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Right before we move our eyes, visual performance and neural responses for the saccade target are
enhanced. This effect, presaccadic attention, is considered to prioritize the saccade target and to
enhance behavioral performance for the saccade target. Recent evidence has shown that presaccadic
attention modulates the processing of feature information. Hitherto, it remains unknown whether
presaccadic modulations on feature information are flexible, to improve performance for the task

at hand, or automatic, so that they alter the featural representation similarly regardless of the task.
Using a masking procedure, here we report that presaccadic attention can either improve or impair
performance depending on the spatial frequency content of the visual input. These counterintuitive
modulations were significant at a time window right before saccade onset. Furthermore, merely
deploying covert attention within the same temporal interval without preparing a saccade did not affect
performance. This study reveals that presaccadic attention not only prioritizes the saccade target, but
also automatically modifies its featural representation.

The visual system is limited by spatial resolution—the ability to discriminate two nearby points in space—that is
highest at the fovea, the central area of the retina, and declines with eccentricity’2 For that reason, when explor-
ing visual scenes, human and primates perform large rapid eye movements—saccades—to bring objects of interest
into the fovea. A central question in visual neuroscience is how visual perception seems so continuous and stable
despite the fact that eye movements drastically shift the image in the retina.

Behavioral performance®~® and perceived contrast® for the saccade target is enhanced about 75-100 ms before
saccade onset. Neurons in frontoparietal'®!! and early visual areas'?>-1 exhibit enhanced responses prior to sac-
cades directed toward the neurons’ receptive fields, which may underlie such performance enhancement. This
effect—presaccadic attention—is considered to prioritize the saccade target, improve visual performance'®!* and
facilitate transaccadic perceptual stability®'.

Presaccadic attention not only improves performance but also concurrently modulates the processing of
featural information by sharpening orientation tuning®'® and shifting spatial frequency (SF) tuning toward
higher SFs®. However, the nature of these modulations is barely understood. To prioritize the saccade target
and improve performance, presaccadic attention may modulate the processing of featural information in a
flexible manner depending on stimuli content and task demands. Alternatively, presaccadic attention may
modulate featural information in an inflexible manner. An inflexible modulation would occur automatically
even when it could sometimes impair performance in a given task; however, in everyday vision, it would serve
as a heuristic and a useful function that could improve performance most of the time. Here we investigated
whether presaccadic attention modulates featural information, specifically SE, in a flexible or in an inflexible,
automatic manner.

In Experiment 1, we used a visual masking procedure and asked observers to discriminate the orientation
(+45° vs. —45° off vertical) of a target (1 cycle per degree, cpd) presented 10° left or right of fixation in two
conditions, presaccadic and neutral. The target signal was superimposed with masks that could suppress the
responses for the target. Masks in three different SFs, lower than, the same as or higher than that of the target
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Figure 1. (A) Experimental procedure. Top row: Each trial started with a 300-ms fixation period, followed

by the onset of the cue. The stimulus onset asynchrony (SOA) between the cue onset and stimulus onset was
sampled uniformly between 12 to 200 ms. Bottom row: Examples of the cues used in each condition. In the
saccade and covert-attention conditions, the cue pointed towards where the test stimulus would be presented. In
the neutral condition, the cue pointed towards both locations. (B) Example of stimuli used in Experiment 1. Top
row: The target was a 1 cpd grating tilted 45° clockwise or counterclockwise from vertical. The mask had three
different SFs. Bottom row: The test stimulus was composed of the target superimposed on the mask. (C) Density
of saccade landing position. The dark-gray shading represents group-averaged density of saccade landing
position. The ellipses represent group-averaged data from different masking SFs. The ellipses are centered at the
mean of saccade-landing positions. The width and height of the ellipses represent 1 standard deviation of (group-
averaged) saccade-landing positions along the horizontal and vertical direction. (D) Bottom, distribution of
trials sorted by saccade reaction time (delay between cue onset and saccade onset). Each shade of gray represents
one individual. Top, group-averaged median saccade reaction time in each condition (masking SF). Error

bars represent & 1 s.e.m. (E) Bottom, distribution of trials sorted by the relative timing between saccade onset
and the offset of the test stimulus. Each color represents one individual. Top, group-averaged median latency

(relative timing between saccade onset and the test stimulus offset) in each condition (masking SF). Error bars
represent = 1 s.e.m.
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(Fig. 1), were used. We hypothesize that if presaccadic attention modulates SF processing flexibly, it would
improve performance regardless of the masks’ SE. Alternatively, if presaccadic attention modulates SF process-
ing by enhancing specific SF content automatically in an inflexible manner, it would either enhance or impair
performance depending on the relation between the SF of the target and the SF of the mask. For example, if
presaccadic attention enhances high-SF visual inputs inflexibly, presaccadic attention might result in a weaker
enhancement or even an impairment on performance when the target was superimposed with a mask of higher
SF content. This is because enhancing high-SF information would lead to a stronger suppression generated
by the high-SF mask. To ensure that the results obtained in the presaccadic condition could not been merely
explained by covert attention, we conducted a control experiment with the same timing as the presaccadic
experiment, in which observers performed the same task while maintaining fixation. We note that this timing
is too short for endogenous covert attention to be deployed'*-22. However, the purpose of this experiment was
not to investigate the effect of endogenous covert attention, but rather to rule out its possible contribution in the
presaccadic condition.

