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27  SUMMARY:
28 This experimental protocol combined eye tracking and the assessment of presaccadic visual
29  sensitivity in a dual task paradigm, consisting of a free choice saccade task and a visual
30 discrimination task, to investigate the deployment of visual spatial attention before both,
31  accurate and averaging saccades.
32
33  ABSTRACT:
34  This experimental protocol was designed to investigate whether visual attention is obligatorily
35 deployed at the endpoint of saccades. To this end, we recorded the eye position of human
36  participants engaged in a saccade task via eye tracking and assessed visual orientation
37  discrimination performance at various locations during saccade preparation. Importantly, instead
38  of using a single saccade target paradigm for which the saccade endpoint typically coincides
39  roughly with the target, this protocol comprised the presentation of two nearby saccade targets,
40 leading to a distinct spatial dissociation between target locations and saccade endpoint on a
41  substantial number of trials. The paradigm allowed us to compare presaccadic visual
42  discrimination performance at the endpoint of accurate saccades (directed towards one of the
43  saccade targets) and of averaging saccades (directed to an intermediate location in between the
44  two targets). We observed a selective enhancement of visual sensitivity at the endpoint of
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accurate saccades but not at the endpoint of averaging saccades. Rather, before the execution
of averaging saccades, visual sensitivity was equally enhanced at both targets, suggesting that
saccade averaging follows from unresolved attentional selection among the saccade targets.
These results argue against a mandatory coupling between visual attention and saccade
programming based on a direct measure of presaccadic visual sensitivity rather than saccadic
reaction times, which have been used in other protocols to draw similar conclusions. While our
protocol provides a useful framework to investigate the relationship between visual attention
and saccadic eye movements at the behavioral level, it can also be combined with
electrophysiological measures to extend insights at the neuronal level.

INTRODUCTION:

Accumulated evidence argues for strong coupling between oculomotor and attentional control.
The influential premotor theory of attention®? provides a particularly strict account regarding
this coupling, suggesting that covert shifts of visual attention correspond to saccade
programming without subsequent execution. Indeed, shared neuronal correlates of attentional
and oculomotor control have been identified via functional magnetic resonance imaging (fMRI)3
and sub-threshold micro-stimulation of the Frontal Eye Fields (FEF) and the Superior Colliculi (SC)
produces attentional benefits measured both behaviorally and electrophysiologically at the
stimulated movement field position, even if no eye movements are induced*>®7. Psychophysical
experiments furthermore revealed that visual attention is consistently shifted towards the target
of a saccade during oculomotor preparation®°. However, dissociations at the neuronal leve|*0:1112
and observations that saccade preparation does not necessarily entail a corresponding shift of
attention!3141516 cast some doubt on an obligatory coupling between saccade programming and
visual spatial attention.

Here, we revisited the nature of the coupling between attention and oculomotor programming
at the behavioral level using a dual task which entailed a free choice saccade task and a visual
discrimination task. Crucially, two saccade targets were presented at an angular distance of 30°
on half of the trials, producing a distinct global effect!”'81920 gssociated with a substantial
number of saccades landing in between the two targets (averaging saccades). Since we randomly
presented a discrimination target shortly before saccade onset at one out of 24 equidistant
locations (including the two saccade target locations, the location in between them and 21
control locations), we were able to assess and compare the presaccadic deployment of visual
attention when saccade goal and saccade endpoint were either spatially associated (accurate
saccades) or dissociated (averaging saccades).

To test whether visual attention is an obligatory consequence of oculomotor programming, and,
therefore, always shifted towards the saccade endpoint, we analyzed visual sensitivity for all 24
locations as a function of the saccade landing direction. While accurate saccades were associated
with a consistent presaccadic enhancement of visual sensitivity at their endpoint, we found no
such enhancement at the endpoint of averaging saccades. This dissociation rules out an
obligatorily coupling of visual attention to the executed oculomotor program at the behavioral
level and suggests that attentional and oculomotor control are dissociable at some cortical or
subcortical processing stage. Importantly, we observed an equal enhancement of visual
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sensitivity at the two saccade targets before averaging saccades, suggesting that the global effect
arises from unresolved saccade target selection before saccade onset.

