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Avraham G, Keizman M, Shmuelof L. Environmental consistency
modulation of error sensitivity during motor adaptation is explicitly
controlled. J Neurophysiol 123: 57–69, 2020. First published Novem-
ber 13, 2019; doi:10.1152/jn.00080.2019.—Motor adaptation, the
adjustment of a motor output in face of changes in the environment,
may operate at different rates. When human participants encounter
repeated or consistent perturbations, their corrections for the experi-
enced errors are larger compared with when the perturbations are new
or inconsistent. Such modulations of error sensitivity were tradition-
ally considered to be an implicit process that does not require
attentional resources. In recent years, the implicit view of motor
adaptation has been challenged by evidence showing a contribution of
explicit strategies to learning. These findings raise a fundamental
question regarding the nature of the error sensitivity modulation
processes. We tested the effect of explicit control on error sensitivity
in a series of experiments, in which participants controlled a screen
cursor to virtual targets. We manipulated environmental consistency
by presenting rotations in random (low consistency) or random walk
(high consistency) sequences and illustrated that perturbation consis-
tency affects the rate of adaptation, corroborating previous studies.
When participants were instructed to ignore the cursor and move
directly to the target, thus eliminating the contribution of explicit
strategies, consistency-driven error sensitivity modulation was not
detected. In addition, delaying the visual feedback, a manipulation
that affects implicit learning, did not influence error sensitivity under
consistent perturbations. These results suggest that increases of learn-
ing rate in consistent environments are attributable to an explicit
rather than implicit process in sensorimotor adaptation.

NEW & NOTEWORTHY The consistency of an external perturba-
tion modulates error sensitivity and the motor response. The roles of
explicit and implicit processes in this modulation are unknown. We
show that when humans are asked to ignore the perturbation, they do
not show increased error sensitivity in consistent environments. When
the implicit system is manipulated by delaying feedback, sensitivity to
a consistent perturbation does not change. Overall, our results suggest
that consistency affects adaptation mainly through explicit control.

consistency; explicit control; implicit adaptation; motor control; sen-
sorimotor learning

INTRODUCTION

A fundamental principle in motor learning is modularity.
Even simple motor learning behaviors, like adaptation, are
driven by multiple learning processes (Smith et al. 2006). A
striking behavioral account for such modularity was demon-
strated by the existence of implicit and explicit processes
during adaptation to visuomotor rotation, where participants
change the movement direction of their hand to counteract a
rotated cursor (Haith and Krakauer 2013; Mazzoni and
Krakauer 2006; Taylor et al. 2014; Taylor and Ivry 2011). The
implicit learning process refers to an automatic recalibration of
the motor response to an experienced error, whereas the ex-
plicit learning process is the intentional update of aiming
direction following a strategy to improve performance. These
processes are also thought to be associated with different
neural substrates; implicit learning depends on the cerebellum
(Galea et al. 2011; Imamizu et al. 2000; Kim et al. 2015;
Morehead et al. 2017; Schlerf et al. 2012; Taylor et al. 2010)
whereas explicit learning is associated with cortical function
(McDougle et al. 2016; Taylor and Ivry 2014) and the dopa-
minergic system (Leow et al. 2012).

Despite the accumulation of results supporting this modu-
larity, the functional roles of the implicit and explicit processes,
and the interaction between them during adaptation, are still
largely unknown. It was proposed that each learning process is
driven by a different error signal; the implicit process is driven
by sensory prediction errors, the difference between the ex-
pected and the actual sensory feedback, and the explicit pro-
cess is driven by target error, the difference between the target
and the feedback (Mazzoni and Krakauer 2006; Reichenthal et
al. 2016; Shmuelof et al. 2012a; Taylor and Ivry 2011). This
idea can explain the parallel operation of these processes
during the time course of visuomotor adaptation (Taylor et al.
2014). However, it does not explain secondary influences on
learning, such as modulations of error sensitivity, the change in
the reaction to errors, that were reported for different error
magnitudes (Criscimagna-Hemminger et al. 2010; Marko et al.
2012) and for different perturbation consistencies (Herzfeld et
al. 2014).

Error sensitivity was shown to increase for small errors
(Marko et al. 2012). However, this dependency is challenged
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by recent evidence showing invariance of the implicit process
to error magnitude, i.e., that different errors lead to a constant
and signed motor correction (Bond and Taylor 2015; Kim et al.
2018; Morehead et al. 2017). The apparent error-sized-depen-
dent modulation of error sensitivity may therefore be an out-
come of dividing the (fixed) correction by different error
magnitudes.

Another contextual effect on error sensitivity is the consis-
tency of the perturbation. Gonzalez Castro et al. (2014) and
Herzfeld et al. (2014) have shown that humans adapt faster to
perturbations that are consistent compared with perturbations
that are random. Importantly, sensitivity to error in these
studies was measured for probe trials in which the experienced
error was similar across the different consistency conditions,
thereby controlling for the concern that modulation of error
sensitivity was merely a normalization artifact that reflects
differences in error magnitudes. The effect of consistency on
adaptation poses an important question regarding its underly-
ing mechanism; on the one hand, the increased learning rate for
the consistent errors could be a result of an implicit error-
sensitivity modulation in the cerebellum (Hanajima et al. 2015;
Herzfeld et al. 2014), or alternatively, consistency can increase
the awareness of the participant to the perturbation and thereby
enhance the involvement of strategies.

In a series of visuomotor rotation experiments, we take a
close look at the interaction between awareness and perturba-
tion’s consistency. We report that the modulation of error
sensitivity due to the consistency of the perturbation depends
on explicit processes, and that manipulating implicit learning
has no detectable effect on error sensitivity under consistent
perturbations. Our results emphasize the crucial role of explicit
control in sensorimotor learning, and provide further support
for the limited contribution of context to implicit learning.

METHODS

Participants

Seventy-one healthy right-handed volunteers (aged 19–34 yr; 44
women) participated in three experiments: 18 in experiment 1, 31 in
experiment 2, and 22 in experiment 3. All experiments were con-
ducted after the participants signed an informed consent form ap-
proved by the Human Subjects Research Committee of Ben-Gurion
University of the Negev, Be’er-Sheva, Israel.

