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Abstract

Although strong motor coordination in intrinsic muscle coordinates has frequently been reported for bimanual movements, coordi-
nation in extrinsic visual coordinates is also crucial in various bimanual tasks. To explore the bimanual coordination mechanisms
in terms of the frame of reference, here we characterized implicit bilateral interactions in visuomotor tasks. Visual perturbations
(finger-cursor gain change) were applied while participants performed a rhythmic tracking task with both index fingers under an
in-phase or anti-phase relationship in extrinsic coordinates. When they corrected the right finger's amplitude, the left finger's
amplitude unintentionally also changed [motor interference (MI)], despite the instruction to keep its amplitude constant. Notably,
we observed two specificities: one was large M| and low relative-phase variability (PV) under the intrinsic in-phase condition, and
the other was large MI and high PV under the extrinsic in-phase condition. Additionally, using a multiple-interaction model, we
successfully decomposed MI into intrinsic components caused by motor correction and extrinsic components caused by visual-
cursor mismatch of the right finger's movements. This analysis revealed that the central nervous system facilitates M| by combin-
ing intrinsic and extrinsic components in the condition with in-phases in both intrinsic and extrinsic coordinates, and that under-
additivity of the effects is explained by the brain’s preference for the intrinsic interaction over extrinsic interaction. In contrast, the
PV was significantly correlated with the intrinsic component, suggesting that the intrinsic interaction dominantly contributed to
bimanual movement stabilization. The inconsistent features of MI and PV suggest that the central nervous system regulates multi-

ple levels of bilateral interactions for various bimanual tasks.

Introduction

We can perform many kinds of skillful motor tasks with the bilateral
hands or fingers. To explore the motor coordination mechanisms,
the stability evaluated by variability of the relative phase between
bimanual movements (Kelso et al., 1986) has often been examined.
A number of studies have shown that bimanual movement with
simultaneous activations of homologous muscles (i.e. intrinsic in-
phase) is more stable than that with reciprocal activations of those
muscles (i.e. intrinsic anti-phase) (Kelso, 1984; Carson, 1995; Sem-
jen et al., 1995). Therefore, the relative phase in intrinsic muscle
coordinates is a critical factor in bimanual movements.
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However, extrinsic visual coordinates are also important for motor
coordination (Swinnen, 2002). For instance, Swinnen et al. (1997)
suggested coordinative constraints in extrinsic visual coordinates
representing movement directions as well as in intrinsic muscle
coordinates. Isodirectional movements (i.e. extrinsic in-phase) are
more stable than non-isodirectional movements (i.e. extrinsic anti-
phase) between the hands (Temprado et al., 2003; Salesse et al.,
2005; Meesen et al., 2008).

Along with the stability features, intermanual interference during
bimanual movements has also been examined as a signature of motor
coordination. Even though performers were requested to move their
hands with different spatial patterns, bilateral movement amplitudes
(Spijkers & Heuer, 1995; Heuer et al., 1998; Heuer, 2006), trajectory
patterns (Franz er al., 1991), or directions (Diedrichsen er al., 2004;
Heuer, 2006) became assimilated. For instance, Heuer et al. (1998)
found that the short movements for one hand become longer, whereas
long movements for the other hand become shorter. In addition, the
movement of the non-dominant hand is assimilated into that of the
dominant hand more strongly than that in the opposite direction
(Semjen et al., 1995; Byblow et al., 2000).
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These previous studies therefore suggested that the temporal and
spatial couplings during bilateral movement are governed by intrin-
sic muscle and extrinsic visual coordinates (Swinnen et al., 1997,
Swinnen, 2002; Swinnen & Wenderoth, 2004), which would be
formed by various neural interactions between bilateral motor sys-
tems (Eliassen er al., 1999; Carson, 2005). However, it is not yet
clear how multiple bilateral interactions are regulated in various
bimanual motor tasks.

Based on these previous observations, we posed the question of
whether an intrinsic interaction synchronizing homologous muscles
and an extrinsic interaction synchronizing the movement directions
are exclusively switched or additively combined according to biman-
ual motor tasks. To examine this question, we conducted two exper-
iments using assimilation phenomena in movement amplitude
induced by visual perturbations. In experiment 1, we observed dif-
ferent patterns of bimanual coordination characterized by the inter-
manual interference and coordination stability. In experiment 2, we
decomposed the intermanual interference into the intrinsic and
extrinsic interaction components using a multiple-interaction model.
The model demonstrated a relatively dominant contribution of intrin-
sic components in stabilizing bimanual movements, although intrin-
sic and extrinsic components were flexibly regulated according to
the task requirements. Inconsistent modulation features of the inter-
manual interference and coordination stability across the motor tasks
suggest that the central nervous system regulates multiple levels of
bilateral interactions for various bimanual tasks. A part of the data
of experiment 1 was preliminarily analysed and reported elsewhere
(Sakurada et al., 2009).

Experiment 1: modulation of intermanual interference
and coordination stability in different bimanual motor
patterns

Materials and methods
Participants

Seventeen healthy, right-handed people (10 females; mean age
27.5 years, SD 4.9 years) participated in this experiment. All partici-
pants gave written informed consent prior to participation. Experi-
mental protocols were carried out in accordance with the
Declaration of Helsinki and were approved by the NTT Communi-
cation Science Laboratories Research Ethics Committee.

Experimental setup

Figure 1 shows the experimental setup. Participants were seated on
a height-adjustable chair in front of a desk, and their heads were
placed on a chin support to fix the head position. The participants
gripped handles attached to the desk with the right and left hands.
The distance between the handles was 15 cm. Reflective spheres
were attached to the right and left index fingertips for detection of
their positions with a motion capture system (ProReflex, Qualisys,
Sweden) with sampling frequency of 250 Hz. A monitor showing
visual stimuli was placed approximately 23 cm above the hands,
and participants could not see their hands while they performed the
experimental tasks. As shown in Fig. 1A, the monitor displayed a
fixation cross at the centre, two pairs of turning points (open cir-
cles) representing the endpoints of the cyclic finger movements,
and guide cursors (rectangular shape) for leading the finger move-
ments. In all experimental tasks, the four turning points were
located at the same distance from the fixation cross to ensure
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Fi1G. 1. Experimental setup. (A) The monitor showed real-time visual feed-
back of the bilateral finger movements. The participant was instructed to
match the finger cursor with guide-cursor movement and to keep the left fin-
ger amplitude constant throughout a trial. In the post-phase of each trial, the
cursor of the left finger was eliminated. (B) Four conditions of bilateral fin-
ger movements defined by the relative phases in intrinsic muscle and extrin-
sic visual coordinates. Orientation of the axis of cursor movement was
set along the proximal—distal direction in C; and C4 and along the left-right
direction in C, and Cs. In C, and Cj, finger cursors of the right and left fin-
gertips were displayed at the upper and lower sides of the fixation cross,

5

respectively. In the illustrations depicting the task conditions, ‘s’ indicates
the start position of the cursors for the right and left fingers. The origin of
the visual task field on the monitor is at the start position of the right finger’s
cursor.

nearly equal visibility of the turning points. The monitor also dis-
played two finger cursors representing the positions of the right
and left fingertips (gray filled circles) along the direction parallel to
the line connecting the two turning points for cyclic finger move-
ments. The distance between the turning points for each finger-cur-
sor movement was 5 cm on the monitor in all experiments. The
ratio between the actual finger movements and finger-cursor move-
ments was changed depending on the objective of the experiment;
this will be explained in the Visual cursor gains section for each
experiment.