PROTOCOL:
This protocol was designed according to the ethical requirement specified by the Ludwig-
Maximilians-Universitat Miinchen and with the approval of the ethics board of the department.

1. Participants

1.1 Recruit a sufficient number of naive participants with normal or corrected-to-normal
vision and without neurological or psychiatric disorders. 10 participants are recommended based
on similar, recent protocols?%%2,

NOTE: Overall, we recruited 13 participants (aged 20-28, 7 females, 12 right-eye dominant, 1
author) from which 3 were excluded from final analysis since their orientation discrimination
performance remained at chance level for all tested locations.

2. Experimental Setup

2.1 Conduct the experiment in a quiet and dimly illuminated room under the supervision of
an experienced experimenter familiar with eye tracking and all other experimental components.

2.2 Prepare an experimental setup consisting of a computer, a cathode-ray tube (CRT)
monitor, a standard keyboard, two loudspeakers, and an eye tracker (see Table of Materials).

2.2.1 Sequence and control the experiment using an appropriate software (see Table of
Materials). Write a script which can be run on the software to load and launch the experiment
automatically for each participant (https://github.com/mszinte/CompAttExo). Ensure that the
script encodes all necessary experimental parameters and implements stimulus presentation as
well as behavioral and eye data collection.

2.2.2 Display all visual stimuli on a CRT screen with a minimum vertical refresh rate of 120 Hz.
Ensure the proper display of visual Gabors via gamma linearization of the experimental screen.

2.2.3 Assess participants’ evaluation of the discrimination target orientation (counterclockwise
vs. clockwise) via the left and right arrow keys on a standard keyboard.

2.2.4 Provide auditory feedback via loudspeakers upon incorrect manual responses.
3. Eye Tracking

3.1 Record the gaze of participants’ dominant eye at a sampling rate of at least 1 kHz
throughout the entire experiment via an eye tracker.
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3.2 Ask the participant to sit down comfortably on a chair, place their chin on a chinrest, and
lean their forehead against a bar to restrain head movements during the experiment. Individually
adjust the height of the chair, the chinrest and the forehead bar such that participants’ eyes align
with the center of the experimental monitor.

33 Individual Eye Tracker Calibration

3.3.1 Before each experimental block (duration: approximately 10 min) and whenever
necessary (e.g. after noticeable head movements and resulting shifts of the estimated fixation),
run a calibration procedure to guarantee that participants’ gaze can be accurately tracked within
a radius of 1°.

NOTE: Here, we used a 13-point calibration procedure to get an accurate estimate of the
characteristic light reflections (pupil and corneal reflection) of the tracked eye as a function of
the gaze.

3.3.1.1 Ask the participant to follow a dot moving across different locations on the screen with
their eyes to estimate their gaze position.

3.3.1.2 Repeat the procedure with a dot rotation of 30° and compare the measured gaze position
to the estimated gaze position to validate the initial calibration. The calibration can be considered
accurate when the averaged difference between the estimated gaze position following the
calibration stage and the measured gaze position in the validation stage is below 1°.

3.3.1.3 Repeat the calibration procedure whenever the participant breaks fixation repetitively to
guarantee high tracking accuracy throughout the experiment.

3.4 During the experiment, monitor correct fixation at the screen center at the beginning of
each trial. Only start a trial if the gaze stays within a radius of 2° around the central fixation target
for at least 200 ms.

4. Instructions

4.1 Provide participants with clear task instructions. Present the task instructions at least
once at the beginning of each experimental session in the form of a written text, together with a
visualization of the trial chronology. Encourage participants to carefully read through the

instructions and to ask remaining questions to the experimenter.

NOTE: The instructions, as presented to the participants before each block, are shown in Figure
1.

