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Abstract

When a visually guided reaching movement is unexpectedly perturbed, it is implicitly corrected in two ways:
immediately after the perturbation by feedback control (online correction) and in the next movement by adjusting
feedforward motor commands (offline correction or motor adaptation). Although recent studies have revealed a
close relationship between feedback and feedforward controls, the nature of this relationship is not yet fully
understood. Here, we show that both implicit online and offline movement corrections utilize the same visuomotor
map for feedforward movement control that transforms the spatial location of visual objects into appropriate
motor commands. First, we artificially distorted the visuomotor map by applying opposite visual rotations to the
cursor representing the hand position while human participants reached for two different targets. This procedure
implicitly altered the visuomotor map so that changes in the movement direction to the target location were more
insensitive or more sensitive. Then, we examined how such visuomotor map distortion influenced online
movement correction by suddenly changing the target location. The magnitude of online movement correction
was altered according to the shape of the visuomotor map. We also examined offline movement correction; the
aftereffect induced by visual rotation in the previous trial was modulated according to the shape of the visuomotor
map. These results highlighted the importance of the visuomotor map as a foundation for implicit motor control
mechanisms and the intimate relationship between feedforward control, feedback control, and motor adaptation.

Key words: feedback control; feedforward control; motor adaptation; reaching movement; visuomotor map

(s )

Feedforward control of reaching movements relies on a visuomotor map that translates motor planning,
based on the target’s location, into an appropriate movement. However, movements could be unexpectedly
perturbed, indicating that additional mechanisms for movement corrections are necessary. We hypothesize
that the visuomotor map provides the motor system with the knowledge of how the movement should be
corrected during the movement (feedback control) and in the next movement (motor adaptation). We
demonstrate that distorting the visuomotor map, by a visuomotor adaptation paradigm, alters the magni-
tudes of both movement corrections according to the shape of the distortion. Our results show the
significance of visuomotor map and intimate link between feedforward control, feedback control, and motor
Kadaptation through a visuomotor map. /
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Introduction

Our ability to accurately reach toward visual objects is
achieved by feedforward control based on a visuomotor
map that transforms the spatial information of a target
location into an appropriate movement (Fig. 1A) (Johnson
et al., 1996; Kalaska et al., 1997; Wise et al., 1997; Pouget
and Snyder, 2000). However, feedforward control is not
always versatile; the movement could be perturbed by
noise and/or uncertainty within our nervous system and
environments (Harris and Wolpert, 1998; Hamilton et al.,
2004; Faisal et al., 2008; Franklin and Wolpert, 2011).
Facing such unexpected perturbations, the motor system
corrects movements in two different ways. Consider a
laboratory situation in which a participant is making a
reaching movement toward a visual target. When a cursor
representing their hand deviates from the target, the mo-
tor system can correct the movement during the move-
ment by feedback control (online correction; Diedrichsen,
2007, 2010; Scott et al., 2015) and in the next trial by
motor adaptation (offline correction; Shadmehr and
Mussa-lvaldi, 1994; Shadmehr et al., 2010; Wolpert et al.,
2011).

Intriguingly, these movement corrections are not nec-
essarily achieved voluntarily (Goodale et al., 1986;
Kagerer et al., 1997; Desmurget et al., 1999; Kasuga et al.,
2013). Online correction during movements begins very
rapidly (<150 ms) after visual perturbation (Franklin and
Wolpert, 2008; Dimitriou et al., 2013; Reichenbach et al.,
2014), much faster than voluntary movement correction
(Day and Lyon, 2000; Franklin and Wolpert, 2008; Kobak
and Mehring, 2012). As for offline correction, in the trial
immediately after the perturbation, the movement inevita-
bly deviates in the opposite direction (i.e., aftereffect),
even if participants aim at the target (Wei and Koérding,
2009; Kasuga et al., 2013).

Here, we hypothesized that the visuomotor map for
voluntary movement control could influence the implicit
online and offline movement corrections. To test the
causal links between them, we examined how these
movement corrections were influenced when the visuo-
motor map was artificially distorted. Theoretically, if we
can distort the visuomotor map as shown in Figure 1B,
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Figure 1. Schematic representation of our hypothesis. The
visuomotor map is the relationship between the target direction
and hand movement direction. A, In ordinary situations, these
two directions are almost identical. B, If the map can be distorted
(represented by a blue solid line), a voluntary reaching movement
toward three targets should always result in the same hand
movement directed to 0°. Participants cannot voluntarily change
the movement direction even if they try. C, D, We hypothesized
that online movement correction to a target jump (C) and offline
movement correction observed after imposing visual rotation (D)
also cannot be changed appropriately.

this should result in reaching movements that are less
sensitive to differences in the target’s direction. Therefore,
if both movement corrections refer to the visuomotor
map, both types of movement corrections should also
decrease following distortion of the visuomotor map. On
the other hand, if the movement corrections are indepen-
dent of the visuomotor map, we should observe the same
amount of movement correction, even after the shape of
the visuomotor map has been distorted. We tested this
prediction by examining the rapid online correction when
the target location was moved to another place immedi-
ately after the initiation of movement (Fig. 1C) and the
offline correction in the trial immediately after the devia-
tion was imposed on the cursor (Fig. 1D).

