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During covert and pre-saccadic attentional shifts, it is
unclear how facilitation and suppression processes
interact for target selection. A recent countermanding
task pointed to greater suppression at unattended
locations during trials with saccades compared to trials
without saccades (i.e., fixation and successful stop
trials), whereas target facilitation did not differ. It is
unknown whether this finding is restricted to
countermanding paradigms that involve inhibitory
processes. To test this, we adapted Gaspelin and
colleagues (2015)’s attention capture task where, within
the same block, one location was primed with frequent
line discrimination trials, and all locations were
occasionally probed using letters report trials.
Participants also performed a baseline condition without
priming. We tested 15 participants and examined how
performance at non-primed locations was affected by
covert versus pre-saccadic attention in blocks of four or
six items, as well as by position from the primed location
and timing from saccade onset. For both attention
conditions, letter report at non-primed locations was
worse compared to baseline, demonstrating
suppression, and letter report at primed location was
better, demonstrating facilitation. In saccades trials,
letter report was better at primed locations and worse
at non-primed locations compared to fixation trials. The
timing of this additional pre-saccadic suppression
differed from saccadic suppression. In both attention
conditions, suppression was greater when primed and
non-primed locations were within the same hemifield or
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in diagonal opposite quadrants. These results confirmed
that attention preceding saccade execution suppressed
non-primed locations to a larger extent than covert
attention, with the same spatial quadrant effect.

Limited attentional resources imply that our system
must prioritize in-depth visual processing for certain
stimuli at the cost of others (Bisley & Goldberg, 2010;
Fecteau & Munoz, 2006; Itti & Koch, 2001). The
competition between attended and unattended locations
can be observed with behavioral measures such as
discrimination at these location or reaction times for
movements toward these locations. Visual processing
at the attended location, as well as movements to
the attended location, are facilitated (i.c., better
discrimination and shorter reaction times) (Brascamp,
Pels, & Kristjansson, 2011; Eriksen & Hoffman, 1973;
Eriksen & Hoffman, 1974; Hoffman, 1975; Hoffman
& Nelson, 1981; Kristjansson & Asgeirsson, 2019;
Posner, 1980; Posner, Nissen, & Ogden, 1978; Posner
& Cohen, 1984; Serences, Yantis, Culberson, & Awh,
2004; Sylvester, Jack, Corbetta, & Shulman, 2008). In
contrast, suppression at unattended locations impedes
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discrimination and increases reaction times at these
locations (Kastner & Pinsk, 2004; Pestilli & Carrasco,
2005; Posner & Cohen, 1984; Serences et al., 2004;
Sylvester et al., 2008).

Facilitation and suppression processes occur in both
covert (Gaspelin, Leonard, & Luck, 2015; Gaspelin
& Luck, 2018; Sylvester et al., 2008) and pre-saccadic
shifts of attention (Deubel & Schneider, 1996; Hoffman
& Subramaniam, 1995; Kowler, Anderson, Dosher, &
Blaser, 1995). However, whether these processes interact
differently in covert and pre-saccadic shifts of attention
remains unclear.

Different types of attentional competition may
be characterized by different levels of facilitation
and suppression or by different spatial and temporal
modulation. The amount of remaining attentional
resources across non-primed locations tends to vary
with distance and hemifield effects. Unattended
locations far from attended location are suppressed to
a greater extent (Castiello & Umilta, 1990; Laberge
& Brown, 1986). Furthermore, at equidistance from
the attended location, suppression at the unattended
location within the same hemifield is enhanced
compared to the hemifield opposite to the attended
location (Khan, Munoz, Takahashi, Blohm, & McPeek,
2016). In addition, recent evidence has pointed to
differences in temporal dynamics between covert and
pre-saccadic shifts of attention (Li, Barbot, A., &
Carrasco, 2016; Rolfs & Carrasco, 2012), as well as
neuronal modulations (Baldassi & Verghese, 2005; Li,
Pan, & Carrasco, 2021; Paltoglou & Neri, 2012). Note
that although attentional suppression at non-primed
locations in pre-saccadic conditions has been shown to
be temporally modulated relative to saccade onset (e.g.,
Mikula, Jacob, Tran, Pisella, & Khan, 2018), it should
not be confounded with the phenomenon of saccadic
suppression, which has a shorter time scale around
the saccade and concerns all space including saccadic
goal location. Saccadic suppression is associated with
poorer visual sensitivity when stimuli are presented less
than 100 ms before saccade onset and during saccade,
which aids in ignoring noisy visual information during
the eye movement and helps us to perceive the world
as stable (Diamond, Ross, & Morrone, 2000; Knoll,
Binda, Concetta Morrone, & Bremmer, 2011; Latour,
1962; Volkmann, Riggs, White, & Moore, 1978; Zuber
& Stark, 1966).

It has been shown that facilitation may either act
similarly or differently for covert and pre-saccadic shifts
of attention. On one hand, many studies have shown
enhanced discrimination at saccade goal compared to
unattended locations before saccades (Awh, Armstrong,
& Moore, 2006; Deubel & Schneider, 1996; Findlay
& Walker, 1999; Harrison, Mattingley, & Remington,
2013a; Hoffman & Subramaniam, 1995b; Kowler
et al., 1995; McPeek & Keller, 2002). This facilitation
effect has also been reported in covert shifts of
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attention (Kastner & Pinsk, 2004; Pestilli & Carrasco,
2005; Posner & Cohen, 1984; Serences et al., 2004;
Sylvester et al., 2008). Furthermore, when compared
across covert and pre-saccadic shifts of attention,
discrimination at goal appears to be facilitated similarly
for perception (Born, Ansorge, & Kerzel, 2013; Castet,
Jeanjean, Montagnini, Laugier, & Masson, 2006;
Deubel, 2008; Filali-Sadouk, Castet, Olivier, & Zenon,
2010; Khan, Blohm, Pisella, & Munoz, 2015; Rolfs

& Carrasco, 2012). On the other hand, covert and
pre-saccadic attention have different temporal dynamics
for facilitation (Li et al., 2016; Rolfs & Carrasco,
2012). Covert and pre-saccadic attention can also be
dissociated as the maintenance of attention does not
require saccade programming (Belopolsky & Theeuwes,
2012) and covert attention may be oriented beyond the
physical range of the eyes (Casteau & Smith, 2020;
Hanning, Szinte, & Deubel, 2019; Smith, Schenk, &
Rorden, 2012). This suggests that while behavioral
components of facilitation may be similar across
different attention shifts, some underlying neuronal
processes may differ (Li, Hanning, & Carrasco , 2021).