4.1.1 Instruct the participant to fixate at the center of the screen at the beginning of each trial.

4.1.2 Inform the participant that 24 flickering distractor streams will appear on the screen and
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that two of them will be cued by white frames, which will either be flashed shortly or remain on
the screen until the trial end.

4.1.3 Ask the participant to execute a saccade towards the center of one of the two cued
distractor streams at free choice. Emphasize that participants should move their eyes as fast and
as accurately as possible upon the onset of the cues.

4.1.4 Inform the participant that, for a short duration during the trial, a tilted Gabor will be
presented randomly at one of the 24 distractor streams.

4.1.5 Ask the participant to manually report whether the tilted Gabor was rotated clockwise or
counterclockwise relative to the vertical by pressing the right or left arrow on the keyboard,
respectively. Explain that a sound will be played if the orientation of the tilted Gabor is being
reported incorrectly.

5. Experimental Design, Stimuli and Trial Chronology

5.1 Ensure to partition the experiment into at least two experimental sessions on different
days to guarantee participants’ concentration across the entire duration of the experiment.
Within an experimental session, prompt participants to take short breaks in between consecutive
blocks.

NOTE: This experiment consisted of 24 blocks, each including 290 online correct trials (all trials
without fixation breaks and with a saccade onset between 50 and 350 ms after the saccade
targets onset; incorrect trials were repeated at the end of a block), amounting to a total duration
of about 5 h.

5.2 Deliberately predefine stimulus features (color, luminance, and size), stimulus timing, and
a viewing distance which ensures the desired angular stimulus size. While most features of the
visual stimuli (e.g., size, luminance, and contrast) can be adjusted to account for specific
experimental purposes based on piloting, precise stimulus timing is crucial to assess visual
attention during the presaccadic interval.

5.3 Stimuli and Trial Chronology

5.3.1 Present all stimuli on a gray (~19.5 cd/m?) background in order to minimize visual and
screen aftereffects.

NOTE: A visualization of the experimental procedure can be found in Figure 2.
5.3.2 Present a fixation target (FT) in the form of a black (~0 cd/m?) and white (~57 cd/m?)

“bull’s eye” (0.4° radius) at the screen center at trial start. Remove the fixation target from the
screen together with the onset of the saccade targets.



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

5.3.3 Display 24 evenly spaced distractor streams (DS) at a radius of 10° from the fixation target
at the trial start. Use dynamic stimuli, alternating every 25 ms (40 Hz) between a vertical Gabor
patch (frequency: 2.5 cpd; 100 % contrast; random phase selected each stream refresh; SD of the
Gaussian window: 1.1°; mean luminance: ~28.5 cd/m?) and a Gaussian pixel noise mask (made of
approximately 0.22° width pixels with the same Gaussian envelope as the Gabors).

NOTE: The use of flickering noise helps to minimize attentional capture due to sudden onsets
that are normally associated with static stimuli and thus reduces discrimination target
detectability without the concurrent selective deployment of attention??.

5.3.4 Between 300 and 600 ms (in steps of the screen refresh rate of ~8 ms) after the onset of
the fixation target, present two saccade targets (ST1 and ST;) in the form of gray circles (~39
cd/m?; 1.1° radius; 0.2° width) surrounding two randomly chosen distractor streams. Ensure to
vary the time of saccade target onset from trial to trial to avoid that participants adopt a
predictive saccade execution pattern.

5.3.4.1 Randomly present the two saccade targets at an angular distance of either 30° or 90°
across trials.

5.3.4.2 Randomly display the saccade targets for either 50 ms (transient cueing condition: tST1+2)
or until the end of the trial (continuous cueing condition: cST1+2) across trials.