As shown in Fig. 1B, we used four bimanual motor patterns (i.e.
conditions) defined by relative phases in intrinsic and extrinsic coor-
dinates (named as C;, C,, C3 and C,). The relative phase in intrinsic
coordinates represents the synchronization between bilateral homolo-
gous muscles, i.e. when the homologous muscles of the two fingers
(flexor or extensor) were activated simultaneously or alternately, we
describe the bimanual movements as in-phase (C; and C, in
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Fig. 1B) or anti-phase (C; and C, in Fig. 1B) in intrinsic coordi-
nates. In contrast, with respect to extrinsic coordinates, these four
conditions can be categorized differently. The relative phase in
extrinsic coordinates represents the directions of bimanual move-
ments, i.e. isodirectional or non-isodirectional finger movements are
described as in-phase (C; and C; in Fig. 1B) or anti-phase (C, and
C, in Fig. 1B) in extrinsic coordinates.

Bimanual visuomotor task

Participants were asked to perform cyclic extension-flexion move-
ments at 0.5 Hz with the right and left index fingers. First, the
participants moved the finger cursors to each start position when
the finger cursors appeared on the monitor. The start position of
the right finger was defined as a finger extension posture in all
four conditions and that of the left finger was varied according to
the conditions (extension posture in C; and C,; flexion posture in
C; and C,). After a delay period (2 s), guide cursors appeared
next to the start positions of the corresponding finger cursor and
then started to move between the turning points cyclically. Guide-
cursor movements were defined by a minimum jerk trajectory
(Flash & Hogan, 1985). We instructed participants to continu-
ously move their fingers in order to match the finger-cursor
movements to the guide-cursor movements during each trial (eight
cycles).

Visual cursor gains

In the visuomotor tasks, we modified the ratio of the actual fingertip
movements to finger-cursor movements by altering the visual cursor
gain (VG). As intermanual interference during bimanual movement
mainly occurs from the dominant hand to the non-dominant hand
(Semjen et al., 1995; Byblow et al., 2000), we applied visual pertur-
bation (i.e. VG change) to the right-finger cursor. The VG settings
in experiment 1 were as follows.

Visual cursor gain for the right-finger cursor

Pre-phase (from the first to fourth cycles). The finger cursor moved
5 c¢m on the monitor for the 2.5 cm fingertip movement in the direc-
tion parallel to the axis of cursor movement. In this setting, VG was
2.

Post-phase (from the fifth to eighth cycles). Three types of trials
were given with different VGs. In the first type of trial (‘“VG¢’ trial),
VG of the post-phase was not changed from that of the pre-phase
(i.e. VG =2). In the other two types of trials, VG was suddenly
changed (decreased or increased) at the start of the fifth cycle. In
the ‘VG—" trial, VG was decreased to 1.25 from 2, and then the
desired amplitude of the right fingertip became 4 cm. In the ‘VG+’
trials, by contrast, VG was increased to 5 from 2 and then the
desired amplitude of the right fingertip became 1 cm. As a result,
the magnitude of desired motor correction in the post-phases was
1.5 cm in both types of trials (4—2.5 cm for VG— trials; 1—-2.5 cm
for VG+ trials). The participants were asked to adjust the right fin-
ger’s movement so as to match the finger cursor to the guide cursor
as quickly as possible when a visual error (i.e. location mismatch
between finger and guide cursors) occurred on the monitor. Note
that VG+/— trials were randomized to prevent participants preparing
for gain change (see Experimental protocol for details), and there
was no change in the posture of the right finger at the movement
start in all VG trials.

Visual cursor gain for the left-finger cursor

Pre-phase. Along with the right-finger cursor, VG of the left-finger
cursor was 2, and the desired amplitude of the left fingertip was
2.5 cm.

Post-phase. The left-finger cursor was eliminated. Without visual
feedback of left-finger movements, participants were instructed to
keep the amplitude of left-finger cyclic movement constant (i.e.
2.5 cm) in all types of trials.

Experimental protocol

First, the participants completed eight blocks, each of which con-
sisted of five VGc trials. The conditions, C;—C4, were assigned
to the first four blocks in random order, and then all four condi-
tions were assigned in reversed order in the last four blocks to
reduce the order effect in each participant (e.g. Cr,—C3—C—Cy—
C4*C14C3*C2).

Next, the participants experienced visual-gain-change trials. One
block consisted of 10 trials (five VG— trials and five VG+ trials),
and the order of these 10 trials was randomized. Therefore, the par-
ticipants could not predict which visual perturbation (VG— or VG+)
was given in each trial. Eight blocks were conducted with the same
block-order design as that for the VGc trials (e.g. Co—C3—C—Cy—
C4—C1—C5-Cy).

Data analysis
Task performance

To evaluate the performance of bilateral finger movements, the
visual error (VE) between the finger cursor and guide cursor on the
monitor at the positional peaks in each cycle was calculated as fol-
lows

cycle

VEside = PKﬁnger

- PKguide (1)

Here, PKinger and PKgiqe are positional peaks of the finger cursor
and guide cursor on the monitor at each cycle, respectively, and
‘side” denotes right or left finger. We also calculated the variance of

all VE(S:iy(fée of the one to four cycles (pre-phase) in all trials in
every condition (C;—C4) for each participant (var VElgre,

var VEEre), as a representative index of task difficulty in the corre-
sponding condition because movement variability increased with
task difficulty. Note that this index simply represents the variability
of the finger movement amplitude as PKgyiqe is constant during the
pre-phase. Therefore, if this index is different among the C;—C,4 con-
ditions, the task difficulty would be different among the conditions.

