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Increased muscle coactivation is linked with fast
feedback control when reaching in unpredictable
visual environments

Philipp Maurus,” Ghadeer Mahdi," and Tyler Cluff'.23.*

SUMMARY

Humans encounter unpredictable disturbances in daily activities and sports. When encountering unpre-
dictable physical disturbances, healthy participants increase the peak velocity of their reaching move-
ments, muscle coactivation, and responses to sensory feedback. Emerging evidence suggests that muscle
coactivation may facilitate responses to sensory feedback and may not solely increase stiffness to resist
displacements. We tested this idea by examining how healthy participants alter the control of reaching
movements and responses to sensory feedback when encountering variable visuomotor rotations. The ro-
tations changed amplitude and direction between movements, creating unpredictable errors that
required fast online corrections. Participants increased the peak velocity of their movements, muscle co-
activation, and responses to visual and proprioceptive feedback with the variability of the visuomotor ro-
tations. The findings highlight an increase in neural responsiveness to sensory feedback and suggest that
muscle coactivation may prime the nervous system for fast responses to sensory feedback that accommo-
date properties of unpredictable visual environments.

INTRODUCTION

Humans can encounter unpredictable disturbances as they perform activities of daily living. Disturbances may arise if bumped and thrown off
balance while navigating a busy sidewalk. They are also prevalent in sports. Consider a tennis player receiving a serve, where the spin of the
ball may cause it to change trajectory unexpectedly in gusting winds. Variations in the amplitude and direction of these disturbances are
difficult to anticipate and have the potential to impair task performance.

Several studies have examined how healthy human participants alter their reaching movements when they encounter unpredictable me-
chanical disturbances. These disturbances may arise from the abrupt exposure to a novel physical load or physical disturbances that can vary
in amplitude and direction within or between movements.' A common finding across a range of reaching tasks is that healthy adults produce
more vigorous movements when they encounter variable physical disturbances. They coactivate pairs of agonist and antagonist muscles,'™
increase the peak velocity of their reaching movements,” grip handheld objects more forcefully,” and become more responsive to propri-
oceptive and visual feedback.'”"° Increases in the vigor of reaching movements and responses to sensory feedback parallel the variability of
the unpredictable physical disturbances.””

Increases in responsiveness to sensory feedback may enable the nervous system to deal with errors imposed by unpredictable physical
disturbances. Optimal feedback control has become a central theory for interpreting the importance of sensory feedback in biological move-
ment.””"® The theory offers a benchmark for interpreting voluntary actions and a range of strategies that prioritize different features of move-
ment.*>'* Central to the theory is the idea of a control policy that transforms sensory feedback into motor commands that are optimal for
attaining the goal of the task.”"® When moving in variable environments, the theory predicts that the best solution for maintaining perfor-
mance is to make the control policy as robust and insensitive to disturbances as possible.”>'* Recent work has proposed that the nervous
system alters its control strategy to become more robust to physical disturbances that are variable and difficult to anticipate.”>'* The change
in control strategy is linked with a general increase in responsiveness to visual and proprioceptive feedback.” Emerging evidence suggests
that muscle coactivation may help to amplify neural responses to sensory feedback by increasing excitation of the agonist muscles, inhibiting
the antagonist muscles, or engaging both muscles for online control.“*'" Indeed, instructions to coactivate their muscles enable participants
to produce larger muscle responses and return faster to specific arm and body postures when responding to the same physical
disturbances.' "¢

Muscle coactivation may also leverage intrinsic muscle properties to stiffen the arm and provide instantaneous resistance to physical dis-
turbances.®'’~?” The nervous system is thought to set muscle coactivation, and thus stiffness, independently from responses to sensory
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feedback.'®?*?> However, it is challenging to estimate muscle stiffness in vivo because the initial motion of the arm is dominated by its inertia
following physical disturbances.”® As a result, muscle stiffness has been estimated in time windows where multiple neural feedback loops are
engaged in control.'*?"?® |t is difficult to disentangle contributions from intrinsic muscle stiffness that resists physical disturbances and the
potential interplay between muscle coactivation and neural responses to sensory feedback.

Visual disturbances may provide a means to test the generality of the changes in control that occur when moving in variable environments
and insight into the relationship between muscle coactivation and responsiveness to sensory feedback. Itis clear that humans and non-human
primates coactivate their muscles when they are abruptly exposed to a novel visuomotor rotation.””° It is still unclear whether the nervous
system tunes control to the variability of unpredictable visual disturbances and benefits from muscle coactivation when responding to visual
disturbances. In contrast to physical disturbances, visual disturbances do not benefit from muscle stiffness since they do notimpose any phys-
ical displacements that require participants to resist against (cf.*). Instead, visual disturbances necessitate neural control to rapidly engage in
corrective responses and complete movements within the time demands of the task. As a result, visual disturbances provide a direct probe of
the neural control policy and a means to assess the relationship between muscle coactivation, neural responses to sensory feedback, and the
resulting behavioral corrections. If muscle coactivation increases the nervous system’s responsiveness to sensory feedback, it should emerge
spontaneously to facilitate responses to unpredictable visual disturbances.

Here, we tested how the nervous system alters the control of reaching movements in the presence of unpredictable visual disturbances.
We sought to address the question of how the nervous system alters feedback gains when exposed to variable visual disturbances and un-
derstand how muscle coactivation may be involved in generating these responses. We examined these questions by exposing healthy par-
ticipants to visuomotor rotations that altered the mapping between the motion of their occluded hand and a feedback cursor displayed in
their workspace. The visuomotor rotations created unpredictable cursor deviations by changing in direction and amplitude between move-
ments. The task imposed larger errors by exposing participants to larger and more variable cursor rotations. The random nature of these dis-
turbances requires that participants generate larger corrections to complete their movements within the timing demands of the task. Across
three experiments, we show that participants increase the peak velocities of their reaching movements, coactivate their muscles, and show a
global increase in responsiveness to visual and proprioceptive feedback when exposed to more variable visual disturbances. The findings
highlight an increase in neural responsiveness to sensory feedback and suggest that muscle coactivation may play an important role in prim-
ing the nervous system for fast responses to sensory feedback to accommodate the properties of unpredictable visual environments.

RESULTS
Goal-directed reaching movements in the absence or presence of unpredictable visuomotor rotations

Healthy human participants (N = 90, 45 females, 45 males, 18-38 years, 3 left-handed) performed goal-directed reaching movements with
their dominant arm in one of three experiments. The experiments were performed while seated in a robotic exoskeleton that supports
the arm and allows participants to make planar movements in a near frictionless environment. The robot is capable of applying independent
loads to the shoulder and/or elbow joints®'*? and is paired with a visual display that projects targets and a feedback cursor (1 cm diameter)
into the participant’s workspace via a semi-silvered mirror (see STAR Methods for full details). Direct vision of the hand and arm was occluded
by a metal barrier throughout the experiments. We recorded the activity of two monoarticular (brachioradialis and triceps lateralis) and two
biarticular (biceps and triceps longus) elbow muscles using surface electromyography.

Participants had to move their feedback cursor from a start position into a goal target within 500700 ms after initiating their movement
(Figures TA and 1B). They received explicit visual feedback about the timing of their movements while holding the goal target at the end of
each trial (see STAR Methods). The experiments were divided into baseline, exposure, and washout phases. Movements in the baseline
and washout phases were performed with veridical visual feedback where the cursor was tethered to the motion of the participant’s finger.
Movements in the exposure phase were performed in the presence of unpredictable visuomotor rotations (VMRs; Figure 1C). The VMRs
altered the mapping between the position of the participants’ hand and a feedback cursor displayed in their workspace. The amplitude
and direction of the rotations could change between trials. Thus, participants were unable to anticipate the visual disturbances and had to
generate rapid feedback responses to mobilize their arm, counter the rotations, and complete their movements successfully. We modified
the absolute amplitude of the VMRs to impose larger and more variable disturbances in separate blocks of the exposure phase (Figures 1C
and 1D). Changes in voluntary reaching behavior were examined in unperturbed trials (i.e., absence of VMRs) that were randomly inter-
leaved during the exposure phase. Throughout each experiment, neural feedback gains were probed using cursor jump perturbations
(+4 cm) applied at the onset of randomly selected trials (Figure 1B, see STAR Methods for full details).>**%3* The rotations were not
appliedin cursor jump trials, providing a direct assessment of how the nervous system’s responsiveness to the same visual probes changed
throughout the experiment. The task design enabled us to examine changes in voluntary reaching movements and responses to sensory
feedback when moving in environments that imposed variable visual errors and required rapid corrections to complete movements within
the timing demands of the task.

