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Abstract

One of the brain’s primary functions is to promote actions in dynamic, distracting environments. Because distractions divert
attention from our primary goals, we must learn to maintain accurate actions under sensory and cognitive distractions.
Visuomotor adaptation is a learning process that restores performance when sensorimotor capacities or environmental condi-
tions are abruptly or gradually altered. Prior work showed that learning to counteract an abrupt perturbation under a particular
single- or dual-task setting (i.e., attentional context) was associated with better recall under the same conditions. This suggested
that the attentional context was encoded during adaptation and used as a recall cue. The current study investigated whether
the attentional context (i.e., single vs. dual task) also affected adaptation and recall to a gradual perturbation, which limited
awareness of movement errors. During adaptation, participants moved a cursor to a target while learning to counteract a visuo-
motor rotation that increased from 0° to 45° by 0.3° each trial, with or without performing a secondary task. Relearning was
impaired when the attentional context was different between adaptation and recall (experiment 1), even when the exposure to
the attentional context was limited to the early or late half of adaptation (experiment 2). Changing the secondary task did not
affect relearning, indicating that the attentional context, rather than specific stimuli or tasks, was associated with better recall
performance (experiment 3). These findings highlight the importance of cognitive factors, such as attention, in visuomotor adap-
tation and have implications for learning and rehabilitation paradigms.

NEW & NOTEWORTHY Adaptation acquired under single- or dual-task setting, which created an undivided or divided attentional
context, respectively, was impaired when relearning occurred under different conditions (i.e., shifting from a dual to single task).
Changes to the attentional context impaired relearning when the initial adaptation was to a gradual perturbation. Explicit aware-
ness of the perturbation was not necessary for this effect to be robust, nor was the effect attributable to changes in the second-
ary task requirements.

attention; dual task; learning; reaching; visuomotor adaptation

INTRODUCTION

Sensorimotor adaptation is essential for everyday activ-
ities, allowing us to recalibrate movements as we become fa-
miliar with new prescription glasses or tools and as our body
undergoes neuromuscular and biomechanical changes. The
associative relationships between perception and action
have been studied extensively in experimental settings (e.g.,
Refs. 1-4). For instance, previous studies suggest that motor
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errors perceived through visual feedback are used to update
and adjust future motor commands, suggesting the roles of sen-
sory feedback signals in selecting actions and improving motor
control (5-7). Reinforcement learning models highlight proc-
esses that select the aiming direction of goal-directed move-
ments while maximizing reward outcomes (8, 9). Although
these models acknowledge the connections between perception
and action, they overlook how cognitive processes, such as
attention, influence sensorimotor adaptation.
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Attention is crucial for preparing and generating goal-
directed movements when multiple sensory distractors are
present (e.g., Refs. 10-13). Previous work showed that con-
currently performing a secondary attention-demanding task
during motor sequence learning or sensorimotor adaptation
impaired performance (e.g., Refs. 14-18). For instance, per-
forming a secondary task while adapting to transient force per-
turbations interfered with the encoding and transformation of
error signals used to update internal models (17). Moreover,
sensorimotor adaptation was differentially impaired by the
burdens placed on attention and executive control depending
on the secondary task difficulty (18). Thus, concurrent second-
ary tasks are presumed to have immediate, detrimental effects
on sensorimotor adaptation and task performance.

However, our previous work in young (e.g., Refs. 19-23)
and older adults (24) demonstrated that visuomotor adapta-
tion was recalled better and faster when concurrently per-
forming a secondary task (dual task) than when performing
the visuomotor task alone (single task) if the initial adapta-
tion occurred in a dual task context. This is counterintuitive
because relearning was impaired when the attentional
demand was reduced by removing the secondary task.
Similar decrements were observed after switching from a
dual to single task context when attempting to generalize
visuomotor adaptation to untrained reach directions (23)
and remained up to 24 h following the initial exposure (20).
These findings led us to postulate that the attentional con-
text, i.e., whether attention was divided and simultaneously
allocated to two separate tasks, serves as a contextual cue for
the recall of visuomotor adaptation.

Our previous work investigating the integration of the
attentional context and visuomotor adaptation employed an
abrupt 45° perturbation that was introduced and maintained
throughout adaptation and recall (e.g., Refs. 19, 20, 22, 23).
Im et al. (19) showed that the attentional context was associ-
ated with visuomotor adaptation during the early stage of
learning (i.e., the first half of trials) when movement errors
rapidly decreased and when cognitive strategies for coun-
teracting the perturbation are most likely to be employed
(25). By contrast, the attentional context experienced dur-
ing the late stage of learning (i.e., the second half of trials)
was not associated with visuomotor adaptation, which is
when actions become more automated and dependent on
repetition (26) and attentional control is reduced (27-29).
Our findings are consistent with the notion that associa-
tive learning tends to be more effective when a stimulus or
event has uncertainty and thus attracts more attention.
Once learning has reached a stable asymptote, no further
attention to the stimulus is required and the associability
declines (30, 31). Neuroimaging work suggests that differ-
ent neural mechanisms contribute to the early and late
stages of visuomotor adaptation, as evidenced by a shift in
neural activity from prefrontal to parietal and cerebellar
regions (32-34) and may influence how these associations
are formed.

Although we have shown that the attentional context is
associated with visuomotor adaptation for abrupt perturba-
tions that induce large discrepancies between the desired
and actual movements (19, 20, 22-24), one remaining ques-
tion is whether the abrupt perturbation is necessary to pro-
mote the association between the attentional context and
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visuomotor adaptation. Abrupt adaptation is character-
ized by extended exposure to large errors, at least immedi-
ately after the onset of the perturbation, which induces
explicit strategy-based learning by triggering awareness
(25). Alternatively, perturbations can be introduced gradu-
ally, driven by the accumulation of small errors over time.
For example, in many Chinese Kung Fu movies, Shaolin
monks start training as young children. To improve their
strengths and skills, each trainee is assigned to hug a sap-
ling and try to rip it out of the ground. Each day, the sap-
ling grows steadily larger, and the trainee grows and
becomes increasingly stronger while attempting to uproot
it. Because of the gradual changes, the trainee remains
unaware but continues to improve.

Gradual adaptation tasks that incrementally introduce a
perturbation have been suggested to reduce awareness of
error signals (e.g., Ref. 35), which theoretically limits the
involvement of explicit cognitive strategies. In this context,
adaptation can still be achieved by implicit processes that
operate on sensory prediction errors to update internal mod-
els (36), even for exceedingly small errors (37, 38). Previous
work indicates that gradual adaptation is distinct from ab-
rupt adaptation (39, 40). Specifically, gradual adaptation was
suggested to produce more robust aftereffects (41-43) and
better retention (35, 44). Furthermore, small and large errors
may engage different learning processes (37) and rely on dis-
tinct neural substrates (41).

Given the differences between the learning processes and
outcomes of abrupt and gradual adaptation, it is unclear
whether the attentional context can serve as an effective con-
textual cue for recall when the initial adaptation occurs in
response to a gradual perturbation. Moreover, it is unknown
whether the attentional context cue can be transferred
across task types when adapting to a gradual perturbation,
as observed for abrupt perturbations (20, 22, 23). The main
purposes of this study were to investigate 1) whether an ab-
rupt perturbation is necessary for associating the atten-
tional context and visuomotor adaptation and 2) whether
relearning is impaired when the same attentional context
(i.e., divided attention) is maintained between the initial
adaptation and recall but the secondary task is different.

