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Controlling the trajectory of a moving object
substantially shortens the latency
of motor responses to visual stimuli

Thibaut Le Naour,'? Michael Papinutto, Muriel Lobier,* and Jean-Pierre Bresciani'->¢*

SUMMARY

Motor responses to visual stimuli have shorter latencies for controlling than for
initiating movement. The shorter latencies observed for movement control are
notably believed to reflect the involvement of forward models when controlling
moving limbs. We assessed whether controlling a moving limb is a “requisite” to
observe shortened response latencies. The latency of button-press responses to a
visual stimulus was compared between conditions involving or not involving the
control of a moving object, but never involving any actual control of a body
segment. When the motor response controlled a moving object, response la-
tencies were significantly shorter and less variable, probably reflecting a faster
sensorimotor processing (as assessed fitting a LATER model to our data). These
results suggest that when the task at hand entails a control component, the
sensorimotor processing of visual information is hastened, and this even if the
task does not require to actually control a moving limb.

INTRODUCTION

For over a century, response latency has been extensively used to investigate the mechanisms underlying
information processing, motor planning, and motor control. In most paradigms, response latency corre-
sponds to the time that elapses between the presentation of a stimulus and the first detectable motor
response to this stimulus. Several factors have been shown to affect response latency. For simple reaction
times, response latency depends on intra-individual factors, such as the age and gender of the probed per-
son, " his/her level of fatigue, attention or arousal,’ as well as the influence of substances, such as alcohol” or
caffeine.® Response latency also depends on the type, intensity,” and duration of the stimulus,” as well as
on the number of stimulus-response alternatives.® Last but not least, response latency can be strongly
affected by task-related factors, such as the complexity’ or the nature and consequences of the required
motor response.”'? In particular, for the same level of motor complexity, as for instance simple reaching
movements performed with the arm, response latency to a visual stimulus is usually much shorter when the
task entails a control component, such as adjusting the trajectory of an ongoing movement (i.e., online con-

trol), than when it consists in initiating the reaching movement.'*""®
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The short response latencies usually observed in control tasks are hardly compatible with the time required Neuroscience, University of
to process visual information in reaction-time tasks.'® As a matter of fact, the feedback loops controlling Fribourg, Fribourg,
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ongoing movements have been shown to be very fast and automatic.'”?"?""?® To account for these
characteristics, several authors have suggested that during movement execution, motor control likely relies
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contribute to compensate the delays inherent to sensory feedback, which would explain the shorter fLead contact
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when controlling an ongoing movement, information processing would be different from and more effi- h
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underwent a surgical resection of the callosal fibers) suggests that the neural structures underlying online
control might be distinct, at least partially, from those involved in the preparation of the action.

In the current study, we investigated whether the shorter response latency usually observed in control tasks
is exclusively imputable to the reliance on internal models and feedforward mechanisms, or whether there
might be more to it. More specifically, control tasks are usually characterized by important time constraints,
which have to be met to ensure the success of the action. We reasoned that to cope with these time con-
straints, sensorimotor processing might be hastened when the task at hand entails a control component
and this even if the task does not require to control the trajectory of a limb. If this is the case, then motor
responses could be triggered faster when associated with a control task, and this irrespective of whether
actual motor control is required. Such faster motor responses would be somewhat similar, though probably
not identical, to the shortening of saccade reaction times observed under certain task conditions. For
instance, saccade reaction time is substantially shorter when a perceptive or discrimination task must be
performed at the saccade landing location than for “simple” target-elicited saccades.'”?”*° Shorter
saccade reaction times are also observed when an arm movement is performed simultaneously to the
saccade.’’ We speculated that a similar latency reduction might be observed for manual responses
when the task entails a control component. To address this question, we assessed whether a control
task exempt of any actual motor control of a moving limb might give rise to shorter response latencies
than a choice reaction time task. For that, we used a control task in which participants could alter the tra-
jectory of a moving object by simply pressing on a button. In this task, no actual control of the arm trajectory
was required, and the motor output was strictly identical to that of a choice reaction time task to which it
was compared. Importantly, the control performed in the control task was not “continuous”. Specifically, a
single and unique button press allowed participants to redirect the moving object, but after this button
press, participants did not have any further control on the trajectory of the object until the end of the trial.