To investigate whether the results we found in Experiment 1 can be generalized or are tied to specific target or
masking stimuli, we conducted Experiment 2. In addition to investigating the effect of presaccadic attention by
manipulating the SF of the mask while fixing the frequency of the target, in Experiment 2, we varied the SF of the
target and fixed the frequency of the mask.

SCIENTIFICREPORTS| (2019) 9:2659 | https://doi.org/10.1038/s41598-018-38262-3 2


https://doi.org/10.1038/s41598-018-38262-3

www.nature.com/scientificreports/

Methods

Participants. The experiment was conducted with the informed consent obtained from each observer. The
University Committee on Activities involving Human Subjects at New York University approved the experimental
protocols and all research was performed in accordance with relevant guidelines/regulations. Eight observers
(19-31 years) participated in Experiment la. Seven of the eight observers from the Experiment 1a, along with
one additional observer, participated in the control experiment (Experiment 1b) in which we tested the effect of
covert voluntary attention. Nine observers (19-32 years) participated in Experiment 2.

Setup. Observers sat in a dimly lit room with the chin rest positioned 57 cm from the monitor. The stimuli
were presented on a gamma-correct monitor, with a resolution of 1280 x 960 pixels and a refresh rate of 85 Hz.
MATLAB (Mathwork) with the Psychophysics Toolbox extensions* was used to control the experiments. An
EyeLink 1000 Desktop Mount (SR Research) monitored the gaze position of the right eye.

Stimuli and procedure.  Experiment 1a. Observers performed an orientation discrimination task, in which
the test stimulus was composed of a target superimposed with a mask. The target was a 1-cpd sinusoidal grating. In
each trial, the target was randomly oriented either +45° or —45° off vertical. The mask was generated by superim-
posing ten sinusoidal gratings (bases) of the same spatial frequency (SF). The orientations of the bases were set as ten
even steps (starting from 0°) that uniformly tiled the orientation space. The phase of each basis was randomly chosen
to take one of four values (0, 7/2, , 37/2) in each trial. We tested masks of three different SFs: 0.67, 1 and 1.5 cpd.
This type of mask has been used in previous psychophysical** and neurophysiological® studies. This design allowed
the stimulus energy of the mask to be uniform in orientation space, but local and specific in SF space. The test stim-
ulus, target plus mask, was presented in a circular aperture with a width of 3.8°. The edge of the circular aperture
was smoothed by a raised-sinusoidal function. The two potential target locations, 10° left and right from the fixation
(Fig. 1A), were marked by placeholders (each consisted of four dots forming a square) throughout the experiments.

Each trial started with a fixation period of 300 ms followed by the cue. In the saccade condition, the cue was a
horizontal bar adjacent to the fixation point pointing to the location (left or right) where the test stimulus would be
presented. Observers were instructed to saccade to the cued location as fast as possible. Shortly after the onset of the
cue, the test stimulus (24 ms in duration) was presented at the cued location. The stimulus onset asynchrony (SOA)
between the cue and the target was randomly sampled between 12 and 200 ms in each trial. This range of SOA was
chosen because: 1. This interval allowed the test stimulus to be presented before saccade onset in most of the trials. 2.
This interval was shorter than the time (about 300 ms) required for endogenous attention to be deployed (reviewed
in"). In the neutral condition, the cue consisted of two bars pointing to both locations. Observers were required to
maintain fixation at the central fixation point throughout each trial and eye position was monitored.

A response cue (an auditory tone) was played 700 ms after the offset of the test stimulus, which instructed
observers to report the orientation of the target. Observers reported the target orientation by pressing one of two
buttons on the left side of the keyboard (keys Z and X) when the test stimulus was presented at the left location,
and one of two other buttons on the right right side (keys > and/) when the test stimulus was presented at the
right location.

Observers first participated in a training session, which included a titration procedure and a set of training
blocks, to familiarize them with the task. To determine the contrast of the mask and the contrast of the target
for each observer, we conducted two sets of titrations: First, we titrated the contrast of the mask. In each trial, a
patch of the 1-cpd mask (without the target) was presented at one of the two locations. We measured observers’
contrast detection threshold, defined as the contrast at which the observers could report the location of the mask
with 75% accuracy. To ensure that the contrast of the mask was well above the threshold, we set the contrast of the
mask to be 3.5 times the observers’ detection threshold for the rest of the experiment (the second titration and
the main experiment). Second, we titrated the contrast of the target. We set the mask at the contrast level defined
above, and measured observers’ contrast threshold of the target (set at 75% accuracy in the neutral condition) in
discriminating the target orientation.