In three experiments, a visuomotor rotation task (primary
task; Fig. 1A) was combined with various attention-demand-
ing tasks (secondary tasks; Fig. 1, B and C). Experiment 1
examined whether attentional context was associated with
visuomotor adaptation to a gradual perturbation, which did
not produce the same sustained, large errors as the abrupt
perturbations employed in our previous work. We found that
recall was better when the attentional context was the same
(i.e., undivided to undivided or divided to divided) during
the initial adaptation and recall compared with when it
changed (i.e., divided to undivided), replicating our previous
studies that employed an abrupt perturbation (19-23). This
suggests that an abrupt perturbation that induces large
errors is not necessary for associating the attentional context
and visuomotor adaptation. Experiment 2 further showed
that the association between attentional context and visuo-
motor adaptation occurred during not only the late stage of
adaptation, when errors were large and participants were
more likely to be aware of the perturbation, but also the early
stage of adaptation, when errors were small and awareness
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Figure 1. Task schematics. A: visuomotor rotation task. Targets appeared
one at a time and remained visible for the entire trial. During the baseline
and washout phases, the cursor followed the hand normally. During the
adaptation phase, the cursor position was rotated counterclockwise
(CCW) with respect to the hand, from 0° to 45° with an increment of 0.3°.
During the recall phase, the cursor position was rotated 45° CCW relative
to the hand for all trials. B: RSVP task. A sequence of five T's was pre-
sented, each for 150 ms in either an upright or inverted orientation and
one of five different colors. Participants reported how many target T's
(upright, red T’s and inverted, green T’s) were presented via key press at
the end of each trial. C: visual search task. A search array consisting of ei-
ther an upright or inverted red T and 16 distractors (blue T’'s and red L’s)
was presented for 1,500 ms. Participants reported whether the red target
T was in the upright or inverted orientation via keypress at the end of
each trial. RSVP, rapid serial visual presentation.

was limited. Finally, experiment 3 showed that the effect of
attentional context on visuomotor adaptation still occurred
when different secondary tasks were performed during the
initial adaptation and recall but the divided attentional con-
text remained the same.

MATERIALS AND METHODS
Participants

A total of 175 right-handed undergraduates were recruited
for three experiments (experiment 1: N = 30; experiment 2:
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N =105; experiment 3: N = 40). See Table 1 for the participant
demographics. In experiments 1 and 3, 10 participants were
assigned to each group. In experiment 2, the group sample
sizes were increased to 15 to account for the greater number
of pairwise statistical comparisons due to the addition of
four experimental groups. These sample sizes are comparable
to our previous studies (19, 20, 22-24, 45), which employed a
similar dual-task paradigm and experimental design and
resulted in reliably large effect sizes (nz > 0.26). Sample sizes
were also comparable to those reported in visuomotor adapta-
tion studies by other groups (e.g., Refs. 6, 17). Eligibility cri-
teria included normal color vision, normal or corrected-
to-normal visual acuity, and no prior experience with
the visuomotor rotation task. Compensation was pro-
vided as course credit. Written informed consent was
obtained from all participants in accordance with the
Declaration of Helsinki, and the experimental proce-
dures were approved by the Institutional Review Board
at Brown University.

Apparatus

Participants sat 57 cm from an Apple iMac computer with
a 21-in. monitor (1,920 x 1,080 pixels; 60-Hz refresh rate)
while holding a stylus in their right hand and making key-
press responses with their left hand. The stylus tip rested on
a digitizing tablet (Magic Touch; Tyco Touch, Inc.) placed
horizontally on a table and aligned with the participant’s
midline and the center of the monitor. Feedback of the hand
position was provided by displaying a cursor on the monitor
(white dot; 0.25° diameter). Visual feedback of the arms was
occluded by a solid black surface mounted horizontally at
the same height as the bottom of the monitor. MATLAB
2015a (RRID:SCR_001622) and Psychtoolbox-3 (46-48, RRID:
SCR_002881) were used to present visual stimuli and record
hand movements.

Experimental Design

Primary task.
Visuomotor rotation. Participants were asked to hold a stylus
with their right hand and move the cursor from a starting
position (yellow annulus; 1° diameter) located in the center
of the screen to a target (white circle; 1° diameter) separated
by 5.5 cm (Fig. 14). The cursor and target remained visible
for the entire 1,500 ms of trial duration. Participants were
instructed to make a rapid, straight-line movement that
sliced through the target and then reverse the movement to
return to the starting position. Participants were also encour-
aged to overshoot the target and avoid making corrective
movements.

There were three types of trials. In no-rotation trials, the
cursor and hand position were the same such that the cursor

Table 1. Participant demographics for experiments 1-3

N n Age, yr Sex (F/M)
Experiment 1 30 10 19.2+£13 18 F12 M
Experiment 2 105 15 19.8+1.2 54 F/51M
Experiment 3 40 10 19.5+0.9 21F/19 M

N is the number of participants in each experiment; n is the
number of participants per group. Standard deviations are indi-
cated for age.
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movement shown on the display corresponded to the partici-
pant’s hand movement. In gradual rotation trials, the cursor
position was rotated counterclockwise (CCW) relative to the
hand and gradually increased from 0° to 45° in increments
of 0.3°. Each angle was presented once, except for 45°, which
was repeated for the last 10 trials. Without any corrective
movements, the gradual rotation would give the impression
that the cursor was slowly diverging from the target direc-
tion. In abrupt rotation trials, the cursor position was rotated
45° CCW relative to the hand.

The target appeared at one of four potential locations at 3,
6, 9, and 12 o’clock relative to the starting position. Each tar-
get location was presented in a pseudorandomized order
within blocks of four trials. After 40 practice trials with no
cursor rotation, there were four experimental phases: base-
line (40 no-rotation trials), adaptation (160 gradual rotation
trials), washout (80 no-rotation trials), and recall (80 abrupt
rotation trials). Each experimental phase was completed
without breaks.

Secondary tasks.

Rapid serial visual presentation task. A sequence of five
upright or inverted T’s was presented in different colors: red,
yellow, blue, white, or green (Fig. 1B). Each T was presented
for 150 ms, followed by a 150-ms blank interval. The T’s were
always positioned immediately above the starting position.
Two types of targets were defined by multiple features: an
upright red T and an inverted green T. Participants reported
how many targets were presented—either one, two, or three
—via keypress at the end of the trial. Even when participants
were not asked to perform the secondary task, they made a
keypress in response to a prompt (e.g., “Press button 1”) to
preserve the sequence of actions performed in each trial. To
maintain consistent exposure to the visual stimuli across ex-
perimental conditions, the rapid serial visual presentation
(RSVP) stimuli were presented even if the person was not
performing the secondary task. This ensured that changes to
the attentional context were not confounded with the (in)
consistency of low-level visual stimuli.

Visual conjunction search task. One target (a red T) and 16
distractors (blue T’s and red L’s, both upright and inverted)
were simultaneously presented in pseudorandom positions
for the entire trial duration (1,500 ms; Fig. 1C). The target
was presented in either an upright or inverted orientation.
Participants were asked to report the orientation of the target
via keypress. Like in the RSVP task, the search array was dis-
played even when the participant was not performing the
secondary task, and a prompted Kkeypress response was
recorded after each trial.

Table 2. Experiment 1 task details

Procedure.

In the three experiments, participants performed the visuo-
motor rotation task throughout all experimental phases: the
baseline with no cursor rotation, the adaptation phase with
the gradual cursor rotation with or without the secondary
task, the washout phase with no cursor rotation, followed by
the recall phase with the abrupt cursor rotation with or with-
out the secondary task (Tables 2, 3 and 4). The group assign-
ments are described below for each experiment. In all
experiments, task instructions for the secondary task were
presented at the beginning of each phase, leading to a short
break (30-45 s). When performing the dual task, participants
were instructed to initiate a movement as soon as the target
was presented while simultaneously paying attention to the
visual stimuli to identify either the number of targets pre-
sented (RSVP) or the orientation of the targets (visual con-
junction search). This ensured that attention was divided
among the tasks, allowing us to examine the effect of atten-
tional context on visuomotor adaptation.

Experiment 1. Participants were randomly assigned to one
of three groups: none-none, rsvp-rsvp, and rsvp-none,
named according to the secondary task performed during
the adaptation and recall phases, respectively. Depending on
which experimental group they were assigned to, some par-
ticipants performed visuomotor adaptation and secondary
tasks at the same time. The none-none and rsvp-rsvp groups
performed the visuomotor rotation task under consistent
attentional contexts between adaptation and recall (i.e.,
undivided-undivided for the none-none group and divided-
divided for the rsvp-rsvp group). The rsvp-none group per-
formed the visuomotor rotation task under inconsistent
attentional contexts (i.e., divided-undivided). Table 2 sum-
marizes the visuomotor adaptation conditions and second-
ary tasks that each group performed in experiment 1.