RESULTS

The participants were seating in a dark room in front of a monitor with their head resting on a chin and fore-
head rest. Their eye movements were recorded using an infrared eye-tracking system. Their motor re-
sponses to the stimuli consisted in pressing with the left and right index fingers on the left and right buttons
of a response box. The visual scene displayed on the monitor consisted of a starting area at the bottom
center of the scene, and of three targets arranged on the arc of a circle (—25 to 25°, see Figure 1) in the
middle/upper part of the screen. At the beginning of each trial, the participants had to fixate the central
target. If and when this target “jumped” to the left or right target location, which occurred in a random
two-thirds of the trials (i.e., one-third on each side), the participants had to press as fast as possible the
response button corresponding to the side of the target jump, i.e., left button for a left jump and right but-
ton for a right jump. For trials without any target jump, i.e., a third of the trials, participants had to refrain
from pressing any button.

In the first experiment, response latency was measured in two different conditions which were manipulated
within-subject and presented in blocks in counterbalanced order. In the choice reaction time (CRT) condi-
tion, pressing one of the response buttons launched a red disc representing a ball in the direction of the
target located on the side of the pressed button, i.e., left target for a left button press, right target for a
right button press. The ball was launched from the starting area (see Figure 1). When no response button
was pressed, the ball was launched toward the central target after a given delay (see the STAR Methods
section for details). In the controlled ball (CB) condition, the red ball was launched toward the central target
before any target jump occurred. If and when a response button was pressed, the already moving ball devi-
ated toward the target located on the side of the pressed button. When no response button was pressed,
the ball pursued its straight path toward the central target. The difference between the two response con-
ditions was that in the CRT condition, the participant’s response affected the direction in which the ball was
launched, whereas in the CB condition, the participant’s response controlled the direction of the ball while
it was already moving. Figure 1A illustrates the time course of a trial with rightwards target jump in the CB
condition.

The response condition significantly affected response latency (x? (1) = 41.14, p < 0.001). On average, par-
ticipants responded 60 ms earlier when the response altered the ball trajectory than when it did not (mean
response latency = 246.43 ms in the CB condition vs. 306.50 ms in the CRT condition, see Figure 2A). The
difference between the two conditions explained 51% of the variance of response latency (marginal
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Figure 1. Procedure and conditions

(A) Time course of a trial with a target jump to the right in the controlled ball condition (Exp. 1 & 2). After the participant
fixated the central target for 1000 ms, it turns green for 1500 ms. The central target then turns red and the red ball is
simultaneously launched from the starting area toward the central target. A random 270 to 330 ms after the central target
turned red, the central target jumps to the right. When the target jumps to the right, the participant presses as fast as
possible the right response button, which redirects the red ball toward the right target. Note that changing the color of
the central target from green to red 270 to 330 ms before a potential jump provided the participant with the same time-
related pre-cue in all response conditions.

(B) Visual scene after a target jump to the right and a right button press for the four different conditions (Exp. 1 & 2). In the
choice RT condition (top left quadrant), pressing the right response button in response to a right target jump launched the
red ball from the starting area toward the right target. In the controlled ball condition (top right quadrant), the red ball was
already moving upward toward the central target before the target jump, and pressing the right response button in
response to a right target jump redirected the ball toward the right target. In the non-controlled ball condition (bottom
left quadrant), the red ball was already moving upward toward the central target and pressing the right response button
did not have any effect on the ball trajectory. In the progression bar condition (bottom right quadrant), the red
progression bar started moving upward before the target jump and pressing on the response button did not have any
effect on the visual scene.

RZ = 0.51), and its significance was confirmed by a paired comparison between the two levels (p < 0.001,
R = 0.88). On the other hand, the required direction of the response did not have any effect on response
latency, which was almost the same for left and right responses (276.33 ms vs. 276.60 ms, x2 (1) = 0.002,
p = 0.97, marginal R2 = 0.00001). There was no interaction between the two main factors (x2 (1) = 0.28,
p = 0.60). We also assessed whether the two factors affected the intra-individual variability of response la-
tency. As for average response latencies, the response condition significantly affected the intra-subject
variability of response latency (x? (1) = 16.14, p < 0.001). Specifically, participants’ response latency
was almost twice as variable in the CRT than in the CB condition (mean variability of response
latency = 47.70 ms vs. 29.98 ms, see Figure 2B). This difference explained 24% of the measured variance
(marginal R? = 0.24), and its significance was confirmed by a paired comparison between the two conditions
(p <0.001, R = 0.67). The direction of the response did not affect response latency variability (50.86 ms vs.
52.61 ms for responses to the left and to the right, respectively, x? (1) =0.40, p = 0.53, marginal R? = 0.005,
see Figure S1), and there was no interaction between the two factors (x? (1) = 1.10, p = 0.29).

