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Abstract In six hedthy right-handed volunteers, we
compared the cerebral activation pattern related to uni-
manual right- and left-hand movements and to bimanual
in-phase and anti-phase movements using functional
magnetic resonance imaging (fMRI). Internally paced
unimanual finger-to-thumb opposition movements led to
a strong contralateral activation of primary sensorimotor
areas in all six subjects. Midline activity was lateralized
to the left side during right-hand movements, but to both
sides during left-hand movements. Activity patterns of bi-
manual in-phase movements resembled the combined ac-
tivity patterns of the two unimanual conditions: right and
left hemispheric activations of the primary sensorimotor
cortices and predominantly left-sided media frontal ac-
tivity. In contrast, during anti-phase movements, we ob-
served a clear increase in activity, in both right and left
frontal midline areas and in right hemispheric, mainly
dorsolateral premotor areas compared to in-phase move-
ments. These results indicate that frontal midline activity
is not specific for bimanual movements per se. It can al-
ready be involved during simple unimanual movements
but becomes progressively more involved during more
complex aspects of movement control.

Key words Bimanual movements - Mesial frontal
cortex - Supplementary motor area (SMA) - Cingulate
motor areas (CMA) - Functional magnetic resonance
imaging (fMRI)

Introduction

Media frontal areas are often seen as an important struc-
ture for bimanual coordination. The close relationship of
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the media frontal cortex with bilateral movements is
supported by anatomical, electrophysiological and lesion
data in the monkey and in humans. Anatomically, there
are strong interhemispheric connections between the two
supplementary motor areas (SMAS) including distal rep-
resentations of arm and hand (Rouiller et al. 1994) and
strong bilateral SMA projections to the basal ganglia.
Neuronal activity within the SMA was associated both
with contralateral and ipsilateral arm movements (Brink-
man and Porter 1979; Tanji et a. 1988). Furthermore, bi-
manual movement sequences were impaired by lesions
in the frontomesial cortex including the SMA and anteri-
or cingulate (e.g., Travis 1955; Brinkman 1984; Laplane
et a. 1977).

On the other hand, kinematic analysis of the effect of
well-defined lesions of the SMA showed a surprising
stability and precision of the final interaction of the two
hands at the target (Kazennikov et al. 1994, 1998; Wie-
sendanger et al. 1996). This preservation of “goal invari-
ance” in conjunction with neuronal recording data (Ka-
zennikov et al. 1999) led the authors to conclude that the
SMA is clearly engaged in bimanual tasks, but does not
represent the bimanual command structure.

We recently investigated two patients with cingulate
lesions and a well-defined bimanual coordination deficit.
The nature of their deficit and the results of a functional
magnetic resonance imaging (FMRI) activation study for
bimanual in-phase and anti-phase movements highlight-
ed the importance of medial frontal and especially cingu-
late motor areas for temporal aspects of bimanual coordi-
nation (Stephan et al. 1999). In the present paper, we in-
vestigate the specificity of the observed activation pat-
terns for bimanual control: we compare the degree of
cortical activity during simple unimanual right and left
finger-thumb opposition movements with that observed
during the bimanual in-phase and anti-phase movements.
Our results suggest that the degree and the site of activi-
ty within media frontal areas are more related to the
temporal nature of the task and its degree of complexity
than to the simple fact that movements are performed by
either one or two hands.
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Materials and methods

We investigated six right-handed healthy subjects (mean age 32
years) without a history or signs of a neurological or psychiatric
illness and without any structural lesion on cranial MRI. The study
was approved by the local ethics committee and all subjects gave
informed consent.

The healthy volunteers performed four different sets of move-
ments. unimanual index finger-thumb opposition movements with
the right hand (A), the same movements with the left hand (B), bi-
manual finger-thumb opposition movements with both hands in-
phase (C) and with both hands anti-phase (D). To avoid a system-
atic influence of the degree of activation due to the different
movement rates, we tried to ensure that the subjects performed
their movements at similar rates. They were externally paced be-
fore performance of each task at 1 Hz while lying in the MR scan-
ner in order to familiarize themsel ves with the pace of movements.
At the beginning of the fMRI sequences, they started anew to per-
form the task. Subjects tried to stick to the frequency of move-
ments experienced just before, but during MR scanning there was
no external pacing.