Experiment 2. We manipulated when the dual-task condi-
tion was performed during the adaptation phase to examine
whether the attentional context was associated with visuo-
motor memory only after errors had become large (Table 3).
Four new groups were formed based on whether participants
performed the RSVP task during the early (the first 80 trials)
or late (the last 80 trials) phase of adaptation (early vs. late)
and whether they performed the RSVP task during the entire
80-trial recall phase (none vs. rsvp).

For example, the early rsvp-rsvp group performed the
RSVP task during the early phase (first 80 trials) of adapta-
tion and the recall phase. By contrast, the late rsvp-none
group performed the RSVP task during the late phase (last 80
trials) of adaptation, but did not perform a secondary task
during the recall phase. For data analyses, we combined the

Baseline Adaptation Washout Recall
Group (40 trials) (160 trials) (80 trials) (80 trials)
Primary task all no rotation gradual rotation no rotation abrupt rotation
(0°) (0.3%/trial) (0°) (45°)
Secondary task none-none
rSVp-rsvp rsvp rsvp rsvp
rsvp-none rsvp rsvp

Participants performed the primary visuomotor rotation task and secondary RSVP task depending on group assignment. RSVP, rapid

serial visual presentation.
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Table 3. Experiment 2 task details

Baseline Early Adaptation Late Adaptation Washout Recall
Group (40 trials) (80 trials) (80 trials) (80 trials) (80 trials)
Primary task all no rotation gradual rotation gradual rotation no rotation abrupt rotation
(0°) (0.3°/trial) (0.3°/trial) (0°) (45°)
Secondary task
Early-adaptation consistent early rsvp-rsvp rsvp rsvp rsvp
late rsvp-none rsvp rsvp
Late-adaptation consistent late rsvp-rsvp rsvp rsvp rsvp
early rsvp-none rsvp rsvp
Replicate none-none
rsvp-rsvp rsvp rsvp rsvp rsvp
rsvp-none rsvp rsvp rsvp

Participants performed the primary visuomotor rotation task and secondary RSVP task depending on group assignment. RSVP, rapid

serial visual presentation.

early rsvp-rsvp and late rsvp-none groups and classified
them as the early-adaptation consistent group because the
attentional context at recall was the same as the early phase
of adaptation in this group (divided and undivided, respec-
tively). Conversely, we combined the late rsvp-rsvp and early
rsvp-none groups and classified them as the late-adaptation
consistent group because the attentional context at recall
was the same as the late phase of adaptation in this group
(again, divided and undivided, respectively).

We also formed the same three groups from experiment 1,
which performed either a single or dual task during the
entire adaptation phase (none-none, rsvp-rsvp, and rsvp-
none; Table 3). This allowed us to confirm the results of
experiment 1 and evaluate whether the attentional context
was associated with visuomotor adaptation during the early
or late phase of adaptation (80 trials) compared with the
entire adaptation phase (160 trials).

Finally, we questioned participants about their subjective
awareness of the cursor perturbation using a brief exit survey
immediately following the experimental session. The ques-
tion provided to the participants was: “You completed five
blocks of trials where you performed a reaching task under
different conditions. During the experiment, did you notice
any systematic changes to the relationship between your
hand movement and the cursor movement? If so, please
describe the changes and when you became aware of them.
You can refer to blocks 1-5 to indicate the timing.” This sur-
vey provided a coarse-grained measure of when participants
noticed that the cursor movements had been manipulated.
After a response was obtained, participants were debriefed
about the experiment.

Experiment 3. We replaced the secondary RSVP task with a
visual conjunction search task (Fig. 1C) with three comparable

Table 4. Experiment 3 task details

group assignments to experiment 1: none-none, search-search,
and search-none. To assess the generalizability of the effect of
attentional context, we also included a new group that per-
formed the visual search task during adaptation and the
RSVP task during recall. Participants were randomly assigned
to one of the four groups: none-none, search-search, search-
none, and search-rsvp (Table 4). The none-none and search-
search groups had consistent attentional contexts between
adaptation and recall, whereas the search-none group had an
inconsistent attentional context. The search-rsvp group was
considered to have a consistent attentional context with
respect to the dual-task conditions (i.e., divided attention) but
engaged in either a spatial (conjunction search) or temporal
(RSVP) attention task. The addition of this group allowed us
to examine whether attentional context encoded under grad-
ual adaptation could be transferred across tasks that engaged
different types of attention.

Data Analyses

Data analyses were performed in MATLAB R2021b (RRID:
SCR_001622) and were the same across experiments 1-3.
Movement analyses were restricted to the center-out move-
ment to the target. Hand position coordinates were filtered
using a second-order, low-pass Butterworth filter with a 6-Hz
cutoff, which was determined through residual analysis.
Hand position data were transformed to a common refer-
ence frame with the target located at the 12 o’clock position.
Hand displacements were obtained using a first-order back-
ward difference. Net hand displacements were computed as
the square root of the sum of the squared x- and y-displace-
ments. Hand tangential velocity was obtained by dividing
the net hand displacements by the sampling interval (1/200

= 0.005 s). Movement onset and offset were identified

Baseline Adaptation Washout Recall
Group (40 trials) (160 trials) (80 trials) (80 trials)
Primary task all no rotation gradual rotation no rotation abrupt rotation
(0°) (0.3°/trial) (0°) (45°)

Secondary task none-none

search-search search search search

search-none search search

search-rsvp search search rsvp

Participants performed the primary visuomotor rotation task and secondary visual search task or RSVP task depending on group

assignment. RSVP, rapid serial visual presentation.
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when the hand tangential velocity first exceeded and fell
below 5% of peak velocity. Each movement trajectory and
velocity profile were visually inspected to ensure that the
entire movement was captured by the movement detection
algorithms.

Hand angle, the angular difference between the target and
the initial movement direction, was used to measure per-
formance on the visuomotor rotation task. The initial move-
ment direction was defined as the line connecting the hand
position at movement onset and peak velocity in each trial.
A positive hand angle denoted clockwise deviations relative
to the target, whereas a negative hand angle denoted CCW
deviations. Trials were excluded if the hand angle exceeded
+90°, indicating a movement in the wrong direction, or devi-
ated more than 25° from the median of the five previous and
successive trials. This criterion led to the retention of more
trials than =5 local median absolute deviations as a thresh-
old. The total number of trials removed were: 180 (2.75%) of
10,800 trials in experiment 1, 460 (1.22%) of 37,800 trials in
experiment 2, and 298 (1.67%) of 14,400 trials in experiment
3. Adjusting the outlier removal parameters within reasona-
ble limits did not affect the reported results. Hand angle was
then averaged across blocks of four successive trials, one per
target location, the same as our previous work (e.g., Refs. 19,
20, 22, 49). RSVP and visual search performance were
assessed as the proportion of correct responses (i.e., accu-
racy) within each experimental phase.

Statistical Analyses

Statistical analyses for experiments 1-3 were performed
using SAS 9.4 (RRID:SCR_008567). Hand angle was com-
pared across groups within each of the experimental phases
using two-way mixed-model ANOVAs with group (between-
subjects) and block (within-subjects) as fixed factors and par-
ticipant as a random factor. Summary measures of hand
angle computed across different time windows were com-
pared using one-way ANOVAs with group (between-subjects)
as a fixed factor. Secondary task accuracy scores were com-
pared with chance level performance using two-sided ¢ tests.
Chance performance was 0.33 for the RSVP task and 0.5 for
the visual conjunction search task. Accuracy scores were
also compared using two-way mixed-model ANOVAs with
group (between-participants) and phase (within-partici-
pants) as fixed factors and participant as a random factor.
One-way ANOVAs were used to compare accuracy within a
group across experimental phases. Statistical significance
was assessed at the a = 0.05 level. Bonferroni corrections
were applied for multiple post hoc comparisons (i.e.,
unplanned contrasts). Partial eta squared was computed as a
measure of effect size for main effects and interactions.