Amplitude change

Figure 2 shows the typical behavioural results for C; in experi-
ment 1 for a particular participant. The movement amplitude of
each cycle in a trial was calculated from the difference between
positional peaks (proximal/distal or left/right) along the axis of
cursor movement (Fig. 2A). In the post-phase, the participant
could keep the amplitude of the right finger (VGc trial shown as a
solid line in Fig. 2A) or smoothly modify it (VG— and VG+ trials
shown as solid lines in Fig. 2B and C) as required. In contrast,
although the participant was asked to keep the amplitude of the
left finger constant, the amplitude of the left finger changed unin-
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F1G. 2. Typical movement profiles of a particular participant in C; of experiment 1. Mean movement profiles of right (solid lines) and left (dotted lines) fingertips
in (A) VG¢, (B) VG— and (C) VG+ trials. The amplitude of each cycle was defined by the difference between adjacent positional peaks as indicated in A. Left-fin-
ger movement unintentionally changed against the task instruction. (D) Amplitude transitions of the right (solid line) and left (dotted line) fingertips in VG trials.
Although the participant did not change the amplitude of the right finger voluntarily, the amplitude of the left finger increased gradually in the post-phase. Asterisks
indicate significant amplitude increases compared with the mean amplitude in the pre-phase (**P < 0.01, ***P < (0.001). (E) Amplitude changes for VG— and
VG+ trials and indexes of amplitude changes of the finger movements. MC;", amount of voluntary ‘motor correction’ of the right finger’s amplitude at the fifth
cycle; Mlzlh, amount of unintentional ‘MI” to the left finger’s amplitude at the fifth cycle. These values are represented by the sum of absolute changes in VG—
and VG+ trials by reference to the mean amplitude during the pre-phase. Error bars represent the SD across trials for this participant.

tentionally in the post-phase (dotted lines in Fig. 2A—C). These
voluntary motor corrections of the right finger and unintentional
motor interference (MI) to the left finger were also observed in
the other participants.

Figure 2D and E shows an example of the amplitude transitions
during the VG trials and during the VG— and VG+ trials in Cy,
respectively. These amplitudes in each cycle were calculated from
the temporal profiles of finger movements shown in Fig. 2A-C. To
avoid a drift effect in characterizing unintentional MI (for details,
see Amplitude change in Results section of experiment 1), we anal-
ysed the sum of mean amplitude changes of the right and left fin-
gers at the fifth cycle in the VG— and VG+ trials as indexes of
voluntary motor correction of the right ﬁnger (MC5t ) and uninten-
tional MI to the left finger movement (MI ) respectively, accord-
ing to the following equations (Fig. 2E)

MC;" = |A3"(VG—) — AR*(VG—)| + [AF"(VG+) — AR (VGH)|
2
ME" = |A"(VG—) — AP (VG—)| + |A}"(VG+) — AP (VGH)|

3)

Here, A denotes the trial mean of movement amplitude A of a
corresponding cycle in a particular condition.

Bimanual coordination stability

Using the following equation proposed in a previous study (Kelso
et al., 1986), we calculated the relative phase at each moment by
taking the difference between the phase angles of cyclic movements
of both fingers, which was defined in the intrinsic coordinates

dP[L)/dl:| B tanfl |:dPR/dl:|

d):eL*eR :tanfl[ (4)

L R
where 0; and 0 denote the phase angles of the left and right finger
movements, P; and Pg denote the positions of the left and right fin-
gers after normalization in each cycle, and dP;/dt and dPg/d¢ are the
normalized instantaneous velocities of the left and right fingers,
respectively. To characterize the difference in bimanual coordination
stability among all four conditions, we calculated the variability of

cycle

the relative phase [phase variability (PV )] in each condition as

follows

PVcYcle <\/z(¢VG _ J)VGJZ/’
+\/Z(¢VG+ - ¢VG+)2/I>

t

Here, ¢ denotes the duration over which PV?}C]e is calculated

[e.g. 1: 8-10 (s) for fifth cycle], and ¢ denotes the temporal mean of
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cycle

relative phase for that duration. Note that a low PV value

denotes a high stability.

Statistical analysis

For VG trials, we applied a three-way repeated-measures ANOVA
with the relative phase in intrinsic coordinates (in-phase and anti-
phase), the relative phase in extrinsic coordinates (in-phase and anti-
phase), and movement cycle (five levels: pre-phase, fifth, sixth, sev-
enth and eighth) as within-subject factors to examine the amplitude
changes of left and right fingers after the elimination of the left-fin-
ger cursor.

Two-way repeated-measures ANOvVAs with relative phases in intrin-
sic coordinates (in/anti) and in extrinsic coordinates (in/anti) as
within-subject factors were applied to the task performance
(var VE,Ere and var VEIL)re), motor correction of the right finger
MC3), MI to the left finger (ME!) and coordination stability

(PVfbth). Bonferroni post-hoc tests were used to examine pairwise
differences. We considered statistical significance to be P < 0.05.

Results
Task performance

To examine the task difficulty in C;—C,4, we evaluated the amplitude
variabilities of visual errors (VEgre and VEEre) over the cycles in
the pre-phase of all trials in these four conditions by the two-way
repeated-measures ANOVA (see Materials and methods). We did not
find any significant main effects of relative phases in the intrinsic
(var VER'®:  F14=1.02, P=033; var VEP':
Fi16=0.06, P=0.81) and extrinsic coordinates (var VEpre
Fii6 = 044, P = 0.52; var VEP™: F| |4 = 0.10, P = 0.76). Further-
more, the Intrinsic x Extrinsic interaction was not significant
(var VER'®:  F| 14 =084, P=037; var VEP': F, ;s =162,
P = 0.22), suggesting that clear differences in task difficulty were
not observed among the four conditions.

coordinates

Amplitude change

In VGc trials, the participants were required to maintain the move-
ment amplitude of their bilateral fingers. However, the left-finger
amplitudes somehow increased gradually in the post-phase as an
example of the C; condition in Fig. 2D. For right finger movements,
no effect reached statistical significance (F-values < 2.50, P-
values > 0.13) in the three-way anova. For left-finger movements,
by contrast, we found significant main effects of cycle
(F464 = 180.91, P < 0.000001). In C;, the mean amplitude in the
pre-phase (2.49 cm) was not significantly different from that in the
fifth cycle (2.50 cm, P = 0.99), but the amplitude from the sixth
cycle significantly increased compared with the mean amplitude in
the pre-phase (sixth: 2.65 cm, P < 0.001; seventh: 2.68 cm,
P < 0.0001; eighth: 2.72 cm, P < 0.000001, Fig. 2D). Similarly, the
gradual amplitude increases from the sixth cycles were observed in
other conditions (C,—Cy; sixth—eighth cycles: P-values < 0.0012),
whereas they were not in the fifth cycles (P-values > 0.99). Note
that statistical significances were also found in the main effect of
extrinsic coordinates (F; 16 = 12.96, P < 0.01) and the interactions
of Intrinsic x Cycle interaction (Fye4 = 7.95, P < 0.0001), Extrin-
sic x Cycle interaction (Fyeq = 9.13, P <0.00001) and Intrin-
sic x Extrinsic x Cycle (F464 = 11.75, P < 0.000001), but we did

not examine these factors further because our focus was on the
visual perturbation effects on finger movements.

The above cycle effect in VG trials of the left finger suggested
that elimination of online visual feedback in the post-phase induced
unintentional and gradual amplitude increase of the left finger (i.e.
drifting effect). Therefore, during and after the sixth cycle in VG—
and VG+ trials (Fig. 2E), the left finger’s amplitude was affected
not only by the intermanual interference but also by the drifting
effect. To focus on the intermanual interference without contamina-
tion from the drifting effect, we evaluated the amplitude change in
the fifth cycle in VG— and VG+ trials.

