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Abstract

When reaching to a foveated target, peripheral vision of the hand can be used to make rapid, automatic adjustments to the
ongoing reach movement, with feedback gain being sensitive to features of the task and environment. These rapid correc-
tive responses are also observed when gaze is directed to a stationary “gaze” target located away from the reach target.
In everyday contexts, reaching often occurs concurrently with other visual or visuomotor tasks, such as tracking a moving
target. Yet it remains unclear whether engaging in such tasks affects the use of peripheral vision for hand guidance. Here,
we compare rapid visuomotor corrective responses to visual perturbations during fixation and smooth pursuit, and test
whether pursuit-related and reach-related visuomotor processes operate independently or compete for shared visual
resources. Participants either fixated a stationary target or tracked a moving target while reaching toward a spatially disso-
ciated reach target. During the reach, the visual representation of the hand was perturbed, requiring rapid corrective
responses. We found that neither the onset nor the gain of reach corrections was modulated by gaze-task demands.
Moreover, response gains were strongly correlated across tasks, indicating consistent individual response profiles that
were independent of the gaze condition. Although participants remained engaged in the smooth pursuit task, their perform-
ance slightly declined during reaching compared with the preparatory period. Together, these findings demonstrate that
rapid, automatic visual feedback mechanisms during reaching are equally robust during pursuit tracking and fixation of a
separate gaze target.

NEW & NOTEWORTHY In everyday life, reaching an object can occur while the eyes are engaged in competing visual tasks.
We show that engaging in smooth pursuit eye movements does not disrupt rapid visuomotor corrections during reaching.
Corrective response gain following perturbation was unchanged by gaze-task demands, although pursuit performance slightly
deteriorated during reaching. These findings indicate that rapid visuomotor processes engaged when reaching a target are inde-
pendent of whether gaze is fixating or pursuing a separate target.

feedback gain; gaze; peripheral vision; reaching movements; sensorimotor integration

INTRODUCTION

Visuomotor control in reaching involves integrating visual
information with motor commands to accurately move the
hand toward a target location. To effectively use peripheral
vision and gaze-related signals—including gaze propriocep-
tive signals—in reaching, individuals typically fixate the

target throughout the reachingmovement (1–3). These visual
signals can be used to correct for movement errors following
hand or target perturbation. Such reach corrections are char-
acterized by a quick correction onset (80–150 ms) and flexi-
ble feedback gain, i.e., the magnitude of the corrective
response (4). Whereas the onset of reach corrections occurs
automatically and independently of features in the visual
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environment, feedback gains are sensitive to task context
and goal (5–9).

In real-world situations, goal-directed reaching may occur
in parallel with a competing visual or visuomotor task, such
as identifying objects, monitoring environmental events, or
tracking a moving object. Past research has shown that the
visuomotor coordination, including corrective responses,
remains intact when individuals fixate a “gaze target”
located away from the reach goal (10–14). However, it is
unknown whether engaging in a more complex visual task,
in which the eye position changes dynamically, influences
our ability to use peripheral vision and gaze-related signals
to direct the hand.

The aim of this study is to determine whether engaging in
an ocular tracking task affects our ability to use gaze-related
signals to direct and correct hand movements toward a
peripheral reach target. We developed a task in which partic-
ipants moved a cursor, displayed on a vertical monitor, from
a start position to a reach target by moving the handle of a
robotic manipulandum in the horizontal plane. In two con-
ditions, participants either fixated a stationary gaze target
(fixation condition) or tracked a moving gaze target (pursuit
condition) prior to and during the reach movement. To
assess the efficacy of the visuomotor control in reaching, we
measured the onset and gain of the rapid visual feedback
responses (mismatches between actual and predicted sen-
sory feedback). Specifically, we included perturbation trials
in which we jumped the cursor position to the left or right
while it passed beneath an occluder (3, 15, 16), andmeasured
the gain of the resulting rapid corrective response using a
force channel (9–11, 17, 18).