After the training sessions, observers completed the main experiment (>>2000 trials in total) over 3-5 days. Each
experimental session contained 6-8 blocks of 60 to 80 trials each. In each block, observers were tested with a fixed
condition (saccade or neutral) and a fixed masking SE. The order of the conditions and masking SFs was randomized.

Experiment 1b. The control experiment included a covert-attention and a neutral condition. The
covert-attention condition was very similar to the saccade condition in which a cue informed observers where
the test stimulus will be presented; however, observers were required to maintain fixation at the central fixation
throughout the trials.

Experiment 2. Here, for the main experiment, we fixed the SF of the mask at 1.5 cpd and tested targets in two
different SFs (1 cpd and 2.25 cpd), one lower than the mask and one higher than the mask. Similar to Experiment
la, two sets of titration procedures were run to determine the contrast of the mask and the contrast of the target.
To titrate the contrast of the mask, we used a 1.5-cpd mask in a localization task. To titrate the contrast of the
target, we used a 1.5-cpd target embedded in 1.5-cpd mask in an orientation discrimination task. All the other
procedures of Experiment 2 were the same as those in Experiment 1a.

Note that throughout all the experiments, we blocked the stimuli (target SF and masking SF), and presented a
demonstration of the test stimuli to be tested at the beginning of each block. This procedure reduced the chance
that observers might perform poorly in the task due to the lack of prior knowledge about the test stimuli.

Analysis.  Performance. 'We computed observers’ performance in orientation discrimination by computing
d’. We define a trial as a hit when the observer reported a right-tilted target to be right-tilted, and a trial as a false
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Figure 2. Experiment la. (A) Performance (d”) as a function of mask SFs. Error bars represent standard
deviation of the bootstrapped distribution. (B) Difference of d’ between the saccade and neutral conditions.
Saccade preparation improved performance for the low- and same-SF masks but decreased it for the high-SF
mask. Error bars represent standard deviation of the bootstrapped distribution. *p < 0.05; **p < 0.005. (C)
Scatter plot of performance of individual observers for each of the three masking SFs.

alarm when the observer reported a left-tilted target to be right-tilted. For the saccade condition, we binned the
trials based on the time of stimulus offset relative to the time of saccade onset of each trial, and computed d” for
the trials in a presaccadic time window (75 to 0 ms) before saccade onset.

We used a bootstrapping procedure to test whether performance between the saccade and neutral condi-
tions differed significantly. For each combination of masking SF and time window, we used bootstrapping to
generate a distribution of the difference score by the following procedure: For each observer, we resampled (with
replacement) the trials from the saccade condition and the neutral condition separately, and computed d’ from
these resampled trials for each of the two conditions. We then computed the difference between these two d”as
the individual difference score. The group-averaged difference score was computed by averaging the individual
difference scores across all observers. The above procedures were repeated 2000 times (iterations) to generate the
distribution of the group-averaged difference score, which was then used for the statistical test. We set the statis-
tical criterion using a two-tailed test with Bonferroni correction for the number of SFs tested in each experiment.
The p-value was computed as the proportion of the group-averaged difference scores that fell below or above zero.

We also used a boostrapping procedure to test the interactions between factors. For example, to test the inter-
action between SF and cue type, we employed the same procedure as above, but instead of computing the dif-
ference score, we computed the difference-difference score. Per iteration and per observer, we first computed
the difference of d” between saccade and neutral condition for each masking SF as the difference scores, and
then computed the difference between these difference scores across SFs. As we have three SFs in Experiment
1, we computed the difference-difference score for two pairs of SFs separately, one between 0.67-cpd mask and
1.5-cpd mask conditions, and one between 1-cpd mask and 1.5-cpd mask conditions. The group-averaged
difference-difference score was computed by averaging the individual difference-difference scores across all
observers. The above procedures were repeated 2000 times to generate the distribution of the group-averaged
difference-difference score, which was then used for statistical testing.

Eye position.  Eye position was monitored online. Trials with blinks or saccades (except for the response saccade
required by the cue in the saccade condition) detected from the beginning of the trial to 200 ms after the offset of
the test stimuli were aborted and repeated at the end of the block. We further analyzed eye position offline: raw eye
position data were first smoothed with a Gaussian and we computed smoothed eye velocity using the eye positions
of the five neighboring time points. Saccades were detected when the eye velocities exceeded the median velocity by
5 SDs for at least 8 ms*®. Saccades separated by less than 10 ms were considered a single saccade. For the saccade con-
dition, we analyzed the trials in which observers’ first response saccade occurred between 70-400 ms after the onset
of the cue, and landed within the cued location with an error smaller than 2.5° from the center of the test stimulus.

