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Abstract: The successful control of upper limb movements is an essential skill of the human motor system.
Yet, the neural organization of bimanual actions remains an issue of debate. Their control can be directed
from both hemispheres, or, coordinated motion might be organized from the dominant (left) hemisphere.
In order to unravel the neural mechanisms of bimanual behavior, we analyzed the standard task-related
and directed coherence between EEG signals picked up over the primary sensorimotor cortices in
right-handed subjects during unimanual as well as bimanual in-phase (symmetrical) and anti-phase
(asymmetrical) movements. The interhemispheric coherence in the � frequency band (�13–30 Hz) was
increased in both unimanual and bimanual patterns, compared to rest. During unimanual actions, the
drive in the � band from one primary sensorimotor cortex to the other was greater during movement of
the contralateral as opposed to ipsilateral hand. In contrast, during bimanual actions, the drive from the
dominant to the non-dominant primary sensorimotor cortex prevailed, unless task constraints induced by
an external perturbation resulted in a substantial uncoupling of the hand movements, when interhemi-
spheric coherence would also drop. Together, these results suggest that the contralateral hemisphere
predominantly organizes unimanual movements, whereas coupled bimanual movements are mainly
controlled from the dominant hemisphere. The close association between changes in interhemispheric
coupling and behavioral performance indicates that synchronization of neural activity in the � band is
exploited for the control of goal-directed movement. Hum. Brain Mapping 18:296–305, 2003.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

When performing bimanual patterns, there exists an
innate tendency to simultaneity of motion. For rhyth-
mical actions, this tendency translates itself into iso-
frequency coordination whereby the segments are
moved according to an in-phase or anti-phase mode.
Both activities are spontaneously adopted configura-
tions, although the in-phase mode represents the more
archaic pattern of coordination [Kelso, 1984], as con-
firmed by functional imaging [Fink et al., 1999; Sadato
et al., 1997] and transcranial magnetic stimulation
[Serrien et al., 2002]. The neural organization of these
bimanual patterns remains a controversial issue. Their
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control can be directed from both hemispheres, or, the
coordinated motion might be organized from one
hemisphere. In particular, the importance of the left
hemisphere for the representation of skilled behavior
has been emphasized [Haaland et al., 2000]. Lesion
studies have shown that left hemisphere damage pro-
duces bilateral deficits on a variety of motor tasks
whereas right hemisphere damage is more prone to
produce contralateral deficits [Haaland and Har-
rington, 1994]. Conversely, it has been suggested that
bimanual movements may be controlled by each con-
tralateral motor cortex independently [Foltys et al.,
2001; Garry and Franks, 2002]. Therefore, incongruent
evidence exists concerning the control mechanisms
that underlie coordinated movements of the upper
limbs. In contrast to bimanual movements, the orga-
nization of unimanual movements has been more
thoroughly evaluated. In particular, a variety of anal-
ysis techniques have shown that unimanual patterns
involve a strong contralateral and a less prominent
ipsilateral activation of the sensorimotor cortex, par-
ticularly on the left side [Chen et al., 1997; Kim et al.,
1993; Kristeva et al., 1991; Pfurtscheller and Lopes da
Silva, 1999].

Here we investigate whether bimanual in-phase and
anti-phase movements are guided from both hemi-
spheres or are controlled from one hemisphere. To this
end, we determined the standard task-related and
directed coherence analysis of EEG between the pri-
mary sensorimotor cortices. Standard EEG coherence,
which is defined as the normalized cross-power spec-
trum of two signals recorded simultaneously at differ-
ent sites on the scalp, reveals the spatio-temporal cor-
relation between a pair of recordings. It is interpreted
as a measure of interregional functional communica-
tion according to frequency [Andres et al., 1999; Ger-
loff et al., 1998; Shaw et al., 1978]. Directed coherence
is a different measure [Jing and Takigawa, 2000; Mima
et al., 2001], and allows the determination of the di-
rection of drive between coupled sites. It was used in
the present study to ascertain whether any coupling
might be due to a drive from left to right or right to
left.

