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Abstract

Switching between motor tasks requires accurate adjustments for changes in dynamics (grasping a cup) or sensorimotor transforma-
tions (moving a computer mouse). Dual-adaptation studies have investigated how learning of context-dependent dynamics or transfor-
mations is enabled by sensory cues. However, certain cues, such as color, have shown mixed results. We propose that these mixed
results may arise from two major classes of cues: “direct” cues, which are part of the dynamic state and “indirect” cues, which are not.
We hypothesized that explicit strategies would primarily account for the adaptation of an indirect color cue but would be limited to sim-
ple tasks, whereas a direct visual separation cue would allow implicit adaptation regardless of task complexity. To test this idea, we
investigated the relative contribution of implicit and explicit learning in relation to contextual cue type (colored or visually shifted work-
space) and task complexity (1 or 8 targets) in a dual-adaptation task. We found that the visual workspace location cue enabled adapta-
tion across conditions primarily through implicit adaptation. In contrast, we found that the color cue was largely ineffective for dual
adaptation, except in a small subset of participants who appeared to use explicit strategies. Our study suggests that the previously
inconclusive role of color cues in dual adaptation may be explained by differential contribution of explicit strategies across conditions.

NEW & NOTEWORTHY We present evidence that learning of context-dependent dynamics proceeds via different processes
depending on the type of sensory cue used to signal the context. Visual workspace location enabled learning different dynamics
implicitly, presumably because it directly enters the dynamic state estimate. In contrast, a color cue was only successful where
learners were apparently able to leverage explicit strategies to account for changed dynamics. This suggests a unification for
the previously inconclusive role of color cues.

dual-adaptation; explicit strategies; implicit adaptation; force field adaptation; motor learning

INTRODUCTION

Humans perform a variety of motor tasks, switching
effortlessly between them as they go through their daily
lives. Switching between these tasks requires accurate
adjustments for changes in task dynamics caused by object
properties (grasping a cup) or sensorimotor transformations
(moving a computer mouse). These adjustments are asso-

ciated with the formation and selection of appropriate motor
memories (1). To investigate the formation and recall of
these independent motor memories, dual-adaptation studies
expose participants to opposing dynamics (2–9) or opposing
visuomotor transformations (10–20).

Dual-adaptation studies have found that simultaneous ad-
aptation is contingent on the presence of sensory cues that
allow the sensorimotor system to identify the context-
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dependent changes in dynamics (21–30). Within the range of
these contextual cues that have been examined, some are
clearly effective, such as different workspace locations (vis-
ual or physical) (28, 31) or distinct lead-in or follow-through
movements (25, 32, 33). On the other hand, other contextual
cues have either shown less effectiveness or provided mixed
results. For example, some studies have found color cues to
effectively enable dual adaptation (7, 34–36), whereas others
have not (3, 31). The reason behind these mixed findings
remains unclear.

A priori there is no reason to expect that the ability to use
different cues to associate task dynamics with specific con-
texts should differ depending on the type of cue, as long as
the cues are similarly salient and predictive of the dynamics.
To explain why color cues could be treated differently than,
for example, lead-in movements, it has been suggested that
motor adaptation is only sensitive to cues that pertain to the
dynamic state of the body or manipulated object (31, 37–39)
and are, therefore, part of a relevant neural preparatory state
(40, 41). Under this view, cues like lead-in movements, work-
space location, arm posture (3, 42, 43), or the used effector
constitute “direct” or “primary” cues, containing direct in-
formation about the dynamic state of the body. Other cues
like color (37) or sequence order (4) are “indirect” or “condi-
tional” representations. These are not immediately impli-
cated in the dynamic state, and therefore, an association to
context-dependent dynamics needs to be formed through a
different process.

Here, we hypothesize that the effectiveness of direct ver-
sus indirect cues may map onto implicit and explicit motor
learning processes (44–46), which have gained recent atten-
tion in visuomotor adaptation studies (47, 48). Indeed,
recent work suggests that dual adaptation to opposing cursor
rotations can arise from implicit motor adaptation, as well as
explicit cognitive strategies, with implicit dual adaptation
enabled only by cues that can be considered immediately
relevant to the dynamic state of the body, such as the use of
separate hands or movement directions (11–13, 16, 49). Given
that explicit cognitive strategies have been suggested to con-
tribute to force field learning under some circumstances (28,
50–53), differential contributions of explicit and implicit
learning under specific task conditions could then poten-
tially explain the conflicting findings regarding the effective-
ness of color cues as outlined earlier. One candidate for task
conditions that could influence the contribution of explicit
strategies is the complexity of the task. By this broad term,
we refer to factors inherent in the task that require potential
solution strategies to be more or less elaborate. For example,
we would consider a task with one target direction to have
lower complexity than a task with several different target
directions. This is because a single target direction allows
counteracting a force field by a simple heuristic, such as to
deliberately “push left” to counter a clockwise curl field. This
strategy would work with a single, distal target but fail if the
task contains other targets, in which case a “push counter-
clockwise” strategy would be required. Such a counterclock-
wise strategy would be more elaborate (assuming that
participants plan in cartesian coordinates; 54), in that it
requires extracting information from multiple targets in its
generation and adapting the direction of pushing to the spe-
cific target in its application. A more complex task may,

therefore, put more strain on cognitive resources like work-
ing memory and reduce the contribution of capacity-limited
explicit learning. This interpretation might explain the
mixed findings of the effectiveness of a color cue across dif-
ferent tasks.

Therefore, here, we investigate the relative contribution of
explicit and implicit components to the adaptation of oppos-
ing force fields using a two-by-two design of contextual cue
type and task complexity. For cue type, we compared a direct
state representation (lateral visual shift of the workspace)
with an indirect cue (different background colors). For task
complexity, we compared a simple task (reaching in 1 direc-
tion) with a complex task (reaching in 8 directions). We
hypothesized that a direct state representation would lead to
automatic or implicit dual adaptation, whereas indirect cues
would not enable it. Moreover, explicit strategies would be
expected to contributemost within a simple task.

MATERIALS AND METHODS

Participants

A total of 30 (19 males, 11 females, mean age 27 ± 0.8 yr)
force field naive participants took part in two experi-
ments (6 participants in each of 5 conditions). All partici-
pants were right-handed based on the Edinburgh handedness
questionnaire (55) and provided written informed consent
before participation. The Ethics Committee of the Medical
Faculty of the Technical University of Munich approved the
study.

Apparatus

Seated in a custom adjustable chair, participants made
right-handed reaching movements while grasping the end
point of a vBOT planar robotic manipulandum. Their fore-
arm was supported against gravity using an air sled. The
vBOT system is a custom-built robotic interface (56) that can
apply state-dependent forces on the handle while recording
the position and velocity as participants move in a planar
workspace located �15 cm below the shoulder (Fig. 1C). A
six-axis force transducer (ATI Nano 25; ATI Industrial
Automation) measured the end-point forces applied by the
participant on the handle. Joint position sensors (58SA;
industrial encoders design) on the motor axes were used to
calculate the position of the vBOT handle. Position and force
data were sampled at 1 kHz. Visual feedback to the
participants was provided horizontally from a computermoni-
tor (Apple 30 in. Cinema HD Display, Apple Computer,
Cupertino, CA; response time: 16 ms; resolution: 2,560� 1,600)
fixed above the plane of movement and reflected via a mirror
system that prevented visual feedback of the participants’
arm. The visual feedback, provided in the same plane as the
movement, consisted of circles indicating the start, target, and
cursor positions on a black background. Participants wore
headphones to remove environmental noise and provide nec-
essary auditory information.

Protocol

Participants initiated a trial by moving the cursor repre-
senting the hand position (red circle of 1.0 cm diameter) into
the start position (gray circle of 1.5 cm diameter) located in
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the middle of the screen, �20 cm directly in front of the par-
ticipant. This start position turned from gray to white once
the cursor entered it. Once the hand was within the start
position for a random time exponentially distributed
between 1 and 2 s, the target (yellow circle of 1.5 cm diame-
ter) appeared, prompting participants to initiate a reaching
movement. The target was located 10.0 cm from the start

position (the exact location of the target depended on the
condition). The movement was considered complete when
the participants maintained the cursor within the target for
600 ms in a maximum time of 2 s after target appearance.
After each trial, the participant’s hand was passively driven
to the start position while visual feedback regarding the suc-
cess of the previous trial was provided. Successful trials were
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Figure 1. Experimental setup. A: workspace layouts of the 4 conditions of experiment 1: Color-1 (top left), Location-1 (top right), Color-8 (bottom left), and
Location-8 (bottom right). Participants always physically performed reaching movements in the center of the workspace. During these physical move-
ments, the visual feedback was presented either in red and blue for the color cue conditions or left and right (±10 cm) for the visual location cue condi-
tions. Each of these two cues were associated with either a clockwise (CW) or counterclockwise (CCW) curl force field. In the 8 targets conditions, 2
examples of reaching movements (forward, 0� and right, 90�) are displayed. In the 8 targets conditions, only 1 target appeared on each trial. B: layout of
experiment 2, Color-1-constrained, with the kinematic constraints displayed (dotted black lines, which were not shown to the participant). If the partici-
pant’s hand crossed a virtual channel of 1 cm on each side of the target trajectory, no increase in score was considered. C: participants were seated and
grasped the handle of the robotic manipulandum (vBOT) with their forearm supported by an air sled. Visual feedback of movements, displayed by the
monitor, were viewed through a mirror so that they appear in the plane of movement. D: temporal paradigm of the experiments, including the structure
of pseudo-randomized blocks. The gray area represents the exposure phase.
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defined as trials where participants hit the target without
overshooting and where their movement’s peak speed was
comprised between 37 and 53 cm/s. On these trials, the par-
ticipants received positive feedback (e.g., “great” for peak
speeds between 41 and 49 cm/s or “good” for peak speeds
between 37 and 41 cm/s or 49 and 53 cm/s) and a counter dis-
played on the screen increased by one point (score). In con-
trast, messages of “too fast” or “too slow” were provided
when the peak speed exceeded 53 cm/s or did not reach 37
cm/s, respectively. “Overshoot” feedback was provided
when the cursor overshot the target by more than 1 cm.
Finally, a low tone was played on unsuccessful trials.
Movements were self-paced, as participants were able to
take a break before starting the next trial. Short breaks
were enforced every 115 trials throughout each session,
except for the first break that was delayed to 153 trials to
narrow the time span to the exposure phase. Participants
were instructed to reach naturally straight to the target
right after its appearance (go-cue) on each trial. During
each movement, the vBOT was either passive (null field),
produced a clockwise (CW) or counterclockwise (CCW) ve-
locity-dependent curl force field, or produced a mechani-
cal channel. For the velocity-dependent curl field (3), the
force at the handle was given by:

Fx

Fy

� �
¼ 0 � k

k 0

� �
_x
_y

� �
; ð1Þ

where kwas set to either ±13 N·m�1·s, with the sign of k deter-
mining the force field direction (CW or CCW). On a channel
trial, the reaching movement was confined to a simulated
mechanical channel with a stiffness of 6,000 N·m�1 and
damping of 2 N·m�1·s acting lateral to the line from the start
to the target (57, 58). These “channel” trials were used to
measure the lateral force, produced by the participants on
the wall of this mechanical channel, that reflects their com-
pensation to the exposed force field.

Instructions

In addition to ordinary channel trials, some channel trials,
called “instructed” trials, were combined with a clear audi-
tory instruction. Participants were informed that the envi-
ronmental disturbance was removed for a trial when they
heard the message “Robot off.” This audio message was pro-
vided before the start of the instructed trial, during the pas-
sive return portion of the movement, giving the participant
enough time to process it and act accordingly. These
instructed trials played a key role in the experiment as they
allowed us to assess explicit strategies used by the partici-
pants (53). Therefore, to make sure that the participants
understood and followed the instructed trials properly, writ-
ten instructions were given just before the start of the experi-
ment. In addition, to further remind them of the instruction,
these instructions were provided a second time during the
last break of the pre-exposure phase (1 block before switch-
ing to the exposure phase) and a third time on the first break
following the passage into the exposure phase (2 blocks after
switching phases). The same written instructions were pro-
vided either in English or German, depending on the prefer-
ence of the subject and varied slightly depending on the
phase of the experiment. Finally, a questionnaire was

provided after the experiment to assess participants’ aware-
ness of the task and their explicit knowledge about any strat-
egies they may have used to counteract the force fields. The
purpose of the questionnaire was to have a descriptive com-
parison with participants’ performance and to help us clas-
sify them as “aware.” Participants who reported recognizing
a pattern of two opposing, different, or left and right direc-
tions of force under a given cue either correctly or with
reversed association (i.e., still identifying that there were a
“left” and “right” field and that these corresponded to the
two cues) were defined as being “aware.”

Experimental Paradigm

Experiment 1.
In this study, participants were required to complete a sim-
ple dual-adaptation paradigm using a two-by-two design of
contextual cue type and task complexity (Fig. 1). Participants
were presented with two opposing force fields, a CW or CCW
curl force field coupled with specific contextual cues, to
investigate their adaptation. Two different types of cues
were used: an indirect cue and a direct cue. The indirect cue,
used in conditions Color-1 and Color-8, was set as an envi-
ronmental color cue. In these conditions, the workspace
(background and cursor) was colored in either blue or red,
with the color determining the field direction (Fig. 1A, left
side, top and bottom). With a colored background, a black
circle (15 cm diameter) was displayed in the middle of the
screen to allow participants to clearly see the start position,
cursor, and target. The direct cue, used in conditions
Location-1 and Location-8, was a visually shifted workspace.
In these conditions, movements were always made in the
same central hand position, but the entire visual workspace
(center starting location, target, and cursor) was shifted to
the left (�10 cm from the sagittal axis) or to the right (þ 10
cm from the sagittal axis) of the midline, with the offset’s
direction determining the field direction (Fig. 1A, right
side, top and bottom). The cues were displayed throughout
the experiment. For task complexity conditions, one for-
ward target (10 cm to the front) was used in conditions
Color-1 and Location-1, whereas eight different target
directions (separated by 45�) were used in conditions
Color-8 and Location-8.

Experiment 2.
An additional experiment was designed to confirm the effect
of the explicit component in learning a dual-adaptation task.
This experiment was identical to condition Color-1 except for
a supplementary constraint on the perpendicular kinematic
error. The error range was set at ±1 cm from the direct
straight line to the target such that if the cursor position in
the x-direction crossed the limit while reaching to the target,
the trial was set as unsuccessful, no specific feedback and no
increase in score was observed (Fig. 1B). Additional feedback
was provided depending on the overall performance (speed,
overshoot). Participants were informed, in the instruction
preceding the experiment, that the absence of feedback
meant that they were not straight enough and had to correct
their trajectory to gather points.

Each experiment started with five blocks in the pre-expo-
sure phase (190 trials) where the same null force field was
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associated with the cue. In the written instructions, this
phase was referred to the participants as the “Robot off”
phase. This was followed by an exposure phase consisting of
40 blocks (1,520 trials) where one contextual cue (e.g., þ 10
cm visual shift or blue workspace) was associated with one
force field (e.g., CW), whereas the other contextual cue (e.g.,
�10 cm visual shift or red workspace) was associated with
the other force field (e.g., CCW, Fig. 1). Each condition was
counterbalanced such that half of the participants experi-
enced this phase with contextual cues matched to one set of
force field directions, whereas the other half of the partici-
pants had contextual cues matched to the opposing force
field directions. Finally, a postexposure phase of five blocks
(190 trials) was completed where, again, a null force was
applied suddenly, without further instruction.

The experimental blocks consisted of 38 trials each, evenly
split between the two contextual cues. Out of these 19 trials
for each cue, 17 movements were performed in either a null
field (pre-exposure phase) or CW or CCW force field (expo-
sure phase). In the one target conditions, these trials were
always performed in the forward direction, whereas in the
eight targets conditions, movements were performed to each
of the eight targets: three trials in the forward direction and
two trials in all other directions. Two trials (out of 19) were a
channel trial and an instructed channel trial, which were
always performed in the forward direction. Within each
block, trials were pseudo randomized ensuring that the
channel trials and instructed channel trials never directly
followed one another. Overall, the five conditions were iden-
tical except for the number of target directions (1 or 8), the
cue type (colored workspace or shifted workspace), and the
spatial constraint introduced in experiment 2.

Analysis

Data were analyzed offline using MATLAB (2018b, The
MathWorks, Natick, MA). All measurements were low-pass fil-
tered at 40 Hz using a 10th order zero-phase-lag Butterworth
filter (filtfilt). Over the course of the experiment, the lateral
force measured can vary due to the natural drift of the mass of
the arm over the air sled. To avoid interference in our meas-
urements from this drift, we subtracted the mean offset in lat-
eral force for each participant measured between 250 and 150
ms before the movement start, from the total force trace. This
is of particular importance in these experiments, as partici-
pants could potentially be attempting to reduce errors through
an initial force bias which could then influence measures of
force compensation. The start of the reaching movement was
defined as the cursor leaving the start position (cursor center
crossing the start position’s 1.5 cm radius) and the end was
defined as the cursor entering the target (cursor center cross-
ing the target’s 1.5 cm radius). To measure adaptation and its
origin (implicit or explicit strategy), we examined the follow-
ing variables: kinematic error, force compensation, relative lat-
eral force, and reaction time. Here, we focus on three different
stages of the experiment: pre-exposure (all 5 blocks), late expo-
sure (last 5 blocks), and postexposure (all 5 blocks).

Kinematic error.
Tomeasure the kinematic error, we calculated themaximum
perpendicular error (MPE) on each null or curl field trial.

MPE is defined as the signed maximum perpendicular dis-
tance between the hand trajectory and the straight line join-
ing the start and the end of the current displayed target. For
completeness, we also calculated the kinematic error at the
time of peak velocity and at a fixed time early in the move-
ment (200ms after movement start).

Force compensation.
To measure adaptation, we calculated the force compensa-
tion by regressing the end-point force applied by the partici-
pant on the handle (lateral measured force) against the force
needed to compensate perfectly for the force field (59).
Specifically, the slope of the linear regression through zero is
used as a measure of force compensation. The perfect com-
pensatory force was determined as the forward velocity of
the current trial multiplied by the force field constant k. As
each condition was counterbalanced across participants, the
values were flipped such that the force compensation associ-
ated with each cue has the same sign for all participants.
Since the measure of force compensation is relative to the
field, we inverted the sign of cue 2’s data for plotting to visu-
ally differentiate the two opposing forces.

Relative lateral force.
To examine the shape and timing of the force applied by the
participant to compensate for the disturbance, the relative
lateral forces were calculated. Individual force trials were
aligned to peak velocity, and clipped between �300 and
þ 300 ms from this peak. For averaging and visualization,
we normalized forces in the x-axis by the peak of the perfect
compensation force profile. This perfect force profile was cal-
culated as the y-axis velocity multiplied by the force field
constant k.

Reaction time.
As an additional indicator of explicit strategies in the adapta-
tion to the opposing force fields, the reaction time was calcu-
lated for each trial and compared between trial types (field,
channel, and instructed trials) across experimental phases.
Reaction time was calculated as the time between the go-cue
(target appearance) and the start of the movement (cursor
leaving the target). For a fair comparison across the condi-
tions, we examine only the reaction times in the forward
reaching directions.

