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Abstract In two experiments bimanual movements with
various combinations of target directions were studied
by means of the timed-response procedure. The findings
revealed an adaptive modulation of intermanual inter-
actions during direction specifications depending on
particular target directions. For symmetric movements
intermanual correlations of movement directions are
positive, indicating a symmetric coupling. For parallel
movements the positive intermanual correlations, ob-
served at short preparation intervals, turn into negative
correlations as the time available for motor preparation
increases. Biases of mean directions, that can be ob-
served for movements to targets with different eccen-
tricities, reflect one or the other kind of coupling,
symmetrical for symmetric target directions and parallel
for parallel target directions. These biases are static, that
is, they are present at long preparation times, and they
are phasically enhanced at shorter preparation intervals.
The task-adaptive modulation of intermanual interac-
tions is superposed on a basic symmetry bias.

Introduction

Bimanual movements cannot always be performed as
intended. Concurrent movements of the left and right
hand, which differ in a certain characteristic, often
become more similar than they should be. This kind of
intermanual interaction can be conceived as coupling
which results from the cross-talk between signals
involved in the control of the movements (cf. Spijkers
and Heuer 2004). The present experiments have been
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designed to examine certain hypotheses on the coupling
with respect to movement directions.

There is considerable evidence that aiming move-
ments are specified in terms of amplitude and direction
(e.g., Gordon et al. 1994a, b; Krakauer et al. 2004;
Rossetti et al. 1995; Vindras and Viviani 2002). While
intermanual coupling with respect to amplitudes has
been studied in some depth during the last two decades,
directional coupling has received rather limited atten-
tion. However, there are at least two reasons to expect
that the characteristics of directional coupling and its
modulation during motor preparation may not be the
same as those of amplitude coupling and its modulation.

First, the anatomical substrates of intermanual
interactions with respect to various movement charac-
teristics are likely to be different. Direction and ampli-
tude are coded differently at the level of single cells and
cell populations (Fu et al. 1993, 1995). There is also
evidence of different brain structures being involved in
the specification of these two movement characteristics
(e.g., Desmurget et al. 2003; Krakauer et al. 2004). Fi-
nally, Wenderoth et al. (2005) specifically showed that
intermanual amplitude interference activates not only a
parietal-premotor network, which is also activated by
intermanual direction interference, but also prefrontal
areas.

Second, there is a perhaps rather fundamental dif-
ference between directions and amplitudes in that
“same”’ amplitudes are clearly defined, but “same”
directions are not. Rather “‘same” directions can be
defined in terms of different reference systems, namely
with reference to the symmetry of the body or with
reference to the external world. Therefore “same” can
refer to symmetric or parallel movements of the two
hands, respectively. Thus, whereas there are same and
different amplitudes, there are symmetric, parallel, and
different (neither symmetric nor parallel) directions. This
suggests that intermanual interactions with respect to
directions might exhibit a more complex pattern
behaviorally than intermanual interactions with respect
to amplitudes.



The systematic study of intermanual interactions with
respect to movement directions has begun only recently.
Swinnen et al. (2001, 2002, 2003; Wenderoth et al. 2004)
used a task in which lines with vertical orientation were
drawn repetitively with the left hand and lines with
variable orientations with the right hand. The orienta-
tion of the right-hand lines had to be shifted by 45°
clockwise every five cycles. The variable orientations of
right-hand movements induced systematic biases in the
orientation of left-hand movements.

Swinnen and co-workers took some steps to deter-
mine the nature of signals that are critical for directional
coupling. Intermanual interactions are generally con-
ceived as resulting from the cross-talk between signals
involved in the advance specification and the control of
left-hand and right-hand movements. Different types of
signals have been claimed to be critical, in particular
outflow signals (e.g., Cattaert et al. 1999; Preilowski
1975), sensory signals (e.g., Mechsner et al. 2001) or
signals involved in the specification of movement char-
acteristics (Heuer 1993; Spijkers and Heuer 1995). When
the observed directions were dissociated from the actual
movement directions, Swinnen et al. (2003) found the
cross-manual directional effects to be determined by the
actual movement directions. Thus, sensory signals (at
least visual ones) are not critical. Swinnen et al. (2001)
varied the forces necessary to produce the movements.
The cross-manual directional effects turned out to be
essentially independent of the forces. Thus, they are not
critically dependent on outflow signals. Taken together,
these findings suggest a critical role of cross-talk during
the specification of movement directions.

The present experiments have been designed to study
the concurrent specifications of the directions of
bimanual movements in more detail. In particular we
analyze whether directional coupling is modulated in the
course of motor preparation and whether the rates of
specifying symmetric, parallel, and different directions
differ. We shall first describe a method which is suited to
answer these questions and then some concepts and
preliminary data which suggest certain expectations for
the answers.

A methodology which allows the study of the time
course of specifying movement characteristics like
amplitude and direction is the timed-response procedure
(Hening et al. 1988; Ghez et al. 1997). Basically, par-
ticipants have to initiate movements in synchrony with a
predictable pacing signal. At a variable time before the
pacing signal cues are presented which indicate certain
characteristics of the movements, e.g., their amplitudes.
Thus, the time available for movement specification is
controlled. With the passage of preparation time,
amplitudes or other characteristics of the movements
produced gradually change from an instructed or
spontaneously chosen default value to the cued target
value.

The timed-response procedure allows rather direct
tests of the notion that at least certain kinds of inter-
manual interactions result from the cross-talk during
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movement specifications (Spijkers and Heuer 1995; cf.
Heuer 1990; Spijkers and Heuer 2004, for overviews).
Cross-talk during movement specification in principle
can be static; in this case different movement charac-
teristics cannot be specified concurrently, but there will
be interaction effects no matter how much time is
available for motor preparation. However, cross-talk
during movement specification can also be phasic or
transient; in this case interaction effects will be seen only
at short preparation intervals, but not at long ones.
Transient cross-talk implies a de-coupling of the con-
current processes of specifying left-hand and right-hand
movement characteristics in the course of motor prep-
aration.

Heuer et al. (1998), (2001) used the timed-response
procedure to trace the time course of amplitude specifi-
cations. Figure 1 shows typical results, taken from
Heuer et al. (2001), which illustrate evidence of transient
cross-talk and the associated de-coupling in the course
of motor preparation. These results are taken from a
condition in which the differences between target
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Fig. 1 a Time course of amplitude specifications for bimanual
movements with same and different amplitudes. The CRI is the
time from cueing the target amplitudes until the start of the
movements. b Time course of intermanual amplitude correlations
during the specification of same and different amplitudes (after
Heuer et al. 2001)
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amplitudes were sufficiently small for the often found
assimilation effects at long preparation intervals (e.g.,
Marteniuk et al. 1984; Sherwood 1990, 1991, 1994a,
1994b; Sherwood and Nishimura, 1992) to be absent. On
the abscissae of the two graphs of Fig. 1 the preparation
interval is shown, operationally the interval between the
presentation of the cues and the mean initiation times of
the movements of the two hands. For the case of very
short cueing intervals participants were instructed to
prepare for intermediate amplitudes. Thus, at the
shortest cue-response intervals (CRIs) amplitudes were
intermediate and independent of the cues.

Figure 1a shows the gradual specification of short
and long amplitudes when the CRI becomes longer.
More importantly, the rate of specification depends on
whether the same or a different amplitude is specified for
the other hand concurrently. With different amplitudes
specification lags behind initially, so that long-amplitude
movements are shorter and short-amplitude movements
are longer than with same amplitudes. This is a transient
assimilation which can be seen only at short preparation
intervals. It disappears in the course of motor prepara-
tion even though the difference between the amplitudes
actually produced increases.

In Fig. 1b the intermanual amplitude correlations are
shown. These are the correlations between the left-hand
and right-hand amplitudes computed across a set of
trials with a certain range of CRIs. They capture the
relation between the random variations of left-hand and
right-hand amplitudes. Formally they are independent
of the assimilation effects, which relate to the mean
amplitudes, but functionally this is unlikely to be the
case. At short CRIs the intermanual amplitude corre-
lations are high, and when same amplitudes are specified
they remain high at long CRIs. However, when different
amplitudes are specified they decline, so that amplitude
variation of the left hand becomes almost independent
of the amplitude variation of the right hand. This is an
indication of de-coupling which is claimed to be
responsible for the transient nature of assimilation ef-
fects.

The differences in the anatomical substrates of
amplitude and direction specifications and of the inter-
manual cross-talk related to these movement charac-
teristics suggest that the behavioral manifestations of
intermanual cross-talk may be different as well. How-
ever, they do not suggest specific differences. Given the
general symmetry constraints on bimanual movements
(see Heuer 1996, for an overview), it is likely that there is
a basic symmetric coupling with respect to movement
directions. It may be relaxed when different directions
are specified concurrently, similar to how amplitude
coupling is relaxed in the course of specifying different
amplitudes. Of course, this is a hypothesis which is based
only on the assumption that intermanual interactions
during motor specification are basically of the same kind
as far as amplitudes and directions are concerned; even
though this is quite a weak basis, the hypothesis can
serve as a reference for deviant findings.

