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Coordination of Uncoupled Bimanual Movements by Strictly
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Independent use of both hands is characteristic of human action in daily life. By nature, however, in-phase bimanual movements, for
example clapping, are easier to accomplish than anti-phase movements, for example playing the piano. It is commonly agreed that
interhemispheric interactions play a central role in the coordination of bimanual movements. However, the spatial, temporal, and
physiological properties of the interhemispheric signals that coordinate different modes of bimanual movements are still not completely
understood. More precisely, do individual interhemispheric connectivity parameters have behavioral relevance for bimanual rapid
anti-phase coordination? To address this question, we measured movement-related interhemispheric interactions, i.e., inhibition and
facilitation, and correlated them with the performance during bimanual coordination. We found that movement-related facilitation from
right premotor to left primary motor cortex (rPMd-lM1) predicted performance in anti-phase bimanual movements. It is of note that only
fast facilitation during the preparatory period of a movement was associated with success in anti-phase movements. Modulation of right
to left primary motor interaction (rM1-lM1) was not related to anti-phase but predicted bimanual in-phase and unimanual behavior.
These data suggest that strictly timed modulation of interhemispheric rPMd-lM1 connectivity is essential for independent high-
frequency use of both hands. The rM1-lM1 results indicate that adjustment of connectivity between homologous M1 may be important for
the regulation of homologous muscle synergies.

Introduction
Many human movements in everyday life, such as typing or driv-
ing a car, require the suppression of the natural tendency toward
bilateral synchronization of the limbs (Varela et al., 2001). Ac-
cordingly, one definition of skill is the ability to control the nat-
ural tendency of temporally uncoupled (anti-phase) movements
toward synchronization, i.e., temporal coupling of both hands
(in-phase). Psychophysical evidence has demonstrated that when
the frequency of anti-phase movements is increased, the ten-
dency toward symmetry becomes stronger and, finally, results in
an unavoidable transition from anti-phase to in-phase (Kelso,
1984; Swinnen, 2002). The involvement of interhemispheric in-
teractions in coordinating bimanual actions has been widely dis-
cussed (Geffen et al., 1994). However, the exact mechanisms and
pathways by which the brain stabilizes temporally complex bi-
manual coordination remain elusive.

In particular, the supplementary motor area (SMA) and the
premotor cortex have been associated with the coordination of
bimanual movements (Brinkman, 1984; Tanji et al., 1988; Hals-

band et al., 1993). This view has been challenged by evidence in
monkeys that showed a subset of neurons within the primary
motor cortex (M1) specifically engaged in the control of biman-
ual movements (Donchin et al., 1998; Gribova et al., 2002). Sev-
eral neuroimaging studies in humans have demonstrated that
anti-phase and in-phase movements share a large core motor
network, but additional activations in bihemispheric motor net-
works have also been detected during anti-phase activities (Sa-
dato et al., 1997; Ehrsson et al., 2002; Ullen et al., 2003; Rocca et
al., 2007; Walsh et al., 2008; Meister et al., 2010). In previous
studies using functional magnetic resonance imaging (fMRI),
brain activity related to transitions from anti-phase to in-phase
has been reported to occur in right-lateralized prefrontal, SMA,
dorsal premotor (PMd), parietal regions and cerebellum (Meyer-
Lindenberg et al., 2002; Aramaki et al., 2006b). However, when
TMS was applied to the different cortical regions previously iden-
tified with fMRI, only stimulation to the right PMd substantially
perturbed movement coordination and induced by far the most
switches from the instable anti-phase to the stable in-phase mode
(Meyer-Lindenberg et al., 2002). In a recently published study, an
increase of the connectivity profile of the predominantly right
parietal, PMd and prefrontal regions within the opposite hemi-
sphere was detected when spatially and temporally uncoupled
movements were contrasted with coupled movements (Meister
et al., 2010). In contrast, Meister et al. and two additional studies
revealed a decrease of connectivity between homologous M1 re-
gions when subjects performed temporally coupled movements
of both hands (Grefkes et al., 2008; Maki et al., 2008; Meister et
al., 2010).Together, these neuroimaging studies suggest that ac-
tivity in the right hemisphere, especially in the right PMd, along
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with changes of the connectivity profile across hemispheres play
an essential role in the coordination of temporally uncoupled
bimanual movements. One central question that still remains
open is whether topography and modulation of interhemispheric
inhibitory and facilitory circuits are associated with different
types of bimanual movements. We thus investigated whether
movement-related interhemispheric interactions in distinct parts
of the motor cortex are associated with how successfully healthy
subjects perform bimanual movements. To this end, the follow-
ing hypotheses were tested in the present study: (1) right pre-
motor to left primary motor cortex (rPMd-lM1) connectivity
contributes to discrete anti-phase and right to left primary motor
interaction (rM1-lM1) to in-phase bimanual movements; (2) the
temporal evolution of interhemispheric signals; and (3) the ex-
tent of inhibition and facilitation between hemispheres are useful
parameters to predict how successful (bi)manual coordination is
accomplished.