Statistics

We performed statistical analysis using JASP (v. 0.13.1).
For each condition, we calculated themean of force compen-
sation across the two cues (cue 1 and cue 2) for the final level
of adaptation (mean across 5 last blocks of exposure phase)
and postexposure phase (mean across all 5 blocks). Except
for statistics on the pre-exposure phase, the mean value of
force compensation across pre-exposure phase (mean across
all 5 blocks) was subtracted.

To assess adaptation in each condition, these baseline-cor-
rected force compensation values were compared against
zero using one-sample t tests (in the case of normally distrib-
uted data) or Wilcoxon tests (when not normally distrib-
uted). To investigate the implicit and explicit contributions,
paired t tests were performed to assess differences in force
compensation between channel and instructed channel
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trials. Additional Wilcoxon tests were performed for force
compensation on instructed channel trials for the final level
of adaptation only. Finally, we performed a two-way ANOVA
to compare the effects of Cue type (color or visual location)
and Complexity (1 target or 8 targets) on force compensation
(channel trials only) for the final level of adaptation only.

We quantified the reaction times for the three types of tri-
als (field trial, channel trial, and instructed channel trial)
over the exposure period to look for differences (Fig. 7F)
using the linear mixed models approach with main effects of
conditions (5 levels) and trial type (3 levels) and participant
as a random effect.

RESULTS
In this study, we investigated the mechanisms involved in

dual adaptation to force fields. Specifically, we built an ex-
perimental design to assess the degree of implicit and
explicit processes in adaptation and varied the complexity of
the task and type of the contextual cues to understand the
relevance of these contributions in different conditions. In
experiment 1, four conditions tested the four possible combi-
nations: color cue one target (Color-1; indirect, low complex-
ity), color cue eight targets (Color-8; indirect, high
complexity), visual workspace location cue one target
(Location-1; direct, low complexity), and visual workspace
location cue eight targets (Location-8; direct, high complex-
ity). In each of these conditions, participants performed
reaching movements toward one or eight targets in an iden-
tical pre-exposure, exposure, and postexposure phase.

Adaptation

In each condition, kinematic errors (Fig. 2, A–D, e.g.,
Supplemental Fig. S1; all Supplemental material is available
at https://doi.org/10.6084/m9.figshare.16566225) and force
compensation (Fig. 2, E–H) remained close to zero in the
pre-exposure phase (one-sample t test, for force compensa-
tion, Color-1: t5 = 0.289, P = 0.784; Color-8: t5 = 0.765, P =
0.479; Location-1: t5 = �1.349, P = 0.235; Location-8: t5 =
�0.177, P = 0.867; and for kinematic errors: Color-1:
t5 = �0.085, P = 0.935; Color-8: t5 = 2.019, P = 0.099;
Location-1: t5 = 60.823, P = 0.448; Location-8: t5 = �0.027, P =
0.980), with no clear differences between the two cues. We
observed an increase in kinematic error from pre-exposure
to exposure phase, demonstrating that participants did not
expect the introduction of the force fields. However, only vis-
ual location conditions showed a strong decrease of kine-
matic error from early to late exposure phase (Fig. 2, B and
D) and a strong increase of force compensation on channel
trials (Fig. 2, F and H). A Wilcoxon test revealed a significant
increase in Location-1 (V = 21.000, P = 0.031) up to 80±6%
(means ± SE) and in Location-8 (V = 21.000, P = 0.031, here
and below, identical test statistics are reflective of the lim-
ited number of rankings available with Wilcoxon test and
our sample size) up to 60±8%. These results demonstrate
the presence of dual adaptation for participants in visual
location conditions. In contrast, both color conditions do not
display a clear decrease in kinematic error (Fig. 2, A and C)
or increase in force compensation (Fig. 2, E and G) over the
exposure phase. Indeed, no significant increase in force com-
pensation was found for Color-1 (V = 18.000, P = 0.156), with

participants producing up to 24± 16% adaptation, and for
Color-8 (V = 3.000, P = 0.156), with �4±2% force compensa-
tion in final adaptation. These results suggest that partici-
pants in color conditions were not able to adapt to the two
opposing force fields. However, it is important to note the
high variability across participants on both the kinematic
error and force compensation for Color-1 condition. This var-
iability and the final level of adaptation of 24± 16% provide
questions about whether only certain individuals show ad-
aptation. We find similar results for kinematic errors at the
time of peak velocity (e.g., Supplemental Fig. S2) and at 200
ms into the movement (e.g., Supplemental Fig. S3), as well as
for force compensation without subtracting the bias force
before movement start (e.g., Supplemental Fig. S4).

Comparison across Conditions

To test the effects of cue type and task complexity across
all four conditions, we ran a two-way ANOVA to compare the
effects of cue type (color or visual location) and complexity
(1 target or 8 targets) on force compensation (channel trials
only). Comparing the final level of adaptation (5 last blocks
of exposure phase), we first found a significant effect for cue
type (F1,20 =40.048, P < 0.001). These results show that the
visual workspace location is a more effective cue than the
colored workspace for dissociating force fields. Second, a sig-
nificant effect was found for complexity (F1,20=9.466, P =
0.006). That is, decreasing the number of target directions
increased the amount of adaptation over the same number
of training trials. There was no significant interaction
(F1,20=0.048, P = 0.829).

Implicit and Explicit Contributions

To differentiate implicit and explicit contributions to the
adaptation of these force fields, we performedWilcoxon tests
on instructed channel trials for the final level of adaptation
(mean across cue 1 and cue 2). Force compensation on
instructed channel trials revealed a significant adaptation
for both Location-1 (V = 21.000, P = 0.031) and Location-8
(V = 21.000, P = 0.031) conditions. Furthermore, the adapta-
tion on instructed channel trials was similar to those on the
channel trials for both visual location conditions. For
Location-1, participants produced a force compensation of
78±6% in instructed channel trials (Fig. 2F) compared with
80±6% in channel trials (no significant difference with
paired Wilcoxon test: W = 6, P = 0.438). Similarly, in
Location-8, participants produced 45±7% force compensa-
tion on instructed channel trials (Fig. 2H) compared with
60±8% on channel trials (no significant difference with
paired test: t5 = �2.094, P = 0.090). That is, participants pro-
duced similar levels of force compensation in both visual
workspace location conditions on the instructed channels
despite being notified that the force field was not present on
these trials. These results suggest that adaptation to the
opposing force fields was likely implicit. In contrast, force
compensation on instructed channel trials revealed no sig-
nificant adaptation for both Color-1 (V = 12.000, P = 0.844)
and Color-8 (V = 7.000, P = 0.563) conditions. Even though
the force compensation level on channel trials reached
24± 16% in Color-1 condition, the force compensation on the
instructed channel trials stayed close to zero (1± 3%, one-
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sample t test: t5 = 0.465, P = 0.661), suggesting that if any ad-
aptation was present, this adaptation was likely explicit. As
expected, as no adaptation was present in the Color-8 condi-
tion (�4±2%, one-sample t test: t5 = �2.129, P = 0.086), no

force compensation was seen on the instructed channel tri-
als (�3±3%, one-sample t test: t5 =�0.959, P = 0.382).

In addition, participants demonstrated clear after-effects
in both visual workspace location conditions, with an

A                                        B

C                                        D

E                                        F

G                                        H

Figure 2. Overall adaptation for experiment 1. The mean
(solid line) and SE (shaded region) across participants is rep-
resented for cue 1 (blue color) and cue 2 (red color) for the
pre-exposure (190 trials), exposure (gray area, 1,520 trials),
and postexposure (190 trials) phases. The adaptation is rep-
resented by the kinematic error (A–D), measured as
maximum perpendicular error (MPE) and the force compen-
sation (E–H) for the four conditions. Normal channel trials
(red and blue solid lines) and instructed channel trials (light
red and blue dotted lines) are both presented.
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increase in kinematic error in the opposite direction
(0.8±0.05 cm for 1 target, 0.6±0.1 cm for 8 targets) and
a force compensation significantly different from zero
(Wilcoxon test, Location-1: V = 21.000, P = 0.031; Location-8:
V = 21.000, P = 0.031), both of which persisted over the entire
five blocks of postexposure. In contrast, participants in both
color cue conditions showed no after-effects, with no signifi-
cant difference from zero (Wilcoxon test, Color-1: V = 11.000,
P = 1.000; Color-8: V = 14.000, P = 0.563), suggesting no over-
all adaptation. Again, this highlights the effectiveness of vis-
ual workspace location for dual adaptation and together
with the previous results suggest that this may arise through
implicit adaptation.

Individual Results

The mean participants’ results across the four conditions
show clear differences across task complexity and cue type.
However, there is a large variability in force compensation for
the Color-1 target experiment, making it difficult to investi-
gate the force compensation on the instructed trials and the
implication of implicit or explicit adaptation. Consequently,
we examined the individual force compensation profiles (Fig.

3) to distinguish between the impacts of the explicit and
implicit components. In the visual workspace location cue
conditions, all of the participants that showed independent
adaptation to each force field based on visual inspection (10
out of 12) also showed no clear difference in force compensa-
tion between the channel and instructed channel trials. In
contrast, 11 out of 12 participants in the color cue conditions
(all 6 in 8 target and 5 in 1 target) showed no independent ad-
aptation to the two force fields. The remaining participant
(P1) was able to adapt correctly to the force fields in the Color-
1 condition. Interestingly, P1 adapted almost immediately and
showed complete adaptation on channel trials while the force
compensation of instructed channel trials remained close to
zero. This contrasts with the participants presented visual
workspace location cues, who adapted gradually and showed
no clear difference between the channel and instructed chan-
nel trials. These results suggest that visual workspace location
cue’s adaptationmay bemainly implicit, whereas P1’s adapta-
tion under color cuesmay be explicit.