Although perception may be facilitated similarly
between covert and pre-saccadic shifts of attention,
suppression may result in distinct perceptual patterns
across different attentional shifts. A first support of
this is that crowding is reduced at the saccade goal
before the saccade occurs compared to when no
saccade is performed (Harrison, Mattingley, et al.,
2013a; Harrison, Mattingley, & Remington, 2013b;
Harrison, Retell, Remington, & Mattingley, 2013),
suggesting that pre-saccadic attention might be more
efficient in suppressing target flankers. Furthermore,
using a dual discrimination and countermanding task,
Khan and colleagues (2015) demonstrated that saccade
execution mechanisms suppress locations other than
saccade goal. Greater suppression at uncued location
was observed whenever a saccade was executed (in
both go and failed stop trials) and was absent when no
saccade was executed, both in covert attention (fixation)
trials and during successfully stopped trials. This
revealed a dissociation between selective attentional
processes that may be common between covert and
pre-saccadic conditions (Rizzolatti, Riggio, Dascola,
& Umilta, 1987; Rizzolatti & Craighero, 1998) and
additional attentional processes associated with saccade
execution, which may be mainly suppressive. However,
it is unknown whether this suppression effect could be
linked to the motor suppression processes required in
this countermanding study (Khan et al., 2015).

Here we investigated how attentional suppression is
modulated across covert and pre-saccadic conditions
spatially and temporally in a paradigm without motor
suppression. To do so, we adapted Gaspelin and
colleagues (2015)’s attention capture task, where target
selection was frequently primed with line discrimination
trials, and attention at distractor locations was
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occasionally probed with letters identification trials
within the same block. Using a version of this priming
paradigm, we investigated whether and how the primed
location is enhanced and how non-primed locations are
suppressed with respect to the baseline condition and
during saccades (overt) compared to fixation (covert)
blocks. We further compared suppression patterns at
non-primed locations as a function of relative position
from the primed location and showed that it followed
a similar spatial quadrant effect to that during covert
attention shifts. Furthermore, we confirmed that

this was attentional suppression rather than saccadic
suppression by showing that suppression was not
temporally linked to saccade onset.

Participants

We recruited 15 participants (M =24y, SD =
6y, 11 females) from the community. Participants
with neurological disorders, attentional deficits or
taking medications that could affect attention (i.c.,
antidepressants or antiepileptic drugs, etc.) were
excluded. All participants had normal or corrected-to-
normal vision and gave informed written consent to
participate in the experiment. They received financial
compensation for their participation. Procedures
received ethics approval from the Ethical Committee for
Clinical Research at the University of Montreal.

We used G*power software (Faul, Erdfelder, Lang,
& Buchner, 2007) to perform a power analysis of
our statistical design with a repeated measures within
factors F-test, with three groups and two measurements
per group with an alpha of 0.05 and a beta of 0.8. The
effect size 0.44 was calculated using a partial eta squared
value of 0.164 from the analysis in the countermanding
paper this article bases itself on (Khan et al., 2015). The
total sample size provided was 15.

Apparatus

Testing occurred at the University of Montreal
(Montreal, Canada). Participants sat 57 cm away
from a high-speed computer screen (20.5*11.5 inches,
VIEWpixx 3D; VPixx Technologies, Montreal, Canada)
in a dark room. Head movements were restricted with
chin and forehead rests during the task. An eye-tracker
recorded eye movements (EyeLink 1000 Plus; SR
Research, Kanata, Canada; frequency: 1000 Hz).
Participants entered their responses on a keyboard
placed in front of them, which was illuminated by a
lamp oriented such that it did not interfere with screen
readability.
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Procedure

Participants performed two tasks adapted from the
attention capture task by Gaspelin and colleagues
(2015): a baseline letter identification task where
attention was not directed to one specific placeholder
location (see Figure 1A), and the main task where
attention was oriented to one specific placeholder
location using a central cue (see Figure 1B). For both
tasks, there were separate blocks of four and six
placeholders (see Figure 1C). We tested participants on
blocks of four and six items to vary task difficulty. All
tasks were designed and implemented using MATLAB
(The MathWorks, Inc., Natick, MA, USA) with
Psychophysics toolbox (Brainard, 1997).

During the baseline task, participants maintained
their fixation on a pale grey dot (dimensions: 0.5° by
0.5°) in the center of the screen against a dark grey
background (luminance: 0.172 cd/m?). At the beginning
of each trial, a fixation dot was presented alone for
1000 ms, followed by green diamonds as placeholders
(dimensions: 2° by 2°; luminance: 61.053 cd/m?)
displayed evenly around it at equidistance (4° from
center) for 50 ms. Next, randomly selected (from all 26
letters) white capital letters (1° height) were presented
centered in each shape for 60 ms. Hashtags of the same
size served as masks and replaced the letters for 500
ms. Empty diamonds then remained on screen until
participants’ response. Participants were instructed to
identify as many letters as possible flashed within the
placeholders. They could choose to report a minimum
of one letter up to the number of displayed items (i.e.,
four or six) using a computer keyboard before pressing
enter to go to the next trial. This screen was followed by
an inter-trials interval of 1000 ms.

