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Abstract

The present study tested whether remapping of visuomotor correspondence alters automatic motor responses induced by
visual stimuli. We hypothesized that the congruency effect, an automatic modulation of motor responses based on stimulus—
response congruency, changes in accordance with a new visuomotor correspondence acquired through an adaptation task. To
induce visuomotor adaptation, participants performed a tracking task with 30° or 150° rotation of the visual feedback. The
congruency effect was evaluated multiple times by a visual response task where participants moved their finger left or right.
We predicted that the congruency effect, as a measure of automatic responses, would be almost reversed after adaptation to
the 150° rotation, because a visual stimulus spatially opposite to the participant’s own action would become a “congruent”
stimulus in a 150°-rotated environment but not in a 30°-rotation environment. The results show that visuomotor adaptation
to the 150° rotation did modulate the congruency effect in accordance with the acquired visuomotor correspondence, but
did not completely reverse the effect. When the effect was assessed after the manipulation, which was assumed to switch
an internal model back to its normal state, there was no change in automatic motor responses. Furthermore, we found that
after effects developed as the training proceeded but decreased over time. These findings suggest that the visuomotor system
subserving automatic modulation in motor responses is based on the currently active internal model and, therefore, highly
adaptive. In addition, the mechanism underlying after effects in a visuomotor task is discussed in terms of a switching func-
tion of internal models.
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Introduction are characterized as automatic control: appropriate motor

responses are elicited by certain sensory stimuli, without

Humans can acquire various motor skills through repeti-
tive practice, eventually mastering them perfectly, and
switch between skills whenever necessary. Skillful actions
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attention or effort. The present study tested whether tem-
porary remapping of visuomotor correspondence alters
automatic visual stimulus-induced motor responses that are
usually inconspicuous but inevitably occur. Studies have
shown that our motor behavior is influenced by several
components of visually observed movements (Simon and
Rudell 1967; Tardy-Gervet et al. 1984; Craighero et al. 1999,
2002; Edwards et al. 2003; Kilner et al. 2003; Bosbach et al.
2005; Bertenthal et al. 2006; Liepelt and Brass 2010; Heyes
2011; Boyer et al. 2012; Kupferberg et al. 2012). Movement
direction of a visual stimulus is one of the major factors
inevitably interfering with an observer’s movement execu-
tion (Brass et al. 2000, 2001; Kilner et al. 2003; Bouquet
et al. 2007; Kupferberg et al. 2012; Itaguchi and Kaneko
2018). Such automatic effects are likely based on a visuomo-
tor correspondence that has been acquired through long-term
experience in everyday life. It has, however, never been fully
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clarified how a newly acquired visuomotor correspondence
affects the motor responses automatically induced by visual
stimuli. To address this question, we experimentally varied
visuomotor correspondence by visuomotor adaptation, and
assessed the induced changes in the congruency effect, a
well-established measure of automatic motor response.

Stimulus—response (S—R) congruency is one of the criti-
cal factors automatically and unconsciously modulating
observers’ motor responses (Simon and Rudell 1967; Hom-
mel 1996; Brass et al. 2001). When the movement direction
of the visual stimulus is inconsistent with that of the planned
or ongoing action of the observer, the response time or
movement accuracy of the action will be deteriorated (Brass
et al. 2000, 2001; Kilner et al. 2003; Bosbach et al. 2005;
Bouquet et al. 2007; Kupferberg et al. 2012). That is, move-
ment performance is greater when one observes a movement
that is “congruent” than when one observes a movement
that is “incongruent” with one’s own. The congruency effect
is a fundamental phenomenon that can be elicited by visu-
ally recognizing the intention of an action without actual
observation of its movement execution (Liepelt et al. 2008;
Liepelt and Brass 2010), suggesting that the S—R congru-
ency effect is subserved by overlapping representations
between visual input and motor output (Buccino et al. 2004;
Itaguchi and Kaneko 2018).

Novel correspondences between visual inputs and motor
outputs can be acquired, but they can also decay on a rela-
tively short timescale. Visuomotor adaptation tasks have
been used to elicit such temporal alternations in visuomo-
tor correspondence (Krakauer et al. 2004; Mazzoni and
Krakauer 2006; Krakauer 2009; Kim et al. 2015); this pro-
cess is sometimes regarded as skill acquisition for a new tool
(Imamizu et al. 2000, 2003). During the task, participants
perform a motor task in an environment where the visual
feedback of their movements is systematically modified. In
such a condition, at first, participants make large errors when
visually guiding their body or an apparatus. However, they
gradually adapt to the environment through training, and
will eventually be able to control their body as in a normal
environment. This adaptation develops regardless of whether
participants notice or understand the visual perturbation of
the feedback (Kagerer et al. 1997; Klassen et al. 2005; Hat-
ada et al. 2006; Taylor et al. 2014).