Materials and Methods
Ethics statement. All subjects gave written informed consent to partici-
pate in the experiment according to the Code of Ethics of the World
Medical Association (Declaration of Helsinki) before all experimental
procedures. The study was approved by the local ethics committee of the
University of Hamburg (Hamburg, Germany).

Subjects. Fourteen young healthy right-handed subjects (10 females;
mean age, 24.43 � 0.69 years; age range, 22–32 years) participated in the
study. Seven subjects took part in a previous study and were behaviorally
tested in the present study (Liuzzi et al., 2010). According to the Edin-
burgh inventory of handedness (Oldfield, 1971), all subjects were right
handed (mean score, 92 � 4). They were naive to the experimental pur-
pose of the study and did not play a musical instrument regularly. None
of the subjects had a history of serious medical, neurological, or psychi-
atric illnesses, as probed by a standardized questionnaire.

Experimental protocol. The experimental protocol comprised an inves-
tigation of interhemispheric interactions with double-pulse transcranial
magnetic stimulation (dpTMS) (see below, Assessment of interhemi-
spheric interactions) and an investigation of bimanual and unimanual
coordination (see below, Assessment of bimanual and unimanual per-
formance). The dpTMS experiment served to capture the individual’s
characteristic of interhemispheric interactions during the initiation of a
voluntary movement. To test the association of interhemispheric inter-
actions and behavioral data, we calculated multiple regression analyses to
obtain the most effective overall model of physiological and behavioral
data (see below, Statistical analysis).

Assessment of interhemispheric interactions. dpTMS is a noninvasive
stimulation technique with exceptional temporal resolution. It has been
widely used for the investigation of interhemispheric pathways and pro-
vides information on effective connectivity, i.e., facilitation or inhibition,
between distant brain areas (Hallett, 2000; Walsh and Cowey, 2000; Koch
et al., 2006; Duque et al., 2007; Liuzzi et al., 2010). A previous investiga-
tion with dpTMS supports the view that during movement preparation
the rPMd exerts early and strong interhemispheric facilitation toward the left
M1 (lM1), whereas the interaction between homologous M1 (rM1-lM1) is
inhibitory and is modulated late during movement preparation (Liuzzi et al.,
2010). We adapted this paradigm for the present study.

Before the TMS experiment started, subjects were familiarized with a
simple reaction time task. Subjects were seated comfortably in an arm-
chair with hands and forearms resting on a table. They focused on a
crosshair displayed centrally on a computer screen 50 cm in front of the
table. Subjects were instructed to perform a brisk right index finger ab-
duction as quickly as possible after the crosshair turned into a Go signal.
The stimulus onset asynchrony between appearance of the crosshair and
the Go signal varied between 6, 7, and 8 s in a block-randomized order.
To determine the individual reaction time (RT), the average onset of
electromyographic (EMG) activity of the right first dorsal interosseus
muscle (FDI) was determined in 30 trials. Pairs of Ag/AgCl surface electrodes
were used in a belly-to-tendon-montage for surface EMG recordings of the

right and left FDI. The EMG signal was recorded simultaneously from both
FDIs using two separate channels and digitized (sampling rate, 5 kHz; band-
pass filter, 50 Hz to 1 kHz, CED 1902 amplifier, Cambridge Electronics).

