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Abstract

Learning in visuomotor adaptation tasks is the result of both explicit and implicit processes. Explicit processes, operationalized
as reaiming an intended movement to a new goal, account for a significant proportion of learning. However, implicit processes,
operationalized as error-dependent learning that gives rise to aftereffects, appear to be highly constrained. The limitations of
implicit learning are highlighted in the mirror-reversal task, where implicit corrections act in opposition to performance. This is
surprising given the mirror-reversal task has been viewed as emblematic of implicit learning. One potential issue not being con-
sidered in these studies is that both explicit and implicit processes were allowed to operate concurrently, which may interact,
potentially in opposition. Therefore, we sought to further characterize implicit learning in a mirror-reversal task with a clamp
design to isolate implicit learning from explicit strategies. We confirmed that implicit adaptation is in the wrong direction for mir-
ror reversal and operates as if the perturbation were a rotation and only showed a moderate attenuation after 3 days of training.
This result raised the question of whether implicit adaptation blindly operates as though perturbations were a rotation. In a sepa-
rate experiment, which directly compared a mirror reversal and a rotation, we found that implicit adaptation operates in a proper
coordinate system for different perturbations: adaptation to a mirror reversal and rotational perturbation is more consistent with
Cartesian and polar coordinate systems, respectively. It remains an open question why implicit process would be flexible to the
coordinate system of a perturbation but continue to be directed inappropriately.

NEW & NOTEWORTHY Recent studies have found that implicit learning may operate inappropriately in some motor tasks,
requiring explicit strategies to improve performance. However, this inappropriate adaptation could be attributable to competitive
interactions between explicit and implicit processes. After isolating implicit processes, we found that implicit adaptation remained
in the wrong direction for a mirror reversal, acting as if it were a rotation. Interestingly, however, the implicit system is sensitive
to a particular coordinate system, treating mirror reversal and rotation differently.

coordinate system; implicit adaptation; mirror reversal; motor learning; sensorimotor adaptation

INTRODUCTION

Since the seminal findings of bilateral hippocampal lesion
patient H.M., there has been a tendency to view motor learn-
ing as the result of an implicit process (1-3). However, in
recent years, it has become clear that motor learning can
result from a number of different learning processes (4-8).
As such, there has been considerable interest in isolating
implicit learning from these other processes to better charac-
terize its operation (9-13). One of the most surprising find-
ings from these efforts to study implicit learning, in the
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context of a visuomotor adaptation task, is that it appears to
have a very limited dynamic range: The adaptive response is
relatively insensitive to the magnitude of the perturbation
(11, 14, 15), only corrects for errors in one direction (16), oper-
ates automatically regardless of task goals (11, 12), saturates
at a value far below complete learning (14, 17), and may even
reduce its contribution with extended training (18).

These findings present a significant challenge to current
theories of sensorimotor adaptation, which center around
the idea of an internal forward model (19-22). Indeed, it has
been suggested that the implicit adaptation process observed
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in visuomotor adaptation tasks may not reflect the operation
of an internal forward model and, perhaps, it should be con-
sidered the outcome of a different computational process
(17, 18, 21, 23-25). In fact, it is the mirror-reversal task used
with Patient H.M. that underscores the limitations of this
implicit process. Upon experiencing a mirror reversal, feed-
back corrections appear to be in the wrong direction and this
response only gently decreases with extended training (26—
28). Likewise, the adaptive response is similarly in the wrong
direction, creating trial-by-trial instabilities in performance
(21) and only becomes suppressed with days of training (17).
Thus, it appears that, at least initially, implicit motor adapta-
tion shows a highly stereotyped response that is incompati-
ble with the operation of a forward model (21).

Although it might be tempting to reach this conclusion
based on the recent findings in the mirror-reversal task, it
should be noted that in these previous studies learning may
be contaminated by other processes, such as explicit reaim-
ing strategies. Recent studies have found that explicit strat-
egies warp the generalization of implicit learning (29, 30),
task performance errors interact with implicit adaptation
processes (12, 13), and how explicit and implicit processes are
measured may influence the observed pattern of results (31).
Although it seems unlikely that the operation of other learn-
ing processes, or the way in which they are assayed, could
dramatically alter the underlying operation of the implicit
adaptation process, such as reversing the direction of correc-
tive or adaptive response, it still remains worthwhile to
attempt to isolate it.

The task-irrelevant visual-error clamp task has recently
been developed with the hopes of isolating implicit adapta-
tion from other sources of potential contamination (11).
Here, in a center-out visuomotor-rotation task, the angular
direction of cursor feedback is fixed regardless of hand direc-
tion. Participants have control only over the radial direction
of the movement and are instructed to ignore cursor feed-
back entirely. Despite the task irrelevance of the feedback,
movements gradually begin drifting in the direction oppo-
site of the cursor, most often without awareness of the
participants.

Although these initial studies applied a rotational perturba-
tion to the cursor, the perturbation can equally arise from a
mirror reversal, thus, presenting the opportunity to study
implicit adaptation in a mirror-reversal task in relative isola-
tion from other processes. If implicit adaptation is as stereo-
typed and rigid, as described by other studies, then we
anticipate that implicit adaptation to a mirror reversal would
act as though the perturbation was generated by a rotation.
Here, we employed this mirror-reversal clamped-feedback
task to better characterize implicit adaptation over the course
of three consecutive days of training. Regardless of the partici-
pants’ reach direction, cursor feedback was clamped in the
opposite direction to the target across the mid-sagittal axis
(i.e., x-axis) of the workspace. Participants were informed that
the movement of the cursor was not under their control, so
they should ignore it and try their best to place their hand
under the presented target. Similar to previous reports of
implicit adaptation under a mirror reversal, we found that
implicit adaptation was in the inappropriate direction and
only gently decreased across sessions. What’s more, the
observed pattern of adaptation was consistent with what
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would be expected in a dual-adaptation paradigm where par-
ticipants adapted to opposing rotation in the left and right
workspace (32, 33).

