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Abstract—Patterns of bimanual coordination in which homol-
ogous muscles are simultaneously active are more stable
than those in which homologous muscles are engaged in an
alternating fashion. This may be attributable to the stronger
involvement of the dominant motor cortex in ipsilateral hand
movements via interaction with the non-dominant motor sys-
tem, known as neural crosstalk. We used functional magnetic
resonance imaging to investigate the neural representation
of the interhemispheric interaction during bimanual mirror
movements. Thirteen right-handed subjects completed four
conditions: sequential finger tapping using the right and left
index and middle fingers, bimanual mirror and parallel finger
tapping. Auditory cues (3 Hz) were used to keep the tapping
frequency constant. Task-related activation in the right pri-
mary motor cortex was significantly less prominent during
mirror than unimanual left-handed movements. This was mir-
ror- and non-dominant side-specific; parallel movements did
not cause such a reduction, and the left primary motor cortex
showed no such differential activation across the unimanual
right, bimanual mirror, and bimanual parallel conditions. Re-
ducing the contralateral innervation of the left hand may
increase the fraction of the force command to the left hand
coming from the left primary motor cortex, enhancing the
neural crosstalk. © 2006 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: bimanual coordination, neural crosstalk, func-
tional MRI, primary motor cortex, cerebellum, ipsilateral con-
trol.

Patterns of bimanual coordination in which homologous mus-
cles are active simultaneously are more stable than those in
which homologous muscles are alternately engaged (Swin-
nen et al., 1997). This is demonstrated dramatically by the
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phase transition during bimanual movement: if a subject per-
forms a movement in the asymmetrical mode, increasing the
movement frequency ultimately results in a phase transi-
tion toward the more stable mirror-symmetrical mode, but
the opposite transition does not occur (Kelso, 1984). This
phenomenon has been formalized by the concept of inter-
manual crosstalk assuming two independent motor plans
(Marteniuk and MacKenzie, 1980). The crosstalk consists
of dispatching a fraction of the force command sent to one
hand as a mirror image to the other hand (Cattaert et al.,
1999).

Interactions between the movements of the hands are
assumed to result from crosstalk at multiple levels between
the signals controlling them. For low-level crosstalk (Cat-
taert et al., 1999), the movement parameters of the mus-
cles common to both hands are probably derived via both
contralateral and ipsilateral corticospinal tracts to the ho-
mologous muscles. The ipsilateral innervation might en-
hance mirror movement, which is more stable than the
asymmetrical parallel movement because there are com-
mon parameters for the homologous muscles. Behavioral
studies revealed greater ipsilateral deficits in stroke pa-
tients with left hemisphere damage than those with right
hemisphere damage (Wyke, 1971; Kimura, 1977; Haaland
et al., 1987; Haaland and Harrington, 1994). The effects of
repetitive transcranial magnetic stimulation (rTMS) on the
performance of ipsilateral finger sequences suggest a
stronger involvement of the dominant motor cortex in ipsi-
lateral hand movements (Chen et al., 1997). Hence the
more stable bimanual mirror movement is attributed to the
stronger involvement of the dominant motor cortex in ipsi-
lateral hand movements.

Interhemispheric interaction through the corpus callo-
sum is important for symmetrical movements, as calloso-
tomy patients cannot perform in-phase symmetrical biman-
ual circle drawing (Kennerley et al., 2002). Paired trans-
cranial magnetic stimulation (TMS) studies provided
evidence for clear interhemispheric facilitatory (Ugawa
et al.,, 1993) and inhibitory effects (Ferbert et al., 1992) of
the motor cortex, probably through the corpus callosum
(Di Lazzaro et al., 1998). The trans-callosal inhibition is
asymmetric in right-handers with a stronger inhibition from
the left-to-right motor cortex than vice versa (Netz et al.,
1995). These findings raise the possibility that the non-
dominant M1 is where the high-level cortico-cortical inter-
ference from the dominant hemisphere occurs during bi-
manual mirror movement.

The purpose of the present study was to investigate
the neural representation of the crosstalk during mirror
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movement. Our hypothesis was that if a fraction of a force
command is derived through the ipsilateral pathway from
the left M1 during mirror movement, the force command
from the right M1 may decrease, as indicated by a de-
crease in neural activity compared with during unimanual
left-hand movement, in which the right M1 can no longer
rely on the left M1. As the crosstalk consists of dispatching
a fraction of the force command sent to one hand as a
mirror image to the other hand (Cattaert et al., 1999), no
reduction of right M1 activity was expected during parallel
movement. We used functional magnetic resonance imag-
ing (fMRI) to measure the task-related activity and com-
pared the neural activation during unimanual movement
with that during bimanual mirror movements.