We demonstrate, first, that the results of the directed
coherence analysis in unimanual movements are in
accord with the existing literature that these patterns
are predominantly organized from the contralateral
hemisphere. Second, we provide evidence for an in-
creased coupling compared to rest between the pri-
mary sensorimotor cortices during bimanual move-
ments that largely consists of a drive from the
dominant (left) to the non-dominant (right) hemi-
sphere. Third, through unilateral load perturbations,

we show that the linkage between the sensorimotor
areas drops when the task constraints lead to a partial
uncoupling of the hand movements, as would be ex-
pected if interhemispheric coupling were to be func-
tionally relevant.

SUBJECTS AND METHODS

Subjects (n � 6, age � 28 � 8 years) who were
right-handed as determined by the Edinburgh hand-
edness inventory [Oldfield, 1971] gave informed con-
sent to participate in the study and were seated in
front of a desk with two custom-built manipulanda,
which restricted motion of the hands around the wrist
joint in the horizontal plane.

Both devices included a forearm rest and a hand
plate that incorporated metal placements on either
side to stabilize the hands in a posture such that the
palmar surfaces faced each other when the devices
were placed side by side in front of the subject. Two
co-axial potentiometers sensed the displacement of the
hands. Servo motors were mounted underneath both
devices and coupled to the shafts of the manipulanda.
Subjects were instructed to produce cyclical flexion/
extension movements to an auditory metronome.
There were two bimanual conditions, i.e., in-phase
(both hands moved in a mirror mode) and anti-phase
(both hands moved in a parallel mode), performed
with a cycle duration of 900 msec. One movement
cycle was to be produced with every beat of the met-
ronome. Visual feedback was provided. Trials with a
unilateral load as well as without any load were exe-
cuted. In the no load conditions, the motors were
turned off whereas in the loaded conditions, a viscous
load was used for which the applied torque was neg-
atively proportional to hand velocity. Control condi-
tions that included unimanual performances without
loading were completed as well. Recordings of 90 sec
were executed. Subjects were made familiar with the
load requirements before the actual recording started
so as to minimize modulations in the adopted move-
ment amplitude. Rest (baseline) trials that involved
passive listening to the metronome tone were also
used. The order of the performance conditions—load-
ing (no load, with viscous load), side of the imposed
load (right, left)—as well as the movement patterns—
in-phase, anti-phase, unimanual—were randomized.

Before the experiment started, silver-silver chloride
electrodes were fixed with collodion over the subject’s
scalp at C3/4 according to the International 10-20
System, and referenced to linked ears. C3/4 are likely
to overlie the primary sensorimotor areas [Homan et
al., 1987]. The signals were amplified, band pass fil-
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tered (0.5–100 Hz) and digitized by a 1401 analogue to
digital converter and sampled at a rate of 200 Hz
(Spike 2, Cambridge Electronic Design, Cambridge,
UK).

Analysis

Behavioral data

For the unimanual patterns, movement amplitude,
movement time, and trajectory variability were mea-
sured in order to estimate motion stability. For the
bimanual patterns, the measurements included move-
ment amplitude, movement time, and the coefficient
of determination, which denotes the square of the zero
lag cross-correlations of the trajectories (r2), and quan-
tifies the co-variation of the motions. We opted to use
the coefficient of determination as a behavioral index
of coordination due to its compatibility with the EEG
estimate of coherence.

EEG data

The EEG measurement assessed functional coupling
between the left and right primary sensorimotor areas
in the frequency domain. We used EEG coherence,
which refers to the complex analog of Pearson’s cor-
relation coefficient and represents the co-variance be-
tween the recorded signals. It was analyzed using the
discrete Fourier transform [Halliday et al., 1995] and
evaluated in the � (8–13 Hz) and � (�13–30 Hz)
frequency bands. Coherences were transformed using
the inverse hyperbolic tangent, which resulted in val-
ues that were normally distributed as confirmed by
the Shapiro-Wilks W test. The � and � bands were
chosen due to their distinct character and different
roles in brain function [Salmelin et al., 1995]. Also,
EEG activities in both frequency bands have been
shown to be involved in earlier work on bimanual
coordination [Andres et al., 1999].