Our paradigm allows us to address two alternative hypoth-
eses. First, engaging in the ocular tracking task might inter-
fere with the ability to use visuomotor signals to correct
movement errors. Here, we would expect the timing and
gain of the visuomotor corrective response to differ between
the fixation and pursuit conditions. This would suggest that
the two tasks operate dependently and thus visual resour-
ces cannot be fully used in parallel. Alternatively, perform-
ing the ocular-tracking task might not interfere with the
visuomotor control of reaching. Here, we would predict
that individuals can effectively integrate peripheral visual
information and gaze-related signals to produce rapid,
automatic corrective responses to visual perturbations,
even while tracking a moving gaze target. Thus, the gain
and onset of correction of these visuomotor feedback
responses should be comparable in the pursuit and fixation
conditions. This would suggest that ocular pursuit and
reach-related visuomotor processing can operate in parallel
without interference, indicating a degree of independence
between these visuomotor functions.

MATERIALS AND METHODS

Participants

Twenty-four adults (21.7 ± 5.2 yr, 16 women, 23 right-
handed) participated in this study. Previous studies that
investigated automatic reaching adjustments using force
channels typically included 8–15 participants (9, 11, 17, 18).
We therefore targeted a larger sample to obtain more

informative evidence for or against the null hypothesis.
Queen’s University students received one course credit, and
community members outside the university received $15 for
their participation. All participants had normal or corrected-
to-normal vision, no upper-limb limitations, and no neuro-
logical conditions. The session lasted about 1 h, and all par-
ticipants provided written consent. The study was approved
by the Queen’s University Research Ethics Committee. Data
from four participants were excluded due to eye-tracker cali-
bration issues and one due to possible nystagmus, resulting
in a final sample of 19 participants (21.6± 5.2 yr; 13 women; 18
right-handed).

Apparatus

Participants operated a KINARM end point robotic manip-
ulandum (BKIN Technologies, Kingston, ON, Canada) that
allowed horizontal plane movements to control a cursor on
a vertical plane monitor (70� 39.5 cm; 1,920� 1,080 resolu-
tion; 60 Hz). The timing of when the cursor exited the
occluder (see Procedure) was corrected for display delay,
using the latency reported by the graphics card and the esti-
mated refresh latency (�50 ms). The mapping between the
robotic handle and the cursor resembled that of a standard
computer mouse: moving the handle forward or to the right
moved the cursor upward or to the right. Kinematic data
and force data were sampled at 1,000 Hz. During the task,
right eye movements were recorded using a monocular
Eyelink 1000 system (SR Research Ltd., Kanata, ON,
Canada) at 500 Hz.

Visual Stimuli

The hand position was represented on the screen as a cir-
cular cursor (1 cm in diameter) aligned with the handle of
the robotic manipulandum. A 1-cm visual stimulus was
equivalent to 1.5 visual degrees. Movements were made from
a circular initial position (1 cm in diameter) to a circular tar-
get area (2 cm in diameter) located 25 cm above the initial
start position (Fig. 1A). A 15 � 5 cm occluder was positioned
between the start position and the target so that the far edge
of the occluder was at the midpoint of the required reaching
movement (i.e., 12.5 cm from the start position). Two visual
targets were used to test how corrective responses depended
on visual tasks: fixation (stationary gaze target) and smooth
pursuit (moving gaze target). Participants had to maintain
their gaze on the gaze target region throughout the trial so
that the reachingmovement was guided by peripheral vision
(Fig. 1A). In the stationary gaze target, participants looked at
a circular fixation target (0.5 cm diameter) (Fig. 1E). In the
moving gaze target, participants were asked to track the dis-
placement of the dot with their eyes as accurately as possi-
ble. The trajectory of the dot’s displacement was defined by
equations described in previous studies (19, 20). All trajecto-
ries had a period t of 6.3 s (fundamental frequency x ¼ 1 Hz;
t¼ 2� p/x). The parameters used to generate the trajectories
were replicated from a previous study (21).

