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Abstract

Previous research has questioned whether motor adaptation is shaped by an optimal combination of multisensory
error signals. Here, we expanded on this work by investigating how the use of visual and somatosensory error sig-
nals during online correction influences single-trial adaptation. To this end, we exposed participants to a random se-
quence of force-field perturbations and recorded their corrective responses as well as the after-effects exhibited
during the subsequent unperturbed movement. In addition to the force perturbation, we artificially decreased or in-
creased visual errors by multiplying hand deviations by a gain smaller or larger than one. Corrective responses to the
force perturbation clearly scaled with the size of the visual error, but this scaling did not transfer one-to-one to motor
adaptation and we observed no consistent interaction between limb and visual errors on adaptation. However, re-
ducing visual errors during perturbation led to a small reduction of after-effects and this residual influence of visual
feedback was eliminated when we instructed participants to control their hidden hand instead of the visual hand cur-
sor. Taken together, our results demonstrate that task instructions and the need to correct for errors during perturba-
tion are important factors to consider if we want to understand how the sensorimotor system uses and combines
multimodal error signals to adapt movements.
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We investigated the factors influencing visual and proprioceptive feedback contributions to movement con-
trol and adaptation. While online corrections increased with the size of visual errors, this scaling did not
transfer one-to-one to adaptation. Instead, we observed a consistent relationship between limb displace-
ment during perturbation and subsequent after-effects which was independent of the visual error. However,
adaptation was slightly reduced when visual errors were artificially decreased and this influence of vision
was modulated by the task-instruction given to participants. Our results demonstrate that task-related fac-
tors, such as the need to correct movement errors and the instructions, have to be considered to advance
\our understanding of how the sensorimotor system uses multisensory feedback to adapt motor commands./

Significance Statement

Introduction location originating from somatosensory afferents. If the
When we reach for a glass of water, visual feedback environment is static, the brain is able to combine differ-
about the position of the glass and the hand needs to be  ent sensory cues in a near optimal manner to minimize es-

combined with proprioceptive information about the hand ~ timation uncertainty (van Beers et al., 1999; Ernst and
Banks, 2002). However, during motion, the feedback the
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brain receives changes as a function of time. This compli-
cates the task of integrating visual and proprioceptive signals
while maintaining stable movement control because each
sensory modality possesses a different processing delay
(Cluff et al.,, 2015; Oostwoud Wijdenes and Medendorp,
2017). Recent studies have proposed that the brain may be
able to solve this challenge by accounting for differences in
feedback delays and dynamics when integrating vision and
proprioception (Crevecoeur et al., 2016; Kasuga et al., 2022).

Besides responding to immediate sensory errors, the
brain also learns from past errors to adapt to perturba-
tions or other changes in the environment. Studies on
blind or deafferented patients have shown that some de-
gree of movement adaptation can occur even in the ab-
sence of visual or proprioceptive feedback (Dizio and
Lackner, 2000; Sarlegna et al., 2006, 2010). This shows
that the brain can compensate for sensory loss in a highly
flexible manner. However, even when vision is intact,
some studies have reported that visual feedback is not
necessary or plays a reduced role during adaptation
(Bernier et al., 2005; Franklin et al., 2007; Batcho et al.,
2016; McKenna et al., 2017). Interestingly, in other con-
texts it has been observed that vision dominates adapta-
tion and can even override proprioceptive inputs when
there is conflict between the two senses (Scheidt et al.,
2005; Judkins and Scheidt, 2014). Again, others have re-
ported that vision and proprioception both contribute to
adaptation but that the integration of multisensory errors
does not follow the predictions of the static optimal cue
integration model. In particular, adaptation does not seem
to increase linearly with the size of different error signals
but instead reaches an asymptote as errors increase
(Marko et al., 2012; Hayashi et al., 2020). Importantly,
when we compare these seemingly contradictory results,
it should be noted that these studies used a large variety
of different tasks, perturbations, and instructions. It re-
mains unclear which of these factors might determine
whether or how visual and proprioceptive errors contrib-
ute to the adaptation of movements.

To address this question, we investigated the influence
of combined visual and proprioceptive errors on online
corrections and single-trial adaptation using a random
force-field adaptation paradigm. A randomized perturbation
schedule prevents anticipatory compensation for the force-
field disturbances, thus enabling the measurement of cor-
rective responses to movement errors. However, clear
after-effects are observed even after a single exposure to a
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force-field, providing a direct measure of single-trial adap-
tation (Sing et al., 2013; Crevecoeur et al., 2020; Mathew et
al., 2020). In addition to the force-field, we introduced a
mismatch between the visual cursor feedback and the ac-
tual hand position by multiplying the lateral cursor position
by a gain smaller, equal, or larger than one. The visual gain
(VG) resulted in a naturalistic divergence between vision
and proprioception by keeping the dynamics of the pertur-
bations similar, thus increasing the probability that vision
and proprioception are integrated (Marko et al.,, 2012;
Kasuga et al., 2022). We conducted four experiments in
which we manipulated different parameters that might influ-
ence proprioceptive and visual contributions to adaptation.
In addition to manipulating visual error size (experiment 1),
we varied the size of the force perturbation to see whether
after-effects saturate for larger perturbations (experiment
2). Further, we altered the instruction whether participants
had to respond to perturbations or not (experiment 3) and
whether they should control the visual cursor or their hidden
hand (experiment 4).

When feedback corrections were required to perform
the task, we observed a consistent scaling of feedback re-
sponses with visual error size. However, the influence of
vision on adaptation measured during the subsequent
movement did not systematically scale with the size of the
visual perturbation. Instead, the size of after-effects de-
pended on the hand displacement during the perturbation
as well as on the task instructions. Taken together, our re-
sults show that the extent to which the brain uses visual
and proprioceptive errors to update motor commands is
influenced by contextual factors, such as the task and the
need for feedback corrections.

Materials and Methods

Participants

A total of 70 healthy human adults aged 19-40 (mean age
24.6) participated in this series of experiments. Fourteen
(nine female) volunteers participated in experiment 1, 16 (11
female) in experiment 2, 24 (18 female) in experiment 3, and
16 (seven female) in experiment 4. Human participants were
recruited among the student population of Université
Catholique de Louvain (UCLouvain). All participants were
right-handed, had no reported neurologic disorders, and
had normal or corrected to normal vision. Before their par-
ticipation all volunteers provided written informed consent.
The experiments were performed in agreement with the ethi-
cal guidelines of UCLouvain and the St. Luc Hospital. As a
compensation for their time, all participants received a small
financial reimbursement.

Apparatus and general task procedure

All four experiments were conducted using a KINARM
Endpoint robotic device (KINARM). The experiments were
designed using the MATLAB toolboxes Simulink and
Stateflow (MATLAB 2015, MathWorks Inc.). Participants
were instructed to grasp the right handle of the robotic
device with their right hand and to perform visually
guided, forward reaching movements of 15 or 12cm in
amplitude dependent on the experiment and the task
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Figure 1. Experimental paradigm. A, Top-view of the work-space showing the orientation of the movements and a sketch of the applied
force-field (L = force-field constant) as well as the recorded muscles. B, Depiction of the main events occurring during a trial and the corre-
sponding color changes of the end target. In experiments 1 and 2, the feedback was dependent on the movement time, whereas in experi-
ments 3 and 4, it was determined by the peak forward velocity. C, lllustration of the random sequence of force-fields (counterclockwise: CCW,
clockwise: CW) and visual gains (cursor gains) with null-field trials (NULL) interleaved. During null-field trials cursor and hand were always
aligned (visual gain = 1). During perturbation trials, the x-coordinate of the cursor position was multiplied by a gain. D, Overview of the four dif-
ferent experiments including the sample size (N), the task instruction (exp. 3: Reaching vs Shooting, exp. 4: Cursor vs. Hand) the magnitude of
the force-field (small FF vs. large FF), and the visual gain levels. For clarity only the CCW direction of forces and gains are displayed here.

instructions as specified below (Fig. 1D). The start and
end targets of the reach (radii: 0.6 and 1.2cm), as well as
a hand-aligned cursor (radius: 0.5cm) were projected
onto the movement plane using a monitor mirror setup.
Participants were seated so that the midline of their body
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was aligned with the midline of the monitor and their fore-
arm was hidden from view during the entire experiment.
To initiate a trial, participants had to move the hand-cur-
sor into the start target, which was located 5cm to the
right from the midline and 10 cm upwards from the lower
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edge of the monitor. After a random interval of 2-4 s (uni-
formly distributed) the end target changed color, signaling
the go-cue to start the movement (Fig. 1B).

Dependent on the experiment, we applied velocity-de-
pendent force-fields orthogonal to the movement direc-
tion during 44-50% of all trials (Fig. 1A). During these
force-field trials the lateral force applied to the hand was
proportional to the forward velocity of the movement
(fc = *Ly,L =13Nsm~"' or L = 25Nsm~"; see Fig. 1D).
The direction of this force-field [clockwise (CW), or coun-
terclockwise (CCW)] was randomized across trials. During
these force-field trials, we applied an additional visual
perturbation by multiplying the lateral position of the
hand-cursor by a gain lesser or >1 to either decrease or
increase the visually experienced lateral movement devia-
tion (visual gain; Fig. 1C). In null-field trials the visual gain
was always 1 so that the visual feedback was congruent
with the true hand position.

