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Intra- and intermanual transfer of adaptation to unnoticed virtual displacement
under terminal and continuous visual feedback
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Participants trained aiming movements of the right hand to several targets with a prism-like virtual dis-
placement of the location of one of the targets, receiving either terminal or continuous visual feedback.
After training, the same targets were to be reached with the untrained left hand under manipulated feed-
back conditions. The right hand movements continuously adapted to the unnoticed visual displacement,
significantly less with continuous than with terminal feedback. Under terminal but not under continuous
feedback the adaptation to the manipulated target generalized to targets in the same horizontal direction
but not to targets in the opposite direction. Finally, the movements of the untrained left hand showed the
same qualitative changes to the targets as the movements of the trained right hand. The data are in line
with the notion that the adaptation of the right hand movements is mainly based on a re-interpretation of
target locations on which movement control of both hands draws.

It has long been noticed that training of a novel mo-
tor task with one limb can also improve performance of
the untrained contralateral limb (e.g. Fechner, 1857;
Bray, 1928). Since then, investigators have used a diver-
sity of tasks to demonstrate intermanual learning transfer,
for example, pointing under transformed visual feedback
(Choe & Welch, 1974; Elliott & Roy, 1981; Imamizu,
Uno, & Kawato, 1998), pursuit tracking (Hicks, Gualtie-
ri, & Schroeder, 1983), maze learning (Stoddard & Vaid,
1996), mirror writing (Latash, 1999), or launching a
cursor to a specified target position (Teixeira, 2000).
However, despite the tremendous experimental effort, the
mechanisms and structures underlying intermanual learn-
ing transfer are not yet fully understood.

Performing goal-directed movements generally poses
a number of problems that have to be solved (cf.
Saltzman, 1979; Imamizu & Shimojo, 1995; Imamizu,
Uno, & Kawato, 1995; Rosenbaum, Loukopoulos, En-
gelbrecht, Meulenbroek, & Vaughan, 1996; Imamizu et
al., 1998; Desmurget, Pélisson, Rossetti, & Prablanc,
1998; Vaughan, Rosenbaum, Harp, Loukopoulos, &
Engelbrecht, 1998; Willingham, 1999). The actor has to
select a spatial target for a movement that will achieve
the environmental goal. To determine the target location,
he or she uses retinal and extra-retinal visual information,
as target position on the retina, accommodation, retinal
disparity, vergence and others. However, reaching for the
target also requires the determination of an adequate final
posture, for example, a certain end position of the used
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hand. Therefore, the target location has to be transformed
from vision-based to effector-based coordinates. Fur-
thermore, the trajectory from the current hand position to
the target has to be determined and finally to be trans-
lated into an appropriate pattern of muscle activation.

However, it is yet unclear to what degree each of
these processes contributes to intermanual learning trans-
fer. Some researchers have suggested, that it is the
learned pattern of motor commands which is transferred
to the unpracticed hand (e.g. Hellebrandt, Parrish, &
Houtz, 1947; Thut et al., 1996). If this holds true, then
movements that are mirror-reversed versions of the prac-
ticed ones should profit the most from previous training
of the contralateral hand. For example, a learned pattern
of motor commands that causes the right arm to move
from left to right would prompt a movement in the oppo-
site direction if applied to homologous muscles of the left
arm.

In line with this assumption, Thut et al. (1996) found
that right-handers were more accurate in drawing mea-
ningless figures with the right arm if they had previously
practiced the drawing of mirror-reversed versions of the
same figures with the left arm. However, this study did
not provide a comparison between transfer that results
from previous training of mirror-reversed to previous
training of non-reversed figures. Furthermore, the prac-
tice figures consisted of basic elements (lines and semi-
circles), each of which could also be found in its mirror-
reversed version in at least one other practice figure.
Therefore it cannot be excluded that participants would
have profited equally from previous contralateral training
of non-reversed figures.

Hicks, Gualtieri and Schroeder (1983) compared the
extent of intermanual learning transfer of reversed as
opposed to same-direction movement patterns. They used
a pursuit tracking task with either clockwise or counter-
clockwise movements. Mean time on target in the trans-
fer phase was longer for reversed than for same-direction
movements. However, this was only true for extended
original training.

Other researchers have claimed that intermanual
learning transfer occurs because the actor learns a new
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mapping of vision-based target coordinates onto effector-
based target coordinates which can be generalized to the
contralateral limb (Latash, 1999; Imamizu et al., 1998).
As virtually any part of the body can serve as an effector,
it would appear that the brain must provide multiple
effector-based spatial representations. In fact, recent
neurological and behavioral data indicate that signals
from a variety of modalities (e.g. vision, proprioception,
audition, vestibular sensation) are combined to form a
distributed representation of space in the posterior pariet-
al cortex (Brotchie, Andersen, Snyder, & Goodman,
1995; Andersen, Snyder, Bradley, & Xing, 1997). This
representation can be used to construct multiple frames
of reference, for example object-centered, eye-centered
(Colby, 1998), head-centered, trunk-centered (Andersen
et al.,, 1997), and arm-centered (Mclintyre, Stratta, &
Lacquaniti, 1998) frames of reference. Kalaska, Scott,
Cisek, and Sergio (1997) proposed that the distributed
representation of space may be the core of a powerful
mechanism that provides coordinate transformations into
multiple effector systems. If this holds true then changes
in this distributed representation of space should affect
different effector systems. These changes may therefore
constitute the basis of interlimb learning transfer.

In accordance with this proposition, Imamizu et al.
(1998) demonstrated, that participants who had learned
an artificial transformation of elbow- and shoulder-joint
angles during an aiming task, tended to apply the same
transformation when aiming with the unpracticed hand.
The researchers assumed that the participants had ac-
quired a new internal model of kinematics represented in
terms of joint angles in a shoulder-centered frame of
reference. According to their model, the adjustments had
been made to a central representation not specific to
either arm but common to both arms. However, two
questions must be considered. First, both transfer of
motor commands and acquisition of a new internal model
of kinematics that is represented in joint angles could
account for the presented data, because both models
equally predict benefits for mirror-reversed movements
of the unpracticed hand. (Note that the same configura-
tion of joint angles for both arms corresponds to mirror-
reversed arm postures.) In fact, the results of the study
indicate that the mean aiming bias of the unpracticed
hand was lower under mirror-reversed conditions than
under non-reversed conditions. Second, the participants
were informed about the transformation of joint angles
prior to the learning phase. Therefore, the generalized
adaptation could have been due to strategic processes
rather than due to a new internal transformation of joint
angles (cf. Willingham, 1999).