What are the expectations for the concurrent specifi-
cation of parallel directions? Again a general symmetry
constraint could be relaxed. However, there is also the
possibility that there is a strong modulation of direc-
tional coupling during motor preparation in that there is
not only a de-coupling, but also a re-coupling which is
parallel instead of symmetric. In this case intermanual
direction correlations would not only approach zero as
the preparation interval increases, but would also change
sign. Preliminary observations of such changes have been
made by Steglich (2002) for rapid bimanual aiming
movements with symmetric and parallel directions.

Experiment 1

Our primary interest in the first experiment was in the
intermanual correlations of movement directions and
their changes during motor preparation. Modulations of
intermanual correlations in the course of direction
specifications should be different for symmetric, parallel,
and different directions. Assuming an initial symmetric
coupling of movement directions, intermanual direction
correlations should decline in the course of specifying
different directions (comparable to the decline of inter-
manual amplitude correlations in the course of specify-
ing different amplitudes). More importantly,
intermanual direction correlations should switch sign in
the course of specifying parallel directions, indicating a
switch from symmetric to parallel coupling.

In addition to the intermanual correlations we were
interested in the second indicator of intermanual direc-
tional coupling, namely assimilation effects. Assimila-
tion effects which show up at short preparation intervals
might disappear at longer preparation intervals (tran-
sient or phasic effects), but they can also remain (static
effects). Static effects at long preparation intervals would
be expected from the findings of Swinnen et al. (2001).
However, the assimilation effects observed in repetitive-
movement tasks are not necessarily the same as those
observed in discrete-movement tasks (Heuer and Klein
20095).

In the first experiment we studied the specification of
symmetric, parallel, and different directions of rapid
bimanual reversal movements. Rapid reversal move-
ments had been used in previous studies on the specifi-
cation of bimanual amplitudes (Heuer et al. 1998, 2001)
because for them the measurement of amplitudes is more
straightforward than for rapid aiming movements. Thus
far there are no reasons to question the tacit assumption
that intermanual interactions are essentially the same for
rapid reversal movements and rapid aiming movements.
Therefore we continued to use rapid reversal movements
in the present experiments.

In the studies of directional coupling Swinnen et al.
(2001) had used differences between the left-hand and
right-hand directions of 45° and multiples thereof. In
contrast, we used differences between left-hand and
right-hand directions of only 0°, 30°, and 60°. Specifi-



cally, at the start of each trial participants were in-
structed to prepare for the production of forward
movements, and the cues asked for forward movements
or directions that deviated laterally or medially by only
30°. The reason for choosing such a restricted range of
directions is a finding of Ghez et al. (1997). They found
a continuous specification of movement directions only
when the alternative directions were not too different.
Otherwise direction specification was discrete, so that
only the one or the other of the alternative directions
was specified in the course of motor preparation, but not
the intermediate ones. The different modes of direction
specification could be associated with different inter-
manual interactions. The restricted range of movement
directions in the present experiments therefore serves to
secure a continuous direction specification, comparable
to the continuous specification of amplitudes in previous
experiments.

Method
Participants

Fourteen participants, 2 females and 12 males, aged 22—
35 years (mean: 25.6 years, SD: 3.8 years), took part in
the experiment. All participants were right-handed.
Three additional participants were unable to follow the
instruction to produce straight rapid reversal move-
ments in synchrony with a pacing tone. Participants had
given informed consent prior to the start of the experi-
ment. The present study was done with the approval of
the institutional ethics committee and in accordance
with the ethical standards laid down in the 1964 Dec-
laration of Helsinki.

Apparatus

Participants sat on a height-adjustable chair facing a
table. A 15-inch LCD monitor (EIZO Flex Scan L365)
was placed on the table platform with the screen at a
distance of about 100 cm from the eyes of the partici-
pants. Both their index fingers were strapped to slides of
50x30 mm? (height: 6 mm) which ran with only little
friction on a glass plate. The slides carried sensors of a

Fig. 2 Display of start-target
configurations for the two
hands; hand positions were
indicated as small red circles
(shown as gray in the Figure) as
long as the start positions were
not yet reached (left graph).
Targets were cued by way of
filling the appropriate circles
(right graph)
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miniBIRD system (Ascension Technology Corporation,
miniBIRD 800), which were vertically oriented and lo-
cated above the finger nails. The transmitter was located
20 cm below the table top, laterally centered relative to
the work space and 10 cm nearer to the participant than
the start positions of the bilateral reversal movements.
Positions of the finger tips were recorded at 120 Hz
(static spatial resolution: 0.5 mm). An occluder 20 cm
above the table platform prevented vision of the hands.
A loudspeaker was located at the wall directly behind
the participants.

Task, experimental conditions, and procedure

Participants were to produce rapid straight bimanual
reversal movements to targets indicated on the monitor,
beginning in synchrony with the fourth (and last) of a
regular series of tones. On the monitor the start-target
configurations for the two hands were shown (Fig. 2).
Targets were circles of 7 mm diameter, the center-to-
center distances from the start circles to target circles
were 71 mm, and the lateral distance between start
positions was 120 mm. Overall the start-target configu-
ration was of width 10.5° and height 4.5°. On the table
the lateral distance between the start positions was
40 cm (their distance from the table edge facing the
participants was 12 cm). Target amplitudes were 15 cm.
Targets for each hand were located in the forward
direction (0°), laterally displaced (—30°), or medially
displaced (+30°).

For each trial participants were first to prepare
bimanual forward movements. At a variable time before
the requested movement initiation (cueing interval) one
of the nine pairs of targets was marked as the correct one
by way of filling the corresponding circles on the screen
(cf. Fig. 2, right graph). In total there were 72 different
conditions, obtained by crossing three experimental
factors: target direction of the left hand (—30°, 0°,
+30°), target direction of the right hand (—30°, 0°,
+30°), and cueing interval (0, 150, 250, 325, 400, 475,
575, and 700 ms).

At the start of each trial participants had to move the
index fingers to the start positions. For that purpose
their finger positions were indicated on the screen by two
filled red circles of 3 mm diameter (cf. Fig. 2, left graph).
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As soon as each finger reached its start position, the
respective red circle turned green. When both fingers
were in the start positions, the filled red circles which
marked the finger positions disappeared and the two
forward targets were filled for 1 s. This was to remind
participants to prepare forward movements initially.
After the second had elapsed, a sequence of four tones,
1,000, 1,260, 1,500, and 2,000 Hz, was presented, with
inter-stimulus intervals of 500 ms and tone durations of
20 ms. At a variable cueing interval of 700, 575, 475,
400, 325, 250, 150 or 0 ms before the fourth tone the
targets for that trial were cued by way of filling the
respective circles on the screen. The cues remained on
for 1,000 ms after presentation of the fourth tone.
Thereafter feedback was presented on the monitor,
which defined rather strict performance criteria except
for accuracy. These performance criteria were also
emphasized in the instruction.

For valid trials “ok’ was shown. For valid trials with
deviations of movement initiations from the fourth tone
in the range of 50-200 ms, these deviations were indi-
cated in addition. For invalid trials the reasons were
specified which could be: (1) deviation of movement
initiation from the fourth tone longer than 200 ms, (2)
asynchrony of the left-hand and right-hand movement
initiations longer than 100 ms, (3) movement duration
(until reversal) longer than 250 ms, (4) movement
amplitude less than 100 mm, (5) very strong curvature.
To assess curvature, for each measured finger position
its orthogonal deviation from the straight line connect-
ing the start and end position of each movement was
determined; movements were defined as invalid when the
maximum deviation was larger than 12 mm and the
mean deviation larger than 8 mm. The criteria for
movement duration and curvature in particular served
to prevent a strategy with which movements are started
forward, rather independently of the cued direction, and
then corrected during execution to reach the indicated

target. Such a strategy is difficult with really rapid
movements in principle, and it results in curved move-
ments which did not pass the performance criteria.

Each block consisted of 72 experimental trials and
two initial warm-up trials. To each of the experimental
trials one of the 72 experimental conditions was assigned
randomly. In total there were 18 blocks of trials, four on
day 1, seven on day 2, and seven on day 3 of the
experiment. The experimental blocks on day 1 were
preceded by a practice period of about 30 min duration.
During this period rapid reversal movements as well as
the synchronization of movement initiations with the
fourth tone were practiced. Experimental blocks on days
2 and 3 were preceded by 18-trial warm-up blocks.

Data analysis

The time series of x- and y-coordinates of each finger tip
were low-pass filtered (fourth order Butterworth, 10 Hz,
forward and backward pass). From the distances be-
tween successive positions the tangential-velocity signals
were derived (two-point central difference algorithm)
and low-pass filtered again. For each movement the
reversal position was determined as the position with the
largest Euclidean distance from the start position.
Moving backward from the position of the peak tan-
gential velocity, the start of the movement was identified
as the first point at which the distance between succes-
sive sampled positions was less than 3 mm. Movement
amplitudes and directions were derived from the vectors
pointing from the start positions to the reversal positions
of the two movements in each trial. In addition to the
terminal direction the initial direction of each movement
was identified. Initial direction was the direction of the
vector pointing from the start position of the movement
to the earliest position at which the distance from the
start position exceeded 20 mm.
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As an illustration of typical individual data, Fig. 3
shows the movement directions of the first participant in
symmetric-movement conditions. For each movement
with the left or right hand the initial direction is shown
as a function of the CRI, which is the time from the
presentation of the cues to movement initiation. For
CRIs up to about 200 ms initial directions varied ran-
domly around the forward directions (default directions
of 0°). For CRIs longer than 400-500 ms the cued
directions were reached which were close to the target
directions of —30° (lateral) and +30° (medial). For
CRIs longer than 200 ms and shorter than 400-500 ms,
movement directions gradually shifted from the default
direction to the target direction.