During the main task, participants were presented
with two different types of trials randomly interleaved
within a block: line (70% of trials, left panel
in Figure 1B) and letter trials (30% trials, right panel
in Figure 1B). The proportion of line and letter trials
was determined to direct participants attention to
a primed location (Gaspelin et al., 2015), such that
we could probe letter report at both attended and
unattended locations (i.e., non-primed locations).
During line trials, participants discriminated the
orientation of the line within the exogenously and
endogenously cued disk target. With our paradigm,
attention was allocated both exogenously because
the primed location was a disk among diamonds
and endogenously with central cueing. During letter
trials, participants reported as many letters as possible
regardless of the exogenously and endogenously cued
disk target (30% trials, right panel on Figure 1B). Even
if they were briefly presented with a screen containing
lines within placeholders to prime one specific location,
they only had to report letters during this type of trials.
Priming of the green disk location is achieved through
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A Baseline task
1000 ms
Fixation
50 ms
Search array
60 ms
Letters
Until response
(letter report)
1000 ms
ITI
B Main task

Line trials Letter trials
70% of trials

30% of trials

1000 ms
Fixation

1000 ms
Fixation

50 ms
Search array

50 ms
Search array

Until response
(line report)

1000 ms
ITI

Until response
(letter report)

1000 ms
ITI

Figure 1. Experiment sequence of the baseline and main tasks. In A, we show the baseline task. The fixation dot remained alone on
the screen, followed by placeholders. Then, letters flashed inside these shapes before being replaced by masks. Empty placeholders
remained on the screen until participants’ response (letter report). During the main task (B), participants were presented with two
types of trials: lines (left sequence, 70% of the time) and letters (right sequence, 30% of the time), randomly intermixed. Line trials
started with a fixation dot screen before being replaced by placeholders: one green disk (i.e., cued location) and three green
diamonds (i.e., non-cued locations). A cue originating from the fixation dot was always oriented toward the green disk. Next,
differently oriented lines were presented within the placeholders. The cue, fixation dot, and placeholders were displayed until
participants’ response (line orientation report). For letter trials, participants were first presented with fixation and placeholder
screens. Lines were then flashed within the placeholders along with the cue pointing toward the primed location (i.e., green circle)
and were then replaced with letters, which remained within the placeholders. Masks replaced the letters. The placeholder array
remained on the screen until participants’ response. For these trials, participants had to report as many letters as possible, regardless
of whether they appeared at primed (i.e., green circle) or non-primed (i.e., green diamonds) locations. In C is depicted the stimuli
locations of six items blocks for both the line (left panel) and letter (right panel) trials.
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the lines search array in itself as line trials occurred
frequently during blocks. Attention would thus be
preferentially allocated to the cued location instead of
the other locations.

At the beginning of each block, participants were
instructed to either maintain fixation on the central
dot (i.e., covert attention condition) or make a saccade
to the cued position (i.e., pre-saccadic attention
condition). They were also informed about the number
of displayed items the block would contain: four or
six items (see items configuration in Figures 1A-C,
respectively). The beginning of the trial was identical
to the baseline task: the color of the background,
fixation screen, timings, but in this case, among the
displayed empty placeholders there was one green disk
(i.e., target/primed location) and green diamonds (i.e.,
distractor/non-primed locations). The location of the
disk was additionally always indicated by a valid cue
(pale grey line originating from the center of the fixation
dot of a thickness of 0.3° and length of 0.5°). For line
trials, the cue and lines of different random orientations
(black lines of 0.3° thickness and 1° length) were
presented in the placeholders at the same time for 200
ms. This was followed by an empty search array screen
during which participants were instructed to indicate
the orientation of the line contained in the cued disk on
the arrows pad of the keyboard: up, for vertical lines,
and down, for horizontal lines. For letters trials, the
lines were displayed for 100 ms to prime participants’
attention to one location (i.e., green disk), and then
were replaced by letters centered in each placeholder
with the same size, timings, and instruction as for the
baseline condition.

For the main task, blocks comprised 60 trials,
and participants performed five blocks of the covert
fixation task and six blocks of pre-saccadic saccade
task for both four- and six-item blocks. We tested
participants on one additional saccade block because
we anticipated a greater number of saccade trials
removed during data filtering. To prevent eye strain
and fatigue in participants, testing occurred across two
sessions of one hour each, and each testing session
consisted of one baseline, five fixation, and six saccade
blocks. Half of the participants (n = 7) first performed
four-item blocks whereas the other half (n = 7) started
with six-item blocks. The order of the fixation and
saccade blocks were randomized in the first session and
tested in reverse order in the second session for these
participants. For the fifteenth participant, the order
of their blocks for the first session was randomized
across both fixation and saccade condition and number
of item trials. They were then tested in the reverse
order in the second session. In addition to the 11
blocks participants performed per session, they did
the baseline task, which was the last block in the first
session and the first block of the second session for all
participants; the item condition was determined by
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whether they started with the four- or six-item blocks
and was selected randomly for the fifteenth participant.

Preliminary analyses

For the baseline task, we recorded a total of 900
trials. Saccade timing and position were automatically
calculated offline using a saccade detection algorithm
with a velocity criterion of 15°/s where time points such
as the beginning of the trial, letter onset, and line onset
were also indicated. We could thus visually examine
each trial to remove trials during which eye signal was
lost during stimuli presentation as a result of blinks or
the tracker losing the eye position (five trials, 0.56%
of total number of trials). We then removed all trials
with saccades made 500 ms after letter presentation
(in which cases, attention could have been allocated
covertly to any location before a saccade was planned
and executed to the primed location). This represented
103 trials, or 11.44% of the total number of trials. There
remained 792 trials for further analyses.

For the main task, we recorded a total of 19,800
trials. As for the baseline task, we first conducted a
visual inspection of each trial to remove those with
loss of eye signal during item presentation (223 trials,
1.13% of total number of trials). For the pre-saccadic
condition, we calculated saccade reaction time as
saccade onset relative to line onset. We then removed
trials with saccade reaction times below 100 ms to
exclude anticipatory and express saccades (Fischer
& Ramsperger, 1984, 1986; Fischer & Weber, 1997;
Mayfrank, Mobashery, Kimmig, & Fischer, 1986;
Weber, Aiple, Fischer, & Latanov, 1992). We also
excluded trials with saccade reaction times over 500
ms (552 trials, 2.79% of total number of trials). We
removed these trials because we considered that with
longer saccade reaction times, participants might be
waiting to make the saccade and instead allocated
their attention covertly at a location shortly after letter
presentation before planning and executing a saccade
to the primed location. We also filtered out trials with
saccades smaller than 2° and larger than 6° amplitudes
and those made outside of 20 angular degrees from the
primed location. For the fixation condition, we removed
trials where saccades were made with an amplitude
larger than 2° or with saccades made within 500 ms of
lines or letters onset. This represented 1524 trials, and
there remained 17,501 trials (88.39% of total number of
trials).