EXPERIMENTAL PROCEDURES
Participants

Thirteen subjects (age range, 25-38 years; mean age*S.D.,
30.2+4.41; seven men and six women) participated in this study.
The subjects were all right-handed according to the Edinburgh
handedness inventory (0.89+0.16, mean=S.D.) (Oldfield, 1971).
None of the subjects had a history of psychiatric or neurological
illness. The protocol was approved by the ethical committee of the
National Institute of Physiological Sciences, Japan. All subjects
gave their written informed consent for the study.

Experiment

Subjects completed four conditions: sequential finger tapping us-
ing the unilateral index and middle fingers of the right (UR) and left
(UL) hands, and bimanual finger tapping in the mirror (BM) and
parallel (BP) modes. In this study, we defined the mirror condition
as symmetric or in-phase movement from homologous effectors;
the synchronous tapping of both index fingers alternating period-
ically with the synchronous tapping of both middle fingers: (_IX1_),
(M_X_M), (_LIXL_), and so on. The parallel condition was defined
as asymmetric or anti-phase movement from homologous effec-
tors; the synchronous tapping of the left middle and the right index
fingers, which alternated periodically with the synchronous tap-
ping of the left index and the right middle fingers: (M_XI_),
(LIX_M), (M_XI_), and so on (Mechsner et al., 2001). Auditory
cues of 3 Hz were used to keep the tapping frequency constant.
We confirmed that there was no transition from the parallel to
mirror mode at this frequency (Aramaki et al., in press).

Two USB MRI-compatible 10-key pads (TK-UYGT; Elecom,
Osaka, Japan) were used to record the finger taps. For right-
handed finger taps, keys “1” (for the index finger) and “3” (for the
middle finger) of the 10-key pad were used. For the left hand, keys
“7” (for the index finger) and “9” (for the middle finger) of another
10-key pad were pressed.

The fMRI sessions consisted of alternating four resting and
three task epochs. Each epoch lasted 30 s. Each task condition
(BM, BP, UL, UR) was performed during separate sessions. To
minimize head motion, we used tight but comfortable foam pad-
ding placed around the subject’s head. An LCD projector (DLA-
M200L; Victor, Yokohama, Japan) located outside and behind the
scanner projected a crosshair through another waveguide to a
translucent screen, which the subjects viewed via a mirror at-
tached to the head coil of the MRI scanner. The subjects were
required to fixate the crosshair on the screen, and hence could not
see their hands. The color of the fixation point in turn appeared
green (“go”) and red (“stop”) every 30 s. The auditory cue was
provided continuously throughout the scanning session. The ses-
sion was repeated twice for each condition. The order of the
conditions in the experiment was counterbalanced across the

subjects. Presentation software (Neurobehavioral Systems, Al-
bany, CA, USA) was used to provide the auditory cues and to
record the timing of the key presses at 1000 Hz.

Calculation of the deviation of the inter-tap
interval (ITI)

To evaluate the accuracy of the tapping rhythm in each condition,
the deviation of the ITI from an identical ITI (333 ms) was calcu-
lated for each hand. For the right hand tapping, we excluded two
subjects from the performance analysis because of technical dif-
ficulties in the measurement of their tapping timing.

FMRI data acquisition and analysis

A time-course series of 71 volumes was acquired in one session
using T2*-weighted gradient echo-planar imaging (EPI) se-
quences with a 3.0 Tesla MR imager (Allegra; Siemens, Erlangen,
Germany). Each volume consisted of 44 axial slices with a slice
thickness of 3 mm and no gap, to include the entire cerebral cortex
and cerebellum. The time-interval between two successive acqui-
sitions of the same image was 3000 ms, the echo time 30 ms, and
the flip angle was 85 degrees. The field of view (FOV) was
192 mm and the in-plane matrix size was 64x64 pixels, with a
pixel dimension of 3X3 mm.

For anatomical reference, T1-weighted images were obtained
from each subject with location variables identical to those of the
EPIs. In addition, three-dimensional (3D) high-resolution T1-
weighted images were obtained. A total of 192 transaxial slices
were acquired. The in-plane matrix size was 256X256 pixels, the
slice thickness was 1 mm and the pixel size was 0.898X
0.898 mm.

