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ARTICLE INFO ABSTRACT

Keywords: Visuo-spatial attention prioritizes the processing of relevant inputs via different types of signals, including cur-
Attention rent goals and stimulus salience. Complex mixtures of these signals engage in everyday life situations, but little
Vision is known about how these signals jointly modulate distributed patterns of activity across the occipital regions
Space . that represent visual space. Here, we measured spatio-topic, quadrant-specific occipital activity during the pro-
Connectivity . . . s . . .

MRI cessing of visual displays containing both task-relevant targets and salient color-singletons. We computed spatial

bias vectors indexing the effect of attention in 2D space, as coded by distributed activity in the occipital cortex.
We found that goal-directed spatial attention biased activity towards the target and that salience further mod-
ulated this endogenous effect: salient distractors decreased the spatial bias, while salient targets increased it.
Analyses of effective connectivity revealed that the processing of salient distractors relied on the modulation of
the bidirectional connectivity between the occipital and the posterior parietal cortex, as well as the modulation
of the lateral interactions within the occipital cortex. These findings demonstrate that goal-directed attention
and salience jointly contribute to shaping processing priorities in the occipital cortex and highlight that multiple
functional paths determine how spatial information about these signals is distributed across occipital regions.

Chelazzi et al., 2011; Macaluso & Doricchi, 2013). Many different
paradigms have been developed to study these interactions, including
spatial cueing tasks combining central and peripheral cues (Berger et al.,

1. Introduction

Visual scenes often contain more information than the brain can

process at any given moment (Dukas, 2004). Visual selective attention
allows prioritization of a subset of the incoming sensory signals and
plays a key role in guiding overt behavior (Dukas, 2004; Chelazzi et al.,
2011). Attention can be controlled via goal-directed mechanisms
that account for the participant’s goals (endogenous control), as
well as via stimulus-driven mechanisms that relate to the physical
characteristics of the external signals (exogenous control) (Desimone
& Duncan, 1995; Egeth & Yantis, 1997). These two types of control
mechanisms are traditionally associated with separate networks in the
dorsal (associated to the control of endogenous attention) and ventral
(associated to the control of exogenous attention) frontal and parietal
areas (Corbetta et al., 2000; Corbetta & Shulman, 2002). However,
any real-life situation involves a complex mixture of signals likely to
call upon both goal-directed and exogenous control (Itti & Koch, 2001;

2005), search tasks with singleton distractors (Theeuwes, 1994;
Belopolsky et al., 2007) and more ecological approaches using natural-
istic stimuli (Nardo et al., 2016). At the behavioral level, performance
improves when both endogenous and exogenous signals coherently
prioritize the same location (i.e. salient targets, see Desimone &
Duncan, 1995), while salient distractor stimuli presented away from
the target location can hamper performance by exogenously pulling
attention away from the target (Proulx & Egeth, 2007, but see Gaspelin
& Luck, 2018 for the suppression of exogenous capture and Luck et al.,
2021, for a recent opinion paper on this issue). At the neural level, imag-
ing studies found little impact of fully irrelevant salient distractors either
in the dorsal or the ventral fronto-parietal network (Kincade et al., 2005;
Indovina & Macaluso, 2007; Natale et al., 2009; but see Thomsen et al.,
2005), showing instead that the activation of the ventral attentional
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system requires some combination of task-relevance and stimulus-
driven salience (cf. "contingent capture of attention", Folk et al., 1992;
Natale et al., 2010). These effects are consistent with the view that the
ventral system acts as a "circuit-breaker", interacting with the dorsal
system when attention needs to be re-oriented in a stimulus-driven
manner towards a new relevant location (Corbetta & Shulman, 2002;
Corbetta et al., 2008; Vossel et al., 2012, but see Chica et al., 2013;
DiQuattro et al., 2014; and Vossel et al., 2014; for reviews).

Together with the fronto-parietal systems, attention control also en-
tails the modulation of activity in the occipital visual cortex that rep-
resents the external visual space (Heinze et al., 1994; Martinez et al.,
1999; Li, 2002; Seymour et al., 2009; Awh et al., 2012). The biased
competition model of attention (Desimone & Duncan, 1995) proposes
that the simultaneous presentation of multiple stimuli triggers com-
petitive interactions suppressing activity in the visual cortex and that
attention can counteract this effect by enhancing activity for the at-
tended stimulus and suppressing distractor-related responses. The the-
ory was derived from single-cell data showing that both endogenous at-
tention (Luck et al., 1997; Reynolds et al., 1999) and stimulus salience
(Reynolds & Desimone, 2003) can reduce competitive interactions be-
tween two stimuli located within a neuron’s receptive field. Using func-
tional Magnetic Resonance Imaging (fMRI), Kastner and colleagues re-
ported related effects in the human visual cortex (Kastner et al., 1998;
Kastner et al., 2001; Beck & Kastner, 2005). Competitive interactions
were evidenced by comparing the simultaneous vs. sequential presenta-
tion of four stimuli briefly flashed in the same visual quadrant. In dif-
ferent studies, the authors demonstrated that both endogenous attention
(Kastner et al., 1998) and exogenous factors (Beck & Kastner, 2005, us-
ing displays with/without singleton distractors) can reduce suppressive
effects associated with the simultaneous presentation of the stimuli.

While highlighting the impact of both endogenous and exogenous
attention on visual representations, these studies did not address the in-
teraction between the two mechanisms of attention control. Only a few
previous neuroimaging studies directly investigated how the presence
of concurrent goal-directed and stimulus-driven signals affects the rep-
resentation of visual space in the occipital cortex (Melloni et al., 2012;
Sprague et al., 2018; Won et al., 2020). These three studies utilized sim-
ilar experimental approaches. First, a fMRI localizer was used to iden-
tify voxels in the occipital cortex that represent specific locations in the
visual field (e.g. the four visual quadrants, in Melloni et al., 2012). Dur-
ing the attention task, stimuli were presented simultaneously at multiple
locations (the four quadrants, in Melloni et al., 2012), but only one lo-
cation was task-relevant and included the target to be judged. Across
conditions, changes of the task-relevant location allowed us to map the
spatial effects of endogenous attention orienting. At the same time, the
physical characteristics of the stimuli (e.g. color or luminance) either
at the task-relevant location or in one of the other locations (distractor
locations) were also manipulated. The latter enabled studying how the
endogenous and exogenous spatial attention control jointly influence
activity in the visual cortex, as a function of the location of the two
signals.

Overall, these three studies revealed a convergent pattern of results,
including: i) increased activation in the occipital regions representing
the target location (Melloni et al., 2012; Sprague et al., 2018; Won et al.,
2020), ii) increased activation in the occipital regions representing the
location of salient compared with non-salient distractors (Sprague et al.,
2018; Won et al., 2020), and iii) larger differences between target- and
distractor-related activation, when the target was also the salient stim-
ulus (Melloni et al., 2012; Sprague et al., 2018). The three studies thus
confirmed that both endogenous and exogenous attention can modulate
the visual cortex activity in a spatially-specific manner and that the two
types of control signals are combined in the occipital cortex. Yet, these
studies did not explicitly assess how attention shapes processing priori-
ties across the whole visual field (but see Sprague et al., 2018, and the
Discussion section). For example, is target priority also shaped by the
activity in a non-target visual region laying within the same hemifield
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(i.e. yielding an overall hemifield bias)? More generally, can the joint
effects of endogenous and exogenous attention be determined just by
changes of activity in the region that represents the target, or is it the
overall distribution of activity across the representation of the whole
visual space that best accounts for visual selective attention?

Moreover, extensive evidence indicates that the modulation of
activity in the visual cortex by endogenous attention arises from
feed-back signals originating from the dorsal fronto-parietal network
(Kastner et al., 1999; Moore & Armstrong, 2003). Exogenous effects
in visual areas may also be mediated via dorsal regions that, fol-
lowing the initial detection of salient stimuli in the ventral system,
would bias visual representations via feed-back connectivity (Corbetta
& Shulman, 2002; Vossel et al., 2012). However, exogenous atten-
tion may also be instantiated via direct interactions within visual cor-
tex, including local competitive mechanisms (Chelazzi et al., 1998;
Reynolds et al.,, 1999; Kastner et al., 2001), as well as via intra-
areal lateral connectivity (Martinez et al., 1999, see also Turova &
Rolls, 2019, for a computational model of spatial competition compris-
ing inter-areal forward/feedback connectivity). These different mecha-
nisms emphasize again the importance of considering the overall dis-
tribution of attentional influence across the visual field (cf. also "prior-
ity maps", Ptak, 2012; Bisley & Mirpour, 2019) and raise the question
of whether/how the fronto-parietal attention control network simulta-
neously modulates processing priorities at multiple locations of the vi-
sual field. In particular, this would relate to attention signaling from
the posterior parietal cortex (PPC) to the visual occipital areas (e.g. see
Buchel, 1997; Desseilles et al., 2011; Vossel et al., 2012).

To address these questions, we computed spatial bias vectors that
combine fMRI activity across the occipital regions that represent the
visual field, providing us with a measure of how spatial attention af-
fects processing priorities in 2D space; and we used analyses of effective
connectivity to test hypotheses about the mechanisms generating these
distributed patterns of activity. During fMRI scanning, the participants
were presented with 4 stimuli, one in each quadrant. On a trial-by-trial
basis, a fully predictive central cue indicated the task-relevant quad-
rant, where the target was presented shortly thereafter. In three different
display-conditions, the 4 stimuli were either all of the same color (ho-
mogeneous display, HD), the target was a salient color-singleton (salient
target display, STD), or the distractor in the quadrant opposite to the tar-
get was a color-singleton (salient distractor display, SDD). The spatial
bias vector for the HD-condition provides us with a measure of the spa-
tial distribution of processing priority generated by endogenous atten-
tion, while changes of the vector’s magnitude and/or direction during
STD and SDD index any further modulation by exogenous spatial atten-
tion. Dynamic Causal Models (Friston et al., 2003; Stephan et al., 2010)
tested how the local connectivity within the occipital cortex and/or the
connectivity between the occipital cortex and the PPC contribute to gen-
erating these distributed patterns of activity.