Functional MRI data were obtained with a Siemens Vision
system (1.5 T) and echoplanar sequences (TR 3 s, TE 66 ms, 90°)
utilizing the “bold” contrast. Ten consecutive slices of 4 mm
thickness adjusted to the AC-PC line and positioned above the
corpus callosum were acquired. Voxel size was 3x3x4 mm. Five
periods of 15 srest were each followed by a period of 15 s activa-
tion.

We performed both a group analysis for al six volunteers and
an analysis of individual data sets. For both methods successive
functional imaging data were realigned for movement correction.
After coregistration of the data sets with the individua structural
MRIs, the realigned data were transformed into modified “ Talair-
ach space” (Talairach and Tournoux 1988) as defined by the stan-
dard brain of the Montreal Neurologica Institute (MNI). After
smoothing with afilter of 8 mm width, task-rest comparisons were
calculated and statistical analysis performed [Statistical Paramet-
ric Mapping Program 1996 (SPM ‘96), Wellcome Department of
Cognitive Neurology, Institute of Neurology, London; Friston et
a. 1995a, 1995h]. For the group analysis, we used a significance
level of P<0.001 and for comparisons between conditions (anti-
phase versus in-phase) a significance level of P<0.01 in the identi-
fied anatomical areas. Statistical analysis for individual subjects
was performed using a significance level of P<0.001 for each indi-
vidual voxel and an extent threshold of P<0.05. Comparisons be-
tween conditions (anti-phase versus in-phase) were again per-
formed at a significance level of P<0.01 in the identified anatomi-
cal areas. Statistically significant t-maps were then superimposed
on the subjects’ own MRIs for individual results or on a standard
MRI oriented in modified Talairach space (MNI space) for the
group results.

Finally, to allow a more detailed comparison of the activation
patterns in medial wall areas between the different conditions, we
performed a modified region of interest analysis. We defined three
distinct areas for both hemispheres (Fig. 1): (1) medial areas just
above the cingulate sulcus or — if present — between a paracingu-
late sulcus and the cingulate sulcus, (2) cingulate areas in the
depth of the cingulate sulcus with maxima of activity located at
least 9 mm lateral from the midline (cingulate motor areas) and (3)
dorsal medial wall areas (SMA). SPM analysis was performed on
the same individual data sets as before; they were, however,
smoothed at 4-mm filter width to enhance the signal-to-noise ra-
tio. For each of the three defined areas we compared the number
of subjects who showed statistically significant peaks of activation
(P<0.01, uncorrected) in the SPM t-maps in each of the four con-
ditions. Each significant activation was marked with an “x” in Ta-
ble 3,, leading to a maximum number of six “X’s in every cell of
the table. To facilitate comparison between conditions and ana-
tomical areas, we have adapted the size of each “X” to the level of
significance (t-values) of each individual activation peak. A small
“X" symbolizes a t-value of 2.33<t<3.6, a medium-sized “X” indi-
cates at-value of 3.6<t<5.0 and alarge “X" at-value of t=5.0.

Fig. 1 Schematic illustration showing the location of the areas in-
vestigated in the modified region of interest analysis (1 ventral
motor areas close to the mesial wall, 2 CMA in the depth of the
c.s., 3 supplementary motor area, c.s. cingulate sulcus)

Results
Group results

The group result showed a strong activation of contralat-
eral primary sensorimotor areas during unimanual and
bimanual movements (Fig. 2) without any obvious dif-
ference between right and left hemispheres. During uni-
manual movements regions of the mesial frontal cortex
including SMA and cingulate areas became only activat-
ed during right-hand movements (12 activated voxels),
not during left-hand movements. During bimanual
movements the number of activated voxels in the mesia
frontal cortex was greater during anti-phase (24 activated
voxels) than during in-phase (5 activated voxels) move-
ments. The focus of activation of the mesia frontal cor-
tex can be allocated to the walls of the cingulate sulcus
and its opening on the mesial surface mainly on the left
side (Fig. 2). A direct comparison between the anti-phase
and the in-phase condition showed no significant activi-
ty. At subthreshold levels, a small activation was seen at
the opening of the cingulate sulcus on the left side.

