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Abstract We investigated the neural correlates of dual
task performance using EEG coherence as a measure of
the functional coupling between cortical regions. Nine
healthy participants performed a rhythmical movement
with the right hand and an isometric contraction with the
left hand, either initiated simultaneously or successively.
EEG data revealed that dual task performance was
associated with stronger coherence in left hemispheric
and mesial areas than the sum of the tasks performed
separately in the beta (>12–30 Hz), but not alpha (8–
12 Hz), band. This effect was more pronounced when the
two assignments were initiated simultaneously, as opposed
to successively. The data demonstrate that the pattern of
cortico-cortical coupling during bimanual actions is not
just the sum of that associated with its component parts,
but is increased according to coordinative demands and
processing load.

Keywords EEG . Task-related coherence . Functional
coupling . Bimanual coordination

Introduction

Dual task performances during which assignments are
carried out concurrently are part of our daily life activities.
Despite the ease with which these acts can be executed, the
overall processing demands may be high. This is
particularly true when qualitatively distinctive functions
are coordinated between the upper limbs. Accordingly, the
study of bimanual dual task performance provides insights
into how complex behavior is realized and how the
coupling between cortical areas is modified as the
activities of the hands contribute to the coordinative

goal. Such coupling or functional connectivity can be
followed through the coherence between scalp EEG
signals from different regions (Gerloff et al. 1998; Serrien
et al. 2003a). In particular, motor behavior is associated
with EEG changes in the alpha (8–12 Hz) and beta (>12–
30 Hz) bands (Andres et al. 1999; Brown 2000; Gerloff et
al. 1998; Manganotti et al 1998; Serrien and Brown 2002;
Serrien et al. 2003a).

However, cortico-cortical coupling is not merely de-
pendent on the nature of the task per se but is also
modulated by contextual factors. The latter may be related
to environmental relationships, such as the anticipation of
changes in the appropriate motor response (Serrien et al.
2003b, 2004a), or intrinsic factors more pertinent to task
organization and execution, as when the same task is
executed with or without the benefit of a representation
held in working memory (Serrien et al. 2004b). To date
this broad categorization has also been reflected in
qualitative changes in the frequency of interregional
coupling. Manipulations of the information provided by
environmental cues and of the expectancy of imperative
changes in the task effector both lead to changes in
cortico-cortical coupling that predominantly affect the
alpha band (Serrien et al. 2003b, 2004a). These observa-
tions are consonant with the supposition that EEG changes
in the alpha band characterize cognitive-related processes
(González-Hernández et al. 2002; Klimesch 1999). The
association between alpha activity and cognitively driven
operations is highlighted by a prominent effect of attention
and behavioral preparation upon alpha activity (Deiber et
al. 2001; Petsche et al. 1997; Ray and Cole 1985; Shaw
1996; Shibata et al. 1998).

The corollary of the above is that contextual factors that
directly impinge on motor processing may be more overt
in the beta band. The importance of cortico-cortical
coupling in this band to motor planning and execution
has been repeatedly demonstrated (Gerloff et al. 1998;
Serrien and Brown 2002; Serrien et al. 2003a) and even
finds reflection in the pattern of corticomuscular drive
(Brown 2000). Thus in one study in which working
memory was manipulated as an intrinsic contextual factor
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by varying the length of the delay interval after which
motion had to be reproduced, the cortico-cortical coupling
associated with movement production was changed in the
beta, but not the alpha band, even though task perfor-
mance remained the same (Serrien et al. 2004b). Here we
further test whether internal contextual factors that directly
impinge on motor organization are more likely to shape
task-related cortico-cortical coupling in the beta than alpha
band. In particular, we tested whether the extra coordina-
tive demands of simultaneous performance of a task by
each hand are associated with greater cortico-cortical
coupling in the beta band than the sum of the coupling
associated with the independently performed unimanual
tasks. To emphasize the coordination requirements we
used a continuous bimanual assignment that involved
asymmetrical functions of the hands, characteristic of
various daily-life activities. In addition, we predicted that a
delay in the initiation of one of the two bimanually
performed tasks would enlist a relatively lower degree of
functional interregional connectivity during steady-state
performance than immediate simultaneous bimanual
performance. This is due to the potentially lower
processing load in the former compared to the latter
performance condition, as the delayed task can be
interleaved with the control requirements of the already
established task. We confirmed that changes in internal
motor context preferentially modulated cortico-cortical
coupling in the beta band, without changes in the
behavioral performance of component tasks.