Another way to modify the link between sensory in-
put and motor output consists in the use of prism wedges
(e.g. Choe & Welch, 1974; Elliott & Roy, 1981). How-
ever, there is an important difference between prismatic
displacement and the manipulation that was used by
Imamizu et al. (1998). A prismatic displacement can be
expressed as a linear transformation in object-centered
(extrinsic) coordinates but becomes nonlinear and com-
plex when represented in joint-angles. Imamizu et al.
used a transformation that was linear in joint angles but
nonlinear in object-centered coordinates. They proposed
that the CNS would preferably adjust to linear transfor-
mations. If this is the case, then adaptation to prismatic
displacement should rather affect an object-centered
representation of space, than a representation of space in
joint angles of the arm (see also Rogosky & Rosenbaum,

2000, for a discussion of space-based vs. joint-based
distortions of visuomotor transformations). Furthermore,
if this adaptation of coordinate transformation is not
restricted to the practiced hand, then intermanual learning
transfer of prismatic adaptation should engender parallel
but not mirror-reversed versions of the originally per-
formed movements. Consider, for example, a prismatic
displacement that shifts the visually perceived target
location 10° to the right. To counteract this displacement,
the actor could—consciously or not—Ilearn to mentally
shift the target location 10° to the left. If this re-
interpretation of the visually perceived target location
generalizes to unexposed limbs, the actor would adjust
the direction of left hand movements as well as right
hand movements to the left side; however, different joint
angles of the two arms would be required.

Accordingly, negative aftereffects have been shown
both for exposed and unexposed limbs after adaptation to
prismatic displacement (Helmholtz, 1866, as cited in
Prinz, 1992, pp. 67-68; Choe & Welch, 1974; Elliot &
Roy, 1981). However, the influence of explicit know-
ledge of the prismatic displacement on adaptation is still
unclear. As Willingham (1999) stated, conscious motor
control can replace perceptual-motor integration
processes.

To provide further evidence that the effects of inter-
manual learning transfer were actually based on a new
internal transformation of target coordinates, Latash
(1999) used a mirror writing paradigm. Students prac-
ticed writing a sentence with the dominant hand while
looking in a mirror that was positioned behind the paper.
The sentence should appear correctly in the mirror, not
on the paper. Both writing speed and errors during post-
test indicated a high degree of learning transfer to the
non-dominant hand. Note that the untrained hand had to
trace the same trajectory as the trained one, that is,
movements of the untrained hand were non-reversed—
not mirror-reversed—versions of the practiced ones.
Therefore, the results cannot be taken as evidence for a
generalized re-mapping of joint angles. Rather they point
to an effector-unspecific remapping of vision-based
coordinates.

To summarize, profit from previous contralateral
training has been demonstrated for mirror-reversed as
well as for non-reversed versions of the originally prac-
ticed movements. Both transfer of motor commands and
transfer of coordinate remappings may partially account
for intermanual learning transfer. However, it is still
unclear to what degree this is the case for each single
process. Furthermore, a detailed examination of transfer
of non-reversed movements could possibly clarify what
kind of effector-unspecific spatial representations the
CNS provides and how they affect movement planning.

Objectives and General Method

The goal of the present study was to further contri-
bute to the issue whether intermanual learning transfer is
based on a re-interpretation of the visually perceived
target locations or on a transfer of muscle-specific motor
commands. For this purpose, we used an experimental
set-up introduced by Wolpert, Gharamani, and Jordan
(1995) in which visual feedback of the hand could be
displaced for an individual target. The participants were
trained to perform a task that resembled dialing telephone
numbers on a push-button telephone with their right
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hand. They had no direct view of the hand during the
task. Instead, a virtual spot represented the position of the
hand. Flat numbered squares depicted the “push-buttons”
(see Fig. 1). Each critical movement started from a
square in the middle column and aimed at one of the
neighboring squares to the left or to the right side. For
one single target in the right or left column we manipu-
lated the feedback. The virtual spot indicated that move-
ments to this target were shorter than actually carried out.
Accordingly, the visual feedback signaled a hit when the
real position of the hand was beyond the target square.
As we intended to prevent strategic movement adapta-
tion, the virtual displacement of the critical target was set
small enough to remain unnoticed. In order to determine
the degree of learning transfer, performance of the left
and the right hand was tested before and after the expo-
sure phase. During the pre- and posttest phase, visual
feedback was given which always indicated a hit for any
aiming movement that ended outside of the starting
square. Consequently, feedback dependent learning was
prevented in these pre- and posttest phases.

Actual hand position Visual feedback
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Figure 1. Display with feedback representing the hand posi-
tion. Direct view of the hand was prevented. Instead, the virtual
image of the display appeared in the plane of the hand. A blue
spot represented the position of the hand in three-dimensional
space. To provide the possibility of measuring the hand position,
the participants performed the task holding a stylus in their
hand.

According to the given evidence in the literature, we
expected that the right hand would adapt to the virtual
displacement so that the movements to the manipulated
target would become continuously longer. Furthermore,
we expected that this adaptation would transfer to
movements of the untrained left hand in the post-test
phase. With regard to the type of transfer, two different
outcomes are to be considered:

If intermanual learning transfer is based on a re-
interpretation of the visually perceived location of the
manipulated target, movements of the untrained left hand
to this target should be influenced in the same way as
movements of the trained right hand. Thus, if the right
hand has learned to make larger movements to the mani-
pulated target, the left hand should also show larger
movements to the manipulated target. If, however, the
intermanual transfer is based on muscle-specific motor
commands, the adaptation of the right hand should be
transferred to movements of the untrained left hand
which require contractions of homologous muscles, i.e.
to mirror-reversed versions of the adapted movements.
Thus, if the right hand has learned to make larger move-
ments to the manipulated target, the left hand should
show larger movements to the target vis-a-vis of the
manipulated target as these movements address just the

muscles which are homologous to the muscles addressed
by the right hand to reach the manipulated target.

As the visual-motor mapping was selectively
manipulated for only one of the targets the present study
also allows to examine whether or not adaptation to the
manipulated target generalizes to other targets. This issue
has been controversially discussed as well:

Bedford (1989) suggested that a mapping between
visual and motor coordinates is neither to be characte-
rized as a list of independent pairs, nor may the system
be so constrained that only the simplest mappings are
learned. Instead, she described the process of learning a
new coordinate transformation as “looking for a relation
between an entire dimension of stimuli and an entire
dimension of responses, rather than associating each
individual stimulus with each individual response”.
According to Bedford, a linear fitting would be preferred
even when more adaptive non-linear solutions exist.
Consequently, in the present study movements to non-
manipulated targets should be influenced more strongly
the nearer they are located to the virtually displaced
target.

By contrast, Ghahramani and Wolpert (1997) have
proposed a computational model of modular learning
known as the “mixture of experts”. This model holds that
individual mappings are learned for each pair of starting
and target location, constituting “experts”. Generaliza-
tions to new pairs are assumed to be accomplished by a
weighted average of the learned pairwise visuomotor
mappings. As in the present experiment all required pairs
of starting and target locations are trained, every pair
should constitute an “expert” on its own behalf. Conse-
quently, the virtual displacement of one target should
affect movements only to this but not to other targets.

Experiment 1

Method

Participants

Twenty-eight undergraduate students (24 females, 4 males)
from the University of Wirzburg, ranging in age from 19 to 37
years, participated in the study in fulfillment of a course re-
quirement. All participants were right-handed, as determined by
the Lateral Preference Inventory (Coren, 1993) and were naive
as to the nature of the experiment. Each student was tested in a
single session lasting approximately 40 min.