The first six volumes of each fMRI session were discarded
because of unsteady magnetization and the remaining 65 vol-
umes per subject were used for the analysis. The data were
analyzed using statistical parametric mapping (SPM99; Wellcome
Department of Cognitive Neurology, London, UK) (Friston et al.,
1995a,b) implemented in Matlab (Mathworks, Sherborn, MA,
USA). Following realignment of the fMRI data, the 3D high-reso-
lution T1-image was coregistered to the fMRI data using the
anatomical T1-weighted image with identical locations to the fMRI
data. The parameters for affine and nonlinear transformation into
the Montreal Neurological Institute (MNI) T1-template image were
estimated using the 3D high-resolution T1-image with least-
squares means (Friston et al., 1995a). The parameters were then
applied to the realigned fMRI data. The anatomically normalized
fMRI data were filtered using a Gaussian kernel of 6 mm (full width
at half maximum) in the x, y, and z axes.

Statistical analysis was conducted on the imaging data of all
13 subjects at two levels. First, individual task-related activation
was evaluated using a general linear model (Friston et al., 1995b).
Second, in order to make inferences at the population level,
individual data were summarized and incorporated into a random-
effect model (Friston et al., 1999). The spatial extent of the acti-
vation foci depicted by the height threshold of P<0.001 (uncor-
rected for multiple comparisons) was then tested, based on the
theory of Gaussian random fields, which considers clusters as
“rare events” that occur in a whole brain according to the Poisson
distribution (Friston et al., 1996). This procedure is used to control
the family-wise error rate (or to correct for multiple comparisons)
at the cluster level. The statistical threshold was set at P<<0.05.

RESULTS
Behavior of the hand movement

When the average deviations of the ITI from the ideal ITI
(333 ms) for the left hand were compared, there were no
significant differences between them (F(2,24)=2.45; P=
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Fig. 1. Deviation of the left hand inter-tap-interval from the ideal ITI
(333 ms) in each condition: UL (light gray), BM (dark gray), and BP
(black). There is no significant difference between the conditions,
indicating that the left hand movement itself does not differ between
the three conditions.

0.108; repeated measures ANOVA, Fig. 1). There was also
no significant difference between the conditions for the right-
hand tapping deviation from the ideal ITI (F(2,20)=1.068;
P=0.362, repeated measures ANOVA).

The primary sensorimotor cortex

As shown in Fig. 2, the task-related activation in the right
primary motor cortex (M1) and in the left cerebellum during
the BM condition was significantly weaker than during the
UL condition (P<0.05 corrected at the cluster level). To
investigate whether this effect was specific to the mirror
mode, we plotted the increment of the brain activity in the
right M1, defined as the local maximum highlighted by the
UL-BM contrast, in each condition using beta values. The
beta value is a regression coefficient in a general linear
model. Using the block design employed in this experi-
ment, the amplitude and form of the regressors are com-
mon to all conditions. Hence the beta values can be com-
pared between conditions to indicate the increment of the
brain activity from the baseline condition. The beta value of
the right M1 in the UL condition was significantly larger than
that in the BM condition (Fig. 3, upper right, UL=
0.927+0.200 (mean=*S.E.), BM=0.479+0.191; F(1,12)=
51.781, repeated measures ANOVA with a predefined
contrast, P<<0.001). In contrast, the BP condition did not
show such a reduction (UL=0.927+0.200, BP=0.785+
0.257; F(1,12)=1.178, P=0.299). Thus, this effect in the
right M1 was BM-specific. Moreover, the activation of the
right M1 in the BP condition was significantly larger than in
the BM condition (BP=0.785+0.257, BM=0.479+0.191;
F(1,12)=6.459, P=0.026). The left M1, the coordinates of
which were defined as those that were mirror-symmetric to
those of the right M1, was activated by the UR, BM, and BP
conditions to a similar degree (UR=1.170%0.377,
BM=1.134x0.241, BP=1.392+0.252). There was no sig-
nificant reduction during the BM condition compared with

the UR condition (F(1,12)=0.011, P=0.918) or with BP
(F(1,12)=3.794, P=0.075) (Fig. 3, upper left). Thus, the
effect can also be shown to be specific to the non-domi-
nant hand. The right M1 was suppressed by UR (P=0.046,
one-sample t-test), whereas the left M1 did not show such
suppression during the UL condition. Fig. 4 shows the
typical fitted time courses of the activity of the right M1 in
three subjects, clearly demonstrating that the task-related
response in the BM condition was smaller than that in the
UL and in the BP conditions.