After processing the data according to these criteria, we analyzed the data for the —75 to 0 ms presaccadic time
window: about 720 total trials per masking SF (on average, 90 trials per observer and per masking SF) and about
855 total trials per target SF (on average, 95 trials per observer and per target SF).

Results

In Experiment 1a, we tested whether the effect of presaccadic attention depends on the SF of the target and mask.
We reported the statistical analysis using the boostrapping procedure (see Methods). We also performed an anal-
ysis of variance (ANOVA) and reported the results in Supplementary Information.

In the neutral condition, observers maintained fixation at the screen center throughout each trial. Performance (d’)
exhibited a ‘V’ shape as a function of SF of the mask, being lower when the SF of the mask and target matched than
when they mismatched (Fig. 2A, black lines). This pattern is consistent with masking functions that reflect the tuning
property of the neural population underlying stimulus processing? .
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Figure 3. Experiment 1b. (A) Performance (d’) as a function of mask SFs in the Covert attention (control)
experiment. Error bars represent standard deviation of the bootstrapped distribution. (B) Difference of
d’between the covert attention and neutral conditions. Error bars represent standard deviation of the
bootstrapped distribution. n.s. = no significant difference. (C) Scatter plot of performance of individual
observers for each of the three masking SFs.

In the saccade condition, a central pre-cue instructed observers to saccade to the upcoming target location
(Fig. 1A; see Methods). Observers’ saccade reaction time (Fig. 1D) and saccade landing positions (Fig. 1C) were
not affected by the SF of the stimuli. We first sorted the trials based on the relative timing between saccade
onset and stimulus offset (Fig. 1E). To investigate the effect of presaccadic attention, we analyzed those trials
in which the stimulus was presented right before saccade onset (—75 to 0 ms from saccade onset). This time
window was chosen based on previous studies reporting significant effects of presaccadic attention on visual
performance®®*32, Compared to the neutral condition, performance improved in the saccade condition when
the mask’s SF (0.67 cpd and 1 cpd) was lower than or the same as the target’s SF (1 cpd; Fig. 2) (bootstrapping
test, p <0.01, 95% CI [0.12 0.54] for 0.67-cpd mask, p < 0.05, 95% CI [0.09 0.47] for 1-cpd mask). In contrast,
presaccadic attention impaired performance when the mask’s SF (1.5 cpd) was higher than the target’s SF (boot-
strapping test, p < 0.005, 95% CI [—0.91-0.46] for 1.5-cpd mask). This frequency-dependent presaccadic atten-
tional effect was confirmed by a significant interaction between masking SF and cue type (bootstrapping test on
the interaction between SF and cue type; p < 0.005 for comparing the effect of presaccadic attention both between
the 0.67-cpd and 1.5-cpd masks and between the 1-cpd and 1.5-cpd masks; ANOVA also revealed a significant
two-way interaction between SF and cue type, see Table S1 in Supplementary Information).

Previous studies have shown that the effect of presaccadic attention builds up as a function of time before
saccade onset>%%31:3 ‘We analyzed an earlier time window (-150 to -75ms from saccade onset) and found that
for the three masking SFs, performance (d”) followed this trend; it fell between that of the neutral condition and
the late time window of the saccade condition. However, when comparing the performance in the earlier time
window with those in the late time window and in the neutral condition, only the performance in the early time
window was significantly worse than in the neutral condition for the 1.5-cpd mask (bootstrapping test, p < 0.005,
95% CI [—0.76-0.27]).

In the control experiment (Experiment 1b), we tested whether these effects could be due to the mere presence
of the cue pointing to the target location or to endogenous covert spatial attention (the voluntary allocation of
attention without concurrent eye movements'). In the covert-attention condition, we presented the same cen-
tral pre-cue as in the saccade condition, but required observers to maintain fixation throughout each trial. We
used the same time interval between the cue and the test stimuli as in Experiment 1a. The interaction between
masking SF and cue type was not significant (bootstrapping test on the interaction between SF and cue type;
p=0.06 for comparing the effect of presaccadic attention between 0.67-cpd mask and 1.5-cpd mask, as well as for
the comparison between the 1-cpd mask and 1.5-cpd mask; also see Table S2 in Supplementary Information for
ANOVA). Performance did not differ between the covert-attention and neutral conditions for any of the mask SFs
(two-tailed bootstrapping test; p=0.72, 95% CI [—0.22 0.02] for 0.67-cpd mask, p=0.14, 95% CI [—0.26 0.002]
for 1-cpd mask, p=0.16, 95% CI [—0.01-0.28] for 1.5-cpd mask; Fig. 3).