There is considerable debate over which is the most
appropriate way to avoid overestimated coherence
values due to volume conduction and common refer-
ences [Nunez, 2000]. We used linked earlobe elec-
trodes as our reference. Although data obtained from
such a recording can introduce a common signal to all
other channels leading to inflated coherence estimates
[Fein et al., 1988], this influence is only relevant if the
activity recorded in the reference electrodes is signif-
icant [Rappelsberger, 1989]. We limited these effects
by using a subtractive approach, with the assumption
that movement-related activity is not picked up by the
reference electrodes. Therefore, in order to separate

the task-related from the background coherence, the
values of the resting state were subtracted from those
of the active state. This subtraction method also re-
duces between-subject differences and any contribu-
tion from volume conduction of signals between elec-
trodes. Coherence increments are expressed as
positive values and can be interpreted as indicating
greater interregional communication, whereas coher-
ence decrements are depicted as negative values and
denote a state of relative functional disconnection.
Instances containing EEG artifacts were rejected while
the number of evaluated epochs was kept the same for
each condition. Eighty seconds of EEG data (62 non-
overlapping blocks of 256 data points each) were fi-
nally analyzed for each trial. In addition, logarithmic
transformed EEG power was measured in the � and �
bands at the individual electrodes (C3, C4). Task-re-
lated power was calculated by subtracting the values
of rest from those of the active state, and expressed
power decreases in the case of negative scores. This
measure was primarily used to ensure that changes in
coherence were not due to modulations in non-lin-
early related frequency components [Florian et al.,
1998].

Coherence provides a measure of the linear func-
tional coupling between two signals, but provides no
directional information. To this end, a directed trans-
fer function can be constructed to investigate any pos-
sible asymmetry in the flow of information between
two regions [Jing and Takigawa, 2000; Kamiński and
Blinowska, 1991]. One first finds the multivariate au-
toregressive (MAR) model that best describes the sig-
nals coming from the two (or more) regions of interest.
Following the procedure detailed in Cassidy and
Brown [2002], a Bayesian methodology was applied to
estimate the parameters of the autoregressive model.
This approach is desirable in that it provides full prob-
abilistic distributions for all of the model parameters
as well as a natural model order selection criterion,
which is determined objectively based on the data
supplied to the model. The Bayesian update equations
for the MAR coefficients are similar in form to the
standard maximum likelihood equations, but addi-
tionally incorporate a prior precision term �, and are
given by:

�̂ � �� � XTX � �Ik	
� 1

â � �̂�� � XTX	 aml

They are given by the normal distribution N (a�â,�̂)� is
the noise precision, X is a matrix containing the re-
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gressors, aml is the usual maximum likelihood solution
for the coefficients, Ik is the identity matrix and k
� pd2, where p is the model order and d is the number
of channels, V denotes the Kronecker product. One
can see that if the prior term is set to zero, these
equations reduce to the usual solution. For further
details, the reader is referred to Cassidy and Brown
[2002]. An autoregressive model can be interpreted as
a linear filter that is applied to a white noise sequence
to produce the observed signals. With this interpreta-
tion, the transfer function that describes this mapping
in the frequency domain is constructed as a complex
function of the MAR coefficient matrices. The stan-
dard spectral matrix is proportional to the square of
this transfer function and one usually calculates the
normal coherence from this in the standard way.
However, the directional content of the original trans-
fer function is lost because of the squared operation.
The directed transfer function is the simplest measure
to be constructed from the original transfer function
that is bounded between 0 and 1. There is no squaring,
which means that this measure incorporates the direc-
tional content of the signals. In particular, it indicates
the drive or dominant source from which the informa-
tion flow is propagated. The directed transfer function
for rest and movement sequences was therefore cal-
culated in the � and � bands, so as to give estimates of
information flow from C3 to C4 and C4 to C3 at the
different frequencies. Directed coherences were trans-
formed using the inverse hyperbolic tangent, and the
values were normally distributed as confirmed by the
Shapiro-Wilks W test.