Materials and Methods

Participants

Fifty-four right-handed participants (34 males and 20 fe-
males; age 15-52 years old) with no reported neurological
disorders participated after giving informed consent. The
entire protocols were approved by the ethics committee
of our university.

General task settings
The participants performed reaching movements with
their right arm in a horizontal plane while holding the
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Figure 2. Experimental setup. Participants alternately reached toward one of two targets located rightward and leftward. A, In inward
adaptation group, gradually increasing rightward and leftward visual rotations were imposed on the cursor when reaching to rightward
and leftward targets, respectively. This procedure would make the handle movements closer to the target. Participants were not
aware of the presence of visual rotation. B, In the outward adaptation group, the association of target and visual rotation was
reversed, making the handle movements more distant. C-E, the participants performed probe trials in order to obtain the visuomotor
map (C), online (D), and offline movement correction (E) in Experiments 1, 2, and 3, respectively (see Materials and Methods).

handle of a robotic manipulandum (KINARM End-point
Lab, BKIN Technologies). Their trunks were fixed to the
chair by two belts at right and left shoulders. Wrist move-
ments were constrained by a brace, and an arm sling was
used to support the upper arm horizontally and maintain a
constant posture. A white cursor representing the handle
position (10 mm diameter), a starting circle (14 mm diam-
eter), and a target circle (14 mm diameter) were presented
via a mirror placed over the arm, which occluded direct
vision of participants’ own arm. They were instructed to
move the cursor from the starting circle toward the target
circle (movement distance: 15 cm). A warning message
“fast” or “slow” was displayed just below the start posi-
tion if the movement velocity was outside 600-750 mm/s
(Experiments 1 and 3) and 380-450 mm/s (Experiment 2).
In Experiment 2, slow movement was used, so that par-
ticipants had sufficient time for online movement correc-
tion.

Before each trial, the participants moved the cursor into
the green start circle. After 1 s holding period, the green
circle appeared at target positions. After 1-1.5 s, the
target’s color turned magenta, indicating “go”. Partici-
pants were required to move the cursor as accurately as
possible toward the target circle. After the completion of
each trial, the KINARM robot automatically returned the
handle to the start position. Participants were asked not
to return the handle by themselves.

May/June 2016, 3(3) e0032-16.2016

Procedure for distortion of the visuomotor map

We defined the visuomotor map as the relationship be-
tween the target direction and actual hand movement
direction. In ordinary situations, these two directions
should be almost identical, because we can move our
hands accurately to targets located anywhere. We at-
tempted to distort this visuomotor map. In Experiment 1,
we confirmed the visuomotor map was altered. Experi-
ments 2 and 3 examined how online (Experiment 2) and
offline (Experiment 3) movement corrections were influ-
enced by distortion of the visuomotor map.

To distort the visuomotor map, we used the following
method. The target was displayed alternately 30° to either
the right or left of the straight-ahead position (0°). When
reaching to the right or left target, rightward or leftward
visual rotation around the starting position was applied to
the cursor representing the handle position (Fig. 2A). The
amount of visual rotation was increased gradually from 0°
to 30°, at a rate of 0.5° a trial (61 trials for each target) so
participants were not aware of the presence of visual
rotation. This procedure implicitly made the movement
direction of the handle closer (i.e., inward) even when the
participants aimed at the two different targets (Hirashima
and Nozaki, 2012). We called the participants who expe-
rienced this training the inward adaptation group.

We also used another type of intervention, in which
visual rotations were applied in the opposite direction (Fig.
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2B). Specifically, when reaching to the right or left targets,
leftward or rightward visual rotation around the starting
position was applied to the cursor representing the handle
position. These rotations made the movement direction of
the hand become more distant (i.e., outward). We called
participants who experienced this training the outward
adaptation group. If participants noticed the presence of
visual rotations, the experiment was terminated and the
data abolished. In total, the data of four participants (2
each for Experiments 2 and 3) were discarded. In the
following sections, the data did not contain these partic-
ipants.

Experiment 1: distortion of visuomotor map

To confirm the visuomotor map was actually distorted by
the intervention described above, we obtained the visuo-
motor map by having participants (N = 6 for each of
inward and outward adaptation group) reach to targets
located at various positions (0°, =7.5°, =15°, =30°, +45°,
and *60°; 6 trials for each target) without visual feedback
(i.e., the cursor was invisible) before and after the inter-
vention. Before the intervention, participants were asked
to reach toward each target (Fig. 2C), and the cursor
became invisible immediately after the color of the target
changed. After the intervention, participants reached al-
ternately to 2 targets located at +30° under 30° visual
rotation. Probe trials to each target were randomly inter-
leaved (66 probe trials out of 266 total trials). In the probe
trials, the cursor became invisible immediately after the
color of the target changed so that unnecessary visuo-
motor adaptation did not occur. After adapting to the
inward (or outward) adaptation, we expected that the
movement direction would become less sensitive (or
more sensitive) to changes in the target locations.