For the ensuing dpTMS experiment, we chose four different time
points to determine the time course of interhemispheric interactions
during movement preparation: 20, 50, 80, and 95% of the individual RT.
In essence, dpTMS provides information on interhemispheric interac-
tions by measuring the influence of a conditioning stimulus (CS) given to
one hemisphere over a test stimulus (TS) applied to the opposite hemi-
sphere (interstimulus interval between CS and TS, 10 ms). This is a well
established procedure to obtain information on interhemispheric inter-
actions during movement preparation (Murase et al., 2004; Duque et al.,
2005; Koch et al., 2006; Liuzzi et al., 2010). In the present experiment, two
different routes between hemispheres were investigated between right
M1 and left M1 (rM1-lM1) and between right PMd and left M1 (rPMd-
lM1). TMS was delivered by two Magstim 200 connected to two figure
eight-shaped coils (7 cm in diameter). Before testing task-related inter-
hemispheric interactions as described above, the optimal location for
stimulating the M1 representation of the FDI of both hands (“hot spots”)
and individual resting motor threshold were determined as described
previously (Rossini et al., 1994; Chen et al., 2008). We then determined
the stimulation intensities (expressed in percentage of maximum stimu-
lator output) for TS, CSrPMd, and CSrM1. TS was adjusted during move-
ment preparation, since motor excitability varies substantially between
rest and when cued for a reaction (Chen et al., 1998). Hence, we collected
10 trials of TS alone at 50% of RT (adjustment run at t(2)) and repeated
the adjustment run to obtain unconditioned motor-evoked potentials
(MEPs) of stable average peak-to-peak amplitude of �1 mV. This is an
optimal excitability level to induce interhemispheric inhibition (IHI), as
demonstrated in a previous study that tested IHI at different intensities of
TS (Daskalakis et al., 2002). It has been shown in two previous studies
that rM1-lM1 is inhibited during early phases of movement preparation
(Murase et al., 2004; Duque et al., 2005). We thus chose a stimulation
intensity of CSrM1 to reach an inhibition of the conditioned MEP ampli-
tude (CS � TS/TS) corresponding to 50 –70% of the unconditioned MEP
amplitude. We collected 10 double-pulse trials of CSrM1-TS at 50% of
individual RT and repeated the adjustment run to obtain MEPs with a
stable average peak-to-peak amplitude of �0.5 to 0.7 mV. Since we
wanted to compare rM1-lM1 directly with rPMd-lM1, we adopted the
same stimulation intensity of CSrM1 for CSrPMd to rule out stimulation
intensity as a confounder. The TS was always applied over the primary
motor representation of the right FDI. To assess interhemispheric inter-
action between homologous areas of the primary motor cortex (rM1-
lM1), the CS was given over the rM1 of the FDI. To evaluate
interhemispheric interactions between the rPMd and the lM1 (rPMd-
lM1), the CS coil was moved 2 cm anteriorly and 0.5 cm medially from
the right primary motor representation of the FDI. Motor-evoked poten-
tials recorded from the right FDI were used to calculate interhemispheric
interactions, defined as conditioned MEP (CS-TS)/unconditioned MEP
(only TS) * 100 –100. Values above 0 indicate facilitation (conditioned
MEP � unconditioned MEP). Values below 0 indicate inhibition (con-
ditioned MEP � unconditioned MEP). For more details please see Liuzzi
et al. (2010) and Figure 2a, which illustrates the experimental setup to-
gether with the results of interhemispheric interactions).