Exposure to unpredictable visual disturbances increases the vigor of voluntary reaching movements, muscle coactivation,
and responsiveness to visual feedback

Experiment T examined changes in coactivation and responsiveness to sensory feedback when moving in unpredictable visual environments.
Participants (N = 30) performed goal-directed reaching movements in the absence (baseline and washout) or presence (exposure phase) of
VMRs with different levels of variability (+20° and 4 30°; Figures 1B-1D). We first examined how participants altered their voluntary reaching
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Figure 1. General task description

(A) Participants performed goal-directed reaching movements with their dominant arm supported in a robotic exoskeleton. The activity of the monoarticular
elbow muscles and biarticular muscles was recorded with surface electromyography.

(B) Participants performed reaching movements in the absence or presence of variable visuomotor rotations (VMRs). The VMRs rotated the feedback cursor
clockwise or counterclockwise relative to the hand in random order. Lateral cursor jumps (+4 cm) were used to probe the responsiveness to visual feedback
in random trials throughout the experiment. The cursor jumped laterally when the participant left the start position (i.e., movement onset). The rotations
were not applied in cursor jump trials.

(C) Experiment 1 included baseline, exposure, and washout phases. Participants encountered unpredictable visuomotor rotations with different levels of
variability in separate subphases of the exposure phase (+20° and +30°). In addition to cursor jumps, unperturbed trials (absence of visuomotor rotations)
were also randomly interleaved during the exposure phase.

(D) Exemplary cursor and hand trajectories performed by a representative participant in the absence (baseline and washout) or presence of unpredictable
VMRs in Experiment 1. Gray lines indicate cursor jump trials. The unpredictable VMRs elicit lateral cursor displacements and require corrections of the
hand trajectory. Thick lines represent the average cursor and hand trajectories. Thin lines are individual trials. Counterclockwise rotations (dashed lines)
required clockwise corrections of the hand trajectory and vice versa. Similarly, rightward cursor jumps required leftward corrections of the hand trajectory

and vice versa.

movements when exposed to the cursor rotations. We used the peak forward hand velocity as a measure of movement vigor and proxy for the
feedback gains during unperturbed movements.”'* Figure 2A displays the forward hand velocities across phases of the experiment. We
expected that participants would display similar changes in reaching as observed in unpredictable mechanical environments,” including
an increase in their peak forward velocities that parallels the variability of the VMRs. We used contrast analyses to test this prediction
(extended linear trends; see STAR Methods for details).”> ™ Indeed, participants displayed an increase in peak forward hand velocities
that was most prominent when encountering more variable VMRs (Ax = 1.5 cm/s, 95% confidence interval [CI] [0.7, 2.3], 1(29) = 3.79,
p < 0.001, d = 0.8). The timing of the peak velocities also shifted to earlier in the movement when participants encountered more variable
VMRs (AX = 16 ms, 95% CI [7, 24], t(29) = 3.88, p < 0.001, d = 0.5). Movement times did not differ statistically across phases of the experiment
(Ax =7 ms, 95% CI[-10, 23], t(29) = 0.82, p = 0.417, d = 0.2), which rules out the explanation that participants increased their feedback gains by

planning for movements with shorter duration.*®
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Figure 2. Properties of voluntary behavior and associated muscle activity of unperturbed trials in Experiment 1

(A) Group mean + SE forward velocities in each phase of the experiment. The data are aligned with movement onset (t = 0 ms). Colored horizontal lines indicate
the 95% confidence interval of the movement time across phases of the experiment. The side panel displays each individual's mean peak forward velocity (gray
lines) and the corresponding group means (colored diamonds and black line) across experimental phases.

(B) Group mean + SE activity of the elbow extensor muscles (solid lines) plotted in the same format as (A). The data were smoothed with a 10 sample (10 ms), zero-
delay moving average for display purposes. The shaded, gray area (—100 to 100 ms) indicates the muscle activity associated with the planning and initiation of
voluntary behavior. The side panel displays the average muscle activity surrounding movement onset.

(C) Group mean =+ SE activity of the elbow flexor muscles (dashed lines) plotted in the same format as (B).

Arrows indicate statistically significant contrasts. BL, baseline; WO, washout; nu, normalized unit.

We further assayed voluntary behavior by extracting the average activity of the elbow muscles surrounding the onset of unperturbed
movements with veridical visual feedback (—100 to 100 ms; Figures 2B and 2C).>*"~** Note that we pooled the activity of the mono- and biar-
ticular muscles since similar changes in activity were observed across these synergistic muscles (see STAR Methods).”** Separate averages
were then calculated for the elbow flexor and extensor muscles. We expected that participants would increase the activity of their elbow mus-
cles in parallel with the variability of the unpredictable VMRs similar to changes in muscle activity that have been observed in unpredictable
mechanical environments.*® In line with this prediction, participants increased the activity of both the elbow flexor and extensor muscles in
the exposure phase. Increases in elbow muscle activity were most prominent when encountering more variable visual disturbances (flexors:
AX = 0.06 normalized unit [nu], 95% CI [0.01, 0.10], t(29) = 2.59, p = 0.015, d = 0.2; extensors: AX = 0.09 nu, 95% CI [0.04, 0.14], t(29) = 3.66,
p <0.001, d = 0.3). Collectively, the findings reveal an increase and shift in peak movement velocities to earlier in movement paired with in-
creases in muscle coactivation when reaching in the presence of more variable VMRs.

We then examined how the nervous system'’s responsiveness to visual feedback changed throughout the experiment. Participants encoun-
tered randomly interleaved trials in which the position of the feedback cursor shifted abruptly by 4 cm to the left or right of the target at the
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Figure 3. Lateral velocities and muscle responses during visual probes in Experiment 1

(A) Group mean + SE change in lateral velocities in each phase of the experiment during rightward cursor jumps. The data are aligned with the onset of the visual
probes (t = 0 ms). The dashed, vertical lines separate the velocityeq, (180-230 ms) and velocityj.ie (230-280 ms) time windows. The side panel displays the mean
lateral velocity in the velocityeary and velocityia.e time windows for each participant (gray lines) across experimental phases. The colored diamonds and black line
represent the group means.

(B) Group mean =+ SE change in lateral velocities in each phase of the experiment during leftward cursor jumps plotted in the same format as (A).

(C) Group mean + SE change in activity of the elbow flexor (solid lines, upper panel) and extensor muscles (dashed lines, lower panel) during rightward cursor
jumps. The data are aligned with the onset of the visual probe (t = 0 ms). The dashed, vertical lines separate the SLR,isua (20-120 ms) and LLRisua1 (120-180 ms).
The data were smoothed with a 10 sample (10 ms), zero-delay moving average for display purposes. The side panels display the mean muscle activity in the
SLRyisual @and LLRisual time windows for the elbow flexors (solid gray lines, upper panel) and extensors (dashed gray lines, lower panel) for each participant
across experimental phases. The colored diamonds and black line represent the group means.

(D) Group mean + SE change in activity of the elbow extensor (dashed lines, upper panel) and flexor muscles (solid lines, lower panel) during leftward cursor
jumps plotted in the same format as (C).

