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Abstract 1 Hz rTMS applied over primary motor cortex
(M1) reduces cortical excitability outlasting the stimula-
tion period. Healthy right-handed subjects performed
finger and hand tapping and a reach-to-grasp movement
prior to (baseline) and after 1 Hz rTMS applied over (1)
M1 of either the right or the left hemisphere, and (2) the
vertex (control stimulation). 1 Hz rTMS applied over the
left M1, but not over the vertex, improved movement
kinematics of finger and hand tapping as well as grasping
with the left hand. 1 Hz rTMS applied over the right M1,
but not over the vertex, improved only the kinematics of
hand tapping performed with the right hand. These data
suggest that 1 Hz rTMS induced inhibition of ipsilateral
M1 reduces transcallosal inhibition of contralateral M1
and thereby improves motor performance at the ipsilateral
hand. The impact on motor performance of the ipsilateral
hand is most pronounced after 1 Hz rTMS over the
left M1.
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Introduction

In the healthy brain, neural activity within the motor
areas of both hemispheres is functionally coupled and
well balanced in terms of mutual inhibitory control
(Kinsbourne 1974; Ferbert et al. 1992; Gilio et al. 2003;
Fink et al. 1997; Binkofski et al. 1999). Unimanual
movements are associated with increased neural activity
in contralateral motor areas (Fink et al. 1997; Binkofski
et al. 1999). The lateralisation of neural activity for
unimanual movements is likely to be related to, at least
in part, interhemispheric inhibition between motor areas
exerted via transcallosal connections (Ferbert et al. 1992;
Gilio et al. 2003). It has been suggested that unilateral
brain dysfunction, e.g. due to stroke, may result in a
release of the contralateral hemisphere from transcallosal
inhibition and thereby cause an improvement of contra-
lateral brain function (Liepert et al. 2000; Hummel and
Cohen 2006). Likewise, in healthy people a temporal
“virtual lesion” of the primary motor cortex (M)
induced by inhibitory repetitive transcranial magnetic
stimulation (rTMS) may enhance cortical excitability in
contralateral motor areas facilitating basic motor function
at the ipsilateral hand (Kobayashi et al. 2004, Avanzino
et al. 2008).

Here, we investigated putative changes in movement
kinematics of simple and more complex manual tasks
demanding temporo-spatial network interactions at the
ipsilateral hand following 1 Hz rTMS applied over the
hand area of M1 in either hemisphere in healthy human
subjects.
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Subjects and methods
Subjects

Eighteen right-handed (Crovitz and Zener 1965) healthy
subjects (four females, 20—41 years, mean 27 & 6 years)
participated. The study had been approved by the Local
Ethics Committee and written informed consent was
obtained prior to participation.

Experimental procedure

Subjects performed index finger and hand tapping and reach-
to-grasp movements with both hands prior to (=baseline
condition) and after a period of 10 min 1 Hz rTMS applied
over (1) the vertex (=control condition) and (2) M1 hand
area. Nine subjects (two females, 20-41 years, mean
27 £ 6 years) received rTMS applied over M1 of the left
hemisphere, nine subjects (two females, 20-35 years, mean
26 * 5 years) received rTMS applied over M1 of the right
hemisphere. The rTMS stimulation sessions were separated
by 120 min. The sequence of rTMS application site (either
vertex or M1) was counterbalanced across subjects.

Fig. 1 Recording of the a index
finger tapping, b hand tapping
and c reach-to-grasp
movements. Movement
kinematics during each task was
recorded using a three-
dimensional motion analysis
system based on ultrasound-
emitting position markers. For
the index finger tapping and
hand tapping tasks, the position
markers were fixed to the distal
segments of the index finger and
to the styloid process of the
radius. For the reach-to-grasp
task, position markers were
fixed to the distal segments of
the index finger and thumb and
to the styloid process of the
radius
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Kinematic motion analysis

The experimental set-up is illustrated in Fig. 1. The
movement kinematics was recorded using an ultrasonic
motion analyzer as described previously in detail (Nowak
et al. 2007).

Index finger tapping and hand tapping were per-
formed as fast as possible. The following parameters
were obtained (Nowak et al. 2007): (1) movement fre-
quency (in Hz) and (2) peak movement amplitude (in
mm). During the reach-to-grasp task, subjects reached for
a cylindrical object (diameter: 9 cm, width: 4 cm,
weight: 350 g), grasped it between the tips of the index
finger and thumb, lifted it and held it for 3 s before
placing it back. Ten such movements were performed
by each subject with each hand as fast and as accurate
as possible. The following parameters were obtained
(Nowak et al. 2007): (1) peak of vertical wrist
position (in mm), (2) peak of vertical wrist velocity (in
mm/s), (3) peak grasp aperture (in mm) and (4) peak
velocity of grasp aperture (in mm/s). All parameters
were averaged across all trials performed by each
participant.
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Repetitive transcranial magnetic stimulation