The results of this control experiment indicated that the SF-dependent modulations by presaccadic attention
in Experiment la cannot be explained by covert endogenous attention. These results were confirmed by analyzing
the data from the seven (out of eight) observers who participated both Experiments 1a and 1b. There was a signif-
icant three-way interaction for 3 masking SFs (0.67 cpd, 1 cpd and 1.5 cpd), 2 cue type (neutral and presaccade/
endogenous attention), and 2 attention types (presaccadic attention and endogenous attention) (boostrapping test
on the three-way interaction, p < 0.005 for 0.67-cpd and 1.5-cpd mask, p < 0.005 for the 1-cpd and 1.5-cpd mask;
also see Table S3 in Supplementary Information for ANOVA).

In Experiment 1, we investigated the effect of presaccadic attention by manipulating the SF of the mask while
fixing the frequency of the target. To test whether the effect we found depends on the SF of visual stimuli in gen-
eral or whether it operates through target-specific (or mask-specific) filters, in Experiment 2 we varied the SF of
the target (1 cpd and 2.25 cpd) and fixed the frequency of the mask (1.5 cpd).
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Figure 4. Experiment 2. (A) Performance (d’) as a function of target SFs. Error bars represent standard
deviation of the bootstrapped distribution. (B) Difference of d’ between the saccade and neutral conditions.
Error bars represent standard deviation of the bootstrapped distribution. *p < 0.05; **p < 0.005. (C) Scatter plot
of performance of individual observers for each of the two target SFs.

We found a significant interaction between masking SF and cue type (Fig. 4; bootstrapping test on interaction
between SF and cue type; p < 0.001; also see Table S4 in Supplementary Information for ANOVA). Compared to
the neutral condition, performance improved in the saccade condition when the mask’s SF (1.5 cpd) was lower
than the target’s SF (2.25 cpd) (bootstrapping test, p < 0.005, 95% CI [0.17 0.70]). In contrast, presaccadic atten-
tion impaired performance when the mask’s SF (1.5 cpd) was higher than the target’s SF (1 cpd) (bootstrapping
test, p < 0.005, 95% CI [—1.17-0.59]). The results across the two experiments showed that whether presaccadic
attention improved or impaired performance depends on the relation between the target’s SF and the mask’s SE,
rather than a specific target (or masking) SE

Discussion

We recently showed that presaccadic attention concurrently improves performance and shifts the peak of SF
tuning towards higher SFs°. In the saccade condition of that experiment, the peak of the tuning function shifted
towards higher SFs, closer to the SF of the target. Such a shift could have emerged because observers employed
a visual filter that better matched the target during the presaccadic interval or because SF tuning shifts inflexibly
and automatically. The present results indicate that presaccadic attention enhances high-SFs inflexibly even when
it is not beneficial for the task at hand.

Our previous study® cannot dissociate these two ideas (flexible vs. automatic/inflexible) due to its experimen-
tal designs and results. In that study we used a reverse correlation approach by embedding the (1.5-cpd) target in
a single type of mask. We observed that observers’ SF tuning functions peaked at a frequency lower than the target
in the neutral condition. Presaccadic attention enhanced higher SFs and concurrently moved the peak of the SF
tuning function to be more aligned with the target, thus improving performance in the task. Such results could
have resulted from either a flexible enhancement of the SF of the target or an automatic enhancement of higher
SFs. To dissociate these two possibilities, it is essential to investigate whether an enhancement of higher SFs would
occur even when it impairs the performance.

The designs of the present experiments enable us to do so. The mask used in the previous study might have
prevented any impairment to occur because its amplitude was flat in a SF range (1 to 2.25 cpd) that overlapped
with the target (1.5 cpd). Here by using masks that were centered and concentrated at frequencies higher than the
target, we created conditions in which automatically enhancing higher SFs would impair performance in orien-
tation discrimination. In addition, by varying both masking SFs (Experiment 1) and target SFs (Experiment 2),
we showed that presaccadic enhancement can be generalized, as it is not tied to a specific SF or image content.

The mask could suppress the neural responses to the target through divisive normalization®®: the responses of
the neurons selective for the target are divided by the responses of the population of neurons (the normalization
pool), including those driven by the target and those driven by the mask. Based on divisive normalization, the
neural response to the target can be conceptualized to be monotonically related to C/(C,+ C,,+ o), in which the
numerator is the target contrast, and the denominator is the sum of target contrast, mask contrast and a constant
term>!. The performance impairment, by the higher SF mask on a lower SF target, indicates that presaccadic atten-
tion preferentially enhances higher SFs. This enhancement may occur before divisive normalization and dispro-
portionally inflate the C,, term (when the SF of the mask is higher than the SF of the target), resulting in stronger
suppression on the target. This idea is consistent with the proposal that a preferential gain increment of visual
neurons selective for higher SFs could be a common neural process underlying state-dependent modulations of
SF processing®*. Neurons selective for higher SFs also play a preferential role when exogenous attention®’~*° and
endogenous attention® modulate visual perception.