For the statistical analysis the trials were sorted into
bins according to the CRI. As compared with an anal-
ysis in terms of the cueing intervals, this procedure has
the advantage that for each data point the variability of
the CRIs is smaller (without omitting trials in which
movement initiations deviated too strongly from the
fourth tone); in addition the means associated with each
bin capture the CRIs more accurately than the cueing
intervals (cf. Heuer et al. 1998). For the sorting of trials
into bins the CRI was defined for each individual trial
(rather than for each individual movement as in Fig. 3).
Specifically, the CRI of a trial was the mean of the two
CRIs for the left-hand and the right-hand movement in
that trial. Table 1 gives the boundaries of the bins as
well as the mean number of trials in each bin. In
brackets the ranges across the nine combinations of
movement directions are given. In the following all
conditions are referred to the mean CRI of each bin.

For each participant, combination of target direc-
tions, and CRI bin the intermanual correlations were
computed, that is, the correlations between both the
initial and terminal directions of left-hand and right-
hand movements. For each hand lateral directions were
given a negative sign and medial directions a positive
sign, so that positive correlations indicate a symmetric
relation between directional variations of the two hands
and negative correlations a parallel relation. For all
further analyses of these correlations Fisher’s z-trans-
forms were used, but the presented results are again
correlation coefficients obtained by inverse transforma-
tions of the mean z-transforms. In addition the means of

Table 1 Definition of CRI bins, mean CRI (in brackets: range
across the nine combinations of movement directions), and mean
number of trials for each bin (Experiment 1)

CRI bin Mean CRI Mean number
of trials
[—100, 100 [ 25 [19-29] 17 [15-17]
[100, 200 [ 151 [147-159] 15 [14-16]
[200, 300 [ 250 [247-253] 22 [20-22]
[300, 400 [ 349 [346-354] 24 [21-28]
[400, 500 [ 446 [438-450] 26 [24-28]
[500, 600 [ 543 [538-547] 20 [18-22]
[600, 800 [ 660 [655-671] 23 [21-24]
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initial direction, terminal direction, amplitude, and
movement time were determined for each hand.
Amplitude and movement time were examined mainly to
be able to detect eventual variations which could have
affected the findings on directions.

Results

Overall the mean amplitude of the rapid reversal
movements produced was 152 mm, and the mean
movement time (until reversal) was 198 ms. In reporting
the results, we focus on the initial movement directions
and do not report the findings for terminal directions.
Initial directions are less affected than terminal direc-
tions by biomechanical factors and by feedback-based
corrections and/or by the continued specification of
directions during movement execution. In addition, the
findings for the initial and terminal directions were quite
similar. There were only two major differences which are
not important for the purpose of the present study.

The first difference was that the overall terminal
directions were shifted laterally as compared with initial
directions, indicating a slight but systematic curvature of
the movements. The second difference was that the in-
termanual correlations of terminal directions were more
extreme than the intermanual correlations of initial
directions. The first of these differences is likely due to
biomechanical factors. The lateral shift of directions
during the movements is accompanied by a reduction of
inertia which is higher for movements in more medial
directions than for movements in more lateral direc-
tions. The second of these differences is likely due to the
fact that measurement noise resulting from limited
spatial and numerical resolution has a stronger effect on
initial than on terminal directions.’

Intermanual correlations

The various target combinations were grouped into four
conditions: forward movements (target combination 0°/

'The different effects of measurement noise on the intermanual
correlations of terminal and initial directions result from the dif-
ferent ranges of coordinates and can easily be illustrated by way of
simulation. We generated two sets of correlated normally distrib-
uted directions (=30, ¢°=5 p=0.8). For each direction we
determined the x- and y-coordinates for vector lengths of 20 and
150 mm. These coordinates were rounded to units of 0.5 mm,
corresponding to the coordinates used in the determination of
initial and terminal directions in the experiment. For each length
the directions were re-computed from the rounded coordinates. For
a typical sample of 1000 cases the means were 29.98° and 30.02° for
the left and right hand, respectively, the standard deviations were
2.22 and 2.25°, and the intermanual correlation was 0.8048. Means
(and standard deviations) for the re-computed terminal directions
were 29.98° (2.22°) and 30.02° (2.25°) with a correlation of 0.8050;
means (and standard deviations) for the re-computed initial
directions were 29.96° (2.25°) and 30.03° (2.30°) with a correlation
of 0.7751. The differences in standard deviations and correlations
are consistent across samples, but not the difference in the means.
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0°), symmetric movements (target combinations —30°/
—30°, +30°/+30°), parallel movements (target combi-
nations —30°/+30°, +30°/—30°), and different move-
ments (target combinations —30°/0°, +30°/0°, 0°/—30°,
0°/+30°). For each participant the z-transforms were
averaged across the respective target combinations, and
these averaged z-transforms were subjected to statistical
analysis. The mean correlations as a function of the CRI
are shown in Fig. 4.

For all conditions the intermanual correlations were
positive at the shortest CRIs. Positive correlations
indicate a symmetric coupling so that a left-hand
movement directed more laterally tends to go along with
a right-hand movement directed more laterally as well.
For symmetric movements the correlations remained
rather stable at the longer CRIs, for forward movements
there was a slight decline, and for movements with dif-
ferent directions there was a somewhat stronger decline.
In contrast, for parallel movements the correlations at
CRIs longer than about 300 ms were negative and
indicated a parallel coupling, so that a left-hand move-
ment directed more laterally tended to go along with a
right-hand movement directed more medially.

The statistical analysis consisted of sets of planned
contrasts based on a two-factorial design with four
relations between movement directions (forward, dif-
ferent, symmetric, parallel) and seven CRIs. The con-
trasts dealt with the initial state of directional coupling,
its change during motor preparation, and its final state
at long CRIs in turn. The first set of contrasts was
concerned only with the shortest CRI, that is, the initial
state of directional coupling. The differences between the
four relations were not reliable, <1, and the mean
correlation, computed across all four relations between
target directions, was significantly different from zero,
F(1, 13)=28.4, P<0.01. Thus, initially there was a
symmetric coupling that was independent of the relation
between target directions.
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0.4 1 NA
0.2 1
\ \A\\A—_A___A
0.0
\\

-0.2 4 " —u_g—"
-0.4

25 151 250 349 446 543 660
CRI [ms]

Fig. 4 Intermanual correlations of initial directions as a function of
the CRI for bimanual movements with parallel, symmetric,
forward, and different directions (Experiment 1)

The second set of contrasts was concerned with the
changes of the correlations across CRIs. We considered
the condition with forward movements as a baseline
condition because the cued directions were identical to
the default directions. Thus, during the CRI no change
of the specified directions was required. The slight de-
cline of the intermanual direction correlations was not
significant, F(6, 78)=1.3, P>0.20. We compared the
change in each of the other conditions with the change in
the baseline condition. With different directions the
change across CRIs was not significantly different from
the one observed with forward movements, F(6,
78)=1.4, P>0.20, and with symmetric movements there
was an almost significant difference from the baseline
change, F(6, 78)=1.9, P<0.10. Only with parallel
movements the change across CRIs was clearly different
from the one observed in the baseline condition, F(6,
78)=5.8, P<0.01.

The third set of contrasts was concerned with the
longest CRI, that is, the final state of directional cou-
pling at the end of motor preparation. First, we tested
whether for the baseline condition with forward move-
ments the correlations were significantly different from
zero, which they were, F(1, 13)=7.5, P<0.05. Second,
for each of the other combinations of target directions
we tested the deviation from the baseline condition. This
was significant for symmetric movements, F(I,
13)=22.4, P<0.01, and for parallel movements, F(1,
13)=28.6, P<0.05, but not for movements with different
directions, F(1, 13)=1.3, P>0.10. (Both for symmetric
and parallel movements the correlations were also sig-
nificantly different from zero, F(1, 13)=39.7, P<0.01,
and F(1, 13)=5.1, P<0.05, respectively). Finally we
tested the mean of the correlations observed with sym-
metric and parallel movements against zero. This con-
trast is equivalent to a comparison of the absolute
correlations in these two conditions, and it was signifi-
cant, F(1, 13)=14.5, P<0.01. Thus, at the end of motor
preparation the symmetric coupling observed with
symmetric movements was stronger than the parallel
coupling observed with parallel movements.