Assessment of bimanual and unimanual performance. Subjects were
instructed in a standardized fashion to perform a well evaluated, biman-
ual, rhythmic finger-tapping task using their index and middle fingers, as
described previously (Fig. 1a) (Meyer-Lindenberg et al., 2002; Aramaki
et al., 2006b; Serrien, 2008). Two 8-key pads connected to a personal
computer were used to record the finger taps. Subjects were instructed to
perform discrete anti-phase movements that were defined as the syn-
chronous tapping of left index/right middle finger alternating with the
synchronous tapping of left middle/right index finger (Fig. 1a). The tap-
ping frequency was triggered by an auditory metronome that started at
40 beats per minute (0.67 Hz). Visual cues (start and stop signal, fixation
cross) were provided on a 17 inch computer screen by Presentation soft-
ware (Neurobehavioural Systems), which was also used to record the
timing of the key presses. Subjects were instructed to start after the Go
signal to look at the fixation cross and to maintain the anti-phase mode
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for 30 s. Subjects were asked to tap in tune with the auditory metronome.
Subjects were instructed to get into the paced rhythm during the first 10 s,
which were then discarded from further analysis. The last 20 s were used
to assess accuracy in anti-phase movements. It is known that anti-phase
movements are less stable and less accurate than in-phase movements
(synchronous tapping of right and left index finger alternating with syn-
chronous tapping of right and left middle finger) and that an increase of
frequency ultimately results in a phase transition from the anti-phase to
the in-phase mode (Fig. 1a) (Kelso, 1984; Meyer-Lindenberg et al., 2002;
Swinnen, 2002). Based on this previously described “egocentric con-
straint,” we titrated the highest frequency at which the anti-phase mode
could be maintained for 20 s in three of four trials without phase transi-
tion (Aramaki et al., 2006b). Since it is known that behavioral informa-
tion such as intention has a modifying influence on phase transitions
from unstable to stable movement patterns (Lee et al., 1996; Smethurst
and Carson, 2003), all subjects were instructed not to resist a transition,
the so-called “do not intervene” condition. Using this approach, a more
clear-cut transition from anti-phase to in-phase could be identified in the
subjects’ behavior, whereas the so-called “stay condition” may lead to
phase wandering (Smethurst and Carson, 2003).

To test the association of interhemispheric interactions with symmet-
rical bimanual movements, we chose bimanual in-phase movements. To
this end, we investigated two additional bimanual conditions that do not
require anti-phase stability: bimanual in-phase tapping with index and
middle fingers and synchronous tapping of both index fingers (Fig. 1c,d).
To rule out the possibility that interhemispheric interactions are simply
associated with rapid finger movements, be it bimanual or unimanual,
we added two unimanual tasks. We tested unimanual alternating tapping
of index and middle finger and unimanual tapping of the index fin-

ger alone (Fig. 1e,f ). For bimanual in-phase
and unimanual conditions, subjects were in-
structed in a standardized fashion to tap as fast
as possible after a Go signal for 10 s until a
Stop-signal appeared on the screen. After one
familiarization trial, each condition was re-
peated three times. Each trial was separated by
a rest period of 30 – 60 s. In contrast to anti-
phase movements, it is known that in-phase
movements do not show switches into other
stability modes, e.g., into anti-phase (Swin-
nen, 2002). Thus, the outcome measure that we
calculated was the mean number of taps in
three runs.

Statistical analysis. Kolmogorov–Smirnov
tests for normal distribution were calculated
before statistical parametric testing was
applied. A two-factorial repeated-measures
ANOVA with the factors time (four levels: t(1),
t(2), t(3), t(4)) and location (two levels: rM1-
lM1, rPMd-lM1) was calculated to evaluate
movement-related interhemispheric interac-
tions. Greenhouse–Geisser epsilon determina-
tion was used to correct for nonsphericity. To
obtain the most effective overall model for the
association of interhemispheric interactions
with each behavioral task, we performed mul-
tiple regression analyses. We used each move-
ment condition separately as the dependent
variable (bimanual anti-phase movements of
the index/middle fingers, bimanual in-phase
tapping with index and middle fingers, syn-
chronous tapping of both index fingers, uni-
manual alternating tapping of index and
middle finger, unimanual tapping of the index
finger only) and time-specific “interhemispheric
interaction” as the independent variables (rPMd-
lM1 and rM1-lM1 at 20, 50, 80, and 95% of
individual reaction time). Stepwise inclusion/
exclusion of independent variables into the
regression model was determined by F prob-

ability of p � 0.05 for inclusion and p � 0.1 for exclusion. SPSS software
(version 15.0.1 for Windows, SPSS) was used for all statistical analyses.

Results
Interhemispheric interactions
The stimulation intensities for the assessment of interhemispheric
interactions during movement preparation were 44.5 � 1.38% of
maximum stimulator output for the TS (corresponding to 113.2 �
3.1% of the intensity at the individual resting motor threshold) and
41.4 � 1.3% of maximum stimulator output for CS (110.3 � 2.4%
of the intensity at the individual resting motor threshold).

