faber.kuleuven.be
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Fig. 1. General setup. The conditioning stimulus (CS) was delivered over the left
and the test stimulus (TS) over the right hemisphere (ISI = 10 ms) measuring inter-
hemispheric inhibition (IHI) from the dominant left to the non-dominant right
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emisphere. The subject held the left wrist always in a relaxed position, while the
ight wrist produced an isometric wrist flexion as measured by a load cell at the back
f the hand or an isometric wrist extension measured with the load cell located in
ront of the hand palm (not shown).

ean age: 23.63 ± S.D. 4.47 years) were included in a control exper-
ment and one subject participated in both studies. All subjects

ere right-handed as assessed with the Edinburgh Handedness
nventory [21]. None had contra-indications to TMS [30] or a his-
ory of medical or psychiatric diseases. All subjects were informed
bout the purpose of this study and gave their written informed
onsent prior to participation which was approved by the local
thics Committee according to the Declaration of Helsinki (1964).

Subjects were comfortably seated in a chair with their arms
upported by two adjustable tables (Fig. 1). The left arm was kept
elaxed and rested at the table with the wrist in pronation. The right
orearm was fixed in a splint ensuring a neutral position between
ronation and supination while the wrist could move freely. Two
lectrodes (Blue Sensor P-00-S, Ambu, Ølstykke, Denmark) were
xed to the muscle belly of the left and right extensor carpi radialis

ongus muscle (ECR) and the flexor carpi radialis muscle (FCR) to
ecord an electromyogram (EMG) (Mespec 8000, Mega Electron-
cs Ltd., Kuopio, Finland) at a frequency of 5 kHz. EMG data were
and-pass filtered (30–1500 Hz) and saved for further analysis (CED
ower 1401, Cambridge Electronic Design, Cambridge, UK en Sig-
al 3.03). Subjects were instructed to fully relax and to avoid any
bvious EMG activity of the non-moving muscles. EMG activity was
isplayed online on a computer screen in front of the subject was
nd continuously controlled by the experimenter.

Measurements were performed while either the ECR or FCR
ere isometrically activated at 5% maximum voluntary contrac-

ion (MVC) or at rest. Prior to the experiment, MVC was measured
or the FCR (36.20 ± 10.50 N) and ECR (29.71 ± 10.99 N) by a force
ransducer (Tedea-Huntleigh, model 601). During the isometric
onditions, the produced force was digitized at 5 kHz, and displayed
s a cursor on a computer screen in front of the subject who had to
lign the cursor (representing the produced force) with a reference
ine indicating 5% MVC of the activated muscle.

Subjects were instructed to completely relax the left body side,
hile performing either two active conditions, i.e. isometric 5%
VC flexion (FLEX) or isometric 5% MVC extension (EXT), or a rest
Please cite this article in press as: K. Vercauteren, et al., Unimanual muscl
the resting hemisphere, Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.0

ondition (REST). Each trial lasted 5 s and, in the active conditions,
beep after 2.5 s indicated that subjects had to contract the inves-

igated wrist muscle. At 4 s, TMS was applied and subjects were
nstructed to relax immediately after the TMS pulse. In the REST
ondition, subjects relaxed the right hand during the whole trial.
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Transcranial magnetic stimulation was delivered to M1 by 2
agstim 2002 (Magstim Company Ltd., Carmarthenshire, UK) units.

HI from the dominant (left) to the non-dominant (right) hemi-
phere was measured by a double-pulse TMS protocol as described
efore [9]. The CS was delivered by a figure-of-eight coil (loop
iameter: 50 mm) which was positioned tangentially over M1 of
he dominant (left) hemisphere such that the handle pointed side-
ard, i.e. 90◦ away from the midline. The TS was delivered by

nother figure-of-eight coil (loop diameter: 70 mm) placed tan-
entially over M1 of the non-dominant (right) hemisphere such
hat the handle pointed backwards and 45◦ away from the mid-
ine. The hotspot for the FCR was located in each hemisphere and

arked to ensure constant positioning throughout the experiment.
est motor threshold (RMT) was determined for each hemisphere
o the nearest 1% of the stimulator output that elicits a MEP of at
east 50 �V peak-to-peak amplitude in the relaxed FCR in at least

