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ABSTRACT 16 
When reaching to a foveated target, peripheral vision of the hand can be used to make rapid, automatic 17 
adjustments to the ongoing reach movement, with feedback gain being sensitive to features of the task 18 
and environment. These rapid corrective responses are also observed when gaze is directed to a 19 
stationary ‘gaze’ target located away from the reach target. In everyday contexts, reaching often occurs 20 
concurrently with other visual or visuomotor tasks, such as tracking a moving target. Yet it remains 21 
unclear whether engaging in such tasks affects the use of peripheral vision for hand guidance. Here, we 22 
compare rapid visuomotor corrective responses to visual perturbations during fixation and smooth 23 
pursuit, and test whether pursuit-related and reach-related visuomotor processes operate 24 
independently or compete for shared visual resources. Participants either fixated a stationary target or 25 
tracked a moving target while reaching toward a spatially dissociated reach target. During the reach, the 26 
visual representation of the hand was perturbed, requiring rapid corrective responses. We found that 27 
neither the onset nor the gain of reach corrections was modulated by gaze-task demands. Moreover, 28 
response gains were strongly correlated across tasks, indicating consistent individual response profiles 29 
that were independent of the gaze condition. Although participants remained engaged in the smooth 30 
pursuit task, their performance slightly declined during reaching compared to the preparatory period. 31 
Together, these findings demonstrate that rapid, automatic visual feedback mechanisms during reaching 32 
are equally robust during pursuit tracking and fixation of a separate gaze target. 33 
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NEW & NOTEWORTHY 34 
In everyday life, reaching an object can occur while the eyes are engaged in competing visual tasks. We 35 
show that engaging in smooth pursuit eye movements does not disrupt rapid visuomotor corrections 36 
during reaching. Corrective response gain following perturbation was unchanged by gaze-task demands, 37 
although pursuit performance slightly deteriorated during reaching. These findings indicate that rapid 38 
visuomotor processes engaged when reaching a target are independent of whether gaze is fixating or 39 
pursuing a separate target.  40 

Keywords: feedback gain; gaze; peripheral vision; reaching movements; sensorimotor integration 41 
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INTRODUCTION 43 
Visuomotor control in reaching involves integrating visual information with motor commands to 44 
accurately move the hand toward a target location. To effectively use peripheral vision and gaze-related 45 
signals—including gaze proprioceptive signals—in reaching, individuals typically fixate the target 46 
throughout the reaching movement (1–3). These visual signals can be used to correct for movement 47 
errors following hand or target perturbation. Such reach corrections are characterized by a quick 48 
correction onset (80-150 ms) and flexible feedback gain, i.e., the magnitude of the corrective response 49 
(4). Whereas the onset of reach corrections occurs automatically and independently of features in the 50 
visual environment, feedback gains are sensitive to task context and goal (5–9).  51 

In real-world situations, goal-directed reaching may occur in parallel with a competing visual or 52 
visuomotor task, such as identifying objects, monitoring environmental events, or tracking a moving 53 
object. Past research has shown that the visuomotor coordination, including corrective responses, 54 
remains intact when individuals fixate a ‘gaze target’ located away from the reach goal (10–14). 55 
However, it is unknown whether engaging in a more complex visual task, in which the eye position 56 
changes dynamically, influences our ability to use peripheral vision and gaze-related signals to direct the 57 
hand.  58 

The aim of this study is to determine whether engaging in an ocular tracking task affects our ability to 59 
use gaze-related signals to direct and correct hand movements toward a peripheral reach target. We 60 
developed a task in which participants moved a cursor, displayed on a vertical monitor, from a start 61 
position to a reach target by moving the handle of a robotic manipulandum in the horizontal plane. In 62 
two conditions, participants either fixated a stationary gaze target (fixation condition) or tracked a 63 
moving gaze target (pursuit condition) prior to and during the reach movement. To assess the efficacy of 64 
the visuomotor control in reaching, we measured the onset and gain of the rapid visual feedback 65 
responses (mismatches between actual and predicted sensory feedback). Specifically, we included 66 
perturbation trials in which we jumped the cursor position to the left or right while it passed beneath an 67 
occluder (3,15,16), and measured the gain of the resulting rapid corrective response using a force 68 
channel (9–11,17,18).  69 