The repeated measures ANOVA of interhemispheric interac-
tions revealed a main effect of location (F(1,13) � 22.9; p � 0.001)
and time (F(3,39) � 3.4; p � 0.034). Moreover, the interaction of
time * location was significant (F(3,39) � 3.0; p � 0.046) (Fig. 2b).
As reported previously (Murase et al., 2004; Duque et al., 2005;
Liuzzi et al., 2010), all subjects consistently showed inhibition
in rM1-lM1 during early phases of movement preparation, with
reduction of inhibition toward movement onset. In line with our
previous study (Liuzzi et al., 2010), rPMd-lM1 followed a differ-
ent temporal pattern compared with rM1-lM1. Connectivity be-
tween rPMd-lM1 was already modulated in an early time frame
during movement preparation and facilitated contralateral cor-
ticospinal output from lM1.

In a nonhierarchical stepwise multiple regression analysis, we
then tested whether any of the individual time-specific values of

Figure 1. Bimanual and unimanual tasks. a, Subjects were instructed to perform bimanual anti-phase movements with index
and middle fingers triggered by an auditory metronome. b, By consequence of natural coordination constraints, human bimanual
movements automatically tend toward symmetry (Kelso, 1984; Meyer-Lindenberg et al., 2002; Swinnen, 2002). Therefore, higher
frequency increases task difficulty and results in a phase transition from the anti-phase mode to the in-phase mode (Kelso, 1984;
Meyer-Lindenberg et al., 2002; Swinnen, 2002). As a measure of skill, the outcome of this behavioral task was the maximum
frequency at which the anti-phase movements could be maintained for 20 s without switching to in-phase. c–f, Control conditions.
All control tasks required the same effectors and high speed as the anti-phase task in a. Some tasks (c, e) required alternating
movements between fingers as in a, while others only required repetitive movements with the index finger (d, f ). However, none
of the control conditions required anti-phase coupling of the hands. Subjects were instructed to tap as fast as possible for 10 s
bimanually with index and middle fingers in the in-phase mode (c), bimanually with both index fingers simultaneously (d),
unimanually alternating index and middle finger (right hand only) (e), and with the right index finger only (f ). As outcome
measure for c–f, the mean number of taps of three consecutive runs was calculated. Please consult Materials and Methods for
details of the behavioral paradigm. L, Left; R, right.
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interhemispheric modulation between rPMd-lM1 and rM1-lM1
predicted the performance in maintaining anti-phase stability
as a measure of higher bimanual skill. All connectivity values
(rPMd-lM1 t(1– 4) and rM1-lM1 t(1– 4)) were entered as equivalent
independent variables in a nonhierarchical multiple regression
model. Solely the amount of interhemispheric facilitation from
rPMd toward lM1 proved to be a predictor for the performance
in the bimanual anti-phase task (multiple regression ANOVA:
R 2 � 0.82, F � 24.8, p � 0.001). In contrast, none of the interac-
tions between rM1-lM1 was associated with anti-phase perfor-
mance. In other words, the more rPMd facilitated lM1, the higher
was the maximum frequency at which the subjects could main-
tain bimanual anti-phase movements without transition into the
easier mirror mode (in-phase) (regression coefficient: � � 0.82,
p � 0.001) Fig. 2b). Note that only the amount of facilitation that
occurred early during movement preparation (20% of reaction
time) proved a positive predictor for bimanual anti-phase per-
formance. As another argument in favor of time-specific con-
straints, late facilitation of interhemispheric premotor–motor
connections explained a further part of the behavioral variance
but revealed a negative association with anti-phase movements
(regression coefficient: � � �0.034, p � 0.024). That indicates

that subjects who demonstrated late facilitation performed more
poorly in bimanual anti-phase movements.

We subsequently asked whether fast modulation of rPMd-
lM1 is generally beneficial for rapid unimanual and/or bimanual
movements or specifically for high-frequency bimanual anti-
phase movements. To this end, performance in bimanual in-
phase and unimanual tasks, which also required rapid index/
middle finger movements, was assessed (Fig. 1c–f). The in-phase
task was of particular interest, since the same fingers had to be
moved in a quick, alternating manner. Only the coupling mode of
both hands was changed. Multiple regression results demon-
strated that rPMd-lM1 modulation did not explain variance in
the bimanual in-phase or any of the unimanual tasks. On the
contrary, modulation of rM1-lM1 significantly contributed to
performance in bimanual in-phase and to repetitive unimanual
movements (Table 1). Of particular interest, bimanual in-phase
performance was associated with the amount of inhibition be-
tween rM1-lM1 early during movement preparation (n � 11;
multiple regression: R 2 � 0.37, F � 5.29, p � 0.047). Less inhi-
bition between rM1 and lM1 was associated with faster bimanual
in-phase tapping.