With the remaining trials, we analyzed task
performance solely for letters trials, where we calculated
the mean percentage of correct letter reports per
condition (i.e., baseline, fixation, and saccade) and
number of items (i.e., four and six). We only analyzed
trials where the saccade began after the line/letter
disappeared. To do so, we divided the number of
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correctly identified letters over total number of
displayed letters (four or six) for baseline, saccade, and
fixation conditions and for four or six items separately.
We further calculated chance levels per participant.
Chance is the number of choices out of 26 possibilities
(26 letters). If there were 26 choices possible, then
chance performance would be 100%. For example, if
a participant reported two letters in one trial, then
accuracy should be compared to a chance level of
2/26. If in another trial the participant reported four
letters, then accuracy should be compared to a chance
level of 4/26. Therefore chance level depended on the
mean number of responses the participant made rather
than the number of items presented in the block. Each
participant could respond with one guess up to the
number of items in the block (four or six maximum),
and letters within one trial could not be repeated.

We calculated the mean number of responses for

each participant for each condition and item number
and divided this number by 26 (i.e., total number

of potential responses). We used chi-square tests to
compare performance at non-primed locations for the
main and baseline tasks to chance. This analysis allowed
us to confirm we were indeed measuring attentional
suppression at these locations. If performance at
non-primed locations were not different from chance
levels, we could not distinguish between performance
being the result from suppression or an absence of
attention deployed at these locations.

We also compared baseline to overall performance
at both primed and non-primed locations for fixation
and pre-saccadic trials with paired sample z-tests.

Of note, while performance at non-primed locations
appear to be lower during six item blocks compared
to four item blocks, these performances reflected
similar mean number of letter report for both fixation
(Mfour items = 1.26 letters; My jtems = 1.16 letters) and
pre-saccadic conditions (Myyitems = 1.02 letters;
My items = 1 letter). Letter report at baseline also
appeared comparable between four (M = 1.83 letters)
and six item blocks (M = 1.94 letters). The difficulty
of the task was rather ascertained with the number of
correct answers relative to the total number of items.

With repeated measures analyses of variance
(ANOVAs), we next examined overall performance
across primed and non-primed locations, task
difficulty (i.e., four- and six-items blocks) and our two
attention conditions (i.e., fixation and pre-saccadic).
Furthermore, we tested how relative position from
primed location affected performance at non-primed
locations. To do so, we collapsed performance at
non-primed locations according to the quadrant where
they were in relative to the primed location: orthogonal
position within the same hemifield, orthogonal position
in the opposite hemifield, and diagonally across. These
analyses tested performance at non-primed locations
across task difficulty (four vs. six items), attention
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condition (pre-saccadic vs. fixation) and quadrant as
main effects.

Using only the saccade trials, we conducted temporal
analysis where we subtracted saccade onset from letter
onset to compare letter discrimination performance
when letter onset occurred shortly before (i.e., bin
< 100 ms) or long before saccade onset (i.e., bin >
100 ms) at primed and non-primed locations. In this
analysis, we included trials in which saccade onset
occurred before line/letter offset (13.02% of trials). We
compared performance as a function of saccade onset
with paired sample #-tests. This temporal analysis was
designed specifically to explore whether performance
at non-primed location could be explained by saccadic
suppression. In this case, performance would be
expected to be lower when letter onset occurred shortly
before saccade onset (within peri-saccadic window) as
opposed to long before saccade onset.

For all our analyses, any significant main effect was
followed up by Holm-Bonferroni corrected post-hoc
comparisons adjusted familywise. ANOVA degrees
of freedom were Greenhouse-Geiser corrected if
Mauchly’s test of sphericity was violated. We conducted
all statistical analyses on JASP 0.16.3.0 (JASP Team,
2022).

We compared performance to chance levels to
ensure that attention was deployed to primed and
non-primed locations (be it minimal, allowing evidence
for suppression rather than an absence of attention).
We also compared overall performance for baseline
condition and the two main tasks at both primed
and non-primed locations. This allowed us to explore
whether participants performed the task by orienting
attention to the primed location, and whether
performance was facilitated or suppressed compared
to baseline at non-primed locations. We investigated
performance at non-primed locations relative to the
quadrant that contained the primed location. Finally,
we conducted a temporal analysis to investigate the
possibility that the pattern of suppression we observed
could be explained by saccadic suppression.

Chance levels

With chi-square goodness of fit tests, we examined
whether participants’ proportion of percentage correct
and incorrect was equal or not between chance
levels and non-primed locations. We compared these
proportions for both fixation and saccade, and four-
and six-item blocks separately. Our results showed
that proportions of performance were significantly
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Figure 2. Overall performance for the baseline and main tasks. We present overall performances for four (A) and six (B) items blocks
at primed and non-primed locations for letter identification, baseline and chance levels. The fixation condition is illustrated in blue,
the saccade condition in red, and the baseline condition in white. Statistical differences resulted from Holm-Bonferroni corrected post
hoc paired sample t-tests. Mean chance levels appear as blue and red lines for respectively fixation and saccade blocks. Error bars
correspond to standard errors of the mean. n.s., not significant, ***, p < 0.001, Holm-Bonferroni corrected.

different for each attention condition and for both
four- (x’fixation = 18.714, p = 0.00002; x’saccade =
13.781, p = 0.0002) and six-item blocks (x’fixation =
122.464, p < 0.00001; x’saccade = 4.735, p = 0.030)
compared to chance levels. In other terms, participants’
performance at non-primed locations differed from
chance levels during our main task.