Arrows indicate statistically significant contrasts. BL, baseline; WO, washout; nu, normalized unit.

onset of movement (see STAR Methods for more details). We predicted that participants would increase the velocity of their corrective re-
sponses in parallel with the variability of the imposed VMRs. Figures 3A and 3B display the lateral velocities during rightward and leftward
visual probes. In agreement with the prediction, participants increased the lateral velocity of their corrective responses to the same visual
probes when interacting with more variable VMRs. Increased lateral velocities were evident in both the early (right: A = 0.9 cm/s, 95% Cl
[0.5, 1.3], 1(29) = 4.37, p < 0.001, d = 0.9; left: Ax = 1.3 cm/s, 95% CI [1.0, 1.7], t(29) = 7.83, p < 0.001, d = 1.3) and late response windows (right:
AX = 2.7 cm/s, 95% CI [2.2, 3.2], 1(29) = 10.37, p < 0.001, d = 1.8; left: Ax = 3.3 cm/s, 95% CI [2.9, 3.8], t(29) = 16.46, p < 0.001, d = 2.4).

We gained insight into the neural implementation of the corrective responses in visual probes by quantifying involuntary muscle responses
in the SLRyisual (20-120 ms) and LLR,isual time windows (120-180 ms). The SLRsual is thought to involve subcortical feedback pathways, while
the LLRyisua has been linked to transcortical feedback circuits.®>**™*? Figure 3C illustrates the responses of elbow flexor and extensor muscles
during rightward cursor jumps. During the LLRsa1, participants increased the activity of the elbow flexor muscles (Ax = 0.06 nu, 95% Cl
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Figure 4. Properties of voluntary behavior and associated muscle activity of unperturbed trials in Experiment 2

(A) Exemplary cursor and hand trajectories performed by a representative participant in the absence (baseline and washout) or presence of unpredictable VMRs.
Increasing the amplitude of the VMRs imposes larger cursor deviations and requires larger corrective responses to guide the feedback cursor into the goal target
within the time constraints of the task.

(B) Group mean + SE forward velocities in each phase of the experiment. The data are aligned with movement onset (t = 0 ms). Colored horizontal lines indicate
the 95% confidence interval of the movement time across phases of the experiment. The side panel displays each individual's mean peak forward velocity
(gray lines) and the corresponding group means (colored diamonds and black line) across experimental phases.

(C) Group mean =+ SE activity of the elbow extensor muscles (solid lines) plotted in the same format as (B). The data were smoothed with a 10 sample (10 ms), zero-
delay moving average for display purposes. The shaded, gray area (—100 to 100 ms) indicates the muscle activity associated with the planning and initiation of
voluntary behavior. The side panel displays the average muscle activity surrounding movement onset.

(D) Group mean =+ SE activity of the elbow flexor muscles (dashed lines) plotted in the same format as (C).

Arrows indicate statistically significant contrasts. BL, baseline; WO, washout; nu, normalized unit.

See also Figure S1.

[0.01,0.10], t(29) = 2.51, p = 0.018, d = 0.6) and decreased the activity of the elbow extensor muscles (Ax = 0.12 nu, 95% CI [0.08, 0.16], t(29) =
6.15, p <0.001, d = 0.9) in parallel with the variability of the VMRs. We did not observe statistically significant modulation of the SLRsual (elbow
flexors: Ax = 0.02 nu, 95% CI [—0.00, 0.04], t(29) = 1.75, p = 0.091, d = 0.2; elbow extensors: Ax = —0.00 nu, 95% CI [—0.05, 0.04], t(29) = —0.20,
p =0.839, d = —0.0). The findings suggest that the nervous system upregulates corrective responses through paired excitation of the agonists
and inhibition of the antagonists in the long-latency time window.

In comparison to rightward cursor jumps, the modulation of responses to leftward cursor jumps (Figure 3D) occurred largely in the elbow
extensor muscles (agonists). The elbow extensors were more active in the SLRisual and LLR,isual time windows (SLRisuar: AX = 0.08 nu, 95% Cl
[0.02, 0.15], t(29) = 2.83, p = 0.008, d = 0.6; LLR jsuai: AX = 0.17 nu, 95% CI [0.11, 0.23], t(29) = 5.84, p < 0.001, d = 1.0) when encountering
more variable VMRs. The elbow flexor muscles (antagonists) did not display statistically significant modulation in either time window (SLRyis
AX = —0.02 nu, 95% CI [-0.07, 0.03], t(29) = —0.79, p = 0.432, d = —0.2; LLRisuai: AX = —0.01 nu, 95% CI [-0.04, 0.02], (29) = —0.87, p = 0.393,
d = —0.1). Collectively, the results support the idea that the nervous system modulates its feedback gains in parallel to the variability of un-
predictable visual disturbances.

The vigor of voluntary reaching movements, muscle coactivation, and responsiveness to visual feedback are tuned to
increasingly variable visual disturbances

Experiment 1 demonstrated that the nervous system increases muscle coactivation and becomes more responsive to visual feedback when
encountering more variable VMRs. The increase in feedback gains was evident in both the vigor of voluntary movements and corrective re-
sponses to the same visual probes. Motivated by these findings, we performed a second experiment to investigate the extent to which the
nervous system upregulates coactivation and feedback gains when encountering increasingly variable VMRs (+£20°, +£40°, +£60°, +80°,
Figures 4A and STA). Increasing the amplitude of the VMRs imposes larger cursor deviations and requires larger corrective responses to guide
the feedback cursor into the goal target within the time demands of the task.

Similar to Experiment 1, participants (N = 30) increased their peak forward hand velocities (Figure 4B, AX = 2.8 cm/s, 95% Cl [1.0, 4.7],
t(29) = 3.17, p = 0.004, d = 0.8) during unperturbed trials. The largest peak forward velocities were evident when interacting with the
most variable visuomotor rotations. In agreement with the results of Experiment 1, the modulation of peak forward velocities occurred in
the absence of significant changes in movement times (AX = 14 ms, 95% Cl [-12, 39], t(29) = 1.07, p = 0.292, d = 0.2). In contrast to Exper-
iment 1, we did not observe a graded shift of the peak forward velocity to earlier in movement across all experimental phases (AX = —2 ms,
95% ClI [—22, 18], t(29) = —0.20, p = 0.841, d = —0.0). However, a control analysis reproduced the results of Experiment 1. The peak velocities
shifted to earlier in movement in the +20° and +40° VMR conditions relative to the baseline and washout phases (Ax = 16 ms, 95% Cl [6, 27],
t(29) = 3.25, p = 0.003, d = 0.4). Similar to Experiment 1, participants increased the activity of their elbow flexor (Figure 4C, AX = 0.14 nu, 95%
Cl1[0.07,0.22], 1(29) = 4.06, p < 0.001, d = 0.5) and extensor muscles (Figure 4D, Ax = 0.21 nu, 95% CI [0.13, 0.30], t(29) = 5.29, p < 0.001, d =
0.8) in unperturbed movements. Increases in muscle activity were most pronounced in the highest variability condition. Taken together, the
results reveal an increase in feedback gains and muscle coactivation when encountering increasingly variable VMRs.

We also investigated changes in feedback gains by examining the lateral velocity of corrective responses in visual probe trials (Figures 5A and
5B). In line with Experiment 1, increases in the lateral velocities of the corrective responses paralleled the variability of the unpredictable VMRs.
Larger lateral velocities were evident in the early (right: AX = 2.3 cm/s, 95% CI[1.3, 3.3], t(29) = 4.60, p < 0.001, d = 1.1; left: AX = 2.5 cm/s, 95% ClI
[1.6,3.3], 1(29) = 6.01, p < 0.001, d = 1.4) and late response windows (right: Ax = 6.1 cm/s, 95% CI[4.3,7.9], (29) = 6.85, p <0.001,d = 1.8; left: Ax =
5.7 ecm/s, 95% Cl[4.2,7.2], 1(29) = 7.82, p < 0.001, d = 2.1) with the largest |ateral velocities occurring in the condition with the most variable VMRs.