Figure 2. a, We measured interhemispheric interactions during movement preparation from the right PMd to the left M1 and between homologous M1 areas of both hemispheres with
double-pulse transcranial magnetic stimulation as described previously (Liuzzi et al., 2010). MEPs were recorded from the right index finger early and late during the movement preparation process
(20, 50, 80, and 95% of individual reaction time; for details on the dpTMS methods, see Materials and Methods and Liuzzi et al. (2010)). Group analysis (n � 14) revealed significantly different
temporal patterns of rPMd-lM1 versus rM1-lM1 modulation (time * location; F(3,39) � 3.4; p � 0.034). Using a multiple regression model, we tested the hypothesis of whether any of the individual
time-specific values of interhemispheric modulation of rPMd-lM1 and rM1-lM1 explain the variance of performance in maintaining bimanual anti-phase stability. b, Only rPMd-lM1 interaction at
20% of RT (red circle in a) predicted the level of skill in keeping up bimanual anti-phase movements when the index and middle fingers were used (p � 0.001). In other words, the more the right
PMd facilitated corticospinal output from left M1, the faster the subjects performed in the anti-phase task without transition into the in-phase mode.

Table 1. Multiple regression results of interhemispheric interactions and control tasks

Task (dependent variable)

Model summary ANOVA Inclusion/exclusion of predictors (dependent variables)

R R 2 F value p value Excluded predictors Included predictors � value p value

Biman in-phase 0.61 0.37 5.29 0.047 rM1-lM1 t(2) , t(3) , t(4) ; rPMd-lM1 t(1) , t(2) , t(3) , t(4) rM1-lM1 t(1) 0.61 0.047
Biman index All None
Uniman index/middle 0.72 0.52 9.82 0.012 rM1-lM1 t(1) , t(2) , t(3) ; rPMd-lM1 t(1) , t(2) , t(3) , t(4) rM1-lM1 t(4) �0.72 0.012
Uniman index 0.83 0.69 19.87 0.002 rM1-lM1 t(1) , t(2) , t(3) ; rPMd-lM1 t(1) , t(2) , t(3) , t(4) rM1-lM1 t(4) �0.83 0.002