2. Material & methods
2.1. Participants

Twenty-four right-handed healthy adults were recruited for the
study. They had normal or corrected-to-normal vision, no neurological,
psychiatric or cognitive impairments and gave their written informed
consent to participate in the study. The study was approved by a national
ethics committee in biomedical research (Comité de Protection des Per-
sonnes: Sud-Méditerranée II, authorization ID: 2019-A00713-54). A to-
tal of nineteen participants were included in the final analyses (mean
age: 27, range 20-39; 12 females). Five participants were excluded be-
cause: 1 participant asked to stop the experiment, for 1 participant we
had technical problems with the eye-tracking, 1 participant had exces-
sive head movements (> 3 mm), 1 participant moved the eyes towards
the stimulus location during the localizer task (preventing us from ob-
taining the quadrant-specific ROIs) and 1 participant did not understand
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the task instructions (performance below chance level). While the final
sample size (N=19) was not very large, a power analysis based on ef-
fect sizes reported in Won et al. (Won et al., 2020) (who employed a
similar paradigm) permitted confirming that our study had sufficient
statistical power. Specifically, we considered the effect of "salient vs.
non-salient distractors" that was the weakest fMRI effect in our current
dataset (cf. Results section, below). Using the G*Power software, we es-
timated the number of participants required to attain the power of 0.8,
with alpha = 0.05 and Won et al. (Won et al., 2020) effect size (Cohen’s
d’ = 0.757). The resulting sample size was 16 participants, indicating
that our study had sufficient power to detect this effect in the occipital
cortex.

2.2. Experimental design

Each participant underwent a total of 7 functional imaging runs (6
runs of the main attention task, 7 min each; plus 1 localizer run, 10
min) and one anatomical scan (6 min). Visual stimuli were presented
using Cogent Graphics, developed by John Romaya at the Wellcome De-
partment of Imaging Neuroscience, running under MATLAB (The Math-
Works, Natick, MA). The stimuli were projected on a screen placed at
90 cm from the participant’s eyes (1024 x 768 pixels; projected image
size: 31.5 cm height x 42 cm width).

2.2.1. Localizer task

The aim of the localizer was to identify the regions of the occipital
cortex that represent the different locations of the visual field, where we
then presented the stimuli during the main attention task (i.e. quadrant-
specific ROIs). In order to maximize quadrant-specific activation, we
employed high-contrast moving stimuli and asked the participants to
perform a subtle discrimination of targets presented among distractors,
employing a highly efficient blocked-design. The localizer stimuli con-
sisted in a dynamic array of small bars (size = 0.5 x 0.1°) moving at a
speed of 28°/s behind an aperture located in one of the four screen quad-
rants. The aperture was a 3 x 3° square centered at 7° of eccentricity from
the display center (see Fig. 1, for an illustration; and online-video [insert
video link here] for an example of the localizer stimuli). The moving
bars were seen through the aperture and were oriented horizontally or
vertically, with the exception of the target-bars that were titled of 45° to
the right or to the left. The target-bars appeared at unpredictable times
(range 1.08-3.24 sec) and the participants had to report the tilt orien-
tation (right/left) by pressing a response-button with the index/middle
finger of the right hand. At any one moment there were approximately 9
bars visible through the aperture. This procedure maximized both exoge-
nous (densely packed moving stimuli) and endogenous (target discrim-
ination among distractors) contributions in defining quadrant-specific
activations and allowed us to identify the relevant spatial representa-
tions at the level of the individual participant (see Fig. 2A-B). The stim-
uli were presented in each screen quadrant for blocks of 14 seconds,
interleaved with 12 seconds of central fixation without any visual stim-
ulation. Each quadrant was stimulated 6 times, in a randomized order.
The participants had to maintain central fixation throughout the local-
izer run.

2.2.2. Main attentional task

There were 6 fMRI runs comprising the main attention task. Each run
included 84 trials. Each trial started with the presentation of a central
cue signaling the task-relevant quadrant, where the target would appear
shortly thereafter. The cue was a multi-colored circle in the style of a pie-
chart. The cue was divided in 4 quarters, each with a unique color (blue,
cyan, yellow and magenta; see Fig. 1). Before the experiment, each par-
ticipant was assigned one specific color and was instructed to direct
(endogenous) attention towards the quadrant indicated by the corre-
sponding color. This procedure minimized any possible contribution of
exogenous attention during the cueing phase. The cue (diameter = 0.5°)
was presented for 1000ms and was followed by the presentation of the
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stimulus display. The display comprised 4 bars presented one in each
quadrant (eccentricity = 7°, size = 2.0 x 0.5°, see Fig. 1). The bar in the
cued quadrant (target) was tilted to the left or the right side (45°) and
the participant had to report the left/right tilt by pressing a response-
button with the index/middle finger of the right hand. The bars in the
other three quadrants (distractors) were oriented either horizontally or
vertically and were fully task-irrelevant. The stimulus display was pre-
sented for 300ms and the participant had up to 3000ms to respond. The
inter-trial interval was between 3000 and 4000ms (uniform distribu-
tion). The participants had to maintain central fixation throughout the
trial.

In different trials, the 4 bar-stimuli were either all of the same color
(green or red, counterbalanced across participants) or included a color
singleton (one green bar among three red bars, or vice-versa). Because
of technical difficulties to accurately measure luminance inside the MR
bore, we adjusted the luminance of the green and red stimuli outside
the scanner (luminance of both colors = 13.5cd/m?). Most likely, the
absolute luminance values of the stimuli projected in the scanner were
quite different, but the relative luminance of the green and red stim-
uli - which was the relevant parameter here - should remain relatively
unaffected. The presence/absence and the location of the color single-
ton yielded three display-conditions (see Fig. 1; "Main task", in the gray
inset): Homogeneous Display (HD, all stimuli of the same color), Salient
Target Display (STD, when the target was the color singleton) and Salient
Distractor Display (SDD, when the distractor stimulus in the quadrant op-
posite the target was the color singleton). The three display-conditions
were presented with equal probability.

The combination of the 4 target-locations and 3 display-conditions
led to a total of 12 experimental conditions that were presented in an
unpredictable order and that, across the 6 runs, were repeated 42 times
each. These 12 conditions conform to a 4 x 3 full factorial design manip-
ulating in an orthogonal manner the endogenously attended location (4
cued/target quadrants: TL, top-left; TR, top-right; BR, bottom-right; BL,
bottom-left) and exogenous attention (3 display-conditions: HD, no ex-
ogenous signals; STD, exogenous signal at the same location as endoge-
nous attention; SDD exogenous signal at the opposite location compared
to the target); see also Fig. S1 [insert Fig. S1 ISM link here].

2.3. Eye tracking

Participants’ gaze-direction was tracked during the whole imaging
session using a MR-compatible EyeLink 1000 (SR Research Ltd., Mis-
sissauga, Ontario, Canada) at a sampling rate of 500Hz. At the start of
the session, the system was calibrated with a 5-point procedure. The
calibration points were located in the four quadrants at 7° eccentric-
ity, plus the center of the screen. The analyses of the eye-tracking data
were carried out with custom scripts in MATLAB. Eye-tracking data were
down-sampled to 100Hz. For each trial, the gaze-data were extracted
in a 2500ms window, starting 500ms before cue onset. The data were
baseline-adjusted using the median of the vertical and horizontal posi-
tion during a 500ms pre-cue period. We evaluated the quality of each
trace considering the percentage of data-points with values larger than
10° or smaller than -10°, typically caused by blinks or poor/noisy signal.
Trials with more than 50% of reliable data-points (86% of the total) un-
derwent further analyses to detect any loss of central fixation. We first
identified new fixations as any displacement of the gaze-position larger
than 0.5° and lasting for at least 100ms. Trials containing any fixation
outside a central box (+ 2° from the center of the screen) were classified
as "fixation-loss". These trials (5% of the trials with reliable data) were
excluded from the behavioral analyses and were modeled in a separate
regressor of no-interest in the fMRI analyses.