Procedure

Participants adjusted the seat height, positioned their chin
and forehead on the support, and then completed the eye-
tracker calibration. They first completed a familiarization
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block of 36 trials, divided equally between stationary and
moving gaze targets; for the moving condition, only trajec-
tory 1 was used (Fig. 1E). Within this block, there were 12
nonperturbed, 12 perturbed, and 12 force-channel trials, pre-
sented in a pseudo-randomized order. To facilitate familiar-
ization, the first 10 trials were fixed: 5 nonperturbed trials
with a stationary gaze target, followed by 5 nonperturbed tri-
als with a moving gaze target. The remaining trials (includ-
ing all conditions) were then randomized. This sequence
ensured gradual familiarization with the tasks.

General task.
Once the visual scene appeared (object, target, and occluder),
participants moved the cursor to the initial position to pick
up the object and held it there (Fig. 1F). After 1 s, the dot for

the gaze target task appeared. After a delay between 1.2 and
3.2 s, five successive beeps (400 Hz; 80 ms) were presented
600 ms apart. The beeps served as a go cue: participants
were instructed to start reaching on the fourth beep and
arrive at the target on the fifth beep. On all trials, the cursor
passed under the occluder. In perturbation trials, the cursor
jumped 3 cm left or right below the occluder, requiring cor-
rective adjustments when it reappeared to hit the target. The
trial ended once the center of the cursor remained in the tar-
get for 300 ms. After each trial, a central message on the
screen displayed movement time feedback (“good,” “very
fast,” or “very slow”) to encourage consistent timing across
trials and participants (9–11). Movement time from 1 cm
above the initial position until 1 cm below the target was con-
sidered good between 400 and 700 ms (9–11). Participants

cursor
path 

cursor
path 

cursor
path 

25
0 m

s 

hand target

start position

Horizontal position (cm)

Ve
rtic

al 
po

sit
ion

 (c
m)

occluder

55.5°

A

F

Visual scene B Baseline reaching C Perturbed reaching D Force channel trials

0

0 5 10-10 -5

5

10

15

20

25

Move cursor to object
and hold for 1s

Visual task starts
(stationary or moving dot)

Feedback
(2 s)

Random delay (1.2-3.2 s) Beep 4        start reach
Beep 5        finish reach;
              visual task ends

Beep 1        0.6 s delay
Beep 2        0.6 s delay
Beep 3        0.6 s delay

good

force
channel 

force
channel 

force
channel 

E

gaze target
region

Stationary gaze target Moving gaze target

Good

Figure 1. Experimental setup and conditions. A: two-dimensional (2-D) view of the visual scene centered at the start position. The start position was rep-
resented by an object (an empty circle with a diameter of 1 cm). For the visual task, participants either fixated a stationary circle (stationary gaze target) or
tracked a dot that could move (moving gaze target) within the circle located in the left region (which was not shown to participants). The stationary gaze
target was positioned at the centered coordinates x ¼ �8 cm and y ¼ 18 cm. Relative to the center of the farthest edge of the occluder, this location
placed the target 55.5� away at a distance of 9.7 cm. B: illustration of a trial without perturbation (baseline reaching). Participants performed the reaching
movement from the starting position to the target while fixating or pursuing the gaze target with their eyes. C: illustration of a perturbation trial without a
force channel following the perturbation (perturbed reaching). In these trials, the hand cursor was visually perturbed by shifting it 3 cm to the left or right
after passing under the visual occluder. D: illustration of perturbation and force channel trial. In this condition, participants’movements were constrained
to move along a straight line from the start position to the target, allowing measurement of the forces applied to the virtual walls of the force channel
(dashed lines). The cursor automatically returned to the straight line 250 ms after the perturbation onset in these trials. E: illustration of the stationary
gaze target (left side) and the five dot trajectories used in the moving gaze target condition. F: temporal sequence of events in each trial. After the visual
scene was presented, participants had to move the cursor to pick up the object. The visual task started 1 s after the object was “picked up.” The interval
between beeps was fixed (0.6 s), and participants were instructed to begin to reach at the same time as beep 4 and finish the reach at the time of beep
5. After completing the reaching task, participants received feedback about the duration of the reaching movement.
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were instructed to adjust their speed when feedback indi-
cated it was not “good.” Trials outside this range were
excluded (251 trials; 8.8% of 2,850 total trials). Considering
only channel trials, 39 (6.8%) and 48 (8.4%) of 570 trials were
excluded in the stationary and moving gaze target condi-
tions, respectively.