We hypothesized that the congruency effect changes in
accordance with a new environment as visuomotor adapta-
tion proceeds. Specifically, if participants are using a new
internal model that represents a visuomotor correspondence
opposite to the normal environment, the congruency effect,
as a measure of automatic responses, would be “reversed”,
because a visual stimulus spatially opposite to their own
action becomes a “congruent” stimulus for the new model.
When the S-R correspondence has been changed to a new
one by visuomotor adaptation, a new type of motor response
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should be elicited even if an identical stimulus is presented.
Given that voluntary motor practice in the visuomotor
adaptation task changes involuntary motor responses, this
hypothesis is consistent with the general idea that newly
acquired skills become automatic through reorganization of
the visuomotor system and then require less effort (Wood-
worth 1899; Doyon et al. 1996; Krebs et al. 1998; Petersen
et al. 1998; Floyer-Lea and Matthews 2004; Mazzoni and
Krakauer 2006; Dayan and Cohen 2011). We thus predicted
that the congruency effect, which is automatically induced
by a visual stimulus, would change according to a newly
acquired visuomotor correspondence.

We made another prediction about adaptation-induced
changes in the congruency effect. It has been suggested that
visuomotor adaptation is achieved by acquiring a new visuo-
motor correspondence sometimes referred to as an internal
model (Imamizu and Kawato 2009; Taylor et al. 2014; Shad-
mehr 2017), which represents the relation of motor com-
mands and their consequences in the central nervous system
(Kawato et al. 1987; Wolpert et al. 1995; Miall and Wolpert
1996; Wolpert and Kawato 1998). An internal model for
the “normal” environment is not necessarily overwritten by
a newly acquired one and, therefore, we can retain multiple
internal models for different environments or skills at the
same time in the brain (Krakauer et al. 1999; Imamizu et al.
2003, 2004, Osu et al. 2004; Lee and Schweighofer 2009).
Based on the idea that multiple internal models are stored in
the sensorimotor system, we also have to assume a switch-
ing system, such as those incorporated in Mixture-of-expert
model and MOSAIC model (Jacobs et al. 1991; Ghahramani
and Wolpert 1997; Wolpert and Kawato 1998; Haruno et al.
2001; Imamizu et al. 2004). Several studies have postulated
such a switching function and localized it to the prefron-
tal and parietal areas (Imamizu et al. 2003; Imamizu and
Kawato 2008, 2009). In our daily life, the internal model
should be appropriately selected as corresponding to the cur-
rent environment. A switching system of multiple internal
models predicts that the congruency effect does not neces-
sarily relate to the “degree” of learning progress of a new
visuomotor environment, but that the effect is rather related
to the active or inactive state of the new internal model. If an
acquired model (or one that is currently being acquired) is
activated in the visuomotor system, the model would modu-
late automatic motor responses; however, if the model is not
activated, it would not affect the motor responses regardless
of the degree of acquisition.

To examine our hypothesis, we manipulated the time of
the evaluation of the congruency effect as well as the rota-
tion angle of visuomotor adaptation. We evaluated congru-
ency effects multiple times during the adaptation process,
to illustrate adaptation-dependent changes in the effects. To
elicit visuomotor adaptation, we used a tracking task with a
150° rotational transformation applied to the visual feedback
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of a mouse cursor. During the task, participants tracked a
continuously moving target with a mouse cursor (Foulkes
and Miall 2000; Imamizu et al. 2000; Tong and Flanagan
2003; Bock 2005; Kaida et al. 2017). Tracking tasks, unlike
reaching tasks, require continuous and omnidirectional
movements, which have been shown to facilitate implicit
learning (Kiinzell et al. 2016; Ewolds et al. 2017) and to
induce spatial generalization of the adaptation (Krakauer
et al. 2000). A 150° rotation was selected to create an
internal model with a visuomotor correspondence roughly
reversed to the normal one. In the main experimental group,
the congruency effect was evaluated immediately after a
rotation trial, where the new internal model was assumed
to be active in the evaluation of the congruency effects. We
predicted that the congruency effect would change in pro-
portion to the degree of acquisition of the new model and
that the effect would eventually be reversed. In addition to
the main experimental group, we used two control groups,
in which we manipulated the currently active internal model
or the amplitude of visuomotor remapping.

In addition to the examination of our hypothesis, we
analyzed after effects to further understand the nature of
visuomotor adaptation in the light of a switching system for
internal models. When participants are exposed to a normal
(no-rotation) environment after they have already adapted
themselves to a novel (rotated) environment, movement
error temporarily increases even in the familiar environ-
ment. This marked error increase is called an after effect,
which is characterized by a gradual but relatively fast decay
(going back to original performance). In the literature, after
effects have often been assumed to reflect acquisition of a
new internal model, but not explicit strategies or knowledge
of the environment, and used as a measure to assess the
result of visuomotor adaptation (Kravitz and Yaffe 1972;
Buch et al. 2003; Bock 2005; Gandevia et al. 2006; Mazzoni
and Krakauer 2006; Krakauer 2009; Kim et al. 2015). How-
ever, based on the model switching account, we predicted
that it would be more adequate to regard after effects as a
measure of inappropriate use of internal models for the cur-
rent environment. That is, it is plausible that after effects are
a complex measure of switching efficiency and acquisition of
an internal model. This notion predicts that after effects are
not monotonically related to the development of visuomotor
adaptation.

Materials and methods

Forty-eight students (20.8 +1.9 years old, male 22, female
26) participated in the experiment (16 students in each
experimental group). All of them were right-handed, did not
have any sensorimotor disorders, and had never performed
a visuomotor rotation task. The participants carried out a

tracking task to induce implicit visuomotor adaptation and
a response task to assess changes in the congruency effect.
The experiment was conducted at Waseda University and
took about 3 h to complete. The study and consent proce-
dures were approved by the Ethics Committee on Human
Research of Waseda University. All participants provided
written informed consent.