For MC,SQth in VG— and VG+ trials, we did not find any signifi-
cant main effect of Intrinsic (F ;¢ = 0.76, P = 0.40) or Extrinsic
(F116 =047, P =0.53). The Intrinsic x Extrinsic interaction
(F1.16 = 3.47, P = 0.08) was close to significance, but a follow-up
analysis by Bonferroni test did not find any significant difference
(P-values > 0.26) between each pair of MCISeth in the four condi-
tions. The results indicate that the participants evenly corrected the
amplitude of the right finger according to VG changes regardless of
hand postures or relative phases. In contrast, the left-finger ampli-
tude changed unintentionally depending on the task conditions. For
MI{th in VG— and VG+ trials, we found significant main effects of
Intrinsic coordinates (Fj ;¢ = 24.61, P < 0.001) and Extrinsic coor-
dinates (Fy ;6 = 15.87, P < 0.01). The Intrinsic x Extrinsic interac-
tion was marginally significant (Fy ;4 = 4.02, P = 0.062). A follow-
up analysis by Bonferroni test revealed that MI*Zth in C4 (0.22 cm)
was significantly smaller than those in the other conditions (Cy:
0.89 cm, P < 0.001; C,: 0.78 cm, P < 0.01; C5: 0.65 cm, P < 0.01;
Fig. 3A). The results indicate that the strength of the MI from the
right to left finger would vary depending on the task conditions.

Bimanual coordination stability

For P\/j)th in VG— and VG+ trials, we found significant main
effects of Intrinsic coordinates (F ;¢ = 19.83, P < 0.001), but a
main effect of Extrinsic coordinates (F; 6 = 0.65, P = 0.43) and

1
A *k%k B
%%

0.8
5 >
= 06 £
B 2
= 04
0.2
0
Ci C C3 C4 Ci C C3 C4
Int. In In Anti Anti Int. 'In In Anti Anti

Ext. In Anti In Anti Ext. In Anti In Anti

F1G. 3. Bimanual motor coordination characterized by the (A) MI and (B)
coordination stability in experiment 1. (A) Although voluntary motor correc-
tions of the right finger (MCS‘h) were not different among the four conditions
(data not shown), the unintentional MI to the left finger (MIS”‘) in C4; was
significantly smaller than those in the other conditions. (B) Phase variability
(PVS‘h) for each condition was calculated by averaging its values in VG—
and VG+ trials. A lower PV3" value means stable bimanual movement. Error
bars indicate the SE across the participants. **P < 0.01, ***P < 0.001.
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Intrinsic x Extrinsic interaction (F ;6 = 0.24, P = 0.63) were not
significant. A follow-up analysis of the Intrinsic main effect revealed
that, in contrast to the results of MIZth (i.e. only C,4 represented the
small value; Fig. 3A), PVi}h in C; (11.94°) and C, (12.93°) were
significantly smaller than those in C3 (16.95°) and C4 (16.68°) as
shown in Fig. 3B.

Although the coordination characterized by the intermanual inter-
ferences differed between C4 and the other conditions, we can sepa-
rate the four conditions into different categories (C; and C, vs. C;3
and C,) based on the phase variability, i.e. these modulation patterns
of Mlith and PVg)th depending on the bimanual motor patterns (C,—
C,) suggest different underlying mechanisms of interactions charac-
terized by intermanual interference and coordination stability.

Experiment 2: decomposition of intermanual
interferences by a multiple-interaction model

In experiment 1, we found stronger interferences with high stability
in the intrinsic in-phase conditions (C; and C,), and stronger inter-
ference with low stability in the extrinsic in-phase and intrinsic
anti-phase condition (Cj), i.e. stability and interference were not
perfectly correlated with each other. These results lead to the
hypothesis that the intermanual interference includes two different
types of bilateral interaction components: one contributes to stabiliz-
ing bimanual movement and the other does not. To test this hypoth-
esis, we conducted experiment 2 with several VGs. Using a
multiple-interaction model, we tried to decompose the intermanual
interference into the effects of motor correction and visual error of
the dominant hand on the non-dominant hand. The experimental
setup and bimanual visuomotor task (except for the VGs) were
identical to those of experiment 1. Note that, as in experiment 1, to
examine the unintentional MI caused by bilateral interactions, we

evaluated several indexes at the fifth cycle (MC,S}h, MED and
pvith).

Materials and methods
Participants

Thirteen healthy, right-handed people (seven females; mean age
28.6 years, SD 6.7 years), who were different from the participants
in experiment 1, participated in this experiment. All participants
gave written informed consent prior to participation. Experimental
protocols were carried out in accordance with the Declaration of
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Helsinki and were approved by the NTT Communication Science
Laboratories Research Ethics Committee.

Visual cursor gains

The participants were instructed to move their fingers with the finger
cursors before (pre-phase) and after (post-phases) the visual-cursor
gain change, as in experiment 1. Note that the left-finger cursor was
eliminated in the post-phase. We used three combinations of VGs
(VGy, VG,, and VGj;) in the pre-phase and post-phase, as listed in
the sixth and seventh column of Table 1. Each combination con-
sisted of VG—/+ (visual gain decrease and increase) trials, and gain
values per se (VGPe, VGpOSt) were different across the combina-
tions.

The errors just after the VG change can be represented in both
visual and motor coordinates. The expected visual error between the
guide cursor and the finger cursor of the right finger varied with VG
in the pre-phase and post-phase, as listed in the second right-most
column of Table 1. These expected visual errors satisfy the relation-

ship sVE?;tllj1 = sVEZg.‘ <sVE§;,t35.1 in all four conditions, as shown in
the right-most column of Table 1. Here, the ﬂ;ﬂ? denotes the sum
of amplitudes of expected visual errors at the fifth cycles in the gain
decrease and increase trials (VG—, VG;+) (i = 1-3) of the C; condi-
tion (j = 1-4).

In contrast, after changing the VG, appropriate motor correction
of the right finger was required to reduce the visual error. As the
desired amplitudes of the right finger in the pre-phase and post-
phase in all VGs were planned as in the second and third columns
of Table 1, the sums of required motor corrections in VG~ and
VG;+ trials for each VG combination (m;m) can be expected as in
the fifth column of Table 1. These sums of required motor
MCh
MGl <MC3t = MC3Y, in all four conditions. The desired ampli-
tude of the left finger was 3.5 cm for all VGs in all four conditions,
and the participants were also asked to keep the left finger’s ampli-
tude constant.

corrections would satisfy the relationship

Experimental protocol

The participants completed 36 trials (randomized order) with six
kinds of different VG (VG;—, VG,—, VG3—, VG;+, VG,+ and
VG;+; six times for each VG) in each block. Eight blocks (twice
for each of the four conditions, C;—C,;) were conducted with the

TABLE 1. Combinations of VG (VG;; i = 1-3) in experiment 2. Magnitudes of required motor corrections in VG— and VG+ trials are calculated from the dif-
ference between desired amplitudes in the post-phase (DAP**") and those in the pre-phase (DAP™), and expected visual errors in VG— and VG+ trials are calcu-
lated from DAP® - (VGP*' — VGP™). Values in the fifth and right-most columns indicate the sum of required motor corrections (MC3") and sum of expected

visual errors (sVER™), respectively

Desired amplitude

of right finger Visual cursor gain

(cm) of right finger

DAP® DAP™ Required motor correction (cm) MG (cm) VGP*© VGPo™ Expected visual error (cm) SVEX" (cm)
VG,— 3 4.5 +1.5 3.0 5/3 5/4.5 —1.67 6.67
VG, + 1.5 —1.5 5/1.5 +5.0
VG,— 4 6 +2.0 4.0 5/4 5/6 —1.67 6.67
VG,+ 2 -2.0 512 +5.0
VG3— 3 5 +2.0 4.0 5/3 5/5 -2.0 12.0
VG;3+ 1 -2.0 5/1 +10.0
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same block-order design as that in experiment 1 (e.g. Co;—C3—C—
C4—C4—C—C3—C,) to reduce the order effect in each participant.