5.3.5 Randomly present a discrimination target (DT) at one of the 24 distractor streams and
between 75 and 175 ms after the onset of the saccade targets. Display the discrimination target,
a tilted Gabor patch, rotated clockwise or counterclockwise by 12 ° relative to the vertical, for 25
ms to replace the vertical Gabor patch within the randomly selected distractor stream. Select the
time window for discrimination target presentation to maximize the number of trials in which
the discrimination target offset occurred before saccade onset.

NOTE: The applied tilt level of the discrimination target was derived from pretests with the
objective of producing visual discrimination performance above the chance level at attended
locations. The tilt level can be generally changed but experimenters should first test whether
participants can properly discriminate the target angle at least at the cued locations.

5.3.6 Erase all stimuli from the screen 500 ms after the onset of the saccade targets such that
only the gray background remains.

5.3.7 Wait for the participant to indicate the orientation of the discrimination target via the
keyboard (by pressing the left arrow for counterclockwise orientations and the right arrow for
clockwise orientations) and play a feedback sound whenever participants report the
discrimination target orientation incorrectly. Start the next trial once a manual response was
given.

6. Data Preprocessing and Analysis
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6.1 Process the recorded eye data before proceeding to final data analysis. Only include trials
in which the participant maintained the fixation within a 2° radius around the fixation target
without blinking and initiated a saccade landing between 7° and 13° from the fixation target (i.e.
within £ 30 % of the instructed saccade size). Ensure that any measure of visual sensitivity was
collected during the presaccadic interval by including only those trials in which the discrimination
target offset occurred before the saccade onset.

NOTE: In total, 75.7% of all trials were included in the final analyses after eye data preprocessing.

6.2 In order to analyze data as a function of the location of the discrimination target relative
to the location of the saccade targets, rotate the stimulus configuration of each trial as to align
the saccade target locations symmetrically around the geometrical angle 0 of the stimulus stream
orbit.

6.3 Split trials as a function of the saccade landing direction. To do so, divide the entire
stimulus stream orbit into 24 even angular sectors of 15° (+7.5°) centered on each distractor
stream and combine trials entailing saccades directed towards the same respective sector.

6.4 Define visual sensitivity as: d’ = z(hit rate) — z(false alarm rate). Count clockwise responses
to clockwise discrimination targets as hits and clockwise responses to counterclockwise
discrimination targets as false alarms (and vice versa). Substitute discrimination performance
values of 100% and 0% by values of 99% and 1%, respectively, before transforming them into d’.
Transform discrimination performance values below the chance level (50% or d’ = 0) into negative
d’ values.

REPRESENTATIVE RESULTS:

Here, we only present some central, representative results. The entirety of results can be found
in our recent publication?3. Note that data were mainly analyzed irrespective of the duration of
the saccade targets (i.e. transient and continuous cueing conditions were combined for the final
analyses). For statistical comparisons, we drew 10000 bootstrap samples (with replacement)
from the distribution of single subject means and derived two-tailed p values from the
distribution of differences between the bootstrapped samples.

The detection of saccade onsets and offsets was based on the velocity distribution of the gaze??.
We used a moving average over 20 subsequent eye-position samples to determine saccade
onsets/offsets whenever the velocity of the eye exceeded/fell below the median of the moving
average by 3 SDs for at least 20 ms. Corrective saccades were defined as eye movements
executed after the offline selected main saccade sequence and were only included in the
respective corrective saccade analysis if they landed between 7° and 13° from the fixation target
and were initiated within the first 500 ms following the main saccade sequence as well as before
the participant’s manual response.

Before proceeding to final data analysis, data were rotated (see 6.2). Consequently, after data
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rotation, the most counterclockwise saccade target ST1 was always represented at +45°/+15° (in
the 90° and 30° conditions, respectively), the location BTW in between the saccade targets at 0°
(in both the 90° and 30° conditions), and the most clockwise saccade target ST at -45°/-15° (in
the 90° and 30° conditions, respectively) relative to the angle 0. Locations other than ST1, ST»,
and BTW were considered as control locations (CTRL) in both, the 90° and 30° conditions.