Single subjects

Single-subject results confirmed and enhanced the group
results: during unimanual finger-thumb opposition
movements activations of the contralateral primary sen-
sorimotor and adjacent premotor areas did not show a
significant difference between right and left side as mea-
sured by the number of activated voxels (Table 1). For
both the right-hand and the left-hand condition, the adja-
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Fig. 2A,B Statistically significant signal increases obtained with
fMRI in agroup of six right-handed volunteers performing a uni-
manual and bimanual index-finger thumb opposition task. Uni-
manual right- and left-hand movements are displayed in the two
upper panels, bimanual in-phase and anti-phase movements in
the lower panels. Significant voxels (P<0.01) are superimposed
on a standard MRI in MNI space (for details see text) (L left,
R right)
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cent premotor areas included areas beyond the precentral
sulcus or close to the superior frontal sulcus of the con-
tralateral hemisphere in two of the subjects.

We did, however, observe aleft hemispheric predomi-
nance within the mesial frontal cortex: in five of six sub-
jects there was activation above the left cingulate sulcus
during (contralateral) right-hand movements, in three
subjects during (ipsilateral) left-hand movements. Simi-
lar areas above the right cingulate sulcus became only
activated in two subjects during (contralateral) left-hand
movements (Table 2).

During the two bimanual tasks we observed two differ-
ential activation patterns. during the in-phase condition
the number of active voxels in both lateral hemispheres
were similar (Table 1). Right dorsolateral premotor areas
anterior to the precentral gyrusin front of the primary mo-
tor hand area or close to the superior frontal sulcus were
active in two subjects, left dorsolateral premotor areas in
three subjects. During the anti-phase condition we ob-
served a significant increase in right hemispheric activity.
Two further subjects showed activity in the right dorsolat-
eral premotor cortex. In addition, the number of signifi-
cantly activated voxelsincreased in five of the six subjects
during the anti-phase condition compared to the in-phase
condition (Table 1; one-tailed paired t-test, n=6, P<0.05).

Within the mesid frontal cortex, the site of maxima ac-
tivity was again in the areas close to and just above the left
cingulate sulcus: they became activated in four of the six
subjects during the in-phase condition and in all six during
the anti-phase condition (Table 2). Within the right mesia
cortex, areas above the right cingulate sulcus were only ac-
tive in two subjects during the in-phase condition, but in five
during the anti-phase condition, indicating aso a clear in-
crease in right hemispheric midline activity in the second
condition. The direct comparison between the two bimanual
conditions confirmsthat changesin media premotor activity
were not confined to the right hemisphere: in five of the six
subjects there was aso a significant increase in activation
closetotheleft cingulate sulci (Table 2).

Modified region of interest analysis for medial wall areas
Attributing the foci of activity to the three predefined ar-

eas within the cortical medial wall allows the character-
ization of the relative shifts between the four conditions

Table1 Activity in lateral

hemispheric areas in individual Subject  Right hand Left hand In-phase Anti-phase
%@j@tfn';ﬁmgf; c;fer?sgﬂlrfrllg?gi R. hem. L. hem. R. hem. L. hem. R. hem. L. hem. R. hem. L. hem.
parietal and premotor areas for
all six individual subjects dur- 1 57 269 274 - 213 218 379 273
ing active conditions versus 2 45 295 301 - 304 254 205 240
rest. Statistical significance 3 - 120 170 - 181 164 343 171
level: P<0.001; corrected for 4 - 92 8 - 83 119 104 148
spatial extent: P<0.05 5 - 86 147 - 138 125 196 171
6 - 199 201 - 133 235 152 228
MW 51 176.8 196.3 - 1753 185.8 2448 205.2
SD 6 83.3 736 - 704 52.8 100.8 446
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Table2 SMA and anterior cin-
gulate activity in individual sub-
jects. Number of significant
voxelsin SMA and cingulate ar-
easin the six individual subjects
within the medial wall areas.
Statistical significance levels:
P<0.001, corrected for spatial
extent P<0.05 for the first four
comparisons (active conditions
versus control); P<0.01 for the
fifth comparison (anti-phase
versus in-phase movements)