Experimental Setup and Task

Participants sat facing a computer monitor (resolution: 1,280 � 1,024
pixels; dimensions: 37.7 � 30.1 cm), distant by ~1.5 meters, and
controlled a screen cursor by making pointing movements with the
fist through flexion-extension and pronation-supination of the right
wrist (Krakauer et al. 2006; Shmuelof et al. 2012b). Their right
forearm rested within a stabilization device that prevented its supination.
The cursor location on the screen was mapped to the position of a
retroreflective marker attached to the knuckle of the index finger; it
was calibrated such that a 1-cm deviation of the marker caused a
3.2-cm deviation of the cursor. The marker position was recorded
using three motion capture cameras (Qualisys, Göteborg, Sweden).

We conducted three experiments. In all experiments, participants
were requested to move the cursor to the target by performing a wrist
pointing movement (Fig. 1). The start location, depicted as a circle in
the center of the screen, and a gray target, 1.2-cm diameter and distant
by 6.3 cm from the start location, were both presented on the screen
throughout the trial. Each trial was initiated with the appearance of an
orange cursor, 0.6-cm diameter, simultaneously with a presentation
of a tone, signaling the participants to move to a start location,
which was colored in blue. If participants remained in the start
location for 0.5 s, they received a “Go” cue: both cursor and start
location turned black, marking the onset of a fast movement toward
the target. In experiments 1 and 3, participants were requested to
perform an out-and-back (slicing) movement with the goal of
placing the reversal point on the target. In experiment 2, partici-
pants were instructed to perform a straight, center-out, movement
and to slice through the target. Movement completion was deter-
mined online and was considered the last sample point before the
movement reversal (experiments 1 and 3) or before the hand
traveled the radial distance to the target (experiment 2). To elim-
inate online feedback corrections, the cursor disappeared as soon
as it traveled a radial distance of 10% of the distance to the target.
After some time delay from movement completion, participants
received performance feedback: the black cursor reappeared at a
location corresponding to the hand location at movement comple-
tion (with or without rotation) and the target changed color either
to green for target hits, or to red for misses. In experiments 1 and
2, this feedback delay was fixed at 1,000 ms with respect to
movement completion, whereas in experiment 3, the delay ranged
between 600 and 2,500 ms (see Experimental Protocol). We
considered a hit when the center of the cursor was distant by �0.65
cm from the center of the target (i.e., when the cursor’s center was
inside the target). Participants could experience two types of trials:
Contingent and Noncontingent (Error Clamp). In Contingent trials,
the location of the feedback cursor was contingent on participants’
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Fig. 1. Experimental task. Trial initiation was marked by the appearance of a cursor (orange dot) representing the location of the hand and a presentation of an
auditory tone. Participants were requested to move the cursor to a start location (blue circle). Following 0.5 s in the start location, they received a “Go” cue (both
cursor and start location turned black), signaling participants to move to the target (filled gray circle). The cursor was not presented during the movement. Trials
ended with participants receiving performance feedback: a black dot reappeared at the location corresponding to movement completion and the target changed
color either to green for target hits or to red for misses. In Contingent trials, the location of the feedback cursor was contingent on participants’ movements. In
Noncontingent (Error Clamp) trials, the cursor landed at the radius of the target in a predetermined position that was rotated by 15° clockwise or counterclockwise
with respect to the target.
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movements, either veridical or rotated (to the clockwise or coun-
terclockwise direction) with respect to movement direction. In
Error Clamp trials, the cursor landed in a position that was
noncontingent on participants’ movements; this position was ro-
tated by 15° clockwise or counterclockwise with respect to the
target, and in both cases, the cursor appeared at the radius of the
target. The purpose of the Error Clamp trials was to measure error
sensitivity for a constant error size.

Experimental Protocol

In all three experiments, participants did multiple experimental
runs. Each run started with a baseline epoch with veridical visual
feedback. This epoch was followed by an adaptation epoch in which
the cursor was rotated with respect to the movement direction of the
hand. Rotation magnitudes ranged from �30 to 30° in steps of 5°
(negative and positive values represent counterclockwise and clock-
wise, respectively). Runs were different by the schedule of the
presented rotations, and each run comprised of one of two types of
conditions that varied by consistency: Random and Random Walk
(see Fig. 2 for illustrations of each type). For the Random condition,
the rotations were presented in a pseudorandom order and changed
between successive trials, such that the consistency, measured by
lag-1 autocorrelation (Gonzalez Castro et al. 2014), is small (Table 1).
For the Random Walk condition, the rotations varied from trial to trial
according to a random walk algorithm: for each successive trial, the
rotation changed by 5°, either clockwise or counterclockwise. The
resulting perturbation function of the Random Walk condition had
higher consistency than the Random perturbation function (Table 1).

Most of the trials during the adaptation epoch were Contingent
trials, and some trials were Error Clamp trials (see below for exact
percentages in each experiment). For both the Random and the
Random Walk conditions, the Error Clamp trials were only presented
after contingent trials that constitutes of rotation size that was similar
to the clamp size (15°), i.e., 10–20°.

Experiment 1. Experiment 1 consisted of a single group of partic-
ipants (n � 18). All participants did four experimental runs. In each
run, they moved to a different target that was presented in one of four
angular positions with respect to the abscissa: 45, 135, 225, and 315°.
Each run started with a baseline epoch of 12 trials, followed by the
adaptation epoch that consisted of 120 trials. ~17% of the trials in
the adaptation epoch (20 trials) were Error Clamp trials. During the
adaptation epoch of two of the four runs, for which targets were
separated by 180° from each other, participants experienced Ran-
dom perturbation sequences, and during the other two runs, they
experienced the Random Walk perturbation sequences [for each
consistency condition, each participant experienced 2 of the 4 R(1)
values in the associated cells in Table 1]. The two conditions alter-
nated in each experiment, and we counterbalanced the condition that
was presented on the first run across participants. Across participants,
all targets were associated with both conditions.

Experiment 2. Experiment 2 consisted of two groups of partici-
pants. All participants did two experimental runs, moving to a single
target, presented at 45°. In each run, the baseline epoch consisted of
20 trials, and the adaptation epoch consisted of 220 trials. Twenty
trials in the adaptation epoch (~9%) were Error Clamp trials. Unlike
in experiment 1, where Error Clamp trials could appear anytime
during the adaptation epoch, here they were presented only after the
second half of the run (after trial 120) to ensure that participants had
sufficient exposure to the perturbations and their error sensitivity
could be adjusted. During the adaptation epoch of one of the two runs,
participants experienced the Random perturbation sequence, and dur-
ing the other run, they experienced the Random Walk perturbation
sequence. All participants experienced the same Random and Random
Walk perturbation sequences (Table 1). The order of the conditions
was counterbalanced across participants.