Experimental groups

Participants were randomly assigned to one of the three
experimental groups, which differed in task parameters
(Fig. 1a). First, in the “150R group”, the group of main inter-
est in the present study, the congruency effect was evaluated
immediately after a rotation trial. We used a 150° rotation
instead of a full 180° rotation because it might be relatively
easy for participants to recognize the nature of the latter
visuomotor perturbation, which would lead them to use stra-
tegic control based on explicit knowledge. Second, in the
“150N group”, the congruency effect was evaluated after
exposure to a no-rotation trial that worked as a washout. The
differences in the task order between the 150R and 150N
groups were introduced to change the participants’ internal
model used in the response task; we assumed that the newly
acquired (or currently being acquired) model was not active
anymore after the exposure to a no-rotation trial, but still
activated immediately after a rotation trial. Participants in
the 150R and 150N groups had the same amount of experi-
ence of a novel visuomotor environment. Third, in the “30R
group”, participants were trained in a 30°-rotation environ-
ment, and the congruency effect was evaluated immediately
after a rotation trial, as in the 150R group. The 30R group
served as a control regarding visuomotor remapping and to
confirm that multiple evaluations of congruency effects and
a long-term visuomotor task did not systematically influ-
ence congruency effects. Although a 30° visuomotor rota-
tion could create or update a visuomotor correspondence, we
assumed that its influence on the congruency effect is rela-
tively small and that it cannot reverse the congruency effect.

Tracking task

Participants tracked a ball moving around on a display with
a mouse cursor as accurately as possible. The computer dis-
play was located in front of the participants at a 60 cm dis-
tance. During the rotation trials, a counter-clockwise 150°
or 30° rotation was applied to the mouse cursor position.
The participants did not receive any instructions about the
nature of the transformation of the visual feedback. Instead,
they were told that the mouse cursor “moved weirdly”, but
that they would get accustomed to it as the experiment pro-
ceeded. In the no-rotation trials, the visual feedback of the
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Fig. 1 a Experimental proce-
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mouse cursor was normal. Before each trial began, partici-
pants were informed whether the mouse cursor movement in
the subsequent trial would be “normal” or “weird” (Imamizu
and Kawato 2008; Lee and Schweighofer 2009; Taylor et al.
2014) by presenting a color cue; green corresponded to a no-
rotation trial (“normal’’) and red corresponded to a rotation
trial (“weird”). Participants tracked the ball for 20 s in each
trial. One session consisted of six consecutive rotation tri-
als with 5 s intervals. One block consisted of five sessions,
and participants were allowed to take a rest for about 20 s
between sessions. Eight blocks were carried out in total, and
a no-rotation trial as well as a response task was conducted
before starting the first block and after each following block.
In total, participants completed 80 min of rotation trials.
Target ball trajectories were created by summing two
undulating trajectories with different frequencies and
amplitudes, which were made from sine waves with two
different random frequencies each for x and y coordinates
(Imamizu et al. 2000; Kaida et al. 2017). The target ball

@ Springer

congruent

congruent

and mouse cursor always started from the center of the
display, and participants did thus not have to move the
cursor back to the start position after a trial finished. The
initial movement direction of the target varied across tri-
als. The trajectory of the ball movement was complicated,
and participants could not follow it perfectly. The trajec-
tory changed in every trial, but its moving range, speed,
and acceleration were controlled; the moving range of tra-
jectories was 40 mm in both x and y directions on the dis-
play, the mean tangential velocity was below 55 mm/s, and
the maximum tangential acceleration was below 400 mm/
s2. The mean tangential velocity for the whole trials was
44.8 mm/s (SD 4.9). These constraints on target move-
ments allowed an average tracking error (distance between
the target and the mouse cursor) to reflect the degree of
visuomotor adaptation well. Note that these constraints
were not varied across trials and, therefore, the difficulty
of the task did not change throughout the experiment.



Experimental Brain Research (2019) 237:147-159

151

Response task

Participants pressed a left or right key as quickly and accu-
rately as possible according to a presented number stimulus
(1 or 2) on the display. The correspondence between the
presented numbers and the keys to be pressed was specified
before the experiment and did not change throughout the
experiment. The correspondence was balanced across par-
ticipants; the 1 corresponded to the right key and the 2 to the
left key in half of the participants, and the 1 corresponded
to the left key and the 2 to the right key in the other half of
the participants.

The trial procedure is shown in Fig. 1b. A trial started
with a blink of a fixation cross at the center of the display,
which was then replaced by a red filled circle with a 1.8-
mm diameter. After the circle presentation with a random
duration (800—2400 ms), one of the numbers (1 or 2) was
presented in the center of the display. At the same time, the
red circle linearly moved toward a certain direction (distrac-
tor movement), which lasted 50 ms (three frames), with a
travel distance of 30.6 mm. The movement duration was
defined based on previous studies (Brass et al. 2000, 2001)
and the movement distance and size of the distracter were
determined by a preliminary experiment, to induce congru-
ency effects in the current experimental setting.