The finding that adaptation to a mirror reversal is homolo-
gous to a rotation raises the question: does implicit adapta-
tion truly operate as though visual errors arise from a
rotational perturbation? That is, does adaptation operate in a
polar-like coordinate system? This question has been asked
before by Hudson and Landy (34) in a paradigm where the
perturbations were either drawn from a polar or Cartesian-
based coordinate system. They found that the adaptive
response was flexible, counteracting perturbations generated
from either coordinate system. Thus, we sought to revisit
this question contrasting adaptive responses to mirror-rever-
sal and rotational perturbation using a paradigm that assays
both implicit and explicit learning (15, 35) in experiment 2. If
implicit adaptation blindly operates as if the visual perturba-
tion were a rotation, both mirror-reversal and rotational per-
turbation will be adapted in a polar system, whereas if the
implicit system has some degree of sensitivity to the nature
of the perturbation, then the mirror-reversal perturbation
will be adapted in a more Cartesian-based system compared
with rotational perturbation. Although we again found that
the direction of implicit adaptation to a mirror reversal was
similar to a rotation, the pattern of the adaptive response
appeared to be appropriate for the coordinate system.

MATERIALS AND METHODS
Participants

Fourteen young adults (6 women, age: 20.5+0.5 yr) were
recruited for experiment 1. One participant withdrew midway
through the study, resulting in 13 participants for analysis.
Twenty-four participants (13 women, age: 23.2+4.3 yr) were
recruited for experiment 2, with 12 participants in each condi-
tion. All participants were right handed, verified by the
Edinburgh handedness test (36) and reported normal or cor-
rected-to-normal visual acuity. All participants provided
informed, written consent before participation. The study pro-
tocol was reviewed and approved by the Princeton University’s
Institutional Review Board. All participants received course
credit or financial compensation for their participation.

Power Analysis

The sample sizes of both experiments were determined by
our previous 5-day mirror-reversal task (17), where the magni-
tude of implicit adaptation reached the peak at the end of the
first day and gradually decreased over the course of the next 4
days of training. Based on these findings, in experiment 1, it is
reasonable to hypothesize that the adaptation in the early
phase of the training under the clamped mirror also decreases
after multiple days of training. To determine a necessary sam-
ple size to detect a reliable decrease in adaptation, we com-
pared the mean of implicit adaptation at the end of day 1 with
the end (32 trials) of day 2, day 3, day 4, and day 5 from our
previous 5-day mirror task study (17). Effect sizes of d = 0.99,
1.08, 1.08, 1.53 were found for day 2, day 3, day 4, day 5 com-
pared with day 1, respectively. A paired ¢ test using a two-
tailed o of 0.05 and power of 0.8 suggested that a sample size
of 17, 14, 14, and 7 participants was needed, respectively.
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Considering the constraints in participant recruitment, we
decided to perform a 3-day experiment with 14 participants
for experiment 1, which was chosen as a balanced compromise
in terms of length of the experiment, power, and typical sam-
ple sizes in visuomotor adaptation experiments.

The sample size of experiment 2 was determined by how
many participants would be needed to detect significant ad-
aptation following a single day of training. In our previous
study (17), we found an effect size of d = 1.4 for the mean of
implicit adaptation at the end of 1 day of training. A paired ¢
test using a two-tailed o of 0.05 and power of 0.8 suggested
that a sample size of only seven participants was needed. As
this estimate appeared small, we decided to recruit 12 partic-
ipants for each task, which is a typical sample size in visuo-
motor adaptation experiments and matched that used in our
previous study.

Apparatus

Participants performed a center-out reaching task, making
horizontal movements with their right hand. Movements
were recorded by a digitizing tablet (Wacom Co., Kazo,

Japan), which recorded the motion of a digitizing pen held
in the hand. Stimuli were displayed on a 60 Hz, 17-in. touch-
sensitive monitor (Planar Systems, Hillsboro, OR), which
was mounted horizontally above the tablet and, thus,
obscured view of the limb. The task was controlled by cus-
tom software coded in MATLAB (The MathWorks, Natick,
MA), using Psychtoolbox extensions (37, 38) and run on a
Dell OptiPlex 7040 computer (Dell, Round Rock, TX) with
Windows 7 operating system (Microsoft Co., Redmond, WA).

Procedure

Experiment 1.

Experiment 1 aimed to test whether the implicit system’s
adaptive response to a mirror-reversal perturbation is in the
wrong direction even when it is isolated from explicit strat-
egies. Each trial began with participants holding their right
hand in the center of the workspace for 500 ms. After this
delay, a green target (0.25 cm radius) appeared 7 cm from the
start location. The target could appear at 1 of 12 locations
(£30°, £60°, +75°, ¥105°, +120°, +150°; see Fig. 1A). Participants
were instructed to move as quickly as possible to slice through
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Figure 1. Target locations and moving trajectories of experiment 1. A: the locations of 12 targets: +30°, +60°, +75°, +105°, +120°, +150°. Mirror reversal

was applied along the y-axis and centered on the starting location. Targets

are color coded by the size of error between clamped feedback and target

location: red: 120°, green: 60°, and blue: 30°. Different darkness levels indicate four quadrants. B: moving trajectory of the last cycle in the familiarization
phase. Each trajectory is averaged over 13 participants and colored according to the target it aims. The shaded area represents standard error. Same
below. C: moving trajectory of the first circle in the clamped phase of day 1. D: moving trajectory of the last circle in the clamped phase of day 1. E: moving
trajectory of the last circle in the clamped phase of day 3. F: averaged moving trajectories of B—E. All 12 targets in one circle are flipped and rotated into

a common axis at 0° (see MATERIALS AND METHODS) and averaged.
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the target in one smooth movement and then return back to
the center. During the outbound portion of the reach, a small
circular cursor (0.15 cm radius) was displayed. Depending on
the phase of the experiment, the cursor either represented the
location of the hand or clamped feedback (see the next para-
graph). In addition, a neutral “click” sounded to indicate that
the participant’s hand exceeded 7 cm. If the movement time
from the start to 7 cm exceeded 800 ms, then a computer-gen-
erated voice sounded “Too Slow” following the “click” (<1% of
trials, which were excluded from further analysis). During the
return portion of the reach, the small circular cursor was
replaced by a white ring that was centered on the start loca-
tion and with a radius that matched the distance of the partic-
ipants’ hand to the start location. This form of feedback was
used to help guide participants back to the start location by
providing only radial but not directional information.