out of 10 consecutive stimuli. Subjects with a RMT above 60%
timulator output were excluded. Though we focused on stimula-
ion parameters for the FCR, ECR parameters were assumed to be
ufficiently similar due to the overlapping representations of fore-
rm flexors and extensors such that MEPs could be evoked in both
rist muscles simultaneously [24,25]. During the main experiment,
S intensity was set at 110% of the FCR rest motor threshold in all
onditions. For the FLEX, EXT, and REST condition the TS intensity
as set at 110%. However, previous research has shown that vol-
ntary contractions can increase the corticospinal excitability of
he non-involved, ipsilateral hemisphere [20]. In the context of our
xperiment, this represents a potential confound as the MEP size
voked by single pulse (non-conditioned) TMS would be smaller
n REST than in the active conditions. Therefore, we introduced a
econd rest condition (RESTmatch) whereby the stimulation inten-
ity was increased such that the non-conditioned MEP amplitude
as matched to the active conditions to ensure that %IHI was
etermined relative to comparable TS MEP amplitudes between
onditions [16]. The mean intensity and standard deviation for the
ESTmatch condition was 118.95 ± 1.52% RMT. The ISI between the
S and TS was set to 10 ms. For each experimental condition (FLEX,
XT, REST, and RESTmatch) subjects performed 5 series of 12 trials
onsisting of 6 single and 6 double pulse stimulations in random-
zed order. The inter-trial interval varied between 2 and 4 s. The
rder of the conditions was randomized across subjects.

All EMG traces were visually inspected (Signal 3.03, Cam-
ridge Electronic Design, Cambridge, UK) and trials were removed
hen (1) there was obvious background EMG, (2) the stimu-

ation of the conditioning pulse resulted in a MEP (right FCR)
elow 50 �V, (3) the force level in the active conditions was
igher than 7.5% or lower than 2.5% MVC. In total, 72% of all tri-
ls were correct and included in the further analysis. For each
ubject, the peak-to-peak amplitude of the MEP was determined
or the FCR and the ECR of the test side (left arm) within an
nterval of 15–65 ms after the TMS stimulation. Individual MEP
mplitudes were averaged for each muscle, condition, and single
ersus double pulse stimulation. The percentage IHI was deter-
ined by %IHI = [non-conditioned MEP amplitude − conditioned
EP amplitude × 100/non-conditioned MEP amplitude] (thus high

alues represent a strong IHI and low values represent weak IHI).
ackground EMG was determined as the root-mean-square error
R.M.S.E.) value of the EMG signal in the last 50 ms interval before
MS stimulation. In the active conditions, the produced force was
easured in a 1 s interval prior to TMS stimulation. One male
e activation increases interhemispheric inhibition from the active to
9.013

ubject was excluded from further analysis, because he exhibited
acilitation in both muscles for almost every condition.

All statistical analyses were performed with Statistica 7.1 (Stat-
oft, Inc., Tulsa, USA). The R.M.S.E.-values of the background EMG
f the left wrist muscles, MEP-amplitudes and percentage of

dx.doi.org/10.1016/j.neulet.2008.09.013
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nhibition were subjected to analyses of variance for repeated mea-
urements (repeated measures ANOVA). Within-subject factors
ere muscle (ECR, FCR), TMS pulse (non-conditioned, conditioned)

nd condition (REST, RESTmatch, FLEX, and EXT). Gender was
ncluded as a between-subject factor. The criterion for statistical
ignificance was ˛ = 0.05. Significant effects were further tested
ith Fisher LSD post hoc tests.

In the control experiment general setup, EMG-recording, data-
nalysis and statistics were the same as in the main experiment.
ubjects had to isometrically flex the right wrist at 5% MVC in
he active condition (FLEX) or completely relax during REST. CS
ntensity was set to 140% of the FCR RMT in REST and FLEX condi-
ion. Additionally, a second FLEX condition (FLEXmatch) was tested
hereby the stimulation intensity of CS was adjusted such that the
EP amplitude in the active FCR was comparable between FLEX-
atch and REST. Mean CS intensity for the FLEXmatch condition
as 94.82 ± 21.23% RMT. During the REST condition, the TS inten-

ity was set to 120% RMT and was adjusted for both FLEX conditions
uch that the non-conditioned MEP amplitude of the resting FCR
as matched to REST. For the FLEX and FLEXmatch condition, TS

ntensity was respectively 111.57 ± 9.58% RMT and 111.83 ± 9.96%
MT. For each condition (FLEX, FLEXmatch and REST) subjects per-

ormed 3 series of 12 trials whereby 6 single and 6 double pulse
timulations were given in a randomized order. In this experiment,
e used higher CS intensities than in the main experiment, because
EPs of the right FCR had to be sufficiently large at REST to allow
successful matching with the active condition. We additionally

ncreased TS intensity such that the level of IHI in REST was similar
n both experiments.

Subjects complied well with the demands of the task and the
orces determined for FLEX and EXT were 5.53 ± 0.21% MVC and
.45 ± 0.29% MVC, respectively. There was no significant difference

n force between both active conditions (F(1, 9) = 1.93; p = 0.20).
Fig. 2A depicts the mean MEP amplitudes of the left wrist

uscles as evoked by single pulse TMS to the right hemisphere.
EP amplitudes were generally larger in the ECR than in the

CR (F(1, 10) = 5.643; p = 0.039). As expected, the MEP amplitude at
EST was significantly lower (condition main effect F(3, 30) = 8.386;
< 0.001) than in FLEX (p = 0.001), EXT (p = 0.003), and RESTmatch

p = 0.002). Importantly, no significant differences were found
etween the MEP amplitude in the RESTmatch condition and the
ctive conditions FLEX and EXT (p > 0.77).