Baseline task

We compared performance in the main task to
the baseline task; if attention shifts facilitate letter
identification at the cued primed location, overall
performance at this location should be higher than
overall baseline performance. Similarly, if attention
shifts to primed location suppress non-primed locations,
overall performance at these locations should be lower
than overall baseline performance. We illustrated overall
baseline performance in white whereas the fixation
condition is depicted in blue, and the pre-saccadic
condition in red in Figure 2.

Our hypotheses were confirmed with Holm-
Bonferroni corrected paired sample 7-tests: baseline
performance was significantly lower compared to
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performance at primed location for both fixation and
pre-saccadic conditions, and for both four- (7[14] =
—14.991, p < 0.001, d = —3.871; t(14) = —16.685,

p < 0.001, d = —4.308), and six-item blocks (#[14]

= —26.256, p < .001, d = —6.779; t(14) = —19.043,

p < .001, d = —4.917). Inversely, baseline performance
was significantly higher compared to performance

at non-primed locations, and this was the case for
both fixation and pre-saccadic conditions, and for
both four- (¢[14] = —4.433, p < 0.001, d = 1.145; 1[14]
= 6.785, p < 0.001, d = 1.752) and six-item blocks
(714] = 6.732, p < 0.001, d = 1.738; #(14) = 8.493,

p < 0.001, d = 2.193). In conclusion, our results
suggest that performance at primed location was
facilitated compared to baseline, and that performance
at non-primed locations was suppressed compared to
baseline.

Overall performance

We first confirmed that participants were correctly
allocating attention to the primed location during line
trials: discrimination performance was almost perfect
during both fixation and saccade conditions and four-
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(M =99.07%, SD = 0.79%; M = 99.19%, SD = 1.12%)
and six-item blocks (M = 98.58%, SD = 1.19%; M =
98.26%, SD = 2.08%). Subsequent analyses concerned
only letter trials. With a three-way repeated measures
ANOVA, we compared overall performance across task
difficulty (i.e., four and six items), attention condition
(i.e., fixation and pre-saccadic) and location (i.e.,
primed and non-primed) (see Figure 2).

We found main effects for task difficulty (£]1, 14]
= 10.556, p = 0.006, n*, = .430) and location (1,

14] = 466.259, p < 0.001, %, = .971) but no main
effect for condition (F[1, 14] = 0.888, p = 0.362, n°, =
.060) (see Figure 2A). Interactions effects between task
difficulty and location (F[1, 14] = 22.066, p < 0.001, n%,
= .612) and between attention condition and location
(F[1, 14] = 13.511, p = 0.002, n*, = .491) were also
significant. In other words, performance at primed and
non-primed locations varied according to attention
condition and according to task difficulty. However,
the interaction between task difficulty and attention
condition along with the three-way interaction were not
significant (F[1, 14] = 0.154, p = 0.70, n?, = 0.011; F[1,
14] = 3.263, p = 0.092, n*, = 0.189).

Post hoc comparisons with Holm-Bonferroni
corrections revealed that performance at the primed
location was significantly higher during the saccade
condition compared to the fixation condition (#[14]
= —2.130, p = 0.042, d = —0.258). In contrast, we
found significantly lower performance at non-primed
locations during saccades compared to during fixation
(7[14] = 3.378, p = 0.004, d = 0.409). Regardless of
attention condition, performance at primed locations
was significantly higher than non-primed locations
(p < .001, d > 5.688). Performance during six-item
blocks was significantly lower compared to four-item
blocks at non-primed location (¢[14] = 5.375, p < 0.001,
d = 1.006). Performance at non-primed locations
was also significantly lower than at primed location
regardless of task difficulty (p < .001, d > 5.527).

In comparison, performance at primed locations did
not differ between four- and six-item blocks (#[14] =
—0.090, p = 0.929, d = —0.017).

Overall, we found lower performance with
increased tasks difficulty particularly for non-primed
locations comparisons and higher performance at
primed location compared to non-primed locations.
Furthermore, performance at non-primed locations was
more suppressed before saccades than during fixation.

Quadrant performance

We investigated how performance at non-primed
locations was affected by the presence of the primed
location in the orthogonal quadrant within the same or
opposite hemifield or in the diagonal across quadrant.
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For the orthogonal quadrant in the opposite hemifield
during six item blocks, we distinguished between
items which were opposed to each other on the
horizontal axis (i.e., 180° away) and items at other
non-primed locations (i.e., 60° away) because of the
horizontal attentional bias, which may affect results
(Mackeben, 1999). For this reason, we conducted

our analyses without the case of primed/non-primed
on the horizontal line in the orthogonally opposite
quadrant. To account for this bias and to match as
closely as possible the stimuli layout of the two number
of items blocks, we also excluded trials where the
primed or non-primed location fell on one of the two
horizontal meridian positions during six-item blocks.
We illustrated our findings in Figure 3. Following the
same color code as previously stated.

We performed a three-way repeated measures
ANOVA with task difficulty, covert (fixation) and
pre-saccadic attention conditions, and quadrant as
factors for performance at non-primed locations. In
terms of quadrant, these non-primed locations were
classified as orthogonal to the primed location within
the same (orthogonal same) or opposite hemifield
(orthogonal opposite) or diagonal relative to the primed
location (diagonal).

We found main effects of task difficulty (F]1, 14] =
32.388, p < 0.001, nzp =.698), attention condition (F]1,
14] = 11.546, p < 0.004, n*, = .452), and quadrant
(F12, 28] = 13.343, p < 0.001, n*, = .488). There
was a trend toward significance for the interaction
between task difficulty and attention condition (F]1,
14] = 4.125, p = 0.062, ?, = .288). The remaining
interactions also did not reach significance (p > .307,
n’p < .081). Holm-Bonferroni corrected post hoc
comparisons revealed significantly higher performance
in the orthogonal opposite quadrant compared to
performance in both the orthogonal same quadrant
(7[14] = —4.967, p < 0.001, d = —0.839) and the
diagonal quadrant (¢/[14] = 3.714, p = 0.002, d = 0.627).
Performance in the orthogonal same and diagonal
quadrants was not significantly different (/[14] =
—1.252,p =0.221,d = —0.211).