Participants received either veridical feedback or clamped
feedback in different phases of experiment 1. On veridical
feedback trials, the cursor accurately showed the location of
the hand. For visual-error clamp feedback trials, the feedback
followed a trajectory that was fixed along a specific heading
angle (11, 39). This fixed heading angle was determined as the
mirror-reversed direction of the target angle across the verti-
cal axis (midsagittal axis). For example, when the participant
reached for the 30° target, the cursor would be clamped at
150°. The radial location of the cursor was based on the radial
extent of the participant’s hand (up to 7 cm amplitude) but
was independent of the angular location of the hand.

Experiment 1 consisted of separate 1-h sessions spread
across 3 days of participation. Participants performed each
session approximately at the same time each day. On the first
day of the experiment, participants experienced a familiariza-
tion phase consisting of 60 trials with veridical, online feed-
back. Following the familiarization phase, the experimenter
then paused the task to explain the visual-error clamped feed-
back. Participants were informed that they could no longer
control the direction of the cursor movement in the following
sessions of the experiment. They were instructed to ignore
the cursor and continue to reach directly to the visual location
of the target. Participants then practiced completing 12 trials,
one to each target location, with the clamped feedback. The
experimenter then paused the experiment again to ensure
that the participants understood the instructions and con-
firmed that they understood that they could not, and should
not, attempt to control the direction of the cursor. Following
this practice phase, participants completed another 996 trials
with clamped feedback (clamp phase). On the second day of
the experiment, participants completed another 1,008 trials of
clamped feedback, which was present on the very first trial.
On the third day of the experiment, participants completed
1,500 trials of clamped feedback and ended the experiment
with a “washout” of 60 trials without any feedback. Before the
washout, participants were instructed that the cursor would
be hidden and they should continue reaching for the target.
In sum, participants completed 3,636 trials in total and note,
they were instructed to aim at the visual target directly in all
phases of the experiment.

Experiment 2.
Experiment 2 was designed to directly compare the degree of
implicit adaptation and its respective coordinate system for

J Neurophysiol « doi:10.1152/jn.00304.2021 - www.jn.org

a rotation and mirror reversal within the same targets. Each
trial began with participants holding their right hand in the
center of the workspace for 500 ms. After the delay, a circu-
lar orange target (0.25 cm radius) appeared 7 cm from the
start location. The target could appear at one of four loca-
tions (45°, 135°, —135°, and —45°). The order of the targets
was pseudorandomized, such that each of the four targets
was visited once before being repeated. Aiming report para-
digm was applied in experiment 2 to separate the implicit
and explicit components during the training. To begin the
trial, participants indicated their intended reaching position
by tapping at any position on the screen with their left hand
(15, 35). Once an aim was recorded, the target turned from or-
ange to green, and participants were allowed to begin their
reaching movement with the right hand. If a participant
attempted to begin moving their right hand before an
aiming location was registered, the message “Remember
to report aim” was displayed and the trial restarted.
Participants were instructed to move quickly and, differ-
ent from experiment 1, they are instructed to stop either
on the target or the aim position depending on task
phases. If the location of the cursor overlapped with the
target (<2 mm of deviation), the participant heard a pleas-
ant “ding”; otherwise, an unpleasant “buzz” was sounded.
The feedback “Too Slow” was given if the reaching time
exceeded 1,200 ms. After participants stopped moving
their right hand (speed <1.3 mm/s), a small circular cursor
(0.15 cm radius) appeared to provide feedback for 500 ms.
During the perturbation phase, two groups of participants
experienced either a mirror reversal or a visual rotation.
In mirror reversal, the end point feedback was reversed
over the y-axis. In rotation, the end point feedback was
rotated 90° to the clockwise direction to match the size of
the perturbation in the mirror-reversal task. To avoid pri-
ming participants with a certain coordinate system, no
visual guidance was used to help participants get back to
the center of the workspace. Instead, a small sticker was
attached to the tablet surface to provide a tactile cue of
the start location. The next trial began once the subject
reached the start location.

The experiment began with 16 trials with online feedback
to get participants accustomed to the task. Then, an 80-trial
familiarization phase with veridical end point feedback
helped participants learn the distance between targets and
start location. After that, a baseline phase was composed of
32 trials without feedback to determine whether any subject
held strong biomechanical biases that would not be averaged
out by the target set. Participants were not asked to report
their aim during the familiarization phases and baseline
phase, as it was assumed that they would always be aiming
at the target. A pause was included after the baseline phase
so that the experimenter could explain the aiming procedure
to the participants. Following these instructions, partici-
pants completed 32 trials with veridical feedback to familiar-
ize themselves with the touch screen and aiming procedure.
A perturbation phase of 400 trials with either mirror-reversal
or visual-rotation feedback followed this familiarization. The
experiment ended with a no-feedback and no-aiming report
washout phase with 32 trials, where participants were
instructed to abandon any strategy they used and to aim
directly to the target.

1481

Downloaded from journals.physiology.org/journal/jn at Princeton Univ Library (128.112.221.220) on November 29, 2021.


http://www.jn.org

()) THE DIRECTION AND COORDINATE SYSTEM OF IMPLICIT LEARNING

Data Analysis

All initial data analyses were conducted in MATLAB, with
the exception that repeated-measures ANOVAs were con-
ducted in SPSS (IBM, 2011). The Greenhouse-Geisser
correction was used for ANOVAs when data violated the
homoscedasticity assumptions. Multiple comparisons were
Bonferroni corrected. In experiment 1, task performance was
assessed by calculating the angular difference between the
target and the initial heading angle of the hand. In experiment
1, the initial heading angle of the hand was calculated as the
angle between the first and last sample of the hand position
between 1 and 3 cm radially from the start location. In experi-
ment 2, trajectories of the right hand were recorded by the
digitizing tablet, whereas the intended aiming location was
recorded by the location tapped by the participant with their
left hand on the touch screen monitor. The first data point col-
lected after the movement’s speed was lower than 1.3 mmy/s
was registered as the terminal right-hand reach location.