Finally, we examined rapid muscle responses in visual probe trials to gain insight into the neural implementation of the upregulated correc-
tive responses. Following rightward visual probes (Figure 5C), participants increased the activity of the elbow flexor muscles and inhibition of
the elbow extensor muscles in the LLRis,4 time window. The responsiveness of the flexor and extensor muscles increased in parallel with the
variability of the VMRs (elbow flexors: Ax = 0.12 nu, 95% CI[0.03, 0.22], t(29) = 2.71, p = 0.011, d = 0.7; elbow extensors: AX = 0.29 nu, 95% ClI
[0.14,0.44], 1(29) = 3.91, p < 0.001, d = 1.0). Statistical differences were not present in the SLR 5,41 (elbow flexors: Ax = 0.01 nu, 95% CI [-0.01,
0.04], 1(29) = 0.99, p = 0.328, d = 0.2; elbow extensors: Ax = 0.08 nu, 95% CI [-0.00, 0.16], t(29) = 1.93, p = 0.064, d = 0.4). Following leftward
visual probes (Figure 5D), the elbow extensor muscles displayed increased excitation in the LLR ;5,41 in parallel with the variability of the VMRs
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Figure 5. Lateral velocities and muscle responses during visual probes in Experiment 2

(A) Group mean + SE change in lateral velocities in each phase of the experiment during rightward cursor jumps. The data are aligned with the onset of the visual
probes (t = 0 ms). The dashed, vertical lines separate the velocityeary, (180-230 ms) and velocityjate (230-280 ms) time windows. The side panel displays the mean
lateral velocity in the velocityean, and velocity,e for each participant (gray lines) across experimental phases. The colored diamonds and black line represent the
group means.

(B) Group mean + SE change in lateral velocities in each phase of the experiment during leftward cursor jumps plotted in the same layout as (A).

(C) Group mean =+ SE change in activity of the elbow flexor (solid lines, upper panel) and extensor muscles (dashed lines, lower panel) during rightward cursor
jumps. The data are aligned with the onset of the visual probe (t = 0 ms). The dashed, vertical lines separate the SLRisual (90-120 ms) and LLR a1 (120-180 ms).
The data were smoothed with a 10 sample (10 ms), zero-delay moving average for display purposes. The side panels display the mean muscle activity in the
SLRyisual @and LLRisuar time windows for the elbow flexors (solid gray lines, upper panel) and extensors (dashed gray lines, lower panel) for each participant
across experimental phases. The colored diamonds and black line represent the group means.

(D) Group mean + SE change in activity of the elbow extensor (dashed lines, upper panel) and flexor muscles (solid lines, lower panel) during leftward cursor
jumps plotted in the same format as (C).

Arrows indicate statistically significant contrasts. BL, baseline; WO, washout; nu, normalized unit.

(Ax =0.38 nu, 95% C1[0.26, 0.49], t(29) = 6.72, p < 0.001, d = 1.3), but not in the SLR,jsual time window (AX = 0.03 nu, 95% CI [—0.04, 0.11], t(29) =
0.83, p =0.412, d = 0.1). The elbow flexor muscles (antagonists) also displayed larger excitation during the LLRyisua (AX = —0.07 nu, 95% ClI
[-0.10, —0.03], t(29) = —3.51, p = 0.001, d = —0.6). Modulation of activity in the SLR,s,. time window was not statistically significant (AX =
0.00 nu, 95% CI [-0.03, 0.04], t(29) = 0.21, p = 0.834, d = 0.0). In summary, the results support the idea that the nervous system modulates
its feedback gains in parallel to the variability of the VMRs.

Exposure to unpredictable visual disturbances results in general upregulation of feedback responses

The results of Experiments 1 and 2 show that the nervous system increases its feedback gains when encountering increasingly variable visual
disturbances. Experiment 3 examined whether the exposure to variable VMRs evoked a selective increase in responsiveness to visual feed-
back or a general upregulation of responses to visual and proprioceptive feedback. We reasoned that the mismatch between the cursor and
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hand position may render proprioceptive feedback less reliable (cf.”*%) and result in a decrease in responsiveness to proprioceptive feed-
back. In contrast, the variability of the VMRs may elicit a general increase in feedback gains that upregulate the nervous system'’s responsive-
ness to both visual and proprioceptive feedback.*”

We addressed this question in a third experiment. Similar to Experiments 1 and 2, participants performed goal-directed reaching move-
ments in the absence or presence of unpredictable VMRs (Figures S1B and S2A). In addition to visual probes, we examined the responsiveness
to proprioceptive feedback using mechanical perturbations that extended or flexed the elbow (4 1.5 Nm).'##2%4¢>* Note that the hand
feedback cursor was removed with the onset of the mechanical probes to ensure that corrective responses were based on limb afferent feed-
back.”!°%°¢ Participants (N = 30) encountered VMRs with a single level of variability (- 30°; see STAR Methods). If the nervous system selec-
tively increases its responsiveness to visual feedback, we expect larger peak hand displacements and reduced muscle responses following
mechanical probes. In contrast, if the nervous system generally increases its feedback gains, we expect reduced peak hand displacements
and upregulated muscle responses following mechanical probes when encountering unpredictable visuomotor rotations.*”

In agreement with Experiments 1 and 2, participants produced reaching movements with faster peak velocities and became more respon-
sive to visual feedback when dealing with variable visual environments (Figures S2 and S3). Figures 6A and 6B illustrate the average lateral
displacement of the hand when countering mechanical probes in different phases of the experiment. In agreement with a general upregu-
lation in feedback gains, the peak lateral displacements were reduced in the exposure phase relative to baseline and washout (extension: Ax =
2.2 cm, 95% CI 1.7, 2.6], 1(29) = 10.22, p < 0.001, d = 1.0; flexion: AX = 1.4 cm, 95% CI [1.0, 1.8], t(29) = 7.16, p < 0.001, d = 0.9).

We then examined the activity of elbow flexor and extensor muscles following mechanical probes that extended the elbow (Figure 6C).
Responses to proprioceptive feedback were extracted in the SLR mechanical (25-50 ms) and LLR mechanical (50-100 ms) time windows.*>*%*! The
SLRmechanical INVolves spinal feedback circuits, whereas the LLR yechanical includes transcortical feedback circuits. > 2% Statistical modulation
was not evident in the elbow flexors that were stretched by the mechanical probe (SLR mechanical: AX = 0.05 nu, 95% CI [-0.05, 0.14], t(29) = 0.99,
p = 0.330, d = 0.2; LLR hechanical: AX = 0.32 nu, 95% CI [-0.07, 0.71], t(29) = 1.70, p = 0.100, d = 0.3). Instead, we found greater inhibitory re-
sponses of the elbow extensors (i.e., shortened muscles) in both the SLR hechanical (AX = 0.17 nu, 95% CI[0.02, 0.32], t(29) = 2.29, p = 0.029, d =
0.6) and LLR nechanical (AX = 0.25 nu, 95% CI[0.11, 0.39], t(29) = 3.53, p = 0.001, d = 0.9) when participants encountered variable VMRs in the
exposure phase relative to baseline and washout. Following mechanical probes that flexed the elbow (Figure 6D), greater excitation of the
elbow extensors (i.e., stretched muscles) was evident in the LLRyechanical (AX = 0.57 nu, 95% CI[0.34, 0.80], t(29) = 5.02, p < 0.001, d = 0.6) but
not in the SLRechanical (AX = 0.12 nu, 95% CI [-0.01, 0.26], t(29) = 1.83, p = 0.077, d = 0.5) in the exposure phase compared to baseline and
washout. No statistical modulation was apparent in the elbow flexors (SLR nechanical: AX = —0.00 nu, 95% CI [-0.06, 0.06], t(29) = —0.01, p =
0.989, d = —0.0; LLR nechanical: AX = 0.01 nu, 95% CI[-0.10, 0.13], t(29) = 0.21, p = 0.834, d = 0.0). Taken together, the results support a general
upregulation of feedback gains that increase the responsiveness to both visual and proprioceptive feedback.