Materials and methods

Task and procedure

Right-handed subjects (n=9) gave informed consent to participate in
the study, which was approved by the local ethics committee.
Subjects were seated in front of a desk with custom-built
manipulanda, the forearms secured in a neutral position. They
were asked to carry out dual task performances that involved a
rhythmical movement with the right hand and an isometric
contraction with the left hand. For the rhythmical movement,
subjects executed flexion/extension actions around the wrist joint in
the horizontal plane paced by an auditory metronome with a cycle
duration of 900 ms. For the isometric contraction, subjects were
required to produce a power grip with a force level that
corresponded to 20% of maximum force. The U-shaped manip-
ulandum included strain gauges from which the signals were fed
into an amplifier. The output was recorded and also connected to an
oscilloscope which provided on-line visual feedback to the subjects.
There were two different dual task conditions: simultaneous vs.
successive initiation of the two acts (Fig. 1). One condition consisted
of performing both tasks simultaneously from the start (dual task
start), whereas in the second condition the isometric task was started
about 20 s after the rhythmical movement had been initiated (dual
task midway). The dual task start condition lasted 20 s whereas the
dual task midway condition lasted 40 s but only the last 20 s
involved the simultaneous performance of both tasks. Single task
conditions were also included and involved either a rhythmical
movement with the right hand paced by the metronome at 900 ms/
cycle for 40 s, or an isometric contraction with the left hand at 20%
of maximum grip force for 20 s. Subjects were told beforehand that
dual or single task performances would be required and five trials of
each condition were executed. Subjects practiced before the actual

recording started so as to minimize modulations in the adopted
movement amplitude. Rest (baseline) trials that included passive
listening to the metronome tone were also recorded. The order of the
conditions was randomized.
Before the experiment started, ten silver-silver chloride electrodes

were fixed with collodion over the subject’s scalp according to the
International 10–20 System, and referenced to linked ears. The
electrode positions of interest were F3/4, FC3/4, C3/4, P3/4 and Cz/
FCz, which are likely to overlie the dorsal prefrontal, premotor,
primary sensorimotor, superior parietal areas, and mesial motor
areas, respectively (Homan et al. 1987; Steinmetz et al. 1989). The
signals were amplified (Digitimer Ltd., Herts., UK), band pass
filtered (0.5–100 Hz), digitized by a 1401 analogue to digital
converter (Cambridge Electronic Design, Cambridge, UK) and
sampled at a rate of 200 Hz (Spike 2, Cambridge Electronic Design,
Cambridge, UK). Instances containing eye movement artifacts, main
spikes or electromyographic artifacts were rejected.

Analysis

The behavioral measurements of the rhythmical right hand move-
ment were amplitude and cycle duration. EEG coherence was used
to assess functional coupling between the cortical areas in the
frequency domain, and was estimated using the discrete Fourier
transform and parameters derived from it. The coherence |Rab(λ)|

2

was calculated by using the formula: |Rab(λ)|
2=|fab(λ)|

2/faa(λ)fbb(λ).
In this equation, f characterizes the spectral estimate of two EEG
signals a and b for a given frequency (λ). The numerator includes
the cross-spectrum for a and b (fab), whereas the denominator
includes the autospectra for a (faa) and b (fbb). Figure 2 depicts auto-
spectra from the electrodes FCz and C3 and their cross-spectrum
when performing the dual task start condition. A peak in the alpha
(8–12 Hz) as well as beta (>12–30 Hz) band is evident. Coherences
were transformed using the inverse hyperbolic tangent and evaluated
in both frequency bands. Transformation was necessary to stabilize
variances and was an essential step in the comparison of the dual
task with the sum of its parts, as it increased the dynamic range of