The results of the first experiment clearly show that when the motor response altered the trajectory of an
already moving object rather than setting it in motion/launching it in a given direction, response latencies
were much shorter and much less variable. Importantly, these shorter and less variable response latencies
cannot be attributed to differences in the programming/reprogramming of the motor output, because the
required motor command was identical in both response conditions, namely pressing a button. In accor-
dance with our initial hypotheses, these results suggest that when involved in the control rather than the
initiation of movement, the sensorimotor loops processing sensory information and triggering motor re-
sponses are more "efficient”, at least regarding response latency. However, one might argue that the mov-
ing ball provided some kind of “urgency” signal that was not present in the CRT condition. Specifically, the
progression of the ball toward the central target provided time-related information, and this feedback
might have “urged” participants to react faster because of time pressure. A second experiment was
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Figure 2. Effect of the response condition on response time and variability in Exp. 1

(A) Participants responded significantly faster when controlling the trajectory of the ball (green box) than when launching
the ball in the choice RT condition (beige box) [Wilcoxon signed-rank test, p < 0.001, R = 0.88, i.e., large effect size].
(B) Intra-subject variability of response time was significantly larger when the task consisted in launching the ball in the
choice RT condition (beige box) than when it consisted in controlling the ball trajectory (green box) [Wilcoxon signed-rank
test, p < 0.001, R = 0.67, i.e., large effect size].

designed to assess whether the reduced response time observed in experiment 1 could indeed trivially
result from time-related information. Experiment 2 consisted of three conditions. The CB condition was
identical to that of experiment 1. The non-controlled ball condition was similar to the CB condition except
for the fact that when the participant pressed a button, it did not have any effect on the ball, which merely
pursued its straight path toward the central target, went through it, and left the scene by the top of the
screen. In the progression bar condition, no ball was launched but a progression bar was displayed be-
tween the starting area and the central target. This bar provided the same time-related information as
the ball, so as to standardize between conditions any time pressure induced by the moving stimuli. As in
experiment 1, for each condition and in each trial, there were three possible responses, namely press
left, press right, or not press. For each of the four conditions presented in experiments 1 and 2, Figure 1B
illustrates the consequences of pressing the right button in response to a rightwards target jump.

As in the first experiment, response latency was significantly affected by the response condition (x? (2) = 27.73,
p < 0.001), which explained 18% of the measured variance (marginal R? = 0.18). In particular, Bonferroni-
corrected paired comparisons indicated that response latency was significantly faster in the CB
(mean = 261.19 ms) than in the non-controlled ball (mean = 295.42 ms, p < 0.01, R = 0.68) and in the progression
bar conditions (309.52 ms, p < 0.001, R = 0.88). The latter two conditions were not significantly different from one
another. There was no main effect of the response direction (mean = 288.00 vs. 289.41 ms, x? (1) = 0.04, p = 0.84,
marginal R? = 0.0002) and no interaction between the two factors (x2 (2) = 0.02, p = 0.99). Figure 3A summarizes
the differences between the three conditions. Regarding the intra-subject variability of response latencies, the
pattern of results was almost identical to that observed for the average response latency. Specifically, there was
a main effect of the response condition on the intra-subject variability of response latency (x? (2) = 28.65,
p < 0.001), this effect explaining 28% of the variance (marginal R? = 0.28). The variability of response latencies
was significantly smaller in the CB (mean = 27.35 ms) than in the non-controlled ball (mean = 34.58, p < 0.01,
R = 0.59) and in the progression bar conditions (43.63 ms, p < 0.001, R = 0.84, see Figure 3B). The variability
of response latencies was also significantly smaller in the non-controlled ball condition than in the progression
bar condition (p < 0.05, R = 0.57). There was no main effect of the direction of the response (34.92 vs. 35.45 ms, x?
(1) = 0.06, p = 0.81, marginal R? = 0.0004, see Figure S2) and no interaction between the main factors (x?
(2)=3.13,p =0.21).

The results of experiment 2 suggest that the faster and less variable response latencies observed when the
motor response controlled the ball trajectory are not imputable to a sense of urgency provided by the mov-
ing object. Specifically, in experiment 2, all three response conditions provided the same “putative” ur-
gency signal, yet response latencies were significantly faster and less variable in the CB condition than
in the other two conditions. To further assess whether the moving ball and the progression bar actually pro-
vided any urgency signal which might reduce response latencies, we directly compared the mean response
latency measured in those two conditions with that measured in the CRT condition of experiment 1. For
that, two separate Wilcoxon rank sum tests for independent groups were performed. Both tests were
non-significant, with p values larger than 0.70. Even though the measured p values were far from the
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Figure 3. Effect of the response condition on response time and variability in Exp. 2

(A) Participants responded significantly faster when controlling the ball trajectory (green box) than when their response
had no effect on the ball trajectory (non-controlled ball, orange box) (p < 0.01, R = 0.68, i.e., large effect size) and when a
progression bar was displayed (purple box) (p < 0.001, R = 0.88, i.e., large effect size). The latter two conditions were not
different from one another (p = 0.27, R = 0.35, i.e., medium effect size). All paired comparisons were performed using
Wilcoxon signed-rank test and p values were Bonferroni-corrected.