Our protocol allowed us to evaluate saccades in response to oculomotor competition among two
saccade targets presented at different angular distances based on the recorded eye data. As
expected, the saccade endpoint distributions associated with the 90° (Figure 3A and 3C) and 30°
(Figure 3B and 3D) conditions differed substantially. We observed mostly accurate saccades
towards one of the saccade targets in the 90 ° condition, where 41.0% * 1.0% of saccades ended
within the sector including the most counterclockwise saccade target ST; and 41.8% + 1.9%
within the sector including the most clockwise saccade target ST, (Figure 3C). In the 30° condition,
in contrast, participants executed a substantial number of averaging saccades. Here, 33.6% +
2.4% of the saccades ended within the sector in between the 2 saccade targets BTW, 29.95% +
1.6% ended within the sector including ST1, and 32.0% * 1.8% within the sector including ST»
(Figure 3D).

Furthermore, the assessment of visual sensitivity at all 24 locations distributed across the visual
field allowed us to analyze the spatial deployment of attention during oculomotor programming
in detail. Overall, taking into account saccades of all directions, we observed a selective
facilitation of visual sensitivity at the two saccade targets relative to the control locations CTRL
(corresponding to the average across all positions except for ST, ST, and BTW) in both the 90°
(ST1: d’ =2.2 £ 0.3 versus CTRL: d’ = 0.3 £ 0.1, p < 0.0001; ST,: d’ = 2.2 + 0.4 versus CTRL, p <
0.0001; ST; versus ST, p = 0.8964; Figure 4A) and 30 ° (ST1: d’ =2.2 £ 0.3 versus CTRL: d’ = 0.3
0.1, p < 0.0001; ST2: d’ = 2.1 £ 0.3 versus CTRL, p < 0.0001; ST; versus ST, p = 0.6026; Figure 4B)
conditions. While visual sensitivity at the intermediate location was significantly lower than at
the saccade target locations (BTW: d’ = 0.6 £ 0.2 versus ST1, p < 0.0001; BTW versus ST, p <
0.0001; Figure 4B), it was, however, slightly increased relative to the control locations in the 30°
condition (BTW versus CTRL, p = 0.0010).

In order to disentangle whether visual attention is obligatorily deployed at the endpoint of
saccades, we analyzed visual sensitivity at all locations as a function of the saccade landing
direction (see step 6.3 in the protocol). Crucially, the specific saccade landing distribution
observed in the 30° condition of this protocol made it possible to analyze the deployment of
visual attention before saccades associated with spatially distinct endpoints in response to
identical visual input. More specifically, by analyzing visual sensitivity before averaging saccades,
we could determine whether or not attention shifts towards the endpoint of saccades even when
it does not spatially coincide with a saccade goal. We observed that visual sensitivity was
significantly enhanced at the endpoint of accurate saccades in both the 90° (ST1+2 saccaded: d’ =
3.0 + 0.4 versus ST1+2 non-saccaded: d’ = 1.7 + 0.4, p < 0.0001; Figure 4E) and the 30° (ST1x
saccaded: d’ =2.7 + 0.4 versus ST1+2 non-saccaded: d’ = 2.0 £ 0.3, p = 0.0080; Figure 4F) condition.
In contrast, before averaging saccades, visual sensitivity was not enhanced at the saccade
endpoint but slightly reduced (BTW saccaded: d’ = 0.4 + 0.2 versus BTW non-saccaded: d’ =0.7 +
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0.2, p < 0.0001; Figure 4F). Thus, visual attention was not obligatorily shifted towards the
endpoint of the upcoming saccade. Interestingly, averaging saccades were associated with an
equal enhancement of visual sensitivity at the two surrounding saccade targets (ST1: d’ =2.2
0.4 versus ST,: d’ = 2.2 £ 0.4, p = 0.8402; Figure 4D), suggesting that attentional selection among
the saccade targets was not readily resolved before the onset of averaging saccades.