Our previous study employing a mirror reversal found
that the direction of the implicit component of motor adap-
tation was not in a direction consistent with counteracting a
mirror reversal but instead in a direction consistent with
countering a rotation (17). As such, this requires a relatively
unintuitive transformation of the data to get it to a common
axis. Figure 1D presents the raw hand trajectory of the last 10
trials toward each target at the end of the first-day training.
It is clear from this figure that to transform the data to a com-
mon axis, the movements in quadrants II-IV need to be
transformed as follows: II) the x-locations of the second
quadrant movements (experiment 1: targets 105°, 120°, 150°;
experiment 2: target 135°) were multiplied by —1 to flip the y-
axis, III) both x- and y-locations of the third quadrant move-
ments (experiment 1: targets —105°, —120°, —150°; experiment
2: target —135°) were multiplied by —1, and IV) the y-loca-
tions of the fourth quadrant movements (experiment 1: tar-
gets —30°, —60°, —75°; experiment 2: target —45°) were
multiplied by —1. After this, the flipped trajectories were
rotated to a common axis, as though the intended target was
always located at 0°, despite being oriented at different tar-
get directions. With these transformations, a positive angle
indicates movements of the hand in a counterclockwise
direction relative to the target. Similarly, to make the solu-
tions to perturbations of the rotation task to be positive in
experiment 2, hand and aiming locations of targets in I, II,
and IV were rotated for 180°, 90°, and 270° clockwise, respec-
tively, to match the target in quadrant IIL.

To minimize the influence of target order differences
between subjects and the potential biomechanical biases
associated with specific target directions, trials were aver-
aged into bins of 12 trials (1 cycle) in experiment 1 and 8 trials
(2 cycles) in experiment 2. In addition, the averaged hand
angle of the last 36 trials in the clamp phases was calculated
for each day, respectively, to assess the adaptation of train-
ing of each day. The hand angles in the clamp phase and
washout were corrected by subtracting with the mean of the
baseline phase.

Model Simulation

To predict the time courses of the Cartesian-based correc-
tion model and the Polar-based correction model in
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experiment 2, we used a modified version of the two-state
model (40). Here, we modeled explicit reaiming as the fast
process (Pf) and implicit adaptation as the slow process (Ps)
over the course of 624 trials (14). Besides, we assumed that
explicit reaiming is updated based on target error, whereas
implicit adaptation is updated based on the aim-to-cursor
distance (14; Egs. 1 and 2):

Pf(n + 1) =aof x Pf(n) + PBf x Ef(n) (1)

Ps(n + 1) = as x Ps(n) + PBs x Es(n), (2)

where Ef is the error between the target and the cursor
locations, whereas Es is the error between explicit reaiming
(Pf) and the cursor location. In the Polar-based correction
model (see Fig. 3, left), the errors (Ef, Es) are supposed to be
coded in the 0-dimension, thus the correction (Pf, Ps) is also
performed in the 6-dimension. Everything remained zero in
the p-dimension:

0f(n + 1) =af x 0f(n) + Bf x Ef(n) (3)
0s(n + 1) =asx0s(n) + PsxEs(n) (4)
ps(n + 1) = ps(n) = psf(n + 1) = pf(n) = 0. (5)

In the Cartesian-based correction model (see Fig. 3, right),
Pf, Ps, Ef, and Es were all coded in x-dimension and every-
thing remained zero in the y-dimension:

Xf(n +1) =of xXf(n) + Bf x Ef(n) (6)
Xs(n +1) =oas x Xs(n) + Psx Es(n) (7)
Ys(n + 1) = Ys(n) = Ysf(n + 1) = YE(n) = O. (8)

As our primary interest focused on implicit adaptation
during the training, rather than how the participants solved
the perturbation with explicit strategies, the models
assumed that the explicit system can solve the mirror task as
in the study by Wilterson and Taylor (17). That is, the partici-
pants could figure out the solution to explicit reaiming (Xf)
after observing perturbation for one trial. In the following tri-
als, explicit reaiming (Xf) was updated, according to the
equations mentioned above. The values for af, Bf, as, and Bs
were determined by hand tuning these parameters to the
simple rotation case (af = 1, Bf = 0.0005, as = 0.99, and Bs =
0.003). The same parameters were used for the two models.
Note, both models assumed the slow process (Xs) updates to
compensate mirror reversal as if it were visuomotor rotation.
The simulated data were processed with the same procedure
as the behavioral data to make the figures comparable. Note,
for simplicity, we opted to present both the model simula-
tions and the behavioral analyses in the Cartesian coordinate
system (instead of polar) because if learning in the mirror-re-
versal task is sensitive to the coordinate system, then the ma-
jority of learning would be confined to the x-dimension (see
Fig. 4).

RESULTS

Previous studies of adaptation under mirror-reversed
feedback have found that feedback corrections and adapta-
tion are in a direction that is counterproductive to overcom-
ing the mirror perturbation. Instead, the responses appear to
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be more consistent with an adaptation system that treats the
perturbation as though it was a rotation. However, as train-
ing progresses, the inappropriate response is gradually
decreased. Here, we set out to study this behavior in more
detail by isolating implicit adaptation over the course of 3
days of training under clamped mirror feedback.

Experiment 1 (Clamped Mirror Task)

The direction of adaptation.