Mean initial directions at long CRIs

The mean initial directions at the longest CRI give evi-
dence of static assimilation effects. The mean initial
directions of movements to eccentric targets are shown
in Fig. 5. In these analyses all target directions were
designated as +30°, so that movements in lateral and
medial directions could be meaningfully compared. For
each hand and target direction—with the exception of
left-hand movements to lateral targets—the movement
direction was the least eccentric when a different target
direction was assigned to the other hand, that is, when
the other hand performed forward movements. The data
were subjected to a three-way ANOVA with the within-
participant factors Relation (symmetric, parallel, differ-
ent), Target Direction (lateral, medial), and Hand (right,
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Fig. 5 Asymptotic initial direction
directions at the longest CRI of [deg]
movements of the left and right
hand to lateral and medial 40 -
targets as a function of the
relation between the target Y symmetric
directions (symmetric, parallel, mm different
and different). (Movements in 35 - e — llel
the direction of the target are paralle
marked by positive values.)

30 A

25 -

20 1

oA

left). The triple interaction was significant, F(2, 26) = 3.5,
P<0.05, and so were the RelationxHand interaction,
F(2,26)=5.7, P<0.01, and the RelationxTarget Direc-
tion interaction, F(2, 26)=6.0, P<0.01. Finally there
was a significant main effect of Target Direction, F(1,
13)=6.4, P<0.05, in that movements to lateral targets
were more eccentric than movements to medial targets.

Mean normalized initial directions

Time courses of direction specifications give evidence of
intermanual interactions during motor preparation. For
example, they can reveal transient assimilation effects
that can be observed only at short preparation intervals,
but not at long ones (cf. Fig. 1a). However, the com-
parison of the time courses can be plagued by differences
observed at long preparation intervals. For example,

INNN 77BN\ 774 DO DN
lateral medial lateral medial
left hand right hand

when two conditions are compared in which movement
directions are different at long preparation intervals, this
difference will gradually develop in the course of motor
preparation and result in different time courses which are
a consequence of the different asymptotic directions only.
To unconfound differences between time courses from
differences between asymptotic directions, we analyzed
normalized directions. In particular, for each participant,
relation between directions, target direction, and hand,
the deviation of the direction at each CRI from the
direction at the shortest CRI was expressed as a pro-
portion of the deviation of the direction at the longest
CRI from the direction at the shortest CRI. Thus, for the
shortest CRI normalized directions were 0 by definition,
and for the longest CRI they were 1 by definition.

In Fig. 6 the normalized initial directions are shown.
Beginning about 200 ms after the presentation of the
cues, the initial directions started to shift away from the

Fig. 6 Normalized initial normalized lateral normalized medial
directions of movements to direction direction
lateral and medial targets as a
function of the CRI and the 10 1.0
relation between the target ; ’
directions (symmetric, parallel,
and different; Experiment 1) 0.8 1 0.8 1
0.6 1 0.6 1
04 1 0.4 1 — #l— parallel
—A\— different
0.2 1 0.2 1 —@— symmetric
_EZ
0.0 &~ r r : : . 0.0 &~ . . . . .
25 151 250 349 446 543 660 25 151 250 349 446 543 660

CRI [ms]

CRI [ms]
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default (forward) directions to the final directions of
about 30° eccentricity. For movements to medial targets
the time courses of direction specifications were essen-
tially the same for symmetric, parallel, and different
target directions. In contrast, for movements to lateral
targets the time courses were different. In particular,
symmetric directions were specified at a faster rate than
parallel and different directions. More exactly, lateral
directions were specified at a faster rate when symmetric
(lateral) directions for the other hand were specified
concurrently than when parallel (medial) or different
(forward) directions for the other hand were specified.
The normalized initial directions were subjected to a
series of planned contrasts (neglecting the first and last
CRI for which all normalized directions are 0 and 1 by
definition). We chose the condition with symmetric
movements as a reference condition with which we
compared the conditions with parallel and different
movements. With different target directions, normalized
initial directions were less eccentric (smaller) overall
than with symmetric target directions, F(1, 13)=4.7,
P<0.05. The interaction of different vs. symmetric
directions with CRI was significant in addition, F(4,
52)=2.8, P<0.05, and so was the triple interaction of
different vs. symmetric directions, CRI, and Target

Fig. 7 Mean amplitude and amplitude
movement time (MT) of the [mm]
movements to lateral and
medial targets as a function of 165
the CRI, shown separately for lateral
different directions (lateral, 160 -
forward, medial) of the other
hand
155 1
150 1
145 -

Direction, F(4, 52)=3.1, P <0.05. Thus, the time course
of direction specifications was different for symmetric
and different directions, but only for lateral and not for
medial targets. In contrast, the comparison of conditions
with symmetric and parallel target directions revealed
that the differences which are apparent from Fig. 6 were
not statistically significant.

Mean amplitude and movement time

Mean amplitudes and movement times were of interest
only with respect to possible variations which could have
critically affected the findings on intermanual correla-
tions and mean initial directions. However, there are no
obvious confounds of this kind. The mean amplitudes
and movement times are shown in Fig. 7. They are
plotted in terms of the direction of the other hand
(forward, medial, lateral) rather than in terms of the
relation between directions (different, symmetric, paral-
lel) because this simplifies the pattern of results.

At the three shortest CRIs, when essentially forward
movements were produced and intermanual correlations
were hardly affected by the different combinations of
target directions, mean amplitudes and movement times
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were also independent of the target direction cued for
the other hand. At the longer CRIs both amplitudes and
movement times increased, more so for movements to
medial targets than for movements to lateral targets.
The increase was graded according to the target direc-
tion of the other hand, being strongest with a lateral
direction of the other hand and weakest with a medial
direction. (Only for the movement time of movements to
lateral targets was the increase across CRIs quite weak
and the gradation according to the target direction for
the other hand was absent.) The statistical analysis re-
vealed that all these variations were reliable, but for the
sake of brevity and simplicity the details are not re-
ported.

Discussion

The primary purpose of the first experiment was to
compare the changes of intermanual direction correla-
tions while different combinations of bimanual move-
ment directions are specified. At short preparation
intervals, when forward movements have been prepared
as default and are actually produced, intermanual
direction correlations are positive, no matter whether
symmetric, parallel or different target directions are
cued. As compared to a baseline condition in which
forward movements are cued, intermanual direction
correlations tend to become even more strongly positive
when symmetric directions are cued. In contrast, when
parallel directions are cued, positive correlations turn
into negative ones at CRIs of about 300 ms. The switch
from positive to negative correlations indicates a switch
from symmetric to parallel coupling and confirms pre-
liminary observations of Steglich (2002). The modula-
tions of directional coupling in the course of specifying
symmetric and parallel movements are adaptive with
respect to task requirements, in that the specification of
symmetric movements is supported by a symmetric
coupling and the specification of parallel movements by
a parallel coupling.

Even though the modulations of directional coupling
during motor preparation are adaptive, there is a basic
symmetry bias in addition. This is revealed by two
observations. First, for forward movements, which are
both symmetric and parallel, the directional coupling is
symmetric (positive intermanual direction correlation).
Second, at the longest CRI the positive intermanual
correlations with symmetric directions are stronger than
the negative correlations found with parallel directions.
Thus, the adaptive modulation of directional coupling is
superposed on a basic symmetric coupling which is
present independently of the task requirements.

Whereas directional coupling is adapted to task
requirements when symmetric and parallel movements
are specified, there seems to be no adaptive modulation
when target directions are different. As compared to the
baseline condition in which forward movements are
cued, with different target directions there is no reliable
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decline of intermanual direction correlations which
would indicate a de-coupling and thus represent an
adaptive modulation of intermanual correlations. This
finding contrasts sharply with the observations made for
the concurrent specification of same and different
amplitudes of bimanual reversal movements (Heuer
et al. 1998, 2001), and same and different peak forces of
bimanual isometric contractions (Steglich et al. 1999).
Perhaps the unexpected finding is a chance result or is
related to the fact that with different target directions
one of them was always the default direction in this
experiment, so that after presentation of the cues only
one direction had to be re-specified.

Turning to the time courses of direction specifica-
tions, the present results reveal static assimilation effects
at long CRIs. These are likely to be analogous to the
cross-manual directional effects observed by Swinnen
et al. (2001, 2002, 2003; Wenderoth et al. 2004) in a
repetitive-movement rather than discrete-movement
paradigm. Specifically, when target directions are dif-
ferent, the movements to the eccentric targets are less
eccentric than when target directions are symmetric or
parallel (with the exception of left-hand movements to
the lateral target). In contrast, the eccentricity of
movement directions does not depend on whether target
directions are symmetric or parallel. This observation is
consistent with the conclusion based on intermanual
correlations that directional coupling is adapted to task
requirements. Thus, the specification of parallel direc-
tions is not opposed by a symmetric coupling which
could have produced a kind of “‘symmetric assimilation™
of parallel movements, resulting in a reduced eccentricity
of the movement directions of both hands.

In addition to static assimilation effects, the time
courses of direction specifications reveal some differ-
ences between bimanual movements with symmetric,
parallel, and different directions. Basically, with different
and parallel target directions the specification of move-
ment directions is slowed down as compared to sym-
metric target directions. However, this difference is
asymmetric: it is found for movements to lateral targets,
but not for movements to medial targets. Even though
the statistical status of this pattern of results is ambig-
uous, it is consistent with preliminary observations of
Steglich (2002).