Experiment 2: alteration of feedback control

Sixteen participants were assigned to two groups (N = 8
for each group) according to the type of distortion of
visuomotor map (inward or outward adaptation; see Ex-
periment 1). To investigate how the intervention influ-
enced online movement correction, we adopted an
experimental paradigm using target jump (Fig. 2D;
Goodale et al., 1986; Desmurget et al., 1999; Day and
Lyon, 2000; Izawa and Shadmehr, 2008; Gritsenko et al.,
2009; Gritsenko and Kalaska, 2010). As shown in Exper-
iment 1, movement to the central target remained un-
changed after intervention. Thus, we used movement to
the central target as probe trials to investigate online
movement correction; more specifically, in probe trials
reaching toward the central target, the target location
changed to another location (=30°, =15°, =7.5°, 0°) after
the force to the handle exceeded 1 N when starting
reaching movement. The cursor disappeared simultane-
ously so that unnecessary adaptation did not occur during
online movement correction.

Participants performed 100 reaching movements to-
ward each target located at =30°, in alternate fashion. A
reaching movement to the central target was randomly
interleaved (100 trials). Thirty trials were performed with
visual feedback (i.e., the cursor was visible), and the
remaining 70 trials were probe trials without visual feed-
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back (i.e., target jump trials; 10 trials for each size of target
jump). These procedures were performed before and after
intervention.

Experiment 3: alteration of aftereffect

We investigated how intervention influenced offline move-
ment corrections. Twenty-two participants were randomly
assigned to two groups (N = 11 for each group) according
to the type of visuomotor map distortion (inward or out-
ward adaptation; see Experiment 1). As in Experiment 2,
we used movement to the central target as probe trials.
Visual rotations (—30°, 0°, 30°) were applied to the cursor
when participants reached to the central target. In the
next trial to reach the same central target, we measured
the corrected movement direction in the direction oppo-
site the visual rotation (i.e., aftereffect; Fig. 2E). We asked
the participants to aim at the central target as accurately
as possible and not use explicit strategy (Taylor et al.,
2014) to change the movement direction. In perturbed
trials, we also asked participants not to correct during the
movement, so that online movement correction did not
influence offline movement correction.

Participants performed 120 reaching movements to-
ward each target located at +30° positions in alternate
fashion. A pair of one visual rotation trial and one probe
trial was randomly interleaved (10 pairs for each of 0°,
+30°, and —30° visual rotations). These procedures were
performed before and after intervention.

Data analysis

Data on the kinematics of the handle (position and veloc-
ity) and the force on the handle were sampled at 1000 Hz
and filtered with a cutoff frequency of 10 Hz using a
fourth-ordered Butterworth filter. For the analysis of Ex-
periment 1, we obtained the movement direction by cal-
culating the angle of the line connecting the starting
position and handle position at the peak velocity relative
to the forward direction. The rightward and leftward
movements were defined as positive and negative, re-
spectively.

In the probe trials for Experiment 2, the visual cursor
was turned off. To ensure if online movement corrections
were performed appropriately even when visual feedback
was not available, we calculated the angle connecting the
starting position with the final handle position (1000 ms
after the target jump) as the movement direction. As we
will demonstrate in Results, there was a linear relationship
between the target and movement directions. Therefore,
to represent how the participants corrected movement at
the end of the trial, we calculated the slope of the regres-
sion line for each participant as an index. This slope was
compared between period (before and after distortion)
and group (inward and outward adaptation) by a two-way
repeated-measure ANOVA (statistical significance was
delineated at p < 0.05 throughout the study).

To examine the rapid component of online movement
correction, we analyzed the lateral component (i.e.,
x-component) of force exerted on the handle 170-200 ms
after the target jump. The force output depended on the
amount of target jump. Accordingly, we calculated the
force output for each target jump (small, =7.5°; medium,
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+15°; large, =30°). The force output for each target jump
size was obtained by multiplying the slope of the regres-
sion line by the size of target jump. The calculated force
output was compared between target jump sizes (small,
medium, large), groups (inward and outward adaptation)
and periods (before and after distortion) by a three-way
repeated-measures ANOVA.

We also considered the influence of other factors, be-
sides the change in the visuomotor map, on the feedback
response. Specifically, we examined for changes in the
kinematics of the movement to the central target that
were caused by our visuomotor map distortion interven-
tion, as even subtle changes in the kinematics could
influence the feedback response (Franklin et al., 2012). To
this end, we evaluated the peak velocity of the handle, as
well as the lateral deviation of the handle at the peak
velocity, to examine movement toward the central target
when the cursor was visible (30 trials). Second, we eval-
uated whether the intervention caused changes in the
cursor’s deviation from the targets. Greater deviations of
the cursor from the targets would give the participants
more opportunities to correct the movements online,
which could strengthen the feedback response (Franklin
and Wolpert, 2008). To evaluate this, we measured the
lateral deviation of the cursor from a straight line connect-
ing the start and target positions. This was performed for
the trials in which the cursor was visible (100 trials each
for the left and right targets, and 30 trials for the central
target), and then the root mean-squared value was calcu-
lated for each participant. These values were compared
between groups and periods using a two-way repeated-
measures ANOVA.