Fig. 1 The dual task conditions. The right hand (rhythmical) and
left hand (isometric) tasks were initiated simultaneously (dual task
start) or successively (dual task midway). In the latter condition the
isometric task was applied after the rhythmical movement had been
initiated. The last 10 s of the actual 20 s of the unimanual rhythmical
performance in the dual task midway condition are shown
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coupling strengths (which, otherwise, are capped at 1). In order to
separate the task-related coherence (TRCoh) from the background
coherence, and to eliminate as much as possible that due to volume
conduction, the values of the resting state were subtracted from
those of the active state. TRCoh values were divided into the
following connectivity groupings: 6 left lateral hemisphere (F3-FC3,
F3-C3, F3-P3, FC3-C3, FC3-P3, C3-P3), 6 right lateral hemisphere
(F4-FC4, F4-C4, F4-P4, FC4-C4, FC4-P4, C4-P4), 16 interhemi-
spheric (F3-F4, F3-FC4, F3-C4, F3-P4, FC3-F4, FC3-FC4, FC3-C4,
FC3-P4, C3-F4, C3-FC4, C3-C4, C3-P4, P3-F4, P3-FC4, P3-C4,
P3-P4), and 17 mesial (FCz-F3, FCz-F4, FCz-FC3, FCz-FC4, FCz-
C3, FCz-C4, FCz-P3, FCz-P4, FCz-Cz, Cz-F3, Cz-F4, Cz-FC3, Cz-
FC4, Cz-C3, Cz-C4, Cz-P3, Cz-P4). Thereafter, average TRCoh
scores were calculated per connectivity grouping. In addition, EEG
power was measured in the alpha and beta bands at the individual
electrodes, and stabilized by logarithmic transformation. Task-
related power (TRPow) was calculated by subtracting the values at
rest from those of the active state. Averages were estimated across
the electrodes for the different conditions.
The analyses compared TRCoh differences from rest during dual

tasks to the sum of the TRCoh differences from rest during the
composite single tasks, for any given connection. We sought super-
additive effects that could not be due to the simple linear summation
of coupling strengths when two tasks are performed simultaneously.
Super-additive effects were taken to reflect the extra costs of
simultaneous task performance. This likely offers a conservative
view of the extra costs as it assumes the worst-case scenario that
TRCoh changes are additive with no instances of sharing of
coupling elements between tasks. For the dual task conditions (dual
task start and dual task midway) the first and last 2 s of the
recordings were eliminated to limit motion onset and offset
transients, resulting in epochs of 16 s/trial. For the single task
conditions, equivalent time intervals of 16 s/trial were used.
Accordingly, the right hand movement was evaluated at the start
and midway to match the recordings of the dual tasks and to avoid
changes due to fatigue, as the duration of movement prior to analysis
was precisely matched between paired conditions. The number of
evaluated epochs was the same for each condition, and measure-
ments were concatenated to give 80 s per condition in each subject.
The statistics of TRCoh included separate 2×4 (condition × region)
ANOVAs for the start and midway paradigms. The first factor
included the coherence scores of the dual task vs. sum of the single
tasks, whereas the second factor referred to the four connectivity
groupings: left hemisphere, right hemisphere, interhemispheric, and
mesial. TRPow was evaluated by means of 2×3 (condition × region)
ANOVAs. The first factor indicated the dual and corresponding
single task conditions whereas the second factor represented the
electrode groupings: left hemisphere, right hemisphere, and mesial.

The statistics of the behavioral data comprising the amplitude and
cycle duration of the rhythmical right hand movement involved
paired t-tests that compared dual vs. matching single tasks. Those of
the isometric task included the percentage scores of maximum grip
force and the root mean square of the force profiles by means of
separate one-way (single, dual task start, dual task midway)
ANOVAs. Data were transformed for normalization purposes.
Data were corrected for multiple comparisons.

Results

Behavioral data

The amplitude and cycle duration of the right hand
movement were not significantly different in the dual task
and single task executions (P>0.05, for both). Amplitudes
and cycle durations were 41±5° and 892±9 ms for the dual
task start, 44±7° and 895±12 ms for the dual task midway,
43±3° and 897±7 ms for the single task start, 45±5° and
898±10 ms for the single task midway (mean ± SD). This
indicates that the overall behavioral characteristics of the
right hand movement were not significantly modulated in
the different conditions. In correspondence with the
instructions, the applied torque of the isometric contraction
was close to the 20% of maximum grip force and was
equivalent in the dual and single task performances
(P>0.05). The average scores were 23±3%, 22±4%, 21
±2% in the dual task start, dual task midway and single
task, respectively. The root mean square of the force
profiles did not differ significantly across the performance
conditions (P>0.05). The average scores were 0.89±0.19,
0.87±0.14 and 0.85±0.10 in the dual task start, dual task
midway and single task, respectively.