For experiment 2, the RSVP accuracy and hand angle of the
early rsvp-rsvp and late rsvp-none groups were merged to
form the early-adaptation consistent group. Likewise, the
RSVP accuracy and hand angle of the late rsvp-rsvp and early
rsvp-none groups were merged to form the late-adaptation
consistent group. This allowed us to address our main ques-
tion of whether the differences in the error magnitudes
between the early and late stages of adaptation influenced
when the attentional context was encoded. Note that partici-
pants in the early-adaptation consistent group experienced a
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consistent attentional context between recall and the early
half of the adaptation phase, which was characterized by rela-
tively small errors. By contrast, participants in the late-adap-
tation consistent group experienced a consistent attentional
context between recall and the late half of the adaptation
phase, which was characterized by relatively large errors.
Prior to the statistical analyses, we confirmed no differences
in the RSVP or the hand angle results between the two early-
adaptation consistent groups or between the two late-adapta-
tion consistent groups. Detailed comparisons between the
early rsvp-rsvp and late rsvp-none groups (Supplemental Fig.
S1) and between the late rsvp-rsvp and early rsvp-none groups
(Supplemental Fig. S2) were included as Supplemental Data.

RESULTS

We first present the effects of visuomotor adaptation on
the secondary task and vice versa that were commonly
observed across the three experiments. We then address the
impact of the (in)consistency of attentional context on visuo-
motor memory recall for each experiment separately.

Experiments 1, 2, and 3: Common Results

No effect of visuomotor adaptation on the secondary
task performance.

There were no systematic differences in secondary task per-
formance across the groups or experimental phases, con-
firming that visuomotor adaptation did not interfere with
the secondary task performance in experiments 1-3. Figure
2A shows the mean proportion of correct responses during
the baseline, adaptation, and recall phases for the groups
that performed the RSVP task in experiment 1. Both the rsvp-
rsvp (blue) and rsvp-none (red) groups performed better
than the chance level of 0.33 (dashed line; all P’s < 0.01),
indicating that attention was allocated to the secondary task.
The chance level for the RSVP task was 0.33 because partici-
pants were asked to report whether one, two, or three targets
(upright red or inverted green T’s) were presented in the
RSVP stream. Group performance was not different during
baseline or adaptation as confirmed by a two-way mixed-
model ANOVA with group (rsvp-rsvp and rsvp-none) and
phase (baseline and adaptation) as fixed factors and partici-
pant as a random factor (group: Fy;5=0.00, P = 0.96, ﬂp
0.00; phase: F;13=4.05, P = 0.06, nz = 0.09; group x phase:
Fi18=3.24, P = 0.09, n2 =0.08). A separate one-way ANOVA
confirmed that RSVP performance did not differ across the
baseline, adaptation, and recall phases within the rsvp-rsvp
group (F,5=2.16,P=0.14, n = 0.13).

Figure 3A shows the RSVP accuracy for the rsvp-rsvp
(blue), rsvp-none (red), early-adaptation consistent (orange),
and late-adaptation consistent (purple) groups in experiment
2. Note that the participants in the late rsvp-none condition
(early-adaptation consistent group) and the early rsvp-none
condition (late-adaptation consistent group) performed the
secondary RSVP task during half of adaptation but not during
recall. Thus, the ANOVA to compare RSVP accuracy during
recall excluded the data from these groups. All four groups
performed the RSVP task better than the 0.33 chance level
(all P’s < 0.01). We found no differences in the RSVP perform-
ance during baseline or adaptation; a two-way mixed-model
ANOVA with group (rsvp-rsvp, rsvp-none, early-adaptation
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Figure 2. Experiment 1results (N = 30). A: RSVP accuracy for the rsvp-rsvp (blue n =10) and rsvp-none (red n = 10) groups during the baseline, adaptation,
and recall phases. Both groups performed above the chance level (0.33; dotted line). The error bars indicate the standard error of the mean (SE). B:
hand angle for the none-none (black, n =10), rsvp-rsvp (blue, n = 10), and rsvp-none (red, n = 10) groups during each block of the baseline, adaptation,
washout, and recall phases. Shaded areas indicate the SE. C: mean hand angle for recall blocks 3—7 (20 trials). The error bars indicate the SE.
*Significant group differences at the P < 0.05 level. See text for additional details. RSVP, rapid serial visual presentation. N is the total number of partici-

pants in experiment 1; n is the number of participants per group.

consistent, and late-adaptation consistent) and phase (base-
line and adaptation) indicated no main effect of group
(F386 0.59, P=0.62, n;, = 0.01) or phase (F; g6=0.53, P= 047
= 0.00) and no interaction (F;3g,=0.48, P = 0.70, n

0 01). We also conducted a separate two-way ANOVA Wlth
group (rsvp-rsvp, early-adaptation consistent, and late-adap-
tation consistent) and phase (baseline, adaptation, and recall)
to examine the RSVP accuracy of the participants who per-
formed the RSVP task during the recall phase. We found no
significant main effects of group (F,4,=0.31, P = 0.74, n
0.00) or phase (F,g4=0.70, P = 0.50, nz =0.01), but a 31gn1ﬁ-
cant group x phase interaction (F4g4=2.94, P = 0.03, np
0.08). Post hoc comparisons revealed only that accuracy
decreased between the adaptation and recall phases in the
rsvp-rsvp group (5.8%, tgs = 2.06, P = 0.04). There were no
other differences within or between groups.

Figure 4A shows the visual search and RSVP accuracy in
experiment 3. Visual search and RSVP accuracy were above
chance levels in all groups (all P’s < 0.01). Note that chance
performance in the visual search task was 0.5 because partici-
pants reported whether the target (a red T) was in either an
upright or inverted orientation. Visual search accuracy was
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first compared among the search-search, search-none, and
search-rsvp groups using a two-way mixed-model ANOVA
with group and phase (baseline and adaptation) as fixed fac-
tors and participant as a random factor, which revealed no
significant effects (group: F,,;=2.38, P = 0.11, n = 0.08;
phase: F;;=195, P = 0.17, n = 0.03; group x phase:
F,,;=2.03, P = 0.15, n = 0. 07) This indicated that visual
search accuracy did not differ throughout baseline and adap-
tation. Subsequently, we compared the search-search and
search-rsvp groups during baseline, adaptation, and recall.
The two-way mixed-model ANOVA with group and phase as
fixed factors and participant as a random factor again
revealed no significant effects (group: Fy;5=2.29, P=0.15, n;, =
0.04; phase: F, 36=2.62, P = 0.09, n2 = 0.08; group x phase:
F,36=0.63, P = 0.54, n2 =0.02). Together these results repli-
cate our past work (19 22, 23, 45), showing that visuomotor
adaptation did not impact the secondary task performance.

No effect of the secondary task on the primary
visuomotor rotation task performance.