One of the key results of experiment 1 is that only one
out of the six participants in the Color-1 condition
displayed evidence of dual adaptation. Moreover, this

A B

C D

Figure 3. Individual force compensation on the normal channel trials (red and blue solid lines) and the instructed channel trials (light red and blue dotted
lines) for Color-1 (A), Location-1 (B), Color-8 (C), and Location-8 (D) conditions. The gray area represents the exposure phase.
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participant showed evidence of a different approach than
participants from visual workspace location cue condi-
tions, suggesting explicit adaptation (P1). The fact that
only one participant adapted is surprising, as several pre-
vious studies have suggested that color cues can be used
for dual adaptation when moving in a single direction (7,
34, 35). A possibility is that other factors besides com-
plexity modulate learning in this condition. Our hypoth-
esis that dual adaptation with color cues is mediated
by explicit strategies provides a possible explanation:
whereas implicit learning proceeds regardless of any
intention, whether or not learners express explicit strat-
egies likely depends on their perceived necessity to do so
(60). Our standard force field task can in principle be
solved largely by feedback-based corrections, since
reward depends on meeting the velocity criterion and
eventually arriving at the target but not on anticipatory
compensation of the force field. We introduced an addi-
tional experiment with a single condition (color cue con-
strained 1 target) to test for this possibility. Reasoning
that emphasizing the reduction of movement curvature
would encourage participants to use an anticipatory
strategy, we introduced a spatial accuracy constraint: the
score was only increased when the participant’s move-
ments were within 1 cm of the straight line joining the
start and target positions. We predicted that this manip-
ulation would increase explicit learning.

Experiment 2

Experiment 2 was similar to the Color-1 condition of experi-
ment 1, using color cues to detect opposing force fields in reach-
ing a single forward target. However, an additional horizontal
kinematic constraint was imposed to emphasize reduction of
spatial errors. Similar to previous conditions, kinematic errors
(Fig. 4A) and force compensation (Fig. 4B) remained close to
zero in the pre-exposure phase (one-sample t test: t5 = 0.214, P =
0.839 for force compensation and t5 =�0.305, P = 0.773 for kine-
matic error), with no clear differences between the two cues.
After an expected sudden increase in kinematic error at the be-
ginning of the exposure phase, we observed a small reduction in
kinematic error and a slow increase in force compensation over
the exposure phase up to 39±20% (Fig. 4B, solid lines).
However, a Wilcoxon test revealed no significant increase in
force compensation (V = 0.123, P = 0.907) for the end of exposure
phase, possibly due to the high variability between participants.
Moreover, we found no evidence of adaptation on instructed
channel trials with amean of 3±6% of force compensation (Fig.
4B, dotted lines), confirmed by aWilcoxon test (V = 11, P = 1).

Looking at the individual force compensation, three (P25,
P26, P30) out of the six participants adapted simultaneously
to the opposing force fields (Fig. 4C). Similar to participant
P1 (Color-1 condition), two of the three participants (P26,
P30) showed a rapid change in the predictive force during
the exposure phase, as we might expect for an explicit

A C

B

Figure 4. Adaptation for experiment 2. A: kinematic error represented as the mean (solid line) and SE (shaded region) across participants. B: mean (solid
and dotted line) and SE (shaded region) across participants for force compensation on both the normal (red and blue solid lines) and instructed channel
trials (light red and blue dotted lines). C: individual force compensation profiles for each participant. The gray area represents the exposure phase.
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strategy during adaptation. Again, we investigated the presence
of force compensation in instructed channel trials to assess the
weight of implicit and explicit components during adaptation.
P26 and P30 showed a difference between these two types of tri-
als (similar to P1), with almost a full adaptation from channel tri-
als but no observable difference in the predictive force between
the two instructed channels, which remained close to zero. We
also found no observable difference in the two instructed chan-
nel trials for P25, although in this case the force compensation
was similar to that of the cue 2 channel trial. The finding that all
adapted participants in the color cue conditions showedno clear
difference in instructed channels between the two cues suggests
that any participants who adapted successfully relied on explicit
strategies in this condition.

In addition, after-effects were absent when the instructed
channel trials remained close to zero but the participants
showed adaptation (explicit learners). In contrast, among those
participants who adapted implicitly, after-effects were consis-
tently present. This is consistent with the notion that after-
effects that persist in the presence of errors mainly capture an
implicit component of adaptation, which participants cannot
simply remove by abandoning an explicit aiming strategy.

Force Profiles

To further examine adaptation and compare channel and
instructed channel trials, we analyzed the force produced by

the participants relative to a perfect compensation of the
force field applied by the vBot. The force profiles (Fig. 5)
show similar results as the force compensation (Figs. 3 and
4), with visual workspace location cue conditions showing
adaptation of both channel and instructed channel trials and
no adaptation for the color cue eight targets condition (Fig.
5B). These results are supported by the individual force pro-
files (Fig. 6, B–D). In the color cue one target conditions
(Color-1 and Color-1-constrained), we see a small adaptation
on the channel trials, whereas the instructed channel trials
remain close to zero (Fig. 5, A and E). As expected, there is a
large variability between participants on these two condi-
tions (Fig. 6, A and E), with participants P1, P25, P26, and
P30 showing differences between the channel and instructed
channel force profiles, suggesting that an explicit compo-
nent can contribute to the adaptation when presented with
color cues.

Reaction Time

Reaction time has been shown to be increased with
explicit learning strategies (61–64). Therefore, we calculated
the reaction time on field trials (null or force field), channel
trials, and instructed channel trials for forward reaching
movements throughout the experiment (Fig. 7, A–E). All
three trial types showed similar reaction times across the
conditions, although there were variations in these values

A B

C D

E

Figure 5. Force profiles as a function of movement time. Channel trials are displayed in red and blue solid lines, and instructed channel trials are dis-
played in light red and blue dotted lines. The force values are shown as a percentage of perfect force compensation and aligned to peak velocity. For
each cue, the mean between participants (solid line) and SE (shaded region) of force compensation is taken from all trials in each phase [pre-exposure
(all 5 blocks), exposure (gray area, final 10 blocks) and postexposure (all 5 blocks)] for Color-1 (A), Location-1 (B), Color-8 (C), Location-8 (D), and Color-1-
constrained (E) conditions.
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over the time course of the experiment. We quantified the
reaction times for these three trial types over the exposure pe-
riod to look for differences (Fig. 7F) using a linear mixed mod-
els approach with fixed effects of condition (5 levels) and trial
type (3 levels) and participant as a random effect. We found no

significant effect of trial type (F2,50=0.051, P = 0.950), condi-
tions (F4,25=0.386, P = 0.817), and no trial type � conditions
interaction (F8,50=2.096, P = 0.054). These results are consist-
ent with the finding that the vast majority of participants did
not seem to show any indication of used strategy. Interestingly

A                                                                B

C                                                                D

E

Figure 6. Individual force profiles as a function of movement time for the late exposure phase. Channel trials are displayed in red and blue plain lines,
and instructed channel trials are displayed in light red and blue dotted lines. For each cue, the mean of force compensation is taken from the final 10
blocks of the late exposure phase for Color-1 (A), Location-1 (B), Color-8 (C), Location-8 (D), and Color-1-constrained (E) conditions.
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the variability was highest for the color cue constrained condi-
tion (Fig. 7E), suggesting, such as previous results, that a few
participantsmay have used explicit strategies.

Awareness Assessment

Participants completed a questionnaire from which we
assess their awareness of force field directions, use of strat-
egies in the task, and self-evaluation of their performance. In
the answers reported, we saw a pattern between participants’
performance in the experiment and their awareness of the
association between cue and force field direction. We classi-
fied participants as “aware” if they reported the direction of
the force field under a given cue either correctly or with
reversed association (i.e., still identifying that there were a
“left” and “right” field and that these corresponded to the
two cues). Overall, participants P1, P2, P4, P5, P6, P9, P13,
P25, P26, and P30 were classified as being “aware” of the

force directions and their association to a specific cue. In vis-
ual location conditions (Location-1 and Location-8), only one
participant (P13) was classified as aware, even though most
showed clear dual adaptation. This supports our interpreta-
tion that the participants in the visual location conditions
primarily adapted implicitly. In color conditions (Color-1,
Color-8, and Color-1-constrained), all participants that
showed adaptation were also able to report differences in the
direction of the force field. Again, this supports our previous
interpretation regarding color cues; this indirect cue does
not allow implicit adaptation unless participants can lever-
age explicit knowledge about their environment.

DISCUSSION
In this study, we investigated how cue type and task com-

plexity influence the contributions of implicit or explicit

A                                                                       B

C                                                                       D

E                                                                       F

Figure 7. Reaction time according to trial type: field trials (blue), channel trials (orange), and instructed channel trials (yellow). For each trial type, we cal-
culated the mean across participants (solid line) and SE (shaded region) for Color-1 (A), Location-1 (B), Color-8 (C), Location-8 (D), and Color-1-constrained
(E) conditions. F: to compare across experiments, the means and SE are shown across the exposure phase (all 40 blocks). The gray area represents the
exposure phase.
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processes in dual adaptation to opposing force fields. Five
different conditions were set up across two experiments:
color cue one target (indirect, low complexity), color cue
eight targets (indirect, high complexity), visual workspace
location cue one target (direct, low complexity), visual work-
space location cue eight targets (direct, high complexity),
and color cue one target constrained (indirect, low complex-
ity, emphasis on spatial accuracy). Summarizing the overall
picture, in experiment 1, we found stronger overall adapta-
tion with the visual workspace location cue than with the
color cue, supporting different effectiveness for these cue
types as in previous studies (31), and importantly, learning
was absent in the majority of the participants in the color
cue conditions. Less adaptation was also found with eight
targets compared with a single target. The absence of a sig-
nificant interaction gave us no reason to assume that this
effect differs between cue types. We acknowledge that the
limited sample size per group is a limitation of our study,
and the latter, group-specific results should be interpreted
with particular caution. However, despite individual varia-
tions in the amount of adaptation, we found clear, consistent
results across all experiments. That is, if any adaptation took
place in the color cue experiments, there was evidence that
it occurred through explicit adaptation, whereas any adapta-
tion in the visual workspace experiment was associated with
evidence for implicit adaptation.

