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To look or not to look: dissociating presaccadic

and covert spatial attention
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Attention is a central neural process that enables selective and efficient processing
of visual information. Individuals can attend to specific visual information either
overtly, by making an eye movement to an object of interest, or covertly, without
moving their eyes. We review behavioral, neuropsychological, neurophysiological,
and computational evidence of presaccadic attentional modulations that occur
while preparing saccadic eye movements, and highlight their differences from
those of covert spatial endogenous (voluntary) and exogenous (involuntary)
attention. We discuss recent studies and experimental procedures on how these
different types of attention impact visual performance, alter appearance,
differentially modulate the featural representation of basic visual dimensions (ori-
entation and spatial frequency), engage different neural computations, and
recruit partially distinct neural substrates. We conclude that presaccadic attention
and covert attention are dissociable.

Presaccadic and covert attention are dissociable

Much of human visual experience results from moving our gaze to actively explore the visual
world and gather information. By scanning the scene with saccadic eye movements
(see Glossary), we bring relevant objects into our fovea, where visual information is processed
with high precision. The link between eye movements and visual perception is so tight that
perception is already facilitated before our gaze has reached a location of interest: immediately
before an eye movement, while we prepare to saccade, presaccadic attention is deployed to
the future gaze location, improving performance and altering stimulus appearance at that
location.

Attention can also be deployed covertly toward specific locations, without moving
the eyes. There are two types of covert attention. Exogenous attention is involuntary,
stimulus-driven (bottom-up), and is transiently deployed within ~100 ms. By contrast, en-
dogenous attention is voluntary, goal-driven (top-down), and deployed in a slower
but sustained manner, typically reaching its full effect by ~300 ms [1,2]. Each type of
covert attention improves performance and alters stimulus appearance at the attended
location.

At a broader scale, the behavioral consequences and the neural correlates of presaccadic
and covert attention appear to be similar. This resemblance led to the notion that covert
attention may be a cognitive process subsidiary to oculomotor programming. Over a
decade ago some studies questioned such a proposal. Given advances in experimental
design and characterization of the attentional effects on performance and visual represen-
tation, recent studies have revealed novel dissociations between presaccadic and covert
attention.
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Highlights

To effectively process visual information,
individuals attend to relevant visual inputs
by selectively processing information at
some locations at the expense of
information elsewhere. One can attend
overtly, by making saccadic eye move-
ments, or covertly, by prioritizing informa-
tion without moving the eyes. Both
processes improve visual performance,
but have different temporal dynamics.

Behavioral evidence shows that covert
spatial attention is not the consequence
of oculomotor planning.

Presaccadic and covert exogenous
(involuntary) and endogenous (voluntary)
attention differentially alter the featural
representation of basic dimensions —
orientation and spatial frequency.

Different neural computations mediate
the effects of presaccadic and covert
attention on contrast sensitivity.

Partially overlapping brain areas underlie
presaccadic and covert attention, but dif-
ferent neuronal populations within each
area subserve each type of attention.
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We bring together behavioral, neuropsychological, neurophysiological, and computational evi-
dence distinguishing the effects of presaccadic attention’ on visual performance and on featural
representation from those of covert endogenous and exogenous attention.

Effects of presaccadic attention on visual performance

Linking saccadic eye movements and visual attention

Over the past three decades, different groups have found that perceptual judgments immediately
before eye movement onset are more accurate for stimuli presented at the saccade target (the up-
coming eye fixation) than elsewhere [5-7]. Interest in the perceptual consequences of presaccadic
attention has continuously increased, and numerous studies have explored its spatial and temporal
properties using variations of a typical dual-task protocol (Table 1).

Spatial and temporal coupling of oculomotor planning and attentional orienting

By testing performance at different locations relative to the saccade target and/or at different times
relative to eye movement onset, behavioral studies — with varying spatial and temporal resolution —
have provided consistent evidence of a tight spatial and temporal link between oculomotor
programming and attentional orienting (Table 1). Spatially, perceptual benefits are typically bound
to the saccade target and do not spread to neighboring stimuli [5,7,8], and the specific distribution
of presaccadic attention is shaped by the spatial configuration of the scene [9-11]. Temporally,
presaccadic attention builds up during saccade preparation, gradually reaching its maximum
within ~75 ms before saccade onset, which is within ~200 ms after the cue indicating the
saccade goal [8,12-19]. Whereas the close linkage between oculomotor and attentional
orienting is undisputed, the nature of this coupling, and whether it is mandatory, has long
been debated ([20] for recent review).

Is the coupling mandatory?

Early presaccadic attention studies claimed that eye movements and attention are mandatorily
coupled — in other words, shortly before saccade onset one cannot attend elsewhere than to
the saccade target [5-7] — a notion supported by the observation of worsened visual perfor-
mance at non-saccade target locations. Although visual performance can be maintained to
some degree at locations other than the saccade target during the early stages of movement
planning, performance at non-target locations necessarily decreases just before saccade
onset [13,21]. In line with this presaccadic cost at non-saccade targets [22,23], studies have
demonstrated that attention is deployed to the saccade target even when detrimental for the
task [7,24], suggesting a strong functional coupling between eye movements and attention.

Associations

The premotor theory of attention [25] even equated oculomotor and attentional orienting. Based
on the observation of relatively prolonged reaction times for detecting targets appearing in the
other visual hemifield than a spatial pre-cue, the authors postulated that a saccadic motor plan
is required for the (re)orienting of visual spatial attention (because reorienting the eyes across
the midline would also take longer as it requires the activation of different sets of muscles). That
is, covert shifts of attention are achieved by programming an eye movement, without executing
it. Accordingly, spatial attention and oculomotor processes are considered to rely on the same
neural substrates; any shift of spatial attention — overt or covert — would be €elicited by preceding
motor activity in the oculomotor system.