Our paradigm allows us to address two alternative hypotheses. First, engaging in the ocular tracking task 70 
might interfere with the ability to use visuomotor signals to correct movement errors. Here, we would 71 
expect the timing and gain of the visuomotor corrective response to differ between the fixation and 72 
pursuit conditions. This would suggest that the two tasks operate dependently and thus visual resources 73 
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cannot be fully used in parallel. Alternatively, performing the ocular-tracking task might not interfere 74 
with the visuomotor control of reaching. Here, we would predict that individuals can effectively 75 
integrate peripheral visual information and gaze-related signals to produce rapid, automatic corrective 76 
responses to visual perturbations, even while tracking a moving gaze target. Thus, the gain and onset of 77 
correction of these visuomotor feedback responses should be comparable in the pursuit and fixation 78 
conditions. This would suggest that ocular pursuit and reach-related visuomotor processing can operate 79 
in parallel without interference, indicating a degree of independence between these visuomotor 80 
functions. 81 

MATERIALS AND METHODS 82 

Participants 83 
Twenty-four adults (21.7 ± 5.2 years, 16 women, 23 right-handed) participated in this study. Previous 84 
studies that investigated automatic reaching adjustments using force channels typically included 8-15 85 
participants (9,11,17,18). We therefore targeted a larger sample to obtain more informative evidence 86 
for or against the null hypothesis. Queen’s University students received one course credit, and 87 
community members outside the university received $15 for their participation. All participants had 88 
normal or corrected-to-normal vision, no upper-limb limitations, and no neurological conditions. The 89 
session lasted about one hour, and all participants provided written consent. The study was approved by 90 
the Queen’s University Research Ethics Committee. Data from four participants were excluded due to 91 
eye-tracker calibration issues and one due to possible nystagmus, resulting in a final sample of 19 92 
participants (21.6 ± 5.2 years; 13 women; 18 right-handed). 93 

Apparatus 94 
Participants operated a KINARM endpoint robotic manipulandum (BKIN Technologies, Kingston, ON, 95 
Canada) that allowed horizontal plane movements to control a cursor on a vertical plane monitor (70 × 96 
39.5 cm; 1920 × 1080 resolution; 60 Hz). The timing of when the cursor exited the occluder (see 97 
Procedures) was corrected for display delay, using the latency reported by the graphics card and the 98 
estimated refresh latency (~50 ms). The mapping between the robotic handle and the cursor resembled 99 
that of a standard computer mouse: moving the handle forward or to the right moved the cursor 100 
upward or to the right. Kinematic data and force data were sampled at 1,000 Hz. During the task, right 101 
eye movements were recorded using a monocular Eyelink 1000 system (SR Research Ltd., Kanata, ON, 102 
Canada) at 500 Hz. 103 

Visual stimuli 104 
The hand position was represented on the screen as a circular cursor (1 cm in diameter) aligned with the 105 
handle of the robotic manipulandum. A 1-cm visual stimulus was equivalent to 1.5 visual degrees. 106 
Movements were made from a circular initial position (1 cm in diameter) to a circular target area (2 cm 107 
in diameter) located 25 cm above the initial start position (Fig. 1A). A 15 x 5 cm occluder was positioned 108 
between the start position and the target so that the far edge of the occluder was at the midpoint of the 109 
required reaching movement (i.e., 12.5 cm from the start position). Two visual targets were used to test 110 
how corrective responses depended on visual tasks: fixation (stationary gaze target) and smooth pursuit 111 
(moving gaze target). Participants had to maintain their gaze on the gaze target region throughout the 112 
trial so that the reaching movement was guided by peripheral vision (Fig. 1A). In the stationary gaze 113 
target, participants looked at a circular fixation target (0.5 cm diameter) (Fig. 1E). In the moving gaze 114 
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target, participants were asked to track the displacement of the dot with their eyes as accurately as 115 
possible. The trajectory of the dot’s displacement was defined by equations described in previous 116 
studies (19,20). All trajectories had a period t of 6.3 s (fundamental frequency ω = 1 Hz; t = 2*pi/ω). The 117 
parameters used to generate the trajectories were replicated from a previous study (21). 118 