Data analysis

Variances of visual error (i.e. var VER® and var VE}) were calcu-
lated to confirm the task difficulty in all conditions. In addition, to
examine the multiple interactions during bimanual movements, we
also calculated the amplitude changes (MC3" and ME™), sum of
visual errors (SVE}?“), and bilateral coordination stability (Pngh).
All indexes were calculated by the same methods as in experiment
1.

Multiple-interaction model

We here assume that bilateral interaction, which causes an uninten-
tional MI to the left finger movement, is composed of the intrinsic
and extrinsic components. According to this assumption, the MI,
MIZ‘h, can be represented as follows

ME™ = o5 - MCR" + B, - sVER" + v (6)

Here, o; and B; are the coefficients of the intrinsic and extrinsic
components of bilateral interaction, which depend on the conditions
(C;; j = 1-4), and vy is a constant term that is assumed to be a com-
mon factor over the four conditions. To obtain these coefficients, we
used the following equation with a pseudo-inverse method

[MEY, ]
Mt oy
121 A, 0 -~ 0 B B
MISth 1
L3t 0 A . : B :
: = (7)
y : A; 0 B Olg
MISlh 3
MI%J,:‘ 0 - 0 A4 B Bs
& ¥
L MI;3,

Here,
MC3l,  sVERD,

A= | MG sVERL |, (j=1-4),andB=[1 1 1]
Mcgg‘} SVER

ML and MCR! are amplitude changes of the left and right fin-
gers (named MI and motor correction), and sVE3D is the visual error
of the right-finger cursor, all quantified in the fifth cycles for the
VG; gain in the C; condition in experiment 2 (see Visual cursor
gains of experiment 2).

Statistical analysis

For experiment 2, we analysed the task performance (var VER® and

var VEI'®), bilateral amplitude changes (MC%‘; and Mlzg-‘), coordina-
tion stability (PV‘Z,‘h), and the estimated coefficients of intrinsic and
extrinsic interaction components (o and f). Two-way repeated-mea-
sures ANOvVAs with the relative phases in intrinsic and extrinsic coor-
dinates as within-subject factors were applied to var VER®,
var VEJ'"®, o and B. Three-way repeated-measures ANOovas with rela-
tive phases (in/anti) in intrinsic and extrinsic coordinates and of VG;
(three levels: VG, VG, and VGs; Table 1) as within-subject factors
were applied to MCp!, MI} and PVZ". Bonferroni post-hoc tests
were used to examine pairwise differences. The Pearson correlation

coefficient was calculated to evaluate the relationship between each
interaction component and coordination stability. We considered sta-
tistical significance to be P < 0.05.

Results
Task performance

To examine the task difficulty in each condition (C,—C,), we evalu-
ated the variances of visual error in the pre-phase, as in experiment
1. We did not find any significant main effects of the relative phases
(in/anti) in intrinsic coordinates (var VEZre: Fi 1, =182, P=10.20;

var VEJ':  F;15=192, P=0.14) and extrinsic coordinates
(var VER*:  F;;, =036, P=056; var VEI': F, =021,

P = 0.65). The Intrinsic x Extrinsic interaction was not significant
for the right finger, but was close to significance for the left finger
(var VER*:  F;1,=092, P=036; var VEI': F, =422,
P = 0.06), suggesting that the task difficulty of the left finger tended
to be affected by the condition.

Multiple interactions associated with intrinsic motor command
and extrinsic visual error

Figure 4A and B shows the measured MCISQth and SVEISQh, respec-
tively. Regarding MC3", we found a significant main effect of VG;,
but did not find significant main effects of intrinsic and extrinsic
coordinates (second column of Table 2). Furthermore, a follow-up
analysis for VG; indicated that MCISQ‘{‘]. was significantly lower than
MCRy, and MGy in all four conditions (Fig. 4A, P-
values < 0.00001). Regarding SVEISQh, we found only a significant
main effect of VG;. A follow-up analysis for VG; indicated that
sVERy, was significantly higher than sVEX} and sVERY, (Fig. 4B,
P < 0.00001). These modulation trends of MC}" and sVER" are the
same as the expected ones shown in Table 1. In contrast, the magni-
tudes of the MIi‘h observed in experiment 2 strongly depended on
the task conditions (Fig. 4C). We should note that this modulation
of ME™ would not be explained by the variation of task difficulty
(var VEJ'®) because of the different trends in these two indexes
across four conditions (correlation coefficient = —0.16, P = 0.26).
All main effects were significant, whereas their interactions were not
(F-values < 0.54, P-values > 0.59) (fourth column of Table 2).

The estimated coefficients of the intrinsic and extrinsic compo-
nents of bilateral interaction, o and [ in Eqn 7, are shown in
Fig. 4D and E. Note that the constant term v is significantly differ-
ent from zero (one-sample r-test; P < 0.001, v = 0.45 + 0.04 SE).
The fitness of the model, evaluated by the variance-accounted-for
value, was 93.9% =+ 1.90 SE, indicating that the model sufficiently
explains the modulation of ME™ across conditions by the interaction
components in both the intrinsic and extrinsic coordinates
(o - MC3" and P; - sSVER"™) and the constant term (y).

As shown in Fig. 4D, o values [the effect of voluntary motor cor-
rection of the right finger (MC3™) on MI3"] in the intrinsic in-phase
conditions (C; and C,) were greater than those in the other condi-
tions (C; and C4). Accordingly, o was significantly dependent on
the relative phase (in/anti) in intrinsic coordinates (second right-most
column of Table 2). Interestingly, o was also significantly modu-
lated by the relative phase in extrinsic coordinates, indicating that
the effect of the motor correction was also modulated by the relative
phase in extrinsic coordinates.

In contrast, B values [the effect of visual error of the right-finger
cursor (SVE3") on ME™M], shown in Fig. 4E, were greater in the

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
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denote SE across the participants. ***P < 0.001.