rTMS was performed using a 70-mm figure-of-eight coil and
a Magstim Rapid stimulator (Magstim Company, Dyfed,
UK). The coil was placed tangentially over M1 at the optimal
site where stimulation at a slightly suprathreshold intensity
elicited the largest motor evoked potential in the contralat-
eral first dorsal interosseus muscle (FDI). The resting motor
threshold was defined as the lowest stimulator output that
elicited motor evoked potentials with peak-to-peak ampli-
tude of at least 50 pV in the contralateral FDI in at least five
of ten trials. 'TMS was applied at arate of 1 Hz, 100% resting
motor threshold over 10 min. This stimulation protocol has
been shown to reduce cortical excitability at least for 10 min
(Maeda et al. 2000; Chen et al. 1997). Control stimulation
was applied positioning the coil over the vertex using the
identical rTMS frequency and intensity parameters. Posi-
tioning the coil over the vertex resulted in stimulation of an
area posterior to the supplementary motor area.

Statistical analysis

Repeated measures ANOVAs were calculated for each
kinematic parameter with the factors “stimulation site”
[levels: (1) rTMS applied over M1 of the left and (2) rTMS
applied over M1 of the right hemisphere], “hand” [levels:
(1) right and (2) left hand] and “intervention” [levels: (1)
baseline, (2) vertex and (3) M1]. Post hoc pair-wise com-
parisons between conditions were performed using ¢ tests.
A P value of 0.05 was considered significant after Bon-
ferroni correction for multiple comparisons.

Results

Figure 2 summarizes mean and standard deviations of the
frequencies of index finger and hand tapping, and peak
velocities of grasp aperture during reach-to-grasp tasks
performed with both hands at each condition. Compared to
baseline the average increase (Z£standard deviation) in
tapping frequency induced by 1 Hz rTMS over M1 of the
left hemisphere was 7.3% (4+6.9%) for finger tapping and
8.1% (£10%) for hand tapping performed with the ipsi-
lateral (left) hand. 1 Hz rTMS over the right M1 caused an
average increase in tapping frequency of 8.4% (£+16.7%)
for finger tapping and 11.5% (£13%) for hand tapping
performed with the ipsilateral (right) hand. Compared to
baseline the average velocity of grasp aperture (+ SD)
increased by 32% (£27.3%) for reach-to-grasp movements
performed with the left hand after 1 Hz rTMS over the left
MI1. 1 Hz rTMS over the right M1 increased the velocity of
grasp aperture by 22.5% (4+41.9%) in comparison to
baseline for reach-to-grasp movements with the right hand.

Index finger and hand tapping tasks

ANOVA revealed significant effects of the factors “hand”
(index finger tapping: F; g = 16.1, P < 0.01; hand tapping:
F13 =164, P <0.01) and “intervention” (index finger
tapping: F;g = 6.6, P < 0.01; hand tapping: F;g = 4.7,
P < 0.05) on the frequencies of index finger and hand
tapping. The factor “stimulation site” did not reach sig-
nificance. For index finger and hand tapping, only the
interaction “stimulation site” x “intervention” x “hand”
(index finger tapping: F; g = 5.0, P < 0.05; hand tapping:
F,3 =47, P <0.05) had a significant influence on tap-
ping frequency, implying that the increase in tapping
frequency was most pronounced at the left hand after
rTMS applied over the left M1 (P < 0.01 for each com-
parison). Note that there was no significant effect of either
factor or their interactions on tapping amplitudes which
indicates that the rTMS induced increase in tapping fre-
quency is a true behavioural improvement, and did not
result from a reduction in tapping amplitude in the other
conditions.

Reach-to-grasp task

Hand transport component of the task was not influenced by
rTMS as evident from a lack of significant effects of either
factor or their interactions on wrist position and wrist velocity.
In contrast, rTMS influenced the kinematics of the grasp
component as suggested by a significant effect of “interven-
tion” (Fyg=4.2, P <0.05) on the velocities of grasp
aperture, meaning that rTMS applied over M1 increased
movement speed at the ipsilateral hand. A significant
interaction “stimulation site” x “hand” x “intervention”
(F15 = 10.8, P < 0.01) implied that the increase in speed of
grasp aperture was most pronounced for the left hand after
r'TMS applied over M1 of the left hemisphere (P < 0.01 for
each comparison).