Table 3 Foci of activity within
the medial wall areas. The
number of “X’s equals the num-
ber of the subjects with asig-
nificant activation within the
described areas. The size of “X”
represents the degree of signifi-
cance (t-vaues) in the individ-

uals (x 2.33<t<3.6; X
3.6<t<5.0; X t=5.0)

Subject Right hand Left hand In-phase Anti-phase Anti- vsin-phase

P<0.001 P<0.001 P<0.001 P<0.001 P<0.01
1 58 - 43 120 23
2 37 24 50 110 16
3 21 34 - 104 55
4 - - 51 99 5
5 34 - 39 102 3
6 47 66 - 65 2
MW 39.4 41.3 45.7 100 17.3
SD 12.5 17.9 5.0 17.1 185

Right hemisphere Left hemisphere

Right-hand movements
Dorsal SMA X XXXX
Medial ant. cing./ventral SMA X XXx
Lateral cingulate X XXXX
L eft-hand movements
Dorsal SMA XXXX XXX
Medial ant. cing./ventral SMA XX XXXx
Lateral cingulate XXXX Xx
I n-phase movements
Dorsal SMA X XXXXX
Medial ant. cing./ventral SMA XX XXXxx
Lateral cingulate XXXx XXXx
Anti-phase movements
Dorsal SMA XXXXX XXX
Medial ant. cing./ventral SMA XX XXX XXx
Lateral cingulate XXXXxx XXXXXx

in the group of six subjects in more detail (Table 3). For
unimanual movements, the results confirmed a predomi-
nantly left hemispheric activation pattern during right-
hand movement and a bilateral activation pattern during
left-hand movements. There are, however, significant ad-
ditional foci of activity within the lateral cingulate cor-
tex, which occur predominantly within the hemispheres
contralateral to the movements. Compared to the “single-
subject” results, some of them formed part of larger foci
described above; others were, although highly significant
locally, altogether too small to “survive” the statistical
correction for spatial extent performed above.

The distribution of activity foci during bimanual
movements showed clear differences between the three
predefined areas. Within the dorsal SMA, left hemi-
spheric activity was predominant during in-phase move-
ments, and right and left hemispheric dorsal SMAs were
active in the anti-phase condition. The media anterior
cingulate/ventral SMA areas were predominantly active
on the left side during both in-phase and anti-phase
movements. Lateral cingulate areas, on the other hand,
showed similar degrees of activity on both hemispheres
and again became more active during the anti-phase than
the in-phase condition.

Between subjects, the exact site of maximal activation
varied considerably within the mesial frontal cortex.
Within individual subjects, however, in-phase move-
ments showed a remarkable constancy of the activated

sites compared with those activated during unimanual
movements of the right and left hand. Activity during
anti-phase movements, in contrast, showed a much wider
distribution of activated areas including shifts of the
maxima of activity and additional activity in mesial fron-
tal and neighboring premotor areas.

Discussion
Methodological considerations

In this study we supplemented the group analysis by sin-
gle-subject analysis for the evaluation of medial wall ac-
tivation in uni- and bimanual movements. The progres-
sion from a group analysis to single-subject analysis, and
ultimately to amodified region of interest analysis with a
relaxed statistical threshold, revealed progressively more
details about the diversity and exact site of the cortical
activity. While the left medial wall dominance for uni-
manual right-hand movements was a common result for
al three methods of statistical analysis, a bilateral in-
volvement of SMA and media cingulate areas during
unimanual left-hand movements was not obvious from
the group result, but demanded a single-subject analysis.
A similar observation was made earlier for unilateral fin-
ger movement sequences (Schlaug et al. 1994). Cingu-
late involvement in the depths of the cingulate sulci con-