To examine the role of awareness in error sensitivity modula-
tions, participants of one group (Ignore, n � 15) were briefed about
the perturbation and were requested to ignore the cursor and to
move their hand directly to the target. Participants of the other
group (Counteract, n � 16) were not told about the rotation and
were instructed to keep trying to hit the target with the cursor.
Similar instructions were previously shown to enable distinguish-
ing the contributions of implicit (Ignore group) and explicit (Coun-
teract group) processes in sensorimotor learning (Morehead et al.
2017; Welch 1969).

Experiment 3. Experiment 3 consisted of a single group of partic-
ipants (n � 22). All participants did four experimental runs. In each
run, they moved to a different target that was presented in one of four
locations: 45, 135, 225, and 315°. The order of the targets was the
same for all participants. In each run, the baseline epoch consisted of
12 trials, and the adaptation epoch consisted of the 120 trials. Twenty
trials in the adaptation epoch (~17%) were Error Clamp trials. During
the adaptation epoch of each run, participants experienced a different
Random Walk perturbation sequences (Table 1) and were requested to
always try to hit the target with the cursor. Across participants, a given
target location was always associated with the same perturbation
sequence.

Across runs, we manipulated the implicit process by imposing
different delays between the moment of movement reversal and the
feedback presentation. Within each run, the delay was either constant
at 1,000 or 2,000 ms, or varied randomly between 600 and 1,500 ms
or 1,600 and 2,500 ms in steps of 100 ms. All participants experienced
all four types of delay schedules, but the order was randomized
between participants. Across participants, all targets were associated
with all delay schedules.

Data Analysis

The marker position (attached to the fist) was recorded through-
out the experiment at 60 Hz. It was analyzed offline using a
custom-written MATLAB code [The MathWorks, Natick, MA;
Research Resource Identifier (RRID): SCR_001622]. As men-
tioned above, for experiments 1 and 3, movement completion was
determined by the movement reversal. To measure the movement
reversal of the marker, for each trial, we identified the first sample
(1) in which the movement amplitude was smaller than the previ-
ous sample (i � 1). The movement reversal was defined as the
location of the marker on sample i � 1. For experiment 2,
movement completion was defined as the last sample the move-
ment amplitude was smaller than the radial distance of the target.
We defined the hand’s movement angle (MA) as the angle between
the imaginary lines connecting the movement origin to the move-
ment completion location and to the target. We calculated the
directional error (en) at trial n as the angular difference between the
feedback and the target. For each error, we measured learning from
error (LE) as the change in MA from the trial in which the error was
experienced to the next trials:

LEn � MAn�1 � A · MAn (1)

where A represents the retention. The value of A (0.924) was based on
an estimate of retention in visuomotor rotation experiments (Zarahn et
al. 2008).

Error sensitivity (ES) was calculated as:

ESn � LEn � en (2)

We calculated learning from error for all trials. Error sensitivity was
obtained separately for all 15° Error Clamp trials and for contingent
feedback trials in which the experienced absolute error was between
10 and 20°.

Learning from error functions (or sensitivity functions) was ob-
tained by sorting errors experienced in each condition for each
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participant based on magnitude, binning them to 10 bins, and aver-
aging the experienced errors and the trial-by-trial change in hand
angle within each bin. Then, we calculated the between-participant
means � SE of the experienced errors and the change in hand angle
for each bin.

We quantified the learning from error by fitting a linear function to
the change in hand angle with respect to the error size on each trial
(not to the binned average) for each participant and condition. We
used the slope of the fitted linear function as a measure for learning
from error across all of the experienced error magnitudes. Since

typically there is a negative relationship between the directions of
the error and the trial-by-trial change in hand angle, we multiplied the
slope by �1 such that higher values represent higher sensitivity. We
will refer to this measure as “negative slope.”

To verify that retention alone cannot account for the observed
consistency effects on error sensitivity, we examined the relationship
between trial-by-trial change in hand angle and the actual hand angle
(motor state) at each trial. For each participant and condition, we fitted
a linear function to the motor state versus error size relationship and
calculated the slope of these functions (similar to analysis described

Op�mal hand angle Hand angleError Clamp

Random Random WalkA B

Fig. 2. Experiment 1: hand angle during Random and Random Walk sequences of visuomotor rotation. A and B: time courses of the optimal hand angle (black
lines) for counteracting the applied rotation and actual hand angle (colored lines) during Random (A, dark blue) and Random Walk (B, light blue) perturbation
sequences. Each plot represents the results from a different perturbation sequence. Vertical gray lines represent Error Clamp trials. Shading represents 95%
confidence interval.
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above for the learning from error functions, except here we used the
original slope and not the opposite value). Next, for each of the motor
state and learning from error measures, we calculated the difference
between the slopes of the Random Walk and Random conditions and
examined the correlation between them across participants.

We measured reaction time and movement time offline. For all
experiments, the reaction time was calculated as the time between the
Go cue and the moment the cursor traveled a radial distance of 10%
of the distance to the target (movement initiation). Movement time
was considered the time between movement initiation and movement
completion (at movement reversal in experiments 1 and 3 or at the
radial distance of the target in experiment 2). For experiments 1 and
3, we also measured the return time from movement completion to the
first moment the hand’s radial velocity was �5% of the maximum
radial velocity at the returning phase of the out-and-back movement.

Statistical Analysis

Statistical analyses were performed using custom-written MATLAB
functions, the MATLAB Statistics Toolbox, and IBM SPSS (RRID:
SCR_002865). We used the Lilliefors test to determine whether our
measurements were distributed normally (Lilliefors 1967). In the
repeated-measures ANOVA models, we used Mauchly’s test to ex-
amine whether the assumption of sphericity was met. For the factors
that were statistically significant, we performed planned comparisons
and corrected for familywise error using the Bonfferoni correction.
We denote the Bonfferoni-corrected P values as PB.