Non-perturbed reaching.
In this condition, only the first 7.5 cm of movement was
restricted by a mechanical channel (stiffness 2,000 N/m,
damping 0.2 N/m/s) (Fig. 1B). The mechanical channel
parameters were lower than those used in our previous
work (stiffness 6,000 N/m, damping 1.5 N/m/s) (10, 11),
but yielded response gains similar to or greater than those
previously reported, indicating that these parameters
were adequate to capture response gain. This restricted
the initial reach to a straight line up to the near edge of
the occluder and ensured that the cursor exited the
occluder close to the line connecting the initial position
and the target center (10, 11).

Perturbed reaching.
As in nonperturbed reaching, only the first 7.5 cm of move-
ment was restricted by the mechanical channel (Fig. 1C). In
this condition, the cursor jumped under the occluder and
reappeared 3 cm to the right or left of the line between the
start position and the hand target (10, 11). Participants then
had to correct the cursor’s trajectory to reach the hand
target.

Force channel trials.
We used force channel trials to assess the gain of corrective
responses. In these trials, handle movement was restricted
along a straight path from the initial position to the hand tar-
get position by a mechanical channel generated by the robot
(Fig. 1D), allowing us to measure corrective forces exerted on
the channel wall following visual perturbations. In these tri-
als, the cursor exited the occluder either 3 cm to the left or
right and was automatically shifted back to the straight path
250 ms after perturbation onset, consistent with previous
work (9–11, 17, 18). Because this change occurred near the
time of correction, participants typically believed they were
responsible for returning the cursor to the target. To avoid
adaptive reductions in response magnitude, only 40% of tri-
als used the force channel, randomly interspersed with non-
channel trials.

Participants completed 15 trials for each of 10 experimen-
tal conditions: 2 perturbation directions (�3 cm [left] and
þ 3 cm [right]) � 2 gaze tasks (stationary and moving) � 2
force channel conditions (without [perturbed reaching] and
with [force channel trials]), totaling 8 conditions (120 trials).
The two remaining conditions combined both gaze tasks
with the nonperturb reaching, totaling 30 trials. All 150 trials
were evenly distributed across 3 blocks in a single session,
with trial order randomized within each block. Participants
rested between blocks as needed to prevent fatigue. The
experiment lasted�1 h.

Data Analysis

Eye and handmovement data were analyzed offline using
customMATLAB routines (v.2020b). Handmovements were

examined using the x- and y-positions of the robotic handle,
filtered with a low-pass third-order Butterworth filter
(cutoff ¼ 10 Hz). Eye movements were analyzed from cali-
brated screen-centered x- and y-coordinates, filtered with a
second-order low-pass Butterworth filter (cut-off ¼ 15 Hz)
and resampled to 1,000 Hz. Filtered data were used to iden-
tify fixations and gaze shifts.

The hand, dot, and gaze signals were differentiated to
obtain velocity traces. Hand and gaze velocities were then
low-pass filtered (10 and 25 Hz, respectively) to reduce
noise from numerical differentiation. Hand onset was
defined as the moment the vertical hand velocity first
exceeded 5% of its peak value obtained during the reach-
ing movement.