tralateral to the unimanual movements only became ap-
parent during the modified region of interest analysis.
This last result exemplifies the importance of the selec-
tion of filter size (van Horn et al. 1998) and the benefits
of lowering the level of statistical significance. While
strong, local activity will survive conservative statistical
thresholding, distributed activity might “get lost” when
rigorous extent thresholds are applied (for discussion see
Friston et al. 1996). On the other hand, alower statistical
threshold without spatial filtering increases the danger of
“interpreting” artifacts. In these cases, the degree of re-
producibility in different subjects provides an additional
“safety net.” We therefore chose to report the changes
obtained during the modified region of interest analysis
always for the whole group of subjects. The regions were
defined according to the location of the clusters of activi-
ty foci. The definitions given in the “ Materials and meth-
ods’ are guided by the results of the imaging study and
therefore do not necessarily follow anatomical borders.

Dorsa medial wall areas

The foci of activity within the dorsal medial wall were
all above the cingulate or paracingulate sulci. With re-
gard to the Talairach coordinate system, they were locat-
ed close to and up to 3 cm behind the vertical line
through the anterior commissure (AC ling). This area
presumably corresponds to the SMA proper (Zilles et al.
1996; Picard and Strick 1996). However, as more anteri-
or parts of this area can be involved in more complex as-
pects of movement control, such as motor imagery
(Stephan et al. 1995; Grafton et a. 1996), either a further
subdivision of the SMA proper or a gradual change of
neuronal properties from caudal to rostral SMA towards
the more anterior pre-SMA characteristics (Luppino et
al. 1991) islikely.

Initiation of movements (e.g., Thaler et al. 1988) and
relay of sensory information for feedforward planning of
movement sequences (Tanji and Shima 1994; Gerloff et
a. 1997) have been suggested as important functions of
SMA. Both occurred repeatedly during self-paced uni-
manual movements when subjects had to monitor their
own performance rate, although somatosensory feedback
may not be of major importance during repetitive tap-
ping once the rhythm has been established (Ivry and
Keele 1989). During simple right-hand index-finger
movements, foci of SMA activity were observed mainly
contralateral to the movements, which isin line with pre-
vious studies (Seitz et al. 1996; Kawashima et al. 1998).
In contrast, left-hand movements led to bilateral SMA
activity. Such greater recruitment of ipsilateral cortical
motor areas during movements of the “non-dominant”
compared to the “dominant” hand has been observed
previously and may reflect the less “automatic” perfor-
mance of the non-dominant hand (Mattay et al. 1998).

Bimanual in-phase movements were associated with
similar or glightly increased degrees of activity within
the left SMA compared to unimanual movements, and
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with a decrease in activity within the right SMA com-
pared to left-hand movements alone. Compared to uni-
manual performance, bimanual in-phase movements in-
cluded the additional task to initiate simultaneously fin-
ger movements of both hands. In most of our subjects,
the left SMA was preferentially involved in this task.
The right SMA became involved again, as soon as sub-
jects perform anti-phase movements and therefore had to
control their left hand independently from their right
hand. These results suggest that initiation of movements
generally involves the contralateral, and sometimes addi-
tionaly the ipsilateral, SMA. This was true except for
the case when both hands were moved simultaneously in
the same direction. Then activity within the SMA of the
dominant hemisphere seems to be sufficient to control
both processes.

Ventral medial wall areas

While foci in the dorsal medial wall will correspond to
SMA activity, it is much more difficult to decide whether
the foci at the opening of the cingulate sulci and just
above still represent activity within a ventral part of the
SMA or are dready within cingulate motor areas. The
situation is further complicated by the anatomical vari-
ability in this area (Ono et al. 1990). In four of our six
subjects, there was a prominent second cingulate sulcus
or paracingulate sulcus (Paus et a. 1996) on the left side
and in one also on the right. At least small parts of such
sulci parallel to the cingulate sulci were also found in the
other hemispheres. In a recent review, Picard and Strick
(1996) reported a clustering of positron emission tomog-
raphy (PET) activation sites within a posterior rostral
cingulate zone close to the AC line, which might tenta-
tively include the present site of activity. However, as
cytoarchitectonic data are not yet available for a greater
number of human subjects, we do not know where the
average border between the supplementary motor area
and the cingulate motor areas is situated and can there-
fore not decide with certainty whether the observed foci
represent activity within cingulate motor areas or ventral
SMA.