Procedure 119 
Participants adjusted the seat height, positioned their chin and forehead on the support, and then 120 
completed the eye-tracker calibration. They first completed a familiarization block of 36 trials, divided 121 
equally between stationary and moving gaze targets; for the moving condition, only trajectory 1 was 122 
used (Fig. 1E). Within this block, there were 12 non-perturbed, 12 perturbed, and 12 force-channel 123 
trials, presented in a pseudo-randomized order. To facilitate familiarization, the first 10 trials were fixed: 124 
5 non-perturbed trials with a stationary gaze target, followed by 5 non-perturbed trials with a moving 125 
gaze target. The remaining trials (including all conditions) were then randomized. This sequence ensured 126 
gradual familiarization with the tasks. 127 

General task. Once the visual scene appeared (object, target, and occluder), participants moved the 128 
cursor to the initial position to pick up the object and held it there (Fig. 1F). After 1 s, the dot for the 129 
gaze target task appeared. After a delay between 1.2 and 3.2 s, five successive beeps (400 Hz; 80 ms) 130 
were presented 600 ms apart. The beeps served as a go cue: participants were instructed to start 131 
reaching on the fourth beep and arrive at the target on the fifth beep. On all trials, the cursor passed 132 
under the occluder. In perturbation trials, the cursor jumped 3 cm left or right below the occluder, 133 
requiring corrective adjustments when it reappeared to hit the target. The trial ended once the centre of 134 
the cursor remained in the target for 300 ms. After each trial, a central message on the screen displayed 135 
movement time feedback (“good,” “very fast,” or “very slow”) to encourage consistent timing across 136 
trials and participants (9–11). Movement time from 1 cm above the initial position until 1 cm below the 137 
target was considered good between 400 and 700 ms (9–11). Participants were instructed to adjust their 138 
speed when feedback indicated it was not “good”. Trials outside this range were excluded (251 trials; 139 
8.8% of 2,850 total trials). Considering only channel trials, 39 (6.8%) and 48 (8.4%) of 570 trials were 140 
excluded in the stationary and moving gaze target conditions, respectively.  141 

Non-perturbed reaching. In this condition, only the first 7.5 cm of movement was restricted by a 142 
mechanical channel (stiffness 2000 N/m, damping 0.2 N·m-1·s-1) (Fig. 1B). The mechanical channel 143 
parameters were lower than those used in our previous work (stiffness 6000 N/m, damping 1.5 N·m-1·s-1) 144 
(10,11), but yielded response gains similar to or greater than those previously reported, indicating that 145 
these parameters were adequate to capture response gain. This restricted the initial reach to a straight 146 
line up to the near edge of the occluder and ensured that the cursor exited the occluder close to the line 147 
connecting the initial position and the target center (10,11). 148 

Perturbed reaching. As in non-perturbed reaching, only the first 7.5 cm of movement was restricted by 149 
the mechanical channel (Fig. 1C). In this condition, the cursor jumped under the occluder and 150 
reappeared 3 cm to the right or left of the line between the start position and the hand target (10,11). 151 
Participants then had to correct the cursor’s trajectory to reach the hand target.  152 

Force channel trials. We used force channel trials to assess the gain of corrective responses. In these 153 
trials, handle movement was restricted along a straight path from the initial position to the hand target 154 
position by a mechanical channel generated by the robot (Fig. 1D), allowing us to measure corrective 155 
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forces exerted on the channel wall following visual perturbations. In these trials, the cursor exited the 156 
occluder either 3 cm to the left or right and was automatically shifted back to the straight path 250 ms 157 
after perturbation onset, consistent with previous work (9–11,17,18). Because this change occurred 158 
near the time of correction, participants typically believed they were responsible for returning the 159 
cursor to the target. To avoid adaptive reductions in response magnitude, only 40% of trials used the 160 
force channel, randomly interspersed with non-channel trials. 161 

Participants completed 15 trials for each of 10 experimental conditions: 2 perturbation directions (-3 cm 162 
[left] and +3 cm [right]) x 2 gaze tasks (stationary and moving) x 2 force channel conditions (without 163 
[perturbed reaching] and with [force channel trials]), totalling 8 conditions (120 trials). The two 164 
remaining conditions combined both gaze tasks with the non-perturb reaching, totalling 30 trials. All 150 165 
trials were evenly distributed across 3 blocks in a single session, with trial order randomized within each 166 
block. Participants rested between blocks as needed to prevent fatigue. The experiment lasted ~1 hour. 167 