TABLE 2. F-values of the three-way repeated-measures ANova for MC;‘}‘,

SVE" and MI;"™ and those of the two-way repeated-measures aNova for o
and

Main effect Mch SVE)®  ME™ o B

Intrinsic 4.32 3.68 20.39%#%  85.80%** 455
coordinate F j,

Extrinsic 1.84 2.00 6.21% 5.37* 14.48%*
coordinate F 1o

VG; Fr4 100.68%##*  65.30%**  ]16.63%%*  — -

*P < 0.05, #P < 0.01, ***P < 0.001.

extrinsic in-phase conditions (C; and Cs) than in the extrinsic anti-
phase conditions (C, and C,), i.e. B was strongly dependent on the
relative phase (in/anti) in extrinsic coordinates (right-most column of
Table 2). Additionally, because the effect of the relative phase in
intrinsic coordinates on [} was marginally significant (P = 0.054),
the effect of the visual error on MI tended also to be modulated by
the relative phase in intrinsic coordinates. The increasing trend of o
from C, to C; (Fig. 4D) and decreasing trend of B from C; to C,
(Fig. 4E) suggest a preference for the intrinsic component in the
bilateral interaction.

This preference for the intrinsic component can be clearly charac-
terized when the MI (Mli‘h) is decomposed into an intrinsic compo-
nent (o - MC3™) and an extrinsic component (B - sVER") by Eqn 6.
As shown in Fig. 4F, those components varied with the conditions.
All factors of relative phases in extrinsic and intrinsic coordinates
and VG were found to be statistically significant by the three-way
repeated-measures ANOVA. Specifically, both o - MCI%th and B - sVE"
were relatively high in C; (open circles in Fig. 4F) but clearly lower
than the diagonal line (o- MC3® > B-sVE)" significantly in all
VG;). Additionally, 0L~MC15Jh components in C; were greater than

those in Cj, suggesting that the extrinsic in-phase condition dilated
the intrinsic interaction, thereby leading the strongest unintentional
MI in Cy, as shown in Fig. 4C.

Relationship between the interaction and stability

To further examine the multiple levels of interaction, we explored
the relationship between MI (MIi‘h) and bimanual coordination sta-
bility (PV‘;‘h) quantified in experiment 2. As shown in Fig. 5A,
Mli‘h has a significant negative correlation with P\/fbth (r=-0.63,
P < 0.05), indicating that the bimanual coordination stability
improved (i.e. variability decreased) with strong MI. Additionally,
we found a significant negative correlation between PV%‘h and
o-MC" (r=—0.85 P <0.001) but not between PV" and
B -sVE}", as shown in Fig. 5B and C. This indicates that the coor-
dination stability was dominantly affected by the strength of motor
correction of the right finger.

Discussion

According to previous studies of the bimanual motor coordination
mentioned in the Introduction (Semjen et al., 1995; Byblow et al.,
2000), the coordination stability of the left finger and uninten-
tional MI to it shown in this study can be ascribed to a bilateral
interaction due to a neural connection between hemispheres
(Eliassen et al., 1999; Kennerley et al., 2002; Carson, 2005; Ster-
nad et al., 2007). From the functional viewpoint, an additional
important question arises as to what kind of functional principle
is employed in the interaction for bimanual control. Our results
quantitatively demonstrated that the interaction effects are modu-
lated depending on the bimanual motor patterns in which the rel-
ative phases (in/anti) in intrinsic and extrinsic coordinates are
different. On the basis of our findings, we here discuss the
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ponent (oL - Mcf;h) but not with the extrinsic interaction component
(B - sVEFM). #P < 0.05, ***P < 0.001.

bimanual coordination from the viewpoints of stability and multi-
ple levels of interaction.

Strong bimanual coordination stability governed by intrinsic
motor command

Bimanual coordination stability has been widely examined by ana-
lysing the relative phase variability, and many studies demonstrated
that intrinsic in-phase movement, which requires synchronization of
homologous muscle activities, greatly contributes to the stability of
cyclic movements (Kelso, 1984; Semjen ef al., 1995; Swinnen
et al., 1997, 1998). Isodirectional movements also contribute to
decreasing the relative-phase variability, but the effect of extrinsic
coordinates would be weak for bimanual coordination, compared
with that of intrinsic coordinates (Swinnen et al., 1997; Park et al.,
2001; Temprado et al., 2003; Salesse et al., 2005; Meesen et al.,
2008).

In experiment 1 of the current study, we found two types of dif-
ferent coordination patterns of strong intermanual interference, one
with low phase variability and the other with high phase variability.
These results suggest the possibility that the interaction mechanisms
characterizing the phase variability and those characterizing the
unintentional MI are not identical. Bilateral interaction in the cortical
level contributes to the stability of bimanual movement (Maki ez al.,
2008). However, our findings suggested that the bilateral motor sys-
tems have qualitatively different interactions in multiple levels; one
is the interaction that occurs during intrinsic in-phase motor patterns
and contributes to the stability, and the other is the interaction that
occurs during extrinsic in-phase motor patterns and weakly con-
tributes to the stability.

In addition, as shown in experiment 2, the phase variability
(PVi‘h) was highly correlated with the intrinsic interaction compo-
nent (0L~MC15§]‘; Fig. 5B), whose coefficient o was mainly modu-

lated by the relative phase in intrinsic coordinates. Interestingly, the
phase variability was evidently higher in the extrinsic in-phase and
intrinsic anti-phase condition (C3) than in the extrinsic anti-phase
and intrinsic in-phase condition (C,), suggesting that bilateral inter-
action in extrinsic coordinates is weak in keeping low phase vari-
ability. These results are consistent with previous observations
(Swinnen et al., 1997; Park et al., 2001; Temprado et al., 2003;
Salesse et al., 2005; Meesen et al., 2008), and they further suggest
that the bimanual coordination stability, indexed by phase variabil-
ity, proportionally varies with the strength of intrinsic interaction
(i.e. the effect of the voluntary motor correction component of the
right finger on the unintentional motor change of the left finger)
rather than with a simple ‘interaction-mode’ change between in-
phase and anti-phase.

In addition to the effects of multiple coordinates on the bimanual
coordination stability, the mirror symmetry of visual feedback could
enhance the stability of the relative phase during bimanual move-
ments (Mechsner et al., 2001). The visual symmetry effect, how-
ever, would not explain the modulation of coordination stability
observed in experiment 1 because a similar amount of relative-phase
stability was also observed in the condition with mirror-asymmetric
visual feedback (C,; intrinsic in-phase and extrinsic anti-phase) as in
the visual symmetric condition (Cy).

Combination of multiple levels of bilateral interactions in the
central nervous system

In addition to the idea that homologous muscle groups define the
intrinsic coordinates, it has been suggested that movement directions
in extrinsic coordinates are also important constraints for characteriz-
ing the bimanual control coordination (Swinnen et al., 1997, 1998;
Lee et al., 2002). Our findings of the stronger unintentional MI to
the left finger found in C; (in-phases in extrinsic and intrinsic coor-
dinates), C, (in-phase only in intrinsic coordinates), and C; (in-
phase only in extrinsic coordinates) in experiment 1 are consistent
with those previous observations, i.e. as the multiple coordinates
coexist in a bimanual control (Swinnen & Wenderoth, 2004), the
interaction would be regulated in different coordinates according to
the motor pattern in each condition.