Before the introduction of the clamped-mirror feedback, par-
ticipants practiced reaching to the targets with veridical
feedback. Their reaches were fairly accurate in reaching to-
ward the target (0.94+0.74°, means * standard deviation,
same below, Fig. 1B). Following this familiarization phase,
cursor feedback was mirror reversed and clamped, where the
mirror reversal was applied along the y-axis and centered on
the starting location and the angle of the cursor feedback
was fixed.

Initially, participants’ reaching movements were directed
toward the target, but with training their reaches deviated
from the target (Fig. 1, C and D). For targets in all four quad-
rants, the heading angle of reaching movements biased con-
siderably away from the mirror axis at the end of the first
day (Fig. 1D) and this bias was still present at the end of the
third day of training (Fig. 1E). Specifically, the heading angle
drifted clockwise in quadrant I and quadrant III and drifted
counterclockwise in quadrant IT and quadrant IV. When con-
sidering the target location in the workspace relative to the
mirror axis, this pattern of results suggests that implicit ad-
aptation is acting to in a direction more consistent with ad-
aptation to a visuomotor rotation rather than a mirror
reversal, as we have observed previously (17, 21). Indeed,
when we transformed the data to a common axis (see
MATERIALS AND METHODS), it is clear that implicit adaptation
is acting as if to counter a visuomotor rotation (Fig. 1F).

Figure 1F also reveals that the amount of adaptation on
the final day of training is less than that observed at the end
of the first day. With the data now on a common axis, it is
evident that the amount of implicit adaptation peaked at the
end of the first day (15.8+6.3°) and only gently decreased

over the remaining 2 days of training (Fig. 2A); by the end of
day 2, adaptation was 13.6 + 6.9° and by the end of day 3 was
10.8 £7.1°. This decrease was confirmed by submitting these
data to a one-way, repeated measures ANOVA with the fac-
tor of day ANOVA: F,,=8.32, P = 0.002, n;, = 0.41 (Fig. 2B).
Although there is a significant decrease over the course of 3
days, the decrease is quite modest averaging only 2°-3° each
day. In the post hoc comparisons, only day 1 and day 3
showed a significant difference (P = 0.02). However, it
appears as though the reduction occurs between days rather
than within a day. To test this possibility, we performed a
separate linear regression on the time series of hand angles
for each day of training to determine whether there was a
significant slope to the time course. As expected, we found a
positive slope in day 1 (0.077+0.068°/trial, t;, = 4.08, P =
0.002), and almost a zero slope in day 2 (0.0007 = 0.0406°/
trial, t;, = 0.06, P = 0.95) and day 3 (-0.007 = 0.027°/trial,
tx = —0.90, P = 0.39), indicating almost no decrease within a
day.

Although we observed a reduction in the amount of
implicit adaptation over the course of 3 days of training, it
remains an open question as to whether the adaptive
response of the implicit system would become appropriate
for a mirror reversal or simply be suppressed. Note, if the ad-
aptation was in the mirror direction, i.e., the adaptation
worked to bring the cursor to the target following the rule of
a mirror, the hand would have drifted in the direction of the
cursor. The cursor was in the counterclockwise direction to
the targets in quadrant I (the clamped feedback for them was
in quadrant II), so the hand angle would be negative instead
of positive. Nevertheless, after the 3 days of training, only
one participant showed a slight negative hand angle at the
end of day 3, whereas all the other participants’ hand angles
remained positive throughout the whole training period
(Fig. 2B).

In the washout phase with no visual feedback, implicit ad-
aptation was still present (9.8+6.2°), which was slightly
smaller than the end of the training session (t;, = 2.46, P =
0.03). Notably, before the washout phase, we needed to
pause the program to give participant instruction, which
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Figure 2. Time course of the adaptation in experiment 1. A: time course of the hand angle over 12 targets across 3 days. Each dot is an average of 12 tri-
als (1 cycle). The vertical dashed lines represent first the onset of the mirror-clamp perturbation, then day breaks, then the start of washout. The shaded
area represents standard error. Same below. B: amplitude of adaptation after each day of training. The error bars indicate mean and standard error. C:
time courses of the hand angle for three different error sizes. Each dot is the average of 12 trials (3 cycles).
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resulted in a longer intertrial interval (11.3+3.8 s) than the
normal intertrial interval in the training phase (1.2+0.1 s).
This may be one reason why adaptation in washout is
smaller than at the end of training.

Influence of error size.

The finding that implicit adaptation under a mirror reversal
resembles that observed under a visuomotor rotation and that
previous studies have revealed that the extent of generalization
of a rotation is narrow, then we should expect that each target
direction is learned relatively independently. Furthermore, if
the mirror-reversal task is acted upon by the implicit system as
a rotational perturbation, then each target would technically
have a different degree of rotation. For example, reaches to the
30° target (quadrant I) results in errors near the 150° target
(quadrant II), which could be viewed as a 120° rotation.
Likewise, reaches to the 75° target (quadrant I) results in errors
at 105° (quadrant II), which could be viewed as a 30° rotation.
Morehead et al. (11) found that in a rotation-based visual-error
clamp, adaptation declines as the size of the rotation increases
(adaptation decreased at a point between 95° and 135°). Thus,
if implicit adaptation treats mirror-reversal perturbations as a
rotational error, then we would expect more adaptation for tar-
gets resulting in smaller errors (<95°-135°). Indeed, when we
separate the learning curves by targets resulting in similar
errors, the adaptation for different error sizes showed a signifi-
cant difference after the first day of training (F524-27.2, P <
0.001, n;, = 0.28). Post hoc pairwise comparisons showed that
the adaptation to targets of 120° errors (targets +30, *150;
9.9 +3.3°) was significantly smaller than the adaptation to tar-
gets of 60° errors (targets +60, £120; 16.3+4.9°, P < 0.001) or
the adaptation to targets of 30° errors (targets +60 and +120;
15.6+5.4°, P = 0.002). No difference was found between the
adaption to 60° errors and the adaptation to 30° errors (P =
0.504), consistent with Morehead and colleagues (11).