Data analysis 168 
Eye and hand movement data were analyzed offline using custom MATLAB routines (version 2020b). 169 
Hand movements were examined using the x- and y-positions of the robotic handle, filtered with a low-170 
pass 3rd-order Butterworth filter (cutoff = 10 Hz). Eye movements were analyzed from calibrated 171 
screen-centred x and y coordinates, filtered with a 2nd-order low-pass Butterworth filter (cut-off = 15 172 
Hz) and resampled to 1,000 Hz. Filtered data were used to identify fixations and gaze shifts.  173 

The hand, dot, and gaze signals were differentiated to obtain velocity traces. Hand and gaze velocities 174 
were then low-pass filtered (10 and 25 Hz, respectively) to reduce noise from numerical differentiation. 175 
Hand onset was defined as the moment the vertical hand velocity first exceeded 5% of its peak value 176 
obtained during the reaching movement.  177 

Force channel trials. To obtain a measure of the strength of corrections in response to cursor 178 
displacement (i.e., response gain), lateral forces in force channel trials were averaged over 180-230 ms 179 
after perturbation onset (9–11,18). For each participant and condition, the mean force following a 180 
leftward perturbation was subtracted from that following a rightward perturbation to obtain the 181 
corrective force difference (corrective force amplitude), computed separately for each gaze task. To 182 
assess whether stimulus location biased gain values toward the left, we conducted a two-way ANOVA 183 
(perturbation side [left, right] and condition [stationary, moving]). No evidence of a leftward bias was 184 
found (perturbation side: p = 0.178; condition: p = 0.545; interaction: p = 0.715). To calculate the onset 185 
times of force corrections, we compared individual force traces for left and right perturbations within 186 
each condition. Paired t-tests were applied at each time point after the perturbation onset to obtain the 187 
minimum p-value, then searched backward to locate the first time point with p < 0.001, which defined 188 
the onset of correction. 189 

Visual task. Eye-position error was calculated as the root mean square error during fixation and smooth 190 
pursuit. This was obtained by subtracting the dot coordinates from the gaze coordinates. Visual gain 191 
between eye and gaze target velocities was computed for the moving gaze target task. Resultant 192 
velocities for both eye and gaze targets were calculated from their x- and y-velocity components. Eye 193 
velocity gain was calculated by dividing eye velocity (with catch-up saccades removed) by gaze target 194 
velocity. 195 
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Participants exhibited poor fixation or pursuit in some trials, characterized by large saccades that 196 
displaced the eyes significantly from the gaze target. Based on previous work (22), a 6-cm diameter 197 
boundary was defined around the center of the gaze target region (Fig. 2A, B). Trials in which saccades 198 
landed outside this boundary were excluded (140 trials; 4.9% of 2,850 total trials). Trials were included 199 
in the analysis only if saccades remained within the defined boundary throughout the trial. Considering 200 
only channel trials, 23 (4.0%) and 19 (3.3%) of 570 trials were excluded in the stationary and moving 201 
gaze target conditions, respectively. Across both exclusion criteria (movement time and saccade 202 
location), 11.3% of channel trials were removed from the analysis. 203 

Statistical analysis 204 
Statistical analyses were performed in JASP (23). Statistical tests performed are described throughout 205 
the results section. In the text, results are presented as means (M) and standard errors (SE; M ± SE). The 206 
significance level was p < 0.05. 207 

RESULTS 208 

Participants can perform a secondary gaze task during reaching 209 
Participants were instructed to fixate on the gaze target during stationary trials or pursue it during 210 
moving trials. Figure 2A and B show all saccade endpoints (grey dots) for stationary and moving 211 
conditions. Participants generally kept their gaze within the 6-cm boundary, though occasional large 212 
saccades occurred toward the hand target or elsewhere. Figure 2C and D show the average gaze 213 
position error, based on participant medians, as a function of time, for stationary and moving gaze 214 
targets, and Figure 2E shows the average eye velocity gain, based on participant medians, as a function 215 
of time for the moving gaze target. Participants clearly maintained fixation on the stationary gaze target, 216 
and pursuit of the moving gaze target, during the entire trial. In the pursuit condition, gaze error 217 
increased slightly and eye velocity gain decreased slightly during the reach. To quantify these effects, we 218 
compared the period of time between the 2nd and 3rd beeps (baseline) to the period of time between 219 
movement onset and offset. In the moving condition, the gaze error during the reach (1.19° ± 0.08°) was 220 
greater (t18 = 4.2, p < 0.001, d = 0.966) than during baseline (0.97° ± 0.07°), and the eye velocity gain 221 
during the reach (0.76 ± 0.03) was smaller (t18 = 7.6, p < 0.001, d = 1.746) than during baseline (0.97 ± 222 
0.02). In the stationary condition, there was no significant difference (t18 = 2.1, p = 0.053, d = 0.475) in 223 
the gaze error during baseline (0.96° ± 0.08°) and reach (1.05° ± 0.10°). 224 