Apparatus and Stimuli

Participants sat in front of a digitizing tablet (Intuos Graphics
Tablet A5) and held a stylus in their hand (Fig. 2). To provide a
comfortable arm position, the forearm rested on a little pillow
about 15 x 13 cm of size. A semi-silvered mirror that was sus-
pended in a horizontal plane 23 cm above the tablet prevented
direct view of the arm. The position of the stylus as defined by
its point was measured on-line and determined successive x- and
y-coordinates of the performed trajectories. The data were
sampled at a rate of 20 Hz by a PC with AMD Athlon Processor
(1.01 GHz). A Samsung Sync Master 90092 screen (1024 x 768
pixels) was fixed to a metal support so that its front was posi-
tioned in a horizontal plane 23 cm above the mirror. One pixel
measured 0.35 mm on the screen. The display including feed-
back of hand position (see Fig. 1) was depicted in mirror-
reversed version on this screen. Looking down at the mirror the
participants viewed the reflected image of the display. Because
the mirror was positioned exactly in the middle between the
tablet and the screen, an upright virtual image of display and
feedback appeared in the plane of the digitizing tablet. The
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Figure 2. Experimental set-up for recording aiming move-
ments under manipulated visual feedback. The position of the
hand was measured on-line via digitizing tablet. A computer
calculated the manipulated feedback. The display including a
blue spot that represented the hand position was projected on a
semi-silvered mirror. The reflection of the mirror produced a
virtual image of the display in the plane of the hand.

display consisted of a large gray square (200 x 150 mm) with
nine white numbered squares on it measuring 13 x 13 mm each.
The distance between neighboring squares was 19 mm. A blue
cursor spot of 4 mm in diameter represented the feedback of
hand position, which was up-dated on-line according to the
measured coordinates.

Procedure

Each participant was assigned randomly to one of six
groups. The groups differed with respect to the target square for
which manipulated feedback was given. (Note that for squares
of the middle column correct feedback was always provided.)

To familiarize the participants with the equipment, we illu-
minated the semi-silvered mirror from below at the outset of
each experimental session. Both the cursor spot and the hand
were then visible. We demonstrated to the participants that the
point of the stylus and the cursor spot corresponded for every
single position of the hand.

The participants were informed that their task would be to
hit the center of subsequently marked squares with the point of
the stylus. The movements had to be performed like dialing a
telephone number, not like drawing lines on a paper, that is,
contact between stylus and tablet was allowed only at the begin-
ning and the end of each movement. Within each critical trial,
participants started on a square in the middle column (squares
“27,“5”, or “8”) and aimed at one of the neighboring squares to
the left or to the right side. For example, starting square “2” was
followed by target squares “1” or “3” only. Consequently, six
pairs of starting and target locations existed, each of which
constituted one critical trial. The order of the critical trials was
quasi-randomized. The first trial of each experimental block
started on the central square (square “5”) which was marked in
green color. Immediately after touching the virtual position of
the starting square on the tablet, its color changed to red, indicat-
ing a hit. After 100 ms, the square became white again and the
subsequent target square lit up with green color. This procedure
was continued to mark the sequence of starting and target
squares. We instructed the participants to make the movements
as quickly but as accurately as possible. In addition, the partici-
pants were asked to prevent contact between tablet and forearm.
During the experiment the room was darkened except for the
light from the upper screen. As a consequence, the hand was
then invisible.

Pretest phase. The purpose of the pretest phase was to
assess how accurately participants would hit the target squares
without seeing their hands, before they had received any train-
ing. Two blocks with 36 trials each were performed. Half of the
participants performed the first block with the right hand and the
second block with the left hand. For the remainder the order was
reversed. Because we wanted to prevent feedback dependent
learning during the pretest but nevertheless had to guarantee
adequate starting positions for each critical trial, feedback was
given as follows: Hand positions were correctly fed back by the
blue spot only if participants aimed at one of the squares in the
middle column (i.e., squares “2”, “5”, or “8”) and the stylus
touched the tablet. By this it was ensured that in all critical trials
movements really started from one of squares in the middle
column. However, as soon as the stylus was lifted to move to the
next target (i.e., squares “1” or “3”, “4” or “6”, “7” or “9”), the
blue spot was suppressed and a hit was fed back as soon as the
stylus touched the tablet outside of the starting square regardless
whether the target was actually hit or not. By this false feedback,
learning about the appropriate movements from the starting
squares in the middle column to the targets on the left and right
side was prevented. There was a time limit of 250 s for each
block. However, none of the participants missed this criterion.
Participants needed about 4 minutes to complete both blocks of
the pretest.

Exposure phase.  The purpose of the exposure phase was
to train participants with a virtual displacement of a single
target. For each of the six groups, visual feedback was manipu-
lated for one particular target. The virtual spot indicated that
aiming movements to this target were shorter than actually
carried out. The relation between the real hand position on the
tablet P(x, y) and the position V(x*, y*) that was presented via
virtual display is described in the following equations:

x*=0.62 - (X - Xstan) + Xstart
y*=y,

where Xgart COrresponds to the starting position of the rele-
vant trial as measured on-line. As a consequence, the cursor spot
indicated a hit in the center of the target square when the actual
end position of the movement lay approximately 20 mm beyond
(see Fig. 3). For all other target locations the relation between
hand position and cursor spot remained unperturbed.

The exposure phase consisted of six blocks with 72 trials
each. Throughout this phase the cursor spot was visible each
time the stylus touched the tablet. This kind of feedback is
generally referred to as terminal (cf. Cohen, 1967; Uhlarik &

Actual hand position

Manipulated visual feedback
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Figure 3.  Manipulation of visual feedback. The virtual spot
indicated that movements to one particular target were shorter
than actually carried out (the figure depicts manipulation for
target “6”). As a consequence, the cursor spot indicated that the
target square had been hit in the center when the actual end
position of the movement lay 20 mm beyond. (x, y) denote the
Cartesian coordinates of the hand position on the tablet, (x*, y*)
denote the manipulated hand position that was fed back via
virtual display.
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Canon, 1971; Imamizu & Shimojo, 1995). All participants used
their right hand. At the end of each block, an on-screen message
encouraged the participants to further improve their performance
and instructed them to start the next block whenever they felt
ready to do so. Participants needed about 20 minutes to com-
plete the six blocks of the exposure phase.

Posttest phase. A posttest which was identical to the
pretest was performed immediately after the last exposure trial.
The purpose of the post-test was to assess the influence of the
virtual displacement on movement end positions in comparison
to the pretest.

Postexperimental interview.  After finishing the posttest,
participants were asked whether they had noticed anything
peculiar about the experiment. Four participants answered that
they had become aware of the virtual displacement and correctly
indicated the manipulated target. These participants were ex-
cluded from further analysis. All other participants seemingly
did not notice the target specific feedback manipulation.