Participants were instructed to ignore the distractor move-
ment and to focus on the number stimulus and their key
responses. Participants used their index finger to press the
keys (Fig. 1c). Before starting each trial, they put their index
finger on a “home” position that was placed between the
left and right key. The surface of the home position was
covered with a smooth Teflon tape, and the participants were
instructed to slide their finger rather than to lift it to press
one of the keys on either side of the home position. In one
set of the response task, participants performed 48 trials (8
directions X 2 responses X 3 trials). The response task was
conducted before the first block as a baseline and after each
block of tracking tasks, and participants thus performed nine
sets of the response task in total. Each response task took
less than 4 min to complete.

The distractor moved toward one of eight directions (0°,
30°, 90°, 150°, 180°, 210°, 270°, or 330°) to prevent par-
ticipants from paying exclusive attention to the distracters
toward transverse directions (Fig. 1d). For the calculation of
the congruency effect, the trials where the distractor moved
in 90° and 270° directions were excluded from the analysis,
because for these, as the movement direction of the stimuli
was orthogonal to the responses, S—R congruency could not
be defined in the no-rotational environment. In addition to
the 0° and 180° directions, which in the normal environ-
ment are perfectly consistent in spatial direction with the
finger movements (left and right), we included trials with
distracter movements of 30°, 150°, 210°, and 330° in the

analysis. This was done to compensate for a 30° deviation
in movement direction in S—R congruency in the 150° rota-
tional environment; if visuomotor adaptation for the 150°
rotation is complete, distractor movements toward the 330°
and 150° directions are congruent with the motor responses
toward the left and right directions, respectively. Based on
the normal visuomotor environment, we defined a trial as
“congruent” when a distractor moved toward directions
of 150°, 180°, or 210° on the display for a leftward finger
response, and toward directions of 330°, 0°, or 30° on the
display for a rightward finger response. Note that, in theory,
congruency effects would not be completely reversed if visu-
omotor adaptation was completely achieved because in the
present experimental manipulation, the rotation angle was
150° rather than 180°.

Analysis

For the tracking task, we calculated the tracking error as the
distance between the target ball and the mouse cursor, to
evaluate improvements in visuomotor adaptation over time.
Furthermore, we defined after effects, which are considered
to reflect the acquisition of an internal model (Krakauer
2009), as the difference in the tracking error between rota-
tion trials and no-rotation trials in a baseline trial. To test the
effect of the factor group (three groups) and the phase (eight
blocks) on tracking performance, we conducted a two-way
mixed-factor analysis of variance (ANOVA), applying Shaf-
fer’s correction for multiple comparisons. In addition, to test
the experimental manipulation, we compared the average
tracking error in the last 5 s of a no-rotation trial with the
baseline tracking error in the 150N group, again correct-
ing for multiple comparisons using Shaffer’s method; we
assumed that the new internal model was no more active at
the start of the response task that followed the no-rotation
trial.

The congruency effect was calculated as the difference
in response times between congruent and incongruent tri-
als. The response time was defined as the time between the
stimulus presentation and the key press. When the direction
of the expected finger movement was the same as that of
the distractor, the trial was classified as a congruent trial;
when they were in opposite directions, the trial was called
an incongruent trial. Positive values indicate the existence
of a conventional effect that is based on S—R congruency.
Because of incorrect responses or mechanical errors, 3.9%
of the data were excluded from the analysis.

To test the main hypothesis, we conducted ¢ tests to
examine whether the effect after the last block was negative
(below zero). Furthermore, we performed ¢ tests to verify
that the baseline congruency effect was positive (above
zero). To characterize the time course of the adaptation-
induced changes in the congruency effect, we conducted a
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mixed-factor two-way ANOVA (3 groups X9 phases) and
applied Shaffer’s correction for multiple comparisons. For
a future reference, we also calculated directional error in the
initial part of movements in the adaptation task (see Online
Resource 1).

Results
Tracking errors in the visuomotor rotation task

Before examining the congruency effect we were mainly
interested in, we tested whether the participants success-
fully adapted to the rotated visuomotor correspondences or
not, especially participants in the 150R and 150N groups.
The average tracking errors as a function of time course are
shown at a trial basis in Fig. 2, revealing a gradual decrease
in errors in the 150R and 150N groups but not in the 30R
group. After effects were evident in the 150R group, while
they were not in the 30R and 150N groups. The following
statistical analyses confirmed that a comparable amplitude of
adaptation occurred in the two groups where the 150° rota-
tion was applied, while there were statistically significant
but rather small changes in tracking error in the 30°-rotation
group.

The average tracking error of each session is shown in
Fig. 3a. The two-way ANOVA (3 groups X 8 phases) on
the average tracking error revealed main effects of group
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Fig.2 Average tracking errors as a function of time course for the
three groups. Each line indicates the average error in one group, and
the light shadows around the lines indicate standard deviations. Verti-
cal gray lines indicate no-rotation trials
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Fig.3 Average tracking errors (a), and average after effects (b) in the
three groups. Open marks indicate baseline performance in a no-rota-
tion trial before adaptation