Experiment 2 (Adaptation to a Rotation vs. Mirror
Reversal)

The findings from experiment 1 suggest that implicit adap-
tation, even under a mirror reversal, acts as though the error
arises from a rotational perturbation: The implicit system
adapted in a direction opposite to the visual error and the
magnitude of adaptation was target dependent, which is
consistent with a rotational-based error signal. This raises
the question: does the implicit system truly operate in a rota-
tional manner, such as being transformed into a polar-like
coordinate system, or does it simply act to bring visual feed-
back toward the intended reach direction, such as an equal
and an opposite corrective behavior, which would be more
similar to a Cartesian-based system? Note, we do not neces-
sarily think that adaptation actually operates in such a well-
defined coordinate system but may be more consistent with
a particular coordinate system. In fact, Hudson and Landy
(34) asked this question in a clever visuomotor adaptation
task that sought to dissociate these two coordinate systems.
Interestingly, they found that participants appropriately
adapted to perturbations generated from either coordinate
system.

At face value, our current results appear to be at odds with
the findings from Hudson and Landy (34), as implicit
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adaptation appeared to treat the mirror reversal as a rota-
tion. However, their study was likely conducted before the
distinction between explicit and implicit learning processes
was firmly established. As such, it could be the case that the
flexibility to the particular coordinate system observed in
their study could partially be the result of explicit reaiming
strategies, which may not have been considered at the time.
Explicit reaiming strategies have been shown to be quite
flexible to the details of the perturbation (16, 35, 41).
Although the nature of their perturbations would seem
unlikely to afford a large contribution from explicit reaim-
ing, it still remains an open question. Experiment 1 was ill-
equipped to shed light on this issue because it used a center-
out task design with shooting movements that always passed
the target location (7 cm), which prevents the potential coor-
dinate system underlying adaptation to be observed.

Here, we sought to revisit this question by using a modi-
fied version of the visual-error clamp method in which par-
ticipants were required to stop on the target without visual
feedback. Once the movement terminated, clamped mirror-
reversal end point feedback was provided. To dissociate
explicit and implicit learning, participants were asked to
report their intended reaching location (reaiming) using a
touch screen monitor before starting the movement. As
such, this method would allow us to observe both the x- and
y-positions of the hand to observe whether learning was
more consistent with a rotational correction (e.g., more
polar-like coordinates; Fig. 3A) or with an equal and opposite
correction (e.g., more Cartesian-like coordinates; Fig. 3B).

The coordinate system of adaptation.

Both groups of participants were able to hit the target pre-
cisely in the familiarization phase (rotation: X, —0.7£3.7
mm; Y, —1.4+2.7 mm; mirror: X, —1.9+2.7 mm; Y, —0.3+1.9
mm). Although some weak biases were generated in the x-
axis during the no-feedback baseline phase in the mirror per-
turbation group (—5.8+8.2 mm), this bias was quickly
washed out when the veridical end point feedback came
back at the beginning of the aiming report (-1.9 £5.0 mm).
After the participants became familiar with the aiming-
report procedure, the perturbation was introduced (mirror
reversal or 90° rotation). In both tasks, participants appeared
to solve the perturbations relatively quickly. The hand angle
is close to the perfect solution for each perturbation at the
end of training (Table 1, row 1). In both tasks, this compensa-
tion was carried out in a quite explicit way, as participants
could aim precisely at the perfect solutions to the perturba-
tions without any systematic bias at the group level (Table 1,
row 2). Although explicit strategy itself is almost sufficient to
meet with the task command, the hand positions still devi-
ated away from the aiming positions, indicating the involve-
ment of implicit adaptation (Table 1, row 3).

Importantly, the Polar-based correction model and the
Cartesian-based correction model predicted different time
courses of learning for explicit and implicit processes in the
perturbation phase. In the Polar-based correction model,
implicit adaptation gradually increased in both x- and y-
dimensions (Fig. 4A) and reached a considerable amplitude at
the end of the perturbation phase. However, the Cartesian-
based correction model predicted that implicit adaptation
would only appear in the x-dimension, whereas adaptation in
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the y-dimension would remain zero (Fig. 4B). Interestingly,
we found that implicit adaptation in the rotation and mirror
tasks are different. Implicit adaptation in the rotation task
was aligned to the prediction of the Polar-based correction
model (Fig. 4C). Participants showed considerable implicit ad-
aptation in both x and y-dimensions under the rotation (X:
5.57+6.61 mm, ty; = 2.92, P = 0.014; Y: 6.35+5.26 mm, ty; =
4.18, P = 0.002). On the contrast, implicit adaptation in the
mirror task was similar to the prediction of the Cartesian-
based correction model (Fig. 4D), where adaptation only
appeared in x-dimension (8.27+5.96 mm, t;; = 4.81, P =
0.0005). A slight negative implicit adaptation was found in
the y-dimension at the beginning of the mirror task, but it
dropped back to zero late into the perturbation (—0.54 £2.77
mm, t; = —0.67, P=0.515). Similar to experiment 1, this adapta-
tion in the mirror task was in the “wrong” direction for mirror
reversal, which increased the error instead of compensating
for it. When comparing between two tasks, implicit adaptation
in x and y-dimensions was roughly equal in the rotation task
(ty1 = 0.267, P = 0.794), whereas they showed a large difference
in the mirror task (¢; = 3.95, P = 0.002). These results indicated
that the implicit learning system applied different coordinate
systems under different visual perturbations.