We suggest that our results, enhancement or impairment of visual performance by presaccadic attention, can
be generalized to visual inputs in general, and does not depend on the specific target (a grating) or mask (noise).
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In our experiments, we specifically defined a component of the test stimulus as the target and a component of
the stimulus as the mask. Such design allowed us to create a condition in which enhancing higher frequencies
would impair performance. Whether presaccadic attention improved or impaired performance depended on the
relation between the SF of the target and the context (e.g. mask) in the task. For example, visual performance for
a 1-cpd target was impaired by presaccadic attention in the presence of the 1.5-cpd mask in Experiment 1a, but
was improved by presaccadic attention under the same 1.5-cpd mask in Experiment 2 when a 2.25-cpd target was
used.

The results of the control experiment demonstrated that the mere presence of the cue, without observers
executing a saccade to the target did not generate any SF specific effects compared to the baseline. The results
also indicated that the perceptual modulations by presaccadic attention and endogenous covert attention can be
dissociated. In line with previous studies>®, our results demonstrated that presaccadic attention can take effect
under a shorter time interval (12-200 ms SOA here) and its effects peak just before saccade onset. Endogenous
covert attention requires longer time (~300 ms) to affect discrimination'®-?2. Note that we used a short timing
here because the covert attention condition serves as a control experiment (Experiment 1b) for Experiment la.
Here, we did not aim to investigate the effect of endogenous covert attention on SF processing under its optimal
timing. With an optimal timing, endogenous covert attention modulates spatial resolution flexibly to improve
performance; it does not enhance high-SFs when detrimental to the task**4!.

A recent study* using an averaging saccade paradigm demonstrated another type of dissociation by showing
that performance enhancement in the presaccadic interval occurred at the planned saccade location rather than
at the actual saccade endpoint. Note that in our experiment, saccade endpoint coincided with the location of the
test stimulus. Future studies could explore the spatial extent of the automatic high-SF enhancement by position-
ing the test stimulus at various locations relative to the saccade landing locations.

The effect of presaccadic attention on the processing of visual features like SF and orientation has only been
studied recently. It has been shown that presaccadic attention reduces the orientation tuning width for the saccade
target®!3, but not for the stimuli presented at the other locations'®. The present study characterizes the effect of
presaccadic attention on SF processing only at the saccade target. Future studies can employ a similar procedure
and investigate the effect of presaccadic attention on SF processing across different locations.

Neurophysiological studies have reported neural correlates of presaccadic attention: Visual neurons selective
for the saccade landing position increase their firing rate before a saccade!*-'%. However, very few studies have
investigated the neural correlates of presaccadic attention on the processing of visual features*®, which requires
presenting stimuli varying along the featural dimension of interest. This approach has been used to study the rela-
tion between population neural responses and perceived stimulus positions during the peri-saccadic interval*.
Future neurophysiological studies should explore other feature dimensions—like SF and orientation, which we
have investigated psychophysically®*—to further our understanding of the relation between eye movements and
visual perception.

Saccades cause rapid and abrupt changes of retinal images. The brain maintains a clear percept of the visual
world partly by suppressing visual inputs during saccades e.g.,*>. Even so, humans are able to track task-relevant
visual information around the time of the saccade®***. Presaccadic attention may enable the visual system to
hold on to the object of interest-the saccade target-by enhancing the responses®= for the saccade target right
before the eye moves.

Going beyond prioritization and performance enhancement, our study highlights that automatic modulation
of featural information is a critical function of presaccadic attention, as it occurred even at the expense of perfor-
mance. What is the role of such an automatic inflexible modulation? Spatial resolution and high-SF sensitivity are
highest at the fovea and decrease with eccentricity*®. When executing a saccade, the image of the saccade target
swiftly-and-drastically changes from a low-resolution peripheral representation to a high-resolution foveal image.
The automatic enhancement of high-SF information revealed in the present study, as well as the orientation
tuning®!®, at the saccade target may enable its presaccadic representation to be more similar to its post-saccadic
(foveal) image, thus supporting visual stability by facilitating the integration between the pre- and post-saccadic
visual inputs.