Force channel trials.
To obtain a measure of the strength of corrections in
response to cursor displacement (i.e., response gain), lat-
eral forces in force channel trials were averaged over 180–
230 ms after perturbation onset (9–11, 18). For each partici-
pant and condition, the mean force following a leftward
perturbation was subtracted from that following a right-
ward perturbation to obtain the corrective force difference
(corrective force amplitude), computed separately for each
gaze task. To assess whether stimulus location biased gain
values toward the left, we conducted a two-way ANOVA
(perturbation side [left, right] and condition [stationary,
moving]). No evidence of a leftward bias was found (per-
turbation side: P ¼ 0.178; condition: P ¼ 0.545; interaction:
P ¼ 0.715). To calculate the onset times of force correc-
tions, we compared individual force traces for left and
right perturbations within each condition. Paired t tests
were applied at each time point after the perturbation
onset to obtain the minimum P value, then searched back-
ward to locate the first time point with P < 0.001, which
defined the onset of correction.

Visual task.
Eye-position error was calculated as the root-mean square
error during fixation and smooth pursuit. This was obtained
by subtracting the dot coordinates from the gaze coordi-
nates. Visual gain between eye and gaze target velocities was
computed for the moving gaze target task. Resultant veloc-
ities for both eye and gaze targets were calculated from their
x- and y-velocity components. Eye velocity gain was calcu-
lated by dividing eye velocity (with catch-up saccades
removed) by gaze target velocity.

Participants exhibited poor fixation or pursuit in some tri-
als, characterized by large saccades that displaced the eyes
significantly from the gaze target. Based on previous work
(22), a 6-cm diameter boundary was defined around the cen-
ter of the gaze target region (Fig. 2, A and B). Trials in which
saccades landed outside this boundary were excluded (140
trials; 4.9% of 2,850 total trials). Trials were included in the
analysis only if saccades remained within the defined
boundary throughout the trial. Considering only channel tri-
als, 23 (4.0%) and 19 (3.3%) of 570 trials were excluded in the
stationary and moving gaze target conditions, respectively.
Across both exclusion criteria (movement time and saccade
location), 11.3% of channel trials were removed from the
analysis.
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Statistical Analysis

Statistical analyses were performed in JASP (23). Statistical
tests performed are described throughout RESULTS. In the
text, results are presented as means (M) and standard errors
(SE;M ± SE). The significance level was P< 0.05.

RESULTS

Participants Can Perform a Secondary Gaze Task during
Reaching

Participants were instructed to fixate on the gaze target
during stationary trials or pursue it during moving trials.
Figure 2,A and B, shows all saccade endpoints (gray dots) for
stationary and moving conditions. Participants generally
kept their gaze within the 6-cm boundary, though occasional
large saccades occurred toward the hand target or elsewhere.

Figure 2, C and D, shows the average gaze position error,
based on participant medians, as a function of time, for sta-
tionary andmoving gaze targets, and Fig. 2E shows the aver-
age eye velocity gain, based on participant medians, as a
function of time for the moving gaze target. Participants
clearly maintained fixation on the stationary gaze target,
and pursuit of the moving gaze target, during the entire trial.
In the pursuit condition, gaze error increased slightly and
eye velocity gain decreased slightly during the reach. To
quantify these effects, we compared the period of time
between the second and third beeps (baseline) to the period
of time between movement onset and offset. In the moving
condition, the gaze error during the reach (1.19� ± 0.08�) was
greater (t18 ¼ 4.2, P < 0.001, d ¼ 0.966) than during baseline
(0.97� ± 0.07�), and the eye velocity gain during the reach
(0.76 ±0.03) was smaller (t18 ¼ 7.6, P < 0.001, d ¼ 1.746) than
during baseline (0.97 ±0.02). In the stationary condition,
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Figure 2. Eye position and saccade endpoints during reaching movements toward stationary and moving gaze targets for the channel trials. A: in
the stationary gaze target task, the saccade endpoints are shown in the top as gray dots. Trials in which saccades landed more than 6 cm away
from the gaze target zone (continuous circle on the left side) were excluded from analysis (see MATERIALS AND METHODS). B: the layout in the mov-
ing gaze target condition is similar to that in (A). The dark gray rectangle represents the occluder in (A and B). C and D: eye position error aver-
aged across trials and participants for the stationary (C) and moving (D) gaze targets. E: eye velocity gain averaged across trials and participants
for the moving gaze target. For C, D, and E, the data are aligned to beep 4, and the shadow region around the mean corresponds to one standard
error.
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there was no significant difference (t18 ¼ 2.1, P ¼ 0.053, d ¼
0.475) in the gaze error during baseline (0.96� ± 0.08�) and
reach (1.05� ± 0.10�).