2.4. Behavioral analyses

The analysis of the reaction times (RT) for the attention task
made use of a linear mixed model analysis using log-transformed RTs
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Main task

Salient target (STD) Salient distractor (SDD)

Localizer task

Quadrant-specific Homogeneous (HD)

activations

Spatial bias vectors I

Quadrant-specific
attentional responses
(e.g. BA17_OPPHD)

Anatomical masks
(BA17-BA18-BA19)

Subject-specificROIs |
(e.g. BA17_TL)

Dynamic Causal Modeling

Fig. 1. Main steps of the data analysis and the three display conditions. First, subject-specific functional ROIs were generated by combining the fMRI responses
during the localizer task with anatomically defined areas, using the AAL atlas. This resulted in 12 ROIs for each participant, corresponding to occipital regions in
areas BA17, BA18, and BA19 that responded to stimuli in one visual quadrant (see also Fig. 2A-B). During the main attention task, the participant attended to one
of the 4 quadrants, in 3 different display-conditions (see gray inset, and below). Activity for the resulting 12 conditions were averaged across ROIs, as a function
of the represented quadrant and the attended location (see also Fig. 2B, panels on the right). This permitted assessing the effect of endogenous and exogenous
attention at the level of the local activity in the three BA-areas (see Fig. 4 and Fig. S1B). In our main analyses, the ROIs activity was used to compute the “spatial bias
vectors” (Figs. 3 and 5) and to test “Dynamic Causal Models” of effective connectivity (Figs. 6-7). The gray inset (“main task”) shows the three display-conditions
that allowed us to investigate the interplay between endogenous and exogenous spatial attention; see also Fig. S1A, panels on the left. Each trial began with the
presentation of a central cue that informed the participant in which quadrant the target would appear (100% validity, endogenous attention). The cue comprised
four colored sectors. Before the experiment, each participant was instructed to direct attention towards the quadrant indicated by one specific color (blue, in the
example). One second after the cue, the stimulus display was presented. This included 4 bars, one of which was the target (here, top-left) that required a left/right
orientation discrimination. The other three distractor-stimuli were either vertically- or horizontally-oriented bars and were fully task-irrelevant. In different trials,
one of the stimuli could be a color singleton (exogenous attention). This yielded to the three display-conditions: Homogeneous Display (HD), no singleton; Salient
Target Display (STD), the target was the singleton; Salient Distractor Display (SDD), the distractor in the quadrant opposite to the target was the singleton. The three

display-conditions were randomized and presented with equal probability. Note: the size of the cue is magnified for illustration purposes.

implemented in R-studio (Bates et al., 2015). Trials with wrong/no/late
responses and/or including losses of fixation (cf. above) were discarded
from the analysis. The model included the log-transformed RTs as
the dependent variable and the display-condition as the explanatory
variable (with 3 levels: HD, STD & SDD). Because of the repeated
measures, the model also included subject-specific intercepts. It is
important to note that in the current design, all trials included 100%
valid cues and the manipulation of endogenous attention concerned
solely the position of the target (cf. Fig. S1A [insert Fig. S1 ISM link
here], panels on the left). Accordingly, we did not expect any behavioral
correlate of endogenous attention and averaged the RTs associated with
targets in the 4 quadrants before submitting the behavioral data to the
statistical models. Concerning the effect of exogenous attention (i.e.
display-condition), salient target (STD) may speed up RTs compared
to HD (no salient signals), while salient distractors (SDD) may slow
down responses. Nonetheless, it should be anticipated that the use of
100% valid cues (highly focused endogenous spatial attention) is likely
to reduce/suppress the impact of exogenous salience on behavioral
performance (see Luck et al., 2021; Rashal et al., 2022; and Discussion
section). The accuracy data were not analyzed, because the orientation-
discrimination performance was at ceiling (> 95%, in all conditions)
most likely reflecting the use of fully-predictive 100% valid cues.

2.5. Image acquisition and preprocessing

T2*-weighted echoplanar images (EPI) with blood oxygen level-
dependent (BOLD) contrast (interleaved multiband sequence, multi-
band factor = 2, 50 slices covering the entire brain, field of
view = 220 x 210.4mm, repetition time = 1.72s, echo time = 30ms,
phase encoding direction = antero-posterior, slice orientation = approx.
axial, voxel size = 2.4 x 2.4 x 2.4mm"3) were obtained using a 3T
MRI System (Trio, Siemens). A high-resolution anatomical scan was ac-
quired using a standard T1-weighted 3D MP-RAGE sequence (repetition

time = 3s, echo time = 3.8ms, inversion time = 1.1s, sagittal 3D volume
with a field of view of 224 x 256 x 192mm, voxel size =1 x 1 x 1mm"3).

The functional data were preprocessed and analyzed with Sta-
tistical Parametric Mapping software SPM12 (Wellcome Depart-
ment of Imaging Neuroscience, University College London, UK;
http://www.fil.ion.ucl.ac.uk/spm). After discarding the first four vol-
umes of each imaging run, images were corrected for head movements.
Slice-acquisition delays were corrected using the middle slice as refer-
ence. All images were normalized to the SPM12 Tissue Probability Map
and re-sampled to 2mm isotropic voxel size. Unsmoothed data were used
in all the analyses.

2.6. Single-subject analyses

2.6.1. Localizer and individual Regions Of Interest (ROIs)

The localizer data served to identify, for each participant, the voxels
in the occipital visual cortex that responded preferentially to stimuli pre-
sented in each quadrant (Figs. 1 and 2A-B). The single-subject general
linear model (GLM) included the 4 conditions of interest related to the
location of the visual stimuli (top-left: "TL", top-right: "TR", bottom-right:
“BR” and bottom-left: “BL”) modeled as blocks of 14 seconds and con-
volved with the canonical Hemodynamic Response Function in SPM12,
plus the 6 movements parameters resulting from the realignment pro-
cedure, as regressors of non-interest.

We used a combination of functional contrasts and the Automated
Anatomical Labeling atlas (AAL, Tzourio-Mazoyer et al., 2002) to iden-
tify quadrant-specific responses in anatomically-defined occipital areas
BA17, BA18 and BA19. Please note that here we refer to these spatially-
specific responses as "quadrant-specific", because only four positions
were tested (as opposed to the entire visual field), and that these should
be considered in retino-centered coordinates, because eye-position was
held fix and carefully controlled during both the localizer and the main
experiment. For each participant, using the functional localizer data we
tested for the main effects of side at the whole-brain level (e.g.: "TL+BL >
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A. Localizer stimuli and related occipital activation
Whole brain, quadrant-specific activation for 1
Localizer stimuli (Top-left example here) subject (for illustrative purposes only)

Top-Left (TL)
(¥1) 3ysry-doy

Bottom-Left (BL)
-
(¥4) y31y-woniog

Wl top-right

BA18 Il bottom-right

C. Posterior parietal cortex ROI_PPC (DCM)

Anatomical mask (AAL atlas — BA7) Subject-specific ROI_PPC ROI_PPC responses to localizer stimuli

Betas values
o

0.0

Top-left Top-right Bottom-right Bottom-left
Number of subjects 5 IR 16 Screen quadrant

Fig. 2. Localizer task and ROIs definition. A. Localizer stimuli and the corresponding quadrant-specific activation in the occipital cortex. The left panel shows an
example of the localizer stimuli (see also online-video). Localizer stimuli were presented using a blocked-stimulation protocol. For each block, a set of small white
moving bars appeared in only one of the 4 quadrants of the screen (here in the top-left quadrant). The right panel shows an example of the whole brain results for one
participant. Using a combination of functional contrasts (see Methods section), we identified voxels showing quadrant-specific responses during the localizer task.
The 4 maximum intensity projections highlight multiple clusters associated with stimulation of each visual quadrant (cf. color coding). B. Subject-, quadrant- and
BA-specific ROIs in the occipital cortex. The left panel show the anatomical masks (from the Automated Anatomical Labeling atlas) used to partition the functionally
defined quadrant-specific responses (see panel A) into anatomically-defined BA17, BA18 and BA19. For each participant this enabled us to define 12 separate ROIs,
corresponding the 4 quadrant-representations in the 3 BA areas. The right panels show the localization of the final ROIs, highlighting voxels where there was an
overlap of at least 3 participants. C. The ROI in the posterior parietal cortex. The leftmost panel shows the anatomical mask (also from the Automated Anatomical
Labeling atlas) used to define the ROI_PPC. Individual ROI_PPC were created by combining functional data (activation irrespective of stimulated quadrant, during
the localizer task) and this anatomical mask. The central panel shows the localization the ROI_PPC across participants. The rightmost panel shows the mean + SEM
beta values of the ROI_PPC separately for each four quadrant-specific stimulations during the localizer.
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TR+BR', for left hemifield quadrants) and separated voxels responding
to the upper or the lower quadrant using inclusive masking with the rele-
vant simple main effect (i.e. top-left quadrant: "TL > BL", and bottom-left
quadrant: "BL>TR"). All contrasts were thresholded at p-unc. = 0.005,
which was the sole decision parameter finally determining the number
of voxels in each ROI (see table S1 [insert table S1 ISM link here] for the
average number of voxels comprised in each occipital ROIs). This initial
whole-brain threshold typically resulted in multiple activation clusters
in the hemisphere contralateral to the simulated quadrant, comprising
both dorsal and ventral extrastriate visual cortex, as well as the calcarine
fissure; see Fig. 2A, for an example. These subject-specific activation
clusters where then split based on anatomical criteria using the AAL at-
las, finally yielding to 12 ROIs for each participant (4 visual-quadrants x
3 BA-areas), see Fig. 2B. We labelled these ROIs on the basis of their spa-
tial selectivity and BA-area. For example, "ROI18_TL" refer to the ROI in
area BA18 responding to stimuli in the top-left quadrant, which includes
voxels located in the right ventral occipital cortex. The average size of
the quadrant-specific ROIs (mean number of voxels + s.e.m.) was: 82.24
+ 6.33 for BA17, 220.03 + 15.67 for BA18 and 187.92 + 15.24 for BA19
(see also table S1 [insert table S1 ISM link here]).

In addition, for each participant, we identified voxels in the PPC
that activated during the localizer task irrespective of the stimulated
quadrant ("ROI_PPC"). For this we considered the omnibus F-test at p-
unc. = 0.001 and retained voxels belonging to area BA7 using the AAL
atlas (Tzourio-Mazoyer et al., 2002). The parietal ROI comprised voxels
in both hemispheres and, on average across voxels, it responded to stim-
ulation of all the four visual quadrants (see Fig. 2C, and table S1 [insert
table S1 ISM link here] for the number of voxels in the ROI_PPC; see
also Discussion section concerning the possible differential role of the
left and right PPC). The ROI_PPC was used for the analyses of effective
connectivity.