Mean %IHI was significantly higher in the active than in the rest
Please cite this article in press as: K. Vercauteren, et al., Unimanual muscl
the resting hemisphere, Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.0

onditions (condition main effect: (F(3,30) = 4.8, p < 0.01) (Fig. 2B).
dditionally, %IHI was generally larger and more modulated by the
xperimental conditions for the FCR than the ECR as indicated by
significant main effect of Muscle (F(1,10) = 6.69, p < 0.05) as well as

s
e
t
[

ig. 2. Motor evoked potentials evoked by conditioned and unconditioned TMS. Main ex
CR (grey) and FCR (black) are shown. In the active conditions, FLEX and EXT, 5% of the i
ondition TS intensity was chosen such that MEP amplitudes matched those during the FL
ars reflect 1 S.E. of the mean. (B) Mean IHI, expressed as the percentage difference betwe
rror bars reflect 1 S.E. of the mean. Control experiment: (C) Mean IHI in the left ECR (gr
MT and CS intensity was set to 140% RMT. In the FLEXmatch condition CS intensity was
ondition. Error bars reflect 1 S.E. of the mean.
 PRESS
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significant Muscle × Condition interaction (F(3,30) = 3.17, p < 0.05).
nterestingly, %IHI in the FCR was substantially lower during REST
nd RESTmatch than during FLEX and EXT. This was confirmed by
ost hoc tests (p < 0.05) for all comparisons. %IHI in the ECR was

ower during RESTmatch than during FLEX (p < 0.05). There was also
tendency for %IHI to be smaller in EXT than in FLEX (p = 0.058).

%IHI was generally larger in males than in females (gender
ain effect F(1, 10) = 8.876, p = 0.014) and also that the difference

n %IHI for FCR versus ECR, was much larger in males (%IHI
CR: 45.3 ± 10.2%, %IHI ECR 28.9 ± 3.2%) than in females (%IHI FCR
2.6 ± 10.6%, %IHI ECR 11.8 ± 4.13%) (Muscle × Gender interaction
(1, 10) = 5.53, p < 0.05).

Background EMG of the left hand was very small (below 2.5 �V
MS), indicating that subjects were relaxed. However, statistics
evealed a small but significant difference in background EMG in
he REST (mean: 1.70 ± S.D. 0.32 �V) as compared to the EXT (mean:
.9 ± S.D. 0.39 �V) and RESTmatch condition (mean: 1.89 ± S.D.
.43 �V) (F(3, 33) = 4.510; p < 0.01). Unexpectedly, EMG values were

arger in the single pulse (mean: 1.94 ± S.D. 0.58 �V) than in the
ouble pulse condition (mean: 1.76 ± S.D. 0.49 �V) (F(1, 11) = 12.002;
< 0.01).

Non-conditioned MEP amplitudes evoked by the TS in the
esting (left) FCR were matched between FLEX (0.40 ± 0.19 mV),
LEXmatch (0.43 ± 0.18 mV) and REST (0.44 ± 0.19 mV) (condition
ain effect: (F(2, 10) = 1.11, p > 0.3)) in the control experiment. Also
EP amplitudes evoked by the CS in the active (right) hand were
atched between the FLEXmatch (0.51 ± 0.27 mV) and REST con-

ition (0.53 ± 0.14 mV) whereas MEP amplitudes were significantly
arger for the unmatched FLEX condition (F(2, 10) = 27.27, p < 0.01).

Matching the MEP amplitude evoked by the CS had a significant
ffect on %IHI. As shown in Fig. 2C, IHI increased relative to rest in
he FLEX condition but decreased relative to rest in the FLEXmatch
ondition. Accordingly, statistics revealed a significant Condition
ain effect (F(2, 10) = 11.14, p < 0.01) and post hoc tests indicated that

IHI was significantly lower in FLEXmatch than in FLEX and REST
p < 0.01). Background EMG was comparable between conditions
F(2, 10) = 0.95, p > 0.4).