The details of the different time courses of specifying
symmetric, parallel, and different movement directions
do not seem to conform to the assumption that they
result from a transient (or phasic) coupling of movement
directions. In the studies of bimanual amplitude speci-
fications (Heuer et al. 1998, 2001) the differences of the
time courses of specifying same and different amplitudes
were of a certain kind. With different amplitudes the
amplitude change with increasing CRI was slowed down
at the shortest CRIs and made it up to the amplitudes
specified with the same target amplitudes at longer CRIs
(cf. Fig. 1a). In this experiment, in contrast, the speci-
fication of parallel and different directions was not de-
layed relative to the specification of symmetric directions
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from the very start, but the delay showed up at a longer
CRI only.

The variations of mean amplitude and mean move-
ment time turned out to be essentially unrelated to the
other results and to reflect other influences. For exam-
ple, movements in the medial direction are somewhat
slower than movements in the lateral direction, which
conforms to the observation that the differences in
inertia between the different movement directions are
not fully compensated in general (Gordon et al. 1994;
Levin et al. 2001).

Experiment 2

The second experiment was intended to replicate the
main findings of Experiment 1, in particular the unex-
pected ones like the absence of a reliable difference be-
tween the intermanual correlations observed for forward
directions and different directions and the statistically
ambiguous ones like the different time courses of speci-
fications of symmetric and parallel directions. However,
there was also a major change in Experiment 2 in that
targets with 15° eccentricity were added. This allows an
orthogonal variation of symmetric vs. parallel and same
vs. different directions. Thus, in addition to forward
movements, there were symmetric same, symmetric dif-
ferent, parallel same, and parallel different movements.

The designation of the combinations of target direc-
tions in terms of the contrasts ““‘symmetric—parallel” and
“same—different”” needs some explanation. The contrast
“same—different” refers to the same and different
eccentricities of symmetric or parallel movements. Of
course, one might hesitate to call symmetric different
movements ‘‘symmetric”’ and parallel different move-
ments “‘parallel”. However, here we use the contrast
“symmetric—parallel” for categories of directions,
namely lateral and medial directions. Thus, symmetric
movements have either lateral or medial directions for
both hands, whereas parallel movements have a medial
direction for one hand and a lateral direction for the
other hand. The designation of target directions in terms
of categories and graded differences within categories is
pragmatic because it provides simple labels for the
conditions of this experiment. However, a hierarchical
representation of target directions could also be more
than pragmatic and actually correspond to the way they
are processed (Huttenlocher et al. 1991; Messier and
Kalaska 1999).

Method
Participants
Twelve right-handed participants, five females and seven

males, aged 1829 years (mean: 22.8 years, SD:
4.2 years), took part in the experiment. One additional

left-handed participant was not included in the analysis,
and five further participants did not complete the
experiment because they produced too many errors
according to the criterion described below. All partici-
pants had given informed consent.

Task, experimental conditions, and procedure

The apparatus was the same as in Experiment 1. So were
the basic features of the task: participants had to pro-
duce rapid bimanual reversal movements to targets
indicated on a monitor, beginning in synchrony with the
fourth (and last) of a regular series of tones. The major
difference was that for each hand there were five targets,
one located in the forward direction (0°), two being
laterally displaced (—30°, —15°), and two being medially
displaced (+15°, +30°). The horizontal distance be-
tween the start positions on the screen was 140 mm.
Otherwise the measures of the display were as in
Experiment 1, and so was their mapping on the table on
which the movements were produced.

From the total of 25 combinations of the five targets
for each hand, 17 different combinations were used.
These were forward movements (0°/0°), four combina-
tions with symmetric same directions (—30°/—30°, —15°/
—15°, +15°/+15° +30°/+30°), four combinations
with parallel same directions (—30°/+30°, —15°/+15°,
+15°/—15°, +30°/—30°), four combinations with sym-
metric different directions (—30°/—15°, —15°/-30°,
+15/+30° +30°/+15°), and four combinations with
parallel different directions (—30°/+15°, —15°/+30°,
+15°/-30°, +30°/—15°). For each of the 17 target
combinations there were the same 8 cueing intervals as
in Experiment 1 (0, 150, 250, 325, 400, 475, 575, 700 ms),
so that there were 136 experimental conditions in total.
Across two successive blocks of trials one trial of each of
the 136 experimental conditions was presented. Only
forward movements (0°/0°) were requested twice for
each cueing interval, so that in two successive blocks
there were 144 experimental trials in total, split into two
sets of 72 trials each. Each set was preceded by two
warm-up trials. Participants came for three sessions on
consecutive days. On the first day there were four blocks
of trials subsequent to a practice period of about 30 min
duration; on each of the following 2 days there were
eight blocks of trials, preceded by a short warm-up
block.

There were two more procedural changes as com-
pared with Experiment 1. Both were related to move-
ment errors. First, an additional type of error was
defined by at least one of the two terminal movement
directions in a trial deviating more than 15° from the
target direction. With the timed-response procedure
directional errors occur necessarily, therefore no feed-
back on them had been provided in Experiment 1.
However, directional errors are inherent to the proce-
dure for short cueing intervals only. Therefore in
Experiment 2 the directional-error criterion was applied



in trials in which the cueing interval was 575 ms or
longer. Second, blocks of trials with more than 15 errors
were repeated, and only one repetition per session was
allowed. Whenever more than 15 errors were produced
in a second block of a session, the experiment was
aborted. This happened with five participants.

Data analysis

Data analysis matched the analysis of Experiment 1. For
the statistical analyses the trials were sorted into bins
according to the CRI. The boundaries of the bins as well
as the mean CRIs of all trials in each bin are listed in
Table 2. In brackets the ranges of the 17 combinations
of movement directions are given. In the following all
data are referred to the mean CRIs of the bins. In Ta-
ble 2 also the mean numbers of trials for each combi-
nation of movement directions and bin are given; here
the frequencies of forward movements are neglected
which are about twice as high as for the other pairs of
directions.

Results

Overall the mean amplitude of the rapid reversal
movements produced was 158 mm, and the mean
movement time (until reversal) was 195 ms. In present-
ing the results, we focus on the intermanual correlations
and the mean initial directions, and do not report the
mean amplitudes and mean movement times in detail.
For them the findings were essentially the same as in
Experiment 1 as far as the effects of the CRI and the
medial or lateral directions of the movements and of the
movements of the other hand are concerned.

Intermanual correlations

The mean intermanual correlations of initial directions
as a function of the CRI are shown in Fig. 8a for the five
sets of movement combinations: forward (0°/0°), sym-
metric same (—30°/—30°, —15°/—15°, +15°/+15°,

Table 2 Definition of CRI bins, mean CRI (in brackets: range
across the various combinations of movement directions), and
mean number of trials for each bin (Experiment 2)

CRI bin Mean CRI Mean number
of trials®
[—100, 100 [ 17 [12-23] 10 [10-11]
[100, 200 [ 151 [147-157] 9 [8-10]
[200, 300 [ 251 [247-255] 12 [11-14]
[300, 400 [ 345 [342-350] 11 [9-12]
[400, 500 [ 448 [444-451] 12 [11-14]
[500, 600 [ 547 [544-551] 11 [9-12]
[600, 800 [ 649 [627-670] 13 [10-14]

“For 16 combinations of movement directions; for forward move-
ments there was twice the number of trials
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+30°/+30°), parallel same (—30°/+30°, —15°/+15°,
+15°/—15°, +30°/—30°), symmetric different (—30°/
—15°, —15°/—30°, +15°/+30°, +30°/—15°), and par-
allel different (—30°/+15°, —15°/+30°, +15/-30°,
+30°/—15°). In Fig. 8b the mean correlations for par-
allel same and symmetric same movements are shown
separately for small eccentricities (—15°/—15°, +15°/
+15° and —15°/+15°, +15°/—15°, respectively) and
large eccentricities (—30°/—30°, +30°/+30° and —30°/
+30°, +30°/—30°, respectively).

For forward movements the intermanual correlations
of initial directions were positive, indicating a symmetric
coupling (cf. Fig. 8a). For symmetric movements the
intermanual correlations increased at intermediate CRIs
and returned to the short-CRI level at the longest CRIs.
The transient increase was more conspicuous than in
Experiment 1. For parallel movements, the intermanual
correlations again changed sign. At the longest CRI they
were negative, but their absolute values were smaller
than the positive correlations observed for symmetric
movements. At intermediate CRIs the negative correla-
tions were particularly strong. This phasic decrease had
been absent in the first experiment. While there was a
strong difference between parallel and symmetric
movements, the differences between same and different
eccentricities for movements of each type were only
small. At most there was a slight tendency that inter-
manual correlations deviated less from zero when
directions were different than when they were same.

From Fig. 8b the differences between symmetric and
parallel movements with different eccentricities are
apparent. Most importantly, the change of sign was not
only observed for parallel movements with 30° eccen-
tricity, but also for parallel movements with only 15°
eccentricity. In spite of the qualitative similarity of the
time courses of the correlations for small and large
eccentricities across CRIs, there were quantitative dif-
ferences. When target eccentricities were large, inter-
manual correlations tended to be more extreme than
when target eccentricities were small, being larger in the
positive range and smaller in the negative range.