Note that rPMd-lM1 was not associated with any of the control tasks. The significant results of rM1-lM1 associated with the control tasks are given above. R is the multiple correlation coefficient; R 2 is coefficient of determination (squared
R); and R 2 indicates how much the variance of the dependent variable is explained by the predictors included in the multiple regression. � value is the regression coefficient of the included predictor. Values between �1 and 0 indicate a
negative relationship of the predictor with the dependent variable. Values between 0 and 1 indicate a positive relationship of the predictor and the dependent variable. Example: the higher the value for rM1-lM1, the higher was the
performance for bimanual in-phase tapping. The p value next to the � value indicates the statistical significance of the regression related to the included predictor.
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Discussion
The need for interhemispheric interactions in coordinating bi-
manual actions seems obvious and has been confirmed in several
previous studies, especially in patients with defects of the corpus
callosum (for review, see Geffen et al., 1994). As a physiological
measure of interhemispheric interactions, the investigation of
interhemispheric connectivity profiles with EEG and fMRI dem-
onstrated stronger interhemispheric coupling of motor regions
for anti-phase when compared to in-phase movements (Serrien
and Brown, 2002; Serrien, 2008; Meister et al., 2010). However,
one open question is whether interhemispheric interactions are
predominantly inhibitory, facilitory, or both (Swinnen, 2002;
Bloom and Hynd, 2005). The present results suggest that both
facilitory and inhibitory interactions between the hemispheres
are necessary for bimanual movements. It is likely that there is
more than one mode of interhemispheric interaction and that
several varieties occur depending on the processing demands of
the task (Hellige, 2001). Thus, interhemispheric interactions may
be inhibitory and facilitory at different time points during prep-
aration and execution of a motor act. One suggestion is that more
complex cognitive tasks rely on excitatory exchange of informa-
tion between hemispheres (Yazgan et al., 1995). In the present
study, we observed both facilitory and inhibitory interhemi-
spheric interactions that were related to different motor regions
and to different types of motor coordination. Most strikingly, the
amount of rPMd-lM1 facilitation was only related to the perfor-
mance in the bimanual anti-phase movements, which was the
most demanding coordination type of all tested tasks. Moreover,
the results indicate that precise timing of facilitation is important
for successful anti-phase movements. Early and strong facilita-
tion was associated with better performance in bimanual anti-
phase movements, whereas delayed facilitation was found in
subjects with poor anti-phase stability. In previous studies, it has
been demonstrated that while resting hands, interhemispheric
PMd-M1 interactions are inhibitory (Mochizuki et al., 2004; Ni
et al., 2009) but may turn into strictly timed and short-lasting
facilitation during the premovement period (Koch et al., 2006;
O’Shea et al., 2007; Liuzzi et al., 2010). By combining TMS and
fMRI, Bestmann et al. (2008) showed that a TMS pulse over the
PMd elicits different effects on the motor regions of the opposite
hemisphere depending on the state of the motor system. During
hand grip, TMS led to activity increases in contralateral PMd and
M1, whereas activity decreases were observed when the hands
were at rest (Bestmann et al., 2008). Thus, PMd appears to exert
task-dependent influences over the opposite motor regions. In
particular, the rPMd has been suggested to play a specific role in
the coordination of bimanual anti-phase movements (Meyer-
Lindenberg et al., 2002; Aramaki et al., 2006b; Meister et al.,
2010). The results of the present study suggest that the switch
from unstable to stable neural activity during anti-phase is pre-
vented by means of strong and strictly timed facilitation from
rPMd toward the opposite primary motor cortex. Considering
previous neuroimaging studies together with the present results,
the right PMd plays a specific role in stabilizing anti-phase move-
ments. It has been proposed that transfer of visuomotor informa-
tion from the right to the left hemisphere is faster than the reverse
(Marzi et al., 1991). Thus, it is possible that more rapid transmis-
sion of signals from right to left hemisphere than in the opposite
direction assists the left hemispheric dominance for control of
bilateral timing and sequencing (Marzi et al., 1991). If timing and
accuracy of responses were predominantly programmed by one
hemisphere, bilateral control of the distal limb musculature

would still require monitoring activity in the motor regions of the
opposite hemisphere. Sending an efference copy of the planned
motor program from the nondominant to the dominant hemi-
sphere could be one way to link corollary discharge of both motor
cortices, thus allowing for optimal timing of movements in both
hands (Geffen et al., 1994). The observation that split-brain pa-
tients show enormous difficulty in performing anti-phase bi-
manual movements underscores the importance of efficient
interhemispheric transfer of motor information for bilateral
movements (Tuller and Kelso, 1989; Kennerley et al., 2002). As
such, fast interhemispheric facilitation may well be one principal
means by which the production of bimanual anti-phase move-
ment is kept stable, especially at high speed, when rapid alternat-
ing motor commands need to be robustly coordinated across
hemispheres. Our findings, however, do not exclude the possibil-
ity that several other brain regions are necessary to perform anti-
phase movements. In addition to rPMd, additional brain regions
are engaged in the control of bimanual anti-phase movements.
Using fMRI, an increase of activity and connectivity changes in
bilateral inferior parietal cortex, basal ganglia, and cerebellum
was observed during uncoupled bimanual movements (Meister
et al., 2010). It may also be the case that rPMd-lM1 facilitation is
just a surrogate parameter that showed an association with be-
havioral performance in anti-phase movements but may lack a
direct causal relationship. However, at least three reasons point to
an active involvement of rPMd in stabilizing anti-phase move-
ments. (1) Activity in rPMd was most prominent and most com-
monly found in several neuroimaging studies (Sadato et al., 1997;
Meyer-Lindenberg et al., 2002; Aramaki et al., 2006b; Meister et
al., 2010). (2) When TMS was applied to several regions that were
observed to be active during anti-phase movements, only stimu-
lation to the rPMd resulted in a breakdown of anti-phase stability
(Meyer-Lindenberg et al., 2002). This lateralized effect was con-
firmed in a more recent study indicating the specific role of the
rPMd in anti-phase movements (van den Berg et al., 2010). 3) In
the present study, only rPMd-lM1 facilitation, but none of the
rM1-lM1 parameters, showed an association with bimanual anti-
phase performance.