Statistics

Behavioral data

The trajectory variability, movement amplitude,
and movement time of the unimanual patterns were
analyzed by means of paired t-tests with factor hands.

The coefficient of determination of the bimanual pat-
terns was analyzed by a 2 
 3 (coordination mode

 load) ANOVA. The first factor referred to the in-
phase and anti-phase movements whereas the second
factor represented the conditions: no load, left load,
right load.

The movement amplitude and movement time were
separately analyzed through 2 
 3 
 2 (coordination
mode 
 load 
 hand) ANOVAs. The first factor cor-
responded to the coordination patterns, the second
factor specified the conditions with and without load-
ing, and the third factor represented the left and right
hand.

EEG data

Interhemispheric task-related coherence of the uni-
manual movements was estimated through a paired
t-test with factor hands. The directed coherence be-
tween the sensorimotor cortices was evaluated by a 2

 2 (hand 
 direction) ANOVA. The first factor indi-
cated both hands whereas the second factor referred to
the directional flow of information, whether C3 to C4
or C4 to C3. Power was determined by individual
analyses for the electrodes (C3, C4) by means of a
paired t-test with factor hands. Analyses were made
per frequency band.

Interhemispheric task-related coherence of the bi-
manual movements was analyzed by means of a 2 
 3
(coordination mode 
 load) ANOVA. The first factor
included the coordination patterns whereas the sec-
ond factor pointed to the load performances. The di-
rected coherence between the sensorimotor cortices
was established through a 2 
 3 
 2 (coordination
mode 
 load 
 direction) ANOVA. The first factor
represented the in-phase and anti-phase patterns, the
second factor indicated the load conditions whereas
the third factor referred to the direction of flow of
information, whether C3 to C4 or C4 to C3. Power was
evaluated by individual analyses for the electrodes
(C3, C4) by means of a 2 
 3 (coordination mode

 load) ANOVA. The first factor referred to the coor-
dination patterns whereas the second factor indicated
the load performances. Analyses were made per fre-
quency band.

RESULTS

Unimanual Movements

For the � band, the standard task-related and di-
rected coherence between the sensorimotor regions
did not change according to the hand moved (P
� 0.05, for both). For the � band, the task-related
coherence between the sensorimotor areas was greater
for left (non-preferred) than right (preferred) hand
motions [t(5) � 4.2, P � 0.01]. The mean scores were
0.10 and 0.04 for left and right hand movements, re-
spectively. The directed coherence revealed a signifi-
cant main effect of direction [F(1,5) � 71.7, P � 0.01].
The hand 
 direction interaction also reached signif-
icance [F(1,5) � 6.9, P � 0.05]. Figure 1,which includes
the rest values for illustrative purposes, shows that the
drive from the left sensorimotor cortex was greater
when the right hand was moved than when the left
hand was moved. The motion-related status in the C3
to C4 drive compared to the rest state was 145% for
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right-hand movements and 125% for left-hand move-
ments. Similarly, the drive from the right sensorimo-
tor cortex was greater when the left hand was moved
than when the right hand was moved. The motion-
related status in the C4 to C3 drive compared to the
rest state was 148% for left-hand movements and 83%
for right-hand movements. Overall, the strongest
drive came from the left (dominant) hemisphere, al-
though a bi-directional asymmetry was already
present at rest. Nevertheless, the drive of the contralat-
eral hemisphere, whether left or right, was highest
during unimanual movement as compared to rest,
which indicates an augmented propagation due to
motion processing.