Data Reduction and Analysis

For each ftrial, performance time (PT, starting with target
onset) and end position (Xend, Yena) OF the first aiming movement
were extracted from the collected data, regardless of whether the
target was really hit or not. From these raw data a transversal
aiming bias was determined for each block and target. The
aiming bias was calculated as the mean horizontal distance
between the displayed center of the target square and the end
position of the first aiming movement (Xenq), SO that positive
values indicate overshots and negative values indicate under-
shots. Furthermore, the differences between the aiming bias of
the posttest and the pretest for the right and the left hand, respec-
tively, were calculated. Positive differences indicate that move-
ments to a certain target became longer after exposure to the
manipulation. Finally, the amount of intermanual learning
transfer was assessed by comparing the pre-post-differences of
the left and the right hand.

Four movement conditions were distinguished regarding the
feedback manipulation: (a) movements to the manipulated target
(MT), (b) movements to a target in the same column as the
manipulated target (SC), (c) movements to the target vis-a-vis of
the manipulated target (VV), and (d) movements to a target
diagonally opposite the manipulated target (DO).

Statistical comparisons were typically carried out with ana-
lyses of variance (ANOVASs). As the prerequisite of sphericity
was supposed to be violated because of the different movement
conditions, we applied Greenhouse-Geisser-corrections in the
case of repeated measures. Post-analysis was performed with
one-way ANOVAs and Student’s t-tests. We used the Bonferro-
ni-Holm-procedure to adjust for multiple post-comparisons. If
not otherwise stated, the criterion of significance was set at p <
.05.

Results and Discussion

Learning Process

To assess the learning process, we analyzed transver-
sal aiming bias and performance time during the expo-
sure phase with separate 6 x 4 (Block x Movement Con-
dition) ANOVAs with repeated measures. Mean trans-
versal aiming bias and performance time are plotted in
Fig. 4 as a function of movement condition and block.

Transversal aiming bias.  The feedback manipula-
tion differentially affected the transversal aiming bias.
Analysis yielded main effects of movement condition,
F(1.54, 35.44) = 57.99, p < .001, and block, F(3.44,
79.18) = 12.07, p < .001, which were modified by a
Block x Movement Condition interaction, F(7.73,
177.78) = 6.50, p < .001. Post-ANOVAs for every single
movement condition revealed main effects of block both
for condition MT, F(3.71, 85.31) = 18.35, p < .001, and
condition SC, F(3.58, 82.40) = 12.88, p < .001. There

was a weaker effect of block for condition VV, F(3.56,
81.97) = 3.41, p < .05, but no effect for condition DO. At
the end of the exposure phase, condition MT showed the
strongest aiming bias (M = +6.08 mm, SE = 0.64 mm),
followed by SC (M = +1.81 mm, SE = 0.51 mm). Pair-
wise comparisons indicated that differences of aiming
bias for block 8 existed between any two movement
conditions (p < .01 for all tests) except between condi-
tions VV (M = -0.46 mm, SE = 0.54 mm) and DO (M = -
1.20 mm, SE = 0.47 mm).

These results indicate that participants adapted to the
feedback manipulation with their right hand. At the end
of the exposure phase, movements to the manipulated
target were larger than movements to all other squares.
Furthermore, learning was not restricted to the manipu-
lated square but also affected movements to targets in the
same direction. They were smaller than movements to
the manipulated square but larger than movements in the
opposite direction. An unexpected finding was the small
but significant main effect of block for condition VV. At
first sight, one might assume that the learning of larger
movements also generalizes to the target vis-a-vis of the
manipulated square. In our opinion, there is considerable
tended to undershoot all targets before the exposure
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Figure 4. Mean transversal aiming bias (upper panel) and

performance time (lower panel) as a function of movement
condition and block during the exposure phase in Experiment 1.
The movement conditions were: MT (movements to the manipu-
lated target) vs. SC (movements to a target in the same column
as the manipulated target) vs. VV (movements to the target vis-
a-vis of the manipulated target) vs. DO (movements to a target
diagonally opposite the manipulated target). The exposure phase
comprised blocks 3 to 8. Aiming bias and performance time
referred to the first touch between stylus and tablet outside of
the starting square.
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reason to doubt this assumption. First of all, participants
phase. (This result is consistent with previous findings of
Carlton, 1979.) A 2 x 4 ANOVA (Hand x Movement
Condition) for the aiming bias of the pretest phase
showed that this effect was stronger for the right (M = -
5.39 mm, SE = 1.16mm) than for the left hand (M = -2.28
mm, SE = 1.46 mm), F(1, 23) = 6.95, p <.05. There were
no initial differences between the movement conditions,
nor was there a significant interaction of hand and
movement condition. Thus, learning to reduce the aiming
bias in general during the exposure phase might have
affected the movement length in condition VV. However,
at the end of the exposure phase, participants still under-
shot the targets in conditions VV and DO, whereas they
overshot the targets in conditions MT and SC. Further-
more, there were no significant differences of aiming
bias between conditions VV and DO at the end of the
exposure phase. These results suggest that the small
change of movement length in condition VV during the
exposure phase was rather due to an unspecific reduc-
tionof aiming bias than an effect of the critical feedback
manipulation.

Performance time.  Analysis of performance times
yielded a main effect of block, F(2.96, 67.98) = 14.88, p
< .001, indicating an overall decrease of performance
time. There was also a main effect of movement condi-
tion, F(2.03, 46.59) = 7.30, p < .01, but no significant
Block x Movement Condition interaction. Pairwise
comparisons revealed that mean PT of condition MT (M
= 626.28 ms, SE = 26.33 ms) was longer than that of any
other condition was (SC: M = 583.52 ms, SE = 23.91 ms;
VV: M = 572.94 ms, SE = 21.70 ms; DO: M = 572.33
ms, SE = 22.41 ms; p < .05 for all tests). The remaining
comparisons failed to reach significance.

Two possible explanations might account for in-
creased PTs in condition MT. On the one hand, larger
movements generally need more time to be executed.
Fitts’ Law (Fitts, 1954) assumes a logarithmic relation
between movement time and movement length. On the
other hand, the induced discrepancy between vision and
proprioception might require an additional effort for
movement programming and therefore lead to longer
response latencies. To decide between these two possibil-
ities, we further examined PTs of every single block with
one-way analyses of covariance that controlled for
movement length. We found a significant main effect of
movement condition for block 7, F(3, 68) = 5.61, p < .01,
and nearly significant effects for blocks 3, 5, and 6 (p <
.1 for all tests). Therefore, longer PTs in condition MT
seem to be not only an effect of movement length but
also an effect of additional programming effort induced
by the feedback manipulation.

Learning transfer

We analyzed the differences between the transversal
aiming bias of posttest and pretest phase with a 2 x 4
(Hand x Movement Condition) ANOVA with repeated
measures to assess the amount of intermanual learning
transfer. Mean pre-post-differences of the transversal
aiming bias are depicted in Fig. 5 as a function of move-
ment condition and hand.