To further evaluate a potential correlate of attentional selection before averaging saccades, data
were analyzed as a function of the landing direction of corrective saccades, which can be
frequently observed upon the execution of averaging saccades. We did not observe a significant
benefit at the endpoint of corrective saccades following an averaging saccade (corrective saccade
directed towards ST1:2: d’ = 2.8 £ 0.5 versus corrective saccade not directed towards ST1+2: d’ =
2.5 + 0.8, p = 0.68300; Figure 5C), which supports the interpretation that attentional selection
was not resolved before averaging saccades.

FIGURE AND TABLE LEGENDS:

Figure 1. Instructions as presented to the participants. Visualization of the experimental
instructions as presented to the participants at the beginning of each block.

Figure 2. Experimental procedure and normalized saccade landing frequency maps. A. Stimulus
timing and display. Participants prepared a saccade from the fixation target (FT) to one of the
two potential saccade targets (ST1 and ST;), presented simultaneously at two randomly chosen
stimulus streams with an inter-target angular distance of either 90° (top panels) or 30° (bottom
panels). The saccade targets were either shown continuously (cST1+2) or transiently (tSTi:+2).
Stimulus streams could either be distractor streams (DS), composed of alternating vertical Gabors
and masks (40 Hz) or discrimination target streams (DTS) which included the presentation of a
brief discrimination target (DT, 25 ms), a clockwise or counterclockwise tilted Gabor, shown
between 75 and 175 ms after the saccade targets onset. Participants saccaded towards one of
the saccade targets and had to report the orientation of the discrimination target, appearing
randomly at one of the 24 stimulus stream locations. Note that stimuli are sketched in order to
increase their visibility. Actual stimuli match those shown in the stimulus streams depiction. B.
Normalized saccade landing frequency maps averaged across participants (n=10) for the 90° (top)
and 30° (bottom) conditions (collapsed across the transient and continuous ST presentation). This
figure has been reprinted from Wollenberg et al. (2018)%3.

Figure 3. Saccade metrics. A-B. Circular plots show the averaged frequency distribution of the
saccade landing direction binned in evenly distributed angular sectors of 5°, in the 90° (A) and 30
° conditions (B). Stimulus configuration is rotated as to align the two saccade targets
symmetrically around the geometrical angle zero (see central insets). C-D. Bar graphs illustrate
averaged frequency of trials as a function of the saccade landing direction binned in 24 evenly
distributed angular sectors of 15°. Data are shown for the three positions of interest (ST1, BTW
and ST3) in the 90° (C) and 30° conditions (D). E-H. Averaged saccade latency (E, F) and amplitude
(G, H) observed for the same three positions of interest in the 90° (E, G) and 30° conditions (F,
H). All data are shown irrespective of the duration (continuously or transiently) of the saccade
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targets. Light gray areas and error bars represent SEM. Polar plot black lines and corresponding
light gray areas show linear interpolation between data points. This figure has been reprinted
from Wollenberg et al. (2018)%.

Figure 4. Visual sensitivity. A-B. Circular plots show averaged visual sensitivity (d’) as a function
of the DT position in the 90° (A) and 30° conditions (B), irrespective of the duration of the saccade
targets and across all saccade directions observed. Bar graphs illustrate visual sensitivity for four
positions of interest (ST1, BTW, ST», CTRL). C-D. Visual sensitivity as a function of the DT position
relative to the saccade landing direction in the 90° (C) and 30° conditions (D), irrespective of the
duration of the saccade targets (blue: saccade to ST1; green: saccade to BTW; red: saccade to
ST,). For each saccade direction, we took the average sensitivity for each discrimination target
location. For example, the blue line plots visual sensitivity when saccades were made towards
ST1 and the discrimination target was either at ST: (+15° on the polar plot), BTW (15°
counterclockwise to ST1; 0° on the polar plot) or ST2 (30° counterclockwise to ST1; + 345° on the
polar plot), and so on. E-F. Bar graphs illustrate sensitivity observed for DT shown at the saccaded
(purple: e.g., DT at ST1 and saccade to ST1) and the non-saccaded positions (light-purple: e.g. DT
at ST1 and saccade to ST, or BTW) in the 90° (E) and the 30° (F) conditions. Conventions are as in
Figure 3. This figure has been reprinted from Wollenberg et al. (2018)%.