T We focus on perceptual modulations preceding saccadic eye movements (perceptual effects during the eye movement are reviewed
in [3] and modulations specific to the remapped location in [4]).
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Glossary

Adaptation: reduced sensory responses
to prolonged or repeated presentations
of the same stimulus. In psychophysical
experiments, visual performance for a
test stimulus following an adaptor
stimulus is lower when the stimuli share
similar features (e.g., orientation).
Antisaccade task: participants are
required to suppress a reflexive saccade
to a salient visual stimulus and instead
perform a voluntary saccade in the
opposite direction.

Fovea: a depression in the inner retinal
surface, ~1.5 mm in width, whose
photoreceptor layer entirely consists of
cones and which is specialized for
highest visual acuity.

Frontal eye field (FEF): in macaque
monkeys, the FEF occupies the rostral
bank of the arcuate sulcus; its putative
human homolog is located near the
precentral sulcus and the dorsal-most
portion of the superior frontal sulcus. It
plays an important role in guiding
attention and saccades.

Global saccade: a saccade that
involuntarily lands between two potential
saccade targets presented at nearby
locations.

Moebius syndrome: a rare congenital
neurological condition, characterized by
oculomotor disorders including gaze
paralysis, that is caused by hypoplasia of
the lower brainstem containing cranial
nerves involved in the execution of eye
movements.

Point of subjective equality (PSE): in
comparative judgment experiments, the
level (e.g., contrast) of the test stimulus
varies while the standard stimulus
remains constant. PSE is the test
stimulus level at which both stimuli are
chosen with equal probability and are
judged as appearing equal.

Population receptive field (pRF): the
spatial region of the visual field, usually
modeled as a 2D Gaussian, that drives
the response of a voxel in fMRI
recording.

Reverse correlation: a technique for
identifying the image features that drive
sensory responses by presenting
random (or pseudo-random) noise to
the participants and correlating the
image features with behavioral or neural
responses.

Saccadic adaptation: an experimental
procedure to dissociate saccade target
and saccade landing location. By
systematically displacing the target
during the eye movement, the saccadic
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Table 1. Studies and experimental procedures investigating the spatial and temporal coupling between
saccadic eye movements and visual attention®

Task/protocol Standard Temporal focus Spatial focus
Discrimination Kowler et al. 1995 [5] Castet et al. 2006 [12] A Ditterich et al. 2000 [38]
task Hoffman and Subramaniam Deubel 2008 [13] Doré-Mazars and Collins
1995 [6] Filali-Sacouk et al. 2010 2005 [39]
Deubel and Schneider 1996 [7] [14] Ghahghaei and Verghese
Montagnini and Castet 2007 [21] *Rolfs and Carrasco 2017 [9]

Zhao et al. 2012 [22]
* Khan et al. 2015 [23]
*Liet al. 2019 [564]
Kreyenmeier et al. 2020 [24] *Liet al. 2016 [18]
A Parker et al. 2020 [148] Jonikaitis et al. 2017
* Liet al. 2021 [99] [19]

Hanning et al. 2019 [8]

2012 [15]
White et al. 2013 [17]
Harrison et al. 2013 [16]

Puntirol et al. 2018 [10]
Szinte et al. 2019 [11]

Eye-abduction
protocol

Smith et al. 2010 [28]
Smith et al. 2012 [29]
A Hanning and Deubel 2020[35]

Global saccade A Van der Stigchel and de Vries
task 2015 [41]

A Klapetek et al. 2016 [44]
Mikula et al. 2018 [45]

A Hanning et al. 2019 [34]

A Wollenberg et al. A Wollenberg et al. 2018
2020 [43] [42]

Antisaccade task

2Key: A, dissociations between attentional and oculomotor orienting; %, dissociation between overt and covert attention.

Additional studies supporting a dependence of visual attention on the oculomotor system rely
on restricted ability to execute eye movements, either due to a pathology of the eye movement
system (e.g., [26,27]) or experimentally induced by a maximally rotated eye position that
prevents healthy participants from moving their eyes to particular peripheral locations
(Figure 1B) [28,29]. According to both lines of research, although endogenous visual spatial
attention can be properly deployed toward locations beyond the reach of the eyes, exogenous
attention cannot [30].

However, the vast majority of studies claiming evidence in favor of the premotor theory
(e.g., [27,29)]) (as well as some studies arguing against it; e.g., [31-33]) have inferred attentional
allocation from manual reaction times, following the rationale that stimuli are processed faster
when they are presented within rather than outside the focus of attention. Nonetheless, reaction
times reflect the combined effect of detection-, decision-, criterion- and response-dependent
processes, which can only be differentiated with special methods (e.g., speed-accuracy
trade-off) and models (e.g., drift-diffusion model) that are not used in these studies. Studies
measuring discrimination performance can isolate these components and better assess
attention effects because they can rule out speed—-accuracy trade-offs and/or rely on signal de-
tection theory (SDT) which indexes sensitivity and criterion separately [1,2].

Dissociations

Discrimination protocols have revealed that exogenous attention can be deployed at loca-
tions that the eyes cannot reach. A salient visual cue equally attracts attention regardless
of whether it was presented within or beyond the reach of the eyes, causing perceptual ben-
efits at its location [34] and perceptual costs elsewhere [35]. These studies, as well as re-
ports that pathological oculomotor restrictions (e.g., Moebius syndrome) are not
necessarily associated with corresponding attentional deficits [36], have revealed that covert
attention can shift over the entire visual field range, independent of limitations imposed by
the eye movement system [37].
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amplitude and/or direction gradually
adapts to the intra-saccadic shift.
Saccadic eye movements: fast,
ballistic movements of the eyes that shift
gaze quickly toward a visual target.
Superior colliculus (SC): a structure in
the midbrain, the SC is part of the brain
circuit for the transformation of sensory
input into movement output. It receives
direct projections from retinal ganglion
cells and conveys information to V1 and
to extrastriate visual areas. It plays a
major role in the control of eye
movements and is involved in the control
of covert attention.