To illustrate the adaptation in a more straight-forward
way, we presented the aiming location and hand location in
the late training of mirror reversal and visual rotation,
respectively (Fig. 5). We get clearly different patterns
between the two tasks. In the rotation task, aiming location
and hand location fall on a ring with a radius of target dis-
tance (Fig. 5A), whereas in the mirror task, the aim and the
hand had a large divergence in the x-dimension but little dif-
ference in y-dimension (Fig. 5B). Thus, when plotting the

Table 1. The hand location, aiming location, and implicit
adaptation at the end of the mirror-reversal or rotation
perturbation in experiment 2

Rotation-X Rotation-Y Mirror-X Mirror-Y
Hand 102.8 (3.2) 493 (4.3) 104.6 (7.7) 0.40 (2.2)
Aim 97.2 (4.5)™ 142 (2.2)" 96.3 (6.0)™* 0.94 (1.8)"
Implicit 5.6 (6.6)* 6.35 (5.3)* 8.3 (6.0)* —0.54 (2.8)"*

Values are means (SD) (in mm). The values of aiming locations
are compared with the perfect solutions (99.0 mm for x and 0 mm
for y) by simple ¢ tests. The values of implicit adaptation were
compared with O; *P < 0.05; n.s., P > 0.05.
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Figure 3. lllustration of correction and tar-
get locations in experiment 2. Appropriate
correction of implicit adaptation for polar
(A) and Cartesian (B) coordinate. In the
Polar-based correction, error was only
perceived in the 0O-dimension. In the
Cartesian-based correction, error was
only perceived in x-dimension.

Mirror Axis
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two tasks together, it is clear that the implicit adaptation in
the rotation task is more consistent with a polar system, and
implicit adaptation in the mirror task is more consistent
with a Cartesian system (Fig. 5C). Moreover, in the mirror
task, the hand overshoot in the x-dimension relative to the
aim, indicating that implicit adaptation to mirror reversal is
still in the inappropriate direction.

Aftereffect.

In both tasks, no significant aftereffect was found in the
washout. In the rotation task, there was almost nothing left
in both the x- (-0.07 £ 6.42 mm, t;o = 0.039, P = 0.97) and y-
dimension (—2.81+6.80 mm, t;o = 1.38, P = 0.20) in the wash-
out. In the mirror task, hand location slightly went negative
in the x-dimension (—6.97 £7.17 mm, t;o = 3.36, P = 0.06). As
a correct reaiming location in training is the same location
as another target on the opposite side of the mirror axis, the
new aiming location in washout (i.e., directly at the target) is
at the same location as that for the opposite target in train-
ing. Therefore, the negative aftereffect in the x-dimension
was aligned with the positive implicit adaptation in the
training. Again, very little was found in the y-dimension
(4.61+5.15 mm, t;o = 3.10, P = 0.10) in the mirror task. One
reason for the weak aftereffect might be we only presented
the feedback at the movement end, which has proved to
induce less adaptation compared with presenting the feed-
back during the whole movement (42).

DISCUSSION

In the current study, we examined the direction and the
coordinate system of implicit adaptation under a mirror-re-
versal perturbation. In the first experiment, we isolated the
implicit learning process with clamp-mirror perturbation
and confirmed that implicit adaptation is in the wrong direc-
tion for the mirror reversal, in which the adaptation could
only increase the error instead of compensating for it.
Interestingly, this adaptation was somehow suppressed over
the course of the 3 days of training. In the second experi-
ment, we examined whether the implicit system was sensi-
tive to the difference in coordinate systems between the
rotation and mirror perturbations. This was accomplished
by using an aiming report procedure that allowed us to sepa-
rate implicit and explicit components during the learning.
We found that the implicit learning system appeared to be
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Figure 4. Time courses of model predictions and behavioral results in experiment 2. Simulations of the Polar-based correction model (A) and the
Cartesian-based correction model (B). Left and middle: time courses presented by the changes in x- and y-dimensions, respectively. Right: the x- and y-
values of implicit adaptation at the end of the perturbation phase. Participants’ performance in the rotation task (C) and the mirror task (D). Left and mid-
dle: The time course for hand location (purple), cognitive strategy/explicit reaiming (blue), and implicit adaptation (red). The vertical dashed lines repre-
sent the onset of aiming report, then the onset of the visual perturbation, then the end of visual perturbation. The horizontal dashed lines represent the
value of 0 and 99.0 mm, respectively, which were the perfect solutions of visual perturbation in y- and x-dimensions, respectively. The shaded areas rep-
resent standard error. Right: the x- and y-values of implicit adaptation at the end of the perturbation phase. Each line represents a participant. Error bar

represents standard error.

consistent with the coordinate system of the particular per-
turbation, but puzzlingly continued to adapt in the wrong
direction for a mirror reversal.

Adaptation to Mirror Reversal Is in the Right Coordinate
System but Wrong Direction

Both our experiments aligned with several previous stud-
ies that have found that the implicit system learns the mirror

A

reversal in the wrong direction (17, 21, 26-28). Hadjiosif et al.
(21) have suggested that this pattern of adaptation in the mir-
ror reversal is inconsistent with the internal forward model
framework for sensorimotor adaptation (19, 20, 22). Here, the
forward model supposes that the implicit learning system
works to minimize the sensory-prediction error (SPE), that
is, the error between the aim position and the feedback. To
reduce an SPE in a mirror reversal, the participant’s hand
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Figure 5. Hand location and aiming location at the end of rotation task and mirror task. A: covariance ellipses of hand (purple) and aiming location (blue)
for 95% Cl at the end of the rotation. The data of 12 participants were averaged trial by trial. Hand location and aiming location of all targets are aligned
as if the target were in quadrant IV (target —45°, unshown). The covariance of the last 40 trials in the perturbation phase was calculated to plot the covar-
iance ellipses. Green spot indicates the target location in quadrant I. B: covariance ellipses of hand location and aiming location at the end of the vertical
mirror. Hand location and aiming location are aligned as if the target were in quadrant Il (target 135°, unshown). C: comparison between the rotation and mir-
ror reversal. To make them comparable, the rotation was plotted as if it were a counterclockwise rotation. Hand and aim positions in A are mirror reversed
according to the y-axis and are then rotated for 90° to the counterclockwise direction. Hand and aim positions in mirror reversal remain the same as B.
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should adapt closer to the mirror axis, which would bring
the cursor and hand to get close to each other. However, the
hand appears to adapt in the direction of the rotation and,
thus, increases the error in a mirror-reversal task (17, 21).
This raised concerns to the internal forward model frame-
work and suggests that other computational frameworks
may be needed to explain the implicit learning process.
Remarkably, even though the implicit component failed to
work under mirror reversal, participants actually performed
well in the mirror task in experiment 2 by applying reaiming
strategies. Consistent with previous studies (17), our result
suggested that learning under mirror reversal is at least ini-
tially made possible through explicit reaiming strategies.