In both experiments, we also examined the contribution
of implicit and explicit adaptation to dual adaptation using
instructed channels, where we cued the absence of the force
field (53). In the visual workspace location conditions, we
found similar levels of force compensation in both the chan-
nel trials and instructed channel trials, suggesting that this
learning arose primarily implicitly. For color cues, individual
results showed clear adaptation for four (out of 18) partici-
pants. However, although these participants displayed force
compensation on channel trials, their force compensation
on instructed channel trials remained close to zero, suggest-
ing the contribution of explicit strategies.

We now consider how the two different cues in our study
(color and visual workspace location) may relate to implicit
and explicit learning processes. Contextual cues can vary
from direct representations of the body state (28, 42) or
object properties (22, 38, 39, 65) to more indirect representa-
tions (66–68) such as color (37) or sequence order (4). In the
first case, cues are directly related to the current state of the
body or properties of the manipulated object and, therefore,
closely representative of the forward dynamics, whereas in
the second case, the relation between the environmental cue
and the current state is more conditional. Although we
believe that both “direct” or “primary” and “indirect” or
“conditional” cues can deliver relevant information for dis-
sociating two opposing environments and enable dual adap-
tation, we hypothesized that they would do so via different
processes, explaining diverging findings regarding their
effectiveness (31).

In the visual workspace separation conditions, we found
clear dual adaptation across both the one target and eight
targets conditions, both on a group and individual level.
Significant dual adaptation on instructed channel trials and
persistent after-effects revealed a clear contribution of
implicit learning under the visual workspace location cue.

This agrees with our premise that visual workspace location
is in the class of cues that are directly representative of the
dynamic state of the system.

In contrast, we found no evidence of implicit learning in
the color cue conditions. Over all three color cue conditions
(Color-1, Color-8, and Color-1-constrained), there was little
overall adaptation, but this varied considerably between par-
ticipants. Four out of the 18 participants exhibited clear dual
adaptation. However, in all four, the difference in adaptation
between the instructed and noninstructed channel trials and
absence of after-effects indicated the use of explicit strat-
egies. Furthermore, all four participants showed awareness
that the cue color was associated with different disturbances,
even though no information was provided before the experi-
ment, which may be a further indication that learning in
these participants was explicit. These results provide support
for our hypothesis: that color cues are ineffective in eliciting
implicit dual adaptation, at least within the duration of our
experiment.

What role does task complexity play for these implicit and
explicit routes of dual adaptation? A key characteristic of
explicit processing is that it is capacity-limited (45, 69). We
reasoned that such capacity limitations would lead to learn-
ers having a higher probability of finding a useful explicit
strategy in simple tasks where straightforward heuristics,
such as pushing in one direction, would yield immediate
success on each trial. This probability would be lower on
complex tasks that require a more elaborate rule, such as
pushing counterclockwise. Such an expectation is in line
with findings that explicit learning is faster with fewer tar-
gets in visuomotor learning (70). Although our current
results show an effect of task complexity across cue types,
this appears to be carried largely by a single individual, ren-
dering the results on task complexity inconclusive. Our find-
ings thus do not lend strong support to the hypothesis that
task simplicity alone would compel learners to use explicit
strategies. Reasoning that emphasizing spatial accuracy
might focus the attention of the participants on reducing ki-
nematic errors and boost explicit strategies (71), we added
experiment 2. This manipulation, emphasizing spatial accu-
racy, appeared to increase explicit learning, with three out of
six participants showing evidence of explicit strategies.
Overall, these results provide support for the hypothesis that
dual adaptation with color cues ismediated by explicit learn-
ing depending on task conditions, with no evidence of
implicit dual adaptation in any of the 18 participants in the
color cue conditions.

Previous findings provided mixed results on the effective-
ness of color cues for dual adaptation with some studies
showing adaptation, whereas others finding no effect.
Among those studies that found color cues effective in ena-
bling dual adaptation to force fields, the majority tested task
conditions such as reaching toward a single target or in a sin-
gle-joint movement (7, 34, 35) that presumably facilitate the
use of explicit strategies by affording simple, heuristic solu-
tions (e.g., pushing to the left or right of the reaching move-
ment). In contrast, studies finding no dual adaptation
containedmultiple targets and full-armmovements (3, 31). A
notable exception from this pattern is a study by Osu et al.
(36). In their study, two cues (visual and audio) were dis-
played in addition to the colored background: a windmill-

IMPLICIT AND EXPLICIT PROCESSES VIA DIRECT AND INDIRECT CUES

1502 J Neurophysiol � doi:10.1152/jn.00166.2021 � www.jn.org

Downloaded from journals.physiology.org/journal/jn at UB Marburg (137.248.070.001) on July 19, 2025.

http://www.jn.org


like diagram illustrating the force field that would be applied
and a tone signaling the direction of the force field. Here,
several factors may have facilitated explicit adaptation,
including the visual presentation of the force field and long
intertrial intervals allowing ample planning of compensatory
movements (64, 72). The study, furthermore, showed that
dual adaptation depended on randomized presentation of
the contexts. Although increased randomness might be
suspected to conflict with explicit strategy use (73), we
note that the presence of color cues in the study by Osu et
al. would still have allowed successful strategy applica-
tion. Furthermore, subsequent studies have not found
randomized presentation to be sufficient in eliciting dual
adaptation with color cues (31), suggesting that other fac-
tors may play a role. Overall, our work shows that color
cues do not enable learning via the same process as more
direct cues (including visual workspace location), and
may, at least in early learning stages, rely on explicit
strategies.

Notably, our reasoning assigns different mechanisms to a
potential effect of adapting under low versus high complex-
ity (1 or 8 targets) with explicit and implicit learning, and by
extension under the visual workspace location or color cue.
For implicit learning (visual workspace location cue), we
assume that reduced adaptation with more targets results
from effectively reducing the number of practice trials per
target. Limited spatial generalization (74–76) then predicts
that adaptation will be slower with more targets. In contrast,
for explicit learning (mainly found with the color cue), we
propose that more complex tasks (multiple targets) reduce
the probability of participants finding and employing a use-
ful strategy. Explicit learning likely draws on working mem-
ory as a limited resource (69), and this resource limitation
may prevent many participants from storing and combin-
ing enough relevant information (color, target direction,
and force direction/kinematic error) to develop an
adequate strategy in complex scenarios. A similar effect of
working memory would not be expected to play a crucial
role for implicit learning (70, 77). This interpretation
aligns with the picture painted by individual participant
data: the advantage in learning with a single target appears
to arise gradually and across participants with the visual
location cue, as would be expected from limited spatial
generalization. In contrast, with the color cue, the advant-
age arises in specific participants and suddenly (e.g., P30),
as would be expected from the probabilistic event of find-
ing a strategy. Still, the relative infrequency of “explicit”
learners and the limited size of our current sample pro-
hibit strong conclusions on potential effects of task com-
plexity, and this aspect needs further investigation in
future studies.

One noteworthy point is the bell-shaped force profiles
generated by explicitly adapted participants. This suggests
that even participants that used explicit strategies were able
to properly compensate for the force field, similar to the
implicit-learning participants, even though they were not
instructed about the velocity-dependent characteristics of
the force field. The question, therefore, remains whether,
with sufficient practice, this explicit adaptation to the force
field would be gradually transformed into an implicit adap-
tation, for example, through associative learning.

It is important to highlight the difference between our
results using force fields with previous studies using visuo-
motor rotations. Here, we find that the adaptation induced
by the visual separation of workspace is primarily implicit.
In contrast, visuomotor adaptation in similar conditions was
almost entirely explicit (11–13). Although it is unclear why
this difference exists, we propose a few different hypotheses.
One simple possibility is that there is a difference in the ad-
aptation mechanisms between visuomotor rotation and
force field adaptation, for example, visuomotor rotation elic-
its strong explicit adaptation with limited implicit adapta-
tion (60), whereas force field adaptation may be primarily
implicit. However, it might also be possible that there is a
difference in how the visual feedback location is updated in
the state representation for visuomotor rotation (78, 79).

Placing our findings within the broader picture of context-
dependent learning of dynamics, recent theoretical develop-
ments propose a generative model, whereby latent contexts
give rise to both contextual cues and dynamics. Learners
then infer the statistical relations between these and select
movements based on prior expectations about context-de-
pendent dynamics after observing cues (80, 81). Comparing
this normative framework to the process-based view pro-
posed here is not straightforward and it will be interesting to
compare these views in future research. Speculating from
our present point of view, context inference in our frame-
work would be expected to show primarily for indirect cues
and affect the level that we have operationalized as explicit
learning. Inferring the statistical relations with a separate
context level would not seem necessary for “implicit” dual
adaptation, as direct cues attribute changes in dynamics to
different parts of state space. This aligns with recent findings
on generalization (as an inverse of dual adaptation), which
showed that generalization accounts separately for low-level
kinematic movement features and high-level similarity-
based context judgment (82). Note that we do not take this to
mean that all context inference is explicit—rather, this com-
parison approaches the limits of our mapping the implicit/
explicit dichotomy to a potential hierarchy of motor learning
processes.