The statistical analyses for all three experiments were done on the
following measures: 1) the slope of the learning from error function,
2) mean error sensitivity across 10–20° error trials and 3) all 15° Error
Clamp trials, 4) median reaction time, 5) median movement time, and
6) median return time (experiments 1 and 3), calculated separately for
each participant and each condition.

To examine the influence of consistency on each of the above
measures in experiment 1, for each participant, we pulled together the
data from two runs of the same consistency condition (Random and
Random Walk) and calculated each participant’s measures for each
consistency condition. We used a two-tail paired-sample t test to
examine whether the difference in each measure between the Random
and the Random Walk conditions is statistically significant.

To examine the effects of explicit strategies on each measure in
environments with different levels of consistency in experiment 2, we
calculated the above measures for each consistency condition. For
each measure, we fitted a two-way mixed-effect ANOVA model, with
the measure as the dependent variable, one between-participants
independent factor (Strategy: 2 levels, Ignore and Counteract), and
one within-participant independent factor (Consistency: 2 levels, Ran-
dom and Random Walk).

To examine the effects of delayed feedback (modulation of implicit
adaptation) on each measure, we calculated each participant’s mea-
sures for each delay condition. For each measure, we fitted a one-way
repeated-measures ANOVA model, with the measure as the depen-
dent variable and one within-participant independent factor (Delay: 4
levels, 600–1,500, 1,000, 1,600–2,500, and 2,000 ms).

Throughout this paper, statistical significance was set at the P �
0.05 threshold.

RESULTS

Experiment 1: Consistency of the Perturbation Increases
Error Sensitivity

A group of participants (n � 18) experienced both Random
and Random Walk schedules of visuomotor rotations on dif-
ferent experimental runs (Fig. 2). During the Random condi-
tion, the rotations were presented in a pseudorandom order,
changing between successive trials, such that the consistency,
measured by lag-1 autocorrelation (Gonzalez Castro et al.
2014), is small [mean R(1) � ~0.24, see METHODS for further
details]. During the Random Walk condition, the rotations
varied from trial to trial according to a random walk algorithm,
resulting a perturbation function with higher consistency [mean
R(1) � ~0.91] than the Random perturbation function.

The time courses of the mean hand angle (Fig. 2) suggests
that participants adapted to some degree to both the Random
and Random Walk perturbation; this is evident by the gradual
change in hand angle in the direction of the optimal perfor-
mance, and it is more pronounced in Random Walk (Fig. 2B)
than in the Random perturbation sequences (Fig. 2A).

During the Random Walk condition, participants showed
higher sensitivity to errors than during the Random condition.
We examined the trial-by-trial change in hand angle as a
function of the error size across the entire range of the expe-
rienced errors for all Contingent-feedback trials (learning from
error, Fig. 3A). This analysis reveals that the negative slope
of the learning from error function for the Random Walk
([mean 95% confidence interval], 0.277, [0.201 0.354])
schedule is higher than for the Random perturbation 0.181,
[0.150 0.210]) [t(17) � 3.20, P � 0.005, Fig. 3B], suggest-
ing that participants apply bigger corrections for the expe-
rienced error during the former than the latter condition.
Additionally, participants experienced smaller errors during
Random Walk than during Random conditions. The projec-
tions of the curves on the abscissa (Fig. 3A) indicate that the
errors experienced during the Random Walk condition have
a narrower distribution than the errors experienced during
the Random condition (as a result of the increased error
sensitivity and the consistent perturbation schedule that
allowed for a gradual reduction in error size).

To measure error sensitivity, we normalized the change in
hand angle by the error size. We first did this analysis for Error
Clamp trials (trials in which the feedback cursor was presented
15° away from the target, irrespective of the performance of
the participant). There was a significant increase in error
sensitivity from the Random (0.025, [�0.017 0.066]) to the
Random Walk (0.104, [0.049 0.15]) condition [t(17) � 2.61,
P � 0.018]. We note that the results from the Error Clamp
trials should be treated with caution. The Error Clamp trials
were presented within the sequence of changing perturba-
tions in which there is some adaptation. Thus we did not
control for the magnitude of sensory prediction error in
these trials. Furthermore, the Error Clamp trials were pre-
sented in both consistency conditions after perturbation of
similar size. Therefore, the sensory prediction error should
typically be smaller than the experienced error magnitude in
these trials. As error sensitivity is the quotient between the
motor correction and the sensory prediction error, its esti-
mation based on the experienced error magnitude underes-
timates error sensitivity. To address this limitation, we

Table 1. Lag-1 autocorrelation [R(1)] values

Random Random Walk

Experiment 1 0.25, 0.27, 0.18, 0.26 0.91, 0.91, 0.92, 0.91
Experiment 2 0.04 0.93
Experiment 3 0.91, 0.92, 0.89, 0.93

A single value represents the R(1) of a perturbation schedule in a single run,
i.e., the correlation coefficient between the rotation magnitudes in 2 successive
trials. All values within each cell represent all possible runs in an experiment.
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computed error sensitivity for all the Contingent-feedback
trials in which the experienced error size was within a range
of 10 –20°. We chose to focus on large errors within this
range since it incorporates the largest errors experienced in
both consistency conditions of all groups (including exper-
iments 2 and 3) and to avoid inflation of the error sensitivity
estimate due to a division by small errors. This analysis also
revealed a significantly higher error sensitivity in the Ran-
dom Walk (0.196, [0.119 0.273]) than in the Random
(0.118, [0.085 0.150]) condition [t(17) � 2.51, P � 0.023,
Fig. 3C]. These results are in agreement with the previous
reports that sensitivity to errors in sensorimotor tasks is
higher as the consistency in the environment increases
(Gonzalez Castro et al. 2014; Herzfeld et al. 2014).

As described in Eq. 1, the estimation of error sensitivity
is computed as the change in motor state [movement angle
(MA)] between two consecutive trials (n and n � 1), while
taking into account trial-by-trial retention (the A term),
divided by the experienced error magnitude on the first trial
in the pair (en). Although we used a retention rate that has
been previously reported in the literature for visuomotor
rotation experiments (Zarahn et al. 2008), other retention
values could influence the estimation of error sensitivity.