Muscle coactivation and long-latency feedback responses predict larger behavioral responses to visual and proprioceptive
feedback

The results in each experiment highlight increases in the coactivation of agonist and antagonist muscles and larger responses to sensory feed-
back when exposed to variable visuomotor rotations. Coactivation is often associated with changes in muscle stiffness that increase resistance
against physical disturbances.'’”°~?? Changes in muscle coactivation are thought to occur in a feedforward manner that is independent from
changes in the processing of sensory feedback for online control.*'/?°-?* Recent work has questioned whether the nervous system may also
leverage coactivation to alter its responsiveness to sensory feedback.*>'"">1¢

We tested this idea by examining the relationship between the activity of agonist and antagonist muscles, surrounding movement onset,
prior to any influences of neural feedback to the probes (BKG; see STAR Methods), and behavioral responses to the visual and mechanical
probes using linear mixed effects models (Figure 7; Table S1). The findings generally supported the hypothesis that muscle coactivation is
associated with higher gain responses to sensory feedback. We found that greater activity of the elbow extensor and flexor muscles was asso-
ciated with a steeper slope of the velocity of corrections in visual probes (Figures 7A and 7B) and a reduction in peak hand displacement in
mechanical probe trials (Figures 7C and 7D). Taken together, greater muscle coactivation correlated with faster and more vigorous responses
to visual and proprioceptive feedback.

We also examined the relationship between long-latency muscle responses and the resulting behavioral corrections (Figures 7E-7H). We
observed rich coordination of agonist and antagonist muscles that varied based on the direction and sensory modality of the perturbation.
When the flexors were the agonist muscles for correcting visual probes, the responses were distributed such that both the flexor and extensor
muscles contributed. Indeed, greater excitation of the elbow flexors and inhibition of the extensor muscles predicted faster responses to right-
ward cursor jumps (Figure 7E). In contrast, greater excitation of both elbow flexor (antagonist) and extensor (agonist) muscles predicted faster
responses to leftward cursor jumps (Figure 7F). Responses to mechanical probes were mainly predicted by the agonist muscles. Indeed, greater
excitation of the flexor muscles predicted reduced peak displacements during extension probes. Larger excitation of the extensor muscles pre-
dicted a reduction in peak displacements during flexion probes (Figure 7G&H). In summary, increased responsiveness to sensory feedback is
linked with greater excitation of agonist, larger inhibition of antagonist muscles, or their shared responses during the long-latency time window.

DISCUSSION

Humans can encounter visual or physical disturbances when interacting with their environment. Here, we examined how the healthy nervous
system alters the control of reaching movements when encountering VMRs that could change amplitude and direction between movements.
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Figure 6. Lateral displacements and muscle responses during mechanical probes in Experiment 3

(A) Group mean + SE change in lateral hand displacements in each phase of the experiment during extension probe trials. The data are aligned with the onset of
the mechanical probes (t = 0 ms). The side panel displays the mean peak lateral hand displacement of each participant (gray lines) across experimental phases.
The colored diamonds and black line represent the group means.

(B) Group mean + SE change in lateral hand displacement in each phase of the experiment during flexion probe trials. The data are plotted in the same
layout as (A).

(C) Group mean + SE change in activity of the elbow flexor (solid lines, upper panel) and extensor muscles (dashed lines, lower panel) during extension
probes. The data are aligned with the onset of the mechanical probes (t = 0 ms). The dashed, vertical lines separate the SLRmechanical (25-50 ms) and
LLRmechanical (50-100 ms) time windows. The data were smoothed with a 10 sample (10 ms), zero-delay moving average for display purposes. The side
panels display the mean muscle activity in the SLRimechanical and LLRmechanical time windows for the elbow flexors (solid gray lines, upper panel) and
extensors (dashed gray lines, lower panel) for each participant across experimental phases. The colored diamonds and black lines represent the
group means.

(D) Group mean + SE change in activity of the elbow extensor (dashed lines, upper panel) and flexor muscles (solid lines, lower panel) during flexion probes
plotted in the same format as (C).

Arrows indicate statistically significant contrasts. BL, baseline; WO, washout; nu, normalized unit.

See also Figures S1-53.

We tested the hypothesis that the nervous system alters feedback gains when exposed to variable visual disturbances. Moreover, we exam-
ined whether muscle coactivation is associated with increased feedback gains and thus fast and vigorous responses to sensory feedback.
When interacting with more variable visual disturbances, participants generated reaching movements with larger peak velocities, coactivated
agonist and antagonist muscles, and became more responsive to visual and proprioceptive feedback. Across three experiments, upregulated
behavioral responses to the same visual and mechanical disturbances were predicted by increases in muscle coactivation prior to the onset of
perturbations. Behavioral responses were also predicted by the amplitude of long-latency responses of the agonist, antagonist, or both mus-
cles. Collectively, the results demonstrate how the nervous system can exploit muscle coactivation to increase its responsiveness to sensory
feedback when moving in unpredictable visual disturbances.
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Figure 7. Relationship between muscle activity and responses to sensory feedback based on linear mixed effects models

(A) Relationship between the background muscle activity (BKG) of the elbow flexor and extensor muscles with the slope of the lateral velocity during rightward
(RW) cursor jumps. Colored background indicates the planar fit of the model with brighter colors indicating a steeper slope of the lateral velocity. The side panel
displays the 95% confidence intervals of the fixed effects of the model and each participant’s individual intercept (I) and slopes (Bs: flexors; B,: extensors).

(B) Relationship between BKG activity of the elbow flexor and extensor muscles and the slope of the lateral velocity during leftward (LW) cursor jumps. The data
are plotted in the same layout as (A).

(C and D) Relationship between BKG of the elbow flexor and extensor muscles with the peak hand displacement during mechanical probes that caused extension
(Ext) or flexion (FIx) of the elbow. The data are plotted in the same layout as (A) with brighter colors of the background indicating reduced peak hand
displacements.

(E and F) Relationship between the LLR,is,o1 of the elbow flexor and extensor muscles with the slope of the lateral velocity, plotted in the same layout as (A).
(G and H) Relationship between the LLRmechanical Of the elbow flexor and extensor muscles with the peak hand displacement, plotted in the same layout as (C).
Agonist and antagonist muscles were defined relative to their action during the visual or mechanical probes.

See also Table S1.

We imposed visuomotor rotations that varied in direction and amplitude (present or absent) between trials. In each experiment, partic-

ipants increased their peak movement velocities and became more responsive to the same visual and mechanical disturbances. The peak
velocities also shifted to earlier in movement for less variable VMRs (i.e., < £40°). For more variable VMRs, the timing of the peaks became
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more variable across participants, making it difficult to detect subtle shifts in these peaks with the statistical analyses. The results compliment
evidence that the nervous system increases feedback gains when exposed to mechanical disturbances that can vary in direction and ampli-
tude.*"'* Other studies have shown that the nervous system increases feedback gains when initially exposed to novel or unstable mechanical

; 5 . ) . 4 " : Lot ;
2255758 35 well as novel or variable visual disturbances.®**” The results collectively agree with the predictions of optimal feedback con-
4,511,14

loads
trol theory. The theory offers a range of control strategies that differ in the assumptions they make about movement disturbances.
These assumptions in turn impact how efficient versus robust the control policy is to disturbances that arise during movement.®® When faced
with novel or variable disturbances, the best solution for maintaining task performance is to adopt the cautious but costly strategy of
increasing feedback gains to make the control policy as robust to the disturbances as possible.”*"* Taken together, our results suggest
that the nervous system tolerates the cost of being more responsive to sensory feedback to mitigate errors that arise from variable
disturbances.

Increased feedback gains in our experiments were accompanied by spontaneous increases in muscle coactivation. Muscle coactivation is
traditionally thought to increase the stiffness of skeletal muscle to stabilize the arm and quickly resist physical disturbances.'’*>"** Accord-
ingly, the nervous system would have to trade off its stability for mobility by decreasing coactivation®® to enable fast responses to the unpre-
dictable visual disturbances. Contrary to this prediction, the participants in our experiment increased muscle coactivation in conditions where
they also increased the mobility of their arm to quickly respond to the imposed visual errors. The changes in coactivation and responses to
visual feedback call into question whether the sole purpose of muscle coactivation is to increase the stiffness of the arm to provide stability.