Trans-saccadic integration: the
integration of the presaccadic (e.g., a
peripheral saccade target) and
postsaccadic (e.g., the foveal image
after saccade landing) information to
facilitate visual stability across saccadic
eye movements.

Visual area V1: located in the calcarine
sulcus in the medial occipital lobe, V1 is
the first visual processing area in the
cortex. It codes for stimulus orientation,
spatial frequency, and contrast.

Visual area V4: a cortical area in the
visual ventral stream that receives strong
feedforward input from V2 and V1, and
sends connections to the inferior
temporal cortex.

Visual masking: a phenomenon in
which the visibility of a visual target is
reduced by the presence of other visual
stimuli (noise or mask) which overlap
with or have a close proximity to the
target in space and time.
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Figure 1. Prominent experimental procedures to investigate the effects of presaccadic attention on visual performance. (Top row) Depiction of the
respective task (saccade targets are indicated by green arrows, saccade endpoints are indicated by broken green lines). (Bottom row) Exemplary results.
(A) Discrimination task. Participants prepare a saccade to an instructed saccade target (here the central arrow cue indicates the orange item on the right). A test
stimulus ('E") is presented briefly before eye movement onset together with several distractors ('2's and '5's) at a location coinciding with the saccade target or
not. Participants are asked to discriminate the test stimulus ('E' versus 'mirror-E'). While the eyes are still fixating the center, discrimination accuracy is selectively
enhanced at the respective saccade target — indicating a presaccadic shift of attention. Adapted from [7]. (B) Eye abduction protocol. Participants view the display
with one eye patched and their head rotated such that a portion of the display is still visible but outside the range reachable by the eyes (indicated by the green
area). Saccades aimed at a cued target outside this range will fall short. Presaccadic discrimination accuracy (assessed with an oriented 1/f noise patch) is
nonetheless highest at the unreachable saccade target (and not enhanced at the actual saccade landing) — demonstrating that attention is not limited to the eye
movement range. Adapted from [34]. (C) Global saccade protocol. Participants are instructed to saccade to one of two nearby items at free choice (either of the
orange frames), in which case the eyes will frequently land between the two salient targets. Presaccadic discrimination accuracy (assessed with an oriented Gabor
patch) is not enhanced at the endpoint of such global saccades, but is instead equally enhanced at the two targets — showing that presaccadic attention is not
necessarily coupled to the saccade endpoint. Adapted, with permission, from [42]. (D) Antisaccade task. Participants are instructed to saccade to the location in
the opposite direction of a peripheral cue. Presaccadic discrimination accuracy (assessed with a tilted Gabor patch) before antisaccades is equally enhanced at
the cued location and the antisaccade goal, indicating attentional selection at both locations. Adapted from [44]. (E) Microstimulation protocol. Monkeys must
detect a luminance change of a peripheral target. Subthreshold frontal eye field stimulation increases visual sensitivity at the movement field (to which saccades
would be evoked by stimulation currents above threshold; marked by the green circle), suggesting that saccade-related mechanisms provide a source of spatial
attention. Adapted from [107]. Abbreviations: FEF, frontal eye field; SL, saccade landing position; ST, saccade target.

This decoupling of attentional and oculomotor orienting is in line with studies evaluating
presaccadic attention as a function of the saccade endpoint. Even when saccades under-
shoot their target, the attentional benefit occurs at the intended saccade target rather than
the actual landing position [7,34]. Accordingly, when the amplitude of the executed saccade
is modified via saccadic adaptation, the metrics of the presaccadic shift of attention
remain unaffected [38]; however, when the saccade target is constant throughout the
experiment, the shift of attention can be linked to the adapted saccade endpoint [39,40].
Moreover, visual attention is not coupled to the endpoint of global saccades, which
unintentionally land between two nearby potential saccade targets, but instead is allocated
equally to both targets [41-43] (Figure 1C). Thus, whereas attentional orienting has often been
considered to be dependent on oculomotor programming [25-29], converging behavioral
evidence shows that presaccadic attention is tied to the intended motor goal rather than to the
executed motor program [7,34,38,41-43], providing evidence for a dissociation of attentional
and oculomotor orienting.
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In addition, antisaccade tasks provide a unique opportunity to isolate and decouple the perceptual
effects elicited by the visual stimulus and the final oculomotor command (Figure 1D). Visual spatial
attention is simultaneously allocated to the cued location and the antisaccade goal ([44]; similar
results but a different interpretation are given in [45]), suggesting attentional selection at both
locations. If attention was functionally equivalent to saccade preparation [25], it should have been
primarily allocated to the antisaccade goal. Following the same logic, deploying covert exogenous
[33] or covert endogenous [31,32] attention does not speed up saccade initiation to the attended
target, which would be expected if attention and oculomotor orienting were equivalent. In sum,
these results show that covert attentional orienting is not the consequence of motor planning.

Modulations of visual representations by presaccadic attention and covert
attention

The vast majority of presaccadic attention research has focused on its effects on performance
(e.g., accuracy in discrimination tasks). We discuss here recent advances that go beyond mere
performance measures and reveal how presaccadic attention modulates featural representations —
in other words the processing of visual features, including orientation, spatial frequency, and contrast.
This assessment enables a differentiation of the cognitive, neural, and computational processes
underlying presaccadic and covert attention.

To characterize visual representation at the perceptual level, psychophysical procedures — for ex-
ample, adaptation, visual masking, and reverse correlation — measure perceptual tuning
functions. An adapter or a noise mask indexes how well human participants can detect or dis-
criminate visual targets as a function of the distance between the target and the adaptor (or the
mask) on a specific feature dimension (e.g., orientation, spatial frequency). The resulting percep-
tual tuning functions provide a gateway to compare perceptual effects resulting from different
types of attention.