Some authors favor the idea that inhibitory signals are also
involved in interhemispheric interactions. The original theories
of inhibition by Cook and Kinsbourne postulated that homo-
topic brain regions are in a steady mutual inhibitory relationship
with each other (for review, see Bloom and Hynd, 2005). This
assumption is in keeping with more recent neurophysiological
studies. Homotopic M1-M1 interaction between representations
of distal hand muscles is inhibitory when studied at rest (Ferbert
et al., 1992; Gerloff et al., 1998; Daskalakis et al., 2002). However,
when an instruction to move the dominant hand is given, inhi-
bition of M1 ipsilateral to the moving hand targeting contralat-
eral M1 is substantially decreased and may turn into a completely
disinhibited state immediately before EMG activity appears
(Duque et al., 2007; Liuzzi et al., 2010). Interhemispheric inhibi-
tion from contralateral M1 targeting ipsilateral M1 displayed a
nearly constant inhibition throughout the premovement period
(Duque et al., 2007). It has been proposed that these changes in
premovement M1-M1 interactions may serve to prevent the ap-
pearance of involuntary movements in the resting hand and sup-
port dexterity of the moving hand. The results of the present
study sustain the assumption that the individual amount of
M1-M1 inhibition right before movement onset is related to the
speed of repetitive movements with the dominant hand. For bi-
manual in-phase movements, M1-M1 connectivity studied with
functional neuroimaging showed enhanced coupling in both M1
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(Grefkes et al., 2008). However, it is not known so far whether the
adjustment of premovement M1-M1 inhibition plays a func-
tional role in bimanual dexterity. In the present study, the max-
imum speed of bimanual in-phase tapping with the index and
middle finger was highest in those subjects that showed weak
premovement M1-M1 inhibition. Weak inhibition between ho-
mologous M1 representations could be a mechanism to enhance
neural crosstalk across hemispheres to propagate synchronous
movements of both hands (Aramaki et al., 2006a; Grefkes et al.,
2008; Maki et al., 2008). However, the association of premove-
ment M1-M1 inhibition with bimanual in-phase movements was
rather weak in the population of the present study. It may well be
that the M1-M1 interaction from the dominant to the nondomi-
nant hemisphere that was not studied here is more important for
bimanual in-phase movements, since activity in the dominant
M1 seems to contribute more strongly to the stability of bimanual
in-phase movements (Aramaki et al., 2006a; Maki et al., 2008).To-
gether, interhemispheric inhibition or disinhibition may feed-
forward information to the motor cortex of the other hemisphere
when a unimanual or bimanual movement is planned. Interhemi-
spheric inhibition may then serve to prevent mirror movements
when a unimanual movement is planned, whereas interhemispheric
disinhibition may facilitate bimanual in-phase movements and even
transfer motor commands from the dominant to the nondominant
hemisphere, allowing for smoother control of bimanual activity
(Maki et al., 2008).

It is well known that aging and degenerative brain pathologies
like Parkinson’s disease (PD) lead to substantial deficits in motor
coordination. Aging affects interhemispheric interactions, result-
ing in reduced M1-M1 inhibition, which is potentially related to
the decline of manual dexterity (Talelli et al., 2008). Patients with
PD experience great difficulties in bimanual coordination asso-
ciated with dysfunctions of connectivity in the motor network
(Wu et al., 2010). Another recent study in healthy humans dem-
onstrated that applying noninvasive brain stimulation to the
PMd induces specific connectivity changes that were related to
improvement in the dynamic control of actions (Ward et al.,
2010). Taking these recent reports into consideration, our study
indicates that dysfunctions in connectivity may depend on the
temporal dynamics and the amount of inhibition and facilitation
between distant motor cortical regions. Shaping the dynamics
of brain connectivity, e.g., with noninvasive brain stimulation,
may give rise to new therapeutic avenues for movement dis-
orders caused by malfunctioning interactions between distant
brain regions.
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