Hand Movement Kinematics Are Independent of Gaze
Task Demands

Hand kinematic parameters were similar between the sta-
tionary andmoving gaze targets, indicating that the moving
visual cue had minimal influence on the timing or kinemat-
ics of the reaching movement (Fig. 3). Figure 3A shows cur-
sor (i.e., hand) displacement in nonchannel trials, where
participants moved straight forward in both gaze conditions
without perturbation. After left or right perturbations, trajec-
tory adjustments appeared near the end of the reaching
movement. The cumulative plots show data from the force
channel trials (Fig. 3, B–D). Kolmogorov–Smirnov tests
revealed no significant difference between gaze conditions
for any hand-movement parameter (vertical hand peak
velocity: P ¼ 0.609; movement duration: P ¼ 0.559; move-
ment onset relative to 4th beep: P ¼ 0.688). On average, ver-
tical hand peak velocity was 62.6 ±0.2 cm/s, movement
duration was 519 ± 2 ms, and reaching movement started
91 ± 7 ms after beep 4. Peak hand velocity occurred, on aver-
age, 12 ±4 ms before the cursor left the occluder, showing
that hand velocity was comparable across conditions around
the cursor jump. Moreover, interindividual differences in
hand movement kinematics were consistent between gaze
target conditions, as indicated by strong correlations for all
measures (see the scatterplots shown in Fig. 3, B–D; vertical
hand peak velocity: r ¼ 0.938; movement duration: r ¼
0.794; movement onset relative to 4th beep: r ¼ 0.984; all
P< 0.001).

We also compared hand movement parameters between
nonperturbation and perturbation conditions, using
nonchannel, nonperturbed trials to represent thenonpertur-
bation condition (Fig. 3A). Kolmogorov–Smirnov tests again
showed no significant differences (vertical hand peak

velocity: P ¼ 0.060; movement duration: P ¼ 0.060; move-
ment onset relative to the fourth beep:P¼0.524).

To assess whether the moving gaze target influenced lat-
eral movement variability, we quantified hand end point
variability using the nonchannel and perturbation trials.
Endpoint variability was computed as the standard devia-
tion of hand end point positions across trials for each partici-
pant in the horizontal (x) and vertical (y) directions. Paired
t tests revealed no significant differences between stationary
(x-direction: 0.49±0.02 cm, y-direction: 0.45±0.02 cm) and
moving (x-direction: 0.53 ±0.03 cm, y-direction: 0.46 ±
0.03 cm) gaze targets in either the x-direction (t18 ¼ 1.4, P ¼
0.188, d ¼ 0.314) or the y-direction (t18 ¼ 0.5, P ¼ 0.646, d ¼
0.107). These results indicate that themoving gaze target did
notmeaningfully affect hand end point variability.

Movement Correction Onset and Gain Are Not
Modulated by Gaze-Task Demands

Figure 4, A and B, shows, for the force channel trials, the
forces exerted on the channel wall for the left and right
perturbations in the two gaze targets for each participant
(thin lines) and the averages across participants (thick
lines). Figure 4C shows the individual values of the correc-
tion onset times of the force responses during the reaching
movement to the hand target. Correction onset times
ranged from 140 ± 5 ms to 149 ± 4 ms for the stationary and
moving gaze targets. The t test for paired samples did not
detect a significant difference between the gaze targets
(t18 ¼ �2.0, P ¼ 0.057, d ¼ 0.466). A Bayesian paired t test
indicated that the data were 1.277 times more likely under
the alternative than the null hypothesis, providing incon-
clusive evidence for the alternative. In addition, we found
no association between gaze target conditions for the cor-
rection onset (r ¼ 0.399, P ¼ 0.090), as illustrated in the
scatterplot (Fig. 4C).