Orientation

Two studies employing psychophysical reverse correlation have investigated how presaccadic
attention affects the perceptual orientation tuning function. In the first study [18], participants
detected a visual target stimulus (a vertically oriented grating) presented at the saccade target.
The target stimulus was embedded in random noise with rich orientation content, allowing an
estimation of the perceptual orientation tuning function. Compared with a neutral condition,
without saccadic eye movements, the orientation tuning function at the saccade target exhibited
both gain enhancement (increased sensitivity) and tuning width narrowing (higher selectivity)
(Figure 2A and Table 2). These modulations emerged ~100 ms before saccade onset and
reached a maximum just before the eyes moved. Moreover, merely deploying covert attention
within the same temporal interval without preparing a saccade did not alter performance. A
follow-up study utilized dynamical noise and reported similar effects by presaccadic attention at
the saccade target, and lower gain and a wider tuning function at a location opposite to the sac-
cade direction, immediately before saccade onset [46].

Unlike presaccadic attention, both covert endogenous and exogenous spatial attention increase
the gain of perceptual orientation (or motion) tuning functions without affecting its tuning width
[47-51] (Figure 2B,C and Table 2). Only when participants are instructed to attend to a particular
orientation, does covert feature-based attention reduce the width of orientation tuning [47,48].

Spatial frequency
Spatial frequency (SF) refers to the spatial scale (i.e., areas of relative light and dark in the visual
scene) of visual inputs. The SF selectivity of the visual system varies across the visual field;
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Figure 2. The effects of presaccadic and covert attention on featural representations. (A) In psychophysical experiments, participants were required to detect a
grating at a fixed orientation (represented by 0° in the figure), and a reverse correlation technique was used to characterize the orientation tuning employed by the visual
system. Presaccadic attention increases the gain and reduces the width of orientation tuning [18,46]. Panel adapted, with permission, from [18]. (B,C) Covert endogenous
and exogenous attention only increase the gain [47-51]. Panels adapted, with permission, from [51]. (D-F) Presaccadic attention [18,54] and covert exogenous attention
preferentially increase the sensitivity of high spatial frequency (SF) information by shifting the SF tuning curve rightward [51,55,56,61], whereas covert endogenous attention
enhances a broad range of SFs uniformly [51,59-61]. The broken vertical lines indicate the peak of the tuning functions. Details of the experimental protocols can be found
in Box 1. Panel (D) adapted, with permission, from [18]. Panels (E) and (F) adapted, with permission, from [51]. (G—I) The subjective contrast appearance of visual stimuli can
be estimated by measuring the point of subjective equality (PSE) in tasks requiring participants to compare the contrast of two stimuli. In the experiments, the contrast of a

(Figure legend continued at the bottom of the next page.)
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sensitivity to higher SFs is higher at the fovea and decreases with eccentricity [1,2,52]. A study
using reverse correlation revealed that presaccadic attention selectively increases sensitivity to
higher SF information [18] (Figure 2D and Table 2). In this study, participants were required to
detect a visual target stimulus (a vertically oriented grating embedded in random noise) presented
at the saccade target. Compared with a neutral condition without saccadic eye movements,
presaccadic attention increased the gain for higher SFs while leaving lower SFs unchanged,
resulting in a rightward shift of the SF tuning function. Merely deploying covert attention within
the same temporal interval without preparing a saccade did not alter performance. A follow-up
study has confirmed the shift of SF tuning toward higher SF with presaccadic attention [53].
Moreover, this modulation is compulsory [54] and cannot be explained by a shift of the tuning
function toward the SF of the target [18,54]: Using a visual masking procedure, it has been
shown that the rightward shift of SF tuning by presaccadic attention could move the SF
tuning function away from (higher than) the target, leading to an impairment on the task at hand
(discriminating the orientation of the target) ([54]; details in Box 1).

Interestingly, the compulsory increment of high-SF sensitivity by presaccadic attention is
reminiscent of the modulations by covert exogenous attention. In texture segmentation tasks
(Box 1), exogenous attention increases spatial resolution, mediated by high SF, even when it
impairs performance [52,55-58]. By contrast, covert endogenous attention always improves
performance in the same tasks, without preferentially enhancing high-SF information [59,60]
(Figure 2E,F and Table 2).

Converging evidence indicates that covert exogenous attention and endogenous attention
modulate SF processing differently. In orientation discrimination tasks, regardless of stimulus
eccentricity, exogenous attention preferentially enhances SFs higher than the peak frequency in
the baseline condition, whereas endogenous attention enhances a broad range of lower and
higher SFs [61]. Likewise, reverse correlation revealed that exogenous attention shifts peak
sensitivity to higher SFs by enhancing the gain of SFs higher than the target SF, whereas endogenous
attention enhances the gain of SFs below and above the SF of the target [51]. These changes in
sensory tuning could underlie the differential performance effects of endogenous and exogenous
attention in contrast sensitivity and texture segmentation tasks.

Contrast appearance

Covert attention changes the appearance of visual stimuli — how they appear subjectively to the
participants —in a several static (e.g., contrast, SF, size) and dynamic (e.g., flicker, motion coherence)
visual dimensions [62]. Does presaccadic attention similarly affect appearance?