The statistical analysis of the intermanual direction
correlations was carried out in three steps. In the first
step the intermanual correlations in conditions with
symmetric and parallel target directions of the same
eccentricities were subjected to a three-way ANOVA
with the within-participant factors Relation of Direc-
tions (symmetric, parallel), Eccentricity (small, large),
and CRI. These are the data shown in Fig. 8b. The
interaction of Relation of Directions with CRI was
significant, F(6, 66)=16.5, P<0.01, and so were the
main effects of Relation of Directions, F(1, 11)=286.7,
P<0.01, and CRI, F(6, 66)=6.9, P<0.01. The changes
of the intermanual correlations across the various CRIs
were stronger when the eccentricity was high than when
it was low, giving rise to a significant triple interaction,
F(6, 66)=5.2, P<0.01, as well as to a significant inter-
action of Relation of Directions and Eccentricity, F(1,
11)=10.7, P<0.01. In addition, at the shortest and
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Fig. 8 Intermanual correlations
of initial directions as a
function of the CRI for
bimanual movements in parallel
same, parallel different,
symmetric same, symmetric
different, and forward
directions (a). In b the
correlations are shown
separately for parallel same and
symmetric same directions with
low (15°) and high (30°) target
eccentricities (Experiment 2)

Fig. 9 Asymptotic initial
directions at the longest CRI of
symmetric and parallel
movements to lateral and
medial targets as a function of
same and different target
eccentricities. Long bars
indicate directions of
movements to more eccentric
targets (30°), short bars of
movements to less eccentric
targets (15°). (Movements in the
direction of the target are
marked by positive values)
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longest CRIs, but not at the intermediate ones, inter-
manual correlations were consistently higher in the high-
eccentricity conditions than in the low-eccentricity con-
ditions. The interaction of eccentricity and CRI was
significant, F(6, 66)=2.5, P<0.05, and so was the main
effect of eccentricity, F(1, 11)=7.9, P<0.05.

In the second step of the statistical analysis condi-
tions with different eccentricities were included. Condi-
tions with small and large same eccentricities were
combined so that both the conditions with same and
different eccentricities comprised low-eccentricity and
high-eccentricity movements (cf. Fig. 8a). A three-way
ANOVA with the within-participant factors Relation of
Eccentricities (same, different), Relation of Directions
(symmetric, parallel), and CRI revealed again a signifi-
cant Relation of DirectionsxCRI interaction, F(6,
66)=23.01, P<0.01, as well as significant main effects of
Relation of Directions, F(1, 11)=220.2, P<0.01, and
CRI, F(6, 66)=8.0, P<0.01. However, the factor
Relation of Eccentricities was involved in no significant
effect.

In the third step we contrasted the conditions in
which symmetric and parallel movement directions were
to be specified with the baseline condition in which
forward movements had been cued which had also been
instructed as the default directions. For the analysis the
conditions with same and different eccentricities were
collapsed both for symmetric and for parallel move-
ments. The contrast of symmetric and forward move-
ments was significant, F(1, 11)=9.1, P<0.05, and so
was its interaction with CRI, F(6, 66)=4.1, P<0.01.
Similarly, the contrast of parallel and forward move-
ments was significant, F(1, 11)=105.1, P<0.01, and so
was its interaction with CRI, F(6, 66)=7.9, P<0.01.

Mean initial directions at long CRIs

The mean initial directions at the longest CRI are shown
in Fig. 9. In general, large eccentricities of movement
directions tended to be smaller when the direction of the
other hand was less eccentric, and small eccentricities of
directions tended to be larger when the direction of the
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other hand was more eccentric. Thus, at the longest CRI
there was a (static) assimilation of directions. It was
quite clearly present for movements in the medial
direction, but less clearly for movements in the lateral
direction. In addition, as in Experiment 1, movements to
lateral targets were more eccentric than movements to
medial targets when target eccentricities were 30°.
However, the difference was reversed when target
eccentricities were only 15°.

The mean directions at the longest CRI were sub-
jected to a five-way ANOVA with the within-participant
factors Relation of Eccentricities (same, different),
Relation of Directions (symmetric, parallel), Eccentric-
ity (large, small), Direction (lateral, medial), and Hand
(left, right). The assimilation was reflected in a signifi-
cant EccentricityxRelation of Eccentricities interaction,
F(1, 11)=8.2, P<0.05. This interaction was not reliably
modulated by any of the other factors. From Fig. 9 it is
apparent that with different eccentricities the reduction
of large eccentricities was stronger than the increase of
small eccentricities. This resulted in overall smaller
eccentricities when target eccentricities were different
than when they were the same, F(1, 11)=5.8, P<0.05.

The difference between movements to lateral and
medial targets, which was opposite at small and large
eccentricities, gave rise to a significant Eccentric-
ityxDirection interaction, F(1, 11)=53.2, P<0.01. This
interaction was more pronounced for parallel than for
symmetric movements, as reflected in a triple interaction
with Relation between Directions as the third factor,
F(1,11)=5.3, P<0.05. Finally, parallel movements were
overall more eccentric than symmetric movements, F(1,
11)=10.8, P<0.01; this difference had failed to reach
statistical significance in Experiment 1.

Mean normalized initial directions

For the analysis of the time courses of direction speci-
fications with the various combinations of target direc-
tions normalized initial directions were used as in
Experiment 1. In Fig. 10 the mean normalized initial
directions are shown for symmetric and parallel move-

Fig. 10 Normalized initial normalized lateral normalized medial
direction of movements to direction direction
lateral and medial targets as a 19 .
function of the CRI and the 1.2 :
relation between the target 1.0 - —14- parallel 10
directions (symmetric and ’ —@— symmetric ’
parallel; Experiment 2) 0.8 - 0.8 -
0.6 1 0.6 1
0.4 ; 0.4 1
0.2 ; 0.2 -
0.0 ++a—ar v v T v v 0.0 = v v T T
0.2 17 151 251 345 448 547 649 0.2 17 151 251 345 448 547 649
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ments as a function of the CRI, separately for move-
ments to lateral and to medial targets. Specification of
symmetric directions was faster than specification of
parallel directions, but this difference was restricted to
movements to lateral targets and not observed for
movements to medial targets. In other words, specifi-
cation of lateral directions for both hands was faster
than specification of directions when a medial direction
had to be specified for at least one hand. As in Experi-
ment 1, the difference developed at later CRIs only and
not at the very start of direction specification. From
Fig. 10 it is also evident that the specification of lateral
directions was faster than the specification of medial
directions.

The normalized initial directions were subjected to a
six-way ANOVA with the within-participant factors
Relation of Eccentricities (same, different), Relation of
Directions (symmetric, parallel), Eccentricity (large,
small), Direction (lateral, medial), Hand (left, right), and
CRI. The pattern of results shown in Fig. 10 gave rise to
a significant interaction of Relation of Directions,
Direction, and CRI, F(4, 44)=3.7, P<0.05, as well as to
a significant interaction of Relation of Directions and
CRI, F(4,44)=3.7, P<0.05. The difference in the rate of

Fig. 11 Normalized initial
direction of symmetric and
parallel movements to targets of

specifying lateral and medial directions was reflected in a
significant DirectionxCRI interaction, F(4, 44)=06.0,
P<0.01.

The normalized initial directions of movements with
same and different target eccentricities are shown in
Fig. 11 as a function of the CRI, separately for small
and large eccentricities and symmetric and parallel
directions. There were transient assimilation effects at
intermediate CRIs: when target eccentricities were dif-
ferent, the normalized initial directions were too large
for movements to the less eccentric targets, and they
were too small for movements to the more eccentric
targets. This pattern was clearly present for symmetric
movements, but with parallel movements the transient
assimilation was absent for movements to the more
eccentric targets.

In addition to the assimilation effects there were
slight differences between low-eccentricity and high-
eccentricity movements. These reflected the fact that the
time course of specifying high-eccentricity directions was
not simply an up-scaled version of the time course of
specifying low-eccentricity directions. If that had been
the case, the ratios of the specified high-eccentricity and
low-eccentricity directions at the various CRIs should

high target eccentricity (30°)

high and low eccentricities as 2 ormalized symmetric normalized parallel
function of the CRI, shown direction direction
separately for same and
different eccentricities of the 1.2 4 1.2 1
targets for the two hands 1.0 10 |
0.8 1 0.8 1
0.6 1 0.6 1 —@— same
0.4 4 0.4 - —O— different
0.2 1 0.2 1
0.0 1 0.0 1+~
-0.2 4 -0.2 -
low target eccentricity (15°)
normalized symmetric normalized parallel
direction direction
1.2 4 1.2 4
1.0 1 1.0 1
0.8 - 0.8 1
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0.2 1 0.2 1
0.0 -~ 0.0 7+0= T . T T ;
0.2 17 151 251 345 448 547 649 0.2 17 ;g"l 251 345 448 547 649
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have been constant at about 2.0. However, they in-
creased across CRIs, being (0.40, 0.43) 1.32, 1.54, 1.65,
1.74, and 1.73 (the first two ratios are in brackets be-
cause the actual directions specified deviated from the
forward directions by less than 1°). The associated dif-
ferences between the specified high-eccentricity and low-
eccentricity directions were 0.1, 0.1, 0.4, 4.1, 9.6, 12.5,
and 12.8°. Thus, at the first three CRIs (up to about
300 ms) the time courses of direction specifications were
essentially the same for low-eccentricity and high-
eccentricity target directions.