The distinction between the hemispheres is not
likely to be explained by behavioral differences or
EEG power changes. In particular, trajectory variabil-
ity, movement amplitude, or movement time were not
significantly different for the left (mean � 0.50, 58.7
degrees, 887 msec) and right (mean � 0.44, 61.2 de-
grees, 892 msec) hand patterns, P � 0.05 for all. Al-
though the EEG power at C3 and C4 decreased due to
movement, there were no significant differences ac-
cording to which hand was moved (P � 0.05, for all).
The mean scores for left and right hand movements
were �0.06 and �0.03 (�), �0.06 and �0.05 (�) for C3;
�0.08 and �0.05 (�), and �0.07 and �0.04 (�) for C4.

Bimanual Movements

Thus, the results of the directed coherence analysis
of EEG recorded in unimanual movements were in

accord with the evidence that these patterns are pre-
dominantly contralaterally organized [Chen et al.,
1997; Kim et al., 1993; Kristeva et al., 1991;
Pfurtscheller and Lopes da Silva, 1999]. Next we ex-
amined whether coupled bimanual movements are
organized from both contralateral motor cortices or
are controlled from the dominant hemisphere.

Behavioral data

The analysis of the coefficient of determination
demonstrated a significant main effect of coordination
mode [F(1,5) � 45.5, P � 0.01] and load [F(2,10) � 11.4,
P � 0.01]. The coordination mode 
 load interaction
reached significance [F(2,10) � 4.9, P � 0.03] and is
shown in Figure 2. It is illustrated that the in-phase
mode showed little modulation across the perfor-
mance conditions whereas the anti-phase mode dete-
riorated due to loading and this effect was most prom-
inent when the load was added to the left side. The
analysis of the movement amplitude did not reveal
significant effects (P � 0.05). The mean values were
58.5 degrees, 59.8 degrees, and 61.2 degrees for the no
load, left loaded, and right loaded conditions, respec-
tively. Likewise, the analysis of the movement time
did not show significant effects (P � 0.05). The mean
values across conditions were 893 and 895 msec for
left- and right-hand movements, respectively.

Figure 1.
The directed coherence between the primary sensorimotor cor-
tices in the � band when producing unimanual movements was
strongest from the hemisphere directing the contralateral hand,
with a smaller flow from the opposite hemisphere. Averaged
transformed data (n � 6). The error bars denote the standard
deviations from the means.

Figure 2.
The behavioral output estimated by the coefficient of determina-
tion was modified as a function of loading (no load, left load, right
load) and coordination mode (in-phase, anti-phase). The more
successfully performed in-phase pattern remained fairly stable
across the loading conditions, whereas the anti-phase pattern
deteriorated due to loading and this effect was most prominent
when the load was imposed on the left side. Averaged data (n
� 6). The error bars denote the standard deviations from the
means.
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EEG data

For the � band, the task-related coherence analysis
of the primary sensorimotor areas revealed a signifi-
cant main effect of load [F(2,10) � 4.1, P � 0.05]. In
particular, loading resulted in a decreased coherence
as revealed by the mean values that were 0.20, 0.08,
and 0.09 for the no load, left loaded, and right loaded
conditions, respectively. For the � band, the task-re-
lated coherence analysis of the primary sensorimotor
areas showed a significant coordination mode 
 load
interaction [F(2,10) � 6.8, P � 0.01]. Figure 3A depicts
that functional coupling was higher for anti-phase
than in-phase movements in the no load condition
whereas the reverse was observed when the load was
imposed. The latter effect was more pronounced when

the load was present on the left than on the right side.
Figure 3B further depicts the lowered interhemi-
spheric connectivity for the anti-phase pattern due to
loading, as substantiated by the coherence spectrum in
a representative subject. Considering the task-related
coherence of unimanual vs. bimanual conditions with-
out loading, it can be observed that functional cou-
pling increases with task complexity. In particular, the
values were 0.04 and 0.10 for right and left hand
movements, whereas they were 0.16 and 0.19 for in-
phase and anti-phase movements. These data illus-
trate the more complex nature of bimanual than uni-
manual actions, as well as the increased complexity
within unimanual (left vs. right) and bimanual (anti-
phase vs. in-phase) patterns.