The foci of activity at the medial surface of the cingu-
late sulci were more prominent on the left than on the
right hemispheres, regardless of whether the subjects
moved their right hand, their left hand, or both. A left
hemispheric predominance for processing of sequential
aspects of motor programming and recognition of tem-
poral patterns has been reported in healthy subjects
(Gates and Bradshaw 1977; Peters 1985) and in patients
(Mavlov 1980), suggesting that these ventral medial wall
areas are included in hemispheric-specific aspects of
movement control. Halsband et al. (1993) showed that
deficits in rhythm reproduction from memory were more
pronounced in patients with left premotor and SMA le-
sions than in those with right hemispheric premotor le-
sions. This was true for unimanual rhythm production of
both the contralateral and the ipsilateral hand. In con-
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trast, patients with right-sided PMC lesions reveded a
significant disturbance of rhythm reproduction for their
contralateral hand only and when the rhythms had to be
reproduced using both hands in an alternating manner
(Halshand et a. 1993). This last observation is of special
interest when compared with our imaging results: the
right lateral hemisphere including premotor areas and
right ventral medial wall areas became especialy in-
volved when subjects performed aternating, bimanual
anti-phase movements, and only to a lesser extent during
in-phase movements.

Areasin the depths of the cingulate sulci

Activity foci in the depths of the cingulate sulci were ob-
served behind the vertical line through the anterior com-
missure (AC line) and presumably present activations
within cingulate motor areas (CMA). The present resolu-
tion of the scans does not allow the determination of
whether the foci were within the dorsal or ventral bank
of the cingulate sulci. Caudal cingulate motor areas,
close to or directly posterior to the AC line, become acti-
vated in most motor paradigms (Picard and Strick 1996).
In the present study, these cingulate foci of activity
were predominantly contralateral to the movements (Table
3), which was not the case for the other medial wall areas
(see above). Activity changes within cingulate sulcal areas
were thus similar to those observed in primary motor areas.
Movement-related activity in caudal cingulate cortex cells
in monkeys (Shima et a. 1991), close anatomical connec-
tions between cingulate motor areas and primary motor
cortex again in monkeys (Muakkassa and Strick 1979;
Dum and Strick 1991) and a covariation of rCBF levelsin
cingulate sulcal areas and primary sensorimotor area dur-
ing force control in humans (Dettmers et al. 1995) support
the notion that caudal cingulate areas are involved in ele-
mentary processes of movement control in monkeys and
humans. Why, then, did we not observe a further increase
in cingulate activity during bimanual in-phase movements
over and above that which would be expected from the
combined unimanual conditions, even though the actual
movement execution now has to be coordinated between
both sides? Presumably, the increased coordinative effort is
balanced by the reduced effort required to control motor
variahility, as such bilateral movements are characterized
by a reduced timing variability compared to unimanual
movements (Helmuth and Ivry 1996). As soon, however,
as the more complex and less stable anti-phase movements
are performed (Scholz and Kelso 1989, 1990; Byblow et
al. 1994), this “advantage” islost and arelative increase in
activity is observed in cingulate motor areas of both sides.

Medial wall areas and bimanual coordination
The present results indicate that the different foci within

medial wall areas represent activity within functionally
distinct cingulate motor areas or supplementary motor

areas. All of them became activated to varying degrees
during bimanual and unimanual movements. This would
suggest that they are not specific for bimanual coordina-
tion, but represent parts of awider motor network, which
can be involved during both uni- and bimanual move-
ments (see also Kazennikov 1998, 1999). Nevertheless,
their anatomical location close to the midline may prede-
termine them to control some of those aspects of move-
ments which are especially important for the coordina-
tion of both hands. Based on kinematic recordings in pa-
tients with anterior cingulate lesions below the cingulate
sulcus, we recently suggested that the integrity of cingu-
late areas and/or their connections are important to en-
sure unimanual independence and to facilitate exact tem-
poral coordination between both hands (Stephan et al.
1999). Results of lesion studies may thus help to disen-
tangle the significance of particular nodal points relative
to the other components of the network.
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