Besides the direction of adaptation, the degree of implicit
adaptation to different targets in the mirror reversal were
consistent with adaptation to different sizes of rotations (11,
32, 33). The strong similarity between the performance in
mirror and rotation tasks raises the question of whether the
implicit system could only process the perturbation as a
rotation. However, in a two-dimensional reaching task, in
which participants need to control both movement angle
and radius, we found that implicit adaptation under a mirror
reversal was very different from that under a 90° rotation in
terms of the coordinate system. This result is consistent with
the study by Hudson and Landy (34), where participants were
exposed to perturbations that altered over trials following a
sinewave pattern. Perturbations of different frequencies were
either applied to the two axes in the polar system (p, 0) or the
Cartesian system (X, Y), respectively. They found that partici-
pants could correct for the errors regardless of the coordinate
system. However, it remains unknown how the implicit and
explicit systems contribute to this result. Our findings suggest
that both implicit and explicit learning systems appear to be
sensitive to the coordinate system of the perturbation.

We note that, unlike mirror reversal, which is somewhat
artificial and unlikely to be encountered in everyday life,
errors in different coordinate systems may be more common
in motor learning. For example, controlling a steering wheel
or a bicycle handle asks for manipulation in the polar sys-
tem, whereas a computer mouse may need motor planning
in the Cartesian system. However, what information signals
the appropriate coordinate system remains to be deter-
mined. For every single target in experiment 2, there was 90°
of separation between targets, which is generally outside the
range of generalization (43-45). This limitation in the
breadth of generalization would suggest that the coordinate
system would have to be determined individually at each
target location.

There is the possibility that the global pattern of errors
could signal the coordinate system of the errors; however,
evidence for metalearning processes such as this is scant.
Although incidental contextual cues have been shown to
affect learning and change the pattern of generalization (42),
it most likely operates on explicit reaiming. We made sure to
remove these visual cues, such as the arrangement of the tar-
gets or requiring shooting movements in experiment 2.
However, explicit strategies might still operate in different
coordinate systems for mirror and for rotation, as they ask
for different mental manipulations. Different explicit strat-
egies might generate errors in different coordinate systems,
which then influences the selection of the coordinate system
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for implicit adaptation. Another possibility is the consis-
tency of the error signals, which has been shown to reduce
the sensitivity of implicit adaptation (15, 46, 47). In the mir-
ror-reversal task, the sign of the error changes across the
workspace, whereas in the rotation task it remains consist-
ent. Again, however, it is unclear whether the memory for
errors (48) operates globally and could serve as a cue to sig-
nal a particular coordinate system.

Suppression of the Implicit Adaptation

One interesting result in experiment 1 is that the adapta-
tion in the wrong direction is suppressed significantly during
the 3-day training. We also observed suppression of implicit
adaptation in our previous 5-day contingent mirror task (17).
One explanation for this suppression is that the implicit
system changed its error-correction policy during the
extended training. When exposed to the mirror reversal, a
transformation matrix for a rotation was initially applied,
which caused the unsuitable adaptation, but after days of
training, the implicit system may gradually change the error
derivative (21, 49) or create a more appropriate transforma-
tion matrix for a mirror reversal. However, even after days of
training, the accumulated adaptation is still in the wrong
direction, and to our knowledge, no research has observed
an adaptation to the correct direction under mirror rever-
sal. This poses the question of whether the implicit system
figure can eventually correct for a mirror reversal or just
becomes suppressed.

Attenuation of implicit adaptation does not appear to be
specific to the mirror-reversal task. Previous studies also
found attenuation of the implicit system in some rotation
tasks (18). Our previous 5-day rotation task (17) showed a
tendency of attenuation in explicit adaptation in the
extended training. Moreover, a recent study indicated that
implicit adaptation would be attenuated in the re-exposure
of the visual perturbation compared with the original adap-
tation (18, 50). What’s more, another study manipulated the
variation of the perturbation in a rotation task suggesting
that the error sensitivity of the implicit system seems to be
suppressed when continuously exposed to the error signal of
different directions (47, 51). Although the error signal is
clamped to each target in our experiment 1, the error direc-
tion is opposite in terms of clockwise or counterclockwise for
targets on the two sides of the mirror axis. Thus, exposure to
inconsistent error directions might contribute to the attenu-
ation of implicit adaptation in our result.

The Utility of the Implicit System in the Sensorimotor
Learning

The incorrect adaptation direction for mirror reversal and
the suppression of the adaptation across days raise the ques-
tion regarding the utility of implicit adaptation in motor
learning. As the mirror task was indeed the experiment that
defined implicit learning (1), it is strange that recent studies
showed that implicit adaptation could not overcome the mir-
ror reversal. A plausible account is that another implicit
learning system, e.g., reinforcement learning system, might
be critical in motor learning instead of the so-called “implicit
adaptation” defined here. The “implicit adaptation” referred
to in our analysis was initially defined and proved to be
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useful in the visuomotor rotation task (8, 10). However, as
accumulated evidence showed the limitations of this
implicit adaptation (11, 12, 15, 39, 41, 52), its utility might be
restricted to several specific tasks but unable to fulfill com-
plex task demands, e.g., mirror reversal. In those complex
situations, this implicit system might be suppressed, and
other implicit learning systems somehow help explore and
select a proper policy.

Conclusions

Our study confirmed that implicit adaptation operates in
the wrong direction under mirror reversal perturbation. This
adaptation was attenuated in the extended training across 3
days. Although in the wrong direction, the implicit system
does appear sensitive to a particular coordinate system.
These findings are consistent with previous reports challeng-
ing the flexibility of this implicit adaptation process (11, 17,
21, 41).
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