Hand movement kinematics are independent of gaze task demands 225 
Hand kinematic parameters were similar between the stationary and moving gaze targets, indicating 226 
that the moving visual cue had minimal influence on the timing or kinematics of the reaching movement 227 
(Fig. 3). Fig. 3A shows cursor (i.e., hand) displacement in non-channel trials, where participants moved 228 
straight forward in both gaze conditions without perturbation. After left or right perturbations, 229 
trajectory adjustments appeared near the end of the reaching movement. The cumulative plots show 230 
data from the force channel trials (Fig. 3B-D). Kolmogorov-Smirnov tests revealed no significant 231 
difference between gaze conditions for any hand-movement parameter (vertical hand peak velocity: p = 232 
0.609; movement duration: p = 0.559; movement onset relative to 4th beep: p = 0.688). On average, 233 
vertical hand peak velocity was 62.6 ± 0.2 cm/s, movement duration was 519 ± 2 ms, and reaching 234 
movement started 91 ± 7 ms after beep 4. Peak hand velocity occurred, on average, 12 ± 4 ms before 235 
the cursor left the occluder, showing that hand velocity was comparable across conditions around the 236 
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cursor jump. Moreover, inter-individual differences in hand movement kinematics were consistent 237 
between gaze target conditions, as indicated by strong correlations for all measures (see the scatterplots 238 
shown in Fig. 3B-D; vertical hand peak velocity: r = 0.938; movement duration: r = 0.794; movement 239 
onset relative to 4th beep: r = 0.984; all p < 0.001). 240 

We also compared hand movement parameters between non-perturbation and perturbation conditions, 241 
using non-channel, non-perturbed trials to represent the non-perturbation condition (Fig. 3A). 242 
Kolmogorov–Smirnov tests again showed no significant differences (vertical hand peak velocity: p = 243 
0.060; movement duration: p = 0.060; movement onset relative to the fourth beep: p = 0.524). 244 

To assess whether the moving gaze target influenced lateral movement variability, we quantified hand 245 
endpoint variability using the non-channel and perturbation trials. Endpoint variability was computed as 246 
the standard deviation of hand endpoint positions across trials for each participant in the horizontal (x) 247 
and vertical (y) directions. Paired t-tests revealed no significant differences between stationary (x-248 
direction: 0.49 ± 0.02 cm, y-direction: 0.45 ± 0.02 cm) and moving (x-direction: 0.53 ± 0.03 cm, y-249 
direction: 0.46 ± 0.03 cm) gaze targets in either the x-direction (t18 = 1.4, p = 0.188, d = 0.314) or the y-250 
direction (t18 = 0.5, p = 0.646, d = 0.107). These results indicate that the moving gaze target did not 251 
meaningfully affect hand endpoint variability. 252 

Movement correction onset and gain are not modulated by gaze task demands 253 
Fig. 4A-B shows, for the force channel trials, the forces exerted on the channel wall for the left and right 254 
perturbations in the two gaze targets for each participant (thin lines) and the averages across 255 
participants (thick lines). Fig. 4C shows the individual values of the correction onset times of the force 256 
responses during the reaching movement to the hand target. Correction onset times ranged from 140 ± 257 
5 ms to 149 ± 4 ms for the stationary and moving gaze targets. The t-test for paired samples did not 258 
detect a significant difference between the gaze targets (t18 = -2.0, p = 0.057, d = 0.466). A Bayesian 259 
paired t-test indicated that the data were 1.277 times more likely under the alternative than the null 260 
hypothesis, providing inconclusive evidence for the alternative. Additionally, we found no association 261 
between gaze target conditions for the correction onset (r = 0.399, p = 0.090), as illustrated in the 262 
scatterplot (Fig. 4C). 263 