For example, low retention decreases the contribution of
MAn to the calculation of error sensitivity. This can either
cause an overestimation of error sensitivity when MAn and
en have opposite signs (the error is in the opposite direction
of the movement angle), or an underestimation when they
have the same sign. To address this concern, we tested
whether differences in motor states between the consistency
conditions can potentially explain the differences in the
change in hand angle. We fitted linear functions to the
relationship between the MAn and en for each consistency
condition, extracted the slopes of these functions, and com-
puted for each participant the difference between the slopes
of the Random Walk and Random conditions. We did not
find a significant correlation between the within-participant
differences in the slopes of the motor state and change in
hand angle functions (r � 0.254, P � 0.308), suggesting
that by itself, retention cannot account for the consistency
effects on error sensitivity.

The perturbation consistency did not influence any timing
aspects of the movement. We did not find significant changes
in reaction time, movement time, and return time between the
Random and the Random Walk conditions (Table 2).

Random Random
Walk Random Random

Walk

Random
Random Walk

RRandom Walk -
Random

Random Walk -
Random

A

B C

Fig. 3. Experiment 1: error sensitivity is higher for Random Walk than for Random sequences of visuomotor rotation. A: mean change in hand angle as a function
of the experienced error for the Random (dark blue) and Random Walk (light blue) perturbation sequences. The trials were binned by error size for each
participant. The centers of the crosses represent the mean hand angle for the mean error of each bin, and the vertical and horizontal lines of the crosses represent
between-participant standard error. The aspect ratio does not reflect the true proportions of the axes to highlight the difference between the conditions. B and
C: between-participants mean negative slope for the functions in A (B) and mean error sensitivity computed for 10–20° error trials (C) for each perturbation
sequence (left) and the within-participants Random Walk-Random difference for each measure (right). Error bars represent 95% confidence interval. Colored dots
represent data of individual participants.
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Experiment 2: Increased Error Sensitivity in Consistent
Environments Depends on Explicit Strategies

The higher sensitivity to errors for the Random Walk con-
dition with respect to the Random condition in experiment 1
could have been driven by implicit changes in responses to the
errors, by a modulation of explicit control strategies, or both.
We examined these possibilities in experiment 2.

Two groups of participants performed the same visuomotor
task as in experiment 1. Both groups experienced both Random
[R(1) � 0.04] and Random Walk [R(1) � 0.93] perturbation
schedules in different experimental runs. To examine the role

of awareness in error sensitivity modulations, participants in
the Ignore group (n � 15) were requested to ignore the
feedback and to move their hand directly to the target, whereas
participants in the Counteract group (n � 16) were instructed
to keep trying to reach the target with the cursor.

Error sensitivity was the highest when participants were
counteracting for the Random Walk perturbation schedule.
This is demonstrated by the analysis of the trial-by-trial change
in hand angle across all experienced error magnitudes in
Contingent-feedback trials (Fig. 4A). The negative slopes of
the learning from error functions were significantly higher in

Table 2. Experiment 1: timing analysis

Random Random Walk

t(17) (Random Walk-Random) PMean 95% CI Mean 95% CI

Reaction time, s 0.400 [0.374,0.427] 0.402 [0.380,0.423] 0.24 0.814
Movement time, s 0.317 [0.305,0.400] 0.305 [0.224,0.387] �1.02 0.324
Return time, s 0.331 [0.291,0.372] 0.310 [0.279,0.342] �1.70 0.107

Mean and 95% confidence interval of reaction time, movement time and return time for each of the Random and Random Walk conditions. For each measure,
the t (with the degrees of freedom in parenthesis) and P values represent the results of a paired t test that examines the difference between the Random Walk
and Random conditions.

A

CounteractIgnore
CounteractIgnore

Random Random
Walk Random Random

Walk

Ignore-Random
Ignore-Random Walk
Counteract-Random
Counteract-Random Walk

B CRRandom Walk -
Random

Random Walk -
Random

CounteractIgnore
CounteractIgnore

Random Random
Walk Random Random

Walk

Fig. 4. Experiment 2: error sensitivity is higher for Random Walk than for Random sequences of visuomotor rotation when participants counteract rather than
ignore the perturbations. A: mean change in hand angle as a function of the experienced error for the Ignore (thin pink lines) and Counteract (thick purple lines)
groups for the Random (dark colors) and Random Walk (light colors) perturbation sequences. The trials were binned by error size for each participant. The centers
of the crosses represent the mean hand angle for the mean error of each bin, and the vertical and horizontal lines of the crosses represent between-participant
standard error. B and C: between-participants mean negative slopes for the functions in A (B) and mean error sensitivity computed for 10–20° error trials (C)
for each perturbation sequence (left) and the within-participants Random Walk-Random difference for each measure (right). Error bars represent 95% confidence
interval. Colored dots represent data of individual participants. Significant P values are bolded.
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the Counteract (0.366, [0.308 0.425]) than in the Ignore group
(0.160, [0.100 0.220]) [Strategy main effect: F(1,29) � 25.36,
P � 2.30 � 10�5], suggesting that the Ignore manipulation
attenuated error corrections. Similar to experiment 1, the par-
ticipants showed increased negative slope when faced with the
Random Walk (0.326, [0.263 0.388]) compared with the Ran-
dom condition schedule (0.201, [0.168 0.233]) [Consistency
main effect: F(1,29) � 23.05, P � 4.40 � 10�4]. Most
importantly, the difference between the groups increased when
they experienced Random Walk compared with Random per-
turbation schedules [Strategy-Consistency interaction effect:
F(1,29) � 9.45, P � 0.005, Fig. 4B]. While the negative slopes
of learning from error functions of the Ignore group are
comparable between the Random (0.137, [0.091 0.184]) and
Random Walk (0.183, [0.093 0.272]) conditions (PB � 0.239),
the learning from error function of the Counteract-Random
Walk condition has a larger negative slope (0.469, [0.382
0.556]) than that of the Counteract-Random function (0.264,
[0.219 0.308], PB � 4.00 � 10�6). Furthermore, the abscissa
projection of the learning from error function of the Counter-
act-Random Walk condition is narrower than all other func-
tions (Fig. 4A), indicating that during this condition, partici-
pants experienced the smallest distribution of errors.