The directed coherence between the primary senso-
rimotor cortices in the � band revealed a significant
main effect of load [F(1,5) � 4.2, P � 0.05]. The mean
values were 0.06, 0.03, 0.00 for the no load, left and
right loaded conditions, respectively. The directed co-
herence between the primary sensorimotor cortices in
the � band demonstrated a significant main effect of
direction [F(1,5) � 179.6, P � 0.01] and a significant
load 
 direction interaction [F(2,10) � 4.1, P � 0.05].
The coordination mode 
 load 
 direction interaction
also reached significance [F(2,10) � 4.3, P � 0.05].
Figure 4A shows that the directed coherence from the
non-dominant to the dominant hemisphere (C4 to C3)
was small during all conditions, albeit slightly in-
creased when the load was imposed on the left hand
in the anti-phase mode. Conversely, the directed co-
herence from the dominant to the non-dominant
hemisphere (C3 to C4) was strong, but degraded with
loading, especially when the load was on the left side
and movements were made in the anti-phase mode.
Once again, the rest values are shown for illustrative
purposes and support previous MEG data that inter-
hemispheric synchronization of � oscillations occurs
in a resting condition [Nikouline et al., 2001]. Further,
it can be observed that the drive from the non-domi-
nant hemisphere was reduced as compared to rest,
which suggests a suppression of its activity. The av-
erage of the movement sequences for the C4 to C3
connection was 35% of the rest state. Conversely, the
drive from the dominant hemisphere was increased
during the performance conditions as compared to
rest, which suggests an augmented propagation of
EEG activity due to movement. In particular, the C3 to
C4 drive was an average of 119% of the rest state. An
exception was the anti-phase mode during left sided
loading for which a reduction and, therefore, suppres-
sion of activity was noted. In this particular situation,
the C3 to C4 drive was 85% of the rest condition.

Figure 3.
A: The functional coupling between the primary sensorimotor
areas in the � band as measured by task-related coherence drops
as a function of loading. This was particularly evident for the
anti-phase pattern. Averaged transformed data (n � 6). The error
bars denote the standard deviations from the means. B: The
coherence spectrum of the interhemispheric connection for the
anti-phase mode further exemplifies the decrease due to loading.
Individual transformed data.
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Figure 4B further shows the asymmetry in directed
coherence when performing the anti-phase configura-
tion, as revealed by the coherence spectrum in a rep-
resentative subject.

EEG power at C3 and C4 decreased due to move-
ment but was not significantly different in the perfor-
mance conditions for the � or � bands (P � 0.05, for
all). Therefore, changes in EEG power could have
contributed to increases in coherence with movement,
but are not able to explain differences between coor-
dination modes or variations due to loading. The
mean scores for the no load and loaded conditions
were �0.09 and �0.10 (�), �0.02 and �0.02 (�) for C3;
�0.05 and �0.01 (�), �0.02 and �0.01 (�) for C4.

DISCUSSION

Bimanual movements performed according to an
in-phase or anti-phase mode are spontaneously
adopted configurations, and therefore represent basic
coordination patterns. In the present study, we dem-
onstrated that during unimanual actions, the drive in
the � band from a given primary sensorimotor cortex
to the other is greater during movement of the con-
tralateral as opposed to ipsilateral hand. In contrast,
during bimanual actions, the drive from the dominant
(left) to the non-dominant (right) primary sensorimo-
tor cortex prevails, unless task constraints lead to a
substantial uncoupling of coordinated behavior. To-
gether, these results indicate that the direction of flow
of activity between both hemispheres diverges for
unimanual and bimanual activities. It suggests that
interhemispheric transmission of information is selec-
tively driven between the primary sensorimotor areas
as a function of task requirements such that the con-
tralateral hemisphere predominantly organizes uni-
manual movements, whereas the dominant hemi-
sphere mainly controls bimanual movements.