We investigated the influence of tonic muscle activity versus
est on IHI from the dominant left to the non-dominant right hemi-
phere. Our main finding was that tonic activation of the right FCR
r ECR led to an increase in IHI from the active (dominant left) to the
esting (non-dominant right) hemisphere as compared to the rest
ondition. Effects were smaller for the ECR, probably because all
e activation increases interhemispheric inhibition from the active to
9.013

timulation parameters were prioritized for the FCR. Our results
xtend recent work showing an increase of IHI from the active
o the resting hemisphere before movement onset in a RT task
7]. We also included an additional rest control condition (REST-

periment: (A) Mean MEP amplitude evoked by the non-conditioned TS in the left
ndividual maximal voluntary contraction (MVC) was produced. In the RESTmatch
EX and EXT condition. In the REST condition TS intensity was set to 110% RMT. Error
en the MEP amplitudes of the non-conditioned and conditioned stimulation trials.
ey) and FCR (black) are shown. In the REST condition TS intensity was set to 120%
chosen such that MEP amplitudes matched those during the REST and FLEXmatch

dx.doi.org/10.1016/j.neulet.2008.09.013
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atch) which showed that our findings were not confounded by
hanges in the corticospinal excitability of the right (resting) hemi-
phere as a consequence of muscle activation in the right hand
a phenomenon known as ipsilateral facilitation). Additionally, we
bserved a tendency that IHI increased even more between homol-
gous as compared to non-homologous muscles. Similar results
ere obtained by Warbrooke and Byblow [29] who moved subjects’

ight wrist passively while stimulating the left FCR. They found that
HI was stronger during the flexion than during the extension sub-
ycle of the passively moved hand, supporting the notion that IHI
s different between homologous versus non-homologous muscles
29].

Our results are in general agreement with a recent model
escribing interactions between interhemispheric and intracorti-
al inhibitory circuits [2,18,19], such that a decrease in intracortical
nhibition (ICI) leads to an increase of IHI, and vice versa. Apply-
ng this model to our experiment, it is tempting to speculate that
he isometric activation of the right hand’s wrist muscles led to

general release of ICI in the left (active) hemisphere. This, in
urn, induced an increase of IHI to the motor area of the right
resting) hemisphere as shown by our results (Fig. 2B). This is of
unctional relevance as IHI might play an important role in sup-
ressing unwanted mirror movements during intended unimanual
ovements by inhibiting the contralateral M1. In addition, the
odel predicts that an increase in IHI might affect inhibitory cir-

uits of the right (resting) hemisphere, such that ICI is released
hich, most likely, contributed to the slight increase of corti-

ospinal excitability, as reflected by the increased amplitude of
he non-conditioned MEPs during the active conditions (Fig. 2A)
23,26].

Even though the above interpretation is congruent with pre-
ious results and current models on interhemispheric inhibition,
ome caution is required. In the control experiment we matched
he MEP amplitude evoked by the CS in the right hand between
he REST and FLEXmatch condition, adjusting stimulation parame-
ers for measuring IHI to the higher corticospinal output resulting
rom force production. In this condition, %IHI was lower during
sometric activation than during the rest and non-matched FLEX
ondition. Analogous results were obtained in a recent study by
erez and Cohen [23], whereby force levels from 10% to 70% MVC
ere used to investigate the interaction between interhemispheric

nd intracortical inhibition.
There are different interpretations of the differential influence

f motor activity on IHI when tested with and without adjust-
ent of CS intensity. At the one hand, one might argue that “true”

HI was reduced by the isometric contraction (as indicated by its
eduction for adapted CS intensities). However, this is unlikely for
everal reasons. First, IHI is positively correlated with suprathresh-
ld CS intensity, i.e., IHI is generally smaller for lower CS intensities
4,9,15]. Second, tonic contractions modulate IHI differentially in
oung than in elderly subjects, indicating that voluntary contrac-
ion has a modulating influence on IHI beyond methodological
onfounds [27]. Finally, experiments at rest have revealed similar
odulations of IHI close to movement onset during a reaction time

ask [7]. At the other hand, the differences between the main and
ontrol experiment might reveal new insights into the interplay
f excitatory and inhibitory neural circuits. Voluntary contractions
ctivate muscle specific excitatory neurons, mediating an increase
f corticospinal excitability. In the control experiment, we com-
ensated for this facilitating effect by reducing CS intensity from
Please cite this article in press as: K. Vercauteren, et al., Unimanual muscl
the resting hemisphere, Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.0

40% to 94.83% ± 21.23 RMT and, consequently, the measured level
f IHI decreased. Together, both experiments suggest that the effect
f measured IHI from the active (dominant left) to the resting
non-dominant right) hemisphere was mainly mediated by the
ctive hemisphere and did not result from changes in the resting

[

[
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emisphere. Moreover, it confirms that the activity of transcallosal
eurons mediating IHI is controlled similarly to corticospinal neu-
ons. Surprisingly, with adjustment of the CS intensity, %IHI was
ignificantly smaller than in REST as if an “over-correction” in rela-
ion to the corticospinal output had occurred. This might suggest
hat the relation between IHI and the activity of excitatory neurons

ight be non-linear at low force levels.
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