[F(2,45)=14.48, p<.001] and phase [F(7, 315)=44.14,
p <.001]. Although the interaction effect of the two factors
was significant [F(14, 315)=8.55, p <.001], the analyses of
simple main effects revealed that the main effect of group
was significant for all blocks [F(2, 45)=16.1, 12.7, 11.9,
10.2, 12.3, 12.6, 11.0, and 12.8, for the first to the eighth
block, respectively, all p <.001] and that the main effect of
phase was significant in all groups [F(7, 105)=2.74, p < .05
for the 30R group; F(7, 105)=34.07, p <.001 for the 150R
group; F(7, 105)=18.49, p <.001 for the 150N group]. To
examine whether there was a statistical difference in adap-
tation amplitude between the two 150°-rotation groups, we
additionally conducted a two-way ANOVA (2 groups X 8
phases) on the data without the 30R control group. The
ANOVA did not reveal an interaction effect between the
150R and 150N groups [F(7, 210)=0.82, p=.57], while
there were significant main effects of group [F(1, 30)=4.27,
p <.05] and phase [F(7, 210)=43.75, p<.001]. These
results confirmed that the amplitude of the decrease in
tracking errors did not statistically differ between the two
150°-rotation groups. In contrast, in the 30°-rotation group,
a statistical decrease in tracking error was found, but its
amplitude was small, thus leading to the significant interac-
tion effect in the original two-way ANOVA.

The average after effects in tracking error are shown
in Fig. 3b. The two-way ANOVA on average after effects
revealed main effects of group [F(2, 45)=10.30, p<.001]
and phase [F(7, 315)=20.16, p <.001]. Although the
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interaction effect was significant [F(14, 315)=10.00,
p <.001], the analyses of simple main effects demonstrated
that the main effect of group was significant for all blocks
[F(2,45)=25.20, 14.92, 14.93, 7.58, 5.73, 5.65, 4.46, and
3.51, for the first to the eighth block, respectively, p <.001
for the fourth to the sixth block, p <.01 for the first to the
third block, and p < .05 for the seventh and eighth block]. The
simple main effect of phase was significant in the 150R [F(7,
105)=15.86, p <.001] and 150N groups [F(7, 105)=3.32,
p <.01] but not in the 30R group [F(7, 105)=1.90, p=.08].
The lack of after effects in the 30R group was not surpris-
ing, because the 30° visuomotor rotation was not so different
from the normal environment in the tracking task, as evident
in the time course of average errors. The detailed results of
multiple comparisons for tracking errors and after effects
are shown in ESM Tables 1 and 2 (see ESM Appendix).
Note that after effects cannot be directly compared between
the 150R/30R and 150N groups, because the timing of the
evaluation differed between groups.

We then examined the effect of the experimental manip-
ulation in the 150N group, by comparing tracking errors
during the last 5 s of the baseline phase (i.e., without any
experience of rotation trials) to errors during the last 5 s
of the following blocks (i.e., after a certain experience of
rotation trials). We assumed that the 20 s of no-rotation tri-
als were enough to switch the internal model back to nor-
mal. In other words, we assumed that the no-rotation trials
worked as “washout” trials in the 150N group, although they
would not induce “complete washout” because their dura-
tion was relatively short. Figure 4 shows the time course of
the average errors for the last 5 s of the no-rotation trials,
and those for the first 5 s, for reference. The average errors
of the last 5 s did not vary with the rotation practice, while
the errors for the first 5 s increased and decreased over time.
Multiple comparisons for average tracking errors for the
last 5 s revealed that there were no statistical differences
in any pairs between the baseline phase and the following

’§3 I First 5s in 150N|/
L Last 5s in 150N
S

S2r _
o

on

£

=2 ;
R\

|—

0

Base 1 2 3 4 5 6 7 8
Block

Fig.4 Average tracking errors for the first and last 5 s in each no-
rotation trial in the 150N group. There were no significant differences
in average errors of the last 5 s between the baseline phase and subse-
quent blocks

blocks [#(15)=2.11; #(15)=1.41; (15)=2.11; #(15)=1.36;
1(15)=0.74; t(15) =1.68; #(15)=0.78; t(15) =0.30]. This
result was consistent with our prediction about the experi-
mental manipulation in the 150N group.

Congruency effects at baseline and in the last block

The individual data and group averages of congruency
effects in the baseline phase and in the last block are shown
in Fig. 5. The average baseline congruency effects were 14.2
(SD 27.8) ms, 15.2 (SD 23.6) ms, and 31.3 (SD 21.8) ms in
the 30R, 150R, and 150N groups, respectively. To confirm
that those congruency effects were positive, one-sided ¢ tests
against zero with Shaffer’s correction were conducted; they
revealed that the baseline congruency effects were signifi-
cantly larger than zero at a significance level of 0.05 in all
three groups [#(15)=1.97 in the 30R group; #(15)=2.48 in
the 150R group; #(15)=5.57 in the 150N group]. This result
confirmed that in all groups, normal congruency effects were
induced before visuomotor adaptation.

We then conducted one-sided ¢ tests against zero with
Shaffer’s correction to test the hypothesis that only in
the 150R group, congruency effects in the last block
were negative. The average congruency effects in the last
block were 17.2 (SD20.5) ms, — 8.8 (§D23.6) ms, and
11.1 (SD29.4) ms in the 30R, 150R, and 150N groups,
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Fig.5 Individual and group averages of congruency effects in the
baseline phase and after the last block. At baseline, congruency
effects in all groups were significantly positive at the group level.
After the last block, the congruency effects were not significantly
negative at the group level in either group. In the three group data
sets (on the left), each mark corresponds to one participant’s data,
while the data set on the right depicts group averages
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respectively. The ¢ tests revealed that the congruency effects
were not significantly negative at a significance level of
0.05 in either of the three groups [#(15) = —3.24 in the 30R
group; #(15) =1.43 in the 150R group; #(15) = — 1.47 in the
150N group].