The assimilation shown in Fig. 11 gave rise to a
three-way interaction of Relation between Eccentricities,
Eccentricity, and CRI, F(4 ,44)=13.4, P<0.01, as well
as to a Relation between EccentricitiesxCRI interaction,
F(4, 44)=3.4, P<0.05. Whereas the assimilation was
clearly present in symmetric movements, it was less
distinct in parallel movements, giving rise to a four-way
interaction of Relation between Eccentricities, Eccen-
tricity, CRI, and Relation between Directions, F(4,
44)=3.1, P<0.05. Similarly (though not shown in
Fig. 11) the basic assimilation pattern was stronger for
movements to lateral targets and weaker for movements
to medial targets; the four-way interaction of Relation
of Eccentricities, Eccentricity, CRI, and Direction was
significant, F(4, 44)=4.3, P<0.01.

Discussion

The purpose of Experiment 2 was to replicate the major
findings of Experiment 1, in particular the unexpected
and statistically ambiguous ones, and to shed more light
on the adaptive modulation of directional coupling
during motor preparation. In particular we explored
again an eventual adaptive modulation when target
directions were different, and in addition we explored
the role of target eccentricity for the changes of direc-
tional coupling when symmetric and parallel directions
are specified.

Beyond replicating the findings of the first experi-
ment, Experiment 2 revealed that the divergence of in-
termanual direction correlations for symmetric and
parallel movements with increasing CRI is not restricted
to target eccentricities of about 30°, but can also be seen
with smaller target eccentricities of only about 15°.
There are some quantitative differences, but the switch
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from positive to negative correlations in the course of
specifying parallel directions is clearly present with both
eccentricities at preparation intervals of about 300 ms.
The quantitative differences between the correlations
found with smaller and larger eccentricities do not nec-
essarily reflect differences in the strength of the inter-
manual coupling. Instead they could also reflect
differences in the hand-specific random variation of
directions associated with different target eccentricities.

In Experiment 2 a nonmonotonic component of the
modulation of intermanual direction correlations in the
course of motor preparation was more marked than in
Experiment 1. In the range of CRIs of 350-450 ms both
positive (with symmetric targets) and negative (with
parallel targets) intermanual correlations were particu-
larly strong. The nonmonotonic changes of correlations
can result from a simple artifact which has been noted in
research on the development of the intercorrelations of
tests of intelligence during childhood (Merz and Kalve-
ram 1965). Basically, in particular for CRIs in the range
of 350-450 ms, there is not only the trial-to-trial
covariation, but also superposed on it is the change of
the mean directions across the CRIs within each bin.
The common trend of the directions of both hands with
symmetric movements within each CRI bin produces
additional positive covariation, whereas the divergent
trend of the directions of both hands with parallel
movements produces additional negative covariation. Of
course, the additional covariation is absent at the longest
and shortest CRIs at which the mean directions do not
change. Therefore the nonmonotonic components of the
modulation of the intermanual correlations of initial
directions, which are present in the range of CRIs where
mean directions actually change, could result from these
additional sources of covariation which are not related
to intermanual interactions.

To test the role of the potential artifact for the ob-
served modulations of intermanual correlations, we
computed partial correlations for each bin. The joint
influence of the CRIs within each bin on the initial
directions of left-hand and right-hand movements was
partialed out. The mean partial correlations are shown
in Table 3, averaged for the two early CRI bins, the two
latest ones, and the two intermediate ones. Whereas in
the early and late bins the differences between simple
and partial intermanual direction correlations were only
small and unsystematic, they were larger and systematic

Table 3 Intermanual correlations of initial directions and partial intermanual correlations in early (17 and 151 ms), medium (345 and
448 ms), and late (547 and 649 ms) CRI bins for different combinations of movement directions

CRI Forward Symmetric same Parallel same Symmetric differ- Parallel different
ent
r part r r part r r part r r part r r part r
17,151 0.336 0.348 0.335 0.336 0.390 0.386 0.322 0.322 0.267 0.279
345,448 0.288 0.288 0.608 0.582 —0.368 —0.321 0.522 0.495 —0.302 —0.229
547,649 0.353 0.340 0.389 0.391 —0.190 —0.183 0.271 0.292 —0.150 —0.148
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in the intermediate bins. In particular the partial corre-
lations were less extreme than the simple ones. In spite of
this reduction the nonmonotonic modulation was still
clearly present even in the partial correlations.

Whereas there is a strong divergence of intermanual
direction correlations in the course of specifying sym-
metric and parallel movement directions, there is
essentially no divergence when same and different
eccentricities are specified. The differences between
symmetric movements with same and different eccen-
tricities as well as between parallel movements with same
and different eccentricities are only small and statisti-
cally not significant. This confirms the result of Experi-
ment | that the specification of different directions (or
different eccentricities) is not associated with a de-cou-
pling as indicated by a decline of intermanual direction
correlations, and it contrasts sharply with the findings
for movements with same and different amplitudes
(Heuer et al. 1998, 2001; Sherwood, 1991) and isometric
contractions with same and different peak forces (Rin-
kenauer et al. 2001; Steglich et al. 1999).

Intermanual direction correlations are only one kind
of data which allow inferences about intermanual
directional coupling. The other kind of data are assim-
ilation effects, and inferences from both kinds of data
should be consistent. This, in fact, is what they are.
Experiment 2 confirms the finding of static assimilation
effects at long CRIs when the eccentricities of movement
directions are different. Extending the results of Exper-
iment 1, Experiment 2 reveals that the static assimilation
effects have a symmetric or parallel pattern depending
on the target directions. For symmetric movements with
different eccentricities, assimilation effects produce a
bias toward symmetric movements with same eccen-
tricities. For parallel movements with different eccen-
tricities, assimilation effects produce a bias toward
parallel movements with same eccentricities. The differ-
ent patterns of the static assimilation effects match the
findings on intermanual direction correlations at the
long CRIs which also indicate a symmetric and parallel
coupling for symmetric and parallel directions, respec-
tively. In addition the static assimilation effects are
consistent with a lack of de-coupling when directions
with different eccentricities are specified concurrently. If
de-coupling had been present, static assimilation effects
should have been absent.

The phasic assimilation effects observed in move-
ments to targets with different eccentricities are quite
similar to the static effects. They remain after normali-
zation of the amplitudes. Normalization removes static
effects, also those static effects which evolve gradually in
the course of direction specifications. Phasic effects of
the same kind as static effects thus indicate that the
assimilation is proportionally stronger at intermediate
CRIs than at long ones. The symmetric and parallel
patterns of the observed phasic assimilation effects
match the finding of particularly strong positive and
negative intermanual direction correlations at interme-
diate CRIs. At the shortest three CRIs (up to about

300 ms) assimilation effects are lacking for the simple
reason that at these early times in the process of direc-
tion specification the actually specified eccentricities do
not yet differ depending on the eccentricities of the target
directions.

Consistent with the somewhat inconclusive observa-
tions of Steglich (2002) and of Experiment 1, in Exper-
iment 2 there was clear evidence that the directions of
parallel movements are specified more slowly than the
directions of symmetric movements. This is true, how-
ever, only for lateral directions, but not for medial
directions. Thus, the combination lateral-lateral is
specified at a faster rate than the other three combina-
tions of directions, lateral-medial, medial-lateral, and
medial-medial. It seems unlikely that these differences
result from the intermanual coupling of directions. For
those CRIs, at which the different rates are observed,
intermanual coupling is already strongly influenced by
the combination of target directions so that it is sym-
metric or parallel, respectively.

General Discussion

The purpose of the present experiments was to deter-
mine the modulation of intermanual interactions during
preparation of bimanual movements with different
combinations of directions. There is considerable evi-
dence that direction, in addition to amplitude, is an
important parameter in the control of movements aimed
at a target (Gordon et al. 1994; Krakauer et al. 2004;
Rossetti et al. 1995; Vindras and Viviani 2002). Whereas
intermanual interactions with respect to amplitudes have
received a good deal of research effort, intermanual
interactions with respect to movement directions have
been largely neglected until recently. Recent studies have
used a reaction-time paradigm (e.g., Diedrichsen et al.
2001; Weigelt 2004) or a periodic-movement paradigm
(Swinnen et al. 2001, 2002, 2003; Wenderoth et al.
2004). Their results strongly suggest the need to study
intermanual interactions during the specification of
movement directions in more detail.

The findings of the present experiments reveal that
during the specification of the directions of bimanual
movements intermanual interactions are modulated
depending on the task requirements. A task-dependent
modulation has also been found during the specification
of the amplitudes of bimanual movements (Heuer et al.
1998, 2001), and the peak forces of bimanual isometric
contractions (Steglich et al. 1999). However, the pattern
of modulation during direction specification is quite
different and more complex. The peculiarities are per-
haps related to the fact that only for the direction con-
tinuum there is a symmetry relation, but not for the
amplitude and peak-force continua.