There was a clear effect of movement condition,
F(1.82, 41.79) = 14.72, p < .001. Participants showed the
highest pre-post difference under condition MT (M =
+9.75 mm, SE = 1.23 mm), followed by SC (M = +7.43
mm, SE = 1.08 mm). Pairwise comparisons revealed that
the difference between these two conditions approached

significance, t(23) = 2.89, p = .05, as did the difference
between SC and VV, t(23) = 2.86, p = .05. Any other two
movement conditions differed from each other, (p < .05,
for all other tests), except conditions VV (M = +3.70
mm, SE = 1.37 mm) and DO (M = +3.33 mm, SE = 1.39
mm). Neither the main effect of hand nor the Hand x
Movement Condition interaction reached significance.

These results clearly indicate that intermanual learn-
ing transfer has taken place. For both hands, movements
to the manipulated target were larger than movements to
other squares after exposure to the feedback manipula-
tion. Moreover, we found no significant differences
between the right and the left hand. The transfer of learn-
ing in condition MT was as high as 83.0 %. For move-
ments in condition SC the pre-post-difference was even
slightly larger for the left than for the right hand. Ob-
viously, both hands adapted to the manipulation in the
same way. Therefore, a transfer of motor commands to
homologous muscles of the left arm or hand can be ruled
out as explanation for the observed learning transfer. It
would rather appear that the same re-interpretation of
target locations was used to control the aiming move-
ments of both hands.
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Figure 5. Mean pre-post-differences of transversal aiming

bias as a function of hand (right vs. left) and movement condi-
tion (MT [movements to the manipulated target] vs. SC [move-
ments to targets in the same column as the manipulated target]
vs. VV [movements to the target vis-a-vis of the manipulated
target] vs. DO [movements to targets diagonally opposite the
manipulated target]) in Experiment 1. Note that only the right
hand was trained with a target-specific visuomotor transforma-
tion during the exposure phase. Positive values of this difference
indicate that movements to a certain target square were longer in
the posttest than in the pretest phase.

Generalization to Other Targets

An additional objective of this study was to examine
whether adaptation to the feedback manipulation would
generalize to non-manipulated targets. Remember that
the mixture of experts model (Gharamani & Wolpert,
1997) suggests a modular system based on separate
visuomotor mappings for each learned pair of starting
and target locations. Accordingly, no differences between
the aiming bias of conditions SC, VV, and DO would be
expected, as the respective visuomotor mappings re-
mained unperturbed during the experiment. However,
after the exposure phase, movements in condition SC
were larger, than movements in conditions VV and DO.
This finding speaks against the notion that under the
present conditions the adaptation took place for each pair
of starting- and target locations separately. Rather, there
seems to be a tendency to find comprehensive “rules”
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which cover an extended spectrum of movements. Bed-
ford (1989) suggested that preferably “rules” are defined
that represent linear interpolations. She termed that the
intermediate linear constraint. To test her model, we
considered only those participants who experienced
manipulated feedback for a target on one corner of the
display (i.e., targets “17, “3”, “7”, and “9”). In these
cases condition SC could be subdivided into (a) move-
ments to the adjacent target and (b) movements to the
distant target. For example, if target “1” was manipu-
lated, movements to the adjacent target “4” and to the
distant target “7” were analyzed separately.

We performed a 2 x 3 ANOVA (Hand x Movement
Condition) with repeated measures considering pre-post-
differences only for movements to targets in the manipu-
lated column. The three different movement conditions
were: MT (movements to the manipulated target) vs.
SCrear (Movements to the adjacent target) vs. SCistant
(movements to the distant target). Mean pre-post-
differences of the transversal aiming bias are depicted in
Fig. 6 as a function of movement condition and hand.
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Figure 6. Mean pre-post-differences of transversal aiming bias
for movements to the manipulated column in Experiment 1. The
three different movement conditions were: MT (movements to
the manipulated target) vs. SCrer (Movements to the adjacent
target in the same column) vs. SCeistant (MOVEments to the distant
target in the same column). Note that only those participants are
included for which the manipulated square was seated on one
edge of the display (i.e., targets “1”, “3”, “7”, and “9”, N = 16).

The pre-post-differences of transversal aiming bias
were differentially affected by the three movement con-
ditions, F(1.91, 28.61) = 4.51, p < .05. Neither the main
effect of hand nor the Hand x Movement Condition
interaction reached significance. Post-t-tests revealed that
only conditions MT and SCgigay differed from each
other, t(15) = 3.30, p < .01. All other pairwise compari-
sons failed to reach significance. Furthermore, tests of
within-subjects contrasts confirmed a strong linear trend,
F(5, 15) = 10.87, p < .01, indicating a decrease of aiming
bias that depends on the distance between target and
manipulated square.

It is important to note, that the aiming bias does not
merely depend on the distance between the actual target
and the manipulated target per se. For conditions SCgistant
and VYV, these distances are exactly the same. However,
in the posttest, the aiming bias significantly differed from
zero in condition SCyigtant (M = + 2.53 mm, SE = 1.09
mm), t(15) = 2.32, p < .05, but not in condition VV (M =
+0.39 mm, SE = 0.78 mm). Thus, the adaptation to the
virtual displacement of a certain target seems to genera-
lize only to movements in the same direction but not to

movements in the opposite direction. Moreover, this
generalization decreases with the distance between the
actual and the manipulated target.

Experiment 2

The intent of the second experiment was to examine
whether the adaptation and transfer found in Experiment
1 depends upon the type of visual feedback in the expo-
sure phase. For example, Cohen (1967) reported that
prism aftereffects of the untrained limb only occur under
terminal feedback but not when observers had continuous
visual control of their movements when wearing the
prismatic glasses. Like others before him, he suggested
that continuous feedback would lead to a change in the
felt position of the exposed arm (Harris, 1963), whereas
terminal feedback would give rise to a re-interpretation
of gaze direction which continues to influence move-
ments after the prisms have been removed (e.g., Helm-
holtz, 1925, as cited in Cohen, 1967; Hamilton, 1964;
Harris, 1965). On the basis of these assumptions, Canon
(1970, 1971) proposed that conflicting spatial informa-
tion from two (or more) modalities would preferably
result in a recalibration of the modality that is actually
less useful for spatial control. In case of terminal feed-
back, participants probably mainly rely on proprioception
because visual feedback is scarcely provided. Thus, to
overcome the intermodality conflict, vision would have
to be adjusted to proprioception. In case of continuous
feedback, however, participants presumably rely more on
visual feedback and proprioception becomes adjusted to
vision. Thus, one would expect reduced interlimb trans-
fer in the case of continuous as compared to terminal
feedback, as proprioception but not vision is specific to
the exposed limb. Consequently, in the present experi-
ment continuous feedback should lead to a reduced trans-
fer of the acquired adaptation of the right hand to the left
hand.

In our opinion, there is considerable reason to doubt
Canon’s model. If visual and proprioceptive signals are
actually combined to form a distributed representation of
space (e.g., Brotchie et al., 1995; Andersen et al, 1997;
Kalaska et al., 1997), then “adjustment of vision” and
“adjustment of proprioception” can be regarded as being
two sides of the same coin: learning a new mapping of
vision-based target coordinates onto effector-based target
coordinates. From this perspective, adapting to a visual
displacement is not accomplished by a recalibration of
either vision or proprioception but rather by recalibrating
the relations between both. As a consequence, the
amount of intermanual learning transfer should not de-
pend on the type of feedback.