Effects of the factors block and group
on the congruency effect

Next, to characterize the time course of the changes in con-
gruency effects induced by visuomotor adaptation, we con-
ducted a two-way ANOVA on the congruency effects. The
group averages of congruency effects are shown in Fig. 6.
The main effects of both group and block were significant
[F(2,45)=3.77, p<.05; F(8, 360)=4.91, p<.001]. The
interaction effect between the two factors was also signifi-
cant [F(16, 360)=2.03, p <.05]. The simple main effect of
the factor group was significant for the fifth, sixth, and eighth
block [F(2,45)=3.40, p<.05; F(2,45)=5.54, p<.01; F(2,
45)=5.00, p <.05], and the simple main effect of the factor
block was significant in all groups [F(8, 120)=2.41, p<.05
in the 30R group; F(8, 120)=3.75, p<.001 in the 150R
group; F(8, 120)=3.10, p<.01 in the 150N group]. These
results confirmed that congruency effects differed across the
groups during the later phases.

We then conducted multiple comparisons; important sta-
tistical results of these comparisons are indicated with aster-
isks in Fig. 6. First, we analyzed practice-dependent changes
in congruency effects for each group. In the 150R group, the
congruency effect at baseline was significantly larger than
the effects in the first, third, fifth, seventh, and eighth block
(all p<.05). In the 150N group, the congruency effect at
baseline was significantly larger than that in the first block.
In the 30R group, the congruency effect in the fourth block
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Fig.6 Congruency effects for the three groups. In the last block, the
congruency effect for the 150R group was significantly lower than
the effects for the other two groups. The congruency effects in the
blocks marked with an asterisk were significantly lower than those
at baseline in the 150R and 150N groups (all p<.05). In the 30R
group, there were no significant differences in the congruency effects
between baseline and other phases, but the congruency effect in the
sixth block was significantly lower than that in the fourth block
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was significantly larger than that in the sixth block. These
results indicate that only in the 150R group, the congruency
effect gradually decreased from the baseline phase toward
the last block. Regression analysis also confirmed that the
congruency effects in the 150R group decreased over time
more steeply than other groups; averaged regression coef-
ficients were —0.51 (SD 1.76), — 2.25 (SD 1.83), and —1.11
(SD2.71) for the 30R, 150R, and 150N groups respectively.

Second, we conducted multiple comparisons within each
phase. At the fourth block, the congruency effect of the 150R
group was significantly lower than that of the 30R group
[#(45)=2.61, p <.05]. The congruency effect of the I150R
group was significantly lower than those of the 30R and
150N groups in the fifth [#(45)=2.53; #(45)=3.14, p < .05]
and eighth block [#(45) =2.87; #(45)=2.20, p < .05]. Impor-
tantly, the congruency effect in the last block in the 150R
group was lower than the effects in the other two groups,
while there were no significant differences between the
groups at baseline.

To confirm whether congruency effects differently devel-
oped among orientations over the adaptation time course, we
plotted them separately. These results showed that changes
in congruency effect did not differ among orientations in
all groups, although we found a bias in the 150R group.
Additionally, we also examined the relationship between the
change in congruency effects and the tracking performance.
We calculated correlation coefficients for a combined “R”
group (30R and 150R) because their experimental condition
was the same in terms of congruency effect. We obtained a
significant correlation only for tracking error in the com-
bined R group (r = —0.54), indicating that greater improve-
ment in tracking induced greater changes in congruency
effect (see Online Resource 1 for details).

Discussion

The present study tested whether visuomotor adaptation
induced by rotational visual feedback inverses automatic
modulation in motor responses based on S—R congruency.
We demonstrate that visuomotor adaptation changed the
congruency effect in accord with the acquired visuomotor
correspondence. The congruency effects measured immedi-
ately after adaptation tasks progressively changed to nega-
tive as a function of the amount of adaptation experience.
However, the effect was not strong enough to completely
reverse the congruency effect, which does not support our
hypothesis. Nevertheless, the present results indicate that
a relatively short-term experience of visuomotor rotation
induces a new type of automatic responses based on the
acquired visuomotor correspondence. In addition, we found
that even with the identical amount of adaptation experience,
the congruency effects measured after the no-rotation trials
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did not lead to changes in the 150N group, after adaptation
was reasonably achieved. Likewise, weak visuomotor adap-
tation did not modulate the automatic responses in the 30R
group. These findings suggest that the visuomotor system
subserving automatic modulation in motor output is highly
adaptive to a changing environment.