Task-dependent modulations of intermanual interac-
tions are less than perfect. Even though task constraints
seem to shape intermanual coupling to a considerable
degree, there are structural constraints on which task-



dependent modulations are superposed (cf. Heuer 1996).
We shall discuss both the modulation, that is, the effects
of task constraints, and the limits of modulation, that is,
the effects of structural constraints, in turn.

Task constraints and the adaptive modulation
of directional coupling

Both the intermanual direction correlations and the
assimilation effects indicate that intermanual interac-
tions are modulated during the specification of bimanual
movement directions. Specifically, for symmetric move-
ments the symmetric coupling is maintained, which can
also be observed for forward movements at short prep-
aration intervals. In contrast, for parallel movements an
initial symmetric coupling is turned into a parallel cou-
pling after a preparation period of about 300 ms. The
switch from symmetric to parallel coupling largely pre-
cedes the specification of target directions. Thus, the
changes of the intermanual correlations are observed at
CRIs at which movement directions hardly deviate or do
not at all deviate from the (default) forward directions.
When symmetric or parallel movement directions are
finally specified, there are symmetric or parallel assimi-
lation effects, respectively, when target eccentricities are
different.

Even though intermanual interactions are modulated
in an adaptive manner for the specification of symmetric
and parallel directions, there is no adaptive modulation
for the specification of different directions. This con-
trasts sharply with the adaptive de-coupling found dur-
ing the specification of different amplitudes of bimanual
movements (Heuer et al. 1998, 2001) or different peak
forces of bimanual isometric contractions (Steglich et al.
1999). Therefore, the assimilation effects found with
different eccentricities are static and not only transient.
They persist at long preparation intervals and do not
vanish (or become asymmetric) as is the case for
assimilations of amplitudes. Nevertheless, the basically
static effects can be transiently enhanced. This can
happen during the time periods in which symmetric and
parallel directions are actually specified. During these
time periods symmetric and parallel coupling, respec-
tively, can be particularly tight, as indicated by phasi-
cally enhanced intermanual correlations.

The observation that specifications of parallel and
symmetric directions are associated with different time
courses of directional coupling, whereas specifications of
directions with same and different eccentricities are not,
is consistent with the notion of a hierarchical coding of
movement directions (cf. Huttenlocher et al. 1991;
Messier and Kalaska 1999). At one level the coding is
categorical, e.g., in terms of quadrants of a field, in terms
of left-right or in terms of lateral-medial. In the case of
bimanual movements these categorical codes form an
even higher level with the categories “‘symmetric’” and
“parallel”. At the lowest level there is a metrical coding;
here the actual eccentricities are represented.
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Evidence for hierarchical coding of spatial locations
(which includes the coding of directions) is primarily
from studies of the reproduction of the locations of
visually presented dots (Huttenlocher et al. 1991) or of
the accuracy of pointing to memorized target locations
(Messier and Kalaska, 1999). In both types of studies
levels of coding are revealed by error distributions.
Reproductions or movement endpoints are attracted by
the prototypes of the categories, in particular when the
interval between the presentation of the target and
reproduction (or pointing) is not too short. In the
present experiments only the categorical coding of target
directions is related to the adaptive modulation of in-
termanual coupling. In contrast, metrical coding is not
used for the modulation, but only for the specification of
movement directions. A certain analogy to the use of
only categorical representations for a certain purpose
has been reported for the Simon effect. For this effect it
matters whether (irrelevant) stimulus locations are left
or right and responses are left or right, but the degree of
“leftness” or “‘rightness” does not (e.g., Logan 2003).

The different patterns of the adaptive modulation of
amplitude coupling and directional coupling in the
course of specifying various combinations of amplitudes
or directions, respectively, are consistent with the
observations that the neural coding of amplitudes and
directions is different (e.g., Fu et al. 1993, 1995) and that
different brain structures are involved in their specifica-
tions (e.g., Desmurget et al. 2003; Krakauer et al. 2004)
and their intermanual interactions (Wenderoth et al.
2005). However, the differences in neural coding and
neural substrates do not imply particular differences
with respect to the adaptive modulation. For them there
should be more specific reasons. One might suspect, for
example, that certain advantages are inherent to the de-
coupling of amplitudes when they are different, but the
maintained coupling rather than de-coupling of different
directions. In general, coupling should be associated
with constant errors, namely assimilation effects, but de-
coupling with variable errors (cf. Heuer et al. 2001).
Perhaps the modulations of coupling during motor
preparation are related to the relative costs of coupled
and de-coupled specifications in terms of systematic and
random errors, respectively.

Structural constraints and the limits of adaptive
modulations

One of the most pervasive structural constraints on
bimanual coordination is the symmetry constraint. In
the present experiments the adaptive modulation of in-
termanual interactions was superposed on it. Its con-
tinued operation is revealed by at least two observations.
First, intermanual direction correlations indicate a
symmetric coupling for forward movements. These
movements are both symmetric and parallel, and thus do
not constrain the appropriate kind of coupling. Second,
at long preparation intervals symmetric coupling is
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stronger than parallel coupling, again indicated by the
intermanual direction correlations.

Intermanual interactions, as can be observed in overt
behavior, result from neural interactions at various
levels of the central nervous system. As candidate
structures involved in bimanual coordination, Donchin
et al. 2004 list several cortical areas including not only
the primary motor cortex and the supplementary motor
area, but also the parietal cortex and, of course, the
corpus callosum. In addition intermanual interactions
can originate in the cerebellum, the basal ganglia, and
the spinal cord. It is likely that structural constraints on
bimanual coordination and the adaptive shaping of in-
termanual interactions by the task constraints have dif-
ferent neural substrates. Perhaps structural constraints
are adapted to fundamental movement tasks like
standing and locomotion and originate from lower-level
structures, whereas modulations are primarily of cortical
origin. Possibly higher-level structures do not only add
to the intermanual interactions established by lower-le-
vel structures, but also modulate the strength of lower-
level interactions to some extent.

In spite of the evidence for a basic symmetry con-
straint seen in intermanual correlations, there are no
corresponding assimilation effects. The most likely rea-
son is that with parallel target directions symmetric
coupling is already switched to parallel coupling when
the specified directions start to deviate from the forward
default directions. Nevertheless, at longer preparation
intervals symmetric directions are specified at a faster
rate than parallel directions. More precisely, only lateral
symmetric directions are specified at a faster rate than
combinations of movement directions which include at
least one medial direction. In addition, medial directions
are specified at a slower rate than lateral directions.
Thus, the findings suggest a kind of constraint similar to
one observed in rapid aiming movements (e.g., Kelso
et al. 1979) in that with concurrent processes the nor-
mally faster one is slowed down, but the normally slower
one is not speeded up.

It is tempting to speculate about the reasons of the
rate differences in specifying lateral and medial direc-
tions. There is an inertial anisotropy (cf. Gordon et al.
1994) in that the mass moved in lateral directions is
smaller than the mass moved in medial directions. Per-
haps more important, however, are differences in the sets
of muscles involved and their required coordination.
Specification of movement directions ultimately implies
the specification of certain patterns of muscle activations
(e.g., Thoroughman and Shadmehr 1999). Thus, there
should be a transformation from the spatial coding of
directions to coding in terms of patterns of muscle
activity. Kakei et al. (2003) found corresponding types
of neurons. In ventral premotor cortex extrinsic-space
neurons were the majority among directionally tuned
ones, whereas in primary motor cortex muscle-related
neurons were of about the same frequency. The trans-
formation of direction in extrinsic space into the
appropriate pattern of muscle activity could be slower

for movements to medial targets than for movements to
lateral targets because a more complex pattern of muscle
activity has to be specified.

Adaptive parametric coupling as a component
of motor preparation

Intermanual interactions have been ascribed to the
cross-talk between different kinds of signals involved in
the control of left-hand and right-hand movements. The
findings reported by Swinnen et al. (2001, 2003) suggest
that for interactions with respect to movement directions
neither outflow signals nor (visual) feedback signals are
critical. Instead parametric coupling might be critical,
that is, cross-talk between signals involved in the speci-
fication of movement characteristics (or parameters)
(Heuer 1993; Spijkers and Heuer 1995). The present
results are consistent with this claim. In addition, and
this is perhaps more important, they strengthen the view
that motor preparation not only embraces the specifi-
cation of movement characteristics, but also the appro-
priate adjustments of interlimb interactions. In the
present experiments the adjustments of intermanual
interactions largely preceded the actual specification of
symmetric or parallel directions, similar to how postural
adjustments precede voluntary movements (Massion
1992, for an overview).

From a somewhat broader perspective, adaptive
modulations of intermanual interactions can be con-
ceived as configurations of task sets. Thus far the notion
of a task set (cf. Rogers and Monsell 1995) has generally
been used to refer to the functional correlates of the
intention to process stimuli in a certain way. However,
with a broader notion of a task set as a task-control
structure, it is evident that there is not only a “cognitive
structure” related to processing of input information but
also a “motor structure” related to the control of the
movements required by the task (cf. Kleinsorge and
Heuer 1999). The setting of task-appropriate interman-
ual interactions is a basic ingredient of task sets for tasks
which involve multi-effector movements. The established
couplings then form the background on which the par-
ticular movement parameters like directions and ampli-
tudes are specified.
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