As shown in Fig. 4, A and B, the interval used to calculate
the mean force (180–230 ms) represents the period just after
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the onset of the response to the perturbation. The response
gains were statistically compared using paired t tests to
examine the effect of the gaze target tasks on these gains.
The results showed no difference in gaze target tasks for gain
(t18 ¼ �0.6, P ¼ 0.545, d ¼ 0.142). We further examined this
finding using a Bayesian paired t test, which indicated that
the data were 3.552 times more likely under the null hypoth-
esis than under the alternative, providingmoderate evidence
for the null hypothesis. Figure 4D presents the mean values
for each participant across the two gaze-target tasks. The

mean value was 4.02 ±0.39 N for the stationary gaze target,
and 4.12 ±0.45 N for the moving gaze target. Unlike the cor-
rection onset, there was a strong association between
response gain for stationary and moving gaze targets (r ¼
0.944, P< 0.001; Fig. 4D).

DISCUSSION
The aim of the current study was to determine whether
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toward a target would be disrupted by an active oculomotor
tracking task. Participants either fixated a stationary target or
tracked a moving target while reaching to a spatially dissoci-
ated reach target. During the reach, we perturbed the hand,
requiring participants tomake rapid corrections.We found evi-
dence that gain of reach corrections was notmodulated by the
oculomotor tracking task, whereas evidence for correction
onset was inconclusive. Moreover, we found that response
gains were strongly correlated across tasks, indicating consist-
ent individual response profiles that were independent of the
gaze-task manipulation. Although participants remained
engaged in the smooth pursuit task, their pursuit performance
slightly declined during reaching compared with the prepara-
tory period.

Gaze-Related Signals When Reaching to Visual Targets

In the current study, participants successfully performed
the secondary gaze task while reaching. When instructed to
maintain fixation or pursue a moving target, they generally
kept their gaze within the predefined boundary region, with
occasional large saccades away from the gaze target. Across
conditions, eye position error remained low, �1�, during the
preparatory period, and increasedmodestly after movement
onset. For the pursuit condition, eye-velocity gain was near 1
before reach onset and gradually declined to�0.7 by the end
of the movement. These changes indicate that participants
remained engaged in the smooth pursuit task, but perform-
ance during reaching declined compared with the prepara-
tory period.

When naturally reaching to an object or visually cued loca-
tion, humans typically fixate the target location throughout
the reaching movement, a visuomotor behavior that sup-
ports directing and guiding the hand toward the target (24).
Previous work has shown that gaze-related signals—includ-
ing proprioceptive signals from the eye and peripheral vision
of the hand—support rapid, automatic corrections of move-
ment errors when participants fixate on the reach target (2,
3, 16, 25, 26). Importantly, these rapid corrections also occur
when participants fixate on a location dissociated from the
current reach goal (11, 13, 14). Here, we show that corrections
during goal-directed reaching are as fast and strong when
participants—instead of fixating a stationary target—engage
in an oculomotor tracking task, suggesting that continuous
eye movements do not disrupt the use of gaze-related
signals.

Classic work has shown that gaze-position-related signals
can contribute to the spatial guidance of the hand. For exam-
ple, Prablanc et al. (27) demonstrated that fixating a reach
target improves endpoint accuracy even in the absence of
visual feedback of the hand, consistent with the use of gaze
position signals (proprioception and/or efference copy) in
movement control. Building on this, Neggers and Bekkering
(12, 28, 29) showed that when participants fixate a separate
stationary gaze target while reaching to another location,
gaze tends to remain “anchored” to the fixation target until
the reach is completed (“gaze-locking”), even when the hand
is not visible. This is consistent with the idea that gaze posi-
tion signals can be used to help control the hand during
ongoing reaching movements. Our current results indicate
that during pursuit, peripheral vision can be used effectively

to correct for reach errors. However, it remains an open
question whether the continuously changing gaze position
signals generated during smooth pursuit of a gaze target can
serve as a useful spatial reference to guide the hand to a sep-
arate reach target. One way to address this would be to
extend Neggers and Bekkering’s task to a smooth pursuit
context, in which participants pursue a moving target while
reaching—without visual feedback of the hand—to a sepa-
rate location and are required to shift gaze to a newly appear-
ing stationary target during the reach.