In our previous studies with an abrupt perturbation, we
demonstrated that the secondary task did not interfere
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Figure 3. Experiment 2 results (N = 105). A: RSVP accuracy in the rsvp-rsvp (blue, n = 15), rsvp-none (red, n = 15), early-adaptation consistent (orange, n = 30),
and late-adaptation consistent (purple, n = 30) groups during the baseline, adaptation, and recall phases. All groups performed above the chance level (0.33;
dotted line). The error bars indicate the standard error of the mean (SE). B: hand angle for the none-none (black, n = 15), rsvp-rsvp (blue, n = 15), rsvp-none
(red, n =15), early-adaptation consistent (orange, n = 30), and late-adaptation consistent (purple, n = 30) groups during each block of the baseline, adaptation,
washout, and recall phases. Shaded areas indicate the SE. C: mean hand angle for recall blocks 3—7 (20 trials). The error bars indicate the SE. *Significant
group differences at the P < 0.05 level. D: proportion of participants that reported being aware of the perturbation within each experimental phase. See text
for additional details. RSVP, rapid serial visual presentation. N is the total number of participants in experiment 2; n is the number of participants per group.

with visuomotor adaptation (19, 20, 22, 23, 45). Here, we
replicated these findings by confirming that there were no
systematic differences in the initial adaptation, as meas-
ured by hand angle, across the groups or experimental
phases. In the three experiments (shown in Figs. 2B, 3B,
and 4B for experiments 1, 2, and 3, respectively), we
observed that participants initially made accurate reaches
directed toward the target with no differences among the
groups during the baseline phase (blocks 1-10). During the ad-
aptation phase, the hand angle increased over successive
blocks (~0.2°/trial), partially compensating for the increasing
rotation (0.3°/trial). The rate and degree of adaptation were
compared among the groups within each experiment, and no
differences were found, as shown by the overlapping hand
angle curves (blocks 11-50). During washout, the hand angle
decreased following the removal of the rotation, returning to
near baseline levels (~3°) in all groups (blocks 71-90). To con-
firm these observations, hand angle was examined using two-
way mixed-model ANOVAs with group (between-subjects) and
block (within-subjects) as fixed factors and participant as a ran-
dom factor during the baseline, adaptation, and washout
phases. Statistical analyses were conducted separately for each
experiment.
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In experiment 1, we compared hand angle among the
none-none (black), rsvp-rsvp (blue), and rsvp-none (red)
groups (Fig. 2B). In the baseline phase, there were no group
differences: the main effect of group (F,,,=0.35, P = 0.71,

127 =0. OO) and group x block interaction (Fig543=0.84, P =
0.65, n = 0.06) was not significant. However, there was a
main effect of block (Fo243=2.04, P = 0.04, 2 = 0.05). Post
hoc comparisons revealed that the last block was slightly
lower than others (blocks 2-6 and 9) with mean differences
ranging from 1.4°-2.1°. In the adaptation phase, the main
effect of group (F,,,=0.34, P=0.71, n2 =0.00) and the group x
block interaction (F;g10s3=0.44, P = 0 99, n2 =0.03) was not
significant. However, there was an expected main effect of
block (Fsg10s3=227.96, P < 0.01, ﬂf; = 0.88), indicating that
hand angle increased to counteract the gradual cursor rotation.
To ensure that adaptation was at comparable levels by the end
of the adaptation phase, we also compared the mean hand
angle over the last five blocks (20 trials). A one-way ANOVA
indicated that the degree of adaptation did not differ among
the groups (F,,7,=0.02, P = 0.98, n; = 0.00). Thus, adaptation
outcomes were comparable among the groups despite differ-
ences in attentional demands (none-none vs. rsvp-rsvp and
rsvp-none). In the washout phase, there was a significant main
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Figure 4. Experiment 3 results (N = 40). A: RSVP accuracy for the search-search (blue, n = 10), search-none (red, n =10), and search-rsvp (green, n = 10)
groups during the baseline, adaptation, and recall phases. All groups performed above the chance level (0.5 or 0.33; dotted lines). The error bars indi-
cate the standard error of the mean (SE). B: hand angle for the none-none (black, n = 10), search-search (blue, n = 10), search-none (red, n = 10), and
search-rsvp (green, n = 10) groups during each block of the baseline, adaptation, washout, and recall phases. Shaded areas indicate the SE. C: mean
hand angle for recall blocks 3-7 (20 trials). The error bars indicate the SE. *Significant group differences at the P < 0.05 level. See text for additional
details. RSVP, rapid serial visual presentation. N is the total number of participants in experiment 3; n is the number of participants per group.

effect of group (F,7=3.60, P = 0.04, n;, = 0.01). Post hoc com-
parisons indicated elevated hand angle in the rsvp-none group
compared with the none-none (1.37°, t,; = 2.25, P = 0.03) and
rsvp-rsvp groups (1.46°, ty; = 2.39, P = 0.02). The main effect of
block (Fio513=51.84, P < 0.01, n 5 = 0.63) was also significant,
indicating that hand angle gradually decreased after the cur-
sor rotation was removed, whereas the group x block interac-
tion was not significant (Fzg 513 =1.27, P = 0.13, n;, = 0.08).

In experiment 2, we compared hand angle among the none-
none (black), rsvp-rsvp (blue), rsvp-none (red), early-adapta-
tion consistent (orange), and late-adaptation consistent (pur-
ple) groups (Fig. 3B). In the baseline phase, there were no
group differences: the main effect of group (F4100=0.60, P =
0.66, n2 = 0.00) and group x block interaction (F3s900 =1.07,
P=0. 35 T1,27 = 0.02) was not significant. However, there was a
main effect of block (Fg900=2.83, P < 0.01, nf? = 0.04). Post
hoc comparisons revealed no discernable pattern, i.e., no sin-
gle block or set of blocks that was consistently different from
others. The largest difference was 1.0° and none of the
pairwise comparisons were significant following adjust-
ment. In the adaptation phase, the main effect of group
(F4100=1.54, P = 0.20, nf, = 0.00) and the group x block
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interaction (Fise 3000 = 0.95, P = 0.65, n, = 0.93) was not sig-
nificant, indicating no group differences. The main effect
of block (Fs9 3900 =1430.04, P < 0.01, n; = 0.04) indicated
steady increases to hand angle to counteract the cursor
rotation. The mean hand angle at the last five blocks
(20 trials) of the adaptation phase was compared across
the groups. A one-way ANOVA indicated that the degree of
adaptation did not differ among the groups (F4 100 =0.92,
P =0.46, nf, = 0.04). In the washout phase, there were no
group differences: the main effect of group (F4100=1.86,
P =0.12, n = 0.00) and the group x block interaction
(F76,1900 = 0. 82 P=0.87, n2 = 0.03) was not significant. The
main effect of block was 31gn1ﬁcant (F19,1900=329.81, P <
0.01, n; = 0.75), indicating that hand angle decreased after
the rotation was removed.

In experiment 3, we compared hand angle among the
none-none (black), search-search (blue), search-none (red),
and search-rsvp (green) groups (Fig. 4B). In the baseline
phase, there were no significant differences: the main effects
of group (F33=133, P = 0.28, n = 0.01) and block
(Fo,324=1.38, P = 0.20, n2 =0.03) were not significant, nor was
the interaction (F27,324 0.86, P = 0.67, nf, = 0.06). In the
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adaptation phase, neither the main effect of group
(F336=0.16, P=0.93, nf, =0.00) nor the group x block interac-
tion (Fj171404=0.86, P = 0.85, n, = 0.06) was significant. The
main effect of block, however, was significant
(F30,1404=230.28, P < 0.01, nf, = 0.85), reflecting gradually
increasing hand angle to counteract the cursor rotation, as
expected. The mean hand angle in the final five adaptation
blocks (20 trials) was compared using a one-way ANOVA,
which indicated that the degree of adaptation did not differ
among the groups (F;36=0.24, P = 0.86, nfg = 0.02). These
analyses indicate that there were no differences in how the
groups adapted to the gradual visuomotor rotation, replicat-
ing the results reported in experiments 1 and 2. In the washout
phase, there were no group differences. The main effect of
group (F33=0.30, P = 0.82, nz =0.00) and the group x block
interaction (Fs;,6g4=0.55, P = O 99, n2 = 0.04) was not signifi-
cant. The main effect of block was s1gn1ﬁcant (F1o,684=48.13,
P < 0.01, nf, =0.54), indicating the decreasing hand angle fol-
lowing the removal of the rotation, also as expected.

Together, the statistical analyses confirm no group differ-
ences in visuomotor adaptation through the baseline, adapta-
tion, and washout phases in experiments 1-3. Note that some
groups (e.g., the rsvp-rsvp and rsvp-none groups in experi-
ments 1 and 2 and the search-search, search-none, and
search-rsvp groups in experiment 3) performed the secondary
task during adaptation, but the none-none groups did not.
Despite the differences in attentional demands, the lack of
group differences reported above suggests that the secondary
task did not interfere with visuomotor adaptation to a gradual
perturbation, which is consistent with our previous studies
that employed an abrupt perturbation (19, 20, 22, 23, 45). This
also rules out the possibility that group differences observed
during recall resulted in different adaptation responses.