2.6.2. Main task

The single-subject GLMs for the main task comprised 12 conditions
of interest corresponding to the initial 4 x 3 factorial design: 4 target-
quadrants x 3 display-conditions (HD, STD, SDD; see also Fig. S1A [in-
sert Fig. S1 ISM link here], panels on the left), plus one predictor in-
cluding trials to be excluded from the group analyses (no response, in-
correct orientation-discrimination, reaction time out of the 200-3000ms
response window and fixation-loss trials, cf. above), and 6 regressors
with the realignment parameters. The GLMs included the 6 fMRI runs,
with separate predictors for each run. Each trial was modeled using the
canonical Hemodynamic Response Function in SPM12. The event-onsets
were time locked to the presentation of the stimulus display and the
event-duration was 300ms. We made this choice, rather than time lock-
ing to the cue-onset, in order to maximize the likelihood of capturing
the combined effects of both the endogenous cue and the stimulus-array.
Only the parameter estimates of the 12 conditions of interest were used
for the subsequent group-level analyses.

2.7. Group-level analyses

2.7.1. Target- and salience-related local activation

The first question that we asked was how endogenous and exoge-
nous attention jointly affect local activation in the occipital visual cor-
tex. For this, we examined the activity in the ROIs representing the tar-
get quadrant and the opposite quadrant, where the salient distractors
were presented in the SDD display-condition (see Fig. S1B [insert Fig.
S1 ISM link here], panel on the left). First, separately for each subject
and the 12 ROIs, we averaged the parameter estimates across sessions
and voxels, separately for the 12 conditions of interest. Next, for each
BA-area, we averaged the data across the 4 quadrant-specific ROIs as a
function of the target-location (Fig. S1A [insert Fig. S1 ISM link here],
panels on the right). Separately for the 3 display-conditions, we com-
puted the activity associated with the presentation of the target in the
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visual quadrant represented by the ROI (ROLIN responses) and activ-
ity when the target was in the opposite quadrant (ROI_OPP). For ex-
ample, to obtain the "ROI_OPP" responses in area BA17, we averaged
the activity of the ROI17_TL when the target was in bottom-right quad-
rant, ROI17_TR when the target was bottom-left, ROI17_BR when the
target was top-left, and ROI17_BL when the target was top-right. This
produced a single value per subject for each condition (IN/OPP), BA-
areas and display-condition. It is important to stress that this averaging
procedure preserved the orthogonality between the endogenous factor
(cued/target location) and exogenous factor (salience) of the experimen-
tal design; see Fig. S1B [insert Fig. S1 ISM link here], rightmost panel.

It should be noticed that for the salient-distractor display (SDD), the
response in ROI_OPP corresponds to the activity when a salient distrac-
tor is presented in the quadrant represented by the ROL By contrast,
the ROLIN responses in the salient-target display (STD) correspond to
the activation associated with a salient target (cf. Fig. S1B [insert Fig.
S1 ISM link here], panel on the left). Accordingly, using the ROI_IN and
ROI_OPP responses in the SDD and STD display-conditions we could
test for the effect of endogenous attention (ROLINgy, + ROIINgpp
> ROIOPPgrp, + ROIOPPgpp), the effect of exogenous attention
(ROLINgy, + ROLOPPgp, > ROILINgp, + ROIOPPgyp) and their in-
teraction, as fully independent factors. A 2 x 2 x 3 repeated-measure
ANOVA with the factors: quadrant-type (spatial endogenous atten-
tion: ROLIN, ROI_OPP) x display-condition (spatial exogenous atten-
tion: STD, SDD) x BA-area (BA17, BA18, B19) was employed to assess
these effects. It should be noticed that because the salient-singleton
was presented in the ROIIN during STD, but in the ROI OPP dur-
ing SDD, the effect of exogenous attention corresponds to the interac-
tion between the factors "quadrant-type" and "display-condition" (i.e.:
ROLINgyp + ROIOPPgpy > ROLINg, + ROLOPPgyp)).

2.7.2. Spatial bias vectors and gain/cost indexes

The analyses described in the previous section allowed us to test
whether the response of quadrant-specific occipital ROIs increased when
the represented quadrant contained a target compared to when the tar-
get was in the opposite quadrant (ROLIN vs. ROI_OUT, i.e. a spatially-
specific effect of endogenous attention), and whether this was modu-
lated by the location of the salient singleton (STD vs. SDD, correspond-
ing to the spatial interaction between endogenous and exogenous atten-
tion). However, these analyses do not fully capture the spatial distribu-
tion of the attentional effects, because they discard information about
the activity in the ROIs that represent visual locations without any tar-
get or salient distractor (i.e. activity in the contralateral hemifield, but
in the same upper/lower quadrant as the target: "ROI_CONTRA", and ac-
tivity in the same hemifield as the target, but in the other upper/lower
quadrant: "ROI_IPSI"). For example, directing endogenous attention to
the top-left quadrant may generate a spatial bias across the entire left
hemifield rather than specifically boosting activity in the ventral occip-
ital cortex that represents the top-left quadrant.

In order to capture these effects, we computed spatial bias vectors
that combine the activity of all four quadrant-specific ROIs (IN, OPP,
CONTRA and IPSI, separately for each BA-area) and that represent the
direction and the strength of the attentional bias in 2D visual space (see
Fig. 3). First, we calculated condition-specific biases as the Euclidian
sum of 4 vectors, each representing the activity of one ROI ("attention
top-left", in Fig. 3A). All vectors originated at the (0,0) coordinates,
i.e. the center of the visual field (no bias), but with different direc-
tions corresponding to the quadrant represented by the ROI (e.g. (-1,1)
for the ROI_TL) and a magnitude corresponding to the activity of the
ROL The Euclidian sum of the 4 vectors quantified the direction and the
strength of the attentional bias for one condition, in the relevant occip-
ital representation (i.e. BA17, BA18 and BA19). Next, for each subject
and display-condition, we computed the spatial bias vectors by averag-
ing the data across the four target-quadrants (see Fig. 3B). For this, the
condition-specific vectors were first projected into the top-left quadrant
and then averaged to obtain the final spatial bias vectors associated with
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Fig. 3. [1.5-column fitting image | Color Figure]. Illustration of the procedure for the computation of the spatial bias vectors. A. Computation of the 2D bias-vector
for one condition (here attention top-left, HD), considering the BOLD activity in the 4 ROIs that represent the 4 quadrants in one BA-area. The leftmost panel
illustrates the ROIs location (BR = ROI representing the bottom-right quadrant, etc. cf. also Fig. 2B). The central panel displays the activity in the 4 ROIs, during
the relevant condition (attTL). The rightmost panel shows the projection of the activity of the 4 ROIs in 2D space (cf. colored vectors) and their sum that yields the
bias-vector for this condition (in light gray). In this illustrative example, attention to the top-left quadrant generates a bias towards the attended quadrant (TL), but
also a more general left-hemifield bias due to the high activity in the ROI that represent the bottom-left quadrant (cf. magenta bar in the central panel). B. Illustration
of the bias-vectors (computed as in panel A) for the four cue-conditions: attTL, attTR, attBR, attBL. The panel on the right shows the final spatial-bias vector. The
4 condition-specific vectors are projected to a new frame of reference, where the top-left locations represent the quadrant of the target (IN), bottom-right locations
represent the quadrant opposite to the target (OPP), and the other two quadrants represent IPSI and CONTRA, with respect to the target position. The dotted line
indicates the direction of the target, in this frame of reference. The 4 condition-specific vectors (light gray) are averaged yielding the final spatial-bias vector for this
display condition (in black). In this example, the vector lies below the diagonal (dotted line) signifying the presence of an overall bias towards the target hemifield,
which comprises both the “IN” (target) quadrant and the “IPSI” quadrant. The spatial-bias vectors were computed for each subject and BA-area, separately for the 3

display-conditions (see Fig. 5). L/R: left/right; T/B: top/bottom. OPP/CONTRA/IPSI: opposite/contralateral/ipsilateral with respect to the target quadrant (IN).

each display condition: biasHD, biasSTD and biasSDD. In this frame of
reference, negative x-values indicate a bias towards the hemifield of the
target, and positive y-values indicate a bias towards the upper/lower tar-
get location. Please note that, in these displays/frames of reference, the
IPSI and CONTRA labels refer to the location of the target and not some
anatomical location in the occipital cortex (vectors are computed using
the signal of the 4 ROIs, in both hemispheres). For example, if a hypo-
thetical spatial bias vector has direction (-1, 0), i.e. lying on the x-axis
and pointing leftward without any difference between "IN" and "IPSI"
quadrants, this would mean that the BA-area is modulated according to
the target hemifield, but not the up/down direction of attention.

We examined the geometrical characteristics of the spatial bias vectors
to assess the impact of the display-condition on the spatial distribution
of attention, as represented in BA17, BA18 and BA19. First, for the HD
condition we tested whether the magnitude of the bias vector was larger
than zero (||biasHD|| > 0), indicating the presence of an endogenous
spatial bias; and whether the vector-direction corresponded to the target
location (i.e. 45° top-left, cf. dotted-line in Fig. 5, plots on the right:
angle(biasHD) - 45, different from 0).

Next, we investigated the influence of exogenous attention by test-
ing for changes of magnitudes and directions for "STD vs HD" (effect

of salient targets) and "SDD vs HD" (effect of salient distractors). We
expected that salient targets would strengthen the bias towards the tar-
get location ("Gain_indexes"), while salient distractors would weaken
this bias ("Cost_indexes"). For magnitudes, we considered the magni-
tude difference of the two vectors (Gain_mag = ||biasSTD|| - ||biasHD||;
and Cost.mag = ||biasSDD|| - ||biasHD||). We expected positive val-
ues for Gain_mag and negative values for Cost_mag, corresponding to
stronger/weaker spatial biases for STD/SDD compared with HD. For the
vector directions, we assessed whether the salient stimuli modified the
pointing direction of the spatial bias vector. This was tested as the differ-
ence between the deviation of the bias vectors with respect to the target
location, in "STD vs HD" and "SDD vs HD" (Gain_dir = (angle(biasSTD)
- 45) - (angle(biasHD) - 45); and Cost_dir = (angle(biasSDD) - 45) -
(angle(biasHD) - 45)). All the indexes were calculated at the single-
subject level, separately for BA17, BA18 and BA19, and submitted to
a series of one-tailed one-sample t-tests.