For the data analysis of Experiment 3 investigating the
offline movement correction, we calculated the aftereffect
in the trial after the perturbation (i.e., visual rotation) trial.
According to the force output data for the online move-
ment correction in Experiment 2 (see Results), the online
correction should start ~130 ms after movement onset.
To remove the influence of the online movement correc-
tion, the aftereffect was defined as the movement direc-
tion 120 ms after movement onset. The calculated
aftereffect was compared between periods (before and
after distortion) and groups (inward and outward adapta-
tion) using a two-way repeated-measures ANOVA. We
also compared movement error experiences for the trial in
which the visual rotation was applied in order to confirm
participants experienced the same amount of movement
error.

We instructed participants not to correct their move-
ment when the visual rotation was imposed; however, it is
possible for online corrections to be induced implicitly
(Goodale et al., 1986; Desmurget et al., 1999; Day and
Lyon, 2000). Because online movement corrections are
capable of influencing the offline movement corrections
made in the subsequent probe trial (Kawato and Gomi,
1992), we evaluated how the online corrections for the
visual rotation trials were different between groups (in-
ward and outward groups) and periods (before and after
distortion). To this end, as in Experiment 2, we analyzed
the cursor’s direction at 500 ms after movement onset
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from the central target direction and the force output for
the movement correction averaged from 170-200 ms
after movement onset. A two-way repeated-measures
ANOVA was used to compare these measurements
across periods and groups.

Results

Artificial distortion of the visuomotor map

In Experiment 1, we characterized in what way the visuo-
motor map was distorted before and after the respective
interventions (inward and outward adaptation groups),
before conducting Experiments 2 and 3. Figure 3A illus-
trates the trial-dependent change in the movement direc-
tion of the handle for the inward adaptation group (N = 6;
rotations shown in Fig. 2A). Before visual rotation was
imposed, the direction of movement was toward the re-
spective target (either 30° to the right or left of the
straight-ahead position). During the training period, par-
ticipants in this group experienced an outward visual
rotation, and compensated by directing their hand move-
ment in the direction opposite to the rotation (inward).
Movement direction became closer to the straight-ahead
position as adaptation occurred (Hirashima and Nozaki,
2012) link to reference. Notably, participants were not
aware of the visual rotations, as rotations increased grad-
ually by 0.5° per trial. Figure 3B shows the trial-dependent
change in the movement direction of the handle for the
outward adaptation group (N = 6), which received visual
rotations in the direction opposite that of the inward ad-
aptation group (a leftward rotation occurred in trials in-
volving the right target and a rightward rotation occurred
in trials with the left target; Fig. 2B). In contrast with the
inward adaptation group, participants corrected by direct-
ing cursor movement farther away from the straight-
ahead position with increasing trials.

Before and after intervention, we measured the visuo-
motor map by asking participants to reach toward targets
located at various positions (0, +7.5°, =15°, £30°, +45°,
+60°) without visual feedback from the cursor (Fig. 2C).
As illustrated in Figure 3C, prior to intervention, movement
directions were almost identical to target directions (bro-
ken lines). However, the shape of the visuomotor map
was distorted depending on the type of intervention (Fig.
3C). For the inward adaptation group, the line corre-
sponding to the visuomotor map became flatter around
the central target (0°, solid blue line), implying a lowered
sensitivity to changes in the target’s direction. Con-
versely, the line corresponding to the visuomotor map of
the outward adaptation group became steeper, compared
with before the intervention (solid red line), implying that
sensitivity increased. Importantly, movement direction to-
ward the central (0°) target remained unchanged by both
interventions (Fig. 3C), indicating that it was unaffected by
distortion of the visuomotor map. Therefore, this para-
digm was suitable for use of the movement to the central
target as a probe trial to compare online (Experiment 2)
and offline (Experiment 3) movement corrections, before
and after distortion of the visuomotor map.
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Figure 3. Distortion of visuomotor map. A, B, The imposed visual rotation (solid lines) and the movement direction of the hand in the
trial for inward (A) and outward adaptation groups (B). The hand movements became closer (A) and more distant (B) to compensate
for gradually increasing visual rotation. Data are represented by mean = SD. C, Visuomotor map before (broken lines) and after
distortion (solid lines). The shape of the visuomotor map in the vicinity of the central target (0°) was distorted according to the training

that each group received. Notably, movement toward the central target remained unchanged. Error bars represent SD.

Gain alteration of online correction

Experiment 2 was designed to investigate how online
movement corrections were influenced by distortion of
the visuomotor map. To this end, we randomly interleaved
probe trials in which the central target suddenly jumped to
peripheral locations (+7.5°, +£15°, and £30° Fig. 2D)
immediately after movement onset. We compared the
online movement corrections induced by the target jump
between trials before and after distortion of the visuomo-
tor map (Fig. 4A,B).
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15 15 00990,
£ £ N
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The degree of correction seemed to decrease or in-
crease depending on the type of distortion each group
received. In order to quantify the amount of online move-
ment correction and ensure if the participants tried to
correct the movement properly even when the visual in-
formation of the cursor was absent, we first determined
the angle of the handle position relative to the starting
position 1000 ms after the target jump (i.e., final position).
Figure 4C indicates the relationship between target jump
angles and resultant final movement angles. There was a
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Figure 4. Online movement correction. A, B, Trajectories of the hand before (broken lines) and after (solid lines) distortion of the
visuomotor map for the inward adaptation group (A) and outward adaptation group (B). Each color represents the trajectory for a
discrete target jump. C, Online movement correction was evaluated 1000 ms after the onset of target jump before and after distortion
of the visuomotor map. D, The slope of the linear relationship between size of the target jump and corrected movement direction (C)
significantly decreased after distortion in the inward adaptation group, whereas it significantly increased in the outward adaptation
group. Error bars indicate SD.
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(broken lines) and after (solid lines) distortion of the visuomotor map for the inward (A) and outward (B) adaptation group. The values
shown on the right side indicate the size of target jump. C, Force output was averaged between 170 and 200 ms after target jump
for each size jump (small, dashed-dotted lines; medium, broke lines; large, solid lines). Error bars indicate SD.