EEG data

TRCoh: The statistics in the alpha band showed no
significant effects, P>0.05. The average TRCoh scores for
the start paradigm were for the dual task vs. sum of the
single tasks 0.05±0.03 and 0.03±0.02 (left hemisphere),
0.04±0.03 and 0.04±0.02 (right hemisphere), 0.05±0.05
and 0.04±0.03 (interhemispheric) and 0.04±0.04 and 0.02
±0.01 (mesial). The average TRCoh scores for the midway
paradigm were for the dual task vs. sum of the single tasks
0.06±0.03 and 0.04±0.02 (left hemisphere), 0.05±0.02 and
0.04±0.01 (right hemisphere), 0.06±0.04 and 0.05±0.05
(interhemispheric) and 0.05±0.03 and 0.03±0.04 (mesial).

The statistics in the beta band showed a significant
condition × region interaction, for the start paradigm
(F(3,24)=11.5, P<0.01) and midway paradigm (F(3,24)=4.1,
P<0.02). For both paradigms post hoc analyses revealed
significant increases of TRCoh in the dual task vs. sum of
the single tasks in the left hemisphere and mesial
connections (P<0.05) whereas the functional couplings
comprising the right hemisphere and interhemispheric
connections were not significantly affected (P>0.05).
Figure 3 illustrates TRCoh in the beta band for the
different cortical regions in the start (A) and midway (B)

Fig. 2 Auto-spectra from the electrodes FCz and C3 and their
cross-spectrum when performing the dual task start condition. The
auto-spectra are scaled on the left axis and the cross-spectrum is
scaled on the right axis (arbitrary units). Peaks are noted in the alpha
(8–12 Hz) and beta (>12–30 Hz) bands at around 10 and 18 Hz,
respectively
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paradigms, and shows that superior values during dual
task execution were obtained for the left hemisphere and
mesial connections. In particular, for the left hemisphere
the highest TRCoh scores in the dual task conditions
involved those of F3-C3 (0.13±0.06 for dual task start and
0.05±0.03 for dual task midway), and for the mesial
connectivity grouping the highest scores involved Cz-C3
(0.11±0.04 for dual task start and 0.10±0.05 for dual task
midway) and Cz-F3 (0.10±0.04 for dual task start and 0.08
±0.03 for dual task midway). Figure 3C, D also illustrates
the relative contribution of the isometric and rhythmic
pattern to the sum of the single tasks.

The combined TRCoh scores of the left hemisphere and
mesial connections were further analyzed to evaluate
differences in functional interactions due to the context, in
this case order, in which the dual task was executed. By
means of a paired t-test, t(18)=3.5, P<0.01) a higher degree
of TRCoh was noticed in the dual task start (0.08±0.05)
compared to dual task midway (0.05±0.03). Figure 4
further illustrates this difference between the dual task
conditions by means of TRCoh spectra for the F3-C3
connection in a representative subject. Note that the
differences are apparent in the beta, but not alpha, band.

TRPow: The statistics revealed no significant effects
(P>0.05). In the alpha band power decreased when
performing the movement compared to rest. Expressed
as percentage scores, the average power decreases for all
electrodes were −17±8% and −14±7% for dual and single

task start, −16±6% and −12±3% for dual and single task
midway. In the beta band power also decreased when
executing the task in comparison to rest. Expressed as
percentage scores, the average power decreases for F3,
FC3, C3 and P3 (for the left hemisphere grouping) were
−12±7% and −9±5% for dual and single task start, −11
±4% and −10±5% for dual and single task midway. The
average power decreases for electrodes in the mesial
grouping were −13±7% and −10±3% for dual and single
task start, −12±6% and −8±3% for dual and single task

Fig. 3 TRCoh scores in the beta band associated with the dual task
vs. sum of the single tasks conditions for the different cortical areas
in the start (A) and midway (B) paradigms. The relative TRCoh
scores of the isometric and rhythmic assignment that comprise the
sum of the single tasks are also indicated for the start (C) and

midway (D) paradigms. The cortical areas involved the left
hemisphere, right hemisphere, interhemispheric and mesial connec-
tions. Averaged transformed data (mean ± SD). Significant differ-
ences between dual tasks vs. sum of the single tasks were noted for
the left hemisphere and mesial connections (as indicated by asterisk)

Fig. 4 TRCoh spectra of the F3-C3 connection for both dual task
conditions. An increased degree of coherence can be observed in the
beta frequency band (>12–30 Hz) when both tasks are initiated
simultaneously vs. successively. Individual transformed data
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midway. Therefore, although changes in power could
contribute to increases in TRCoh with movement through
non-linear effects (Florian et al. 1998), they could not
explain the major differences in TRCoh between single
and dual task conditions.