Figure 5. Corrective saccades. A. Circular plot shows averaged frequency distribution of the
corrective saccade landing direction following an averaging saccade. B. The bar graph illustrates
averaged frequency of trials as a function of the corrective saccade landing direction following
an averaging saccade for three positions of interest (ST1, BTW and ST;). C. The bar graph
illustrates visual sensitivity as a function of the direction of the first corrective saccade for all
trials in which an averaging saccade was executed. Purple bars show visual sensitivity for trials in
which the corrective saccade was directed towards the location at which the DT appeared (e.g.
DT at ST1and corrective saccade towards STi). Light purple bars show visual sensitivity for trials
in which the corrective saccade was directed towards a different location than the location at
which the DT appeared (e.g. DT at ST1 and corrective saccade towards ST, or BTW). Conventions
are as in Figure 3-4. This figure has been reprinted from Wollenberg et al. (2018)%.

DISCUSSION:

This experimental protocol employed the concurrent assessment of gaze behavior and
presaccadic visual sensitivity in a free choice saccade task. It allowed us to analyze whether visual
attention is indeed obligatorily coupled to oculomotor programming at the behavioral level and
therefore systematically deployed at the endpoint of saccades. Two saccade targets were
presented in the close proximity (30°) on half of the trials in which we observed a distinct global
effect, reflected in a saccade landing distribution consisting of both, accurate and averaging
saccades. To conclude on the spatial coupling between visual attention and the saccadic
endpoint, visual sensitivity was analyzed and compared across different locations as a function
of the saccade landing direction. While we observed a consistent and selective enhancement of
visual sensitivity at the endpoint of accurate saccades, visual sensitivity was not enhanced at the
endpoint of averaging saccades. Rather, visual sensitivity was equally facilitated at the two
saccade targets before the execution of averaging saccades, suggesting that saccade averaging
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arises from unresolved attentional selection among the saccade targets. Our results, therefore,
demonstrate that visual attention is not obligatorily deployed at the endpoint of the executed
oculomotor program. A corrective saccade analysis, which demonstrated that the even
deployment of visual sensitivity across two saccade targets before averaging saccades did not
systematically vary as a function the corrective saccade direction, further confirmed this
interpretation. In this regard, our data are consistent with a recent model by Zirnsak et al.25 which
assumes a target selection process that gradually builds up over time.

Importantly, our protocol differs from other behavioral studies that reported evidence for a
dissociation between attention and saccades in several aspects. While some studies based their
conclusion on saccadic reaction times'**>1¢, we used a direct measure of visual spatial attention,
namely visual sensitivity during saccade preparation. The specific parameters used throughout
this protocol were effective in replicating the classical presaccadic shift of attention®? as evident
in the consistent enhancement of visual sensitivity at the endpoint of accurate saccades. Thus,
the protocol allowed for reliable detection of systematic modulations of visual attention specific
to saccade preparation. This is an important prerequisite to validly interpret presaccadic
attentional effects, and in particular, the observed absence of attentional enhancement at the
endpoint of averaging saccades.

A central and distinct aspect of this protocol was the random presentation of the discrimination
target among various locations. Thereby, we could sample visual sensitivity across the entire
visual field, which consequently allowed us to not only determine whether attention is facilitated
at the endpoint of saccades but also to investigate the spread of attention around this area
including adjacent locations. The discrete allocation of attention at the two saccade targets
(limited to less than ~2.6°, the distance between two of our adjacent stimuli) we observed before
averaging saccades contradicts an early account which suggested that averaging saccades may
reflect a coarse processing of the visual scene!’ and argues for an enhancement of local rather
than global visual information processing. Further, the random presentation of the discrimination
target rendered its location completely unpredictable to participants. Thus, our protocol
generally facilitated an even deployment of visual attention across the visual field with respect
to the discrimination task. We consider this fact important with regard to any potential
attentional effects and conclusions related to saccade preparation.