Experiment 1

Impaired relearning in a single task context when the
initial adaptation occurred in a dual task context.
Experiment 1 examined whether changes to attentional con-
text would impair the recall of visuomotor adaptation to a
gradual perturbation. If relearning was impaired when
changing from the dual-task to single-task condition (rsvp-
none group), this would suggest that the attentional context
was associated with visuomotor adaptation even when par-
ticipants were minimally aware of the perturbation. Indeed,
this was what we observed. Recall performance was worse in
the rsvp-none group compared with the none-none and
rsvp-rsvp groups that maintained the same single- or dual-
task conditions between adaptation and recall.

During the recall phase, an abrupt 45° CCW rotation was
consistently applied to each trial (blocks 71-90). The none-
none and rsvp-rsvp groups showed comparable increases in
hand angle, suggesting similar recall performance (Fig. 2B;
black and blue curves). Howevetr, the rsvp-none group showed
slower relearning than the other two groups (Fig. 2B; red
curve). Hand angle was compared using a two-way mixed-
model ANOVA with group (none-none, rsvp-rsvp, and rsvp-
none) and block as fixed factors and participant as a random
factor. The main effect of block was significant (Fig 513 =39.05,
P <0.01, nf, = 0.56), whereas the main effect of group was not
(F>27=2.48, P = 0.10, n, = 0.01). However, the group x block
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interaction (Fzgs13=2.18, P < 0.01, n;, = 0.13) was significant.
Post hoc comparisons indicated decreased hand angle in the
rsvp-none group during the early stages of recall.

We computed the mean hand angle over five blocks from
73-77 (20 trials) during the early stage of recall (Fig. 2C) and
compared among the groups with a one-way ANOVA, which
indicated significant group differences (F,,;=8.12, P < 0.01,

= 0.37). Post hoc comparisons during early recall indi-
cated lower hand angle in the rsvp-none group compared
with the none-none (5.0°, t,; = 2.44, P = 0.02) and rsvp-rsvp
groups (8.3°, ty; = 4.00, P < 0.01). There was no difference
between the none-none and rsvp-rsvp groups (3.2°, t,; = 1.56,
P = 0.13). This suggests that recall was impaired in the rsvp-
none group, who experienced inconsistent attentional con-
texts between adaptation (divided attention) and recall
(undivided attention), compared with the none-none and
rsvp-rsvp groups that experienced consistent attentional
contexts between adaptation and recall.

Experiment 1 showed that the recall of visuomotor adapta-
tion acquired under a gradual adaptation was impaired by
changes to the attentional context between adaptation and
recall (rsvp-none group), compared with when the atten-
tional context remained the same (none-none and rsvp-rsvp
groups). This is in line with our previous reports of impaired
recall under a different attentional context following expo-
sure to an abrupt 45° rotation (19, 20, 22-24). Furthermore,
the small errors observed in experiment 1 suggest that
explicit awareness of the perturbation may not be necessary
for encoding the attentional context.

Experiment 2

Error magnitude did not impact the association of
attentional context and visuomotor adaptation.
Experiment 1 found that recall performance was impaired in
the rsvp-none group compared with the other groups despite
comparable performance among the three groups during the
initial adaptation phase. This suggests impaired relearning
following the change to attentional context is not due to dif-
ferences in explicit awareness across the groups. However,
experiment 1 does not rule out the possibility that association
of attentional context and visuomotor adaptation occurred
toward the end of adaptation, when motor errors were large
enough to be perceived (~10°).

Thus, experiment 2 examined whether the magnitude of
the error signals was crucial for associating the attentional
context with visuomotor adaptation. If so, recall perform-
ance should be enhanced in participants who experience the
same attentional context during the late stage of adaptation
and recall, but not during the early stage of adaptation and
recall. In experiment 1, errors continuously accumulated
because the rate of adaptation (0.2°/trial) tended to be slower
than the rate of the perturbation (0.3°/trial). If the emer-
gence of perceivable errors is not necessary for associating
the attentional context and visuomotor adaptation, recall
performance should not be impacted by whether the atten-
tional context experienced during the early stage of adapta-
tion is reinstated at recall. To address this, we directly
compared the early- and late-adaptation consistent groups
to examine whether the early-adaptation consistent group
that was less likely to be aware of the gradual perturbation
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would show impaired recall, relative to the late-adaptation
consistent group. If this were the case, it would suggest that
attentional context was more likely to be linked to explicit
awareness processes. Alternatively, if the two groups showed
comparable recall performance regardless of whether error
signals were small (early) or large (late), this would suggest
that the encoding of attentional context was independent of
error signal magnitude and explicit awareness. What we
observed was consistent with the latter; recall performance
in the early-adaptation consistent group was not different
from the late-adaptation consistent group.

As shown in Fig. 3B, we observed substantial overlap in
the hand angle between the early- and late-adaptation
consistent groups during recall. A two-way mixed-model
ANOVA comparing hand angle during the recall phase
with group (early-adaptation consistent and late-adapta-
tion consistent) and block (20 recall blocks) showed a sig-
nificant main effect of block (Fj9 110, =150.13, P < 0.01, n, =
0.71), indicating that readaptation occurred to counteract the
45° cursor perturbation, as expected. More importantly, nei-
ther the main effect of group (F; sg=0.05, P = 0.82, n2 = 0.00)
nor the group x block interaction (Fig 110, =0.57, P = 0 93, n2-
0.01) was significant. We also compared the mean hand
angle, averaged across the recall blocks 3-7 (20 trials), and
found no significant differences (Fig. 3C; F;s3=0.11, P =
0.74, nf, =0.00).

The lack of differences between the early- and late- ad-
aptation consistent groups suggested that the error magni-
tude was not a critical factor. However, because both
groups performed the secondary RSVP task on only half of
the adaptation trials compared with the none-none, rsvp-
rsvp, and rsvp-none groups in experiment 1, the associa-
tion of attentional context and visuomotor adaptation
may have been weakened in the early- and late-adaptation
consistent groups due to the limited exposure to either
attentional context.

Therefore, we compared the recall performance of the
early- and late-adaptation consistent groups with that of the
three groups replicated from experiment 1: none-none, rsvp-
rsvp, and rsvp-none. If the recall performance of the early-
and late-adaptation consistent groups was comparable to
that of the none-none and rsvp-rsvp groups, this would sug-
gest that neither the early- nor late-adaptation consistent
groups showed impairment. On the other hand, if the recall
of the early- and late-adaptation consistent groups was com-
parable to that of the rsvp-none group, this would suggest
that neither attentional context was associated with visuo-
motor adaptation, leading to the impaired recall.

First, we confirmed that the recall performance of the
none-none, rsvp-rsvp, and rsvp-none groups in experiment 2
replicated the pattern observed, with different participants,
in experiment 1. As shown in Fig. 3B (black, blue, and red
curves), the two consistent attentional context groups (none-
none and rsvp-rsvp) showed hand angle increasing at the
same rate and to the same degree throughout the recall
phase, whereas the inconsistent attentional context group
(rsvp-none) showed reduced adaptation. This observation
was confirmed by a significant main effect of group
(F>4,=4.82,P=0.01, nf? = 0.01), indicating impaired relearning
in the rsvp-none group compared with the none-none and
rsvp-rsvp groups (both P’s < 0.05). This was further supported
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by reduced mean hand angles during recall blocks 3-7 (20 tri-
als) in the rsvp-none group, compared with the none-none
and rsvp-rsvp groups (both P’'s < 0.05). Thus, experiment 2
replicated the results of experiment 1, namely, the reduced
recall performance in the rsvp-none group compared with the
none-none and rsvp-rsvp groups.

We next compared the performance of the early- and late-
adaptation consistent groups to the other groups (none-
none, rsvp-rsvp, and rsvp-none). A two-way mixed-model
ANOVA with group (none-none, rsvp-rsvp, rsvp-none, early-
adaptation consistent, and late-adaptation consistent) and
block (20 recall blocks) as fixed factors and participant as a
random factor showed a significant main effect of group
(Fy100=4.22, P < 0.01, ny = 0.01), indicating reduced hand
angle in the rsvp-none group compared with all the other
groups (all P’s < 0.02), but no differences among the other
groups (all P’s > 0.34). There was a significant main effect of
block (Fio1000=189.28, P < 0.01, nf, = 0.63), indicating the
readaptation was occurring to offset the abrupt rotation. The
group x block interaction (F7g 1900 =1.17, P = 0.15, ny = 0.04)
was not significant.