Continuous feedback might nevertheless affect the
efficiency of adaptation. Learning in general is driven by
the experience that certain goals are missed by a certain
behavior. In this respect continuous feedback makes
adaptation dispensable as the aiming movements can
always be brought to success by on-line control. Partici-
pants might therefore rely on control by visual feedback
instead of recalibrating the relations between the seen
target locations and the coordinates of the to-be-
performed hand movements. In line with this considera-
tion Proteau, Marteniuk, Girouard, and Dugas (1987)
found that intensive training of aiming movements under
visual feedback enhances the use of visual feedback in
movement execution instead of reducing it (cf. also
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Elliott, Helsen, and Chua, 2001). Participants in the
present experiment likewise might continuously improve
the online control of their hand movements if visual
feedback is continuously given so that there is not much
need for a reinterpretation of target locations and accor-
dingly a recalibration of target-movement assignments.
However, if at least some recalibration takes place, it
should become transferred to the untrained left hand.

Method

Participants

Thirty-two undergraduate students (22 females, 10 males)
from the University of Wirzburg, ranging in age from 19 to 34
years, participated in the study in fulfillment of a course re-
quirement. All participants were right-handed, as determined by
the Lateral Preference Inventory (Coren, 1993) and were naive
as to the nature of the experiment.

Apparatus and Procedure

The apparatus and procedure were the same as in Experi-
ment 1, except for the feedback conditions. During the exposure
phase, we provided continuous visual feedback, that is, the
position of the hand was continuously fed back by the blue spot
no matter whether the stylus touched the tablet or not. Pretest
and posttest phase remained unchanged.

Results and Discussion

Eight participants were excluded from data analysis.
Four participants exceeded the time limit of 250 s for at
least one of the blocks. Another four participants became
aware of the manipulation and correctly named the mani-
pulated target in the postexperimental interview.

Learning Process

Because of continuous visual feedback, participants
always reached the respective targets during the exposure
phase without additional corrective movements. There-
fore, only PTs—not transversal aiming bias—indicated
the learning progress. We analyzed PTs with a 6 x4
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Figure 7. Mean performance time as a function of movement
condition and block during the exposure phase in Experiment 2.
The movement conditions were: MT (movements to the manipu-
lated target) vs. SC (movements to a target in the same column
as the manipulated target) vs. VV (movements to the target vis-
a-vis of the manipulated target) vs. DO (movements to a target
diagonally opposite the manipulated target).

(Block x Movement Condition) ANOVA with repeated
measures. Mean PTs are plotted in Fig. 7 as a function of
movement condition and block.

We found a main effect of block, F(1.41, 32.32) =
12.04, p < .001, indicating an overall decrease of PT
during the exposure phase. The mean time to reach the
targets averages 769.33 ms (SE = 42.62 ms) in the third
block but only 629.76 ms (SE = 17.98 ms) in the eighth
block. This result clearly shows that learning has taken
place. Furthermore, the results yielded a main effect of
movement condition, F(2.13, 46.96) = 32.34, p < .01, but
no significant Block x Movement Condition interaction.
Pairwise comparisons revealed that mean PT of condition
MT (M = 765.75 ms, SE = 18.87 ms) was longer than
that of any other condition was (SC: M = 638.67 ms, SE
=20.96 ms; VV: M = 641.88 ms, SE = 25.57 ms; DO: M
=630.31 ms, SE = 25.47 ms; p < .001 for all tests). The
remaining comparisons failed to reach significance.

To assess the amount of additional programming ef-
fort, we examined PTs in every block with one-way
analyses of covariance that controlled for movement
length. None of the blocks yielded a significant main
effect of movement condition. Therefore, longer PTs in
condition MT cannot be attributed to additional pro-
gramming effort. In contrast to Experiment 1, PTs simply
reflect the increased movement length in condition MT.
This result suggests that movement preparation—for
example, determining an adequate movement length
before movement initiation—may play a minor role
when continuous visual feedback is available.

Learning transfer

To assess the amount of intermanual learning transfer
we analyzed the pre-post-differences of the transversal
aiming bias with a 2 x 4 (Hand x Movement Condition)
ANOVA with repeated measures. Mean pre-post-
differences of the transversal aiming bias are depicted in
Fig. 8 as a function of movement condition and hand.
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Figure 8. Mean pre-post-differences of transversal aiming bias
as a function of hand (right vs. left) and movement condition
(MT [movements to the manipulated target] vs. SC [movements
to targets in the same column as the manipulated target] vs. VV
[movements to the target vis-a-vis of the manipulated target] vs.
DO [movements to targets diagonally opposite the manipulated
target]) in Experiment 2. Only the right hand was trained during
the exposure phase. Positive values indicate that movements to a
certain target square had been longer in the posttest than in the
pretest phase.

The results yielded a significant effect of movement
condition, F(1.68, 38.74) = 9.32, p < .001. Participants
showed the highest pre-post difference under condition
MT (M = +5.80 mm, SE = 1.43 mm). Pairwise compari-



Intermanual Learning Transfer 9

sons revealed that MT differed from all other movement
conditions (SC: M = +2.84 mm, SE =1.38 mm; VV: M =
+0.23 mm, SE = 1.02 mm; DO: M = +1.78 mm, SE =
0.84 mm; p < .05, for all tests). In contrast to Experiment
1, we found no differences between any other two
movement conditions. Furthermore, neither the main
effect of hand, nor the Hand x Movement Condition
interaction reached significance.

These results indicate that intermanual learning trans-
fer actually occurred under continuous feedback condi-
tions. As in Experiment 1, movements to the manipulated
target were larger than movements to other squares after
exposure to the feedback manipulation, independently of
whether they were made with the right or left hand. The
amount of intermanual learning transfer (61.48 % in
condition MT) seemed to be slightly smaller than in
Experiment 1, however, the crucial Hand x Movement
Condition interaction failed to reach significance. Ob-
viously, continuous feedback conditions do not preclude
the transfer of an altered visuomotor mapping.

Generalization to Other Targets

In contrast to Experiment 1, we found no differences
between conditions SC, VV, and DO in Experiment 2, as
can be seen from the pairwise comparisons of the pre-
post-test differences. Moreover, t-tests revealed that only
the pre-post-difference in condition MT differed signifi-
cantly from zero, t(23) = 4.06, p < .01. These results
suggest that generalization did not take place under
continuous feedback conditions. However, it is not clear
whether generalization actually depends on the feedback
condition. Adaptation might have been too weak for
generalization to occur.