Overall, the significant main effect of attention
condition confirms our previous analysis where
performance at non-primed locations was more
suppressed before saccades compared to during
fixation. In addition, we showed that this pattern of
suppression was similar across attention condition and
task difficulty.

Performance as a function of saccade onset

We explored how performance was affected by letter
onset relative to saccade onset separately for four- and
six-item blocks. This analysis aimed to probe whether
there was a temporal fluctuation in performance
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Figure 3. Non-primed locations relative to primed location quadrant. The fixation condition is represented in blue and the saccade
condition, in red. We show in A and B the mean percentage correct for letter report in non-primed locations (illustrated as green
diamonds) relative to the quadrant containing the prime (illustrated as a green disk): orthogonal in the same hemifield, orthogonal in
the opposite hemifield or diagonal. Performance is displayed for four item blocks in A and for six item blocks in B. In both graphs,

errors bars are standard errors of the mean.

that would be consistent with the timing of saccadic
suppression. Saccadic suppression is associated with
poorer visual sensitivity when stimuli are presented
100 ms or less before saccade onset (e.g., Diamond
et al., 2000).

For this temporal analysis, we calculated the time of
letter onset from saccade onset (Diamond et al., 2000).
We then divided these timings in two bins: when letter
onset occurred less than and more than 100 ms before
saccade onset. If lower discrimination performance was
due to saccadic suppression, we would expect that it
would be poorer only when time from saccade onset was
less than 100 ms. We removed one participant from the
analysis, who had fewer than five trials per bin for <100
ms for both four- and six-item blocks. Mean and SD
performance and trial numbers per bin per participant
are available in Supplementary Table S1. For four-item
blocks, Holm-Bonferroni corrected paired sample
t-tests performed showed no significant differences
between the two bins at primed (¢7[13] = —2.387,

p =0.132, d = —0.638) and non-primed locations (¢[13]
= 1.655, p = 0.122, d = 0.442). We found the same
pattern for six-item blocks (7[13] = —0.680, p = 0.508, d
= —0.182; #(13) = —0.068, p = 0.947, d = —0.018). In
sum, there was thus no evidence of letter discrimination
being poorer shortly before saccade onset.

We investigated facilitation and suppression
comparing covert and pre-saccadic attention
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conditions, the number of items and the relative
quadrants of non-primed locations. In both attention
conditions, we found facilitation at the primed location
and suppression at non-primed locations compared

to a baseline task without priming. Furthermore, we
observed that suppression at non-primed locations was
greater with increasing number of items but followed
a similar spatial quadrant pattern across attention
conditions and task difficulty. This similar spatial
quadrant pattern may reflect common suppression
processes underlying attention allocation for both
covert and pre-saccadic conditions. However, we
observed that non-primed locations were overall
suppressed to a larger extent before saccades compared
to fixation blocks replicating past results from our
group in the context of a countermanding task (Khan
et al., 2015). Unlike Khan et colleagues (2015)’s study,
we observed enhanced facilitation at primed location
across task difficulty in the pre-saccadic condition
compared to the covert attention condition.

On one hand, our results of enhanced performance at
the primed location along with decreased performance
at non-primed locations for both covert and pre-
saccadic conditions compared to baseline condition
is consistent with findings from previous studies. For
example, studies have shown enhancement at attended
location for fixation and saccade trials (Born et al.,
2013; Castet et al., 2006; Deubel, 2008; Filali-Sadouk
et al., 2010; Khan et al., 2015; Li, Pan, et al., 2021;
Rolfs & Carrasco, 2012). Suppression of unattended
locations has been demonstrated concomitant to
attended location enhancement before saccades
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(Deubel & Schneider, 1996; Findlay & Walker, 1999;
Khan et al., 2015; Khan et al., 2016; Kowler et al.,
1995; Schlag et al., 1998; Schlag-Rey et al., 1992)
and during fixation (Kastner & Pinsk, 2004; Khan

et al., 2015; Khan et al., 2016; Pestilli & Carrasco,
2005; Posner & Cohen, 1984; Serences et al., 2004;
Sylvester et al., 2008). Furthermore, we observed in the
present results a specific spatial suppression pattern
of significantly lower letter report in the orthogonal
same quadrant compared to the orthogonal opposite
quadrant with respect to primed location during both
covert and pre-saccadic attentional conditions. This
spatial pattern of suppression suggests that letter report
varied as a function of both hemifield and distance
in both instances. For non-primed locations at the
same distance from the primed location, suppression
was higher when both were within the same hemifield,
compared to when they were in opposite hemifields.
Similar findings have been observed in previous work
(Deubel & Schneider, 1996; Khan et al., 2016; Kowler
et al., 1995; Rizzolatti et al., 1987) and could be a result
of additional competition from irrelevant locations
for selection within the same hemifield (McSorley,
Haggard, & Walker, 2004). For non-primed locations
within the opposite hemifield to the primed location,
suppression varied such that the most remote location
to the attended location (i.e., diagonally opposite
quadrant) was more suppressed than closer locations
(i.e., orthogonal opposite quadrant). Previous studies
similarly have shown lower discrimination at far or
diagonally opposite locations to the attended location
for both covert and pre-saccadic shifts of attention
(Khan et al., 2015) and reduced visual sensitivity at
farther locations relative to the attended location
(Astrand, Wardak, & ben Hamed, 2020). Taken
together, these findings suggest common processes of
enhancement and suppression.