Discussion

We found that rTMS applied over the left M1, but not over
the vertex, in healthy right-handed subjects improved the
frequency of index finger and hand tapping as well as the
velocity of grasp aperture during a reach-to-grasp move-
ment performed with the left hand. A period of 1 Hz rTMS
applied over the right M1, compared to vertex stimulation,
improved only the frequency of hand tapping with the right
hand. Our data suggest that rTMS induced suppression of
excitability of M1 can be used to increase excitability of
the contralateral motor cortex, which fits well with current
concept of interhemispheric competition within the motor
system.
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Consistent with our findings it has recently been shown
that suppression of cortical excitability of M1 by means of
1 Hz rTMS can fasten the execution of a serial button
pressing task with the ipsilateral hand in healthy humans
(Kobayashi et al. 2004). Importantly, the behavioural
changes at the ipsilateral hand after rTMS applied over M1
were accompanied by an enhancement of intracortical
facilitation in the M1 contralateral to the site of stimulation
(Kobayashi et al. 2004). 1 Hz rTMS applied over right M1
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was also found to modify several kinematic parameters of a
sequential finger opposition task performed with the ipsi-
lateral hand (Avanzino et al. 2008). Taken together, these
and our findings strongly support the suggestion that dis-
inhibition of the contralateral motor cortex is based on
rTMS-induced suppression of inhibitory transcallosal
pathways originating from the motor cortex (Kobayashi
et al. 2004; Liepert et al. 2000; Hummel and Cohen 2006).
The precise neuronal mechanisms driving this transcallosal
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inhibition among the primary motor cortex remain to be
identified (Hummel and Cohen 2006; Talelli and Rothwell
2006; Netz et al. 1995). Interestingly, we observed a
stronger effect on motor performance of the ipsilateral
hand after 1 Hz rTMS over the left M1, compared to 1 Hz
rTMS over the right M 1. This observation, we hypothesize,
may reflect stronger interhemispheric influences exerted
from the dominant (left) hemisphere. More research is
necessary to shade some more light onto this issue.

Transcallosal inhibition is essential to prevent undesir-
able mirror movements that arise from activity in the
opposite hemisphere (Danek et al. 1992). Accordingly, an
alternative explanation may be that rTMS induced inhibi-
tion of cortical excitability is associated with a decrease in
homologous mirror activity during ipsilateral hand move-
ments, and thus allows the contralateral motor cortex to
operate more effectively without the need to suppress
mirror movements. Recently, we observed that mirror
movements are most pronounced for voluntary movements
of the left hand compared to the right hand in right handed
subjects (Uttner et al. 2007). This suggests that suppression
of cortical excitability of left M1 should be more effective
to enhance motor performance at the ipsilateral hand than
suppression of cortical excitability of right M1. Our
interpretation is speculative, however, and more data are
needed to draw definitive conclusions as to why 1 Hz
rTMS over the left (dominant) M1 is more effective than
1 Hz rTMS over the right (non-dominant) M1 to improve
motor performance at the ipsilateral hand.

The reach-to-grasp task incorporates two movement
components, which are closely linked in time and space
(Jeannerod 1984). A reach component transports the hand
towards an object to be grasped and relies on coordinated
activity within proximal muscles of the arm and shoulder.
A grasp component refers to the progressive opening and
closure of the fingers in anticipation of the mechanical
object properties. The grasp component relies on more
distal muscle groups of the lower arm and hand. 1 Hz
rTMS over the hand area of M1 did impact on the grasp,
but not on the reach component, of the reach-to-grasp task.
This observation may reflect the somatotopic representa-
tion of proximal and distal muscle segments of the arm and
hand within M1 as well as somatotopic transcallosal con-
nections in between the MI1 homologues of both
hemispheres. Inhibitory rTMS was directed to the area of
M1 eliciting motor responses in the contralateral first
interosseus dorsalis muscle. Thus, the inhibitory effects on
cortical excitability were probably most pronounced within
the hand area of M1, but less effective in the area repre-
senting more proximal muscles of the arm and shoulder.
The observation that reduction of cortical excitability
within the hand area of the left M1 influences ipsilateral
motor performance of distal muscles of the arm and hand,

while performance of more proximal muscles remained
unchanged, argues for a somatotopic enhancement in cor-
tical functioning within the homologous hand area of the
right M1.

Importantly, rTMS applied over M1 developed no
detrimental effects on movement kinematics of the con-
tralateral hand, regardless of the task performed. One can
speculate that this fact might be attributed either to higher
susceptibility for neurons containing transcallosal infor-
mation or to putative multiplication of the rTMS effect in
the ipsilateral hemisphere by changing the balance of
excitability between other motor areas, e.g. supplementary
motor or premotor areas, resulting in an additive effect in
reducing the inhibitory drive towards M1 of the contra-
lateral hemisphere (Grefkes et al. 2008).

In conclusion, we have shown that low frequency rTMS
applied over the left (dominant) M1 in right-handed sub-
jects has the potential to impact on motor performance of
the ipsilateral (left) hand. 1 Hz rTMS applied over the right
M1 did not cause a similar change in motor performance of
the (dominant) right hand. The reasons for the differential
effect of 1 Hz rTMS on non dominant and dominant hand
function are still to be discovered. Detailed kinematic
assessment using 3D motion analysis may help to elucidate
what aspects of movement respond best to rTMS treatment,
and provide possible targets for rehabilitation.
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