Comparison of intermanual transfer under terminal and
continuous feedback

To directly compare the different feedback
conditions, we analyzed pre-post-differences of the
transversal aiming bias with a three-way ANOVA in-
cluding hand (right vs. left) and movement condition
(MT vs. SC vs. VV vs. DO) as within subject factors and
feedback condition (terminal vs. continuous) as between
subjects factor. Again, we found a highly significant
main effect of movement condition, F(1.76, 80.80) =
22.90, p < .001. Pairwise comparisons revealed differ-
ences between all movement conditions (p < .01 for all
tests), except between conditions VV and DO. Further-
more, there was a main effect of feedback condition, F(Z,
46) = 5.43, p < .05, with higher pre-post-differences
under terminal as opposed to continuous feedback condi-
tions (terminal: M = +6.05 mm, SE = 1.03 mm; conti-
nuous: M = +2.66 mm, SE = 1.03 mm). All other tests
failed to reach significance.

The main effect of feedback condition indicates that
pre-post-differences of both hands were smaller under
continuous as opposed to terminal feedback conditions.
Obviously, adaptation to the visual displacement was
impeded under continuous feedback. However, the kind
of feedback did not affect the amount of intermanual
learning transfer. Note that decreased intermanual learn-
ing transfer under continuous feedback conditions would
have led to a significant Hand x Movement Condition x
Feedback Condition interaction. This was apparently not
the case. Instead, the left hand showed a pattern of pre-
post-differences that strongly resembled to that of the
right hand. Therefore, it seems reasonable to assume that

under both feedback conditions the adaptation to the
virtual displacement of one target is due to a visuomotor
re-mapping that can be transferred to the untrained hand.

General Discussion

The present study examined the adaptation of aiming
movements to a virtual displacement of one of several
targets and the transfer of this adaptation to the untrained
hand. Participants trained aiming movements with their
preferred right hand. During training they had no direct
view of the hand. Instead, a virtual spot represented the
position of the hand allowing a manipulation of visual
feedback. The visual feedback was manipulated for
movements to one selected target only. Movements to the
manipulated target appeared shorter than they actually
were. In order to prevent strategic adaptation to this
manipulation, the virtual displacement of the critical
target was withheld from the participants. We expected
that participants would nevertheless adapt to the unno-
ticed virtual displacement by performing increasingly
longer movements to the manipulated target.

Furthermore, we expected that adaptation would
transfer to movements of the untrained left hand. We
argued that movements of the untrained hand should
show the same adaptation to the manipulated target as the
trained hand, if the adaptation would be based on a “re-
interpretation” of target locations on which both hands
draw. In contrast, if adaptation would be based on mus-
cle-specific motor commands, movements of the un-
trained hand to the target vis-a-vis of the manipulated
target should be biased as they address muscles which
are homologous to the adopted ones of the right hand.

The amount of adaptation and of intermanual transfer
was assessed under terminal as well as under continuous
visual feedback during training. We expected learning
but not transfer to be impeded under continuous feed-
back. Furthermore, we addressed the question to what
extent adaptation to the displacement of a single target
would affect movements to adjacent non-manipulated
targets.

Summary of results

The right hand adapted to the unnoticed target-
specific visual displacement under terminal and conti-
nuous visual feedback. At the end of the exposure phase,
larger movements were made to the manipulated target
than to other targets. Adaptation was significantly more
pronounced if participants received terminal as compared
to continuous visual feedback. Moreover, under terminal
feedback, adaptation to the manipulated target also af-
fected movements to adjacent non-manipulated targets
which required movements in the same direction. These
movements were smaller than movements to the manipu-
lated target, the more so the further away, but always
larger than movements to targets in the opposite direc-
tion.

The adaptation of the right hand to the visual dis-
placement was completely transferred to movements of
the untrained left hand. The target specific pattern of pre-
post-differences of the untrained left hand did not differ
from the pattern showed by the trained right hand, irres-
pective of whether terminal or continuous visual feed-
back was given during training. Thus, both the trained
and the untrained hand made larger movements to the
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manipulated target and, under terminal feedback, to
adjacent targets in the same direction.

Mechanisms of adaptation and transfer

The present results indicate that the adaptation of the
right hand movements to the virtual displacement of a
certain target was not based on muscle-specific motor
commands. In this case, mirror reversed movements of
the untrained left hand to targets vis-a-vis the manipu-
lated target would have been affected, if at all, but never
movements to the same targets which address muscles
that are contradictory as compared to those which have
adopted in the right hand. As the latter was clearly the
case, an adaptation and transfer of muscle specific motor
commands can be ruled out. We would rather assume
that under the present condition the adaptation to the
virtual displacement as well as its transfer to the other
hand are based on a ‘“re-interpretation” of the visual
target locations on which the movement control of both
hands draws.

An appropriate conceptualization of such a “re-
interpretation” has to provide an account for all the three
findings of the present experiments: First, it has to ac-
count for the fact that terminal feedback leads to a
stronger adaptation of movement length than continuous
feedback. Second, it has to account for the fact that under
terminal feedback but not under continuous feedback
movements to targets adjacent to the manipulated target
are also affected. Third, the conceptualization has to
account for the complete transfer of the adapted target
specific movements to the untrained hand. Let us consid-
er all three topics in turn:

Stronger adaptation under terminal than under conti-
nuous feedback

It is a plausible assumption that aimed movements
are differently controlled under terminal and continuous
visual feedback. The “classical” and still acknowledged
two-component model of goal-directed movements
(Woodworth, 1899; Elliott, Helsen, & Chua, 2001) dis-
tinguishes two movement phases, an initial impulse and
subsequent corrective movements. According to the
model, the initial impulse is a fast ballistic movement
that serves to bring the limb into the vicinity of the tar-
get. In the second movement phase, visual feedback is
used to guide the limb to the target position. As terminal
feedback provides no visual information until the move-
ment is finished, improvement of performance has to be a
matter of adjusting the initial impulse rather than improv-
ing feedback control. Under continuous feedback, how-
ever, the adjustment of the initial impulse presumably
plays a minor role for an improvement of performance as
the actor can rely on visual feedback in order to bring the
limb to the target.

In accordance with these considerations, Elliott, Car-
son, Goodman, and Chua (1991) found the initial com-
ponent of aimed movements differently shaped in depen-
dence on the availability of visual feedback. If visual
feedback was provided during movement execution,
participants spent more proportional time after peak
velocity of the movement. Elliott et al. concluded that
this extra time was used to process visual information in
order to improve feedback control of the subsequent
corrective movement. In a similar way, Khan, Coull,
Chua, Lyons, & Elliott (2000, as cited by Elliott, Helsen,

& Chua, 2001) manipulated the availability of visual
feedback between and within blocks. When participants
could expect visual feedback to be continuously availa-
ble, they spent significantly less time on movement
preparation than they did under randomized feedback
conditions or in ‘no-vision’ trials. These findings confirm
the notion that under continuous visual feedback, partici-
pants rather rely on visual feedback instead of trying to
improve the precision of the ballistic first component of
the movement.

In the light of this evidence it seems reasonable to as-
sume that in Experiment 1 in which only terminal feed-
back was provided, participants more strongly adjusted
the parameters of the initial movement component to
adapt to the virtually displaced location of the manipu-
lated target than in Experiment 2 in which continuous
visual feedback was provided. As Experiment 1 revealed
significantly stronger adaptation to the virtual displace-
ment, we conclude that the “re-interpretation” of target
locations is to a substantially degree accomplished by
assigning new parameters to the initial impulse to reach
the manipulated target.