The appearance of visual stimuli can be assessed by a comparative procedure in which experi-
menters measure the point of subjective equality (PSE) of a standard stimulus. Both exoge-
nous [63-70] and endogenous [71] covert spatial attention increase perceived contrast of the
stimulus at the attended location, as indicated by a shift of the PSE to a lower contrast (Figure
2H,I and Table 2). A counterpart of this effect has been reported for presaccadic attention
(Table 2). As time approaches saccade onset, perceived contrast and orientation discrimination
increase concurrently and progressively (Figure 2G). A control experiment with a cue-to-
stimulus interval matched to the presaccadic experiment demonstrated that endogenous
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test stimulus typically varies across trials while the contrast of a standard stimulus is fixed. The percentage of trials in which participants judge the test stimulus to have a
higher contrast than the standard (v axis) is plotted against the contrast of the test stimulus (x axis). The orange curves represent the condition in which the test stimulus is
cued (attended). Both presaccadic attention [15] as well as endogenous [71] and exogenous [63-68] covert attention enhance perceived contrast. The enhancement by
presaccadic attention exhibits a gradual trend right before saccade onset [the inset in panel (G) is adapted from [15]]. Panel (H) adapted from [62]; panel (I) adapted from

[63].
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Table 2. Studies and experimental procedures investigating the modulation of visual representations by different types of attention in humans®

Feature Method/task Presaccadic Covert endogenous attention Covert exogenous attention
attention
Orientation gain Reverse correlation v Lietal 2016 [18] v Paltoglou and Neri 2012 [48] v Fernandez et al. 2019 [50]
v Ohletal 2017 [46]  « Wyart et al. 2012 [49] v Fernandez et al. 2021 [51]
v Fernandez et al. 2021 [51]
Masking v Baldassi and Verghese 2005
[47]
Orientation tuning width Reverse correlation v Lietal 2016 [18] X Paltoglou and Neri 2012 [48] X Fernandez et al. 2019 [50]
v Ohletal 2017 [46] X Wyart et al. 2012 [49] X Fernandez et al. 2021 [51]
X Fernandez et al. 2021 [51]
Masking X Baldassi and Verghese 2005
[47]
Enhancement of high Texture segmentation X Jigo and Carrasco 2018 [60] v Yeshurun and Carrasco, 1998 [55]
spatial frequency v Yeshurun and Carrasco, 2000 [149]

v Talgar and Carrasco 2002 [58]
v Yeshurun and Carrasco 2008 [57]
v Jigo and Carrasco 2018 [60]

Texture segmentation + X Barbot and Carrasco 2017 [59] Carrasco et al. 2006 [56]
adaptation
Reverse correlation v Lietal 2016 [18] X Fernandez et al. 2021 [51] v Fernandez et al. 2021 [51]
X Fernandez et al. 2019 [50]
Masking v Lietal 2019 [54] X Talgar et al. 2000 [150]
Orientation discrimination v Kroell and Rolfs X Jigo and Carrasco 2020 [61] v Jigo and Carrasco 2020 [61]
2021 [53]

Contrast appearance Comparative judgment (PSE) v Rolfs and v Liuetal. 2009 [71] v Carrasco et al. 2004 [63]

+ orientation discrimination Carrasco 2012 [15] v Ling and Carrasco 2007 [64]

v Carrasco et al. 2008 [65]

v Stoérmer et al. 2009 [66]

v Anton-Erxleben et al. 2010 [67]
V Cutrone et al. 2014 [68]

v Barbot and Carrasco 2018 [69]
VZhou et al. 2018 [70]

Contrast response Orientation discrimination + Lietal 2021 [99] * Ling and Carrasco 2006 [77] + Ling and Carrasco 2006 [77]
function * Pestilli et al. 2009 [79] + Pestilli et al. 2007 [78]
* or +: size-dependent + Pestilli et al. 2009 [79]
Herrmann et al. 2010 [80] *or +: size-dependent Herrmann et
¢ Lietal 2021 [99] al. 2010 [80]

+ Fernandez and Carrasco 2020 [145]
¢ Lietal 2021 [99]

Contrast discrimination + Morrone et al. 2002 [74]
+ Morrone et al. 2004 [75]
4 Huang and Dobkins 2005 [76]

2Key: ¢, the feature modulation indicated in the first column is observed; X, the feature modulation indicated in the first column is not observed; *, contrast gain; +, response
gain; 4, mixture of both contrast gain and response gain.

attention cannot modulate contrast appearance in such a rapid fashion [15]. Thus, even though
the perceptual modulations of contrast appearance are similar for presaccadic attention and co-
vert endogenous attention, their temporal dynamics differ. These results link the dynamics of sac-
cade preparation, visual performance, and subjective experience, and show that upcoming eye
movements alter visual processing by increasing signal strength.

Contrast response functions and computational models

Computational models of attention aim to characterize attentional modulation of the input—
output functions of visual neurons (e.g., contrast response functions: neural responses as
a function of stimulus contrast). The neural activity as a function of stimulus contrast is either
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Box 1. Texture segmentation

Texture segmentation refers to the process by which the visual system isolates a region from its background based on its
local structure. In the example depicted in Figure |, participants were required to detect the presence of the target
patch whose line elements differ in orientation from the otherwise uniform background. Performance exhibits an inverted
U-shape as a function of target eccentricity: higher performance for the target at midperiphery than at central and periph-
eral locations. This central performance drop (CPD) indicates that the resolution of the visual system, or sensitivity to high
spatial frequency (SF) information, is too high for target detection. Accordingly, peak performance shifts to more peripheral
or central locations when the texture scale increases or decreases, respectively [55]. Selective adaptation to high-SF filters
reduces participants’ sensitivity to high SF, and correspondingly the CPD [56,59].

Compared with a neutral baseline condition, exogenous attention impairs performance when the target patch is near the
fovea, where visual resolution is already too high for the task, but improves performance when the target patch is at
periphery [55,56,58,60,149]. These results reveal that exogenous attention increases visual resolution, or the sensitivity
to high SF, in a compulsory manner, even when detrimental for the task at hand. In the same task, endogenous attention
adjusts resolution and improves performance regardless of target eccentricity [59,60]. Critically, selective adaptation to
high SF eliminates the central attentional impairment observed with exogenous attention [56] as well as the central
improvement observed with endogenous attention [59].