However, since eye movements are not typically performed while trying to discriminate stimuli
across the entire visual field in natural vision, the results obtained in this protocol can not
unrestrictedly account for oculomotor behavior in every day life. Furthermore, the oculomotor
task did inevitably bias the deployment of attention via the saccade target cueing. The saccade
targets did not only introduce relevant oculomotor goals but also salient exogenous cues that
likely attracted attention. Thus, it is possible that visual discrimination performance at the
intermediate location was generally deteriorated due to some masking elicited by the two
surrounding saccade targets. In order to decrease the impact of the saccade targets with respect
to discrimination performance at the intermediate location and to evaluate potential masking
effects, we decided to present the saccade targets only transiently (for 50 ms) instead of
continuously (until the trial end) on half of the trials. Consequently, even though both cueing
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conditions introduced visual onsets at the saccade target locations, the saccade targets had
always disappeared before the onset of the discrimination target in the transient cueing
condition. While the majority of results were very consistent across both cueing conditions and
were therefore combined in the final analysis, we indeed observed an indication of a masking
effect in the continuous cueing condition relative to the transient cueing condition. Overall,
irrespective of the saccade direction, visual sensitivity at the intermediate location was slightly
decreased in the continuous compared to the transient cueing condition. Given the notion that
transient saccade target cueing apparently minimizes masking of the intermediate location while
still being effective in eliciting averaging saccades, future studies using a protocol similar to ours
should consider employing transient cueing of targets. Despite our efforts to minimize masking
effects via the transient cueing of targets, we can not rule out that the transient cueing still
introduced a forward masking effect, which might potentially account for the poor discrimination
performance at the intermediate location to some extent.

Taken together, our protocol allowed to directly address the coupling between visual attention
and oculomotor programming, and to reveal a distinct spatial dissociation between attention and
the endpoint of averaging saccades at the behavioral level. Our results argue against a mandatory
coupling between visual attention and oculomotor programming suggested in the premotor
theory of attention. Future studies should employ paradigms including concurrent
neurophysiological recordings within areas such as the FEF and SC to further resolve the coupling
between visual attention and oculomotor programming.
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employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:

Luca Wollenberg
Department:

General and Experimental Psychology
Institution: Ludwig-Maximilians-Universitét Miinchen
Title:

Signature: MM/

Date: | 09.26.2018

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Your manuscript, JOVE59162R1 "Eye Tracking and Presaccadic Assessment
of Visual Sensitivity: Revealing the Deployment of Visual Attention Before
Accurate and Averaging Saccades," has been editorially reviewed and the
following comments need to be addressed. Please track the changes to
identify all of the manuscript edits. After revising the submission, please also
upload a separate document that addresses each of the editorial comments
individually with the revised manuscript.

1. The editor has formatted the manuscript to match the journal's style, Please
retain the same.

The formatting of the manuscript has been retained.

2. Please address all specific comments marked in the manuscript.

All the specific comments have been addressed (see tracked changes) and
replied to (see replies to the editorial comments) in the revised manuscript.

3. Once done, please proofread the manuscript for any grammar or spelling
ISsues.

The revised manuscript has been again processed for any grammar or spelling
ISsues.

4. Please ensure that the highlighted steps are no more than 2.75 pages
including headings and spacings.

The protocol has been processed to be no more than 2.75 pages of
highlighted text.
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The copyright permission to reuse figures from our previous publication is specified in
the journal (PLOS Biology) policies (open access under the terms of Creative
Commons Attribution License) as well as in the online publication itself:

- https://journals.plos.org/plosbiology/s/accepted-manuscripts

- https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006548
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