Cerebellum

The same phenomenon was observed in the cerebellum
contralateral to M1 (Fig. 3, lower left). The beta value of the
left cerebellum in the UL condition was significantly larger
than that in the BM condition (UL=1.352+0.319, BM=
0.788+0.194; F(1,12)=26.657, P<0.001). On the con-
trary, the BP condition did not cause such a reduction
(UL=1.352x0.319, BP=1.447x0.273, F(1,12)=0.206,
P=0.658). The beta value of the left cerebellum in the BP
condition was significantly larger than in the BM condition
(BP=1.447+0.273, BM=0.788+0.194; F(1,12)=11.049,
P=0.006). On the other hand, no difference in activation
was observed in the right cerebellum between the UR and
BM conditions (UR=0.868+0.282, BM=1.274+0.240;
F(1,12)=1.6, P=0.23), or between the UR and BP condi-
tions (UR=0.868+0.282, BP=1.548+0.362; F(1,12)=
3.365, P=0.091) (Fig. 3, lower right). Thus the effect is
specific to the non-dominant hand.

UL > BM

8
6
4
2

0
p < 0.05 corrected

Fig. 2. More prominent activation during the UL than the BM condition
as revealed by group analysis with the random effects model. The
results shown are statistically significant at a level of P<0.05, cor-
rected for multiple comparisons at the cluster level. The 3D information
was collapsed into 2D sagittal, coronal, and transverse images (i.e. the
maximum intensity projections viewed from the right, back, and top of
the brain).
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Fig. 3. More prominent activation during the UL than the BM condition superimposed on a transaxial high resolution MRI averaged across the 13
subjects of the present study, at the level of z=68 mm (upper left) and z=—24 (lower left). The color bar indicates the t-values. The signal intensity
change (beta value) from the baseline in the right M1 (=26, —34, 68) (upper middle), the left M1 (upper right), the left cerebellum (lower left) and the
right cerebellum (lower right) in each condition are plotted. The white, light gray, dark gray, and black bars correspond to the UR, UL, BM, and BP
conditions, respectively. * P<0.01 (repeated measures ANOVA with predefined contrast), ** P<0.05 (repeated measures ANOVA with predefined

contrast), * P<0.05 (one-sample t-test).
DISCUSSION

Previous neuroimaging studies of bimanual coordination
aimed to depict the specific areas involved in bimanual coor-
dination by looking at activation patterns during different
modes of coordination (Sadato et al., 1997; Stephan et al.,
1999a,b; Ullen et al., 2003; Debaere et al., 2004) or by
making a comparison between bi- and single-limb coordina-
tion (bimanual vs. unimanual) (Koeneke et al., 2004). The
candidate areas for the control of bimanual coordination are
the supplementary motor area (SMA), primary sensoimotor
area (SM1), premotor cortex, cingulate motor area, posterior
parietal cortex, basal ganglia, and cerebellum. Thus, the con-
trol of bimanual coordination cannot be assigned to a single
locus; rather, it seems to involve a distributed network in
which interactive processes take place between many neural
assemblies to ensure efferent organization and sensory inte-
gration (Swinnen, 2002). Thus, the delineation of the neural
interactions between distributed areas is an important issue
to be solved. Recently, Aramaki et al. (in press) showed that
the phase transition from the bimanual parallel mode to the
more stable mirror mode is related to the transient activation
of the distributed networks upstream of the M1. The activa-
tion related to the phase transition was right-lateralized, and
hence the transitional effect may work from the left to the right
hemisphere. In the present study, we tried to identify the

neural interaction which makes the mirror mode stable. Be-
cause our hypothesis was that the asymmetric interhemi-
spheric interaction during the mirror mode occurs in the right
M1, we specifically compared left unimanual movement with
bimanual mirror movement.

It is well known that the phase transition from the
parallel to the mirror mode is frequency-dependent: the
faster the movement, the earlier the phase transition oc-
curs (Kelso, 1984). Hence it is conceivable that the
crosstalk effect would be larger at a higher frequency of
movement. Our previous study showed that, at 3.8 Hz,
participants could only maintain the parallel mode for about
10 s (Aramaki et al., in press). Therefore, to maintain the
parallel mode for 30 s while maximizing the effect of
crosstalk, we used a frequency of 3 Hz.

The performance of subjects in terms of the variability
of the ITI did not differ significantly across the conditions. In
contrast, previous studies have reported a “bimanual ad-
vantage”: the variability of tapping behavior becomes
smaller during synchronous bimanual tapping than during
unimanual tapping (Helmuth and Ivry, 1996; Ivry and Ri-
chardson, 2002). This difference may be because previous
studies utilized self-paced movement, whereas the present
study adopted auditory-cued movements, which might
have masked the bimanual advantage.
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Fig. 4. Plot of the fitted hemodynamic response in the right M1 in each condition for the three individual subjects. The green, red, dark blue, and light
blue lines correspond to the UR, UL, BM, and BP conditions, respectively. The light gray zone represents the task period.