Visual masking was utilized to test the effect of presaccadic attention on the processing of SF [54] (Figure Il). A target at a
fixed SF was superimposed with noise (mask) of different (lower, same, or higher) SFs. In the neutral baseline condition,
discrimination of the target orientation was lowest when the target was paired with the noise containing the same SF.
Presaccadic attention enhanced the discriminability of the target when the noise had a lower or the same SF as the target,
but impaired its discriminability when the SF of the noise was higher than that of the target, presumably because it in-
creased the suppressive effect elicited by the high-SF noise. Merely deploying covert endogenous attention within the
same temporal interval did not alter performance. These results indicate that presaccadic attention enhances high SF in-
formation, even when detrimental for task performance.
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Figure |. Texture segmentation tasks. Top: example stimuli. Bottom: exogenous attention impairs or improves
performance as a function of eccentricity; endogenous attention improves performance throughout eccentricity.
Adapted from [52].

Trends in Neurosciences, Month 2021, Vol. xx, No. xx 9



¢? CellPress Trends in Neurosciences

Target Mask —— neutral
1 cpd 0.67cpd 1cpd 1.5 cpd o | — attended
2
G
(@]
s
(0]
Test stimulus (target + mask) &

Y Y m—

Mask spatial frequency (cpd)

Trends in Neurosciences

Figure II. Masking experiments. Left: example stimuli used in [54]. Right: presaccadic attention impairs performance
when the SF of the mask is higher that the SF of the target. Adapted from [54]

measured directly or is simulated by computational models and fit to behavioral perfor-
mance. For covert attention, mainly two types of attentional modulation have been reported
in both neurophysiological [72,73] and behavioral studies [74-80]: a contrast gain change, in
which the response function shifts horizontally, as if attention scales the input stimulus contrast
(e.g., Figure 3A), and a response gain change, in which the asymptotic response moves vertically,
as if attention multiplicatively scales the output response of the neurons (Figure 3B). In addition,
human functional magnetic resonance imaging (fMRI) studies have reported an additive shift
of response functions [81,82], or a combination of additive shift and contrast gain change by
attention [83].

Various computational studies have modeled attentional modulation of neural responses [84-87].
However, computational models of visual attention have either referred to covert attention or
presaccadic attention exclusively, or have referred to spatial covert attention as a unitary
construct. We focus here on a class of models that rely on normalization [88] to describe the
computations underlying visual attention [72,73,89-91] because these normalization models of
attention (NMA) have been widely applied to explain both behavioral [80,91,92] and neurophys-
iological [93-97] data in recent years. In normalization, the response of a visual neuron is modeled
by the excitatory drive divided by the suppressive drive (normalization pool), computed as the
excitatory drive summed over a pool of neurons [88]. In the NMA of Reynolds and Heeger [73],
attention is modeled by attentional gain factors that multiplicatively modulate the excitatory
drive of the neurons before normalization (Figure 3C). This computation predicts that attention
exhibits a response gain (contrast gain) change when the size of the attentional field is small
(large) relative to the stimulus size (Figure 3A,B). An intermediate attentional field size will lead to
a mix of both response gain and contrast gain changes. Behavioral studies on covert attention
have confirmed this prediction [80,92]. The additive shift by attention observed in human fMRI
can also be explained by applying the NMA to a neural population consisting of neurons with
heterogeneous (position and orientation) tuning, and summing activity across many neurons to
simulate the response of fMRI voxels [98].

Interestingly, unlike covert attention, presaccadic attention generates response gain changes
regardless of the size of the attentional field (Figure 3A,C and Table 2) [99]. Model comparisons
revealed that, whereas modulations by covert attention are best fit by the NMA, modulations by
presaccadic attention are best fit by a response gain model in which response gain factors
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Figure 3. Attentional modulations of contrast response functions. (A) lllustrations of how attentional field size (relative to the stimulus size) affects the form of
attentional modulation. The left column represents the condition in which the size of the attentional field is large, whereas the right column represents the condition in
which the size of the attentional field is small. Covert attention (endogenous and exogenous; top row) generates contrast gain when the size of the attentional field is
large and response gain when the size of the attentional field is small [73,80]. By contrast, presaccadic attention (bottom row) generates response gain changes
regardless of the attentional field size [99]. The insets in the bottom row illustrate how the size of attention field was manipulated by the location uncertainty of the target
in a study of presaccadic attention [99]. Only the fixation point with the pre-cue and the right half of the screen are shown. The left half of the screen contains similar
stimuli (an aperture outlined by four black dots and a test stimulus). In the experiments, participants made a saccadic eye movement toward the center of the cued
aperture (outlined by the four black dots). In the large attention field size condition, the aperture was large and the test stimulus (a grating) was presented at one of five
possible locations (indicated by green circles for illustration purposes only) with equal probability. In the small attention field size condition, the test stimulus was
presented at a fixed location [73,80,99] (attentional field size was also manipulated by location uncertainty in covert attention experiments [73,80]). (B) The Reynolds
and Heeger normalization model of attention (NMA) explains these size-dependent gain changes [73]. Blue-yellow 2D images represent a population of visual neurons
selective for different orientations and receptive field (RF) centers. The response of visual neurons is computed by normalization: dividing the excitatory drive of neurons
by their suppressive drive. The excitatory drive is determined by the preferred orientation and position of each neuron. The suppressive drive is computed by
convolving the excitatory drive with the suppression kernel. The suppression kernel is uniform in the orientation domain. For simulating surround suppression of visual
neurons, the suppression kernel is a Gaussian with a wide width in its spatial domain. In the NMA, attention is modeled as attentional gain factors that multiplicatively
modulate the excitatory drive before computing the suppressive drive and normalization. (C) The modulation of presaccadic attention is better explained by response
gain factors that scale the responses of neurons after normalization. In both (B) and (C) it is assumed that attention is deployed to the center of the target stimulus
(the vertical grating). Panels (A—-C) adapted, with permission, from [99].

modulate the response of the neurons after normalization (Figure 3C). These results indicate that
the computations underlying presaccadic attention and covert attention are different [99].