We argue that coactivation may help to increase the responsiveness of neural feedback loops to quickly mobilize the arm and correct for
errors imposed by the variable rotations. The results align with the recent hypothesis that coactivation enables fast and vigorous responses to
sensory feedback.”>"""'>1¢ It is becoming clear that instructions to coactivate make the nervous system more responsive to mechanical per-
"¢ or body posture.”® When instructed to increase muscle coactivation, participants generated
larger feedback responses, were displaced less when responding to the same physical perturbations, and returned faster to specific arm and

turbations while attempting to hold a fixed arm

body postures. In contrast to these studies, our experiments manipulated the amplitude of visual rotations to impose larger and more variable
errors during movement. Participants were not explicitly instructed to coactivate their muscles but did so spontaneously. The levels of coac-
tivation tended to be small, on average, but became more prominent when dealing with increasingly variable visual rotations. The increases in
coactivation were associated with rich coordination and flexible muscle responses that engaged the agonist, antagonist, or both muscles for
online control.

The findings reveal a link between muscle coactivation and the amplitude of muscle responses and the corrective responses to perturba-
tions. On a trial-by-trial basis, increases in pre-perturbation activity of the agonist and antagonist muscles were associated with faster re-
sponses to visual disturbances and a reduction in the peak displacement of the arm in mechanical probe trials. The relationship between co-
activation and corrective responses to sensory feedback contrasts with the idea that coactivation is set independently from online responses
to sensory feedback.'®?°?**% |nstead, this link suggests that the nervous system can leverage coactivation to increase mobility and enable
fast behavioral responses to sensory feedback by facilitating rich, coordinated responses of the agonist, antagonist, or both muscles for con-
trol. Indeed, corrective responses were also predicted by the amplitude of long-latency responses of agonist and antagonist muscles.

There are several neural mechanisms that may allow the nervous system to leverage coactivation for fast and vigorous online control that
accommodates properties of the task. Increases in the excitability of the spinal cord can enable faster net force output by altering motor unit
(de)recruitment.®*“> In turn, larger motor units can be poised above or near their recruitment threshold, thereby reducing the time required to
produce larger responses to sensory feedback, both in terms of excitation and inhibition.®® Increases in muscle coactivation can also lead to
sharing of corrective responses across muscles.'>'® Indeed, distributed responses to mechanical perturbations can increase the net torque
output by leveraging excitation of the agonist, inhibition of the antagonist, or distributed responses that rely on reciprocal inhibition.'> Such
patterns of reciprocal inhibition are fundamental in allowing animals and insects to produce rapid actions through coactivation.?’*® When
responses were shared across muscles in our experiments (Figure 7E), the excitation of the agonistic flexors was relatively small (positive
B-weight), but when paired with the inhibition of the antagonistic extensor muscles (negative B-weight), produced pronounced changes in
behavioral responses to the perturbations. However, there are instances where some participants also increased the excitation of both
the agonist and antagonist muscles during corrective responses (both positive B-weights; Figures 7E-7H). This finding highlights a range
of muscle responses that can increase responsiveness to sensory feedback and that the nervous system does not simply rely on reciprocal
inhibition of the agonist and antagonist muscles. Instead, our findings suggest that the nervous system may rely on the agonist muscles
to increase feedback gains with the antagonist muscles serving to brake the corrective response (both positive B-weights), rely on the inhi-
bition of the antagonist muscles (negative B-weight), or share the responses between the agonist and antagonist muscles. Finally, increases in

9-72 ) 73 :
7~'? and upregulate responses to mechanical perturbations.”* This mechanism may

coactivation can potentiate responses of muscle spindles
relate to the observation that increases in muscle activity alter the processing of proprioceptive signals in the primary somatosensory cortex
during voluntary contractions.”* Future studies are needed to understand how these mechanisms and their potential interplay enable flexible
feedback control.

Muscle coactivation may prime spinal, subcortical, and cortical feedback circuits when the task requires high gain control in the
healthy nervous system. This priming may arise from neural state changes that accompany coactivation (cf.””) or specific neural popu-
lations responsible for coactivation,”®”” such that distributed neural circuits in the primary motor cortex,”*” %0 /881,82
ular formation,”®’? and spinal cord’’ may become more responsive to sensory feedback. These areas contribute to the processing of
sensory feedback of cortical, subcortical, and spinal circuits,'%13:28.:46:47.54.8384 | s5me conditions, larger muscle responses were not

cerebellum, retic-
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only evident in long-latency responses that involve cortical feedback circuits but also short-latency responses that implicate subcortical
and spinal processing of visual and afferent feedback.'??%4>4¢*847 This raises a question of whether there are scenarios in which co-
activation can shift the flexible control of sensory feedback from fast, cortical feedback loops to even faster, subcortical (visual) and spi-
nal (proprioceptive) feedback circuits.

Our results raise additional questions about situations in which coactivation may facilitate goal-directed control or even detract from it in
neurological conditions. Coactivation may also arise in other tasks that require high gain control, such as reaching to small targets in the pres-
ence of mechanical perturbations,®” with increased timing demands,® or during whole-body postural control in threatening situations.*’
Coactivation is also prominent in many neurological diseases, such as stroke®*™”’
upregulated and aberrant responses to sensory feedback. Future work is required to understand the importance of coactivation in producing

or cerebral palsy,”” where excessive coactivation may lead to
fast and goal-directed responses to sensory feedback in health and neurological disease.

Limitations of the study

In this study, we exposed healthy human participants to unpredictable visual disturbances that could change in direction and amplitude
(absence and presence) between trials. Participants were not instructed to coactivate their muscles. Instead, muscle coactivation emerged
spontaneously and increased in parallel with responses to sensory feedback. Using this approach, we demonstrated that increased muscle
coactivation was associated with larger responses to both visual and proprioceptive feedback, highlighting a link between muscle coactiva-
tion and responses to sensory feedback (cf.'®?%?"?3?%) Our findings support the idea that muscle coactivation may prime the nervous system
for fast and vigorous responses to sensory feedback when required by the task. The analyses also agree with recent work demonstrating that
instructions to coactivate their muscles enable participants to generate larger responses to mechanical disturbances applied to the upper
limb or in standing balance.">'® Additional work is needed to assess the causal role of muscle coactivation in increasing responses to visual
feedback.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

MATLAB (R2020b) MathWorks RRID: SCR_001622
RStudio (1.1.463) RStudio Inc. RRID: SCR_000432
Other

Kinarm exoskeleton Kinarm https://kinarm.com/
Delsys Bagnoli DE-2.1 EMG Sensors Delsys https://delsys.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Atotal of 90 adults participated in one of three experiments (45 males, 45 females, between 18 and 38 years of age, 3 left-handed individuals).
Handedness was assessed based on participant self-report. Thirty individuals participated in Experiment 1, 30 in Experiment 2, and 30 in
Experiment 3. We recruited an equal number of males and females in each experiment. The participants had normal or corrected-to-normal
vision and no known neurological or musculoskeletal impairments. The protocols were approved by the Conjoint Health and Research Ethics
Board at the University of Calgary and participants provided written consent prior to beginning the experiment (REB16-1670). Each experi-
ment took between 120 and 150 min to complete including set up time. Participants received a payment of $20 CAD and were free to with-
draw from the study at any time without penalty.

METHOD DETAILS

Apparatus

Participants performed goal-directed reaching movements while seated with their dominant arm supported by a robotic exoskeleton
(Kinarm, Kingston, ON, Canada).*’* The robot can apply torques at the shoulder and/or elbow joint(s) while participants perform upper
limb movements in a transverse plane. The robot is paired with an LCD monitor that projected virtual targets and a hand-aligned feedback
cursor (white circle aligned with the tip of the index finger, 0.5 cm radius) into the participant’s workspace via a semi-silvered mirror. The setup
enables the presentation of visual stimuli while manipulating the position of the cursor relative to the true position of the participant’s hand.
Direct vision of the arm and hand were blocked by a metal shutter throughout the experiments.