The mean hand angles during recall blocks 3-7 (20 trials)
were also significantly different across the groups (F4100=3.91,
P < 0.01, nf? = 0.13), suggesting that the group differences
emerged early in recall. Figure 3C shows the reduced mean
hand angle only in the rsvp-none group compared with
the other groups (all P’s < 0.01). We did not find any other
group differences (all P’s > 0.18). The none-none and rsvp-
rsvp groups experienced one attentional context through-
out the entire adaptation phase, whereas the early- and
late-adaptation consistent groups were exposed to both
attentional contexts but only for half of the adaptation
phase. Thus, the similar recall performance between the
replicate groups and the early- and late-adaptation con-
sistent groups suggests that the attentional context was
still encoded with limited exposure. Finally, this result fur-
ther confirmed that the encoding of attentional context
was independent of error magnitude, suggesting that the
awareness of the perturbation signaled by error feedback
is not necessary for associating the attentional context and
visuomotor adaptation.

Explicit awareness of the gradual perturbation emerged
later in adaptation.

Although the errors produced by the gradual perturbation
were less noticeable than an abrupt perturbation, it was not
entirely clear whether or when awareness of the perturbation
emerged. Here, we assessed whether participants became
aware of the gradual perturbation and, if so, when this
occurred. To summarize, we discovered that explicit awareness
of the gradual perturbation was more likely to occur mainly af-
ter the first half of adaptation when the errors were larger.

We administered a brief exit survey following the comple-
tion of experiment 2. We obtained verbal responses regarding
which experimental phase (early adaptation, late adaptation,
washout, or recall) participants first noticed any systematic
mismatch between their hand movement and the visual
feedback of the cursor. Participants were also able to indicate
that they did not notice any systematic change (i.e., “none”).
As shown in Fig. 3D, most participants reported that they
became aware of the perturbation later in the experiment,
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including late adaptation (n = 39, 37.5%), washout (n = 38,
36.5%), or even recall (n =9, 8.5%). Only 5.8% (n = 6) of partic-
ipants reported that they noticed the perturbation during
early adaptation.

A substantial proportion of participants reported notic-
ing the systematic mismatch between the hand and cursor
movements in the washout phase, which did not involve
any rotation of the cursor feedback. This suggests that par-
ticipants were surprised by the large errors that suddenly
emerged after the cursor perturbation was removed and
misinterpreted this change as the perturbation. Thus, this
response was interpreted as an indication that these par-
ticipants noticed the adaptations to their movements only
after the rotation was removed and therefore did not rec-
ognize the gradual perturbation during the adaptation
phase. Another subset of participants did not notice any
perturbation but attributed their errors to other factors,
such as fatigue (n = 12, 11.5%). This pattern of the responses
was consistent across the groups.

These results suggest that explicit awareness of the
gradual perturbation was more likely to occur mainly af-
ter the first half of adaptation when the errors were larger.
Most participants were reportedly unaware of the pertur-
bation during early adaptation, and thus were less likely
to have relied on explicit learning processes. This was fur-
ther supported by the gradual increases in hand angle
throughout adaptation and the lack of rapid, transient
adjustments that are often indicative of explicit strategy
use. Therefore, experiments 1 and 2 provide converging
evidence that awareness of the perturbation, which often
co-occurs with explicit learning processes, is not likely to
be necessary for the association of attentional context
and visuomotor adaptation.

Experiment 3

Impaired relearning is dependent on changes in
attentional context rather than the specific task
requirements.

Experiment 3 examined whether the impaired recall per-
formance observed in experiments 1 and 2 was due to the
shift from divided to undivided attention or changes to the
specific task requirements. In experiment 3, we expected
that the inconsistent attentional context group (search-
none) would show reduced adaptation compared with the
consistent attentional context groups (none-none and
search-search). We further hypothesized that the search-rsvp
group would show equivalent recall performance to the con-
sistent attentional context groups (none-none and search-
search) but better performance than the inconsistent atten-
tional context group (search-none). This outcome would pro-
vide support for the hypothesis that the change in
attentional context was the critical factor underlying the
impairments to recall performance. Conversely, if changes
in the task requirements were driving the impairments to
recall performance, we would expect reduced adaptation in
both the search-none and search-rsvp groups relative to the
none-none and search-search groups. Our results supported
the hypothesis that the dual tasking per se, not the specific
stimuli or task determined the consistency of the attentional
context.
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As shown in Fig. 4B, the recall performance of the search-
none group (red curve) appeared consistently worse than the
other groups following the onset of the abrupt 45° rotation
(blocks 71-90). A two-way mixed-model ANOVA with group
(none-none, search-search, search-none, and search-rsvp)
and block (20 blocks) as fixed factors and participant as a ran-
dom factor revealed significant main effects of group
(F336=5.02, P < 0.01, n2 = 0.02) and block (Fyg¢84=24.77, P <
0.01, nz = 0.38) but no group x block interaction (Fs;es4 =1.04,
P=0. 40 n, = 0.07). The block effect indicated a progressive
increase in hand angle to offset the cursor rotation. Post hoc
comparisons among the groups indicated lower hand angle in
the search-none group in relation to the none-none (6.9°, 3¢ =
3.17, P < 0.01), search-search (6.7°, t3, = 3.07, P < 0.01), and
search-rsvp groups (7.1°, tz¢ = 3.26, P < 0.01). We computed the
mean hand angle over five blocks 72-76 (20 trials) during the
early stage of recall (Fig. 4C) and compared among the groups
with a one-way ANOVA. This analysis revealed significant
group differences (F,,;=8.12, P < 0.01, n, = 0.37), indicating
reduced hand angle in the search-none group compared with
the none-none (5.4°, t,; = 2.44, P = 0.02) and rsvp-1svp groups
(8.3°, ty7 = 4.00, P < 0.01). There were no other differences (all
P’s > 0.85).

These results suggest that the change in attentional con-
text from divided to undivided attention degraded the recall
performance. Importantly, the recall performance of the
search-rsvp group was not different from those of the none-
none and search-search groups but better than the search-
none group, suggesting that visuomotor adaptation to a
gradual perturbation under one set of attentional demands
(e.g., distributed, spatial) was transferred to another (e.g.,
localized, temporal). Therefore, we conclude that relearning
was impaired by the change in attentional context from di-
vided to undivided attention but not changes to the second-
ary task requirements, which engaged different types of
visual attention.

DISCUSSION

One of the major roles of visuomotor adaptation is to
adjust movements for timely and effective interactions with
objects in dynamic environments (e.g., Refs. 50, 51). Motor
learning processes must be flexible and robust to endure var-
iations in environmental conditions. In the current study,
participants performed a goal-directed reaching movement
to a visual target while a cursor perturbation was gradually
incremented for each trial. Unlike our previous studies, par-
ticipants were not exposed to the 45° cursor perturbation until
the last 10 trials of the adaptation phase, although the recall
phase employed only the 45° perturbation. Comparable adap-
tation occurred in response to the gradual perturbation
regardless of whether participants performed under single- or
dual-task conditions, which we referred to as the attentional
context. Relearning was impaired when the attentional con-
text changed from a dual task (divided attention) during the
initial adaptation to a single task (undivided attention) during
recall. This result was counterintuitive in that removing the
secondary task resulted in degraded visuomotor adaptation.
The result was also replicated even when the secondary task
was performed during only half of the initial adaptation trials
and when the type of the secondary task switched from visual
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conjunction search to RSVP. Our results suggest that the
attentional context serves as a cue that aids the recall of previ-
ously acquired learning, and does so without necessarily
requiring the learner’s explicit awareness.