We then assessed the behavioral relevance of the measured effects
using two separate multiple regression models that included the partic-
ipants’ RT as the dependent measure (Gain-regression: RTgyp - RTyp;
Cost-regression: RTgpp - RTyp) and the Gain_mag/Cost_mag fMRI in-
dexes computed in the 3 BA-areas as predictors. The analyses were im-
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plemented using the fitlm-function in MATLAB, with "robust" estimation
option.

2.8. Dynamic causal modeling (DCM)

The aim of the DCM analysis was to test specific hypotheses about
the effect of attention on the effective connectivity of the occipital cor-
tex and the PPC (see "model space", below). In order to constrain the
number of nodes in the dynamic causal models, the models included
the 4 quadrant-specific ROIs in BA18 (which showed the most robust
effects in the vector analyses described above) and one region in the
PPC (ROI_PPC). The PPC was selected because of the extensive literature
pointing to this region as the main source of attention signals that mod-
ulate activity in the occipital cortex (see Introduction and Discussion
sections). The ROI_PPC comprised the voxels in area BA7 that activated
during the localizer scan irrespective of the stimulated quadrant.

For the DCM analyses of effective connectivity, a new set of single-
subject GLMs was constructed. The 6 fMRI runs of the main atten-
tion task were concatenated and the GLM now contained 17 regres-
sors of interest: the 12 experimental conditions (3 display-conditions
x 4 target-quadrants, correct trials only), four regressors modeling the
salient color-singleton separately for each quadrant, but irrespective of
whether the singleton was a target or a distractor, plus one regressor
that included all trials of the experiment. This GLM enabled us to then
define the driving input to the DCMs (i.e. the regressor including all
trials/display-onsets, and regressors coding for the position of the sin-
gleton) and the modulatory parameters of the DCMs (i.e. the 3 display-
conditions, see also below). Additional regressors were added to model
the main effect of fMRI run, error/fixation-loss trials and the realign-
ment parameters.

2.8.1. Specification of the DCM and the model space

In DCM, three sets of parameters (A, B, C) characterize the connec-
tivity of the network (Zeidman et al., 2019). The A-parameters specify
the intrinsic connections between the nodes, regardless of the experi-
mental condition. Here, we allowed all possible connections between
the 5 ROIs. The C-parameters specify the driving inputs to the model.
Here, the driving input affected only the 4 quadrant-specific occipital
ROIs. All four ROIs were driven by the regressor coding for "all trials",
because each trial included visual stimuli in the 4 quadrants, plus one
singleton-regressor accounting for the presence of a salient stimulus in
the ROI’s quadrant (see also Stephan et al., 2007, who used an analo-
gous approach when addressing the effect of endogenous attention on
the connectivity between the occipital cortex and the posterior parietal
cortex).

The B-parameters specify which experimental conditions can modu-
late the directional influence of one region onto another and constitute
the main parameters of interest in the current DCM analysis. To test our
hypotheses concerning the role of the connectivity between occipital
regions and between the occipital cortex and the PPC, we constructed
6 models. The models were partitioned in two families (Stephan et al.,
2010). In family F1, all the 12 attention conditions modulated feed-
forward and feed-back connections between the PPC and all 4 occipital
ROIs. By contrast, in family F2 the experimental conditions could affect
only the connectivity between the PPC and the occipital ROI represent-
ing the location of the target (ROI_IN), and did so only when endogenous
attention was directed towards that quadrant. For example, the connec-
tivity between ROI_PPC and ROI18_TL was modulated only when en-
dogenous attention was directed top-left, with 3 separate B-parameters
accounting for the effect of display-condition (i.e. presence and location
of the salient singleton). Within each family, 3 models embodied our
hypotheses about the role of occipital-occipital connections. In partic-
ular, we sought to test alternative/complementary explanations to the
changes of activity in the 4 occipital ROIs, beside their interactions with
the ROI_PPC. Because our main interest was to understand how the brain
selects pertinent information in the target-quadrant (plus how salience
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affects this), the model space put emphasis on the connectivity of the
relevant ROIL_IN. Accordingly, the first model comprised the modulation
of all the connections between the occipital ROIs by all 12 experimen-
tal conditions. In the second model, attention could modulate only the
connections "from" and "to" the ROLIN that represents the current tar-
get location, and only conditions with endogenous attention directed
towards the ROI quadrant could modulate these connections (three B-
parameters corresponding to the 3 display-conditions). Finally, in the
third model attention did not modulate any of the lateral connections
between the occipital ROIs.

This model space can be seen as a 2 x 3 design: the 2 families
tested whether the effect of attention on the occipital-PPC connectiv-
ity was "spatially diffused" (i.e. involving the occipital representation of
the entire visual field, F1) or "spatially focused" (i.e. related only to the
representation of the currently relevant quadrant, F2), and the 3 mod-
els within each family tested an analogous effect related to quadrant-
specificity, but now considering the lateral connectivity within the oc-
cipital cortex. The full DCM model space is illustrated in Fig. 6.

2.8.2. Model selection and parameter inference

Given that our participants pool was sampled from a homogeneous
population of young healthy adults and that the task involved simple
visual judgments, we assumed that the optimal model structure would
be the same across participants. Thus, a fixed-effects Bayesian model se-
lection (BMS-FFX) was conducted to identify the most probable family
and the most probable model (Stephan et al., 2010). The selection pro-
cedure takes into account the models’ complexity (here the number of
B-parameters that enable changes of connectivity as a function of the ex-
perimental conditions), penalizing more complex models, and selecting
the best compromise between accuracy and complexity (Penny et al.,
2004; Friston et al., 2007). We then used fixed-effect Bayesian Parame-
ter Averaging (BPA) (Stephan et al., 2010) on the winning model to test
for condition-specific changes of the connectivity B-parameters. Specifi-
cally, we implemented an averaging strategy analogous to that described
above for the effects of conditions on the ROI activity (cf. Fig. S1, [in-
sert Fig. S1 ISM link here]). Briefly, we averaged the B-parameters as a
function of the target position/endogenous attention (ROIL_IN, ROI_OPP,
ROI_CONTRA and ROI_IPSI) and assessed the effect of exogenous atten-
tion by comparing "STD vs HD" (salient targets) and "SDD vs HD" (salient
distractors). We discuss attentional modulations with posterior proba-
bilities > 95%.

2.9. Data availability statement

Processed imaging data are available on the EBRAINS platform:
https://search.kg.ebrains.eu/instances/cd4c0231-f9d6-4964-9763-
54347029dd00.

3. Results
3.1. Behavioral data

The target orientation-discrimination task was very easy, with an av-
erage accuracy > 95%, in all three display conditions. Because of this
the behavioral analyses considered only the response times (RTs). The
average RTs numerically matched the expected pattern, with the fastest
RTs for salient targets (STD; mean + SEM = 584 + 26ms), intermediate
RTs for the homogeneous display (HD; 589 + 30ms) and the slowest
responses when the display included a salient distractor (SDD; 596 =+
31ms). Based on this qualitative pattern, we carried out a linear mixed
model analysis using log-transformed RTs that revealed a significant ef-
fect of display condition (F(2, 8804) = 3.68, p = 0.033). We should
stress that, albeit statistically significant, the effect of salient item’s lo-
cation was small (12ms, for STD vs. SDD; fixed-effect Cohen’s d = 0.03)
and should not be over-interpreted. This behavioral effect may reflect
some combination of exogenous capture and distractor suppression (cf.
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Luck et al., 2021, and Discussion section); but please note that our aim
here was to investigate how quadrant-specific occipital ROIs and the
posterior parietal cortex jointly process endogenous and exogenous spa-
tial signals, rather than assessing the specific constraints that might de-
termine any residual distractor-effects at the behavioral level.

3.2. Target- and salience-related local activation

We first aimed to assess the effects of endogenous and exogenous
spatial attention considering activity in the ROIs representing the target
quadrant and the opposite quadrant, as a function of display-condition
(see also Fig. S1B [insert Fig. S1 ISM link here], on the left) and BA-
areas. The corresponding 2 x 2 x 3 (ROLIN/ROI_OPP x STD/SDD x
BA17/18/19) ANOVA revealed a significant main effect of quadrant
(F(1,198) = 111.9, p < 0.001, #*p = 0.36), with larger activity in ROLIN
compared to ROI_OPP, corresponding to the effect of endogenous spatial
attention. The analysis revealed also an interaction between quadrant
and display-condition (F(1,198) = 5.3; p = 0.021; #’p = 0.03), with
larger activity in ROI_INgr, compared to ROI_INgp, and in ROI_OPPgyy,
compared to ROI.OPPgyp. This corresponds to the spatial effect of
salience/exogenous attention, because the singleton item was presented
in the ROLIN in STD, while it was presented in the ROI_OPP in SDD,
see also Methods section above and Fig. S1B [insert Fig. S1 ISM link
here]. There was a main effect of BA-area (F(2,198) = 35.4; p < 0.001;
#*p = 0.26, with BA19 showing the highest activation), but no other
main effects or interactions (all p-values > 0.5, all #°p < 0.01). The re-
sults thus indicate that while both endogenous and exogenous attention
affected activity in the three occipital visual areas, the two types of at-
tention signals did not significantly interact (see Discussion section).