This similar pattern of performance likely reflects
shared underlying neuronal mechanisms for pre-
saccadic and covert attention shifts. Several brain
areas, such as the superior colliculus (SC), the frontal
eye field (FEF), and the posterior parietal cortex
(PPC) have been implicated in processes involving
the orienting of attention, as well as eye movements
(Bogadhi, Bollimunta, Leopold, & Krauzlis, 2018;
Bollimunta, Bogadhi, & Krauzlis, 2018; Goldberg
et al., 2006; McPeek & Keller, 2002; Thompson &
Bichot, 2005; Wang et al., 2022). These brain areas
contain oculo-centric maps of visual space, which are
considered to embody priority maps for both covert and
pre-saccadic attention (Bayguinov et al., 2015; Bisley
& Goldberg, 2010; Bisley & Mirpour, 2019; Fecteau
& Munoz, 2006; Mirpour et al., 2009; Ptak, 2012;
Thompson & Bichot, 2005). In priority maps, neurons
representing different locations of the visual field
containing relevant and irrelevant stimuli compete for
selection based on exogenous and endogenous relevance
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(Dhawan et al., 2013; Fecteau & Munoz, 2006; Findlay
& Walker, 1999; Geng, 2014; Itti & Koch, 2000, 2001).
This competition in priority maps translates into
concurrent neuronal enhancement for representation
of the relevant object’s location, and suppression, or
spatial-based inhibition, of the representation of the
irrelevant objects’ locations (Awh et al., 2006; Kastner
et al., 1998; McPeek & Keller, 2002; McSorley et al.,
2006; Reynolds et al., 1999; Serences et al., 2004).
Because they contain oculocentric priority maps, the
FEF, PPC and SC have properties that could subtend
common enhancement and suppression processes in
both covert and pre-saccadic attention tasks.

Neuronal properties in FEF are consistent with
priority maps (Bisley & Mirpour, 2019) implicated in
both covert and pre-saccadic attention (Bogadhi et al.,
2018; Bollimunta et al., 2018; Moore & Fallah, 2001;
Moore & Fallah, 2004; Murthy, Thompson, & Schall,
2001; Schall, 2002; Schall, Hanes, Thompson, & King,
1995; Sommer & Wurtz, 2000; Thompson, Biscoe, &
Sato, 2005). In FEF, potential target related-activity is
enhanced and maintained to facilitate target selection
during gaze and attention shifts (Armstrong, Chang,
& Moore, 2009; Bichot & Schall, 1999; Moore &
Fallah, 2001; Schlag-Rey et al., 1992; Sommer & Wurtz,
2000) while distractor-related activity is concurrently
suppressed (Schlag-Rey, Schlag, & Dassonville, 1992;
Sommer & Wurtz, 2000; Suzuki & Gottlieb, 2013). Both
microstimulation and transcranial magnetic stimulation
applied to the FEF increase distractor interference
during visual search as well as bias saccades away from
distractors (McPeek, 2006; Walker, Techawachirakul,
& Haggard, 2009; Wardak, Ibos, Duhamel, &

Olivier, 2006). Saccades curved toward distractors are
accompanied by increased activity in FEF whereas
saccades curved away from distractors are accompanied
by decreased activity, which suggests that suppression
processes can modulate saccade metrics and target
selection (McPeek, 2006). FEF activity is also predictive
of successful distractor inhibition (Sakai, Rowe, &
Passingham, 2002). Similarly, FEF inactivation leads
to distractor interference during visual search without
eye movement, which results in poorer performance
(Wardak et al., 2006). Evidence from transcranial
magnetic stimulation applied to the FEF also points to
a role in the inhibition of irrelevant stimuli (Ro, Farné,
A., & Chang, 2003; Smith, Jackson, & Rorden, 2005).
FEF thus shows similar enhancement and suppression
processes during covert and pre-saccadic shifts of
attention which could contribute to explain our results.

Like the FEF, the PPC is a region involved in both
covert and pre-saccadic spatial attention (Blangero,
Khan, Rode, Rossetti, & Pisella, 2011; Bogadhi et al.,
2018; Gillebert, Mantini, Thijs, Sunaert, Dupont,

& Vandenberghe, 2011; Khan, Blangero, Rossetti,
Salemme, Luauté, Deubel, Schneider, Laverdure,
Rode, Boisson, & Pisella, 2009; Striemer, Blangero,
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Rossetti, Boisson, Rode, Vighetto, Pisella, & Danckert,
2007; Striemer, Locklin, Blangero, Rossetti, Pisella, &
Danckert, 2009) and priority maps are hypothesized
to be implemented there (Bisley & Goldberg,
2010). Although the PPC has been primarily linked
to perceptual enhancements during saccade and
non-saccade conditions (Reynolds & Chelazzi, 2004),
inhibitory processes across hemifields have also been
observed (Belmonte, 1998; Belmonte & Yurgelun-Todd,
2003; Miiller, Teder-Salejarvi, & Hillyard, 1998), for
example, through the filtering of irrelevant locations
during object selection (Friedman-Hill, Robertson,
Desimone, & Ungerleider, 2003). Moreover, patients
with lesions to the PPC show more inhibitory deficits
in their affected hemifield (Blangero et al., 2011;
Friedman-Hill et al., 2003; Ouerfelli-Ethier, Salemme,
Fournet, Urquizar, Pisella, Khan, & Khan, 2021) in
line with theories of interhemispheric competition for
attentional control (Smigasiewicz, Weinrich, Reinhardt,
& Verleger, 2014; Szczepanski, Konen, & Kastner, 2010;
Szczepanski & Kastner, 2013). The suppression pattern
we found may thus rely on PPC activity modulation
during both covert and pre-saccadic shifts of attention.
Alongside FEF and PPC, the SC is involved in both
covert and pre-saccadic shifts of attention (Bogadhi
et al., 2018; Bollimunta et al., 2018; Ignashchenkova,
Dicke, Haarmeier, & Thier, 2003; Krauzlis, Lovejoy, &
Zénon, 2013; McPeek & Keller, 2004; Wang, Herman,
& Krauzlis, 2022) where its overall role could be target
selection (Krauzlis, Liston, & Carello, 2004). In its
intermediate and deep layers, target-related activity is
enhanced, regardless of whether a saccade is executed
or not (McPeek & Keller, 2002; Wang et al., 2022).
Accordingly, pharmacological inactivation affects
attention through target detection (Bollimunta et al.,
2018) and biases saccades toward distractors (McPeek
& Keller, 2004; Nummela & Krauzlis, 2010). It was
hypothesized that competing signals from target and
distractors within the SC biases responses (McPeek
& Keller, 2004) are in line with the implementation
of priority maps in this structure (Fecteau & Munoz,
2006). Further support for the SC as a good candidate
to explain our results comes from the form of
competition related to visual and motor signals based
on known short-distance excitatory and long-distance
inhibitory neuronal connectivity within the SC (Dorris,
Olivier, & Munoz, 2007; Khan, Munoz, Takahashi,
Blohm, & McPeek, 2016; Marino, Trappenberg,
Dorris, & Munoz, 2012; Munoz & Fecteau, 2002).
Patterns of distractor-target interactions dependent
on quadrants could naturally arise from this known
inherent network properties of the SC, simulated by
the 2D dynamic field model (Marino et al., 2012).
This model incorporates the short-distance excitatory
and long-distance inhibitory connections in two
dimensions and could result in a certain pattern of
competition depending on the spatial relationship
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between the distractor and the saccade target both as
a function of distance and direction. In their study,
Khan and colleagues (2016) accordingly showed that
attentional modulation at the cued location (due to a
cue and a target appearing at varying stimulus onset
asynchrony (SOA)) was accompanied by saccade
reaction times varying as a function of quadrant. Our
findings highlight a suppression pattern depending on
quadrant, which is consistent with an interpretation of
competitive interaction in terms of lateral connectivity
in the SC for both covert and pre-saccadic attention.