General task description

Participants initiated each trial by moving their feedback cursor into a start position (0.65 cm radius) located at a shoulder angle of 0° (relative
to the frontal plane) and an elbow angle of 90° (relative to the upper arm; Figure 1A). Following a random hold period (1000-1200 ms, uniform
distribution), a goal target (1.5 cm radius) appeared 15 cm directly in front of the start position. Participants were instructed to move the feed-
back cursor into the goal target within 500-700 ms and remain in the target for 750 ms. Explicit timing feedback was provided while partic-
ipants held their feedback cursor in the target at the end of each trial. Movement time was calculated from the instant the participant left the
start position until they entered the goal target.””**** The target turned green and ‘Good Timing’ was displayed following successful trials.
The target turned blue and ‘Speed up’ was displayed if movements were too slow (>700 ms) or turned red and 'Slow down’ was displayed if
movements were too fast (<500 ms). The goal target disappeared after a brief delay (1000 ms), and participants moved back to the start po-
sition to initiate the next trial.

Experiment 1

This experiment examined how the nervous system alters the control of reaching movements in unpredictable visual environments. Partici-
pants were exposed to unpredictable visuomotor rotations (VMRs) that altered the mapping between the position of their occluded hand and
avirtual feedback cursor displayed in the workspace. The VMRs rotated the cursor position clockwise or counterclockwise relative to the hand
position on randomly selected trials (Figures 1B-1D). Participants had to correct in the direction opposite to the rotation to move the cursor
into the target and complete the trial. Due to the unpredictable trial-by-trial changes in the direction of the rotations, participants could not
anticipate the visual disturbances and had to quickly mobilize their arm to complete a trial within the timing demands of the task.

We probed neural feedback gains by applying ‘cursor jump’ perturbations on randomly selected trials.'***** We refer to the cursor jumps
as visual probes because they provide an assay of the feedback gains. During the visual probes, the participant’s hand-aligned cursor jumped
perpendicular to the reach direction (+4 cm) when the participant left the start position (Figures 1B-1D). Successful performance required
that participants generate a corrective response in the opposite direction to move the cursor into the goal target within the allotted time
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window. The cursor was briefly removed from the screen (500 ms) at the end of the trial and realigned with the true position of the participant’s
index fingertip.

The experiment was composed of baseline, exposure, and washout phases. During the baseline phase, participants reached to the goal
target in the absence of unpredictable VMRs. We refer to these trials as unperturbed trials. Visual probes were applied on randomly selected
trials throughout baseline. Participants performed 150 trials that were organized in blocks of 8 unperturbed trials and 2 visual probes (+4 cm
and —4 cm). Participants then moved into the exposure phase, where they encountered unpredictable VMRs on randomly selected trials. The
VMRs had one of two levels of variability in separate subphases of exposure (£20° or + 30°). Note the variability of the applied VMRs increases
with their amplitude since they deviate more from the mean on any given trial (0°). The order of the conditions was counterbalanced such that
15 participants encountered the +20° VMRs first and 15 encountered the +30° VMRs first. Unperturbed trials were randomly interleaved
throughout the exposure phase to quantify changes in the forward velocity of voluntary reaching movements.*” Participants performed
300 trials in each part of the exposure phase. The trials were presented in blocks consisting of 3 clockwise VMRs, 3 counterclockwise
VMRs, 2 unperturbed trials, and 2 visual probes (+4 cm and —4 cm). The unpredictable VMRs were removed in the washout phase, where
participants performed 150 trials that were identical to baseline. Participants performed 100 practice trials to familiarize themselves with
the testing conditions before they completed the main experiment. The protocol, timing demands, and proportion of visual probes were
identical to the baseline phase of the experiment.

Experiment 2

We conducted a follow-up experiment to assess the extent to which individuals alter their behavior and muscle activity when interacting with
increasingly variable visual environments. The design of Experiment 2 was similar to Experiment 1. Here, the exposure phase was split into
four subphases where participants encountered VMRs with four different levels of variability (Figure STA). The VMRs rotated the cursor po-
sition by £20°, £40°, +60°, and £80° relative to the hand position. The unpredictable VMRs were applied on randomly selected trials. All
participants encountered the VMRs in order from the lowest to the highest variability. This decision was justified given the lack of statistically
significant order effects in Experiment 1 (Table S2). Unperturbed trials were randomly interleaved throughout the exposure phase. In each
subphase of the exposure phase, participants performed 150 trials that were presented in blocks of 3 clockwise VMRs, 3 counterclockwise
VMRs, 2 unperturbed trials, and 2 visual probes (+4 cm and —4 c¢cm). This helped to maintain the time to complete the experiment and mitigate
potential effects of fatigue.

Experiment 3

We performed a third experiment to test whether exposure to variable visual disturbances results in a general upregulation in responsiveness
to sensory feedback. In addition to the visual probes used in Experiments 1 and 2, we integrated mechanical perturbations to probe the

1 5. . . . .
k1213284658 \We refer to these trials as mechanical probes. The mechanical perturbations were

responsiveness to proprioceptive feedbac
applied at the onset of randomly selected reaching movements (+1.5 Nm at the shoulder and elbow joints, 10 ms sigmoidal ramp-up),”
disturbed elbow motion, and displaced the hand predominantly perpendicular to the reach direction. Shoulder motion remained unaltered
for >100 ms following perturbation onset.>>?*?* Contrary to our previous work, the feedback cursor was removed with the onset of the pertur-
bation and restored after 400 ms™>®. This procedure ensured that corrective responses reflected contributions from limb afferent feedback
and could not be attributed to increased responsiveness to visual feedback during mechanical probes.>’ > Participants were instructed to
reach the goal target within the same time window as unperturbed trials. The mechanical probes were turned off slowly while timing feedback
was displayed at the end of the trial (1000 ms sigmoidal ramp-down). We also randomly interleaved unperturbed trials during which the cursor
feedback disappeared with the onset of movement and reappeared after 400 ms. These trials were used as a reference for the kinematics and
muscle activity recorded during mechanical probes.

The main experiment included a baseline, exposure, and washout phase (Figure S1B). Participants performed 270 trials in baseline. The
trials were presented in blocks of 12 unperturbed trials with visual feedback, 2 unperturbed trials without visual feedback, 2 visual probes
(+4 cm and —4 cm), and 2 mechanical probes (+1.5 Nm and —1.5 Nm). In the exposure phase, participants encountered VMRs that rotated
the cursor position in the counterclockwise or clockwise direction by 30°. We opted for one level of variability to simplify the experiment and
chose this amplitude of cursor rotation since it has been used extensively in past studies.*>”*~" Participants performed 270 trials in the expo-
sure phase. The trials were presented in blocks of 6 clockwise VMRs, 6 counterclockwise VMRs, 1 unperturbed trial with cursor feedback, 1
unperturbed trial without cursor feedback, 2 visual probes (+4 cm and —4 cm), and 2 mechanical probes (+1.5 Nm and —1.5 Nm). Note
that we increased the number of VMRs to offset the larger variability introduced by probing responses to both visual and proprioceptive feed-
back. After the exposure phase, participants performed another 270 trials during washout. The trials were divided into blocks that were iden-
tical to baseline. Before the main experiment, participants completed a brief familiarization task that consisted of 90 practice trials organized
in blocks that were identical to baseline.