References
1. Strasburger, H., Rentschler, I. & Jiittner, M. Peripheral vision and pattern recognition: A review. Journal of Vision 11, 13-13 (2011).
2. Anton-Erxleben, K. & Carrasco, M. Attentional enhancement of spatial resolution: Linking behavioural and neurophysiological
evidence. Nature Reviews Neuroscience 14, 188 (2013).
3. Kowler, E., Anderson, E., Dosher, B. & Blaser, E. The role of attention in the programming of saccades. Vision Research 35,
1897-1916, https://doi.org/10.1016/0042-6989(94)00279-U (1995).
4. Deubel, H. & Schneider, W. X. Saccade target selection and object recognition: Evidence for a common attentional mechanism.
Vision Research 36, 1827-1837, https://doi.org/10.1016/0042-6989(95)00294-4 (1996).
5. Rolfs, M. & Carrasco, M. Rapid simultaneous enhancement of visual sensitivity and perceived contrast during saccade preparation.
The Journal of Neuroscience 32, 13744-13752a (2012).
6. Li, H.-H., Barbot, A. & Carrasco, M. Saccade preparation reshapes sensory tuning. Current Biology 26, 1564-1570 (2016).
7. Buonocore, A., Fracasso, A. & Melcher, D. Pre-saccadic perception: Separate time courses for enhancement and spatial pooling at
the saccade target. PloS One 12, €0178902 (2017).
8. Montagnini, A. & Castet, E. Spatiotemporal dynamics of visual attention during saccade preparation: Independence and coupling
between attention and movement planning. Journal of Vision 7, 8-8 (2007).
9. Hanning, N. M., Aagten-Murphy, D. & Deubel, H. Independent selection of eye and hand targets suggests effector-specific
attentional mechanisms. Scientific Reports 8, 9434 (2018).
10. Bisley, J. W. & Goldberg, M. E. Attention, intention, and priority in the parietal lobe. Annual Review of Neuroscience 33, 1-21 (2010).
11. Schall, J. D. & Hanes, D. P. Neural basis of saccade target selection in frontal eye field during visual search. Nature 366, 467 (1993).
12. Tolias, A. S. et al. Eye movements modulate visual receptive fields of V4 neurons. Neuron 29, 757-767 (2001).

SCIENTIFIC REPORTS |

(2019) 9:2659 | https://doi.org/10.1038/s41598-018-38262-3 7


https://doi.org/10.1038/s41598-018-38262-3
https://doi.org/10.1016/0042-6989(94)00279-U
https://doi.org/10.1016/0042-6989(95)00294-4

www.nature.com/scientificreports/

13. Supér, H., van der Togt, C., Spekreijse, H. & Lamme, V. A. Correspondence of presaccadic activity in the monkey primary visual
cortex with saccadic eye movements. Proceedings of the National Academy of Sciences of the United States of America 101, 3230-3235
(2004).

14. Mazer, J. A. & Gallant, J. L. Goal-related activity in V4 during free viewing visual search: Evidence for a ventral stream visual salience
map. Neuron 40, 1241-1250 (2003).

15. Moore, T. & Zirnsak, M. Neural mechanisms of selective visual attention. Annual Review of Psychology 68, 47-72 (2017).

16. Moore, T. Shape representations and visual guidance of saccadic eye movements. Science 285, 1914-1917 (1999).

17. Rolfs, M. Attention in active vision: A perspective on perceptual continuity across saccades. Perception 44, 900-919 (2015).

18. OhL, S., Kuper, C. & Rolfs, M. Selective enhancement of orientation tuning before saccades. Journal of Vision 17, 2-2 (2017).

19. Carrasco, M. Visual attention: The past 25 years. Vision Research 51, 1484-1525 (2011).

20. Nakayama, K. & Mackeben, M. Sustained and transient components of focal visual attention. Vision Research 29, 1631-1647 (1989).

21. Miiller, H. J. & Rabbitt, P. M. Reflexive and voluntary orienting of visual attention: time course of activation and resistance to
interruption. Journal of Experimental Psychology: Human Perception and Performance 15, 315 (1989).

22. Liu, T, Stevens, S. T. & Carrasco, M. Comparing the time course and efficacy of spatial and feature-based attention. Vision Research
47,108-113 (2007).

23. Kleiner, M. et al. What’s new in Psychtoolbox-3. Perception 36, 1 (2007).

24. Neri, P. Semantic control of feature extraction from natural scenes. The Journal of Neuroscience 34, 2374-2388 (2014).

25. Goris, R. L., Simoncelli, E. P. & Movshon, J. A. Origin and Function of Tuning Diversity in Macaque Visual Cortex. Neuron 88,
819-831 (2015).

26. Engbert, R. & Mergenthaler, K. Microsaccades are triggered by low retinal image slip. Proceedings of the National Academy of Sciences
103, 7192-7197 (2006).

27. Wilson, H. R., Mcfarlane, D. K. & Phillips, G. C. Spatial frequency tuning of orientation selective units estimated by oblique masking.
Vision Research 23, 873-882 (1983).