The kinematic parameters of the movements were con-
strained either by allowing a specified time window to
reach the goal target (experiments 1 and 2), or by impos-
ing a certain maximum velocity range for the movements
in experiments 3 and 4. This adaptation of the protocol
was done because the different task instructions in ex-
periments 3 and 4 produced different movement dura-
tions. The exact constraints applied to these parameters
in each experiment are detailed below. After each move-
ment participants received feedback about their perform-
ance, which was represented by a color-change of the
end target. If the preceding movement was too slow, the
target changed to a filled, red circle. If it was too fast, it
changed to an open, red circle, and if the movement was
correct, the target turned green (Fig. 1B). Participants
scored one point for each correct movement and their in-
cremented score was shown in the top right corner of the
visual display. In the beginning of each experiment, partici-
pants were instructed to try to score as many points as they
could to motivate them to comply with the task constraints.
Following the feedback about movement success, the end
target and the hand-cursor were extinguished and only re-
appeared once the participants’ hand moved within a 5-cm
radius surrounding the start position. This was done to
avoid visible cursor jumps between trials that might have in-
formed participants about the visual gain manipulation ap-
plied to the hand-cursor. The four experiments differed in
the values of visual gains used, in the task instructions, as
well as in the strengths of the applied forces (Fig. 1D). In all
cases, the total number of trials of each experiment was di-
vided into several blocks. Participants were given the oppor-
tunity to rest between blocks. In the beginning of each
experiment participants performed ten practice movements
without perturbation to become acquainted with the task
and timing constraints.

Experiment 1

The aim of experiment 1 was to investigate the influence of
combined force-field and visual perturbations on movement
corrections and adaptation. Participants performed reaching
movements during CW, CCW (L = +13Nsm~") and null
force-fields in randomized order. Force perturbations were
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applied during 50% of all movements. During the CW and
CCW force-field trials, one of five possible values of the visual
gain (0, 0.5, 1, 1.5, 2) was applied randomly to manipulate the
size of the visual error. A visual gain of O resulted in a situation
in which the cursor moved straight to the target regardless of
the lateral deviation of the hand. We chose this condition in-
stead of completely removing the visual feedback because it
has previously been shown that vision significantly influences
movement correction particularly in circumstances where
it requires a different response than proprioception or
when it clearly contradicts proprioceptive feedback
(Franklin and Wolpert, 2008; Kasuga et al., 2022). At the
end of each movement participants received feedback
based on their movement time. The trial was categorized
as “correct” if the movement time was between 600 and
800 ms and participants were awarded one point for
each correct trial. They performed a total of 600 trials di-
vided into 10 blocks, each composed of 30 null-field tri-
als and 30 perturbation trials distributed as follows: two
force directions times five visual gains times three repeti-
tions. This resulted in a total of 30 repetitions per force-
field and visual gain combination per participant.

Experiment 2

Experiment 2 aimed to assess the contribution of limb
afferent feedback to motor adaptation in more detail.
Specifically, we were interested to see whether single trial
adaptation scales with the size of the force-field and
whether the effect of the force-magnitude is modulated
by the size of the visual error observed. Therefore, we
used two different force-field strengths in combination
with the visual gain manipulation (visual gains 0, 1, 2). In
this experiment we chose only three values of the visual
gain to reduce the total number of conditions. The smaller
force-field was identical to that used in the previous ex-
periment (L = =13Nsm~') and the larger force-field
(L = =25Nsm~") was chosen such that there would be a
clear difference in experienced hand deviations. As in ex-
periment 1, trials were considered correct if the move-
ment time was between 600 and 800 ms. Each participant
performed a total of 656 trials divided into 8 blocks with
force-field strength and directions randomized across tri-
als. We pseudo-randomized the order of trials in such a
way that each perturbation trial was followed by one or
sometimes two null-field trials. This was done to increase
the number of trials we could use to look at single-trial ad-
aptation. Force perturbations were applied during 44% of
all trials. Each block was composed of 46 null-field trials
and 36 perturbation trials (two force directions times three
visual gains times three repetitions times two force
strengths). This resulted in 24 repetitions of each force-
field and visual gain combination per participant.

Experiment 3

Building up on experiments 1 and 2, the goal of experi-
ment 3 was to investigate whether the instruction to cor-
rect for combined force and visual perturbations had an
influence on how these two modalities contributed to on-
line control and adaptation. To this end, we used similar
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force-field and visual gain perturbations as in experiment
1 and combined them with two different task instructions.
Similar to experiment 2, we used only three values of the
visual gain (0, 1, 2) and the same pseudo-randomized per-
turbation schedule. For the “reaching task”, we instructed
participants, as in experiments 1 and 2, to correct their
movements when they experienced a perturbation and try
to stabilize the cursor inside the end target. Conversely, in
the “shooting task”, we told participants to aim for the tar-
get and shoot through it, but to not correct their move-
ments when they encountered a perturbation. In this
case, they were instructed to let their hand be pushed
away by the force-field. When the hand crossed a 12-cm
distance from the start target the visual cursor was re-
moved to prevent endpoint corrections. Participants per-
formed the shooting and reaching tasks in a blocked
fashion. The order in which the two instructions were per-
formed was counterbalanced across them, resulting in two
subgroups of 12 participants starting with one or the other
instruction. To encourage consistent movement velocities
across tasks, participants received feedback about the
peak velocity of their movement instead of the movement
time. Trials were considered “correct” if the peak forward
velocity was between 0.5 and 0.8 m/s. During the shooting
task, participants were awarded one point if their move-
ment was within the specified velocity range independent
on whether or not they hit the target. This was done to en-
courage them to comply with the instruction to not correct
their movement during perturbation trials. To incentivize
participants to try to shoot through the target when no
force was applied, we awarded them two points instead of
one if the cursor moved through the target on null-field tri-
als (and the peak velocity of the movement was in the re-
quired range). Force perturbations were applied during
~45% of all trials. Participants performed a total of 330 tri-
als per task instruction divided into five blocks, each com-
posed of 36 null-field trials and 30 perturbation trials
distributed as follows: two force directions times three vis-
ual gains times five repetitions. This resulted in 25 repeti-
tions of each force-field and visual gain combination per
task instruction and participant.

Experiment 4

Experiment 4 aimed to test whether explicitly instruct-
ing participants to either control the cursor or their hidden
hand could influence the contribution of visual feedback
to online control and adaptation. To this end, we used the
reaching task from experiment 3 and added a second
task instruction during which participants were informed
that the cursor did not always accurately reflect their hand
position and that they should try to stabilize their hidden
hand inside the end target instead of the cursor. For the
purpose of this experiment, we called the original instruc-
tion “cursor task” and the adapted instruction “hand
task”. In contrast to the previous experiments, we used a
different set of values of the visual gain. A gain value of 0
acts like a visual error clamp which strongly reduces feed-
back corrections. As we observed in previous experi-
ments that it could be a special case, we wanted to use a low
value of the gain which still requires a feedback response.
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For this reason, we chose 0.3, 1, and, by symmetry, 1.7 as
values of the visual gain. In all other points the protocol of
experiment 4 was identical to the reaching task of experi-
ment 3. Importantly, participants also performed the two
task instructions in a blocked fashion and the task order
was counterbalanced across them.

Kinematics: data collection and analysis

Kinematic data were collected using a sampling fre-
quency of 1kHz. The data preprocessing was performed
using custom-written MATLAB code (MATLAB 2021a,
MathWorks Inc.). All recordings were aligned to move-
ment onset defined as the moment when the tangential
velocity exceeded a threshold of 10% of its maximum
value. Movement offset was defined as the first sample
below a threshold of 0.01 m/s lateral hand velocity with
the exception of the “shooting task” in experiment 3 were
the movement offset was defined as the first sample ex-
ceeding a distance of 15 cm from the start target. All kine-
matic data were filtered using a low-pass fourth order,
dual-pass Butterworth filter with a cut off frequency of
50 Hz. Hand velocity was computed offline using a fourth-
order central difference approximation applied to the po-
sition data.

To determine the hand errors experienced during the
perturbation trials, we computed the maximum hand devi-
ation perpendicular to the movement direction (maximum
error) as well as the lateral hand deviation averaged
across a 100-ms window centered on the time of move-
ment offset (endpoint error). Before computing the maxi-
mum and endpoint errors, the mean lateral deviation
across all null-field trials was subtracted from the lateral
position traces of all trials for each participant separately.
This means that an error of zero signifies a lateral devia-
tion comparable to baseline behavior. Hence, the maxi-
mum error approximately coincides with the time point
when the visual perturbation was maximal, whereas the
endpoint error captures the final correction of the hand
close to the target. We derived the visually experienced
cursor deviations offline by multiplying hand deviations by
the visual gain. Lastly, to quantify the adaptation that oc-
curred in response to the exposure to a single combina-
tion of force-field and visual gain, we looked at the
maximum deviation of the hand during each null-field trial
following directly after a force-field trial and subtracted
the average deviation across all null-field trials for each
participant separately (after-effect). Such a single trial
after-effect indicates the impact of the experienced per-
turbation on the planning of the very next movement.
Thus, it provides an estimate of the adaptation of the
motor plan (Marko et al., 2012; Sing et al., 2013; Albert
and Shadmehr, 2016). In addition, we performed a follow-
up analysis to assess whether our original measure of the
after-effect was significantly influenced by visual feed-
back corrections induced by the cursor-deviation during
null-field trials. For this analysis we quantified after-effects
as the first lateral force peak relative to the average lateral
force across all null-field trials. We extracted these lateral
force peaks between 50 and 150 ms after movement
onset when the force clearly opposed the previously
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encountered force-field. Importantly, during perturbation
trials, we observed changes in EMG activity correspond-
ing to the visual gain only after 150 ms. Therefore, it is un-
likely that these early force-peaks were dominated by
visual feedback corrections.

Muscle recordings: data collection and analysis

In experiments 1, 3, and 4 (data of experiment 4 not
shown), we recorded muscle signals from the pectoralis
major (PM) and posterior deltoid (PD) of the right shoulder
which act as antagonists to the CW and CCW force-fields,
respectively (Fig. 1A). Muscle activity (Electromyography,
EMG) was collected using bipolar surface electrodes (DE-
2.1 EMG Sensor, Delsys) attached to the muscle belly.
Before attaching each electrode, the skin underneath was
cleaned using cotton gauze and medical alcohol and the
contacts of the electrodes were coated with conductive gel.
The EMG signals were amplified by a factor of 1000 or
10,000, depending on the subject (Bagnoli-8 EMG System,
Delsys) and recorded at a sampling frequency of 1 kHz.