linear relationship between the angles, from which we
calculated the slope of the regression line as an index to
quantify the degree of online movement correction. A
two-way repeated-measures ANOVA revealed that there
were significant interactions between period (before and
after distortion of visuomotor map) and group (inward and
outward adaptation; F; 14 = 94.06, p = 1.36 X 10~7; Fig.
4D). The simple main effect of period (before and after
visuomotor map distortion) was also significant for both
the inward (F(; 14 = 38.76, p = 2.21 X 10~°) and outward
(F14) = 56.10, p = 2.92 X 10~ adaptation groups.
Specifically, distortion of the visuomotor map resulted in
diminished online corrections in the inward adaptation
group and exaggerated online corrections in the outward
adaptation groups (Fig. 4D).

Next, to see how early movement correction started, we
examined the lateral force exerted on the handle during
the online movement correction. Figure 5A and B indi-
cates how the lateral force output changed with time. The
force output for the movement correction appeared to
emerge approximately 130 ms after the target jump. We
averaged the force output between 170-200 ms after the
target jump to examine how distortion of the visuomotor
map influenced the force output for rapid online move-
ment correction and grouped the responses for each of
three target jump sizes (small, =7.5°: medium, *=15°:
large, *30°). Analysis with a three-way repeated-
measures ANOVA (group X target jump size X period)
revealed no second-order interaction (F g = 0.15, p =
0.859); however, there was a first-order interaction be-
tween period and group (F(y 14y = 9.86, p = 7.24 X 10739),
which indicates that the two types of visuomotor map
distortions differentially altered the force output for a
movement correction. Indeed, there was a simple main
effect of period in both the inward (Fj 14 = 4.90, p =
0.044) and outward adaptation groups (F(y 14y = 4.95, p =
0.043; Fig. 5C). The statistical results were not substan-
tially different when the data for time windows after 170
ms (e.g., 175-205 ms, 180-210 ms) were analyzed. Thus,
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the rapid component of lateral force for online movement
correction was decreased (inward adaptation group) and
increased (outward adaptation group) depending on the
visuomotor map distortion that each group received. In-
terestingly, as shown in Figure 5C, the corrected force
outputs during this time window appeared to increase as
the size of the target jump became smaller. This is in
contrast with a recent study by Franklin et al. (2016),
showing that the corrected force was correlated with the
size of the target jump. However, the size of the target
jump in their study was ~7° at maximal, which was much
smaller than the target jump in the present study. Thus, it
is possible that the online correction was nonlinearly mod-
ulated by the size of the target jump. Indeed, Haith et al.
(2015) reported that reaction time to a target jump was
shorter for a 45° target jump than for target jumps at 90°
and 135°. A similar nonlinear modulation has also been
reported in the aftereffect, observed in the trial after the
cursor is displaced (Wei and Kérding, 2009; Kasuga et al.,
2013).

We examined whether changes in the online movement
correction could be explained by factors other than dis-
tortion of the visuomotor map itself. A two-way repeated-
measure ANOVA applied to the peak velocity of the
handle toward the central target indicated that there was
no significant main effect for group (F; 14 = 0.58, p =
0.46) or period (F(1 14 = 0.15, p = 0.70), and no significant
interaction between them (F, 14y = 0.26, p = 0.62). The
movement trajectories toward the central target when the
visual cursor was available are shown in Figure 6A and B.
Although the trajectories before and after visuomotor map
distortion largely overlapped (Fig. 6A,B), a two-way
repeated-measures ANOVA, for deviations in the path of
the lateral hand at the peak velocity, revealed a significant
interaction between period (before and after the distortion
of the visuomotor map) and group (inward and outward
adaptation; F 44 = 8.251, p = 0.012). There was a
significant simple main effect of period only for the out-
ward group (F;.14 = 15.64, p = 1.43 X 1075 Fig. 6C).
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adaptation group. In C and D, error bards indicate SD.

However, the difference was small (~0.2 cm) and this
effect was not observed in the inward group (F( 14 =
0.012, p = 0.92).