(B) Intra-subject variability of response time was significantly smaller when participants controlled the ball trajectory
(green box) than when their response had no effect on the ball trajectory (non-controlled ball, orange box) (p < 0.01,
R=0.59,i.e., large effect size) and when a progression bar was displayed (purple box) (p <0.001, R =0.86, i.e., large effect
size). In addition, the variability of response time was significantly smaller in the non-controlled ball condition than in the
progression bar condition (p < 0.05, R = 0.57, i.e., large effect size). All paired comparisons were performed using
Wilcoxon signed-rank test and p values were Bonferroni-corrected.

significance threshold, failing to find a significant difference does not mean that there is no difference be-
tween the compared means. In particular, because “classical” statistical tests based on p values have been
"developed” to decide whether to reject or not the null hypothesis, those tests are asymmetrical by nature.
Indeed, they do not quantify the evidence in favor of the null hypothesis, and failing to reject the null hy-
pothesis can only be interpreted as a current lack of evidence in favor of the alternative hypothesis. In other
words, when failing to reject the null hypothesis, one can only conclude that the observed data are insuf-
ficient to show that there is a difference between the compared means. Here, we wanted to go further and
evaluate the likelihood of the compared means to be similar. Therefore, for each comparison, we
computed the Bayes factor, which corresponds to the ratio of the likelihood of the observed data under
two (competing) hypotheses, so that it can be used not only to quantify the evidence against, but also in
favor of a hypothesis, in this case the null hypothesis. The computed Bayes factors was 0.43 for the choice
RT vs. non-controlled ball comparison, and 0.38 when comparing choice RT vs. progression bar. Those
values both indicate a weak evidence in favor of the null hypothesis, i.e., no difference between the
compared means, thereby extending the results of the Wilcoxon tests. The exact same tests were run on
intra-individual variability values. Here again, the two Wilcoxon rank sum tests failed to find any significant
difference between the choice RT condition on the one hand, and the non-controlled ball and progression
bar condition on the other hand. The computed Bayes factors indicated a weak evidence in favor of the null
hypothesis for the choice RT vs. progression bar comparison (BF = 0.51), and a weak evidence in favor of the
alternative hypothesis for the choice RT vs. non-controlled ball comparison (BF = 2.90).

Though reaction times are useful indicators to make inferences about information processing, they do not
constitute a perfect measure of the stimulus-response relationship. This is notably because information pro-
cessing is noisy, and some portion of the observed variance is random/unexplained. In line with this, we
complemented our analysis by fitting a LATER model to our data. The LATER model (Linear Approach to
Threshold with Ergodic Rate) is a quasi-Bayesian model that has been developed to compare iRTs (i.e., in-
verse of reaction times) distributions in order to make inferences about the underlying decision processes.*
Figure 4 shows the cumulative distribution of the iRTs for the different response conditions. In experiment 1,
the Bayes factor (comparison of the two distributions) was larger than 10°, providing a very strong evidence
thatresponses were faster in the CB (mu =4.27 + 0.11, sigma = 2.45 + 0.08) than in the choice RT condition
(mu=3.39 + 0.03,sigma =0.63 + 0.02). Regarding experiment 2, the computed Bayes factors provide a very
strong evidence (BF > 10°) that responses were faster in the CB (mu = 3.89 £+ 0.02, sigma = 0.48 + 0.02) than
in the progression bar (mu = 3.38 + 0.03, sigma = 0.68 + 0.02) and non-controlled ball conditions (mu =
3.52 + 0.03, sigma = 0.67 + 0.02). They also provide strong evidence (BF > 10°) that responses were faster
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Figure 4. Cumulative distribution of the reciprocal of the latency (i.e., frequency in Hz) on a probit scale (i.e.,
reciprobit plot)
For all conditions, the data almost perfectly fits a straight line, so that the latencies can be assumed to follow a Gaussian
distribution, as predicted by the LATER model.
(A) Experiment 1. The lines are parallel, so that we can deduce that the frequencies of the controlled ball condition (green)
are drawn from a Gaussian distribution with a higher mean value than that of the choice RT condition (beige). This
indicates that the controlled ball condition is characterized by faster reaction times.
(B) Experiment 2. The blue (progression bar condition) and orange (non-controlled ball condition) lines are almost
identical. The green line (controlled ball condition) intersects Z = 0 at a higher frequency, indicating that the mean value of
the controlled ball distribution is higher and that reaction times are faster in this condition. In addition, the slope of the
controlled ball condition is steeper, indicating a lower variability in this condition.