28. Solomon, J. A. & Pelli, D. G. The visual filter mediating letter identification. Nature 369, 395 (1994).

29. Petrov, Y., Carandini, M. & McKee, S. Two distinct mechanisms of suppression in human vision. The Journal of Neuroscience 25,
8704-8707 (2005).

30. Breitmeyer, B., Ogmen, H. & Ogmen, H. Visual masking: Time slices through conscious and unconscious vision. (Oxford University
Press, 2006).

31. Rolfs, M., Jonikaitis, D., Deubel, H. & Cavanagh, P. Predictive remapping of attention across eye movements. Nature Neuroscience
14, 252-256 (2011).

32. Szinte, M., Carrasco, M., Cavanagh, P. & Rolfs, M. Attentional trade-offs maintain the tracking of moving objects across saccades.
Journal of Neurophysiology 113, 2220-2231 (2015).

33. Deubel, H. The time course of presaccadic attention shifts. Psychological Research 72, 630 (2008).

34. Carandini, M. & Heeger, D. J. Normalization as a canonical neural computation. Nature Reviews Neuroscience 13, 51-62 (2012).

35. Barbot, A. How attention enhances spatial resolution: Preferential gain enhancement of high spatial frequency neurons. Journal of
Neuroscience 36, 12080-12082 (2016).

36. Mineault, P. ], Tring, E., Trachtenberg, J. T. & Ringach, D. L. Enhanced spatial resolution during locomotion and heightened
attention in mouse primary visual cortex. Journal of Neuroscience 36, 6382-6392 (2016).

37. Yeshurun, Y. & Carrasco, M. Attention improves or impairs visual performance by enhancing spatial resolution. Nature 396, 72-75
(1998).

38. Yeshurun, Y. & Levy, L. Transient spatial attention degrades temporal resolution. Psychological Science 14, 225-231 (2003).

39. Carrasco, M., Loula, F. & Ho, Y.-X. How attention enhances spatial resolution: Evidence from selective adaptation to spatial
frequency. Perception ¢ Psychophysics 68, 1004-1012 (2006).

40. Barbot, A. & Carrasco, M. Attention modifies spatial resolution according to task demands. Psychological Science 28, 285-296
(2017).

41. Yeshurun, Y., Montagna, B. & Carrasco, M. On the flexibility of sustained attention and its effects on a texture segmentation task.
Vision Research 48, 80-95 (2008).

42. Wollenberg, L., Deubel, H. & Szinte, M. Visual attention is not deployed at the endpoint of averaging saccades. PLoS Biology 16,
€2006548 (2018).

43. Moore, T, Tolias, A. S. & Schiller, P. H. Visual representations during saccadic eye movements. Proceedings of the National Academy
of Sciences 95, 8981-8984 (1998).

44. Zirnsak, M., Steinmetz, N. A., Noudoost, B., Xu, K. Z. & Moore, T. Visual space is compressed in prefrontal cortex before eye
movements. Nature 507, 504-507 (2014).

45. Latour, P. Visual threshold during eye movements. Vision Research 2, 261-262 (1962).

46. Burr, D. C., Morrone, M. C. & Ross, J. Selective suppression of the magnocellular visual pathway during saccadic eye movements.
Nature 371, 511-513 (1994).

47. Cavanagh, P, Hunt, A. R., Afraz, A. & Rolfs, M. Visual stability based on remapping of attention pointers. Trends in Cognitive
Sciences 14, 147-153 (2010).

48. Wright, M. & Johnston, A. Spatiotemporal contrast sensitivity and visual field locus. Vision Research 23, 983-989 (1983).

Acknowledgements
We thank members of the Carrasco Lab for helpful discussions. This work was supported by NIH grant
RO1-EY019693 (to M.C.). H.-H.L. was supported by NTH Grant ROODA043849.

Author Contributions
H.-H.L. and M.C. conceived and designed the experiments. H.-H.L. and J.P. performed the experiments and
analyzed the data. H.-H.L., ].P. and M.C. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38262-3.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2019) 9:2659 | https://doi.org/10.1038/s41598-018-38262-3 8


https://doi.org/10.1038/s41598-018-38262-3
https://doi.org/10.1038/s41598-018-38262-3

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2659 | https://doi.org/10.1038/s41598-018-38262-3 9


https://doi.org/10.1038/s41598-018-38262-3
http://creativecommons.org/licenses/by/4.0/

	Presaccadic attention improves or impairs performance by enhancing sensitivity to higher spatial frequencies

	Methods

	Participants. 
	Setup. 
	Stimuli and procedure. 
	Experiment 1a. 
	Experiment 1b. 
	Experiment 2. 

	Analysis. 
	Performance. 
	Eye position. 


	Results

	Discussion

	Acknowledgements

	Figure 1 (A) Experimental procedure.
	Figure 2 Experiment 1a.
	﻿Figure 3 Experiment 1b.
	Figure 4 Experiment 2.