We also examined whether cursor movement deviated
from the straight path to the target more or less in different
groups and periods by calculating the root mean squared
values of the lateral deviation for each participant. A
repeated-measures two-way ANOVA revealed that there
was a significant interaction between group and period
(Fi1,14) = 10.322, p = 6.26 x 10~°), and there was a simple
main effect of period for the inward adaptation group
(Fi1,140 = 36.07, p = 3.22 X 10~5; Fig. 6D). This indicates
that movement accuracy deteriorated in the inward adap-
tation group; however, there was no simple main effect of
period for the outward adaptation group (F; 14 = 2.139, p
= 0.17; Fig. 6D). Together, the procedure to distort the
visuomotor map did not change the kinematics and/or the
movement accuracy sufficiently to explain the changes
observed in the online movement correction.

Gain alteration of offline correction

Experiment 3 was designed to examine how distortion of
the visuomotor map influenced offline movement correc-
tion. To this end, after either intervention, we interleaved
visually perturbed ftrials (i.e., the cursor was rotated by
+30° around the starting position) and examined the
aftereffect observed in the next trial (Fig. 2E). Figure 7
shows the aftereffects for both groups and for both peri-
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ods. A two-way repeated-measure ANOVA revealed that
there was a significant interaction between group and
period (F 00 = 18.54, p = 3.43 X 107%). Furthermore,
there was a significant simple main effect of period in the
inward (F 20 = 14.80, p = 1.00 X 107°%) and outward
adaptation group (Fj 20 = 5.03, p = 0.037), indicating
that the aftereffect was decreased (inward adaptation
group) and increased (outward adaptation group) de-
pending on the distortion of visuomotor map. A two-way
repeated-measures ANOVA was also applied to the error
that each group received in the visual rotation trials. There
was no significant main effect for group (F(4 o0y = 0.48, p
= 0.50) or period (F(129 = 2.07, p = 0.17), and no
significant interaction between the two (F(; ooy = 1.02, p =
0.33), indicating the amount of sensory prediction error
itself did not differ between groups and between periods.
Again, the effects of group and period on offline move-
ment correction were not explained by differences in the
kinematics of the handle; a two-way repeated-measures
ANOVA applied to the peak velocity of the handle toward
the central target indicated that there was no significant
main effect for group (F 50y = 1.20, p = 0.29) or period
(Fi200 = 2.42, p = 0.14) and no significant interaction
between them (F(4 50y = 1.72, p = 0.20).

We also examined how participants tried to correct their
movement during the visual rotation trials. Analysis of the
handle trajectories indicated that participants tried to min-
imize their movement corrections (Fig. 8A,B) in accor-
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dance with the instructions. An evaluation of movement
direction, at the end of the movement, indicated that a
slight correction was made (Fig. 8C,D). However, a two-
way repeated-measures ANOVA showed that the degree
of correction was not significantly different before and
after the intervention (F; 5 = 0.413, p = 0.53 for the main
effect of period; F 50 = 3.404, p = 0.08 for the interac-
tion between group and period). The force output for fast
online corrections was also analyzed (Fig. 8E,F). No sig-
nificant change in the average of the force output, from
170 to 200 ms after movement onset, was observed
(Fi1,20 = 1.197, p = 0.287 for the main effect of period;
F 20 = 1.323, p = 0.264 for interactions between group
and period by a two-way repeated-measures ANOVA).
Thus, the procedure to distort the visuomotor map did not
change how the participants corrected their movement
during the visual rotation trials.

Discussion

To consistently perform accurate reaching movements,
the motor system has two kinds of mechanisms for move-
ment correction within a trial (online correction) and in the
next trial by motor adaptation (offline correction). Notably,
these corrections could be achieved implicitly, as previ-
ously described (Goodale et al., 1986; Kagerer et al.,
1997; Desmurget et al., 1999; Kasuga et al., 2013). We
hypothesized that the visuomotor map is important for
feedforward control during voluntary movement and plays
a pivotal role in teaching the motor system how the move-
ment should be corrected.

We distorted the shape of the visuomotor map by ap-
plying the opposite visual rotations to the cursor when
reaching to two targets. After inward visual rotations were
imposed when the participants aimed at two different
targets located at =30°, the actual movement direction
became closer (Fig. 3A) and the visuomotor map around
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at 0° became flatter (Fig. 3C); the participant performed
almost the same straight-ahead movement even when
trying to reach peripheral targets (inward adaptation
group). In contrast, the change in movement direction was
more exaggerated after the participants experienced out-
ward visual rotations (outward adaptation group; Fig.
3B,C). Importantly, these procedures did not change the
reaching movement to the central target located at 0° (Fig.
3C). Thus, the changes in online and/or offline movement
corrections for movement toward this target can be at-
tributable to the distortion of the visuomotor map around
0°. It should be noted that all participants were unaware of
the presence of visual rotation throughout the experiment,
because the degree of visual rotation was increased so
gradually. Adherence to this procedure is critical to distort
the visuomotor map effectively; if visual rotation is im-
posed abruptly the participants might intentionally aim
askew of the target position, as part of an explicit strategy
(Taylor et al., 2014). In addition, if the participants happen
to adapt to visual rotation by developing a strategy of
moving the handle straight forward to the cursor located
+30°, then the adaptation does not necessarily result
from an alteration of the visuomotor map, but rather from
changing their aim.