Neural correlates of presaccadic and covert attention

Common brain areas but distinct subpopulations

The tight coupling between eye movements and attentional orienting raises the question of
whether presaccadic and covert spatial attention are based on the same neural processes. At
a broad scale, the brain structures that are active during saccadic eye movements [the frontal
eye fields (FEF), the precentral sulcus, and the superior colliculus (SC)] are also selectively
modulated during covert attention tasks in human- and non-human primates [100-103].
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Feedback signals projecting from these areas to early visual cortices are assumed to enhance
visual processing [104,105] and thereby account for the commonly observed presaccadic
attentional effects.

In non-human primate studies, subthreshold microstimulation of FEF and SC — which would elicit
a saccade if stimulated above threshold — modulates activity in visual cortex [106] and enhances
visual sensitivity at the movement field of the stimulated neurons (Figure 1E) [107,108]. However,
FEF and SC have distinct neuronal populations that are related to visual and motor activity
[108-113]. Because microstimulation modulates both visual and motor cells, it cannot distinguish
between oculomotor and attentional orienting, which are controlled by distinct populations within
these overlapping neuronal circuits: Visual and visuomotor cells exhibit sustained activity during
covert attentional orienting, but motor cells remain silent [110,111] and have disproportionately
little feedback connections to early visual cortex [112]. Furthermore, covertly attended locations
and eye movement goals are represented by different subsets of spatially tuned neurons in frontal
cortex, contradicting the idea that the control of spatial attention is dependent on oculomotor
control circuits [113].

Likewise, in humans, the early laterality of visual evoked event-related potentials (ERPs)
correlates with covert but not presaccadic attention [114], and transcranial magnetic stim-
ulation (TMS) over FEF has revealed a clear temporal dissociation of saccade preparation
and attention [115]. These results are consistent with the findings that saccade preparation
and covert attention — despite involving overlapping neural regions — are neurophysiologi-
cally distinct phenomena [109,116]. In summary, neurophysiological evidence reveals that
distinct neural populations in FEF and SC control covert attention and saccade preparation
in human and non-human primates, potentially giving rise to differences in their perceptual
correlates.

Response enhancement and noise reduction

Both endogenous and exogenous attention enhance neural response amplitude at the
attended location throughout the visual system [72,117]. Response enhancement by
presaccadic attention has also been observed in two macaque brain regions — visual area
V1 [118] and visual area V4 [119,120] — and throughout both ventral and dorsal visual streams
in human cortex [121]. The enhanced response is accompanied by an increment of decodable
stimulus information (orientation) from the neural population just before saccade onset [122],
matching the presaccadic attentional effects in behavioral studies. Likewise, in line with behav-
ioral evidence (e.g., [44]), response enhancement by covert attention and presaccadic atten-
tion coexist, as revealed by an antisaccade experiment reporting qualitatively similar activity
modulations corresponding to an endogenously attended location and the opposite saccade
target location [123].

Recording in V4 has also revealed that both covert attention [124—126] and presaccadic attention
[127] reduce the variability and noise correlation among visual neurons, which correlate with
changes in behavioral performance [128].

Featural representation

How do presaccadic and covert attention modulate featural representations at the neural level? In line
with psychophysical findings [47-49], endogenous spatial attention increases the gain (amplitude) on
orientation tuning functions of visual neurons without affecting their tuning width [129,130]. To our
knowledge, there is no parallel neurophysiological study for exogenous attention. Studies in V4
have shown that presaccadic attention enhances the response of visual neurons more to the
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preferred orientation than to nonpreferred orientations [119] and increases the gain on orientation
tuning functions, but did not report whether tuning width was affected [123]. Thus, whereas endog-
enous attention does not affect neural orientation tuning width, it remains unknown whether
presaccadic attention does, because its effects on gain and tuning have not been assessed
independently.

Two (nonmutually exclusive) neural mechanisms may underlie the increment of sensitivity to high-
SF information by spatial attention: first, receptive field (RF) shifts: the deployment of endogenous
attention can shift visual neuron RF toward the attended location. In monkey single-unit record-
ing, this RF shift occurs in both ventral [131] and dorsal extrastriate visual cortex [132]. Likewise,
human neuroimaging studies measuring population receptive fields (pRFs) reported a shift of
pRFs toward the attended location in the visual cortex [133]. The RF shifts enhance the neural
representation of the attended stimuli and are accompanied by a shrinkage of RF size at the
attended location [132]. In principle, smaller RF sizes could benefit the discrimination of smaller
targets in texture segmentation tasks because a smaller RF would reduce the interference from
background stimuli [2]. Similarly, just before monkeys make saccadic eye movements, RFs
shift toward the saccade target in response to presaccadic visual stimuliin V4 [120,134] and pre-
frontal cortex [135]. In sum, RF shifts have been observed for endogenous and presaccadic at-
tention, but comparable studies for exogenous attention are lacking. However, at the
behavioral level, only presaccadic attention and exogenous attention shift behavioral SF tuning to-
ward higher SFs (Figure 2 and Table 2). Endogenous attention conceivably evokes additional
mechanisms that benefit the processing of low-SF information, thus leaving the overall SF sensi-
tivity tuning function unchanged.

The second potential neural mechanism to support an increment in high-SF sensitivity is a pref-
erential enhancement of visual neurons tuned to high SFs. Neurons in the mouse primary visual
cortex exhibit gain increments during a heightened attentional state, as behaviorally assessed
by locomotion and a dilated pupil. Critically, neurons selective for higher SFs exhibit larger gain
increments than those selective for lower frequencies [136]. In mice, the dorsal lateral geniculate
nucleus of the thalamus also shows a preferential gain increment in locomotion for neurons selec-
tive for high SF [137]. These neural modulations could support the perceptual effects observed in
behavioral attention research, but neurophysiological studies using a spatial attention protocol
have yet to test this assumption. A critical distinction is that the effect of locomotion is global
across the entire visual field whereas the effect of spatial attention is restricted to the attended
location. In general, these observations are consistent with psychophysical experiments employing
a selective adaptation protocol, which revealed that spatial attention tunes SF sensitivity via high-SF
channels [56,59].