All muscle recordings were aligned to movement onset
and bandpass filtered using an eighth order, dual-pass
Butterworth filter with cutoff frequencies below 20Hz and
above 250 Hz. In addition, we applied a notch filter at 50 Hz
to remove environmental noise. After filtering, muscle record-
ings were rectified and normalized by the average activity
measured against a constant force applied to the hand. This
activity was measured in four separate calibration blocks
which were performed after every two blocks of the main ex-
periment. During these calibration blocks participants had to
remain inside a square (2 x 2cm) presented on the screen
while countering a 5N force that was applied for 2 s to the
right or left against their hand, corresponding to the lines of
actions of the chosen muscles. Each of the two force direc-
tions was repeated three times per block in a randomized
order. From each of these trials we extracted a 1 s recording
between 0.5 and 1.5 s after the force was turned on and com-
puted the average rectified muscle activity across time and
repetitions of the same force-direction. Then, we divided all
recordings of the PM muscle by the calibration recordings
measured against a rightward force in the same muscle, and
all PD recordings by the calibration trials against a leftward
force.

Since we were interested in the change in muscle activ-
ity because of the combined force and visual perturba-
tions, we subtracted the average null-field activity of each
muscle from all of the recordings made during the pertur-
bation trials. To illustrate the effect of the visual gain on
muscle activities we computed the group-average time
series of each value of the visual gain in the agonist and
antagonist muscles separately for both force-field direc-
tions. Next, to perform more detailed statistical analyses,
we computed the average muscle responses across a
200-ms time window for each participant in every visual
gain condition. For the agonist muscle this time window
was set to 150-350 ms following movement start (early
EMG) and for the antagonist muscle to 350-550 ms fol-
lowing movement start (late EMG). We chose these time
windows based on visual inspection of the average EMG
traces such that they corresponded to the time when the
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muscle activity clearly separated depending on the visual
gain condition.

Statistical design

All statistical analyses were performed using custom
written MATLAB scripts (MATLAB 2021a, MathWorks
Inc.). We conducted all statistical tests separately for
CCW and CW force-fields. For experiment 1, we used lin-
ear mixed effect models (LMEs) with participant ID as a
random factor to assess the global effect of the visual
gain (VG) on movement errors, EMG responses, and
after-effects. In our models, we defined the visual gain as
a continuous predictor variable:

Yij = ,30+B1VG+bj+E,'j.

Here, y;; represents the ith observation in the dependent
variable (movement error, EMG response, or after-effect) for
participant j, B, represents the group-level intercept, B4 is
the slope-estimate for the visual gain, b; is the random inter-
cept for participant j, and €;; represents the residual for ob-
servation i of participant j. For experiments 2, 3, and 4, we
fitted an LME that included the force-field strength (experi-
ment 2) or the task instruction (experiments 3 and 4) and the
interaction with the visual gain as additional fixed effects. In
those cases, force-field strength or task instruction were de-
fined as a factor with two levels and the first level was used
as reference category. For each significant LME result we re-
ported the estimated slope or intercept as well as the 95%
confidence interval of the estimate (Cl) in the statistical table
(Table 1). All LME models were fitted using maximum likeli-
hood estimation. Before fitting the LME models to our data,
we tested whether the data were normally distributed on the
individual participant level and within every level of the predic-
tor variables using Lilliefors test. The first column of the statis-
tical table reports the percentage of cases in which the data
followed a normal distribution.

For experiment 3, we performed a follow-up analysis in
which we compared the slope estimates for maximum
hand errors and visual gain between the reaching and
shooting task. To this end, we estimated the distributions
of slope parameters using bootstrapping and compared
the means of the distributions using paired t tests. For the
bootstrapping analysis we sampled 1000 times with repe-
tition from our sample of participants and computed at
each iteration the effect of the maximum hand error and
visual gain using an LME with both predictors as fixed ef-
fects, but excluding the interaction term.

We computed post hoc pairwise comparisons with
Bonferroni corrections to illustrate interesting differences in
behavior between visual gain conditions, force-field strengths
or tasks. For all relevant comparisons we reported Cohen’s
d,v as a measure of effect size (Lakens, 2013):

MDiff
SDy + 8D,
2

Mpiss represents the mean difference between condi-
tions and SD; the standard deviation of condition i.

Cohen'sd,, =
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Figure 2. Behavioral data experiment 1. A, Left, Mean hand trajectories (top) and cursor trajectories (bottom) in x- and y-dimensions
for one exemplar participant. Shades of blue and red indicate the different visual gain conditions for counterclockwise (CCW) and
clockwise (CW) trials, respectively. The gray trace shows the average trajectory during null-field trials. Right, Mean hand (top) and
cursor (bottom) x-positions over time for the same participant. The black arrow indicates when maximum hand errors were com-
puted (Max). The median movement duration during force-field trials is indicated by a black vertical line (End). The gray-shaded area
shows the 100-ms time window over which the endpoint error was computed. B, Group averages (=SEM) of maximum (left) and
endpoint (right) hand errors are shown in color and individual participant means are shown as gray lines. Note, that values for CCW
perturbations were inverted to positive values for better illustration. Stars indicate significant differences determined using paired

comparisons with post hoc Bonferroni corrections:

Finally, to assess the relationship between maximum
hand errors and after-effects on the subsequent trial,
we computed regression slopes for each participant
separately for each task/force-field strength and each
visual gain condition. These regressions were computed
based on the z-transformed values of the maximum hand
errors and after-effects. Z-scores were computed for
each participant relative to the mean in the visual gain
1 condition. Throughout this paper, all results with a
(Bonferroni-corrected) p-value below 0.05 are consid-
ered significant.

Results

Experiment 1: scaling of visual error influences online
corrections but not adaptation

In the first experiment, we investigated whether online
corrections and adaptation to random force-field perturba-
tions scaled with the size of the visual cursor displacement.
To this end, participants (N =14) were exposed to a se-
quence of CW and CCW velocity-dependent force-fields
randomly interleaved with null-field trials. During force-field
trials we increased or decreased the lateral deviation of the
cursor by applying a gain (visual gain) to manipulate the
visual errors observed during the perturbation.

We observed that participants corrected their move-
ments more strongly with increasing visual gain, which
was mostly visible toward the end of the reach (Fig. 2A).
To compare the behavior across participants, we ex-
tracted the maximum deviation of the hand lateral to the
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nsp > 0.05, **p < 0.0001.

movement direction (maximum error) as well as the lateral
deviation of the hand averaged across a 100 ms window
centered around the end of the movement (endpoint
error). Our results show that both of these errors de-
creased significantly with increasing visual gain (Fig. 2B;
maximum error: CW: t(2067) —3.38, p=0.0007; CCW:
toos2) = —20.84, p < 104 see Table 1, a; endpoint error:
CW: tiogs7) = —49.64, p <1074 COW: tosz) = —61.03,
p<10% see Table 1, b). We verified that the visual gain
did not systematically influence the experienced force
perturbation. As there was no relationship between the
visual gain and the maximum forward velocity, we can
conclude that the observed decrease in hand errors with
the visual gain is because of an increase in feedback
corrections.

This modulation of corrective responses with the size of
the visual gain was also reflected in the muscle activities
we measured in the pectoralis major (PM) and the poste-
rior deltoid (PD) muscles of the shoulder. The early agonist
responses, averaged across a time window of 150-350
ms following movement onset, significantly increased
with increasing visual gain (Fig. 3A,B; CW: tx067) = 9.93,
p <10"% CCW: toez = 14.90, p <10 % see Table 1, c).
S|m|larly, the later antagonist responses measured be-
tween 350 and 550 ms after movement onset, also scaled
with the size of the visual gain (Fig. 3C,D; CW: tippe7) =
17.12,p <10~ CCW: tippep) = 25.69, p < 10~ *; see Table
1, d). These results together with the kinematic results
presented above, show that visual information was clearly
used to perform online corrections during the movement.
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Data structure Type of test Power
Experiment 1
Data tested for normality using Lilliefors test on individual Linear-mixed model
participant level (« = 0.01) Fixed effect: visual gain
Random effect: participant ID
Dependent variable ccw cw
a 95% not significantly different from normal distribution Maximum error Slope = —0.59 Slope = —0.12
Cl =[-0.65, —0.54] Cl =[-0.2, —-0.05]
b 90% not significantly different from normal distribution Endpoint error Slope = —1.94 Slope = —1.71
Cl=[-2, -1.87] Cl=[-1.78, —1.64]
c 91% not significantly different from normal distribution Early EMG Slope =0.23 Slope =0.12
Cl=1[0.2,0.26] Cl=10.1,0.14]
d 79% not significantly different from normal distribution Late EMG Slope =0.26 Slope =0.3
Cl=1[0.24,0.27] Cl =10.26, 0.33]
e 97% not significantly different from normal distribution After-effect Not significant Not significant

Experiment 2

92% not significantly different from normal distribution

Data tested for normality using Lilliefors test on individual
participan level (« = 0.01)

After-effect (lat. force)

Linear-mixed model

Fixed effects: visual gain, force-field strength,interaction
Random effect: participant ID

Not significant

Not significant

Dependent variable ccw cw
f Small FF: 99%; large FF: 92% not significantly different from  Maximum error Main effect visual gain
normaldistribution Slope = —0.94 Slope = —0.42

Small FF: 95%; large FF: 90% not significantly different from
normaldistribution

Small FF: 95%; large FF: 94% not significantly different from
normal distribution

Small FF: 95%; large FF: 97% not significantly different from

normal distribution

Endpoint error

After-effect

After-effect (lat. force)

Cl =[-1.05,-0.83]
Main effect FF strength
Intercept=4.12
Cl=[3.92,4.32]
Interaction