Organization of Unimanual Movements

Even though the interhemispheric drive from the
primary sensorimotor cortex was greater in uni-
manual movements executed by the contralateral
hand there was an asymmetry of connectivity that
reflected hand preference. The latter is a primary be-
havioral characteristic when performing manual activ-
ities. Using magnetic resonance morphometry,
Amunts et al. [1996] estimated a larger hand motor
area in the dominant than non-dominant hemisphere,
implicating a richer interconnectivity and increased
dispersion of movement representations. This might
enable an increased cortical encoding and result in a
more refined motor skill repertoire of the preferred
hand [Volkmann et al., 1998].

The present data underscore these earlier observa-
tions in several ways. First, at rest the drive from the
dominant sensorimotor cortex far exceeded that from
the homologous counterpart. This finding may relate
to the fact that the non-dominant (right) sensorimotor
area has a strong tendency to shift to an idling state
[Stančák and Pfurtscheller, 1996]. Second, unimanual
left-hand movements were characterized by a higher
degree of interhemispheric coherence in the � band.
Given that an association between interregional cou-
pling and movement complexity exists [Gerloff et al.,
1998], this result is compatible with left hand patterns
being relatively more difficult to perform. The di-

Figure 4.
A: The directed coherence between the primary sensorimotor
cortices in the � band when performing bimanual movements was
small for the C4 to C3 connection (non-dominant towards dom-
inant hemisphere), whereas it was strong and deteriorated as a
function of loading for the C3 to C4 connection (dominant to-
wards non-dominant hemisphere). Averaged transformed data (n
� 6). The error bars denote the standard deviations from the
means. B: The directed coherence spectrum of the C3 to C4 and
C4 to C3 connections for the anti-phase mode further illustrates
the changes due to loading. Individual transformed data.
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rected transfer function showed that this increased
interhemispheric coupling with left-hand movements
involved not only an augmentation in the drive from
the right to left sensorimotor cortex but also an in-
crease in that from the left to right sensorimotor cor-
tex, which is likely to reflect inhibitory mechanisms to
suppress the homologous (preferred but non-active)
side. In contrast, only the drive from the left to the
right sensorimotor cortex increased with right-hand
movements, suggesting that inhibitory processes of
the homologous (non-preferred but non-active) side
were limited. Thus, the interhemispheric drive from
the dominant hemisphere augmented with both con-
tralateral and ipsilateral movements, albeit more so
with contralateral actions. These results emphasize a
hemispheric asymmetry of ipsilateral activation dur-
ing unimanual movements, and are in line with earlier
work using functional imaging and transcranial mag-
netic stimulation [Kim et al., 1993; Ziemann and Hal-
lett, 2001]. Lesion studies have similarly shown that
left hemisphere damage produces bilateral deficits on
a variety of motor tasks whereas right hemisphere
damage is more prone to produce only contralateral
deficits [Haaland and Harrington, 1994].

Organization of Bimanual Isofrequency
Coordination

The directed transfer function revealed that the
dominant hemisphere principally controlled coupling
between the primary sensorimotor cortices in the �
band during bimanual movements, increasing its
drive with respect to the rest state. If anything, the
drive from the non-dominant side was suppressed
compared to that recorded either at rest or during
unimanual movements made with the left hand. Over-
all, these results highlight the responsibility of the
dominant hemisphere for bimanual coordination, and
are in agreement with imaging data [Jäncke et al.,
1998; Viviani et al., 1998], lesion studies [Haaland and
Harrington, 1994] and EEG recordings of the readiness
potential [Cui et al., 2000]. They further indicate that
bimanual patterns rely on interhemispheric connec-
tions as evidenced from specific deficits in callosal
patients [Eliassen et al., 2000; Kennerly et al., 2002],
which are more pronounced for anti-phase than in-
phase movements [Serrien et al., 2001]. The previous
implies that the nature of interhemispheric interac-
tions is likely to be different for both coordination
modes. In particular, the functional coupling can be
considered to consist mainly of excitatory processes
for in-phase patterns, whereas that of anti-phase pat-
terns may additionally involve inhibitory processes

for suppressing the more intrinsic tendency towards
mirror movements. The increased degree of coherence
during anti-phase as compared to in-phase actions
under unloaded conditions may consequently be re-
lated to the greater need for information processing to
maintain the coordination demands, which is in line
with observations from functional imaging [Fink et al.,
1999; Sadato et al., 1997] and repetitive transcranial
magnetic stimulation [Serrien et al., 2002].