On the other hand, even though the spatial pattern
of attentional modulation across the visual field was
similar for covert and pre-saccadic shifts of attention,
we observed different levels of attentional enhancement
and suppression between the two attentional conditions,
i.e. enhanced facilitation at primed location and
enhanced suppression at non-primed locations before
saccades compared to during fixation. In Khan and
colleagues (2015)’s study, enhanced facilitation at the
goal location before saccades compared to fixation
was not observed, likely because of the inhibitory
nature of their countermanding task. Their task could
have led to an overall suppression effect that resulted
in equally impeded performance at primed location
and further suppression at non-primed locations or to
a specific suppression effect at the primed location.
Nevertheless, suppression, both in the present study and
in Khan et colleagues (2015)’s study, was consistently
greater in pre-saccadic condition, both overall and
independently of quadrant and task difficulty. These
findings imply that saccade planning leads to additional
perceptual suppression at non-primed locations. One
possible explanation could be saccadic suppression,
where shortly before and during saccades visual
sensitivity is reduced (Diamond et al., 2000; Knoll
etal., 2011; Latour, 1962; Volkmann et al., 1978; Zuber
& Stark, 1966). In accordance, there is evidence for a
close functional and temporal relationship between
oculomotor and visual sensory areas in the primate
brain, providing an anatomical basis for how saccade
planning processes in FEF can influence the activity
of visual neurons in V4 involved in perception at the
saccadic goal location (Gregoriou, Gotts, & Desimone,
2012; Moore & Armstrong, 2003; Wurtz & Mohler,
1976). However, we did not observe an additional
attentional suppression in the 100 ms preceding saccade
onset, as would then be expected. If the additional
inhibitory effect we observed at non-primed locations
was guided by saccadic perceptual suppression in the
pathway from FEF to visual cortex, we would have
obtained lower performance for saccade onset that
occurred shortly after letter onset compared to much
later after.

Another possible explanation for the additional
suppression in pre-saccadic attention observed in this
article is due to saccade-specific suppression in the
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pathway from FEF to SC. It has been shown that
distinct neuronal populations in FEF contribute to

attentional shifts and saccade execution (Brown, Hanes,

Schall, & Stuphorn, 2008; Juan, Shorter-Jacobi, &
Schall, 2004; Ray, Pouget, & Schall, 2009; Thompson,
Bichot, & Schall, 1997; Thompson & Bichot,

2005; Wardak, Olivier, & Duhamel, 2011). Only
saccade-related neuronal populations in the FEF
may therefore play a key role in the suppression of
locations competing with saccade goal across the

SC maps (Mysore & Knudsen, 2011; Mysore &
Knudsen, 2013). The observed additional inhibitory
mechanism during saccades may therefore be a result
of extrinsic GABAergic input from oculomotor
areas such as substantia nigra pars reticulata, zona
incerta, and mesencephalic reticular formation to the
SC (Appell & Behan, 1990; Lai, Brandt, Luksch, &
Wessel, 2011; Mysore, Asadollahi, & Knudsen, 2010;
Wang, Major, & Karten, 2004) linked specifically

to saccade planning (Chometton, Charricre, Bayer,
Houdayer, Franchi, Poncet, Fellmann, & Risold, 2017;
Cromer & Waitzman, 2006; Hikosaka & Wurtz, 1983;
Mitrofanis, 2005). For example, projections from the
substantia nigra pars reticulata of the basal ganglia
(Hikosaka & Wurtz, 1985) provide global inhibition
throughout the SC map, through a gating mechanism
specific to saccades (Keller, 1974; Keller, 1977; Khan,
Blohm, McPeek, & Lefévre , 2009; Luschei & Fuchs,
1972). These saccade specific inhibitory mechanisms
may therefore account for the additional inhibition
we observed during the condition of pre-saccadic
attention.

To conclude, we found similar patterns of
enhancement at the primed location and suppression
at non-primed locations for covert and pre-
saccadic attention. This is consistent with past
neurophysiological findings on oculocentric priority
maps in the SC, PPC and FEF, where covert and
pre-saccadic attention share common neuronal
mechanisms. Suppression processes appeared to vary
similarly as a function of quadrant across covert and
pre-saccadic attention conditions, which is consistent
with the 2D dynamic field model based on known
inherent network properties of the SC. Our results
also revealed an additional level of enhancement and
suppression in pre-saccadic attention which could be
explained by distinct neuronal populations within
the cortex underlying saccades and visual attention,
and specific subcortical circuits inhibiting the SC map
in pre-saccadic attention. Taken together, it is likely
that both cortical and subcortical circuitry contribute,
independently or competitively, to shared and different
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mechanisms involved in covert and pre-saccadic
attention.

Keywords: eye movement, target selection, inhibition,
oculocentric map, priority map
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