A further question that we would like to pose here is whether the
bilateral interactions in intrinsic and extrinsic coordinates are mutu-
ally exclusive or additively incorporated. Actually, condition C; in
experiments 1 and 2 induced under-additive MIs of C, and Cs, sug-
gesting an imperfect additivity of the ‘in-phase’ effects on the MI.
To quantitatively understand the MI, we introduced a multiple-inter-
action model. As shown in the Results, this model succeeded in
decomposing MI into intrinsic and extrinsic interaction components
and showed that the estimated intrinsic interaction component was
mainly modulated by the relative phase in intrinsic coordinates,
whereas the extrinsic interaction component was mainly modulated
by the relative phase in extrinsic coordinates, i.e. the relative phases
in the intrinsic and extrinsic coordinates act as dominant factors in
forming bilateral interaction in the tasks, whereas previous observa-
tions were limited to suggest a reinforcement of the stability (Swin-
nen et al., 1997, 1998; Lee et al., 2002).

In addition to those dominant modulation effects, we found that
the coefficient of intrinsic motor correction (o) significantly
increased in C; (the condition with in-phases in both intrinsic and
extrinsic coordinates) compared with that in C, (the condition with
in-phase only in intrinsic coordinates) (Fig. 4D), whereas the coeffi-
cient of visual error (B) in C; tended to decrease compared with that
in C; (the condition with in-phase only in extrinsic coordinates)
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(Fig.4E). As a result, in the condition with in-phases in both intrin-
sic and extrinsic coordinates, MI was driven more by the intrinsic
component than by the extrinsic component (Fig. 4F), whereas MI
was mainly driven by the intrinsic or extrinsic component in the
condition with in-phase only in the corresponding coordinates.
Therefore, although intrinsic and extrinsic components are
additively incorporated in producing the interaction, those effects
would not be independently controlled. Instead, they would be
cooperatively regulated according to the preference or efficacy of
interaction.

Possible neural substrates for multiple levels of bilateral
interactions

As in the above discussions, our results suggest that the combination
of bilateral interactions would be critical in forming sophisticated
and flexible bimanual coordination. What neural substrates could
contribute to form the multiple levels of interactions during biman-
ual movements? Previous studies suggested that bimanual control is
governed by a distributed network (Gerloff & Andres, 2002; Pollok
et al., 2005; Grefkes et al., 2008). In particular, activations in the
supplementary motor area (SMA) (Sadato et al., 1997; Gross et al.,
2005) and premotor area (PM) (Debaere et al., 2004) were found to
depend on the relative phase between bilateral movements, indicat-
ing that these areas play an important role in bimanual coordination.
The SMA has transcallosal connections to the contralateral homo-
topic area (Brinkman, 1984; Rouiller ef al., 1994; Kazennikov
et al., 1999; Marconi et al., 2003; Boussaoud et al., 2005), and the
SMA and PM have strong connections to the primary motor area
(M1) (SMA-M1: Donchin et al., 1998, 2001; PM-M1: Mochizuki
et al., 2004; Liuzzi et al., 2011).Furthermore, the neurons in Ml
have representations of muscle and movement direction (Kakei
et al., 1999), and those in the PM mainly have representation of
movement direction (Kakei et al., 2001). The distributed neural con-
nections between bilateral hemispheres in the higher (SMA or PM)
and lower (M1) motor areas potentially cause the different levels of
interactions for achieving various types of bilateral coordination.
With reference to these neural representations and hardware con-
straints, computational mechanisms of bimanual coordination should
be further clarified in future studies.

Conflict of interests

The authors declare no competing financial interests.

Acknowledgements

We thank the members of the Sensory and Motor Research Group in the
NTT Communication Science Laboratories for constructive discussion and Y.
Tonomura, E. Maeda and M. Kashino for support and encouragement. A part
of the experiments used Cogent Graphics developed by John Romaya at the
Laboratory of Neurobiology at the Wellcome Department of Imaging Neuro-
science (University College London, UK).

Abbreviations

M1, primary motor area; MI, motor interference; PM, premotor area; SMA,
supplementary motor area; VG, visual cursor gain.

References

Boussaoud, D., Tanne-Gariepy, J., Wannier, T. & Rouiller, E.M. (2005) Cal-
losal connections of dorsal versus ventral premotor areas in the macaque
monkey: a multiple retrograde tracing study. BMC Neurosci., 6, 67.

Multiple interactions in bilateral finger motion 129

Brinkman, C. (1984) Supplementary motor area of the monkey’s cerebral
cortex: short- and long-term deficits after unilateral ablation and the effects
of subsequent callosal section. J. Neurosci., 4, 918-929.

Byblow, W.D., Lewis, G.N., Stinear, J.W., Austin, N.J. & Lynch, M. (2000)
The subdominant hand increases in the efficacy of voluntary alterations in
bimanual coordination. Exp. Brain Res., 131, 366-374.

Carson, R.G. (1995) The dynamics of isometric bimanual coordination. Exp.
Brain Res., 105, 465-476.

Carson, R.G. (2005) Neural pathways mediating bilateral interactions
between the upper limbs. Brain Res. Brain Res. Rev., 49, 641-662.

Debaere, F., Wenderoth, N., Sunaert, S., Van Hecke, P. & Swinnen, S.P.
(2004) Cerebellar and premotor function in bimanual coordination: para-
metric neural responses to spatiotemporal complexity and cycling fre-
quency. Neurolmage, 21, 1416-1427.

Diedrichsen, J., Nambisan, R., Kennerley, S.W. & Ivry, R.B. (2004) Inde-
pendent on-line control of the two hands during bimanual reaching. Eur.
J. Neurosci., 19, 1643-1652.

Donchin, O., Gribova, A., Steinberg, O., Bergman, H. & Vaadia, E. (1998)
Primary motor cortex is involved in bimanual coordination. Nature, 395,
274-278.

Donchin, O., Gribova, A., Steinberg, O., Bergman, H., Cardoso de Oliveira,
S. & Vaadia, E. (2001) Local field potentials related to bimanual move-
ments in the primary and supplementary motor cortices. Exp. Brain Res.,
140, 46-55.

Eliassen, J.C., Baynes, K. & Gazzaniga, M.S. (1999) Direction information
coordinated via the posterior third of the corpus callosum during bimanual
movements. Exp. Brain Res., 128, 573-577.

Flash, T. & Hogan, N. (1985) The coordination of arm movements: an experi-
mentally confirmed mathematical model. J. Neurosci., 5, 1688-1703.

Franz, E.A., Zelaznik, H.N. & McCabe, G. (1991) Spatial topological con-
straints in a bimanual task. Acta Psychol., 77, 137-151.

Gerloff, C. & Andres, F.G. (2002) Bimanual coordination and interhemi-
spheric interaction. Acta Psychol., 110, 161-186.

Grefkes, C., Eickhoff, S.B., Nowak, D.A., Dafotakis, M. & Fink, G.R.
(2008) Dynamic intra- and interhemispheric interactions during unilateral
and bilateral hand movements assessed with fMRI and DCM. Neurolmage,
41, 1382-1394.