Statistical analyses of error sensitivity in the 10–20° error
trials (Fig. 4C) revealed a significantly higher error sensitivity
in the Counteract (0.335, [0.266 0.404]) than in the Ignore
group (0.127, [0.056 0.198]) [Strategy main effect: F(1,29) �
18.46, P � 1.80 � 10�4] and for the Random Walk (0.281,
[0.213 0.350]) than for the Random (0.181, [0.135 0.227])
condition [Consistency main effect: F(1,29) � 11.18, P �
0.002]. We also found an interaction effect between strategy
and consistency influences on error sensitivity modulation in
the 10–20° error trials [Strategy-Consistency interaction ef-
fect: F(1,29) � 4.50, P � 0.043]. While the Ignore group did
not exhibit any significant change in error sensitivity between
the Random (0.109, [0.043 0.175]) and Random Walk (0.146,
[0.047 0.244]) conditions (PB � 0.402), the Counteract group
had a significantly higher error sensitivity during the Random
Walk (0.417, [0.322 0.512]) than during the Random (0.253,
[0.189 0.317]) condition (PB � 4.90 � 10�4).

Despite the influence of the Error Clamp trials in underes-
timating error sensitivity, statistical analysis of error sensitivity
for these trials revealed a similar picture. While there was no
significant main effect of Consistency {Random: 0.051, [0.001
0.101], Random Walk: 0.147, [0.057 0.237], F(1,29) � 3.91,
P � 0.057}, we found a significant main effect of Strategy
{Ignore: 0.023, [�0.054 0.099], Counteract: 0.175, [0.101

0.249], F(1,29) � 8.57, P � 0.007} and Strategy-Consistency
interaction effect [F(1,29) � 5.97, P � 0.021], with a signif-
icant increase in error sensitivity with increasing consistency in
the Counteract group (Random: 0.068, [�0.001 0.137], Ran-
dom Walk: 0.282, [0.157 0.407], PB � 0.004) and not in the
Ignore group (Random: 0.034, [�0.037 0.105], Random Walk:
0.012, [�0.118 0.141], PB � 0.749). Overall, these results
suggest that the increase in error sensitivity in consistent
environments depends on the use of an explicit strategy.

Ignoring the visual feedback under the different consistency
conditions did not influence any timing aspects of the move-
ment. We did not find significant main effects of both Strategy
and Consistency and no significant Strategy-Consistency inter-
action effects on reaction time and movement time (Table 3).

Experiment 3: Modulations of Feedback Delay Does Not
Influence Error Sensitivity

The observed enhancement of error sensitivity in the Ran-
dom Walk condition in the Counteract group in experiment 2 is
in line with the idea that the use of explicit strategies is
required for modulating error sensitivity in consistent environ-
ments. In addition, the absence of difference in error sensitivity
between the consistency conditions in the Ignore group sug-
gests that implicit processes do not contribute to increases in
error sensitivity in changing, yet highly consistent, environ-
ments such as the Random Walk perturbations. We examined
this conclusion in experiment 3.

One group of participants (n � 22) experienced Random
Walk perturbation schedules across different experimental runs
[R(1) � ~0.91]. The participants were requested to always try
to hit the target with the cursor. Across runs, we manipulated
the implicit process by imposing different delays between the
movement and the feedback. Delayed feedback was previously
shown to attenuate adaptation (Kitazawa et al. 1995) through
implicit processes (Brudner et al. 2016; Parvin et al. 2018). The
magnitudes of the delays ranged between 600 and 2,500 ms.
Within each run, the delay was either constant (1,000 or 2,000
ms) or variable (600–1,500 ms or 1,600–2,500 ms). If implicit
adaptation contributes to the increased error sensitivity ob-
served when deliberately counteracting the rotation in the
Random Walk perturbation schedule, we expected a lower
sensitivity to errors for higher delays.

The delay of the feedback did not affect error sensitivity.
During all four delay conditions, participants exhibited similar
learning from error functions (Fig. 5A) that had comparable
negative slopes {Fig. 5B, 600–1,500 ms: 0.346, [0.265 0.430],
1,000 ms: 0.390, [0.311 0.469], 1,600–2,500 ms: 0.410, [0.319

Table 3. Experiment 2: timing analysis

Ignore Counteract

Random Random Walk Random Random Walk Strategy Main Consistency Main Interaction

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI F(1,29) P F(1,29) P F(1,29) P

Reaction
time, s 0.464 [0.406,0.522] 0.476 [0.421,0.531] 0.473 [0.417,0.528] 0.460 [0.407,0.513] 0.02 0.905 0.001 0.980 0.48 0.496

Movement
time, s 0.111 [0.085,0.136] 0.115 [0.092,0.138] 0.124 [0.099,0.149] 0.120 [0.097,0.142] 0.34 0.565 0.0004 0.985 0.75 0.394

Mean and 95% confidence interval of reaction time and movement time for each of the Random and Random Walk conditions in each of the Ignore and
Counteract groups. For each measure, we present the F (with the degrees of freedom in parenthesis) and P values for each of the main effects (Strategy and
Consistency) and for the Strategy-Consistency interaction effect.
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0.501], 2,000 ms: 0.367, [0.298 0.436], Delay main effect:
F(3,63) � 0.82, P � 0.487}. In addition, we did not find
statistically significant differences in error sensitivity for either
10–20° error trials [Fig. 5C, 600–1,500 ms: 0.234, [0.170
0.297], 1,000 ms: 0.252, [0.194 0.311], 1600–2,500 ms: 0.266,
[0.209 0.323], 2,000 ms: 0.252, [0.186 0.317], Delay main
effect: F(3,63) � 0.40, P � 0.750] or 15° Error Clamp
{600–1,500 ms: 0.186, [0.111 0.261], 1,000 ms: 0.159, [0.090
0.229], 1600–2,500 ms: 0.148, [0.079 0.216], 2,000 ms: 0.132,
[0.067 0.198], Delay main effect: F(3,63) � 0.66, P � 0.570}.
These results suggest that under random walk perturbation,
suppression of the implicit process by increasing feedback
delay does not affect error sensitivity and therefore provide
support for the central contribution of explicit control to

enhanced error sensitivity in consistent environments (but see
DISCUSSION).

The delayed feedback did not influence any timing aspects
of the movement. We did not find a significant Delay effect on
reaction times, movement times, and return times (Table 4).