Fig. 4 shows the averaged parameters estimates in the ROIs rep-
resenting the target quadrant (ROIIN) and the opposite quadrant
(ROI_OPP), as a function of display-conditions and BA-areas. The larger
activity in ROLIN (bars 1-3) compared with ROI_OPP (bars 4-6) high-
lights the effect of endogenous spatial attention. The main effect of
salience, which by design is orthogonal to the effect of endogenous spa-
tial attention (cf. Fig. S1 [insert Fig. S1 ISM link here]), is expressed
by maximal activity for the STD condition in the ROLIN (i.e. when the
represented target was also the salient color-singleton, see bar 2 in each
plot) and for the SDD condition in the ROI_OPP (i.e. when a salient dis-
tractor was shown in the represented quadrant, see bar 6 in each plot).

3.3. Spatial-bias vectors and gain/cost indexes

The data of the ROLIN and ROI_OPP highlighted that both endoge-
nous and exogenous attention affect the distribution of processing prior-
ities towards/away from these two locations. However, these analyses
do not consider the contribution of the occipital regions representing
other locations of the visual field (ROI_.CONTRA and ROI _IPSI). In or-
der to take these into account, we computed spatial bias vectors using
the distributed activity across all 4 ROIs and tested how endogenous
and exogenous attention affect the magnitude and the direction of these
vectors (Fig. 5; see also Fig. 3 for a detailed illustration of how the bias
vectors were computed).

First, we assessed the effect of endogenous attention by testing
whether the vectors’ magnitudes in the HD condition were different from
zero (||biasHD||>0). This revealed highly significant effects in the 3 BA-
areas (all p-values < 0.001, all Cohen’s d > 3.02). The direction of the
vectors provides us with the additional information about how each area
implements the endogenous bias in 2D space. In our arbitrary frame of
reference, the location of the target was set to [-1 1], that is, top-left
along the 45° diagonal (see Fig. 3, plots on the right). Accordingly, we
tested whether the angle (biasHD) was different from 45°. The results
showed that in ROI17 and ROI18, the directions were not significantly
different from 45° (p = 0.45 in ROI17, Cohen’s d =-0.18 and p = 0.33 in
ROI18, Cohen’s d = -0.23), highlighting that the distributed activity in
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Fig. 4. Attentional effects in BA17-BA18-BA19 [1-column fitting image | Color
Figure]. Local activity during the main attention task averaged across the 4 ROIs
belonging to each BA-area, as a function of the represented quadrant (ROLIN,
ROI_OPP) separately for the 3 display-condition (HD, STD and SDD), see also
Fig. S1 [insert Fig. S1 ISM link here]. The data analysis revealed an effect of
endogenous spatial attention, an effect of exogenous attention, but no signifi-
cant interaction between the two types of attention control signals. Plots show
mean beta values + SEM. See also Fig. 2 for the anatomical localization of these
regions.

these two BA-areas coded for the specific direction of the target. By con-
trast, the direction of the (biasHD) in ROI19 was significantly different
from 45° (two-tailed one-sample t-test: T(18) = -7.6, p < 0.001, Cohen’s
d = -1.75). The angle was smaller than 45° highlighting that, together
with the selectivity for the target quadrant, the distributed activity in
area BA19 also coded for an overall bias toward the hemifield contain-
ing the target. These effects can be seen in Fig. 5, plots on the right. In
BA17 and BA18, the bias vectors for the HD condition (black) lie on the
45° diagonal (dotted line). In BA19, the HD vector also points to the top-
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left quadrant, highlighting the endogenous attentional bias towards the
target quadrant. However, the BA19 vector’s direction is offset from the
diagonal (toward the y-axis) also indicating the presence of an overall
bias toward the hemifield containing the target (i.e. the "IPSI" quadrant,
corresponding to the other quadrant within the same hemifield where
the target was presented).

Next we turned to our main question concerning the joint effects
of endogenous and exogenous spatial attention in the occipital cortex.
In order to assess the modulatory effect of exogenous attention on the
spatial bias elicited by endogenous attention (cf. above), we tested for
changes of the vector magnitudes and directions as a function of display-
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condition. Specifically, we tested for "Gains" related to salient target
(STD vs. HD) and for "Costs" related to salient distractors (SDD vs. HD).

The results highlighted that salient targets lead to an increase of the
magnitude of spatial bias coded in BA18 (one-tailed one-sample t-test,
T(18) = 4.2, p < 0.001, Cohen’s d = 0.96) and in BA19 (T(18) = 4.4, p
< 0.001, Cohen’s d = 1), while there was no significant magnitude gain
in BA17 (p = 0.71, Cohen’s d = 0.09). The vectors’ directions were un-
affected by the salient targets (i.e. no significant change of the vectors’
angles; all p-values > 0.14, all Cohen’s d comprised between -0.06 and
0.35), including in BA19. The latter indicates that salient targets did
not augment the spatial selectivity of the attentional bias in BA19. The
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comparison of the vectors in the SDD vs. HD display-conditions revealed
that salient distractors reduced the magnitude of the bias in all 3 areas:
BA17 (T(18) =-3.8, p < 0.001, Cohen’s d =-0.84), BA18 (T(18) =-4.0, p
< 0.001, Cohen’s d = -0.92) and BA19 (T(18) = -4.6, p < 0.001, Cohen’s
d = -1.06). Again, the vectors’ direction did not change significantly be-
tween HD and SDD (all p-values > 0.11, all Cohen’s d comprised between
-0.19 and 0.09). Overall, the analyses of the bias vectors indicated that
spatially-congruent exogenous signals boosted the spatial bias (salient
targets), while incongruent signals reduced the bias (salient distractors).
This was observed in all BA-areas, except for BA17 where the effect of
salient targets was not significant. The analysis of the vectors’ directions
highlighted that distributed activity in BA19 coded for an overall bias
towards the target hemifield and that exogenous signals did not modify
this global effect of endogenous spatial attention.

We sought to establish the behavioral relevance of the spatial bias
vectors by correlating the changes of the vector’s magnitude (Gain_mag,
Cost_mag) with the corresponding gains/costs at the behavioral level.
Two separate multiple regressions analyses included reaction times dif-
ferences (STD vs. HD, or SDD vs. HD) as the dependent variable and
the Gain_mag (or Cost_mag) indexes of the 3 BA-areas as predictors.
The Gain-regression yielded a non-significant model contribution com-
pared to the “constant only" model (R-squared = 0.075, F(3,15) = 0.41,
p = 0.75), while the Cost-regression model highlighted a significant
relationship between behavior and the imaging Cost_mag indexes (R-
squared = 0.432, F(3,15) = 3.8, p = 0.033). The regression coefficients
highlighted the expected negative relationship between vector magni-
tude and RTs in BA18 (parameter estimate = -1.6, p = 0.018), with
more negative Cost_mag values (i.e. larger costs) associated with larger
increases of reaction times (RTsgpp Vs. RTsyp). By contrast the coef-
ficient in BA17 was unexpectedly positive (parameter estimate = 1.19,
p = 0.041) and the coefficient in BA19 was not significant (parameter es-
timate = 0.14, p = 0.78). Control multiple regression analyses that con-
sidered only activity in the ROI representing the target and the salient-
distractor did not reach statistical significance for the relationship be-
tween brain activity and reaction times costs (ROLIN: R-squared = 0.29,
F(3,15) = 2, p = 0.16; ROI_ OPP: R-squared = 0.34, F(3,15) = 2.55,
p = 0.09).

3.4. Dynamic causal modeling (DCM)

A central aim of the current study was to investigate the mechanisms
governing the generation of the attentional biases on the representation
of visual space in the occipital cortex. Specifically, we evaluated the
contribution of feed-forward/feedback connectivity between the occip-
ital cortex and the dorsal attention control network, and of the lateral
connectivity within the occipital cortex. In order to assess these differ-
ent mechanisms, we constructed six dynamic causal models and used
Bayesian Model Selection (BMS) to identify the model most likely to
explain our data. Because our aim here was to test specific hypotheses
about attentional biases in the occipital cortex, rather than exploring
the full dynamics of all the brain areas engaging in the current task,
the dynamic causal models included only 5 areas: the 4 occipital ROI18
providing us with a representation of the visual space and one area in
the PPC belonging to the dorsal fronto-parietal attention network (BA7,
ROI_PPC). The visual area BA18 was chosen based on the bias vector
results (see above), and the PPC because it has been consistently con-
sidered a main source of the attention biases in the occipital cortex (e.g.
Kastner et al., 1999; Vossel et al., 2012, see also Discussion section).
Each ROI was connected bi-directionally with all other ROIs and the
models differed in terms of what connections could be modulated by
the 12 attention conditions. The six dynamic causal models were orga-
nized into two families: the “diffuse PPC-BA18” family, where attention
could modulate the connections between the ROI_PPC and all 4 ROI18;
and the "focused PPC-BA18” family, where attention could modulate
only the connections between the ROI_PPC and the occipital region rep-
resenting the target quadrant (ROI18_IN). In each family, three DCMs
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embodied different patterns of attentional modulations between the oc-
cipital ROI18: modulation of all lateral connections, modulation of the
connections from/to ROI18_IN only, or no modulation of the lateral con-
nectivity (see Fig. 6, illustrating the whole DCM model space).

At the family level, BMS showed that the "diffuse PPC-BA18" family
was most probable (> 99% posterior probability). This indicates that
endogenous attention and visual salience most likely influence occipi-
tal activity via interactions between PPC and the full representation of
the visual space coded by the 4 occipital ROIs, rather than selectively
via modulation of the connectivity of the region representing the target
quadrant (i.e. ROI18_IN, also cf. the bias vector results above).

At the model level, BMS showed that the dynamic causal model with
the highest posterior probability included the modulation of the lateral
connections between the ROI18_IN and the other 3 ROI18, in addition
to the "diffuse" PPC-BA18 effects (see model in Fig. 6; > 99% poste-
rior probability). Accordingly, endogenous spatial attention and visual
salience operate not only by modulating top-down and bottom-up con-
nectivity between the occipital cortex and the PPC, but also via the
modulation of the lateral connectivity between the occipital region rep-
resenting the attended quadrant (ROI18_IN) and the occipital regions
representing the other parts of the visual field.