Slope = —0.46

Cl =[-0.61,-0.31]
Main effect visual gain
Slope = —-2.43

Cl =[-2.57,-2.3]
Main effect FF strength
Intercept =3.33

Cl =[3.08,3.58]
Interaction

Slope = —1.77

Cl =[-1.97,-1.58]
Main effect visual gain
Slope =0.08

Cl =[0.04,0.12]
Interaction

Slope =0.06

Cl =[0.01,0.11]

Main effect visual gain
Slope =0.06

Cl =[0.03,0.09]

Main effect FF strength
Intercept = 0.09

Cl = [-0.56,-0.28]

Intercept =5.48
Cl =1[5.23,5.74]

Slope = —0.64
Cl =[-0.84,-0.45]

Slope = —2.31
Cl =[-2.48,—2.14]

Intercept =4.21
Cl =[3.9,4.53]

Slope = —2.16
Cl=[-2.41,-1.92]

Not significant

Not significant

Slope =0.04

Cl =1[0.01,0.06]

Not significant

Cl =[0.04,0.15]
Experiment 3
Data tested for normality using Lilliefors test on individual Linear-mixed model
participant level (a = 0.01) Fixed effects: visual gain, task, interaction
Random effect: participant ID
Dependent variable ccw cw
j Reaching: 97%; shooting: 97 % not significantly different Maximum error Main effect visual gain
from normal distribution Slope = —0.61 Slope = —-0.25
Cl =[-0.67,—-0.56] Cl =[-0.33,-0.17]
Interaction
Slope =0.51 Slope =0.29
Cl =[0.43,0.59] Cl =[0.18,0.41]

(Continued)
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Data structure

Type of test

Power

Reaching: 94%; shooting: 97 % not significantly different
from normal distribution

Reaching: 92%; shooting: 74% not significantly different
from normal distribution

Reaching: 85%; shooting: 60% not significantly different
from normal distribution

Reaching: 94%; shooting: 92% not significantly different

Endpoint error

Early EMG

Late EMG

After-effect

Main effect visual gain
Slope = —2.68
Cl=[-2.74,-2.61]
Interaction

Slope =2.57

Cl = [2.47,2.66]

Main effect visual gain
Slope =0.28

Cl =[0.24,0.32]

Main effect task
Intercept = —0.34

Cl =[-0.41,-0.27]
Interaction

Slope = —0.25

Cl =[-0.3,-0.19]
Main effect visual gain
Slope =0.28

Cl =1[0.26,0.3]

Main effect task
Intercept = —0.1

Cl =[-0.11,-0.04]
Interaction

Slope = —0.27

Cl =[-0.3,-0.24]
Main effect visual gain

Slope = —-2.7
Cl =[-2.79,-2.62]

Slope =2.74
Cl =[2.62,2.86]

Slope =0.2
Cl=1[0.17,0.22]

Intercept = —0.27
Cl =[-0.32,-0.23]

Slope = —0.13
Cl =[-0.17,-0.1]

Slope =0.42
Cl =10.38,0.45]

Intercept = —0.18
Cl=[-0.24,-0.12]

Slope = —0.4
Cl =[-0.45,-0.36]

from normal distribution Slope =0.11 Slope =0.07
Cl =[0.07,0.14] Cl =[0.04,0.1]
Reaching: 95%; shooting: 97% not significantly different After-effect (lat. force)  Main effect visual
from normal distribution gain
Slope =0.05 Slope =0.04
Cl =[0.02,0.07] Cl =[0.01,0.07]
Experiment 4
Data tested for normality using Lilliefors test on individual Linear-mixed model
participant level (« = 0.01) Fixed effects: visual gain, task, interaction
Random effect: participant ID
Dependent variable ccw cw
o Cursor: 100%; hand: 99% not significantly different Maximum error Main effect visual gain
from normal distribution Slope = —0.34 Slope = —0.12
Cl =[-0.42, —0.27] Cl =[-0.22, —0.02]
p Cursor: 91%; hand: 92% not significantly different Endpoint error Main effect visual gain
from normal distribution Slope = —-1.37 Slope = —1.49
Cl=[-1.44, -1.3] Cl=[-1.57, —1.41]
Main effect task
Intercept = —0.4 Intercept = —0.41
Cl=[-0.51, -0.28] Cl =[-0.54, —-0.27]
Interaction
Slope =0.15 Slope =0.2
Cl =10.06, 0.25] Cl=1[0.09, 0.32]
q Cursor: 99%; hand: 95% not significantly different After-effect Main effect visual gain
from normal distribution Slope =0.07 Slope =0.05
Cl=1[0.02,0.12] Cl =[0.005, 0.09]

Cursor: 99%; hand: 97% not significantly different
from normal distribution

After-effect (lat. force)

Main effect task
Intercept = 0.09

Cl =[0.01,0.17]

Main effect visual gain
Not significant

Main effect task
Intercept = 0.07
Cl=1[0.01,0.14]

Not significant

Slope =0.05
Cl =10.01, 0.09]

Not significant

CCW = counterclockwise perturbation, CW = clockwise perturbation, Cl = 95% confidence interval of the slope/intercept estimate, EMG = electromyography.
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Figure 3. EMG data experiment 1. A, Group average 6 EMGs (relative to average activity during null-field trials) of the agonist mus-
cle for the two force-field directions. For illustrative reasons, the depicted traces were smoothed using a centered moving average
with a window size of 10 samples. The gray-shaded areas indicate the time window across which early muscle responses were
computed. B, Group average early muscle responses = SEM are shown in color. Individual participant means are shown as gray
lines. C, Same as A but for the antagonist muscle. In this case, the gray-shaded areas indicate the time window across which the
late muscle responses were computed. D, Same as B but for late muscle responses measured in the antagonist muscle. The color-
code is the same as in Figure 2. Stars indicate significant differences determined using paired comparisons with post hoc

Bonferroni corrections: *p < 0.05, **p < 0.001.

The observation that corrective responses during per-
turbation scale with the visual gain raised the question
whether the size of the visual error also influenced the
amount of adaptation to the force-field on the subsequent
movement. To address this question, we quantified after-
effects as the maximum lateral deviation relative to the av-
erage baseline behavior during null-field trials following
immediately after a perturbation trial (Fig. 4). We observed
clear after-effects in the opposite direction of the preced-
ing force-field (one-tailed t test; CW: f43 = —23.89,
p <10"* CCW: t4g = 17.44, p <10~*). However, these
after-effects were not influenced by the size of the visual
error experienced during the preceding trial (CW: f1036) =
0.01, p > 0.05; CCW: t(1031) = -0.21, p > 0.05; see Table

September 2023, 10(9) ENEURO.0068-23.2023

1, e). Given that the maximum lateral deviation during the
null-field trials occurred around 300 ms after movement
onset (Fig. 4A), it is possible that this measure is influ-
enced by feedback corrections to the visual cursor dis-
played during the null-field trial itself. If so, this might have
obscured the influence of the previously encountered vis-
ual error on adaptation. To assess whether our analysis
accurately captured any potential influence of the visual
gain on adaptation, we extracted the peak lateral force
relative to the average baseline between 50 and 150 ms
following movement onset when the force clearly op-
posed the previously experienced force-field (data not
shown here). Importantly, during the perturbation trials,
we observed visual gain-related changes in EMG activity
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Figure 4. Adaptation data experiment 1. A, Top, Mean hand trajectories during null-field trials immediately following three selected
force-field direction and visual gain combinations for one exemplar participant. Bottom, Mean x-positions over time during the
same null-field trials and for the same exemplar participant as above. Shading indicates = SEM and median movement duration
during null-field trials is indicated by a black vertical line (End). Please note, the x-positions shown were computed relative to the av-
erage across all null-field trials. B, Group averages of after-effects are shown in color and gray lines indicate individual participant

means. The color code is identical to Figure 2.

only after 150ms (Fig. 3A), therefore these early force
peaks are unlikely influenced by visual feedback correc-
tions. In this follow-up analysis, we also observed no ef-
fect of the visual gain on the early lateral forces (CW:
t(1036) = —-0.7, p>0.05; CCW: t(1031) = 1.36, p>0.05;
see Table 1, e). Thus, we conclude that while visual
feedback influenced online corrections, it did not carry
over to adapt the next movement.

Taken together, the results of our first experiment
show that participants used visual feedback to correct
movements during force-field perturbation. However,
subsequent adaptive responses did not increase with
the size of the visual error. Importantly, the after-ef-
fects observed with a random force-field paradigm are
very small and the exposure to several different pertur-
bation trials in a row might have interfered with the ef-
fect of the visual gain. To consider these possibilities
we conducted a second experiment during which each
perturbation trial was followed by a null-field trial to as-
sess after-effects. Additionally, it was necessary to
verify that the absence of scaling of after-effects with
visual error size was not because of a ceiling or satura-
tion effect in adaptation linked to the random perturba-
tion schedule. Thus, we used two different strengths of
force-fields to see whether adaptation increases with
perturbation strength.

September 2023, 10(9) ENEURO.0068-23.2023

Experiment 2: eliminating perpendicular visual errors
reduces adaptation independent of force-field
strength

Our second experiment aimed to test whether single
trial adaptation scaled with different force-field magni-
tudes, and whether this scaling was further modulated by
the size of the visual error. Sixteen participants performed
reaching movements with randomly applied combinations
of force-field directions and visual gains. Contrary to ex-
periment 1, each force-field trial was followed by a null-
field trial which was used to extract after-effects. This
pseudo-randomized perturbation schedule was used to
increase the number of trials during which we could ob-
serve an after-effect and to reduce interference between
different perturbation trials on the after-effect. In addition,
the strength of the force-field (FF) applied (small vs large)
varied randomly between trials.