As shown in Fig. 4 A-B, the interval used to calculate the mean force (180-230 ms) represents the period 264 
just after the onset of the response to the perturbation. The response gains were statistically compared 265 
using paired t-tests to examine the effect of the gaze target tasks on these gains. The results showed no 266 
difference in gaze target tasks for gain (t18 = -0.6, p = 0.545, d = 0.142). We further examined this finding 267 
using a Bayesian paired t-test, which indicated that the data were 3.552 times more likely under the null 268 
hypothesis than under the alternative, providing moderate evidence for the null hypothesis. Fig. 4D 269 
presents the mean values for each participant across the two gaze-target tasks. The mean value was 270 
4.02 ± 0.39 N for the stationary gaze target, and 4.12 ± 0.45 N for the moving gaze target. Unlike the 271 
correction onset, there was a strong association between response gain for stationary and moving gaze 272 
targets (r = 0.944, p < 0.001; Fig. 4D). 273 

DISCUSSION 274 
The aim of the current study was to determine whether gaze-related signals involved in directing the 275 
hand movements toward a target would be disrupted by an active oculomotor tracking task. Participants 276 
either fixated a stationary target or tracked a moving target while reaching to a spatially dissociated 277 
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reach target. During the reach, we perturbed the hand, requiring participants to make rapid corrections. 278 
We found evidence that gain of reach corrections was not modulated by the oculomotor tracking task, 279 
whereas evidence for correction onset was inconclusive. Moreover, we found that response gains were 280 
strongly correlated across tasks, indicating consistent individual response profiles that were 281 
independent of the gaze-task manipulation. Although participants remained engaged in the smooth 282 
pursuit task, their pursuit performance slightly declined during reaching compared to the preparatory 283 
period. 284 

Gaze-related signals when reaching to visual targets 285 
In the current study, participants successfully performed the secondary gaze task while reaching. When 286 
instructed to maintain fixation or pursue a moving target, they generally kept their gaze within the 287 
predefined boundary region, with occasional large saccades away from the gaze target. Across 288 
conditions, eye position error remained low, approximately 1° during the preparatory period, and 289 
increased modestly after movement onset. For the pursuit condition, eye-velocity gain was near 1 290 
before reach onset and gradually declined to about 0.7 by the end of movement. These changes indicate 291 
that participants remained engaged in the smooth pursuit task, but performance during reaching 292 
declined compared to the preparatory period. 293 

When naturally reaching to an object or visually cued location, humans typically fixate the target 294 
location throughout the reaching movement, a visuomotor behaviour that supports directing and 295 
guiding the hand towards the target (24). Previous work has shown that gaze-related signals—including 296 
proprioceptive signals from the eye and peripheral vision of the hand—support rapid, automatic 297 
corrections of movement errors when participants fixate on the reach target (2,3,16,25,26). Importantly, 298 
these rapid corrections also occur when participants fixate on a location dissociated from the current 299 
reach goal (11,13,14). Here, we show that corrections during goal-directed reaching are as fast and 300 
strong when participants—instead of fixating a stationary target—engage in an oculomotor tracking 301 
task, suggesting that continuous eye movements do not disrupt the use of gaze-related signals.  302 