In summary, we interpret our results as supporting the
notion that the sensorimotor system distinguishes different
types of cues in context-dependent motor adaptation. One
class of cues including visual workspace location enables
dual adaptation directly via state-dependent implicit
learning. Another class of cues, including color cues, does
not do so, although dual adaptation with these cues may
occur via different routes, such as explicit learning (13,
16, 83). Attempting to categorize cues previously found
effective versus ineffective (or inconclusive), the emerg-
ing picture is that effective cues like separate locations
can be considered directly representative of the dynamic
or neural state, thus allocating adaptation to different
regions in the state space (40, 84), whereas ineffective
cues like arbitrary peripheral movement (31) or temporal
sequence (4, 85) are not directly related to dynamic state.
Our study thus adds clarification to the role of color cues
in this framework by supporting their membership with
the latter class and suggesting that previous results that
found this cue effective may be explained by explicit
learning.

IMPLICIT AND EXPLICIT PROCESSES VIA DIRECT AND INDIRECT CUES

J Neurophysiol � doi:10.1152/jn.00166.2021 � www.jn.org 1503

Downloaded from journals.physiology.org/journal/jn at UB Marburg (137.248.070.001) on July 19, 2025.

http://www.jn.org


SUPPLEMENTAL DATA
Supplemental Figs. S1–S4: https://doi.org/10.6084/m9.figshare.

16566225.

GRANTS

J.A.T. was supported by National Science Foundation, grant num-
ber 1838462. M.H. was supported by the Deutsche Forschungsge-
meinschaft (DFG; project number 222641018-SFB/TRR 135 Project
B6) and by the DFG Priority Program 1772 (HE7105/1-2).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

M.F., R.S., J.A.T., M.H., and D.W.F. conceived and designed
research; M.F. and R.S. performed experiments; M.F. analyzed
data; M.F., R.S., J.A.T., M.H., and D.W.F. interpreted results of
experiments; M.F. prepared figures; M.F., R.S., and D.W.F. drafted
manuscript; M.F., R.S., J.A.T., M.H., and D.W.F. edited and revised
manuscript; M.F., R.S., J.A.T., M.H., and D.W.F. approved final ver-
sion of manuscript.

REFERENCES

1. Oh Y, Schweighofer N. Minimizing precision-weighted sensory pre-
diction errors via memory formation and switching in motor adapta-
tion. J Neurosci 39: 9237–9250, 2019. doi:10.1523/JNEUROSCI.
3250-18.2019.

2. Brashers-Krug T, Shadmehr R, Bizzi E. Consolidation in human
motor memory. Nature 382: 252–255, 1996. doi:10.1038/382252a0.

3. Gandolfo F, Mussa-Ivaldi FA, Bizzi E. Motor learning by field
approximation. Proc Natl Acad Sci USA 93: 3843–3846, 1996.
doi:10.1073/pnas.93.9.3843.

4. Karniel A,Mussa-Ivaldi FA. Does the motor control system use mul-
tiple models and context switching to cope with a variable environ-
ment? Exp Brain Res 143: 520–524, 2002. doi:10.1007/s00221-002-
1054-4.

5. Krakauer JW, Ghilardi MF, Ghez C. Independent learning of internal
models for kinematic and dynamic control of reaching. Nat Neurosci
2: 1026–1031, 1999. doi:10.1038/14826.

6. Caithness G, Osu R, Bays P, Chase H, Klassen J, Kawato M,
Wolpert DM, Flanagan JR. Failure to consolidate the consolidation
theory of learning for sensorimotor adaptation tasks. J Neurosci 24:
8662–8671, 2004. doi:10.1523/JNEUROSCI.2214-04.2004.

7. Wada Y, Kawabata Y, Kotosaka S, Yamamoto K, Kitazawa S,
Kawato M. Acquisition and contextual switching of multiple internal
models for different viscous force fields. Neurosci Res 46: 319–331,
2003. doi:10.1016/s0168-0102(03)00094-4.

8. Gordon AM, Westling G, Cole KJ, Johansson RS. Memory repre-
sentations underlying motor commands used during manipulation of
common and novel objects. J Neurophysiol 69: 1789–1796, 1993.
doi:10.1152/jn.1993.69.6.1789.

9. Richter S, Jansen-Osmann P, Konczak J, Kalveram K-T. Motor ad-
aptation to different dynamic environments is facilitated by indicative
context stimuli. Psychol Res 68: 245–251, 2004. doi:10.1007/
s00426-003-0140-y.

10. Baldeo R, Henriques D. Dual adaptation to opposing visuomotor
rotations with similar hand movement trajectories. Exp Brain Res
227: 231–241, 2013. doi:10.1007/s00221-013-3503-7.

11. HegeleM,Heuer H. Implicit and explicit components of dual adapta-
tion to visuomotor rotations. Conscious Cogn 19: 906–917, 2010.
doi:10.1016/j.concog.2010.05.005.

12. Schween R, Taylor JA,Hegele M. Plan-based generalization shapes
local implicit adaptation to opposing visuomotor transformations. J
Neurophysiol 120: 2775–2787, 2018. doi:10.1152/jn.00451.2018.

13. Schween R, Langsdorf L, Taylor JA, Hegele M. How different effec-
tors and action effects modulate the formation of separate motor
memories. Sci Rep 9: 17040, 2019. doi:10.1038/s41598-019-53543-1.

14. Bock O, Worringham C, Thomas M. Concurrent adaptations of left
and right arms to opposite visual distortions. Exp Brain Res 162:
513–519, 2005. doi:10.1007/s00221-005-2222-0.

15. Imamizu H, Kuroda T, Miyauchi S, Yoshioka T, Kawato M.Modular
organization of internal models of tools in the human cerebellum.
Proc Natl Acad Sci USA 100: 5461–5466, 2003. doi:10.1073/
pnas.0835746100.

16. van Dam LCJ, Ernst MO. Mapping shape to visuomotor mapping:
learning and generalisation of sensorimotor behaviour based on
contextual information. PLoS Comput Biol 11: e1004172, 2015.
doi:10.1371/journal.pcbi.1004172.

17. Woolley DG, de Rugy A, Carson RG, Riek S. Visual target separa-
tion determines the extent of generalisation between opposing
visuomotor rotations. Exp Brain Res 212: 213–224, 2011. doi:10.1007/
s00221-011-2720-1.

18. Hinder MR, Woolley DG, Tresilian JR, Riek S, Carson RG. The effi-
cacy of colour cues in facilitating adaptation to opposing visuomotor
rotations. Exp Brain Res 191: 143–155, 2008. doi:10.1007/s00221-
008-1513-7.

19. Seidler RD, Bloomberg JJ, Stelmach GE. Context-dependent arm
pointing adaptation. Behav Brain Res 119: 155–166, 2001. doi:10.
1016/s0166-4328(00)00347-8.

20. Galea JM, Miall RC. Concurrent adaptation to opposing visual dis-
placements during an alternating movement. Exp Brain Res 175:
676–688, 2006. doi:10.1007/s00221-006-0585-5.

21. Ahmed AA, Wolpert DM, Flanagan JR. Flexible representations of
dynamics are used in object manipulation. Curr Biol 18: 763–768,
2008. doi:10.1016/j.cub.2008.04.061.

22. Ingram JN, Howard IS, Flanagan JR, Wolpert DM. Multiple grasp-
specific representations of tool dynamics mediate skillful manipula-
tion. Curr Biol 20: 618–623, 2010. doi:10.1016/j.cub.2010.01.054.

23. Imamizu H, Kawato M. Neural correlates of predictive and postdic-
tive switching mechanisms for internal models. J Neurosci 28:
10751–10765, 2008. doi:10.1523/JNEUROSCI.1106-08.2008.

24. Hirashima M, Nozaki D. Distinct motor plans form and retrieve dis-
tinct motor memories for physically identical movements. Curr Biol
22: 432–436, 2012. doi:10.1016/j.cub.2012.01.042.

25. Howard IS, Ingram JN, Franklin DW, Wolpert DM. Gone in 0.6 sec-
onds: the encoding of motor memories depends on recent sensori-
motor states. J Neurosci 32: 12756–12768, 2012. doi:10.1523/
JNEUROSCI.5909-11.2012.

26. Cothros N, Wong J, Gribble PL. Visual cues signaling object grasp
reduce interference in motor learning. J Neurophysiol 102: 2112–
2120, 2009. doi:10.1152/jn.00493.2009.

27. Hwang EJ, Shadmehr R. Internal models of limb dynamics and the
encoding of limb state. J Neural Eng 2: S266–S278, 2005.
doi:10.1088/1741-2560/2/3/S09.

28. Hwang EJ, Smith MA, Shadmehr R. Dissociable effects of the
implicit and explicit memory systems on learning control of reaching.
Exp Brain Res 173: 425–437, 2006. doi:10.1007/s00221-006-0391-0.

29. Forano M, Franklin DW. Timescales of motor memory formation in
dual-adaptation. PLoS Comput Biol 16: e1008373, 2020. doi:10.1371/
journal.pcbi.1008373.

30. Imamizu H, Sugimoto N, Osu R, Tsutsui K, Sugiyama K, Wada Y,
Kawato M. Explicit contextual information selectively contributes to
predictive switching of internal models. Exp Brain Res 181: 395–408,
2007. doi:10.1007/s00221-007-0940-1.

31. Howard IS,Wolpert DM, Franklin DW. The effect of contextual cues
on the encoding of motor memories. J Neurophysiol 109: 2632–
2644, 2013. doi:10.1152/jn.00773.2012.

32. Howard IS, Franklin DW. Neural tuning functions underlie both gen-
eralization and interference. PLoS One 10: e0131268, 2015. doi:10.
1371/journal.pone.0131268.