Similar to experiment 1, we observed a decrease of maxi-
mum and endpoint hand errors with increasing visual gain in
both force-field strength conditions (Fig. 5A,B; maximum
error: CW: t(2276) = *5.9, p< 1074; CCW: t(2274) = *16.9,
p< 10~ * see Table 1, f: endpoint error: CW: fo7¢) = —26.18,
p<10"% CCW: tppr4y = —34.71, p <10~ see Table 1, g).
Further, we found that maximum and endpoint hand errors
were larger during larger force-fields (maximum error: CW:
t(2275) =4198,p< 1074; CCW: t(2274) =40.69,p < 1074; see
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Figure 5. Behavioral and adaptation data experiment 2. A, Mean hand (top) and cursor (bottom) trajectories for one exemplar partic-

ipant during small (left) and large force-field trials (right). B, Group average maximum (left) and endpoint errors (right) =

SEM. Note,

that values for CCW perturbations were inverted to positive values for better illustration. The small force-field trials are represented
by gray lines and filled circles, the large force-field trials by black-dotted lines and open circles. C, Group average after-effects.
Note, that values for CW perturbations were inverted to positive values for better illustration. The color-code follows the explanation
in Figure 2. Stars indicate significant differences determined using paired comparisons with post hoc Bonferroni corrections:

nsp > 0.05, *p < 0.05, **p < 0.001, **p < 0.0001.

Table 1, f; endpoint error: CW: f2576) = 26.13, p <10~ 4,
CCW: t(op74) = 26.05, p <10~ *; see Table 1, g) and that
they decreased more strongly with the size of the vis-
ual error (maximum error: CW: t2276) = —-6.36, p<
10™% CCW: tpp74) = —5.87, p <104 see Table 1, f;
endpomt error: CW: t(2276) —17.32, p <1074, CCW-
tioo74y=—17.86,p < 10 % see Table 1, g).

Next, we investigated Whether after-effects were modu-
lated by the strength of the force-field and the visual gain
(Fig. 5C). Contrary to experiment 1, some small differen-
ces in after-effects were visible depending on the visual
gain. During CCW trials, we observed an increase in after-
effects with the visual gain (tpors) = 4.23, p<10~%; see
Table 1, h) as well as a small interaction between the vis-
ual gain and the strength of the force-field (fpo75 = 2.3,
p =0.0218; see Table 1, h). Importantly, we observed a
significant decrease in after-effects between visual gain 1
and 0 during CCW trials for both force-field strengths
(small FF: t15) = —4.33, p=0.0018, Cohen’s d,, = —1.26;
large FF: t45 = —4.96, p =0.0005, Cohen’s d,, = —1.86),
but no difference in after-effects between visual gain 1
and 2. Additionally, while after-effects increased with
force-field strength for visual gain 1 ({15 = 2.32, p=
0.0348, Cohen’s d,;, = 0.69) and 2 (t45 = 3.52, p=
0.0031, Cohen’s d,, = 0.87), this difference was elimi-
nated when the visual gain was 0. The trend was qualita-
tively similar for CW ftrials; however, the after-effects only
differed significantly between small and large force-fields
for trials with visual gain 2 (t1s) = 2.51, p =0.0241, Cohen’s
day = 0.69). When we quantified the after-effect as the early
lateral force peaks during null-field trials, we also obtained
an increase in adaptation with the size of the visual gain
(CW t(2274) = 2.92, p:OOO35, CCW: t(2275) = 3.97, pP=
0.0001; see Table 1, h). Further, during CCW trials, the lat-
eral forces during null-field trials were slightly larger following
large force-fields (o075 = 3.45, p = 0.0006; see Table 1, h).
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The observation that after-effects increased with force-
field strength suggests, that the absence of scaling of
after-effects with increasing visual errors in experiment 1
was not because of a saturation or ceiling effect of adap-
tation. Interestingly, when visual deviations were re-
moved, participants exhibited similar after-effects across
both force-field strengths. Thus, visual feedback had a
conditional influence on adaptation that differed from the
size-dependent scaling observed during feedback cor-
rections. The observation, that visual feedback reduced
after-effects precisely when it eliminated the need to cor-
rect for perturbations of the hand, raises the question
whether eliminating the need for feedback corrections al-
together would further reduce or eliminate the contribu-
tion of visual feedback to adaptation.

Experiment 3: explicit instruction to not correct for
errors influences contribution of visual feedback to
online control but not to adaptation

To build on the findings of the previous experiment, our
third experiment aimed to investigate whether instructing
participants to correct their movements during perturba-
tion and to stabilize the cursor inside the target influences
the way visual feedback contributes to online control and
adaptation. We asked a group of 24 participants to per-
form reaching movements during similar combined force-
field and visual gain perturbations using two different
tasks. In the reaching task we instructed participants to
correct for the perturbation and to stabilize the cursor in-
side the target, whereas in the shooting task, participants
were told not to respond to the perturbation and instead
to let their hand be pushed away by the force. We used a
similar pseudo-randomized perturbation schedule as in
experiment 2 to increase the number of movements dur-
ing which we could observe an after-effect.
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Figure 6. Behavioral data experiment 3. A, Mean hand (top) and cursor (bottom) trajectories for one exemplar participant in the
reaching (left) and shooting tasks (right). For the shooting task the black-dotted half-circles indicate a 12-cm radius from the start lo-
cation. When this radius was crossed, the cursor disappeared to prevent feedback corrections. B, Group average maximum (left)

and endpoint errors (right)

+ SEM. Note that values for CCW perturbations were inverted to positive values for better illustration.

The reaching task is represented by gray lines and filled-circles, the shooting task by black-dotted lines and open circles. The color-
code is the same as in Figure 2. Stars indicate significant differences determined using paired comparisons with post hoc
Bonferroni corrections: *p <0.05, **p < 0.0001. See supporting Extended Data Figure 6-1 for an illustration of the data separated

by the order in which the tasks were performed.

In line with experiments 1 and 2, we observed a de-
crease in maximum and endpoint hand errors with in-
creasmg visual gain (maximum error: CW: t(3ss4) = —6.23,
p<10"% CCW: tzs50) = —21.43, p <10~ *; see Table 1, j;
endpomt error: CW: t3554 = —60.99, p<10 4 CCW:
tassg) = —78.31, p< 10~%; see Table 1, k). While this de-
crease could clearly be observed in the reaching task, it
was almost absent in the shooting task (Fig. 6). The re-
sults of the linear mixed model showed a significant inter-
action between visual gain and task instruction on both
types of errors (maximum error: CW tasssy = 5.18,
p <104 CCW: fasso = 12.73,p < 10~% see Table 1, j; end-
point error: CW: tgsssy = 43.68, p<10‘4 CCW: t@ssg =
53.16, p< 10~ % see Table 1, k). Using post hoc pairwise
comparisons, we observed S|gn|f|cantly smaller maximum
hand errors in the reaching task compared with the shooting

task in the visual gain 1 (CW: fp3 = —2.76, p=0.0111,
Cohen’s d,, = —0.45; CCW: tpg = —6.24,p < 104, Cohen’s
day = —1.01) and 2 conditions (CW: to5 = —2.88, p = 0.0084,

Cohen’s d,, = —0.45; CCW: tg) = —7.85,p < 10‘4 Cohen’s
dav = —1.33). Endpoint hand errors were significantly smaller
in the reaching task for all visual gain conditions (all p < 10~4).

Given that all participants performed both task instruc-
tions in direct succession, it is possible that the order in
which the tasks were performed had an influence on
movement corrections. To investigate whether this was
the case, we split the set of participants into two groups
depending on the order in which they performed the
tasks. We observed similar differences in maximum and
endpoint errors between the reaching and shooting task
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for both groups of participants (Extended Data Fig. 6-1).
Hence, online corrections were qualitatively similar inde-
pendent of the order in which the tasks were performed.
The different levels of visual contribution to online cor-
rection in the reaching and shooting tasks were also re-
flected in the early and late muscle responses (Fig. 7). Our
statistical analysis showed a significant increase in mus-
cle activity in early and late time intervals with increasing
visual gain (early: CW: tgsssy = 15.63, p <10~ CCW:
t(3550) =13.97, ,D <10~ 4, ; see Table 1, [I; late: CW: t(3554)
25.15,p <10~% CCW: t(3550) 28.45,p <10 see Table
1, m). This increase was stronger in the reachlng com-

pared with the shooting task (early: CW: tgsss = —7.34,
p<10"% CCW: t@sso) = —8.75, p<10~% see Table 1, |;
late: CW: fgsse = —17.18, p<10" 4 CCW: tesso) =

—19.44, p <10~%; see Table 1, m) and overaII muscle ac-
tivities were S|gn|f|cant|y Iower in the shooting compared
with the reaching task (early: CW: t3554) = —11.73,
p <10~ CCW: t@zss0) = —9.3, p<107"; see Table 1, I;
late: CW- tessay = —6.08, p <107% CCW tss0) = —4.33,
p<10~% see Table 1, m). In the shootmg task, post hoc
comparlsons revealed a significant increase in muscle ac-
tivity between visual gain 0 and 2 only for early responses
during CW trials (fo3 = —3.34, p =0.0086, Cohen’s d,, =
—0.4), whereas in the reaching task there was a significant
increase in both early and late intervals during both force-
field directions (all p < 10~%). This residual response to the
visual error during the early time interval in the shooting
task might be the result of automatic perturbation re-
sponses which are known to include both limb and visual
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Figure 7. EMG Data experiment 3. A, Group average 6 EMGs (relative to average null-field activity) of the agonist muscle for the
two force-field directions in the reaching (left) and shooting task (right). For illustrative reasons, the depicted traces were smoothed
using a moving average with a window size of 10 samples. The gray-shaded areas indicate the time window across which early
muscle responses were computed. B, Group average early muscle responses = SEM. The reaching task is represented by gray
lines and filled circles, the shooting task by black-dotted lines and open circles. C, Same as A but for the antagonist muscle. In this
case, the gray-shaded areas indicate the time window across which the late muscle responses were computed. D, Same as B but
for late muscle responses measured in the antagonist muscle. The color-code is the same as in Figure 2. Stars indicate significant
differences determined using paired comparisons with post hoc Bonferroni corrections: "5p > 0.05, **p < 0.001, **p < 0.0001.

motor systems (Scott, 2016). Importantly, this effect was
much smaller compared with the reaching task, demon-
strating a very limited influence of visual feedback on
movement corrections in the shooting task.