The right M1 revealed a task-related decrease in the
blood oxygen level-dependent (BOLD) signal during the
UR condition whereas the left M1 did not show a similar
decrease during the UL condition. Assuming that inhib-
itory control is expressed as a decrease in the BOLD
signal (Allison et al., 2000; Waldvogel et al., 2000;
Hamzei et al., 2002; Stefanovic et al., 2004; Newton et
al., 2005), this is consistent with the idea that the (dom-
inant) left M1 of a right-handed person inhibits the right
M1 more effectively than vice versa (Netz et al., 1995).
This asymmetric interhemispheric interaction during uni-
manual movement is likely to be modified during biman-

ual coordination. Our hypothesis was that the high-level
cortico-cortical interaction specific to mirror movements
is exerted on the neural substrates of unimanual move-
ments, in particular M1, which specifies the hand-spe-
cific movement parameters.

As expected, the right M1 was less prominently ac-
tivated during bimanual mirror movements compared
with contralateral unimanual movements, but the left M1
was not. If, during mirror movement, a fraction of any
force command is sent through the ipsilateral pathway
from the left M1, the “demand” for the force command
from the right M1 decreases such that the same perfor-
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mance is achieved. Although the neuronal mechanism
underlying the “demand” for the force command from the
right M1 remains speculative, there are some pertinent
electrophysiological findings. Using TMS, Ziemann and
Hallett (2001) found asymmetric ipsilateral innervation
of M1. They showed that finger movements resulted in
an increase in the amplitude of the motor evoked poten-
tial (MEP) for the hand not performing the task. This
increase was significantly less when the right rather than
the left hand was used. This difference was seen only in
muscles homologous to the primary task muscles. They
interpreted this finding as evidence of more prominent
ipsilateral innervation of the left M1 than the right M1. As
the asymmetry could not be explained by changes in
excitability at the level of the spinal motoneuron (F-wave
measurements), they concluded that the asymmetric
ipsilateral innervation and the effective transcallosal in-
hibitory control of M1 are closely intertwined, represent-
ing one property of motor dominance (Ziemann and
Hallett, 2001). This notion is relevant for bimanual co-
ordination in light of a recent study by Kennerley et al.
(2002) reporting that callosotomy patients cannot per-
form even in-phase bimanual circle drawing. In these
patients, phase transitions were observed from anti- to
in-phase and vice versa, whereas controls made the
transition only from anti- to in-phase. Therefore, in nor-
mal subjects, the interaction of the bilateral hemispheres
through the corpus callosum is important for the en-
hanced stability of in-phase symmetrical movements.

Less prominent activity in the right M1 during BM com-
pared with UL was shown to be mirror-specific, because
parallel movements did not show such a reduction in ac-
tivity. This might be explained by the previous electrophys-
iological finding that the interhemispheric suppression dur-
ing unimanual movement is specific to the homologous
muscles (Ziemann and Hallett, 2001). During the mirror
movement, the homologous muscles are activated simul-
taneously; hence the effect of the interhemispheric sup-
pression from both right-to-left and left-to-right may be
weighted to cause net asymmetric interhemispheric inhibi-
tion, represented by the decreased activity of the right M1
while left M1 activity remained unchanged (Fig. 3). During
parallel movement, non-homologous muscles were acti-
vated simultaneously and therefore suppression did not
occur. This hypothetical transcallosal interaction during
mirror movements might represent the balance between
the ipsilateral force command from the left M1 and the
“demand” of the right M1.

Similar to M1, the reduction of activation in the cere-
bellum is mirror-specific: unlike M1, the cerebellar reduc-
tion is left-side specific. Considering the closed loop be-
tween the M1 and the cerebellum (Kelly and Strick, 2003)
and the fact that the M1 controls the contralateral side of
the body while the cerebellum controls the ipsilateral
side of the body, this correlated reduction in the left
cerebellum may be caused by the reduction in activation
of the right M1.

CONCLUSION

In conclusion, during mirror movements, the movement
parameters of homologous muscles are specified in the left
M1 and derived through the ipsilateral corticospinal path-
way while the right M1 is suppressed transcallosally. As a
result, during symmetrical bimanual movement the non-
dominant motor system seems to entrust a part of the
control of the non-dominant hand to the dominant motor
system via the uncrossed efferent pathway.
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