Consistent with our hypothesis, we found that the de-
gree of online and offline movement correction was al-
tered according to the shape of the distorted visuomotor
map. More specifically, in the inward (or outward) adap-
tation group, the degree of correction was reduced (or
increased). These results indicate that the feedback con-
troller and motor adaptation system refer to the visuomo-
tor map that is used for feedforward control, suggesting a
new perspective on the relation between feedforward
control, feedback control, and motor adaptation.
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from movement onset.

Factors influencing the feedback response

It is important to note that there are several other factors,
besides the visuomotor map, that could potentially influ-
ence the feedback response. First, changes in the kine-
matics of the movement to the central target can induce
different responses (Franklin et al., 2012). However, there
were no statistically significant differences in the peak
velocity of the handle during movement toward the central
target, when the visual cursor was available, between
groups (inward and outward groups) and periods (before
and after interventions). Furthermore, these trajectories
largely overlapped (Fig. 6A,B). The lateral deviation at the
peak velocity was slightly (~0.2 cm) different before and
after the intervention in the outward adaptation group;
however, this effect was not observed in the inward group
(Fig. 6C). Therefore, differences in the kinematics of
movement to the central target cannot fully explain the
changes in the online movement correction caused by
distortion of the visuomotor map.

Second, the procedure used to distort the visuomotor
map could also change the movement accuracy. For
example, if the movements by the outward adaptation
group became more inaccurate after the intervention (i.e.,
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the cursor deviated from the target path more often), the
participants would need to correct their movement more
often. Such increased opportunities to correct movement
can change the rapid feedback response. Indeed, Franklin
and Wolpert (2008) reported that the online response to a
cursor jump was enhanced after repeated exposure to
cases in which perturbed cursor movement needed to be
corrected to reach a target, and could similarly be sup-
pressed by cases in which the cursor was perturbed but
did not need correction. However, as shown in Figure 6D,
movement accuracy was maintained in the outward
adaptation group, even after intervention. In contrast,
accuracy was deteriorated by the intervention in the
inward group (Fig. 6D), suggesting that these partici-
pants needed to correct their movement more often.
Nevertheless, the online correction was decreased for
the inward adaptation group (Figs. 4, 5), which opposes
the prediction made by Franklin and Wolpert (2008).
Together, the changes in the online correction ob-
served in the present study are most likely caused by
distortion of the visuomotor map, rather than indirectly
by changes in the kinematics and/or an increased op-
portunity to correct the movement deviations.
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Relationship between feedforward and feedback
control

Recent several studies have shown a close link between
feedforward and feedback controls. Wagner and Smith
(2008) demonstrated that after reaching movements were
adapted to a velocity-dependent curl force field, the lat-
eral force response to the suddenly imposed increase/
decrease in hand movement also changed. In the
visuomotor adaptation domain, Saijo and Gomi (2010)
also reported the change in the feedback gain by adap-
tation to a visual rotation. These studies indicate that the
feedback correction somehow reflected the acquired
feedforward movement control. However, the muscle ac-
tivity or movement direction of the hand for the probe
trials differed before and after the motor adaptation,
which makes interpretation of the feedback gain change
before and after the adaptation difficult.

To overcome this possible criticism, Cluff and Scott
(2013) developed a paradigm in which the kinematics and
muscle activities during probe movement trials remained
unchanged before and after the adaptation. They demon-
strated that the long-latency reflex induced by perturba-
tion to an arm, which might reflect the gain of feedback
control Pruszynski and Scott, (2012), was enhanced after
adaptation to a novel dynamic environment and con-
cluded that the changes in the long-latency reflex truly
resulted from motor adaptation.

The present study took a similar strategy; the kinematics
of the probe trials remained unchanged before and after
distortion of the visuomotor map. Consistent with previous
studies showing the close link between feedforward and
feedback controls, our results indicated the shape of the
visuomotor map for feedforward control constrained the
online movement correction (feedback control gain; Figs. 4,
5). Notably, we demonstrated that the feedback control gain
could be enhanced or reduced according to the distortion of
visuomotor map (Figs. 4, 5). The occurrence of both gain
facilitation and reduction also indicates that changes in on-
line movement correction were not merely due to habitua-
tion, sensitization, and/or fatigue effects caused by repetitive
exposure to target jumps.

A recent prevailing optimal feedback control theory is a
powerful scheme explaining many phenomena in volun-
tary movement control (Todorov and Jordan, 2002; Liu
and Todorov, 2007; Izawa and Shadmehr, 2008; Nagen-
gast et al., 2009). The optimal feedback control theory
does not explicitly assume the separate presence of feed-
forward (inverse model) and feedback controllers. Rather,
the controller is assumed to consist of a generic feedback
controller with the help of the forward model and state
estimator (Scott, 2004; Shadmehr and Krakauer, 2008).
The results that the feedback and feedforward control
were not completely separable are also consistent with
this scheme.

Offline movement corrections were not influenced
by the alteration of online movement correction in
the preceding trial

When we demonstrated that offine movement correc-
tions were altered by the shape of the visuomotor map,
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we assumed that modifications of the offline movement
correction occurred independently. However, if the online
movement correction influenced the offline movement
correction, as predicted by feedback-error learning (Ka-
wato and Gomi, 1992), then alterations of the offline
movement correction could be partly ascribed to the on-
line movement correction in the preceding trial.