QUANTIFICATION AND STATISTICAL ANALYSIS
Kinematic recordings and analyses

Elbow and shoulder kinematics were recorded by the robotic device at 1000 Hz. Hand position data were calculated based on joint kinematics
and the calibration of the robotic device. The kinematic data were filtered (low-pass, 2" order, dual-pass Butterworth filter, 30 Hz cutoff)
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before further analysis.”>”® Unperturbed trials were aligned to movement onset, which was defined as the instant the participant’s hand left
the start target.”> For movements of fixed duration, increased feedback gains will result in reaching movements with larger peak forward
velocities.*® Thus, the peak forward hand velocity was used as a proxy for the feedback gains underlying voluntary movements.*>'*?’
We also calculated the movement times of unperturbed trials.>¢'%

Lateral velocities were calculated for all visual probes across all experiments. The lateral velocity of unperturbed trials was subtracted from
the lateral velocity recorded during the visual probes in each experimental phase.>* We then quantified the feedback gains by averaging the
lateral velocities in an early (Velocityeary: 180 to 230 ms) and late (Velocityjate: 230 to 280 ms) time window.”>%*° The data were aligned with
the onset of the cursor jump. We accounted for the time delay introduced by the TV screen quantified using a photodiode.

In Experiment 3, we also examined the lateral hand displacements (i.e., perpendicular to a straight line between the start and goal targets)
during mechanical probes. The peak lateral hand displacements were extracted after subtracting the lateral hand displacements of unper-
turbed trials without visual feedback (cf.****7%). The data were aligned with the onset of the torque perturbations. All outcome variables were
extracted for each trial and condition before averaging them for each experimental phase and participant. The kinematic processing and
analyses were performed in MATLAB (R2020b, MathWorks).

Electromyography (EMG) recordings and analyses

The activity of the brachioradialis, triceps lateralis, biceps brachii, and triceps longus muscles were recorded using surface electromyography
(DE 2.1 Single Differential Electrode, Delsys, Boston, MA, USA). The recording sites were shaved to remove hair, if necessary, and the skin was
cleaned with isopropyl alcohol. After coating the electrode with a conductive gel, we secured it to the skin overlaying the muscle belly in par-
allel with the direction of the muscle fibers. A ground electrode was placed on the lateral epicondyle of the dominant elbow. EMG signals
were sampled at 1 kHz and amplified online (gain = 10°-10%). EMG data were band-pass filtered (3" order, dual-pass Butterworth filter, 20
and 450 Hz) and full-wave rectified before further analysis.>>”® An EMG normalization task was performed prior to the experiments to
normalize the activity of each muscle to the average activity required to counter known reference loads (1 Nm extension or flexion torque
at the elbow).'”""%? The EMG normalization task was performed in the same start position as the main experiments and consisted of five
15-s trials for each torque direction.'?"'%?

We examined the averaged background muscle activity surrounding movement onset (BKG: —100 to 100 ms).>*"~** Note that we simpli-
fied the EMG analysis by averaging the activity of the elbow flexor (brachioradialis & biceps brachii) and extensor (triceps lateralis & triceps
longus) muscles as similar responses were observed across synergistic muscles throughout the experiment.”>**

Across all experiments, we examined visual feedback gains using the muscle activity recorded in visual probes. The EMG activity in unper-
turbed trials with cursor feedback was subtracted from the EMG activity observed during each visual probe.*® Based on this AEMG, we quan-
tified rapid responses to visual feedback by averaging the muscle activity in the short-latency response (SLR,isuai: 20 to 120 ms) and long-la-
tency response (LLRyisuar: 120 to 180 ms) time windows.”>3358

In Experiment 3, we also examined proprioceptive feedback gains using the muscle activity during mechanical probes. We subtracted the
average EMG activity during unperturbed trials without cursor feedback from the EMG activity during mechanical probes.>*%7*19"192 gy
sequently, responses to proprioceptive feedback were extracted in the SLRiechanical (25-50 ms) and LLR nechanical (50—-100 ms) time win-
dows.">“9*! These SLR and LLR time windows provide insight into the neural implementation of the corrective responses to sensory feed-
back. SLRs are used to examine contributions from spinal (mechanical probes) and subcortical (visual probes) feedback processing, whereas
LLRs are used to understand transcortical feedback processing through the primary motor cortex.'”'#?%45-4%5 The EMG data processing
and analyses were performed in MATLAB (R2020b, MathWorks).

Statistical analyses

We pooled the data from left- and right-handed participants for the statistical analysis. This decision is justified since the experiments fol-
lowed a within-subject design, such that any comparisons are performed against each participant’s own data. Moreover, left- and right-
handed participants should not be expected to show opposite patterns of motor behavior (cf.'”). Outcome variables were compared across
phases of each experiment (baseline, exposure, and washout) using contrast analyses. Contrast analyses are statistical procedures that
examine a specific research question and have higher statistical power than omnibus repeated measures ANOVA.*>*" The experimental
phases (e.g., baseline, +20° VMR, +30° VMR, & washout) were represented using fixed weights (A-weights) that reflect a specific trend
(e.g., linear trend) with the sum of all weights equal to zero.*>* Note that we only included the last 33% of trials of the baseline and washout
phases in the statistical analysis due to past evidence that feedback gains and muscle responses during reaching decrease over time and
reach an asymptote in the baseline and washout phases.*%**“%%" We assessed all trials during the exposure phase.

Past work suggests that control strategies are tuned to the variability of disturbances.”® Accordingly, we expected that the outcome
measures would change in parallel with the variability of the VMRSs relative to baseline and washout. We used extended linear trends in
Experiment 1 (Apaseline = — 3 Aa20° = & A430° = 2 Awashout = — 2) and Experiment 2 (Apaseline = — 15 ht20° = — %, Aidor = 15 Aasor = 15,
Aigoe = % Awashout = — %). The models include a linear trend (cf.*> %) to reflect an increase in the outcome measure in parallel with the
variability of the VMRs, with a return to baseline levels during washout. A quadratic trend was used in Experiment 3 (Apaseline = — %,
A+300 = 1, Awashout = — %).35’37 The A-weights indicate a predicted increase in the outcome variable. The signs were switched if we expected
a decrease in the variable (e.g., increased inhibition of muscle responses). Therefore, positive effect sizes align with our experimental
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predictions. The a-level threshold was set to 0.05. We calculated and reported the contrast scores (AX), the corresponding 95% confidence

intervals (Cl), t-statistics, p-values, and Cohen'’s d.%>*” We calculated Cohen'’s d as follows (cf.'%%1%%):
AX
Cohen'sd = ——
SD.,,

_ > sp?
SIDav - N

AX is the contrast score. SD; is the standard deviation of each experimental phase. N is the total number of phases included in the contrast
analysis for each experiment. The contrast analyses were performed in RStudio.'% Statistically significant contrasts were highlighted with ar-
rows in the figures.

Finally, we investigated the relationship between the muscle activity and the responsiveness to sensory feedback. We determined the ac-
tivity of the elbow flexor and extensor muscles surrounding movement onset (BKG) or during the LLRis,01 and the slope of the lateral velocities
of the same visual probes for each trial and participant. Note that the BKG muscle activity during visual probes did not include any contribu-
tions from neural feedback. The BKG or LLR echanical and their corresponding peak lateral hand displacement were also extracted during the
same mechanical probes. During mechanical probes, we only extracted the BKG muscle activity until movement onset (—100 to 0 ms) to avoid
contributions from proprioceptive feedback. We flipped the sign of the slopes of the lateral velocities during rightward cursor jumps and of
the peak lateral hand displacement during extension probes to simplify the interpretation. Thus, a larger positive slope of the lateral velocity
indicates an increase in responsiveness to visual feedback. Similarly, a reduction in peak hand displacement reflects an increase in respon-
siveness to proprioceptive feedback. We combined the data across experimental phases and each participant before removing multivariate
outliers based on the generalized squared distances with a. = 0.05,"” which resulted in an average of ~1 trial being removed for each direction
of perturbation and phase of the experiment. Removing the multivariate outliers did not impact the conclusions of the findings. We then per-
formed linear mixed effects models (LMEs) to examine the relationship between the BKG or LLRs of elbow flexor and extensor muscles and
the behavioral response to sensory feedback. The LMEs included three fixed effects (I: intercept, Bi: elbow flexor activity, and By: elbow
extensor activity) with random intercept and slope for each participant using maximum likelihood estimation. We reported the average
and 95% CI of the fixed effects with their corresponding t-statistics and p-values and the R value of the model. LMEs were conducted in
MATLAB (R2020b, MathWorks).
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