Gross, J., Pollok, B., Dirks, M., Timmermann, L., Butz, M. & Schnitzler, A.
(2005) Task-dependent oscillations during unimanual and bimanual move-
ments in the human primary motor cortex and SMA studied with magne-
toencephalography. Neurolmage, 26, 91-98.

Heuer, H. (2006) Simultaneous specification of amplitudes and directions of
bimanual reversal movements. J. Motor Behav., 38, 285-298.

Heuer, H., Spijkers, W., Kleinsorge, T., van der Loo, H. & Steglich, C.
(1998) The time course of cross-talk during the simultaneous specification
of bimanual movement amplitudes. Exp. Brain Res., 118, 381-392.

Kakei, S., Hoffman, D.S. & Strick, P.L. (1999) Muscle and movement repre-
sentations in the primary motor cortex. Science, 285, 2136-2139.

Kakei, S., Hoffman, D.S. & Strick, P.L. (2001) Direction of action is repre-
sented in the ventral premotor cortex. Nat. Neurosci., 4, 1020-1025.

Kazennikov, O., Hyland, B., Corboz, M., Babalian, A., Rouiller, EM. &
Wiesendanger, M. (1999) Neural activity of supplementary and primary
motor areas in monkeys and its relation to bimanual and unimanual move-
ment sequences. Neuroscience, 89, 661-674.

Kelso, J.A. (1984) Phase transitions and critical behavior in human bimanual
coordination. Am. J. Physiol., 246, R1000-R1004.

Kelso, J.A.S., Scholz, J.P. & Schoner, G. (1986) Nonequilibrium phase tran-
sitions in coordinated biological motion: critical fluctuations. Phys. Lett. A,
118, 279-284.

Kennerley, S.W., Diedrichsen, J., Hazeltine, E., Semjen, A. & Ivry, R.B.
(2002) Callosotomy patients exhibit temporal uncoupling during continu-
ous bimanual movements. Nat. Neurosci., 5, 376-381.

Lee, T.D., Almeida, Q.J. & Chua, R. (2002) Spatial constraints in bimanual
coordination: influences of effector orientation. Exp. Brain Res., 146, 205—
212.

Liuzzi, G., Horniss, V., Zimerman, M., Gerloff, C. & Hummel, F.C. (2011)
Coordination of uncoupled bimanual movements by strictly timed inter-
hemispheric connectivity. J. Neurosci., 31, 9111-9117.

Maki, Y., Wong, K.F., Sugiura, M., Ozaki, T. & Sadato, N. (2008) Asym-
metric control mechanisms of bimanual coordination: an application of
directed connectivity analysis to kinematic and functional MRI data.
Neurolmage, 42, 1295-1304.

Marconi, B., Genovesio, A., Giannetti, S., Molinari, M. & Caminiti, R.
(2003) Callosal connections of dorso-lateral premotor cortex. Eur. J. Neu-
rosci., 18, 775-788.

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 43, 120-130



130 T. Sakurada et al.

Mechsner, F., Kerzel, D., Knoblich, G. & Prinz, W. (2001) Perceptual basis
of bimanual coordination. Nature, 414, 69-73.

Meesen, R.L., Wenderoth, N., Temprado, J.J. & Swinnen, S.P. (2008) Direc-
tional constraints during bimanual coordination: the interplay between
intrinsic and extrinsic directions as revealed by head motions. Behav.
Brain Res., 187, 361-370.

Mochizuki, H., Huang, Y.Z. & Rothwell, J.C. (2004) Interhemispheric inter-
action between human dorsal premotor and contralateral primary motor
cortex. J. Physiol., 561, 331-338.

Park, H., Collins, D.R. & Turvey, M.T. (2001) Dissociation of muscular and
spatial constraints on patterns of interlimb coordination. J. Exp. Psychol.
Human, 27, 32-47.

Pollok, B., Sudmeyer, M., Gross, J. & Schnitzler, A. (2005) The oscillatory
network of simple repetitive bimanual movements. Brain Res. Cogn. Brain
Res., 25, 300-311.

Rouiller, E.M., Babalian, A., Kazennikov, O., Moret, V., Yu, X.H. &
Wiesendanger, M. (1994) Transcallosal connections of the distal forelimb
representations of the primary and supplementary motor cortical areas in
macaque monkeys. Exp. Brain Res., 102, 227-243.

Sadato, N., Yonekura, Y., Waki, A., Yamada, H. & Ishii, Y. (1997) Role
of the supplementary motor area and the right premotor cortex in the
coordination of bimanual finger movements. J. Neurosci., 17, 9667—
9674.

Sakurada, T., Gomi, H. & Ito, K. (2009) Multiple interactions between hemi-
spheres of the brain modulating coupling of bilateral movements. Conf.
Proc. IEEE Eng. Med. Biol. Soc., 2009, 5922-5925.

Salesse, R., Oullier, O. & Temprado, J.J. (2005) Plane of motion mediates
the coalition of constraints in rhythmic bimanual coordination. J. Motor
Behav., 37, 454-464.

Semjen, A., Summers, J.J. & Cattaert, D. (1995) Hand Coordination in
Bimanual Circle Drawing. J. Exp. Psychol. Human, 21, 1139-1157.

Spijkers, W. & Heuer, H. (1995) Structural constraints on the performance of
symmetrical bimanual movements with different amplitudes. Q. J. Exp.
Psychol. A, 48, 716-740.

Sternad, D., Wei, K., Diedrichsen, J. & Ivry, R.B. (2007) Intermanual interac-
tions during initiation and production of rhythmic and discrete movements
in individuals lacking a corpus callosum. Exp. Brain Res., 176, 559-574.

Swinnen, S.P. (2002) Intermanual coordination: from behavioural principles
to neural-network interactions. Nat. Rev. Neurosci., 3, 348-359.

Swinnen, S.P. & Wenderoth, N. (2004) Two hands, one brain: cognitive neu-
roscience of bimanual skill. Trends Cogn. Sci., 8, 18-25.

Swinnen, S.P., Jardin, K., Meulenbroek, R., Dounskaia, N. & HofkensVan-
DenBrandt, M. (1997) Egocentric and allocentric constraints in the expres-
sion of patterns of interlimb coordination. J. Cogn. Neurosci., 9, 348-3717.

Swinnen, S.P., Jardin, K., Verschueren, S., Meulenbroek, R., Franz, L.,
Dounskaia, N. & Walter, C.B. (1998) Exploring interlimb constraints dur-
ing bimanual graphic performance: effects of muscle grouping and direc-
tion. Behav. Brain Res., 90, 79-87.

Temprado, J.J., Swinnen, S.P., Carson, R.G., Tourment, A. & Laurent, M.
(2003) Interaction of directional, neuromuscular and egocentric constraints
on the stability of preferred bimanual coordination patterns. Hum. Move-
ment Sci., 22, 339-363.

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

European Journal of Neuroscience, 43, 120-130