To investigate whether these differences in the use of visual
feedback for online corrections during the reaching and
shooting tasks influenced the use of vision for adaptation, we
compared the after-effects between these two tasks (Fig.
8A). Similar to experiment 2, we observed a small increase in
after-effect with increasing visual gain (CW: fsen) = 4.34,
p <10~% CCW: tzssq = 6.12, p < 107%; see Table 1, n) but
no difference in adaptation depending on the task. Post hoc
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tests revealed that after-effects were significantly smaller for
visual gain 0 compared with 1 in both tasks (Reaching: CW:
t(23) = —2.75, pP= 0.034, Cohen’s d, = —0.59; CCW: t(23) =
—3.31, p=0.0091, Cohen’s d,, = —0.79; Shooting: CW:
tg = —3.15, p=0.0135, Cohen’s d,y = —0.79; CCW: tpg =
—4.14, p=0.0012, Cohen’s d,, = —0.89), but there was no
difference between visual gain 1 and 2. Importantly, we ob-
served a similar increase of adaptation with the visual gain
when we quantified the after-effect as the peak lateral force
50-150 ms after movement onset (CW: fgsep) = 2.52,
p=0.0119; CCW: tgss3 = 3.64, p =0.0003; see Table 1, n)
as well as no differences in after-effects between the two
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Figure 8. Adaptation data experiments 3. A, Group average after-effects. Note, that values for CW perturbations were inverted to
positive values for better illustration. The reaching task is represented by gray lines with filled-circles and the shooting task by
black-dotted lines with open circles. B, Average after-effects separated by task order. The left panel shows the data of participants
that started with the reaching task, the right panel shows the data for the group that started with the shooting task. The color code
is identical to Figure 2. Stars indicate significant differences determined using paired comparisons with post hoc Bonferroni correc-

tions: *p < 0.05, **p < 0.001.

tasks. When we separated the after-effects depending on
the order in which the tasks were performed, we observed
similar after-effects across tasks for participants who started
with the reaching task. However, participants who first per-
formed the shooting task exhibited overall larger after-ef-
fects in the shooting task compared with the reaching task
(Fig. 8B). For the same group, we observed larger maximum
forward velocities in the shooting task. Therefore, stronger
force perturbations might have resulted in overall larger ad-
aptation during this task.

It is interesting that despite the large differences in
feedback corrections between the two tasks, the adapta-
tion responses were very similar. Thus, we performed an
additional analysis to compare the relative contribution of
hand errors and visual gain to the adaptation in the reach-
ing and shooting task. Using bootstrapping to estimate
the distributions of slope parameters, we observed a
larger contribution of both maximum hand error and visual
gain during the shooting task compared with the reaching
task (maximum hand error: tggg) = 26.79, p < 10~% visual
gain: fgeg) = —57.03, p < 10~%). This result suggests that
the contribution of proprioceptive and visual errors was
increased in the shooting task.

In summary, the findings of experiment 3 corroborate
the results of experiments 1 and 2 regarding the contribu-
tion of visual feedback to online correction. Further, we
observed that the contribution of visual feedback was al-
most eliminated when there was no need to correct the
movement back to the target in the shooting task. Similar
to experiment 2, we did observe a small increase in adapt-
ive responses with increasing visual error in both tasks.
Indeed, the adaptive responses were surprisingly similar
across tasks, except that the contribution of hand and vis-
ual errors was larger in the shooting task. It is possible
that visual errors influenced adaptation independent of

September 2023, 10(9) ENEURO.0068-23.2023

feedback corrections because participants still paid at-
tention to the visual feedback and associated it to their
hand movement. Hence, in our last experiment we aimed
to investigate whether explicitly informing participants
about potential discrepancies between cursor and hand
positions and instructing them to control their hidden
hand instead of the cursor would reduce visual contribu-
tions to online control and adaptation.

Experiment 4: instruction to control the cursor or the
hand impacts visual contribution to online control and
adaptation

In experiment 4, we explicitly instructed participants
(N=16) to either control their hidden hand or the visual
cursor. Importantly, when they were asked to control their
hand, we also informed them that the cursor might deviate
from their true hand position during the experiment.
Similar to experiment 3, all participants performed both
instructions in sequence and the order was counterbal-
anced across participants. We were interested to see to
which extend the differentiation between hand and cursor
influenced the contributions of visual feedback to online
control and adaptation.

As in previous experiments, the maximum errors signifi-
cantly decreased with the visual gain (Fig. 9; CW: tp3g0) =
—2.25, p=0.0246; CCW: t2386) = —9.06, p<10"% see
Table 1, 0); however, there was no difference depending
on the task instruction. Endpoint errors also exhibited a
significant decrease with the visual gain (CW: fpgep) =
—36.22, p <10 % CCW: tpsgs) = —39.33, p <10 *; see
Table 1, p). In addition, endpoint errors were significantly
smaller during the hand instruction task (CW: tipzgn) =
—6.06, p<10~% CCW: tpsgsy = —6.98, p<10~ % see
Table 1, p) and decreased less strongly with the visual
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Figure 9. Behavioral data experiment 4. A, Mean hand (top) and cursor (bottom) trajectories for one exemplar participant in the cur-
sor-instruction (left) and hand-instruction task (right). B, Group average maximum (left) and endpoint errors (right) = SEM. Note, that
values for CCW perturbations were inverted to positive values for better illustration. The cursor-instruction task is represented by
gray lines and filled circles, the hand-instruction task by black-dotted lines and open circles. The color-code follows the explanation
in Figure 2. Stars indicate significant differences determined using paired comparisons with post hoc Bonferroni corrections:
*p < 0.05, *p <0.001, **p <0.0001. See Extended Data Figure 9-1 for an illustration of the data separated by the order in which

the tasks were performed.

gain (CW t(2392) = 3.5, p:OOOOS, CCWw: t(2386) = 3.12,
p =0.0018; see Table 1, p). To control for potential effects
of the order in which task instructions were performed, we
again separated the data by task order. We observed sim-
ilar patterns of maximum errors for both task order groups
(Extended Data Fig. 9-1A). However, when comparing the
endpoint errors across groups, it was visible that partici-
pants who started with the hand instruction task exhibited
larger (more positive) endpoint errors during the cursor in-
struction task for trials with visual gain 1 and 1.7 com-
pared with those that started with the cursor instruction
task (Extended Data Fig. 9-1B).

Similar to experiments 2 and 3, we observed a very
small increase in after-effects with increasing visual gain,
which was mostly present in CCW trials (CW: tpzgq) =
2.17, p=0.0298; CCW: tpo391) = 2.8, p=0.0052; see
Table 1, ). Additionally, during the CCW trials, after ef-
fects were slightly larger in the hand instruction compared
with the cursor instruction task (CCW: tp391) = 2.24,
p =0.0255; see Table 1, g), but we did not observe a sig-
nificant interaction between visual gain and task instruc-
tion (Fig. 10A). In a follow-up analysis, we quantified the
after-effect as the peak lateral force 50-150 ms after
movement onset and observed a similar increase in adap-
tation with increasing visual gain for the CW force-direc-
tion (CW t(2389) = 2.52, p:00119, CCW: t(2391) = 1.64,
p >0.05; see Table 1, q). Further, we again observed a
slightly larger after-effect during CCW trials in the hand in-
struction task (CCW: tpze1) = 2.15, p=0.0317; see Table
1, g). Next, we separated the data for participants who
began the experiment with the cursor instruction and
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those who began with the hand instruction task. In-
terestingly, we only observed a small but significant in-
crease of after-effects with the visual gain across both
tasks for the group that started with the cursor instruction,
but not for those that started with the hand instruction
(Fig. 10B; cursor-hand: CW: slope =0.09, t4191) = 3.81,
p =0.0001, Cl = [0.04,0.14]; CCW: slope =0.07, t(195 =
2.65, p=0.0082, ClI = [0.02,0.12]; hand-cursor: CW:
slope =0.02, t119g) = 0.8, p>0.05; CCW: slope =0.01,
t1196) = 0.39, p >0.05). Similarly, when we quantified the
after-effect as the early lateral force peak, we also ob-
tained a significant effect of the visual gain in the group
that started with the cursor instruction but not in the
group that started with the hand instruction; however, this
difference between task-orders was only present during
CW trials (cursor-hand: CW: slope =0.07, t4191) = 3.45,
p =0.0006, Cl = [0.03,0.11]; CCW: slope =0.04, t4195 =
1.68, p>0.05; hand-cursor: CW: slope=0.03, t19g =
1.8, p>0.05; CCW: slope =0.02, t(119¢) = 0.83, p > 0.05).

The results of our final experiment demonstrate that the
awareness about possible differences between hand and
cursor position slightly reduced visually mediated correc-
tions toward the end of the reach. Additionally, the small
influence of the visual feedback on after-effects was elimi-
nated for the group that was informed about potential
divergences between the cursor and their hand at the be-
ginning of the experiment. Hence, dissociating between
hand and cursor reduced visual feedback contributions to
online control and adaptation even if participants were
not able to completely ignore the visual feedback during
the perturbation.
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Figure 10. Adaptation data experiments 4. A, Group average after-effects. Note, that values for CW perturbations were inverted to
positive values for better illustration. The cursor-instruction task is represented by gray lines with filled-circles and the hand-instruc-
tion task by black-dotted lines with open circles. B, Average after-effects separated by task order. The left panel shows the data of
participants that started with the cursor-instruction task, the right panel shows the data for the group that started with the hand-in-
struction task. The color code is identical to Figure 2. Stars indicate significant differences determined using paired comparisons

with post hoc Bonferroni corrections: *p < 0.05.