inthe non-controlled ball than in the progression bar condition. Overall, the results of this additional analysis
RT analysis.

|u

confirmed those reported previously with more “traditiona

DISCUSSION

Motor responses taking place during movement execution, i.e., in the control phase of the movement, are
usually characterized by very short latencies.’'’?* Because such short latencies are hardly compatible

163334 it has been sug-

with the processing of visual information taking place before movement onset,
gested that in the control phase of the movement, visual information might be processed differently, at
least partially, as when programming a movement to come. In particular, the feedback loops underlying
movement control would rely on forward/internal models using efference copy to predict the conse-
quences of motor commands.'®?'?/?% By partially compensating the delay of sensory feedback, forward
models would contribute to shorten the latency of motor responses occurring during movement execution.
Our results confirm that the response latency to visual stimuli is much shorter when the outcome of the mo-
tor response has a control component than when it does not. However, and importantly, our results show
for the first time that such short-latency responses take place even without any actual motor control of a
moving limb. Specifically, all previous experiments reporting shorter response latencies in control tasks
were based on reaching tasks in which participants controlled the trajectory of an ongoing reaching move-
ment. As opposed to that, the control task used in our experiment did not entail any motor control because
the arm and hand were static at the time of the motor response. Yet, on average and depending on the
condition, participants responded 35 to 60 ms faster to the visual stimuli when the motor response affected
the trajectory of a moving object. These values correspond to a gross latency reduction of 12-20%, and this
latency reduction can hardly be attributed to forward models based on efference copy. Indeed, the motor
response was "“circumscribed” to a button press, and this motor response was the exact same in all condi-
tions. Please note that we do not challenge the view that forward models play an important role in the con-
trol of ongoing movements. Rather, our results show that even without actual motor control and the asso-
ciated involvement of forward models, motor responses take place with shorter latencies when the
outcome of the response has a control component. This is an important result, because it suggests that
if required by the constraints of the task at hand, sensory information can be processed faster and motor
responses can be triggered earlier. In line with this, the absence of difference between the choice RT con-
dition and both the non-controlled ball and the progression bar conditions suggests that the time-related
information provided in these latter two conditions did not alter the perceived time constraint of the task.
As opposed to that, being able to modify the trajectory of the moving ball likely increased the perceived

6,37

time constraint. This might indicate that a certain level of visuomotor binding® or agency®**’ is required

for the perceived time constraint of the task to be altered.
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The hypothesis that the sensorimotor processing of visual information might be more efficient when the
task entails a control component seems further supported by the pattern of intra-individual response vari-
ability. Specifically, in both experiments, the intra-individual variability of the measured response latency
was significantly smaller when the response had a control component, i.e., when pressing the button
altered the trajectory of a moving object. In most cases, the intra-individual variability was almost twice
smaller in the control than in the “no-control” conditions. In previous studies, an increased variability of mo-
tor response latency has been associated with aging,**° neurobiological disturbance,”'™** neurodegen-
erative disorders,” and ADHD.” These works highlight the fact that the intra-individual variability of
response latency constitutes a marker of the efficiency of sensorimotor processing. In that respect, the
reduced variability of intra-individual response latency measured in our experiment is an important result
that further hints at an enhanced efficiency of the sensorimotor processing of visual information when the
task entails a control component.

Previous studies have shown that under specific circumstances, the sensorimotor processing of visual infor-
mation can unfold faster. This is notably the case for saccades, for which shorter reaction times have been
observed when an arm movement is performed simultaneously to the saccade,’’ or when a perceptive or
discrimination task has to be performed at the saccade landing location.'%??*" Initially conceived by Roger
Carpenter, the LATER model (Linear Approach to Threshold with Ergodic Rate, see’ for a recent review)
"accounts” for these observations by appraising and quantifying the relationship between some experi-
mental conditions and measured reaction times. More specifically, in many settings, RTs can be shown
to follow a recinormal distribution, which means that the inverse of the RTs (iRT) closely follows a Gaussian
law.*® This characteristic led to the development of the LATER model, a parametric model in which the iRT
are assumed to follow a normal distribution. The LATER model has the advantage that its parameters,
namely the average and standard deviation of the normal distribution, have been shown to be correlated
with experimental conditions, such as urgency®’ or stimulus visibility.*® While the LATER model was orig-
inally designed for saccadic reaction times, more recent studies have shown that it can also be applied to
manual responses.”” In line with this, we fitted a LATER model to the iRTs collected in our experiments. The
results of this additional analysis are in line with the other results reported in this study, as the mean value
mu changed significantly between distributions, resulting in a lateral shift of the reciprobit. According to
previous studies on the LATER model, this finding suggests that the shorter RTs observed in the CB con-
dition might well result from a faster sensorimotor processing.*