Concluding remarks

Although both presaccadic attention and covert spatial attention enable selective processing of
visual information and facilitate perception, there are clear dissociations in their temporal dynamics,
modulations of featural representation of basic visual dimensions, neural computations, and neural
correlates. Although questions remain about the specific origin, nature, and functional significance
of presaccadic attention and covert attention, converging evidence indicates that the notion that
visual attention cannot be decoupled from eye movement programming should be revised.
Presaccadic and covert attention are distinct neurocognitive processes that do not depend on
one another.

The dissociations between covert attention and presaccadic attention provide important insight
into brain function and call for further investigation. Our understanding of presaccadic attention —

¢? CellPress

Outstanding questions

Do presaccadic attentional modulations of
featural representations, as suggested,
support trans-saccadic integration and
visual stability at around the time of
saccades?

Behaviorally, when participants plan
a saccade, presaccadic attention
enhances gain, narrows orientation
tuning, and shifts SF selectivity at the
saccade target. Is this also the case
when participants saccade in re-
sponse to a salient stimulus, without
voluntarily planning to do so?

Presaccadic attention changes contrast
appearance. Does it also change
the appearance of other static
(e.g., spatial frequency, size) and
dynamic (e.g., flicker, speed) visual
dimensions, as covert attention does?

Presaccadic attention alters featural
representations at the saccade target.
What happens simultaneously to
featural representations at other
locations, for example, at the fovea
(where the gaze is about to leave) and
at locations around the saccade
target?

Presaccadic attention affects encoding of
sensory information. Does it also affect
other processes such as information
readout or decision criteria?

Presaccadic attention alters featural
representations at the saccade target.
What neural correlates of these
effects would neurophysiological and
neuroimaging studies reveal?

Reaction time studies with special
populations (e.g., Moebius syndrome)
inform our knowledge of eye move-
ment programming/execution and co-
vert attention. Would discrimination
tasks yield consistent findings? Would
people with such oculomotor condi-
tions show the same modulations of
featural representations as people
with intact oculomotor systems?

TMS has shown a causal role of occipital
cortex in exogenous attention. Does the
occipital cortex also play a causal role
in presaccadic attention, and how
does it interact with higher brain areas
(e.g., FEF)?
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as well as of its similarities to and differences from covert spatial attention — would be further ~ How would to-be-developed models
. . . encompassing both covert and

advanced by integrating knowledge gathered from psychophysics, neuropsychology, neurophys- saseREle aiETlen AEvETES U

iology, neuroimaging, and computational models in human and non-human primates, while  knowledge of visual perception by tak-

keeping the experimental protocols as similar as possible (see Outstanding questions). Moreover, — ing into account the dissociations

it would be informative to isolate individual components of eye movements (planning, programming, ~ "eviewed here?

and execution), which may differentially influence the findings in studies with human participants

and non-human primates. Depending on the time-period of the analysis, different oculomotor

components could contribute to the effects of presaccadic attention or conflate the effects attributed

to covert attention.

The findings that covert and presaccadic attention lead to different modulations of featural
representations suggest that they serve different functional roles. We have proposed that the
sharpening of orientation tuning [18], enhancement of high SF [18,54], increase in perceived
contrast [15], and the overall amplification of the contrast response [99] elicited by presaccadic
attention may contribute to trans-saccadic integration, serving perceptual continuity across
saccades by making the peripheral saccade target more fovea-like before it is shifted to the
fovea. Neurophysiologists have also suggested that the orientation gain increment observed
in monkey visual cortex could aid trans-saccadic integration [119]. This notion that presaccadic
attention may contribute to trans-saccadic integration is rooted in the idea of Bayesian integra-
tion that the sameness of two inputs makes them more likely to be considered to have a
common source [138,139].

This review has focused primarily on the differences among presaccadic, covert exogenous,
and covert endogenous attention regarding their effects on sensory encoding, but their dif-
ferences may also manifest in other processes. There is evidence, for instance, that covert
endogenous attention also affects information processing after sensory encoding because
neural activity is also selectively modulated during readout of visual information in occipital
cortex, TPJ (temporoparietal junction), and precentral sulcus/FEF [140-144]. Likewise, it re-
mains unknown whether presaccadic attention modulates neural activity during readout and,
if so, whether such modulation differs from that of exogenous or endogenous covert
attention. To further our understanding of presaccadic attention and to compare it with
endogenous and exogenous covert attention, it would be informative to conduct analogous
studies assessing the modulatory effects of presaccadic attention on neural activity during
encoding and readout.

In addition, TMS has been successfully used in human participants to identify brain regions
causally related to visual attention. For example, by briefly disrupting cortical excitability of
the occipital cortex with TMS the effects of covert exogenous attention at attended and
unattended locations are extinguished [145]. Likewise, TMS of specific areas of the dorsal
(rIPS, intraparietal sulcus) and ventral (rTPJ) attention networks abolishes benefits from
exogenous cueing, showing that both networks are implicated in exogenous attention [146].
Furthermore, TMS of FEF has been shown to affect presaccadic attention [147]. Future studies
are necessary to test the effects of presaccadic and covert attention in multiple brain regions to
allow systematic comparisons of the necessary roles of specific brain regions and neural path-
ways in humans.

The perceptual consequences, featural representations, and neural computations and correlates
of covert attention have been well characterized, but more so for the endogenous than the
exogenous type (reviewed in [1,2,52,62,72,117]). Likewise, the characterization of presaccadic
attention has concentrated more on tasks in which participants prepare a saccade to a target
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location voluntarily (according to a central cue) than involuntarily (reflexively saccading to a periph-
eral target). Further investigating exogenous attention and involuntary eye movements, as well as
comparing their perceptual consequences, featural representations, computations, and neural
correlates with endogenous attention and voluntary eye movements, will advance our knowledge
of how presaccadic attention and covert attention modulate visual selection and perception.
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