Different Contributions of Explicit and Implicit Learning
Processes to the Abrupt and Gradual Visuomotor
Adaptation

Explicit and implicit learning processes have often been
compared using visuomotor adaptation to an abrupt or a
gradual perturbation (e.g., Refs. 52, 53). Although a gradual
adaptation is suggested to occur without awareness and,
thus, is primarily assumed to rely on implicit learning proc-
esses and mitigate explicit cognitive strategies (35, 43), other
work has shown that people attempt to explicitly reaim their
movements when visuomotor rotations are gradually
imposed (54). This may occur because the contributions of
implicit learning tend to be saturated (38, 55, 56). Explicit
reaiming tends to scale with the size of the perturbation
when a consistent magnitude of visual error is produced (37),
making it a feasible strategy for counteracting a small but
consistent bias introduced by a gradual perturbation.
Implicit learning is most sensitive to small errors (< 8°),
reducing drifts in performance and allowing for incremental
errors to be updated, unlike an explicit reaiming that enables
fast responses to large discontinuous changes (37).

It has been proposed that visuomotor adaptation results
from the coordination and competition among multiple
learning processes, such as slow versus fast processes (7),
error-based learning (3, 57, 58) versus reinforcement learning
(59, 60), and implicit versus explicit processes (40, 53). One
common feature of the various frameworks is that both
implicit and explicit processes contribute to visuomotor ad-
aptation. For explicit strategies to operate, a certain form of
awareness of the cursor perturbation is necessary (61, 62).
This can be triggered and controlled by explicit instructions
(e.g., Refs. 63-65), cueing (e.g., Ref. 66), or visual feedback
about task outcomes (e.g., 67). On the other hand, implicit
learning processes produce automated and limited-magni-
tude responses by operating on sensory prediction errors
(38, 55, 65).

Previous studies have suggested that explicit and implicit
processes play different roles in initial adaptation versus
recall. For example, both awareness and cognitive strategies
are correlated with adaptation performance (68). During ad-
aptation, participants with explicit knowledge about the per-
turbation showed better performance, reflected by learning
indices, compared with those without explicit knowledge
(53). This finding indicates the important contributions of
awareness and cognitive strategy use to visuomotor adapta-
tion. Importantly, however, the facilitatory effects of explicit
knowledge may not be observed during recall (68).

Minimal Contribution of Awareness and Reaiming
Strategies to the Gradual Visuomotor Adaptation

In the current study, hand angles were initially small and
gradually increased as adaptation progressed, indicating
that participants modified their reach direction at a constant
rate to compensate for the imposed perturbation. The rate of
adaptation (~0.2°/trial) was lower than the rate of the
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gradual cursor perturbation (0.3°/trial), leading to the accu-
mulation of errors throughout the adaptation phase. This
may have triggered participants’ awareness of the cursor per-
turbation and encouraged them to use an explicit reaiming
strategy to cancel the error (e.g., 54). In all three experi-
ments, however, hand angles during the adaptation phase
did not show any notable discontinuity, suggesting that it is
unlikely that participants began to use an explicit reaiming
strategy in the middle of the adaptation phase.

In experiment 2, we could also directly compare the hand
angle when concurrently performing a secondary task dur-
ing the early adaptation phase (producing smaller errors,
mean: 5.13°, SD: 0.23°) compared with the late adaptation
phase (producing larger errors, mean: 9.80°, SD: 0.47°).
Recall performance was equally good in both conditions,
suggesting that the association of attentional context and
visuomotor adaptation occurred even when error signals
were small and self-reported explicit awareness was limited.
Given the previous reports that implicit adaptation tended
to saturate at around 20° on average (e.g., Refs. 38, 55), we
cannot completely rule out the possibility of explicit strategy
use, at least in the late adaptation phase. However, the com-
parable adaptation responses and secondary task perform-
ance between the early- and late-adaptation consistent
groups and the awareness reports in experiment 2 provide
converging evidence that awareness and explicit reaiming
strategies that develop following exposure to large, system-
atic errors were minimally involved in the association of the
attentional context and visuomotor adaptation in the cur-
rent study.

Attentional Context Is Encoded Independent of Dual-
Task Costs

In all experiments, the different groups of participants did
not show evidence of distinct adaptation responses or trade-
offs in secondary task performance during the adaptation
phase. Yet, in one of our recent studies (24), dual-task costs
were found in young adults but not older adults when
trial-by-trial feedback about the accuracy of the second-
ary task was provided. Our study design, which did not
provide secondary task feedback, may have allowed par-
ticipants to better manage both tasks while avoiding
attentional bottlenecks. Importantly, however, in both
the current work and work by Wang et al. (24), we consistently
found that relearning was impaired when the attentional con-
text changed between adaptation and recall. These results col-
lectively suggest that the attentional context is encoded even
when there is interference between the two concurrent tasks.
A novel implication of our findings is that visuomotor adapta-
tion can be impaired when the task difficulty is made easier
in the recall phase (by removing the secondary task) than in
the initial adaptation.

Attentional Context Is Encoded as a Generic Task
Structure

Using an abrupt adaptation paradigm, we previously dem-
onstrated the impact of changes to attentional context on
visuomotor adaptation, tested both in an immediate recall
(22) and a delayed recall (20). Furthermore, the impaired
relearning in the altered attentional context was consistently
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observed when the secondary task was varied between RSVP
and brightness or sound discrimination tasks (22). Although
the defining features of target items varied between adapta-
tion (e.g., color) and recall (brightness or sound pitch), a sim-
ilar serial presentation of stimuli was used in this previous
study, requiring the allocation of attention to the fixed loca-
tion over time. Thus, it was possible that sustained, temporal
attention for monitoring the sequential presentation was the
key factor in encoding the attentional context during visuo-
motor adaptation. However, the results of experiment 3 sug-
gest that this was not the case. The visual conjunction search
task in experiment 3 required attention to be spatially dis-
tributed to scan different locations of the visual array, where
all items were presented simultaneously. By using visual
conjunction search, we showed that the (in)consistency of the
attentional context (i.e., shifting from divided attention to
undivided attention), not the maintenance of temporal atten-
tion, was the key factor in determining whether relearning
would be effective or impaired.

Separate mechanisms are proposed to underlie attentional
processes directed toward specific events in time versus
space (e.g., Refs. 69-71), likely mediated by distinct neural
mechanisms (72). For example, there is evidence supporting
the independent effects of spatial and temporal cues on tar-
get detection and discrimination in attention tasks, such as a
visual search task (e.g., 69). Furthermore, previous work col-
lectively demonstrates the additive effects of temporal and
spatial cues (e.g., Refs. 69-71, 73), suggesting that temporal
and spatial attentional modes are independent processes. By
demonstrating that visuomotor adaptation was unimpaired
when maintaining the same attentional context but engag-
ing different modes of attention, the results in experiment 3
imply that the generic task structure (i.e., single- or dual-task
setting), rather than specific task requirements or environ-
mental features, was encoded as an internal cue. The current
findings are in line with the notion of structural learning, in
which people tend to learn a general form and structure of
the rules that govern a set of tasks, rather than the notion of
parametric learning, where people become familiar with the
parameters of a specific task (for review, see Ref. 74). In the
current study, participants may have avoided decrements
during recall because they associated the generic task struc-
ture, i.e., whether they moved the cursor to the target with or
without performing a secondary task, with the initial
adaptation.

Conclusions

The current study demonstrates that the association
between attentional context and visuomotor adaptation
occurs without explicit awareness. It also demonstrates that
what is encoded as attentional context is the internal proc-
essing structures, such as dividing attention to a secondary
task, rather than task-specific parameters. Thus, visuomotor
adaptation acquired under one attentional context appears
to generalize across environments, without being limited by
episodic memory of the specific task or external constraints.
The robust and generalizable effects of attentional context on
visuomotor adaptation may help to improve training or reha-
bilitation programs. Our findings suggest that learners need
not be restricted to less attention-demanding conditions and
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may benefit from performing in the same attentional context
during the initial stages of learning. If the same internal atten-
tional states encountered in the learning environment are
engaged at recall, they can serve as an effective retrieval cue.
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