Relationship between limb errors and adaptation

Given that there was no consistent increase of the after-
effect with the size of the visual error, we were interested
to see in which way the felt hand deviation during each
perturbation trial relates to the adaptation occurring on
the very next trial. Thus, we looked at the relationship be-
tween the maximum hand deviation and the after-effect
from individual trials. First, we z-transformed the maxi-
mum hand errors and after-effects relative to the mean of
each participant in the visual gain 1 condition. Then, we
computed the regression slopes separately for each par-
ticipant and each value of the visual gain (Fig. 11A).

If we assume that visual and hand errors contribute to
adaptation as a weighted combination, we can make a
qualitative prediction regarding the relationship between
hand errors and after-effects in the different visual gain
conditions. Given this assumption, we should observe an
increase in absolute slopes between after-effects and
hand deviations with increasing visual gain (Fig. 11B). The
reason is that visual gains larger than 1 should result in an
overestimation of the hand error, which would ultimately
lead to a larger update of the motor command for the next
movement. Similarly, a visual gain lesser than 1 should re-
sult in an underestimation of the error and thus a smaller
motor command update. The summary of each partici-
pants’ slope estimates in experiment 1 as well as the
group averages can be seen in Figure 11C. We observed
a statistically significant negative relationship between
maximum hand errors and subsequent after-effects in six
out of the ten conditions (two-tailed paired t test; —6.91 <
tag) < —2.23, 10°°< p < 0.05). Thus, the smaller the max-
imum hand deviation, the larger was the after-effect on
the next trial. Comparable negative relationships between
maximum hand errors and after-effects were observed in
a majority of conditions across all experiments (Fig. 11D-
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F). In particular, in experiment 2 we observed significant
negative slopes between the maximum error and the
after-effects in four out of six conditions for the small
force-field (—4.44 < t15 < —2.45, 0.0005 < p < 0.027) and
in four out of six conditions for the large force-field
(—5.61 <tn15 < —2.33, 1074 < p <0.034). Similarly, in ex-
periment 3, we observed on average a significant negative
relationship in six out of six conditions for the reaching
task (—7.22 <tpg < —2.15, 1074 < p <0.042) and in five
out of six conditions in the shooting task (—5.97 <tpg <
—2.29, 107* < p <0.031). Lastly, in experiment 4, we
found an average negative relationship between maxi-
mum error and after-effect in six out of six conditions in
the cursor-instruction task (—8.27 <t5 < —2.78, 1074 <
p <0.014) and in four out of six conditions in the hand-in-
struction task (—6.95 < t4s) < —3.07, 10~* < p <0.008).
Given that the effect of the negative relationship between
maximum error and after-effect was small and was not always
significant on the individual participant level, we performed an
additional analysis using linear-mixed models to verify the ro-
bustness of the group-level effect (Algermissen and Mehler,
2018). The models were fitted for each force-direction and vis-
ual gain combination separately. The results we obtained cor-
roborated the findings reported in Figure 11. In experiment 1
we observed a significant negative relationship in six out of ten
conditions (—6.11 < f179-013 < —2.04, 1074 < p <0.043). For
experiment 2 we obtained significant results in two out of six
conditions for small (—4.72<tgr1a5y < —4.14, both
p<10"% and large force-fields (—3.09 < tgr4s77) < —4.17,
10~% < p<0.002). In experiment 3 we observed a significant
negative relationship between maximum error and after-effect
in five out of six conditions for both the reaching task
(—5.75 < tis77-589) < —2.32, 10 * < p < 0.02) and the shooting
task (—39 < t(580—587) < —215, 10_4 <p< 003) Lastly, in ex-
periment 4 the effect was present in five out of six conditions
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Figure 11. Relationship between maximum hand error and after-effect. A, Relationship between the maximum hand error during perturba-
tion and the after-effect on the subsequent trial for one exemplar participants in the shooting task of experiment 3 (only CW trials are
shown). Regression slopes were computed for each visual gain condition separately and are shown in different shades of red. B, lllustration
of the predicted relationship between the visual gain and the regression slope, assuming a linear combination of visual and proprioceptive
(limb afferent) estimates. Different possibilities for the size of the visual weight (wy) are shown as full, dotted, and dashed lines. C, Summary
of regression slopes between maximum hand error and after effect computed for experiments 1. Full-colored markers indicate group aver-
age slopes += SEM, transparent dots indicate single participant slope values. Horizontal gray lines indicate conditions for which the average
slope was significant. The color-code is identical to Figure 2. D-F, Same as C but for experiments 2—4.

in the cursor-instruction task (—5.48 <tzg3_308) < —2.26,
10~* < p < 0.02) and in three out of six conditions in the
hand-instruction task (—6.31 <tgg4_3e7) < —3.51, 107 <
p <0.0005).

Importantly, we did not observe a consistent relation-
ship between the visual gain and the size of the regression
slope across force-field directions and experiments.
Hence, for a given size of the visual gain, stronger feed-
back corrections during the perturbation resulted in a
stronger adaptation of the subsequent movement but this
relationship was not modulated by the size of the visual
error and did not differ between force-field strengths (ex-
periment 2) or task instructions (experiments 3 and 4).
Taken together, these observations suggest that the single
trial after-effects in our experiment did not result from a
weighted combination of visual and hand errors. Further, the
absence of a systematic effect of vision on the regression
slopes suggests that the visual error is not directly driving ad-
aptation. Instead, the small impact of the visual error on the
after-effect might be mediated indirectly by its modulation of
the feedback response. Even in the shooting task of experi-
ment 3, where feedback responses were minimized, the re-
sidual correction was sufficient to produce comparable fits
with slope values that did not vary with the visual gain.

Results summary

Across all four experiments, we observed a consistent con-
tribution of visual feedback to online corrections. When par-
ticipants had to counteract perturbations, their corrective
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responses scaled with the size of the visual error during small
and large force-fields (experiments 1 and 2). This scaling was
almost absent when the movement did not require correc-
tions (experiment 3, shooting task) and was slightly reduced
when participants were instructed to control their hidden
hand instead of the visual cursor (experiment 4, hand instruc-
tion task). Importantly, the scaling of online corrections with
the visual feedback did not systematically transfer to adaptive
responses on the next trial. Nonetheless, our results demon-
strate some influence of visual feedback on adaptation. First,
while adaptation did not increase linearly with the size of the
previously experienced visual error, after-effects were re-
duced following perturbation trials during which visual errors
were eliminated (visual gain 0). Importantly, the elimination of
visual errors even led to a suppression of the scaling of after-
effects with the size of the perturbation force (experiment 2).
Second, when participants were aware of potential divergen-
ces between the visual feedback and their felt hand location,
they no longer exhibited a consistent visual influence on their
adaptive responses (experiment 4). Lastly, we observed that
stronger feedback corrections during perturbation resulted in
larger adaptation of the next movement. However, this rela-
tionship was not influenced by the size of the visual error,
which contradicts the assumption that motor adaptation is
driven by a weighted combination of visual and hand errors.

Discussion
Many previous studies have investigated the influence
of different sensory error signals on motor adaptation
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using paradigms that minimize or eliminate feedback cor-
rections during perturbation. We aimed to expand on these
previous results by studying how the use of vision and limb
afferent feedback for online control during perturbation mod-
ulates the contribution of these sensory signals to adapt the
next movement. To this end, we increased or decreased
visual errors relative to the true hand deviation in a random
force-field paradigm. Our results show that online correc-
tions during perturbation scaled with the size of the visual
error but this scaling did not systematically translate into
after-effects proportional to the visual error. Instead, we
observed that for a given force-field magnitude and visual
gain, after-effects decreased with increasing limb errors.
Importantly, the slope of this negative relationship between
limb error and adaptation did not show a consistent modu-
lation with the visual gain, which is difficult to reconcile with
a theory assuming linear combination of sensory signals. In
summary, our results illustrate that feedback corrections
and task instructions can modulate the contribution of visual
error signals to adaptation.

We chose a random force-field adaptation paradigm to
study the influence of visual and proprioceptive errors on
online control and adaptation. The randomized perturba-
tion schedule was necessary to ensure consistent feed-
back responses to perturbations throughout the length of
the experiment and to be able to study their influence on
single-trial adaptation. While such a random paradigm
still allowed us to observe clear after-effects opposing the
force-perturbation, error-based adaptation was unavoid-
ably small as it resulted from the effect of a single pertur-
bation trial. We quantified after-effects as the lateral
deviation of the hand during null-field trials. Given that vis-
ual cursor feedback was present during these null-field tri-
als, it is possible that this measure was also influenced by
feedback corrections, which might have confounded the
effect of the visual gain and the task instruction on the ad-
aptation. However, after-effects exhibited a clear relation-
ship with the force direction, force magnitude, and the
applied feedback corrections, suggesting that they repre-
sent a reliable measure of the predictive component of
adaptation. Further, in an alternative analysis we quanti-
fied the after-effect using the lateral forces applied early
during null-field trials which are less likely influenced by
feedback corrections. We observed a similar influence of
the visual gain and the task instructions on adaptive re-
sponses using this alternative approach. Thus, while we
cannot completely exclude the influence of feedback cor-
rections on our measure of the after-effect, we are confident
that it did not significantly impact our results. Randomizing
force-direction and visual error size across trials resulted in
a high level of unpredictability regarding the perturbations,
which likely led participants to also employ a robust control
strategy to reduce task errors (Crevecoeur et al., 2019).
However, as shown by this recent studly, it is likely that inter-
nal model-based and robust control strategies are active in
parallel with the dominance in strategy depending on the
level of unpredictability in the environment.