33. Howard IS, Wolpert DM, Franklin DW. The value of the follow-
through derives from motor learning depending on future actions.
Curr Biol 25: 397–401, 2015. doi:10.1016/j.cub.2014.12.037.

34. Krouchev NI, Kalaska JF. Context-dependent anticipation of differ-
ent task dynamics: rapid recall of appropriate motor skills using vis-
ual cues. J Neurophysiol 89: 1165–1175, 2003. doi:10.1152/jn.00779.
2002.

IMPLICIT AND EXPLICIT PROCESSES VIA DIRECT AND INDIRECT CUES

1504 J Neurophysiol � doi:10.1152/jn.00166.2021 � www.jn.org

Downloaded from journals.physiology.org/journal/jn at UB Marburg (137.248.070.001) on July 19, 2025.

https://doi.org/10.6084/m9.figshare.16566225
https://doi.org/10.6084/m9.figshare.16566225
https://doi.org/10.1523/JNEUROSCI.3250-18.2019
https://doi.org/10.1523/JNEUROSCI.3250-18.2019
https://doi.org/10.1038/382252a0
https://doi.org/10.1073/pnas.93.9.3843
https://doi.org/10.1007/s00221-002-1054-4
https://doi.org/10.1007/s00221-002-1054-4
https://doi.org/10.1038/14826
https://doi.org/10.1523/JNEUROSCI.2214-04.2004
https://doi.org/10.1016/s0168-0102(03)00094-4
https://doi.org/10.1152/jn.1993.69.6.1789
https://doi.org/10.1007/s00426-003-0140-y
https://doi.org/10.1007/s00426-003-0140-y
https://doi.org/10.1007/s00221-013-3503-7
https://doi.org/10.1016/j.concog.2010.05.005
https://doi.org/10.1152/jn.00451.2018
https://doi.org/10.1038/s41598-019-53543-1
https://doi.org/10.1007/s00221-005-2222-0
https://doi.org/10.1073/pnas.0835746100
https://doi.org/10.1073/pnas.0835746100
https://doi.org/10.1371/journal.pcbi.1004172
https://doi.org/10.1007/s00221-011-2720-1
https://doi.org/10.1007/s00221-011-2720-1
https://doi.org/10.1007/s00221-008-1513-7
https://doi.org/10.1007/s00221-008-1513-7
https://doi.org/10.1016/s0166-4328(00)00347-8
https://doi.org/10.1016/s0166-4328(00)00347-8
https://doi.org/10.1007/s00221-006-0585-5
https://doi.org/10.1016/j.cub.2008.04.061
https://doi.org/10.1016/j.cub.2010.01.054
https://doi.org/10.1523/JNEUROSCI.1106-08.2008
https://doi.org/10.1016/j.cub.2012.01.042
https://doi.org/10.1523/JNEUROSCI.5909-11.2012
https://doi.org/10.1523/JNEUROSCI.5909-11.2012
https://doi.org/10.1152/jn.00493.2009
https://doi.org/10.1088/1741-2560/2/3/S09
https://doi.org/10.1007/s00221-006-0391-0
https://doi.org/10.1371/journal.pcbi.1008373
https://doi.org/10.1371/journal.pcbi.1008373
https://doi.org/10.1007/s00221-007-0940-1
https://doi.org/10.1152/jn.00773.2012
https://doi.org/10.1371/journal.pone.0131268
https://doi.org/10.1371/journal.pone.0131268
https://doi.org/10.1016/j.cub.2014.12.037
https://doi.org/10.1152/jn.00779.2002
https://doi.org/10.1152/jn.00779.2002
http://www.jn.org


35. Addou T, Krouchev N, Kalaska JF. Colored context cues can facili-
tate the ability to learn and to switch between multiple dynamical
force fields. J Neurophysiol 106: 163–183, 2011. doi:10.1152/jn.00869.
2010.

36. Osu R, Hirai S, Yoshioka T, Kawato M. Random presentation ena-
bles subjects to adapt to two opposing forces on the hand. Nat
Neurosci 7: 111–112, 2004 [Erratum in Nat Neurosci 7: 314, 2004].
doi:10.1038/nn1184.

37. Cunningham HA, Welch RB. Multiple concurrent visual-motor map-
pings: implications for models of adaptation. J Exp Psychol Hum
Percept Perform 20: 987–999, 1994. doi:10.1037//0096-1523.20.
5.987.

38. Ingram JN, Howard IS, Flanagan JR, Wolpert DM. A single-rate
context-dependent learning process underlies rapid adaptation to
familiar object dynamics. PLoS Comput Biol 7: e1002196, 2011.
doi:10.1371/journal.pcbi.1002196.

39. Heald JB, Ingram JN, Flanagan JR, Wolpert DM. Multiple motor
memories are learned to control different points on a tool. Nat Hum
Behav 2: 300–311, 2018. doi:10.1038/s41562-018-0324-5.

40. Sheahan HR, Franklin DW,Wolpert DM.Motor planning, not execu-
tion, separates motor memories. Neuron 92: 773–779, 2016. doi:10.
1016/j.neuron.2016.10.017.

41. Nozaki D, Yokoi A, Kimura T, Hirashima M, Orban de Xivry JJ.
Tagging motor memories with transcranial direct current stimulation
allows later artificially-controlled retrieval. eLife 5: e15378, 2016. doi:
10.7554/eLife.15378.

42. Yeo SH, Wolpert DM, Franklin DW. Coordinate representations for
interference reduction in motor learning. PLoS One 10: e0129388,
2015. doi:10.1371/journal.pone.0129388.

43. Hwang EJ, Donchin O, Smith MA, Shadmehr R. A gain-field encod-
ing of limb position and velocity in the internal model of arm dynam-
ics. PLoS Biol 1: E25, 2003. doi:10.1371/journal.pbio.0000025.

44. Willingham DB. A neuropsychological theory of motor skill learning.
Psychol Rev 105: 558–584, 1998. doi:10.1037/0033-295x.105.3.558.

45. Shiffrin RM, Schneider W.Controlled and automatic human informa-
tion processing: II. perceptual learning, automatic attending and a
general theory. Psychol Rev 84: 127–190, 1977. doi:10.1037/0033-
295X.84.2.127.

46. Jacoby LL. A process dissociation framework: separating automatic
from intentional uses of memory. J Mem Lang 30: 513–541, 1991.
doi:10.1016/0749-596X(91)90025-F.

47. Heuer H,Hegele M. Adaptation to a nonlinear visuomotor amplitude
transformation with continuous and terminal visual feedback. J Mot
Behav 40: 368–379, 2008. doi:10.3200/JMBR.40.5.368-379.

48. Taylor JA, Krakauer JW, Ivry RB. Explicit and implicit contributions
to learning in a sensorimotor adaptation task. J Neurosci 34: 3023–
3032, 2014. doi:10.1523/JNEUROSCI.3619-13.2014.

49. Woolley DG, Tresilian JR, Carson RG, Riek S. Dual adaptation to
two opposing visuomotor rotations when each is associated with dif-
ferent regions of workspace. Exp Brain Res 179: 155–165, 2007.
doi:10.1007/s00221-006-0778-y.

50. Keisler A, Shadmehr R. A shared resource between declarative
memory and motor memory. J Neurosci 30: 14817–14823, 2010.
doi:10.1523/JNEUROSCI.4160-10.2010.

51. McDougle SD, Bond KM, Taylor JA. Explicit and implicit processes
constitute the fast and slow processes of sensorimotor learning. J
Neurosci 35: 9568–9579, 2015. doi:10.1523/JNEUROSCI.5061-
14.2015.

52. Th€urer B, Stockinger C, Focke A, Putze F, Schultz T, Stein T.
Increased gamma band power during movement planning coincides
with motor memory retrieval. NeuroImage 125: 172–181, 2016. doi:10.
1016/j.neuroimage.2015.10.008.

53. Schween R, McDougle SD, Hegele M, Taylor JA. Assessing explicit
strategies in force field adaptation. J Neurophysiol 123: 1552–1565,
2020. doi:10.1152/jn.00427.2019.

54. Morasso P. Spatial control of arm movements. Exp Brain Res 42:
223–227, 1981. doi:10.1007/BF00236911.

55. Oldfield RC. The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9: 97–113, 1971. doi:10.1016/
0028-3932(71)90067-4.

56. Howard IS, Ingram JN, Wolpert DM. A modular planar robotic
manipulandum with end-point torque control. J Neurosci Methods
181: 199–211, 2009. doi:10.1016/j.jneumeth.2009.05.005.

57. Scheidt RA, Reinkensmeyer DJ, Conditt MA, Rymer WZ, Mussa-
Ivaldi FA. Persistence of motor adaptation during constrained, multi-
joint, arm movements. J Neurophysiol 84: 853–862, 2000. doi:10.
1152/jn.2000.84.2.853.

58. Milner TE, Franklin DW. Impedance control and internal model use
during the initial stage of adaptation to novel dynamics in humans. J
Physiol 567: 651–664, 2005. doi:10.1113/jphysiol.2005.090449.

59. Smith MA, Ghazizadeh A, Shadmehr R. Interacting adaptive proc-
esses with different timescales underlie short-term motor learning.
PLoS Biol 4: e179, 2006. doi:10.1371/journal.pbio.0040179.

60. Morehead JR, Taylor JA, Parvin DE, Ivry RB. Characteristics of implicit
sensorimotor adaptation revealed by task-irrelevant clamped feed-
back. J Cogn Neurosci 29: 1061–1074, 2017. doi:10.1162/jocn_a_01108.

61. Georgopoulos AP,Massey JT. Cognitive spatial-motor processes. 1.
The making of movements at various angles from a stimulus direc-
tion. Exp Brain Res 65: 361–370, 1987. doi:10.1007/BF00236309.