As mentioned previously, the feedback loops underlying the online control of reaching movements have
been investigated in several studies. And these studies notably highlighted the fact that during movement
execution, sensory information is probably processed differently than it is before movement initiation.
Interestingly though, very few studies directly compared the latency of reaction times preceding move-
ment initiation with that of online responses to perturbations occurring during movement execution.
And for methodological reasons, across-studies comparisons are difficult. In particular, manual reaction
times to a stimulus are often measured using button-press responses, whereas the latency of online re-
sponses usually corresponds to the first detectable modification of the hand trajectory. To our knowledge,
only two studies directly compared the latency of choice reaction times to that of online responses. In a
study performed by Day and Brown in 2001,'* motor responses occurred on average 114 ms earlier in
the online control task than in the CRT task (137 ms vs. 251 ms). Note that in this study, response latency
was measured using different methods for the two tasks, namely using a touch-plate for reaction times
and computing kinematic deviations of the hand trajectory for reach adjustments. A very similar difference
in response latency between online responses (about 100 ms) and choice reaction times (about 200 ms) was
observed by Reichenbach and colleagues.'” In this latter study, the method used to measure response la-
tency was the same for the online control and the choice RT task, namely the first detectable electromyo-
graphic burst. Importantly; however, in both aforementioned studies, the type of motor response differed
between the online control task and the choice RT task. Specifically, choice RT latencies corresponded to
the delay between stimulus presentation and hand movement initiation, whereas online response latencies
corresponded to the delay between stimulus presentation and the first measurable deviation of the hand
trajectory. Put differently, when the visual stimulus was presented, the arm and hand were static in the
choice RT task, whereas they were already in motion in the online control task. In our study, there was
no such "bias”, as the motor response was exactly the same in all conditions, whether they entailed a con-
trol component or not. And as mentioned previously because the motor response was a single button
press, the measured latency difference between “control” and “no control” conditions cannot be imputed
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to forward models. Interestingly though, in experiment 1 (in which the compared conditions were the most
similar to those of Day and Brown'* and Reichenbach et al.'?), response latency was on average 60 ms
shorter in the control task than in the RT task. This corresponds to more than half the amplitude of the la-
tency difference reported by Day and Brown'” and Reichenbach et al.'” This suggests that less than half of
the latency reduction observed in motor control tasks (as compared to RT tasks) might actually be imput-
able to forward models. The remaining and larger “share” of the reduction might well derive from a
hastened sensorimotor processing triggered by (perceived) tighter time constraints associated with
the task.

As a final remark, one might wonder to which extent the results reported in this study might be somehow
related to some sampling bias or to particularly slow reaction times. In the literature, the reported latency
for simple reaction times to visual stimuli usually ranges between 230 and 330 ms.'**°>? The latencies
measured in our study fall within this range, with values ranging from 246 ms for the "“fastest” condition
(CB, experiment 1) to 309 ms for the “slowest” condition (progression bar, experiment 2). Importantly,
all latencies measured in our study were choice response times, which for button-press/manual responses
are known to be longer than simple reaction times.® Taken together, these elements indicate that the large
latency differences that we measured between the condition in which pressing the button controlled the
ball and the other conditions cannot be merely attributed to some sampling bias or to particularly slow re-
action times.

Limitations of the study

The main limitation of our study lies in the use of the LATER model to “interpret” the response times
measured in the different conditions. Specifically, the LATER model has initially been developed to try
to specify the relationship between the distribution of saccadic reaction times and the underlying decision
processes. Though reaction time is the time separating stimulus presentation and movement onset, and
this irrespective of the effector, eye movements and manual responses are somehow different. In particular,
saccades are highly automatic and “overlearned” motor responses, which as opposed to manual responses
remain unaffected by stimulus-response uncertainty.”*>* Therefore, the sensorimotor processing preced-
ing saccade onset is likely different in nature, at least partially, from that preceding button-press responses.
In that context, one should be more cautious when interpreting the fitting of a LATER model to manual re-
sponses, even though some authors have suggested that it can validly be used to model the decision pro-

cess of manual responses.49
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Original human experimental data and analysis code (R) Mendeley https://data.mendeley.com/datasets/6pd2xbjdx4/1

Software and algorithms

R https://cran.r-project.org/ Version 4.0.2

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Jean-Pierre Bresciani (jean-pierre.bresciani@unifr.ch).