To exclude this possibility, we reduced the online feed-
back by setting the movement velocity in Experiment 3 to
a faster speed than in Experiment 2. In addition, we
instructed participants not to respond to the visual rota-
tion of the cursor as this could suppress their response,
although the earliest part of the responses remain un-
changed by the instruction (Day and Lyon, 2000). In ac-
cordance with this, the online corrections were largely
suppressed, as shown in the trajectories (Fig. 8A-D).
Although the force outputs for fast online corrections were
still present, we did not observe alterations in the online
corrections that were caused by distortion of the visuo-
motor map (Fig. 8E,F). That distortion of the visuomotor
map did not result in any modulations to the online cor-
rections appear to be inconsistent with the results of
Experiment 2. However, it is possible that instructing
participants “not to respond”, and/or differences in the
characteristics of perturbation (perturbation was suddenly
applied or gradually increased for target jumps or visual
rotation, respectively), made the modification ambiguous
and suppressed their response. Regardless, the data
clearly indicated that modulation of the online movement
correction did not cause the modulation of the offline
movement correction in the subsequent trial.

Influence of shape of visuomotor map on motor
adaptation

Recently, the degree of adaptation has been shown to be
modulated by a wide variety of factors including prior
experiences of perturbation (Braun et al., 2009; Huang
et al., 2011; Kobak and Mehring, 2012), training schedules
(Orban de Xivry and Lefévre, 2015; Takiyama et al., 2015),
type of visual feedback (Kasuga et al., 2013), delay of
visual feedback (Tanaka et al., 2011; Honda et al., 2012),
and reward and/or punishment information (Galea et al.,
2015).

Structural learning is a recent influential idea (Braun
et al., 2009; Kobak and Mehring, 2012) in which the motor
system comprehends a perturbation structure by experi-
encing a randomly changing perturbations. This knowl-
edge increases the adaptation speed when a constant
perturbation is later imposed. In other words, the motor
system learns to learn through experience (Braun et al.,
2010). This notion is similar to our study, because our
results indicate that the visuomotor map tells the motor
system how the movements should be adapted. How-
ever, their scheme cannot explain our results, because
both of our participant groups experienced the same
visual rotations when they reached to the central target.
Furthermore, the inward adaptation group demonstrated
a reduction in aftereffect, implying that the adaptation
speed could not necessarily be increased, but could be
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decreased. Our experimental results thus indicate a novel
aspect of motor adaptation.

It would be also interesting to consider our results from
the perspective of model-free learning; Huang et al. (2011)
have reported that repeated successful movements to a
particular direction, even after the effect was washed out,
made subsequent visuomotor adaptation in this move-
ment direction significantly faster. Thus, the repetitive
movement direction worked as an attractor for adapta-
tion. In our inward adaptation group, the forward move-
ments could become an attractor, because this
movement was repeated after the intervention. Thus, the
movement to the central target could hardly escape from
the forward movement, which might contribute to reduc-
ing the aftereffect. However, we interpreted that the dec-
rement of aftereffect was likely to be caused by the
distortion of visuomotor map rather than by the repetition
of the movements. If the repetition of the movements was
a main factor, it was hard to explain the result in the
outward adaptation group that the aftereffect became
greater after the intervention, because the movement to
the central target was not repeated in this group. We
assumed that the distortion of visuomotor map contrib-
uted to make the movement to the central target more
escapable. However, future studies are necessary to pro-
vide mechanistic or theoretic explanations for how the
repetition of movements could influence motor adaptation
by examining the relationship between our scheme, struc-
tural learning, and model-free learning.

Significance of establishing visuomotor map

In our scheme, the motor system cannot correct move-
ment appropriately if a visuomotor map has not been
established. Consider an example in which a player prac-
tices by swinging a baseball bat at a ball thrown in a
constant place. Even if the player acquires skill, it does
not directly indicate that she/he will do well in the real
situation. Without establishing the appropriate map be-
tween the positions of ball and bat, the player cannot
correct the trajectory of the swing when the ball unex-
pectedly moves to a different place (e.g., split-fingered
fastball). Furthermore, even if the swing is deviated, it
cannot be appropriately corrected in the next trial. To
establish the appropriate map, the player might need to
practice swinging a bat to a ball thrown to various places.
This idea is similar to the schema theory proposed in the
field of sports psychology (Schmidt, 1975). Recently, Wu
et al. (2014) demonstrated that motor variability enhances
the motor learning speed. Greater variability (or greater
exploratory movement) should increase the opportunity of
limbs to move toward various locations; it could be helpful
to establish the visuomotor map in the vicinity of the
movement.

Together, our results demonstrate that both online and
offine movement corrections reflect the shape of the
visuomotor map and suggest a close link between feed-
forward control, feedback control, and motor adaptation.
Motor adaptation modifies the feedforward controller (i.e.,
visuomotor map), but our results indicate the influence of
motor adaptation on visuomotor map is not unidirectional,
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because the shape of the visuomotor map also influenced
motor adaptation. Such bidirectional interaction between
the feedforward controller and motor adaptation reveals
novel dynamic aspects of motor learning.
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