62. Fernandez-Ruiz J, Wong W, Armstrong IT, Flanagan JR. Relation
between reaction time and reach errors during visuomotor adapta-
tion. Behav Brain Res 219: 8–14, 2011. doi:10.1016/j.bbr.2010.11.060.

63. Benson BL, Anguera JA, Seidler RD. A spatial explicit strategy
reduces error but interferes with sensorimotor adaptation. J
Neurophysiol 105: 2843–2851, 2011. doi:10.1152/jn.00002.2011.

64. McDougle SD, Taylor JA. Dissociable cognitive strategies for senso-
rimotor learning. Nat Commun 10: 40, 2019. doi:10.1038/s41467-018-
07941-0.

65. Dingwell JB, Mah CD, Mussa-Ivaldi FA. Manipulating objects with
internal degrees of freedom: evidence for model-based control. J
Neurophysiol 88: 222–235, 2002. doi:10.1152/jn.2002.88.1.222.

66. Andersen RA, Snyder LH, Bradley DC, Xing J.Multimodal represen-
tation of space in the posterior parietal cortex and its use in planning
movements. Annu Rev Neurosci 20: 303–330, 1997. doi:10.1146/
annurev.neuro.20.1.303.

67. McGuire LMM, Sabes PN. Sensory transformations and the use of
multiple reference frames for reach planning. Nat Neurosci 12:
1056–1061, 2009. doi:10.1038/nn.2357.

68. Reichenbach A, Franklin DW, Zatka-Haas P, Diedrichsen J. A dedi-
cated binding mechanism for the visual control of movement. Curr
Biol 24: 780–785, 2014. doi:10.1016/j.cub.2014.02.030.

69. Anguera JA, Seidler RD, Gehring WJ. Changes in performance
monitoring during sensorimotor adaptation. J Neurophysiol 102:
1868–1879, 2009. doi:10.1152/jn.00063.2009.

70. Bond KM, Taylor JA. Flexible explicit but rigid implicit learning in a
visuomotor adaptation task. J Neurophysiol 113: 3836–3849, 2015.
doi:10.1152/jn.00009.2015.

71. Keele SW, Ivry R, Mayr U, Hazeltine E, Heuer H. The cognitive and
neural architecture of sequence representation. Psychol Rev 110:
316–339, 2003. doi:10.1037/0033-295x.110.2.316.

72. Langsdorf L, Maresch J, Hegele M, McDougle SD, Schween R.
Prolonged response time helps eliminate residual errors in visuomo-
tor adaptation. Psychon Bull Rev 28: 834–844, 2021. doi:10.3758/
s13423-020-01865-x.

73. Hutter SA, Taylor JA. Relative sensitivity of explicit reaiming and
implicit motor adaptation. J Neurophysiol 120: 2640–2648, 2018.
doi:10.1152/jn.00283.2018.

74. Thoroughman KA, Shadmehr R. Learning of action through adapt-
ive combination of motor primitives. Nature 407: 742–747, 2000.
doi:10.1038/35037588.

75. Donchin O, Francis JT, Shadmehr R. Quantifying generalization from
trial-by-trial behavior of adaptive systems that learn with basis func-
tions: theory and experiments in human motor control. J Neurosci 23:
9032–9045, 2003. doi:10.1523/JNEUROSCI.23-27-09032.2003.

76. Howard IS, Franklin DW. Adaptive tuning functions arise from visual
observation of past movement. Sci Rep 6: 28416, 2016. doi:10.1038/
srep28416.

77. Collins AGE, Frank MJ. How much of reinforcement learning is
working memory, not reinforcement learning? A behavioral, compu-
tational, and neurogenetic analysis. Eur J Neurosci 35: 1024–1035,
2012. doi:10.1111/j.1460-9568.2011.07980.x.

78. Donchin O, Rabe K, Diedrichsen J, Lally N, Schoch B, Gizewski ER,
Timmann D. Cerebellar regions involved in adaptation to force field
and visuomotor perturbation. J Neurophysiol 107: 134–147, 2012.
doi:10.1152/jn.00007.2011.

79. Rabe K, Livne O, Gizewski ER, Aurich V, Beck A, Timmann D,
Donchin O. Adaptation to visuomotor rotation and force field

IMPLICIT AND EXPLICIT PROCESSES VIA DIRECT AND INDIRECT CUES

J Neurophysiol � doi:10.1152/jn.00166.2021 � www.jn.org 1505

Downloaded from journals.physiology.org/journal/jn at UB Marburg (137.248.070.001) on July 19, 2025.

https://doi.org/10.1152/jn.00869.2010
https://doi.org/10.1152/jn.00869.2010
https://doi.org/10.1038/nn1184
https://doi.org/10.1037//0096-1523.20.5.987
https://doi.org/10.1037//0096-1523.20.5.987
https://doi.org/10.1371/journal.pcbi.1002196
https://doi.org/10.1038/s41562-018-0324-5
https://doi.org/10.1016/j.neuron.2016.10.017
https://doi.org/10.1016/j.neuron.2016.10.017
https://doi.org/10.7554/eLife.15378
https://doi.org/10.1371/journal.pone.0129388
https://doi.org/10.1371/journal.pbio.0000025
https://doi.org/10.1037/0033-295x.105.3.558
https://doi.org/10.1037/0033-295X.84.2.127
https://doi.org/10.1037/0033-295X.84.2.127
https://doi.org/10.1016/0749-596X(91)90025-F
https://doi.org/10.3200/JMBR.40.5.368-379
https://doi.org/10.1523/JNEUROSCI.3619-13.2014
https://doi.org/10.1007/s00221-006-0778-y
https://doi.org/10.1523/JNEUROSCI.4160-10.2010
https://doi.org/10.1523/JNEUROSCI.5061-14.2015
https://doi.org/10.1523/JNEUROSCI.5061-14.2015
https://doi.org/10.1016/j.neuroimage.2015.10.008
https://doi.org/10.1016/j.neuroimage.2015.10.008
https://doi.org/10.1152/jn.00427.2019
https://doi.org/10.1007/BF00236911
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.jneumeth.2009.05.005
https://doi.org/10.1152/jn.2000.84.2.853
https://doi.org/10.1152/jn.2000.84.2.853
https://doi.org/10.1113/jphysiol.2005.090449
https://doi.org/10.1371/journal.pbio.0040179
https://doi.org/10.1162/jocn_a_01108
https://doi.org/10.1007/BF00236309
https://doi.org/10.1016/j.bbr.2010.11.060
https://doi.org/10.1152/jn.00002.2011
https://doi.org/10.1038/s41467-018-07941-0
https://doi.org/10.1038/s41467-018-07941-0
https://doi.org/10.1152/jn.2002.88.1.222
https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1038/nn.2357
https://doi.org/10.1016/j.cub.2014.02.030
https://doi.org/10.1152/jn.00063.2009
https://doi.org/10.1152/jn.00009.2015
https://doi.org/10.1037/0033-295x.110.2.316
https://doi.org/10.3758/s13423-020-01865-x
https://doi.org/10.3758/s13423-020-01865-x
https://doi.org/10.1152/jn.00283.2018
https://doi.org/10.1038/35037588
https://doi.org/10.1523/JNEUROSCI.23-27-09032.2003
https://doi.org/10.1038/srep28416
https://doi.org/10.1038/srep28416
https://doi.org/10.1111/j.1460-9568.2011.07980.x
https://doi.org/10.1152/jn.00007.2011
http://www.jn.org


perturbation is correlated to different brain areas in patients with cer-
ebellar degeneration. J Neurophysiol 101: 1961–1971, 2009. doi:10.1152/
jn.91069.2008.

80. Gershman SJ. Context-dependent learning and causal structure.
Psychon Bull Rev 24: 557–565, 2017. doi:10.3758/s13423-016-1110-x.

81. Heald JB, Lengyel M, Wolpert DM. Contextual inference underlies
the learning of sensorimotor repertoires (Preprint). bioRxiv 394320,
2020. doi:10.1101/2020.11.23.394320.

82. Poh E, Al-Fawakari N, Tam R, Taylor JA,McDougle SD.Generalization
of motor learning in psychological space (Preprint). bioRxiv 430542,
2021. doi:10.1101/2021.02.09.430542.

83. Ayala MN, Henriques DYP. Differential contributions of implicit and
explicit learning mechanisms to various contextual cues in dual ad-
aptation. PLoS One 16: e0253948, 2021. doi:10.1371/journal.pone.
0253948.

84. Vyas S, O'Shea DJ, Ryu SI, Shenoy KV. Causal role of motor prepa-
ration during error-driven learning. Neuron 106: 329–339.e4, 2020.
doi:10.1016/j.neuron.2020.01.019.

85. Karniel A, Mussa-Ivaldi FA. Sequence, time, or state representa-
tion: how does the motor control system adapt to variable envi-
ronments? Biol Cybern 89: 10–21, 2003. doi:10.1007/s00422-003-
0397-7.

IMPLICIT AND EXPLICIT PROCESSES VIA DIRECT AND INDIRECT CUES

1506 J Neurophysiol � doi:10.1152/jn.00166.2021 � www.jn.org

Downloaded from journals.physiology.org/journal/jn at UB Marburg (137.248.070.001) on July 19, 2025.

https://doi.org/10.1152/jn.91069.2008
https://doi.org/10.1152/jn.91069.2008
https://doi.org/10.3758/s13423-016-1110-x
https://doi.org/10.1101/2020.11.23.394320
https://doi.org/10.1101/2021.02.09.430542
https://doi.org/10.1371/journal.pone.0253948
https://doi.org/10.1371/journal.pone.0253948
https://doi.org/10.1016/j.neuron.2020.01.019
https://doi.org/10.1007/s00422-003-0397-7
https://doi.org/10.1007/s00422-003-0397-7
http://www.jn.org