DISCUSSION

Environmental consistency is considered to be an important
factor in sensorimotor learning (Burge et al. 2008). We cor-
roborated this here by demonstrating that sensitivity to errors is
higher when experiencing random walk sequences of visuo-
motor perturbations compared with random sequences. Never-
theless, we show that consistency by itself is not a sufficient
condition for increasing learning rates. When instructed to

A

B C

600-1,500 ms 1,000 ms 1,600-2,500 ms 2,000 ms

600-1,500 ms
1,000 ms
1,600-2,500 ms
2,000 ms

600-1,500 ms 1,000 ms 1,600-2,500 ms 2,000 ms

Fig. 5. Experiment 3: error sensitivity for Random Walk is comparable between different magnitudes of feedback delays. A: mean change in hand angle as a
function of the experienced error for feedback delays of 600–1,500 ms (thin dark green line), 1,000 ms (thin light green line), 1,600–2,500 ms (thick dark brown
line), and 2,000 ms (thick light brown line). The trials were binned by error size for each participant. The centers of the crosses represent the mean hand angle
for the mean error of each bin, and the vertical and horizontal lines of the crosses represent between-participant SE. B and C: between-participants mean negative
slope for the functions in A (B) and mean error sensitivity computed for 10–20° error trials (C) for each delay condition. Error bars represent 95% confidence
interval. Colored dots represent data of individual participants.

Table 4. Experiment 3: timing analysis

600–1,500 ms 1,000 ms 1,600–2,500 ms 2,000 ms Delay Main

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI F(3,63) P

Reaction time, s 0.429 [0.403,0.456] 0.441 [0.411,0.472] 0.455 [0.421,0.488] 0.448 [0.410,0.486] 1.94 0.133
Movement time, s 0.327 [0.259,0.395] 0.356 [0.288,0.425] 0.360 [0.295,0.425] 0.377 [0.301,0.453] 2.12 0.107
Return time, s 0.394 [0.333,0.454] 0.412 [0.352,0.471] 0.406 [0.348,0.464] 0.463 [0.382,0.543] 2.67 0.055

Mean and 95% confidence interval (CI) of reaction time, movement time, and return time for each of the delayed feedback conditions. For each measure, we
present the F (with the degrees of freedom in parenthesis) and P values for the main effect of Delay.
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ignore the perturbations, a manipulation that suppresses ex-
plicit processes and thereby reveals the contribution of implicit
learning processes (Mazzoni and Krakauer 2006; Morehead et
al. 2017), our participants did not exhibit an increase in error
sensitivity in a consistent environment. Furthermore, variation
of the delay of the feedback, a manipulation that typically
influences implicit adaptation, yielded comparable levels of
sensitivity to errors under random walk conditions, supporting
the contribution of explicit learning processes to adaptation in
consistent environments. Overall, our results suggest that the
sensorimotor system increases error sensitivity in consistent
environments mainly due to the contribution of explicit strat-
egies rather than by influencing the rate by which internal
models are implicitly updated.

Previous examinations of consistency effects on sensorimo-
tor learning largely ignored the roles of conscious awareness of
the perturbations. This is likely a reflection of the historic view
that motor learning is entirely implicit, an assumption that was
based on reports that gradually increasing perturbations (im-
plicit) produce comparable, and sometimes stronger, afteref-
fects (Kagerer et al. 1997) and retention (Klassen et al. 2005)
than abrupt perturbations (implicit and explicit). Studies that
specifically examined changes in error sensitivity that are due
to perturbation consistency have modeled these changes using
a single-rate state space model, which implies that a single
process governs adaptation (Gonzalez Castro et al. 2014;
Herzfeld et al. 2014). The hidden assumption behind this
approach is that the modulation of error sensitivity under such
conditions is implicit (McDougle et al. 2015). Nevertheless,
recent evidence illustrated that the learning from error function
of the explicit learning process to different magnitudes of
visuomotor rotations is influenced by environmental consis-
tency (Hutter and Taylor 2018). Interestingly, the observed
effect was nonmonotonic: sensitivity increased from inconsis-
tent to low-consistent perturbations but decreased as consis-
tency increased farther. Importantly, the learning from error in
Hutter and Taylor (2018), was examined as a function of the
perturbation size rather than the experienced visual error. The
the distribution of the latter varies between different levels of
consistency, which may explain the nonmonotonicity behavior
of the sensitivity function.

The main studies that examined consistency effects on error
sensitivity used force field perturbations (Gonzalez Castro et
al. 2014; Herzfeld et al. 2014). While it is difficult to isolate the
contribution of explicit strategies to the compensation for force
feedback, previous results with this paradigm may address
another central question in motor learning: do the environmen-
tal manipulations affect the sensitivity to error directly, or elicit
other explicit strategies, such as a recall of a previous success-
ful action? Gonzalez Castro et al. (2014) showed that if
participants are suddenly exposed to a perturbation that is
opposite to the trained perturbations, they react to it in the same
way that they reacted to the trained perturbations; i.e., they
apply a negative and inappropriate correction. This behavior
reflects an involvement of a process other than error sensitivity
modulation, such as a recall of previous correct responses
(Haith and Krakauer 2014). Our results support that notion by
showing that consistency effects are mediated by explicit
control.

Which strategy underlies the faster adaptation to consistent
perturbations? A recent study provided evidence for distinct

cognitive strategies during sensorimotor learning of visuomo-
tor rotation: a recall of stimulus-response contingencies and
parametric computation of error correction (McDougle and
Taylor 2019). The former relates to a fast process that utilizes
memories of acquired associations between stimuli and responses,
whereas the latter is a process that computes the aiming
direction by means of mental rotation based on the experienced
target error (Taylor and Ivry 2011). We speculate that in the
context of a constantly changing perturbations, the consistency
in the random walk condition may enhance the mental rotation
strategy of the participants. Possibly, a prolonged practice with
a consistent perturbation would enable a caching process of
stimulus response associations (Huberdeau et al. 2019) medi-
ated by an increase in movement repetitions (Huang et al.
2011; Mawase et al. 2018).