The bimanual data further indicated that perfor-
mance was degraded when one limb was perturbed
with an imposed load. The disturbing effect was more
prominent for anti-phase than in-phase movements,
which supports the additional processing require-
ments of the former as compared to the latter mode of
coordination. These loading-induced deteriorations in
behavioral output were matched with a diminished
communication between the primary sensorimotor ar-
eas in the � band, and accordingly suggest that inter-
hemispheric coupling is of functional significance. The
observed reduction in interhemispheric transfer is
likely to have been induced either through alteration
in the functional state of the sensorimotor system or
through changes in the intensity requirements associ-
ated with task production. Previously, functional im-
aging has shown that sensory stimulation or aware-
ness of the input [Deuchert et al., 2002; Hämäläinen et
al., 2000] and force production or movement rate
[Dettmers et al., 1995; Jäncke et al., 1998; Schubert et
al., 1998] correlate with cortical activity. Any modula-
tion in the functional state of the sensorimotor system
may have involved the areas directly or indirectly, via
other cortical regions such as the supplementary mo-
tor area (SMA). Previously we have shown that repet-
itive transcranial magnetic stimulation in the region of
the SMA can modify the functional coupling between
the primary sensorimotor cortices and accordingly
modulate interlimb behavior [Serrien et al., 2002]. The
latter implies that load-induced changes in interhemi-
spheric coherence, whether causal or consequential,
could have been indirectly generated through SMA.
Alternatively, the loading-related deterioration in in-
terhemispheric coherence might have been due to an
increased coordinative effort. This seems unlikely be-
cause interregional information transfer rather tends
to augment with task difficulty [Gerloff et al., 1998;
Manganotti et al., 1998], which is underscored in the
present study by the increased functional coupling in
the anti-phase as compared to the in-phase mode
when performing without any load. It also appears
improbable that the bilateral coupling was attenuated
due to non-coherent rhythms, as EEG power did not
change as a result of loading.
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The fact that the uncoupling effect of loading re-
flected in coherence and behavioral performance was
most powerful when the left hand was perturbed de-
serves comment. In this particular situation, the load-
ing-related information is relayed to the non-domi-
nant side and might thus not be appropriately
transferred to the dominant side for assimilation into
the motor plan due to the weak connectivity in this
direction. Alternatively, the non-dominant hemi-
sphere might have exerted an inhibitory influence on
the dominant hemisphere, in response to the afferent
stimulation induced by loading. However, this seems
less likely as the right motor cortex has a lower capac-
ity to inhibit the left motor cortex than vice versa in
right-handers [Netz et al., 1995], also evidenced from
behavioral data that the right hand experiences less
mirror movements than the left hand in normal adults
[Armatas et al., 1994]. That variation in interhemi-
spheric coupling and associated behavioral perfor-
mance was most closely related to � band activity, is in
agreement with the hypothesis that modulations in
this frequency range are particularly related to motor
processes, including corticospinal output, whereas �
band activity likely represents motor in combination
with somatosensory processes [Salmelin et al., 1995].
Nevertheless, the EEG–EEG coherence in the � band
in the present paradigm should not be considered
equivalent to the cortex-muscle coherence evident
during isometric contractions, as the former increased,
whereas the latter disappears during movement
[Brown, 2000]. This in itself suggests that oscillatory
activity in the � range may simultaneously serve dif-
ferent functions in the motor system.

In conclusion, these results emphasize two related
aspects of human motor function; hemispheric domi-
nance and hand preference. The findings suggest a
major role for the dominant sensorimotor cortex in
organizing bimanual coordination whereas the inter-
hemispheric drive from the non-dominant sensorimo-
tor cortex was suppressed. In addition, a close associ-
ation was evident between cortical dynamics and
behavioral states, suggesting that synchronized neural
activity is exploited for the control of goal-directed
movement.
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