Congruency effects change with visuomotor
remapping

The monotonic changes in congruency effects in the 150R
group can be attributed to visuomotor adaptation to the 150°
rotation of the visual feedback, which was in roughly oppo-
site direction to the normal visuomotor environment. The
results, however, do not completely support our hypothesis
that the congruency effect is reversed after the completion of
visuomotor adaptation; in the 150R group, the congruency
effect was not significantly smaller than zero. Nevertheless,
the following results are consistent with our predictions.
First, the congruency effect in the 150R group continuously
decreased as the visuomotor tasks proceeded. Second, the
baseline congruency effect (15.2 ms) significantly differed
from that at the last measurement (— 8.8 ms) in the 150R
group. Third, in the 30R group, the congruency effect did
not significantly change from baseline after intensive prac-
tice to adapt to the new environment. Since the congruency
effect did not reach its theoretical value (15.2 ms X the cosine
of 150° = —13.2 ms) in the 150R group, there might still be
room for additional improvement in adaptation that could
elicit the complete reversal of the congruency effect. In addi-
tion, a 180°-rotation training, instead of the 150°-rotation
training performed here, might have led to a clearer effect,
since it has been reported that explicit learning of novel
visuomotor environments does not interfere with implicit
learning (Mazzoni and Krakauer 2006; Taylor et al. 2014;
but see also; Day et al. 2016; McDougle et al. 2017). In
summary, the present results show that visuomotor remap-
ping almost opposite (150°) to the original mapping sys-
tematically modulates congruency effects according to the
new environment.

The changes in the congruency effect found here are in
agreement with the classic idea that a newly acquired skill
becomes automatic through motor learning (Woodworth
1899). It has been shown that participants can learn to
accomplish daily activities with prism glasses after long-
term wearing, which may change their body image accord-
ing to the new visuomotor correspondence (Sekiyama et al.
2000). These findings are not surprising, because even the
visuomotor correspondence that we consider “normal”
has been acquired through experience. For example, we
consider it normal to move a computer mouse forward
when we want to move a mouse cursor upward on a display
standing upright on a desk; these directions are however

not consistent in three-dimensional space. It has also been
shown that motor practice improves the automaticity of a
task (i.e., the task requires less attention) (Floyer-Lea and
Matthews 2004), and that implicit learning processes of a
novel visuomotor correspondence are likely automatic or
unintentional (Mazzoni and Krakauer 2006; Taylor et al.
2014). Although the term “automatic” does not necessar-
ily refer to the same process in each study, one might infer
that the automatically acquired correspondence automati-
cally influences our motor responses.

Nevertheless, we cannot exclude the possibility that a
cognitive strategy acquired through the visuomotor task
indirectly induced the systematic changes in the congru-
ency effect. In the response task, there is no good reason
for participants to use the explicit strategy acquired in
the tracking task. However, it is possible that the use of
the explicit strategy during the tracking task could have
unconsciously modulated the motor system and continued
to influence it in the response task that was performed after
the tracking task. This interpretation is consistent with
recent studies that reported a relatively large contribution
of explicit strategy in aiming tasks involving visuomotor
rotation (Bond and Taylor 2015; Morehead et al. 2017;
Kim et al. 2018; Neville and Cressman 2018). Further
discussion of the possibility that a cognitive strategy
induced the systematic changes in the congruency effect
is described in the supplementary discussion (see Online
Resource 1).

Congruency effect based on the currently activated
model

The present results are also in line with the idea that the
currently activated internal model influences automatic
motor processing. The participants in the 150R and 150N
groups were exposed to the identical amount of the rota-
tional environment and it was expected that they acquired
their new internal model to the same degree. However, the
results showed that participants in the 150N group did not
change their automatic responses at all. In the 150N group,
congruency effects were assessed after a no-rotation trial,
whereas in the 150R group, the measurement was imme-
diately after a rotation trial. We assumed that performing a
no-rotation trial switches the currently active model back to
the normal one, and this assumption was supported by the
result that the tracking error of the last 5 s was reduced to
a level comparable to baseline in the 150N group; that is,
the adaptation to the 150° rotation was apparently “washed
out” in that group. Although they would not have induced
complete washout, it is plausible that being engaged in a
no-rotation trial switched the current internal model to that
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for the no-rotational environment, resulting in the non-sig-
nificant changes in congruency effects in the 150N group.

Time course of the after effect

In addition to the findings on changes in congruency effects,
importantly, we also observed that after effects showed a
peak and then decreased along the time course of visuomo-
tor adaptation. We found that the after effects were strongest
after the second block and then started to decrease in both
the 150R and the 150N group, with the after effects in the
150N group being less evident as those in the 150R group. If
after effects solely reflect the implicit components in adapta-
tion learning, they would have continued increasing asymp-
totically, instead of decreasing, because implicit learning
monotonically progresses regardless of explicit components
(Taylor et al. 2014). The time course of the after effect with
an early peak and a long-lasting decrease does not suggest
the involvement of single components; the present results,
rather, agree with the possibility that after effects are a com-
plex measure and reflect more than the degree of acquisition
of an internal model. Note that after effects evaluated in the
present study were not the same as traditional ones; after
effects are usually evaluated without notice (i.e., cues) of the
change in the environment. In the present study, they were
evaluated after participants were given notice. This discrep-
ancy could explain the decreasing after effects observed in
the present study.

The additional component contributing to the after
effects could be the efficiency of model switching. In the
literature, system switching has been assumed to explain
our various and flexible sensorimotor skills (Jacobs et al.
1991; Ghahramani and Wolpert 1997; Wolpert and Kawato
1998; Haruno et al. 2001; Imamizu and Kawato 2009). In the
MOSAIC model, multiple internal models simultaneously
provide predictions about the upcoming situation (Haruno
et al. 2001; Imamizu and Kawato 2009). If a prediction from
an inappropriate model is used, the accuracy of both vol-
untary and involuntary motor control would be lost. This
process might be repeated until an appropriate model is
selected, and inefficient switching of internal models would
contribute to the amplitude of after effects, in addition to
the prediction inaccuracy of the selected internal model
itself. When one has become an expert in the environment,
and thus in model switching, after effects would no longer
appear.