Material availability

This study did not generate new unique reagents or other materials.

Data and code availability

® Raw human experimental data have been deposited at (Mendeley Data: https://data.mendeley.com/
datasets/6pd2xbjdx4/1) and are publicly available as of the date of publication. DOI are listed in the
key resources table.

e All original code (R analysis scripts) have been deposited at (Mendeley Data: https://data.mendeley.
com/datasets/bpd2xbjdx4/1) and is publicly available as of the date of publication. DOI are listed in
the key resources table.

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Participants

Twelve participants (8 females, aged 18-28 years, mean = 23.5 years, 12 right-handed) were included in
Experiment 1 and twelve different participants (10 females, aged 20-32 years, mean = 22.92 years, 11
right-handed) in Experiment 2. All were able-bodied with normal or corrected-to-normal vision, and
they were naive as to the purpose of the research. The study was performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and approved by the Ethics Committee of the Uni-
versity of Fribourg. Participants had the option to withdraw from the study at any time without penalty and
without having to give a reason.

METHODS DETAILS

Materials

The participants sat in an adjustable chair in front of a 23.6 inch TFT monitor (VIEWPixx 3D Lite, 1920*1080
pixel, 120 Hz refresh rate, VPixx Technologies Inc., QC, Canada) in an otherwise dark room. Their head res-
ted on a chin and forehead rest at a viewing distance of 57 cm of the monitor. An optical infrared eye-
tracking system was used to record eye movements at a sampling rate of 1000 Hz (SR Research
Desktop-Mount Eyelink 1000, average gaze position error of about 0.25° and spatial resolution of 0.01°).
Response times were measured using a handheld response box (RESPONSEPixx, VPixx Technologies
Inc., QC, Canada) positioned on the table in front of the participant. The participants had their left and right
index fingers positioned on the left and right buttons of the response box, respectively.

Experimental procedures

The visual scene consisted of a square starting area (2.3*2.3 degrees of visual angle) and three circular tar-
gets (2.4° in diameter) arranged on an arc of a circle at equal distance (26°) of the starting area. The starting
area and the central target were located at the middle of the scene. The left and right targets were located
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25 degrees of arc to the left (CCW) and right (CW) of the central target, respectively, that is at a horizontal
distance of about 11 degrees of visual angle (see Figure 1). The background was light gray (RGB 200 200
200). The starting area and the three targets were medium dark gray (RGB (225 225 225)).

At the beginning of each trial, the participant had to gaze at the central target and keep fixating it. After the
participant fixated the central target for 1000 ms, it turned green (RGB 43 216 0) for 1500 ms before turning
red (RGB 2550 0). A random 270 to 330 ms after it turned red, the central target either ‘jumped’ to the left,
to the right, or remained central (a third of the trials in each case). Target jumps were produced by turning
the central target from red to medium dark gray while simultaneously turning one of the lateral targets from
medium dark gray to red. Trials with and without jumps were presented in random order. When the target
jumped, the participant was instructed to press as fast as possible the response button corresponding to
the direction of the jump, i.e., left button for a left jump and right button for a right jump. When the target
remained central, the participant was instructed not to press any button. In other words, the participant
always had three possible responses, namely pressing left, pressing right, or not pressing. This was the
case for all subsequently presented conditions.

Experiment 1 consisted of two response conditions. In the CRT condition, when the participant pressed
one of the response buttons, a red disc (1.2° in diameter, RGB 255 0 0) representing a ball was launched
from the starting area at a speed of 37.5 cm/s (i.e., 37.5 degrees of visual angle per second) in the direction
of the left or right target, depending on whether the participant pressed the left or the right button. When
no button was pressed, the ball was launched toward the central target between 270 and 330 ms after the
central target turned red. In the Controlled Ball (CB) condition, the red ball was launched toward the central
target when this latter turned red, i.e., 270 to 330 ms before a potential target jump. When the participant
pressed a button after a target jump, the already moving ball deviated toward the target located on the
side of the pressed button. When no response button was pressed, the ball pursued its straight path to-
ward the central target. The difference between the two response conditions was that in the CRT condition,
the participant’s response affected the direction in which the ball was launched, whereas in the CB condi-
tion, the participant’s response controlled the direction of the ball while it was already moving. Note that
changing the color of the central target from green to red 270 to 330 ms before a potential jump provided
the participant with the same time-related pre-cue in the two response conditions. Figure 1A illustrates the
time course of a trial with rightwards target jump in the CB condition.