Classic work has shown that gaze-position-related signals can contribute to the spatial guidance of the 303 
hand. For example, Prablanc and Pélisson (27) demonstrated that fixating a reach target improves 304 
endpoint accuracy even in the absence of visual feedback of the hand, consistent with the use of gaze 305 
position signals (proprioception and/or efference copy) in movement control. Building on this, Neggers 306 
and Bekkering (12,28,29) showed that when participants fixate a separate stationary gaze target while 307 
reaching to another location, gaze tends to remain “anchored” to the fixation target until the reach is 308 
completed (“gaze-locking”), even when the hand is not visible. This is consistent with the idea that gaze 309 
position signals can be used to help control the hand during ongoing reaching movements. Our current 310 
results indicate that during pursuit, peripheral vision can be used effectively to correct for reach errors. 311 
However, it remains an open question whether the continuously changing gaze position signals 312 
generated during smooth pursuit of a gaze target can serve as a useful spatial reference to guide the 313 
hand to a separate reach target. One way to address this would be to extend Neggers and Bekkering’s 314 
task to a smooth pursuit context, in which participants pursue a moving target while reaching—without 315 
visual feedback of the hand—to a separate location and are required to shift gaze to a newly appearing 316 
stationary target during the reach. 317 
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Smooth pursuit, attention, and the online control of reaching 318 
Research on manual interception has shown that humans naturally track moving targets with smooth-319 
pursuit eye movements (30). When participants pursue an unpredictably moving target and are then 320 
instructed to intercept it, they not only maintain pursuit after hand movement initiation but also tend to 321 
suppress catch-up saccades until the moment of contact (19). The suppression of these discrete eye 322 
jumps is thought to provide the manual system with a continuous, uninterrupted oculomotor signal to 323 
guide the hand. Indeed, research on interception tasks indicates that smooth pursuit provides a high-324 
fidelity velocity signal that the brain uses to predict future object states. For example, during manual 325 
interception, the brain uses pursuit speed to scale anticipatory postural adjustments—stiffening the leg 326 
and trunk muscles in preparation for the force of impact before it actually occurs (31,32). These results 327 
demonstrate that pursuit signals are normally "broadcast" across the motor system to coordinate the 328 
whole body for action. In this context, our finding that reach-correction gains are unaffected by pursuit 329 
is striking; it suggests that even when the pursuit system is actively broadcasting these large-scale motor 330 
signals, the specific feedback loop for manual reach corrections can operate in isolation.  331 

Although the oculomotor system showed a slight performance decrement during the reach, this result is 332 
consistent with a general dual-task cost observed when smooth pursuit is paired with secondary 333 
cognitive or auditory tasks—conditions in which tracking performance is known to be sensitive to top-334 
down attentional demands even when the secondary task is non-visual in nature (33–35). Given these 335 
results, we should be cautious in suggesting that the specific visual demands linked to reach corrections 336 
influence pursuit performance, as the decrement may instead reflect the general attentional costs of 337 
performing a concurrent motor task. 338 

Gain put not correction onset are correlated within individuals 339 
We found a within-participant correlation in feedback gain, but not in the onset of the correction, 340 
between the two visuomotor task conditions. These results are consistent with the idea that corrective 341 
feedback responses are initiated automatically—and as early as the processing hierarchy allows (36)—342 
resulting in little variability across participants. At the same time, the gain of the response is known to 343 
be more sensitive to changes in visuomotor task demands (11,17,37) and thus it is not surprising it can 344 
also vary considerably across individuals. Similar to the feedback gain, we found that hand movement 345 
kinematics, that is, movement onset, duration, and peak velocity, were highly correlated within 346 
participants across tasks, suggesting that individuals have preferred movement signatures. 347 

Limitations 348 
A limitation of the present study concerns the estimation of correction onset. The relatively small 349 
number of perturbation trials may have increased variability in onset measurements across participants, 350 
potentially reducing sensitivity to small temporal differences. This limitation is likely less critical for 351 
estimates of feedback gain, which are generally more robust to trial-to-trial variability. In addition, 352 
although the channel stiffness and damping were sufficient to detect feedback responses, these 353 
parameters may not have been optimal for capturing subtle changes in feedback gain and, particularly, 354 
the precise timing of response onset. Therefore, onset-related findings should be interpreted with 355 
caution. 356 
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Conclusion 357 
Our findings indicate that rapid, automatic visual feedback mechanisms that support reaching are 358 
equally strong during pursuit tracking and fixation of a separate gaze target. This indicates that the 359 
visuomotor processes that are engaged in smooth pursuit of a moving target, above and beyond those 360 
involved in fixating a stationary target, do not influence the reach-related visuomotor processes. Note 361 
that these conclusions are limited to the tasks examined here; further studies are needed to determine 362 
whether they generalize to more complex reaching tasks. 363 
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 465 