Smooth Pursuit, Attention, and the Online Control of
Reaching

Research onmanual interception has shown that humans
naturally track moving targets with smooth-pursuit eye
movements (30). When participants pursue an unpredictably
moving target and are then instructed to intercept it, they
not only maintain pursuit after hand movement initiation
but also tend to suppress catch-up saccades until the
moment of contact (19). The suppression of these discrete
eye jumps is thought to provide the manual system with a
continuous, uninterrupted oculomotor signal to guide the
hand. Indeed, research on interception tasks indicates that
smooth pursuit provides a high-fidelity velocity signal that
the brain uses to predict future object states. For example,
during manual interception, the brain uses pursuit speed to
scale anticipatory postural adjustments—stiffening the leg
and trunk muscles in preparation for the force of impact
before it actually occurs (31, 32). These results demonstrate
that pursuit signals are normally “broadcast” across the
motor system to coordinate the whole body for action. In
this context, our finding that reach-correction gains are
unaffected by pursuit is striking; it suggests that even when
the pursuit system is actively broadcasting these large-scale
motor signals, the specific feedback loop for manual reach
corrections can operate in isolation.

Although the oculomotor system showed a slight perform-
ance decrement during the reach, this result is consistent
with a general dual-task cost observed when smooth pursuit
is paired with secondary cognitive or auditory tasks—condi-
tions in which tracking performance is known to be sensitive
to top-down attentional demands even when the secondary
task is nonvisual in nature (33–35). Given these results, we
should be cautious in suggesting that the specific visual
demands linked to reach corrections influence pursuit per-
formance, as the decrement may instead reflect the general
attentional costs of performing a concurrent motor task.

Gain Put Not Correction Onset Is Correlated within
Individuals

We found a within-participant correlation in feedback
gain, but not in the onset of the correction, between the two
visuomotor task conditions. These results are consistent
with the idea that corrective feedback responses are initiated
automatically—and as early as the processing hierarchy
allows (36)—resulting in little variability across participants.
At the same time, the gain of the response is known to be
more sensitive to changes in visuomotor task demands (11,
17, 37) and thus it is not surprising it can also vary consider-
ably across individuals. Similar to the feedback gain, we
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found that hand movement kinematics, that is, movement
onset, duration, and peak velocity, were highly correlated
within participants across tasks, suggesting that individuals
have preferredmovement signatures.

Limitations

A limitation of the present study concerns the estimation
of the correction onset. The relatively small number of per-
turbation trials may have increased variability in onset
measurements across participants, potentially reducing sen-
sitivity to small temporal differences. This limitation is likely
less critical for estimates of feedback gain, which are gener-
ally more robust to trial-to-trial variability. In addition,
although the channel stiffness and damping were sufficient
to detect feedback responses, these parameters may not
have been optimal for capturing subtle changes in feedback
gain and, particularly, the precise timing of response onset.
Therefore, onset-related findings should be interpreted with
caution.

Conclusions

Our findings indicate that rapid, automatic visual feed-
back mechanisms that support reaching are equally strong
during pursuit tracking and fixation of a separate gaze target.
This indicates that the visuomotor processes that are
engaged in smooth pursuit of a moving target, above and
beyond those involved in fixating a stationary target, do not
influence the reach-related visuomotor processes. Note that
these conclusions are limited to the tasks examined here;
further studies are needed to determine whether they gener-
alize tomore complex reaching tasks.
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