The results of experiment 1 differed from those of the
other three experiments concerning the influence of the
visual feedback on adaptation. One possibility why we did
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not observe an effect of vision on adaptation in experiment
1, is that we used a fully-randomized trial order. Con-
sequently, there were fewer trials per condition and
participants to extract after-effects and it is likely that
encountering different perturbations in a row led to in-
teractions that may have reduced differences in the
size of the after-effects. Hence, in the subsequent ex-
periments we chose a pseudo-randomized schedule
during which each perturbation trial was followed by
one null-field trial to measure the single-trial after-ef-
fect in a less random environment. Ideally, we could
have increased the ratio between baseline and pertur-
bation trials, but these experimental choices were con-
strained by the number of parameters and conditions
that we explored. A detailed account of the influence
of the perturbation schedule on behavior is an interest-
ing question for future work.

The fact that we did not observe a systematic increase
in after-effects with the size of the visual error contradicts
the idea that adaptation followed a linear combination of
visual and proprioceptive estimates, as suggested by
models of optimal cue combination. This lack of scaling of
the adaptive responses with the size of the visual error
might be explained by previous studies showing that sin-
gle-trial adaptive responses are similar despite differen-
ces in the preceding perturbation. For example, Fine and
Thoroughman (2006) found that adaptive responses dif-
fered depending on the direction of a force-pulse, but
they did not show specificity to the timing or magnitude of
the perturbation. Similarly, Wei, et al. (2010) observed that
single-trial adaptive responses showed a high correlation
across various types of position-dependent force-fields.
Our work builds up on these previous studies but we fo-
cused specifically on the influence of varying multisensory
feedback on single-trial adaptation while the characteris-
tics of the underlying perturbation remained the same.
Importantly, contrary to these previous studies, we did
observe a remaining influence of the visual error on adap-
tation. Specifically, while clamping the visual error to zero
resulted in a reduction of after-effects, increasing the vis-
ual error relative to the actual limb displacement did not
lead to a further increase in after-effects. Hence, our re-
sults suggest that there exists at least some degree of
specificity of single-trial adaptive responses to the ob-
served multisensory errors. Notably, the absence of a sys-
tematic scaling of the adaptive response with the visual
error cannot be explained by a saturation of adaptation
because after-effects clearly increased with the magnitude
of the force-field in experiment 2. Therefore, additional fac-
tors need to be considered to explain the observed influ-
ence of visual and limb afferent feedback on adaptation.
Our study clearly identifies two of these factors: a poten-
tially prominent role of feedback correction to propriocep-
tive errors, which is itself modulated by visual errors, and
the influence of task instructions.

The prevailing idea in the field of motor adaptation is that
the nervous system gradually updates motor commands
from one movement to the next based on the errors it ob-
serves during the movement (Smith et al., 2006; Kording et
al., 2007). Some studies have proposed that the sensorimotor
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system directly uses corrective commands applied during
perturbation to update the next movement (Kawato et al.,
1987; Albert and Shadmehr, 2016). Therefore, an increase in
feedback control should simultaneously result in smaller
movement errors and larger after-effects. In line with this as-
sumption, we observed a consistent negative relationship be-
tween the maximum hand errors during perturbation and the
subsequent after-effect. Importantly, this relationship was not
modulated by the size of the visual error, suggesting that the
effect of visual feedback on adaptation in our experiments
can be explained entirely by the influence it had on modulat-
ing feedback responses during perturbation. To our sur-
prise, the negative relationship between limb errors and
after-effects was also present in the shooting task of experi-
ment 3, where participants were instructed not to correct
their movements. It turns out that there remained residual
corrections, potentially because of stretch responses and vi-
suomotor reflexes, which participants were not able to sup-
press completely. Importantly, this observation questions
our ability to probe adaptive responses in a putative feedfor-
ward controller as the feedback controller seems always
present. A post hoc bootstrapping analysis revealed a larger
contribution of maximum hand errors and visual gain to ad-
aptation in the shooting compared with the reaching task,
which suggests that, albeit small, there was indeed an influ-
ence of the task instruction on the contribution of sensory
errors to adaptation. Additionally, we observed similar levels
of adaptation to small and large force-fields in experiment 2
when the visual gain was zero and feedback corrections
were reduced. These similarities in the size of the after-effect
were observed despite large differences in movement errors
between the two force-field magnitudes. Thus, future re-
search on adaptation to multisensory movement errors
should also consider how these errors are used for correc-
tions during the movement.

Our findings regarding the asymmetric contribution of
visual errors to adaptation corroborate several previous
studies which have observed stagnations in adaptation
with increasing error size. For instance, Marko and col-
leagues have argued that the sensitivity to error in the
sensorimotor system decreases with error size resulting
in a nonlinear relationship between the size of the error
and the after-effect (Marko et al., 2012). More recently,
Hayashi and colleagues have proposed that the pattern of
visual and proprioceptive contributions to adaptation is
best explained by a divisive normalization model (Hayashi
et al., 2020). According to the authors, this model can ex-
plain why adaptation stagnates with error size even if vis-
ual and proprioceptive errors are congruent. Importantly,
while we observed a stagnation in adaptation to increases
in visual errors, there was a clear increase in adaptation
with the force-magnitude. Hence, the magnitude of errors
at which adaptation stagnates may differ across modal-
ities, and might also depend on additional factors, such
as the range of errors that are likely to be experienced
during a specific motor task.

If adaptation would have relied on a weighted combina-
tion of visual and proprioceptive errors in our experi-
ments, we should have observed an interaction between
visual and limb errors on after-effects. The absence of
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such an interaction, suggests that visual and limb errors
influenced motor adaptation in distinct ways. In fact, others
have argued that vision and proprioception are not integrated
during action, but rather that the selection of sensory
feedback for movement control and adaptation can vary
dramatically depending on the performed motor task. Several
studies have reported a dominant reliance on visual feedback
during adaptation of reaching movements when vision and
proprioception provide contradictory input signals (Scheidt et
al., 2005; Pipereit et al., 2006; Judkins and Scheidt, 2014).
However, during dynamic perturbations of the limb when
proprioception supplies important information to control
and adapt movements, it can play a more prominent role
compared with visual feedback (Bock and Thomas, 2011;
Suminski et al., 2022). In accordance with these latter find-
ings, our results highlight a clear dominance of force feed-
back over visual feedback during adaptation.

The results of experiment 4 also support the idea of
task-dependent sensory contributions to control and adapta-
tion. We observed that the influence of visual feedback on
movement correction and adaptation was reduced when par-
ticipants were instructed to control their hidden hand instead
of the cursor. In line with the idea of causal inference, inform-
ing participants about potential discrepancies between the
visual feedback and the hand, may have led them to discount
visual information (Kording et al., 2007; Noppeney, 2021). An
alternative explanation is that the instruction to control the
hidden hand shifted participants attention more toward
the limb afferent feedback which may have further reduced
the influence of visual errors on adaptation. Previous studies
have shown that attention can influences sensory weighting
or even gate sensory signals used to make a perceptual
judgment (Vercillo and Gori, 2015; Rohe and Noppeney,
2018). Similar to attention, reward or value associated with a
specific modality stimulus has also been shown to influence
multisensory weighting (Bean et al., 2021). In experiment 4,
task success was determined either by the cursor or the
hand location at the end of the movement, thus both atten-
tion and reward may have modulated the contribution of vi-
sion in this experiment. It is important to note that, even
during the hand-instruction task, participants still relied on
visual feedback to correct their movements during pertur-
bation which demonstrates that they were unable to com-
pletely ignore the visual feedback. Further, we observed
that the pattern of adaptation depended strongly on the
first task instruction that was performed and that partici-
pants were not able to completely switch their behavior
during the second task instruction. Nevertheless, our re-
sults provide additional support for a high degree of flexibil-
ity in how sensory stimuli are used and integrated to make
decisions and control movements. Considering this task-
dependent flexibility is integral to advancing our under-
standing of how the motor system uses multisensory error
feedback.

Despite the lack of scaling of after-effects with the size
of the visual error, we did observe a reduction in adapta-
tion when visual movement errors were clamped to zero
in experiments 2 and 3. Removing the visual hand deviation
likely induced a noticeable mismatch between hand and cur-
sor locations, which could have led to a segregation of hand
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and cursor feedback (Kérding et al., 2007; Noppeney, 2021).
However, contradictory to the observations of an earlier
study (Scheidt et al., 2005), the clamping of visual move-
ment errors did not completely override the influence of the
limb afferent feedback in our experiments. This indicates
that at least some degree of integration across sensory
modalities was present in this condition. A previous study
has shown that clamping visual feedback to a straight-line
path increases the uncertainty of proprioceptive estimates
of hand path curvature (Scheidt et al., 2010). Hence, an in-
crease in proprioceptive uncertainty when visual errors
were clamped to zero might have led participants to rely
slightly more on visual error estimates in this condition
leading to a small reduction in after-effects. Alternatively,
removing the visual movement deviation could have di-
rectly influence the perceived lateral force leading to anillu-
sion of a weaker force being applied to the hand. However,
if this were the case, increasing the visual deviation should
have led to an increase in the perceived force and thus an
increase in adaptation. Future studies should systemati-
cally investigate the effect of the visual gain on the percep-
tion of applied forces and whether perceptual estimates
show a similar asymmetric variation with the visual gain.

In summary, we observed a scaling of corrective re-
sponses with increasing visual errors. However, this scal-
ing did not transfer one-to-one to after-effects, suggesting
that visual feedback did not contribute in the same way to
control and adaptation. Our findings corroborate previous
studies indicating that our current theories of multisensory
integration do not generalize to motor adaptation. Future
research needs to consider additional behavioral variables,
such as task instructions and the need for feedback cor-
rections to account for the sensorimotor system’s flexibility
in using and integrating sensory cues. Expanding current
theories to include these variables will be integral to link
models of feedback control and error-based adaptation.
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