The independent developments of two components may
explain the time course of after effects with an early peak
and a following long-lasting decrease. First, the acquisition
of an internal model monotonically improves from the start
of the practice, and thus has an effect from the first switch-
ing onward. Second, switching efficiency, which is inversely
related to the after effect, improves from the first switching

@ Springer

and influences the second switching. In the present experi-
ment, participants were informed about the next environment
by a colored cue before the trial started, which could have
helped selecting an appropriate internal model for the next
trial (Imamizu et al. 2007; Imamizu and Kawato 2008; Tay-
lor et al. 2014). The first component develops continuously
but relatively slowly (Mazzoni and Krakauer 2006; Taylor
et al. 2014), whereas the second component is intermittently
updated only at switching but acquired quickly, because it
relates to explicit knowledge (Imamizu and Kawato 2008;
Taylor et al. 2014). This distinction may agree with an ear-
lier proposed model that assumes single fast processes and
multiple slow processes for different environments (Lee
and Schweighofer 2009), though they do not assume that
switching models is triggered by explicit knowledge. We
predict that the combination of these two components,
implicit acquisition of a new internal model and switching
efficiency triggered by explicit knowledge, should be in line
with the time course of after effects evaluated at multiple
times, which should be tested in future studies.

We cannot clearly explain why the after effects in the
150N group were so weak in the present experiment.
Although the tracking errors in the 150R group were lower
than those in the 150N group, the amplitude of adaptation
did not significantly differ between the groups (i.e., there
was no significant interaction). There are three possible
explanations for the weak after effects in the 150N group.
First, the adaptation was not sufficient, because of relatively
poor overall performance. Second, explicit cueing might be
more effective for the same type of task compared to a differ-
ent type of task; in the 150N group, non-rotation trials were
executed immediately after rotation trials, which could have
elicited a noticeable contrast between the tasks, and partici-
pants might thus have switched to a different type of volun-
tary motor control, compared to the 150R group. It has been
reported that an explicit cuing hinders after effects (Imamizu
and Kawato 2008; Taylor et al. 2014). Third, the after effects
in the 150R group might have simply been strengthened over
time and/or following the experience of another task.

Limitations

There are, however, limitations of this study. First, we cannot
exclude the possibility that the generally low performance
in the tracking task prevented changes in the congruency
effect in the 150N group from reaching statistical signifi-
cance. The tracking errors in the 150N group were consist-
ently higher than those in the 150R group, from the initial
block to the last block, while the amplitudes of the error
decrease did not significantly differ between the two groups
(i.e., there was no interaction effect). It is thus possible that
the insufficient decrease in the tracking error caused the



Experimental Brain Research (2019) 237:147-159

157

lack of constant changes in congruency effects in the 150N
group. Second, we should note that the congruency effect
in the current experiment was not stable; that is, the experi-
mental stimuli did not induce robust congruency effects at
the individual level. Although the congruency effects were
significantly positive at the group level, some participants
showed negative values at baseline. This individual-level
instability might have been caused by the small number of
trial repetitions (three times for each type of stimulus) in the
response task. In addition, the nature of the distractor stimu-
lus might have played a role in the unstable effect. We used
a filled circle as a distractor without any body-associated
images or biological velocity profiles. It has, however, been
suggested that the influence of non-biological movement
observation on an observer’s action is weaker compared
to that of biological movements with a body-part image,
human-like velocity profile, or human intention (Brass et al.
2000, 2001; Kilner et al. 2003; Bosbach et al. 2005; Bouquet
et al. 2007; Liepelt and Brass 2010; Kupferberg et al. 2012;
Itaguchi and Kaneko 2018). Third, there is a possibility that
the experimental manipulation in the 150N group was not
sufficient to switch the internal model back to normal during
the response task. As shown in Fig. 5, in four out of 16 par-
ticipants in the 150N group, the congruency effects largely
decreased from baseline to the last phase, where positive
effects turned negative. Although this can be explained by
the instability of the congruency effect, conditioned visuo-
motor adaptation might as well have caused the reversal of
the effect (Kravitz and Yaffe 1972; Imamizu and Kawato
2008; Lee and Schweighofer 2009; Taylor and Ivry 2013;
Taylor et al. 2014); the color of the distractor (red) could
have worked as a color cue, and thus switched the internal
model to that for the rotational environment, even in the
response task. All these limitations should be addressed to
further understand the relation between voluntary control
and automatic response in terms of motor learning induced
by visuomotor remapping.

Conclusion

The present study shows that relatively short-term visuo-
motor adaptation modulates automatic motor responses in
accord with the acquired visuomotor correspondence. This
modulation is apparently based on the internal model that is
activated at the time of the motor responses. These results
suggest that the visuomotor system subserving automatic
modulation in motor responses is based on the currently acti-
vated internal model. Harmonious changes in two different
types of motor control (at a voluntary level and at an auto-
matic level) are important if we assume one internal system.
In addition, we characterized the time course of after effects

in a visuomotor transformation task by assessing effects at
multiple times. The after effects developed as the training
proceeded but began to decrease with time, which may
reflect not only successful adaptation but also the efficiency
of the switching between internal models.
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