Experiment 2 consisted of three response conditions. The CB condition was identical to that of experiment
1. The Non-controlled Ball condition was similar to the CB condition, but pressing a button did not affect
the ball trajectory. Specifically, irrespective of whether a button was pressed or not, the ball pursued a
straight path toward the central target, went through it, and left the scene by the top of the screen. In
the Progression Bar condition, no ball was launched but a progression bar was displayed between the start-
ing area and the central target. The bar provided the same time-related information as the ball. The Non-
controlled Ball and Progression Bar conditions allowed us to assess whether the moving stimuli induced
some kind of time pressure which might affect response time. For each of the four conditions presented
in experiments 1 and 2, Figure 1B illustrates the consequences of pressing the right button in response
to a rightwards target jump.

Design

For both experiments, response time was the main dependent variable, which we measured and compared
between conditions. Response time was defined as the time elapsed between presentation of the
response-triggering stimulus and button press. We also computed intra-individual response time vari-
ability, which corresponded to the standard deviation of response time as measured for each participant
and each combination of the factors. As for response time, response time variability was compared be-
tween conditions. There were two main factors (i.e., independent variables), namely the Condition and
the Direction of the required response. As mentioned above, the response Condition factor consisted of
two levels in the first experiment (CRT vs. CB) and three levels in the second experiment (CB vs. Non-
controlled Ball vs. Progression Bar). For both experiments, the Direction of the required response consisted
of two levels, namely left vs. right. For both experiments, the levels of the two factors were manipulated
within participants, i.e., we used a repeated measures design. Condition levels were presented in different
blocks, namely one block per level. For both experiments, the order of presentation of the blocks/levels
was fully counterbalanced across participants. Within each block, the Direction of the required response
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varied randomly across trials. Specifically, there were as many trials with left and right required responses,
and the order of presentation of these trials was fully random. Each participant performed 20 trials for each
combination of response condition and response direction, for a grand total of 120 trials per participant in
Experiment 1, and 180 trials per participant in Experiment 2. This grand total includes the trials in which no
response was required, namely 20 trials per response condition per participant. Note however that only tri-
als in which a target jump occurred were considered for the analysis. This is because those were the trials in
which a response was required. Note also that the trials in which the response was incorrect or faster than
150 ms (i.e., the participant anticipated) were discarded and repeated later in the course of the block.
In total, less than 2% of the trials were discarded and repeated. For both experiments, participants per-
formed 20 familiarization trials per condition before starting the main experiment. The total duration of
the experiment (i.e., including instructions, familiarization, break(s) and experimental blocks) was about
25 min for Experiment 1 and 35 min for Experiment 2.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses

The effect of the two factors and of their interaction on the dependent variable was assessed using a linear
mixed-effects modeling approach. Specifically, for both experiments, the two main factors were entered
into the model as fixed effects, whereas the intercepts for the participants were entered as random effects.
For each experiment, four models were fitted, namely, 1. A model including only the intercept, 2. A model
including the intercept and the Condition factor as predictor, 3. A model including the intercept and both
the Condition and Direction factors as predictors, and 4. Amodel including the intercept, the two factors as
predictors and an interaction term. The four models were then compared and p values were obtained using
likelihood ratio tests. The degrees of freedom were approximated using the Kenward-Roger method.””
Note that we also fitted three models including random slopes, but these more complex models only
slightly lowered the Akaike and Bayesian information criteria (i.e., AIC and BIC), and the results pattern
remained exactly the same. For this reason, we only reported the results obtained with the ‘less complex’
random intercept models. The effect size of each factor was computed using the marginal R squared, which
indicates the proportion of variance explained by the fixed effects in the model.”

Further direct comparisons between means and intra-individual variability values were performed using
non-parametric tests. Paired comparisons were performed using Wilcoxon signed-rank tests when mea-
sures were repeated within participant, and Wilcoxon rank sum tests when the compared groups were in-
dependent (i.e., for comparisons between the two experiments). P-values were Bonferroni-corrected when
multiple comparisons were performed, and R was computed as indicator of the effect size. When the result
of the Wilcoxon test was non-significant, and when relevant, we additionally computed the Bayes Factor to
estimate the likelihood that the Null Hypothesis be true.
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