FIGURE LEGENDS 466 
Figure 1. Experimental setup and conditions. (A) 2D view of the visual scene centred at the start 467 
position. The start position was represented by an object (an empty circle with a diameter of 1 cm). For 468 
the visual task, participants either fixated a stationary circle (stationary gaze target) or tracked a dot that 469 
could move (moving gaze target) within the circle located in the left region (which was not shown to 470 
participants). The stationary gaze target was positioned at the centred coordinates x = -8 cm and y = 18 471 
cm. Relative to the centre of the farthest edge of the occluder, this location placed the target 55.5° away 472 
at a distance of 9.7 cm. (B) Illustration of a trial without perturbation (baseline reaching). Participants 473 
performed the reaching movement from the starting position to the target while fixating or pursuing the 474 
gaze target with their eyes. (C) Illustration of a perturbation trial without a force channel following the 475 
perturbation (perturbed reaching). In these trials, the hand cursor was visually perturbed by shifting it 3 476 
cm to the left or right after passing under the visual occluder. (D) Illustration of perturbation and force 477 
channel trial. In this condition, participants’ movements were constrained to move along a straight line 478 
from the start position to the target, allowing measurement of the forces applied to the virtual walls of 479 
the force channel (dashed lines). The cursor automatically returned to the straight line 250 ms after the 480 
perturbation onset in these trials. (E) Illustration of the stationary gaze target (left side) and the five dot 481 
trajectories used in the moving gaze target condition. (F) Temporal sequence of events in each trial. 482 
After the visual scene was presented, participants had to move the cursor to pick up the object. The 483 
visual task started 1 s after the object was ‘picked up’. The interval between beeps was fixed (0.6 s), and 484 
participants were instructed to begin to reach at the same time as beep 4 and finish the reach at the 485 
time of beep 5. After completing the reaching task, participants received feedback about the duration of 486 
the reaching movement. 487 

Figure 2. Eye position and saccade endpoints during reaching movements toward stationary and 488 
moving gaze targets for the channel trials. (A) In the stationary gaze target task, the saccade endpoints 489 
are shown in the upper panel as grey dots. Trials in which saccades landed more than 6 cm away from 490 
the gaze target zone (continuous circle on the left side) were excluded from analysis (see Methods). (B) 491 
The layout in the moving gaze target condition is similar to that in (A). The dark grey rectangle 492 
represents the occluder in (A) and (B). (C) and (D) Eye position error averaged across trials and 493 
participants for the stationary (C) and moving (D) gaze targets. (E) Eye velocity gain averaged across 494 
trials and participants for the moving gaze target. For (C), (D), and (E), the data are aligned to beep 4, 495 
and the shadow region around the mean corresponds to one standard error. 496 

Figure 3. Hand kinematics and timing parameters under stationary and moving gaze targets. (A) Hand 497 
trajectories for each participant (thin lines) and average trajectory (thick lines) for the non-channel trials 498 
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in the two gaze target tasks: stationary (red) and moving (blue). The grey shaded area indicates the 499 
occluder region. (B-D, top) Cumulative frequency distributions of vertical hand peak velocity, movement 500 
duration, and movement onset time relative to the fourth auditory beep (used as a temporal go signal), 501 
respectively, across participants and trials for the channel trials. (B-D, bottom) Scatterplots between 502 
stationary and moving gaze targets for the same variables described at the top. For these scatterplots, 503 
the median values of each participant and condition were used. Dashed lines indicate the 95% 504 
confidence interval for the line fitted to these data. 505 

Figure 4. Visuomotor feedback gain and correction onset for stationary and moving gaze targets. 506 
Forces measured in force channel trials in the stationary (A) and moving gaze (B) targets. Responses are 507 
plotted for leftward (solid) and rightward (dashed) perturbation of the hand cursor during hand target 508 
reaching. Thin lines indicate the average forces for each participant, and thick lines indicate the average 509 
force across participants. The 0-ms corresponds to the instant of cursor jump. The grey area indicates 510 
the 180-230 ms interval used to average the force differences to obtain a single measure of response 511 
gain. The mean force values after a leftward cursor perturbation were subtracted from the mean forces 512 
after a rightward cursor perturbation to obtain the corrective force difference or response gain. The 513 
separation between left and right force time series was used to identify the onset time of correction 514 
following the cursor perturbation. (C-D, top) The top graph shows the correction onset (C) and the 515 
response gain (D) values for each participant (small dots) for both stationary (red symbols) and moving 516 
(blue symbols) gaze targets. The triangle indicates the mean, and the vertical bars indicate the standard 517 
error. On the right, the boxplots and probability density functions for both gaze targets are shown. (C-D, 518 
bottom) Scatterplots between stationary and moving gaze targets for the same variables described at 519 
the top. Dashed lines indicate the 95% confidence interval for the line fitted to these data. 520 
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