The link between error sensitivity and explicit sensorimotor
learning is also studied in the context of savings, i.e., the faster
learning upon reexposure to the same perturbation. Herzfeld et
al. (2014) explained savings as a change in error sensitivity in
face of an error that was previously encountered. More re-
cently, savings was explained as a retrieval of an explicit
aiming strategy that was previously associated with a better
performance (Haith et al. 2015; Morehead et al. 2015). Inter-
estingly, despite previous evidence of the necessary role of
both error-driven adaptation and repetitions of successful
movements in inducing savings (Huang et al. 2011), Leow et
al. challenged this view, suggesting that the experience of
previously encountered errors is sufficient (Leow et al. 2019)
as long as the perturbation is adequately stable (Leow et al.
2016). Our results are in line with this idea and suggest that
savings is a product of enhanced sensitivity to an error that was
processed explicitly due to the experience of consistent pertur-
bations. Thus savings can be viewed as an exemplar for more
general phenomena of error correction facilitations that are
driven by strategic processes. This conjecture also leads to the
prediction that the neural substrates of savings that are local-
ized to the motor cortex (Landi et al. 2011; Li et al. 2001) and
basal ganglia circuits (Leow et al. 2012; Ruitenberg et al. 2018)
will also be involved in the increased corrections for consistent
perturbations. Nonetheless, savings and reaction to consistency
may differ in terms of the processes that underlie their forma-
tion; while savings possibly depends on encoding of successful
reactions to distinct errors (Huang et al. 2011; Huberdeau et al.
2015), consistency detection requires a continuous estimation
of the ability to reduce external errors (Baddeley et al. 2003;
Gonzalez Castro et al. 2014).

The current study supplements the growing body of litera-
ture that emphasizes the important contribution of explicit
strategies to sensorimotor learning. Whereas the implicit pro-
cess is highly rigid, the explicit process can be flexibly tuned to
task demands, e.g., by scaling the correction to the error size
(Bond and Taylor 2015), and as mentioned above, by adjusting
the reactions according to previous experience (Haith et al.
2015; Huberdeau et al. 2017; Morehead et al. 2015). Further-
more, age-related declines in motor learning were recently
shown to be associated with both behavioral and neural
changes in the explicit memory system (Vandevoorde and
Orban de Xivry 2018; Wolpe et al. 2018). Here we show that
the interaction between environmental consistency and motor
learning is related to the modulations of explicit strategies
rather than to the modulation of implicit adaptation.
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Error clamp trials were previously used to probe changes of
sensorimotor representations in face of dynamic (Avraham et
al. 2017; Scheidt et al. 2000) and kinematic (Morehead et al.
2017; Shmuelof et al. 2012a) perturbations. In our design, each
experimental run consisted of multiple error clamp trials with
15° error size, aiming to provide sufficient recurrences for
calculating error sensitivity for a constant error. However, in
some of our experiments, analysis of the error clamp trials
yielded no, or reduced, change in error sensitivity. As men-
tioned above, we suggest that this result can be explained by
the fact that the error clamp trials in our design were presented
within the perturbation sequence, and participants received
them when they were in an adapted state. This causes under-
estimation in the calculation of error sensitivity based on the
sudden, noncontingent and erroneous feedback presented far-
ther away from the target. Therefore, we also examined error
sensitivity for trials in which the experienced error was similar
in size to the error experienced during error clamp trials
(10–20°). These analyses revealed that error sensitivity was
indeed modulated in all our conditions (e.g., Figs. 3C and 4C).
Importantly, the analyses of the error clamp trials show that
error sensitivity is the largest under consistent environments
and an instruction to counteract the errors, and thus they are in
line with the main conclusion of this study.

The finding that our delay manipulation did not affect the
performance under the Random Walk conditions (experiment
3) was unexpected. First, it may be that the delay manipulation
did not modulate the implicit adaptation. Although we used
values that have been previously reported to attenuate implicit
adaptation (Parvin et al. 2018; Schween and Hegele 2017),
other studies have shown influences of larger delays (Brudner
et al. 2016; Kitazawa et al. 1995). Possibly, under a changing
perturbation, the delays were not long enough to modulate the
implicit adaptation. Alternatively, it may be that implicit ad-
aptation was already weak and that the lack of sensitivity
modulations in experiment 3 is due to a floor effect: We used
end point feedback to avoid feedback correction during the
movement, which results in smaller adaptation than continuous
feedback (Taylor et al. 2014), and all our experiments included
some baseline delay. Therefore, the nonzero change in hand
angle that was observed in the Ignore group (experiment 2),
which is driven by a process that is probably also active in
experiment 3, may represent an implicit component that is
immune to delays. Such a component could be driven by target
error (Kim et al. 2019; Leow et al. 2018; Reichenthal et al.
2016) rather than the delayed sensory prediction error. Lastly,
it is possible that the higher delays did attenuate implicit
adaptation but that the explicit process compensated for it. This
interpretation is consistent with a recent study that illustrated
such an explicit compensation for constant visuomotor rotation
under delayed feedback (Brudner et al. 2016). This explanation
strengthens our claim that the explicit process significantly
contributes to adaptation in consistent, yet changing, environ-
ments.

Overall, our results could not completely rule out the pos-
sibility that at least some consistency-driven modulations of
error sensitivity are due to the implicit process. Although not
significant, there is a tendency for increased sensitivity in the
Ignore group when experiencing the more consistent condition
(Fig. 4). This might stem from the possibility that participants
sometimes do not comply with the instructions to ignore the

feedback and that this tendency reflects leaking of explicit
effects. In general, the absence of clear effects in this group
could be due to noise in the experimental design. This is
directly linked to the possibility mentioned above that the
observed implicit behavior is only a fraction of the total
implicit process. Future studies are needed to examine the
influence of perturbation consistency on error sensitivity mod-
ulations using manipulations that engage the implicit process in
isolation from explicit strategies in a cleaner fashion, e.g.,
using task-irrelevant clamped feedback (Morehead et al. 2017),
or by limiting preparation time (Haith et al. 2015).

The association between consistency and explicit strategies
is mediated by the detection of the consistency. Consistency
estimation requires monitoring both the perceived errors and
the reaction to these errors, but could also be approximated by
memorizing the history of error magnitudes alone (by either
averaging recent errors or monitoring their trial-by-trial
changes). The use of explicit strategies may contribute to the
consistency estimation process by increasing the awareness to
the error (Johnson et al. 2002), enhancing the notion of agency
(Parvin et al. 2018), or facilitating the generation of memories
for the experienced errors (Morehead et al. 2015). Understand-
ing the benefits and the driving signals of explicit learning
strategies is essential for improving motor learning in general
and, specifically, could improve the outcomes of rehabilitative
treatments.
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