Transfer of target specific movement adaptation to
movements in the same direction

We have found that under terminal feedback the
adaptation to the displacement of one target was genera-
lized to adjacent targets which require movements into
the same direction. Interestingly, a similar pattern of
generalization has been found for saccadic eye move-
ments (Deubel, 1987; Miller, Anstis, & Templeton,
1981). For example, Deubel (1987) repeatedly displaced
the target of a saccade during eye movement. Although
the displacement was not noticed, saccades adapted to it.
After adaptation, saccades to other locations were to be
performed. Deubel found that the adapted saccade cha-
racteristics transferred to saccades which were to be
performed into similar directions as the originally
adapted saccade. The data suggested that this generaliza-
tion is limited to an angular range of approximately 30°
around the adapted direction. In accordance with this
assumption, Hajos and Fey (1982) reported different
adaptation rates to unnoticed target displacements for eye
movements to the right and to the left, indicating that eye
movements, at least to opposite directions, might adapt
independently of each other.

As vision is blurred during a saccadic eye movement,
saccades can be adjusted by the use of terminal feedback
only. Thus, like the hand movements in Experiment 1,
saccades can only adapt to a displacement of their targets
by an adjustment of their parameters before initiation. As
the findings of saccade adaptation to target displacements
suggest that the adjustment of movement parameters
occurs for movements in a certain direction, we assume
that the parameters of the initial hand movements are not
only assigned to a certain target but also to a certain
movement direction. Consequently, the adapted parame-
ters for the displaced target also transfer to other targets
which require movements in the same direction as the
adapted one. Under continuous feedback (Experiment 2)
this transfer to adjacent targets is reduced as the adjust-
ment of the initial movement to the displaced target is of
reduced importance for adaptation here.
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Transfer of target specific movement adaptation to the
untrained hand

Our assumption that the adaptation of hand move-
ments is mainly due to the acquisition of new parameters
for the initial movements to the displaced target and
targets in the same direction also provides an account for
the transfer to the untrained hand. The assignment of
parameters to a to-be-executed movement has been con-
sidered as being the formation of a motor program that
allows the movement to be carried out uninfluenced by
peripheral feedback (Keele, 1968). Furthermore, it has
been argued that motor programs do not specify the
parameters only for a certain movement of a certain
effector but rather for movement sets irrespective of
which effector is to be used to create the movement (e.g.,
Rosenbaum, 1980, 1985; Schmidt, 1975, 1988).

There is indeed ample evidence for such generalized
motor programming. For example, Rosenbaum (1980,
1983) reported convincing evidence that the extent and
the direction of required hand movements can be pre-
pared in advance before the hand to be moved is speci-
fied. Likewise, the duration of a movement (e.g., Klapp,
1977) or its force (e.g., Zelaznik, 1981) can be pre-
programmed before the effector is determined. Transfer
studies also repeatedly showed that spatial and temporal
characteristics of trained movements are transferred to
untrained effectors (e.g., Grafton, Hazeltine, & Ivry,
1998; Teixeira, 2000; Viviani & Terzuolo, 1980), indi-
cating that spatial and time parameters are represented
apart from the concrete muscle commands, so that they
can be used to control other movements as well.

In the light of this evidence, we assume that in the
present experiments participants also acquire new para-
meters for the initial movements to the manipulated and
adjacent targets which are not tightly coupled to the
trained muscle-commands but are rather represented as
abstract characteristics which can be transferred to
movements of any limb. Consequently in the post-test,
the movements of the untrained left hand are controlled
by theses parameters in the same way as the movements
of the trained right hand, resulting in the same pattern of
target-specific movement adaptations.

Final Conclusions

In order to account for the present data, we assume
that the induced “re-interpretation” of target locations is
accomplished mainly by the acquisition of new abstract
parameters for initial movements to the visually given
target locations which are used both for the control of
right-hand and left-hand movements. In contrast, the
mechanisms of visually controlled target approach are
assumed to remain uninfluenced by the displacement.

Which parameters of the initial movements are af-
fected is hard to say. It might be that participants inciden-
tally learn to increase the force of the initial impulse for
movements to the manipulated target (e.g., Teixeira,
2000). It might also be that participants incidentally
adapt their anticipation of the landing point for move-
ments to the manipulated target (e.g., Desmurget &
Crafton, 2000). Finally, it might be that not single para-
meters become adjusted but rather a new inverse model
is acquired in which several parameters of the goal
oriented movements are intertwined with each other (e.g.,
Kalveram, 2002; Wolpert & Kawato, 1998). The present
data do not allow to distinguish between these and possi-

bly further alternatives but they contribute to a refine-
ment of the constraints which future models of motor
adaptation to changed environmental conditions have to
meet.

Although our data clearly speak against a transfer of
muscle specific motor commands to homologous mus-
cles of the contralateral hand, we do not want to com-
pletely exclude this possibility. For example, it is well
known that demanding voluntary contractions in one
limb (e.g., contractions under high force or fatigue) lead
to a co-activation of the homologous muscles in the
contralateral limb (e.g., Dimitrijevic, McKay, Sarajanov-
ic, Sherwood, Svirtlih, & Vrbova, 1992; Zijdewind &
Kernell, 2001). Likewise, Meyer, Roricht, Gréfin von
Einsiedel, Kruggel, and Weindl (1995) found that corti-
cally elicited motor responses of one hand were facili-
tated if strong contractions of the other hand were re-
quested at the same time. As this also occurred in pa-
tients with an agenesis of the corpus callosum, Meyer et
al. concluded that this effect takes place on a spinal
rather than on a cortical level. The pyramidal tract might
be a candidate system for the observed subcortical inte-
ractions (cf. also Gerloff et al., 1998; Spijkers et al.,
2000; Cardoso de Oliveira, 2002). In fact, approximately
10 % of the pyramidal fibers remain uncrossed at the
pyramidal decussation, descending in the ipsilateral
corticospinal tract (Yakolev & Rakic, 1966). This corti-
cospinal cross-talk presumably plays a decisive role in
bimanual coordination, as Spijkers et al. (2000) have
suggested, but it may also support interlimb transfer
under special conditions.

However, if everyday life demands are considered,
muscle specific representations of goal related movement
requirements are completely inappropriate as every goal
can and mostly has to be reached by a huge diversity of
movements often of different limbs. For example, even a
simple act like grasping an object should be as easily
accomplished with the right as with the left hand, whi-
chever hand is actually free. It appears reasonable to
assume that intermanual learning transfer reflects this
need to anticipate and control the consistent behavioral
outcomes of the various movements to attain certain
goals under permanently varying conditions. The fact
that the incidental adaptation to a target-specific virtual
displacement is not restricted to the motor output of the
trained effector corroborates this consideration, because
it ensures the success of goal-oriented movements even if
another limb is to be used.
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