The choice of performing FFX-BMS rather than random effect (RFX)
BMS was based on the fact that here the optimal model structure was
expected to be the same across participants (Stephan et al., 2010). How-
ever, for completeness, we also performed the complementary RFX-
BMS, which confirmed our FFX-BMS results: at the family level the “dif-
fuse PPC-BA18” family was the most probable (exceedance probabil-
ity = 94%) and at the model level, the Model 2 (diffuse PPC-BA18, plus
occipito-occipital connectivity involving ROI18_IN only) was again se-
lected as the most probable model (exceedance probability = 45%, with
the second best model at exceedance probability = 27%). This indicates
that our FFX-BMS results were not due to outliers in our pool of partic-
ipants.

Finally, we used Bayesian Parameter Averaging (BPA) to explore
how the experimental conditions affected the different connections of
the winning dynamic causal model. The connectivity parameters re-
lated to each ROI18 were averaged as a function of the target location
and compared across the display-conditions (HD, STD and SDD). The
results showed that salient targets (STD vs HD) led to an increase of the
bottom-up connectivity from the ROI18_IPSI to the ROI_PPC (posterior
probability = 96.3%) and to a decrease of the connectivity between the
ROI18_OPP and the ROI_PPC (posterior probability = 99.6%); see Fig. 7,
on the left. The presentation of salient distractors (SDD vs. HD) lead to
a more complex pattern of attentional modulations, affecting both the
occipital-parietal connectivity and the lateral connectivity within BA18
(Fig. 7, on the right). Salient distractors lead to an increase of the top-
down influence of the ROI_PPC on the target ROLIN (posterior probabil-
ity = 97.2%), as well as a decrease of the bottom-up signaling from the
ROI_OPP (representing the salient distractor) to the ROI_PPC (posterior
probability = 98.1%). This may correspond to a mechanism, mediated
by the parietal cortex, seeking to maintain the processing priorities at
the target location in spite of the salient distractor flashed in the oppo-
site quadrant (see Discussion section). The analysis also showed that the
presentation of the salient distractor yielded an increased lateral connec-
tivity between the occipital ROIs. This included an augmented influence
of ROI18_OPP to ROI18_IN (posterior probability = 99.7%), as well as a
modulation of the connectivity between the ROI18_IN and the two ROIs
representing visual locations without any target or salient distractors
(ROI18_IPSI, posterior probability = 98.0%; ROI18_CONTRA, posterior
probability = 96.9%, see Discussion section).

In sum, the DCM analyses demonstrated that both changes of the
occipito-parietal connectivity and changes of the lateral connectivity
between the occipital regions that represent the different visual loca-
tions contribute to shaping the attentional bias in the visual cortex. The
PPC was found to interact not only with the occipital region that rep-
resents the target location (ROI18_IN), but also with the regions rep-
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Dynamic Causal Modeling: model space and the winning model

FAMILY 1 FAMILY 2
Modulation of all PPC connections Modulation of PPC connections with target-ROl only

/ |

Modulation of all possible connections within BA18

N

ROI_OPP ROI_IPSI

ROI_OPP

ROI_CONTRA

No modulation within-BA18 connections

ROI_OPP ROI_IPSI

—— Intrinsic connection without any modulation by display-conditions [A-parameter only]
— Connection that can be modulated according to [A- and B-parameters]

Fig. 6. Dynamic Causal Modeling: model space and the winning model [2-column fitting image | Grayscale Figure]. The model space served to test hypotheses
concerning the attentional modulation of the connectivity between the posterior parietal cortex (PPC) and the four regions in BA18 that represent the visual field. All
models comprised the same set of intrinsic connections [A-parameters] that reciprocally linked all 5 nodes. The models differed in terms of the connections that could
be further modulated according to the 3 display-conditions [B-parameters]. The 6 models were partitioned in two families: Family 1 considers diffused interactions
between PPC and all the occipital BA18 regions, while Family 2 considers that attention modulates only the connectivity between PPC and the occipital region that
represent the target location (ROLIN). In each family, 3 different models account for different patterns of effective connectivity within BA18: one model includes
modulation of all connections between the 4 BA18 ROIs; the second model includes only the modulation of the connections involving the region that represents
the target (ROLIN); the third model does not allow for any attentional modulation of the intra-areal connectivity between the 4 BA18 ROIs. Black arrows highlight
what connections can be modulated by the display-conditions, grey arrows represent connections that cannot be modulated by attention. Bayesian Model Selection
revealed that the model most likely to explain the data included modulation of all the connections between PPC and BA18 and within-BA18 connectivity including
only the region that represent the current target location (family 1, model 2: highlighted with dotted-line). PPC: Posterior parietal cortex; ROI_OPP/CONTRA/IPSI:
ROIs opposite/contralateral/ipsilateral with respect to the ROI representing the target quadrant (ROL_IN).

resenting unattended locations of the visual field. Together with these the impact of endogenous and exogenous signals on this. The results
diffused interactions between the parietal and the occipital cortex, the revealed that both types of signals contribute to modulating the rep-
DCM analyses revealed significant changes of the connectivity between resentation of 2D space in BA17, BA18 and BA19. Spatial endogenous
the region representing the target and the other occipital regions, in attention was associated with a bias towards the target location and
particular when the visual display included a salient distractor. exogenous salience (color singletons) further modulated this spatial ef-
fect. Salience strengthened the spatial bias when the target was the color

4. Discussion singleton, while it reduced the bias when a salient distractor was pre-
sented in the quadrant opposite to the target (Fig. 5). We found a sig-

We tested the joint influence of endogenous and exogenous spatial nificant correlation between these BOLD effects and the participants’
attention when participants were asked to judge a visual target pre- reaction times, highlighting the behavioral relevance of the spatial bias
sented among distractor stimuli. Our analyses focused on the modula- vectors. The effective connectivity analyses revealed that the processing
tion of activity in quadrant-specific occipital ROIs and on the effective of salient signals involved both the modulation of lateral connectivity
connectivity between these areas and the PPC. We introduced a novel within the occipital cortex, as well as the bi-directional interactions be-
metric that, by using activity across regions representing different parts tween the occipital cortex and the PPC (Fig. 7). These findings demon-
of the visual field, enabled us to index the direction and magnitude of strate that the integration of endogenous and exogenous signals goes
the attentional bias in 2D space (spatial bias vectors) and we quantified beyond the joint modulation of local activity, comprising instead the
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Salient targets: STD vs. HD

Salient distractors : SDD vs. HD

Increase of effective connectivity, with posterior probability > 95 %
» Decrease of effective connectivity, with posterior probability > 95 %
— Posterior probability of a change of connectivity < 95 %

Fig. 7. Dynamic Causal Modeling: connectivity parameters of the winning model [1.5-column fitting image | Color Figure]. The wining model included diffused
interactions between PPC and all the occipital BA18 regions. Bayesian Parameter Averaging of the winning model tested for the effect of “salient targets” (STD vs.
HD, shown on the left) and the effect of “salient distractors” (SDD vs. HD, shown on the right). For each comparison, the thick-colored arrows highlight changes of
connection strength with posterior probabilities equal or larger than 95%. ROI_OPP/CONTRA/IPSI: ROIs opposite/contralateral/ipsilateral with respect to the ROI
representing the target quadrant (ROLIN). Please note that the figure shows only the connections of the winning model that could be modulated by the experimental
conditions [B-parameters], while the intrinsic connections that linked all 5 nodes of the model [A-parameters] are not shown here (cf., winning model highlighted

in Fig. 6).

combination of bottom-up, top-down and lateral connections that gov-
erns competitive interactions and shapes the representation of space in
the occipital visual cortex.

4.1. Endogenous spatial biases in the occipital cortex

A large body of previous work comprising both human neuroimaging
and electrophysiology in non-human primates highlighted that endoge-
nous spatial attention can modulate visual processing in the occipital
cortex (Heinze et al., 1994; Desimone, 1998; Reynolds et al., 1999).
Here, we used an independent localizer to map quadrant-specific ROIs
in areas BA17, BA18 and BA19, and compared activity when endoge-
nous attention was directed towards the location represented by the
ROI (ROLIN) versus activity in the opposite quadrant (ROI_OPP, i.e.
the main effect of endogenous spatial attention). This showed that en-
dogenous attention modulates occipital activity through the visual hi-
erarchy, including quadrant-specific responses in anatomically-defined
BA17, BA18 and BA19 (see Fig. 4). Of note, we found a robust modula-
tion of activity in BA17 that corresponds to functional area V1. Atten-
tional modulation in area V1 has been reported in several previous stud-
ies (e.g. Tootell et al., 1998; Martinez et al., 1999; Somers et al., 1999),
typically using displays containing dense arrays of stimuli (Brefczynski
& DeYoe, 1999; Martinez et al., 1999). Under these conditions, multiple
items can fall inside the small receptive fields of V1 neurons and the at-
tentional effects have been most often interpreted in the framework of
the biased competition model (Desimone & Duncan, 1995; Kastner et al.,
1999, 2001; Bles et al., 2006, also cf. the Introduction section). By con-
trast, the visual display in the current study comprised simple and iso-
lated stimuli that were located too far apart from each other to activate
the same neuron in V1 (see also Gandhi et al., 1999). Accordingly, mech-
anisms based on re-entrant feedback (Martinez et al., 1999; Martin et al.,
2019), rather than the modulation of competitive interactions arising
from feed-forward processing, are most likely to mediate the attentional
effects in early visual areas that we observed in the present study, see
also DCM results.