Discussion

Bimanual coordinated activity represents an exceptional
ability of the human motor system and generally consists
of subtasks carried out by each hand. Our experimental
paradigm included dual task performances during which
the upper limbs executed dissimilar acts, in contrast to
previous studies (Serrien et al. 2003a). We focused on
functional interregional connectivity as measured by EEG
coherence, and hypothesized that the behavioral context
related to the movement performance would modify the
cortical dynamics. It was observed that neural interactions
associated with dual task processing were increased over
and above the summed contribution of the single tasks,
even though no differences in behavioral characteristics
were observed. Cortico-cortical coherence preferentially
changed in the beta band. That no performance costs were
associated with multitasking suggests that this increased
interregional connectivity acted to limit the effect of
bimanual interference.

The surplus of EEG-EEG coherence in the dual tasks
suggests that extra functional communication was required
to achieve coordination of the two components. It also
implies that cortical interactions as expressed by EEG
coherence reflect processing operations that encapsulate
the regulation of complex functions such as multitasking,
in the present case the coordination of the manual features
into a bimanual activity. That more pronounced coherence
increments occurred in the left than right hemisphere
indicate an increased hemispheric asymmetry in move-
ment control when both hands are concurrently active.
Although we did not examine bimanual performance with
the hand reverse, our findings are consistent with previous
functional imaging data that have demonstrated that
bimanual movements more strongly implicate the left
than right hemisphere (Jäncke et al. 1998, 2000; Serrien et
al. 2003a), and clinical work that has shown that left
hemisphere damage impairs the ability to learn bimanual
coordination (Wyke 1971) and produces bilateral motor
deficits whereas right hemisphere damage is more prone to
produce only contralateral deficits (Haaland and Harring-
ton 1994). Overall, the present data are in line with a left
hemispheric dominance for the representation of skilled
movement (Haaland et al. 2000). Increased functional
couplings for dual task performance were also observed
between mesial and hemispheric connections, which
denote the prominent involvement of midline structures,
including the SMA, in complex acts such as bimanual
movements (Andres et al. 1999; Sadato et al. 1997; Serrien
et al. 2002; Stephan et al. 1999). In addition, it has been
suggested that the SMA is involved in higher-order

aspects of sensorimotor functions, including ideation of
motor tasks (Shibasaki et al. 1993).

The results revealed that cortical dynamics were
adapted in a context specific manner (Gerloff et al.
1998). In particular, the simultaneous compared to
successive initiation of the component tasks in the dual
task paradigm necessitated a relatively higher degree of
functional interaction between cortical regions. Coherence
increases as a function of task complexity (Manganotti et
al. 1998; Serrien and Brown 2002), but this was an
unlikely factor in the present experiment as the combina-
tion of the manual activities was similar in both dual task
conditions, except in one important regard. With simulta-
neous initiation of the two component tasks there was the
possibility of interference between the processing path-
ways used to select and/or produce the manual actions at
the same time, whereas the successive retrieval of the tasks
would reduce conflict as one action was already stably
performed before the other was initiated, hence lowering
the parallel processing load and permitting a more efficient
unification of the responses into a coherent synergy. The
intensification of the interregional connectivity could be
viewed as a means of resisting the interference between
processing pathways when the two component tasks were
performed simultaneously. Along a similar line it has been
shown that training of bimanual polyrhythmic sequences
is more effective when the component tasks are learned
according to an integrated timing control which merges the
intervals into a common reference frame compared to a
parallel motor organization (Summers and Kennedy
1992), stressing the importance of the strategy with
which components are assimilated into the bimanual
activity.

In conclusion, many behaviors require the integration of
multiple actions into a synergy for successful achievement
of the action goal. The present data illustrate that dual
tasks necessitate increased functional connectivity com-
pared to the sum of the single tasks, which suggests that
extra information processing is required to manage the
coordination of the components. This is particularly true
when component tasks are initiated simultaneously.

The general significance of our findings is that they
provide another example of how the cortical processing
associated with a particular task is shaped by contextual
factors rather than just the task itself. Contextual factors
may be related to environmental relationships, such as the
anticipation of changes in appropriate motor response
(Serrien et al. 2003b, 2004a), or more pertinent to task
organization and execution per se, as when the same task
is executed with or without the benefit of a representation
held in working memory (Serrien et al. 2004b) or a given
task must be integrated with another executed with the
other hand. The latter seem to preferentially involve
modulations of functional cortico-cortical connectivity in
the beta band.
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