Besides highlighting the influence of endogenous attention in stri-
ate and extra-striate cortex, we characterized the spatial distribution
of attention in 2D space. Previous studies demonstrated that spatial at-
tention not only boosts responses in the occipital representation of the
attended visual location (Kastner et al., 1999), but can also suppress ac-
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tivity associated with stimuli presented in other locations of the visual
field (Smith et al., 2000; Heinemann et al., 2009). Thus, any compre-
hensive index of attentional selection should not rely only on changes of
local activity. Several previous studies used multivariate approaches to
characterize selective attention to visual categories (Reddy et al., 2009)
and, in the context of spatial attention, Melloni et al. (Melloni et al.,
2012) proposed an index based on the numerical difference between ac-
tivity in the occipital regions representing target vs. activity in regions
that represent the distractor stimuli. The latter accounts for any suppres-
sive effect at the non-attended locations, but averages activity in regions
that may play different roles in spatial selection (e.g. representations of
within- vs. between-hemifields locations; Scalf & Beck, 2010). The vec-
tor analysis that we propose here takes into account the level of activity
in the four regions that represent other regions of visual field and pro-
vide us with both "strength" and "direction" information, as jointly coded
by the four regions.

Considering the HD condition only (i.e. displays without any exoge-
nous signal), the analysis of the vectors magnitude confirmed the effect
of endogenous spatial attention in BA17, BA18 and BA19. The analysis
of the vectors direction added to this that the bias in BA19 entailed a sig-
nificant deviation from the target direction (cf. Fig. 5). Specifically, the
attentional bias was directed towards the target quadrant, but also in-
cluded an overall hemifield effect. The latter would be consistent with
increased attentional priority for stimuli presented in the same hemi-
field as the cued-target, compared with stimuli in the opposite hemi-
field. Here we could not directly probe such hemifield advantage, be-
cause all the targets were presented at the cued location (i.e. 100% cue
validity). Moreover, due to the short cue-to-target interval, we could
not separate cue-related preparatory activity vs. attentional modulation
of target-related activity. Assessing these effects would require several
additional conditions (e.g. targets presented at uncued locations, within
vs. between hemifields conditions) and longer cue-to-target intervals.
This was not possible in the current study that aimed to investigate the
spatial interactions between endogenous and exogenous attention and
already comprised a large number of experimental conditions, see also
Fig. S1A [insert Fig. S1 ISM link here]. However, this issue has been
addressed in a recent electroencephalography study that used the same
target discrimination task as here (Rashal et al., 2022). Using both fully-
predictive cues (as here) and no-cue trials, they showed that target se-
lection (as captured by the "N2pc" component of the ERP) was observed
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in the no-cue condition, but not following fully-predictive cues. From
these results, we suggest that the effects of endogenous attention we
observed here (main effect of ROI-type/endogenous attention in Fig. 4)
most likely reflects early attentional selection of the cued quadrant than
later target selection processes.

Further, the use of a larger set of functional localizers (e.g. color,
motion) and including retino-topic mapping for each participant would
enable studying how the different functional areas belonging to the
anatomically-defined BA19 (i.e. V3, hV4, V5) contribute to generating
the deviation of the bias from the target location. The latter is a limita-
tion of the current study that used only anatomical constraints to catego-
rize functionally-defined quadrant-specific responses to different levels
of the visual hierarchy (cf. Fig. 2A-B). Nonetheless, the current results
in BA19 highlight the relevance of the spatial bias vectors in captur-
ing the distribution of spatial attention in 2D space; see also below for
additional findings linking the vectors’ characteristics with behavioral
performance.

4.2. Joint influence of endogenous attention and exogenous salience

The main objective of the study was to investigate how endogenous
and exogenous spatial signals jointly contribute to modulating activity
in the visual cortex. For this, the current experimental design manip-
ulated orthogonally the endogenously attended location (cued/target
quadrant) and exogenous salience (display-condition). Standard analy-
ses of local activity showed that visual salience led to quadrant-specific
activation in all 3 BA-areas. The impact of salience was the same at the
target location and at the distractor location, suggesting independent
effects of the two types of control signals in the visual cortex (see also
Sprague et al., 2018). Importantly, it should be noticed that here salience
was not confounded with luminance, as the latter was matched for
salient and non-salient stimuli and the red/green color of the salient sin-
gleton was counterbalanced across participants (cf. Betz et al., 2013 who
reported contrast- rather than salience-dependent responses in V1-to-
V3). The previous studies that assessed the interplay between endoge-
nous attention and salience in the visual cortex provided us with mixed
results (Melloni et al., 2012; Sprague et al., 2018; Won et al., 2020, see
also Hopf et al., 2004, but using dense stimuli arrays). Melloni et al.
(Melloni et al. 2012) reported a significant interaction between endoge-
nous attention and the presence of salient distractors in area hV4, but
not in areas V1, V2 and V3. By contrast, Sprague et al. (Sprague et al.,
2018) reported significant effects of endogenous attention and stimulus
salience throughout the visual hierarchy (V1, V2, V3A, hV4), but none
of these areas showed a significant interaction (see also Poltoratski et al.,
2017). Finally, a recent study by Won and colleagues (Won et al., 2020)
demonstrated that prior knowledge about the presence of distractors
modulates the representation of salience in a single ROI that included ar-
eas V1, V2 and V3. Many different methodological aspects may explain
these inconsistencies, including how endogenous attention was oper-
ationalized (blocked vs. mixed condition-order in Melloni et al., 2012;
fully-predictive central cues in Sprague et al., 2018; distractor frequency
in Won et al., 2020), the manipulation of stimulus salience (color sin-
gletons in 4-items displays in Melloni et al., 2012 and Won et al., 2020;
stimulus contrast in a 2-moving-items display in Sprague et al., 2018)
as well as the different analysis approaches (target minus distractor ac-
tivity in Melloni et al., 2012; reconstruction of spatial maps using an
encoding model in Sprague et al., 2018; MVP classification accuracy in
Won et al., 2020).

The one aspect likely to play a key role in determining the level of in-
teraction between endogenous attention and salience concerns whether
endogenous attention was fully focused at the target location or not,
see also below. Melloni et al. (Melloni et al., 2012) and Won et al.
(Won et al., 2020) employed search tasks entailing some uncertainty
about the location of the target, while Sprague et al. (Sprague et al.,
2018) and the current study used 100% valid spatial cues and thus en-
dogenous attention was fully focused at the target location. The two
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studies that used search tasks (Melloni et al., 2012; Won et al., 2020)
revealed significant interactions between endogenous attention and
salience, both at the behavioral level and in the imaging data. By con-
trast, the behavioral data collected under fully-predictive cues did not
demonstrate any significant effect of salience (here and in Sprague et al.,
2018), in agreement with previous behavioral studies indicating that
endogenous control can abolish interference by salient distractors (e.g.
Leber & Egeth, 2006; Leber et al., 2016; see also Luck et al., 2021; see
also Rashal et al., 2022).

Nonetheless, at the imaging level both the current study and Sprague
et al. (Sprague et al., 2018) found a robust activation of the visual cortex
associated with the presentation of salient distractors. Further both stud-
ies computed spatial indexes in 2D space. Sprague et al. (Sprague et al.,
2018) utilized an encoding model to reconstruct detailed 2D spatial
maps indexing BOLD activity across the whole visual space, while here
we used a simpler vector representation. Sprague et al. (Sprague et al.,
2018) approach provides us with a detailed view of the representation of
visual space, but the subsequent analyses relied on comparing activity in
the reconstructed maps, without directly testing for possible changes in
the geometrical characteristics of the 2D maps. By contrast, the spatial
bias vectors used here comprise magnitude and direction information al-
lowing us to assess separately the impact of salience on the strength of
the attentional bias and its direction with respect to the target location.
The analyses of vector magnitude demonstrated that salience modulated
the spatial bias in all three BA-areas. In BA18 and BA19, we found that
salient targets strengthened the attentional bias, while salient distrac-
tors reduced the bias. In BA17, the effect of singleton-distractors was
also highly significant, but salient targets did not lead to any significant
change of the bias magnitude compared with the no-salience condition
(HD). The vector analyses did not reveal any significant change of the
bias direction in any of the three BA-areas. However, it should be no-
ticed that the salient distractors were always presented in the quadrant
opposite to the target. This was done to restrict the total number of
experimental conditions, but prevented us from testing the prediction
that salient distractors in the contralateral - or the ipsilateral - quadrant
would yield not only a reduction of the vector magnitude but also shifts
of the vector direction. Nonetheless, additional analyses highlighted that
the change of magnitude of the spatial vectors upon the presentation
of salient distractors correlated with the corresponding reaction times
costs, supporting the relevance of the 2D vectors’ metrics.

These results, together with the robust response to salience in all
tested visual areas, indicate that salient signals were not entirely sup-
pressed despite the lack of any overall (mean) effects at the behavioral
level. This adds to the long-lasting debate concerning the suppression
of irrelevant salient distractors (Folk et al., 1992; Theeuwes, 1994b;
Luck et al., 2021). Specifically, there has been recent discussion about
whether fully irrelevant salient items generate “attend-to-me” signals in
the brain even though they do not imply behavioral costs (Geng, 2014;
Geng & Duarte, 2021; Luck et al., 2021). Sprague and colleagues
(Sprague et al., 2018) found systematic salience signatures in the vi-
sual cortex without any behavioral gain (salient target) or cost (salient
distractor), but did not provide any model of the suppression mecha-
nisms that may explain the so-called discrepancy between brain-level
and behavioral-level results. Here, we performed analyses of effective
connectivity that allowed us to study the fate of exogenous signals,
as a function of whether they were presented at the endogenously at-
tended (STD condition) or unattended (SDD) location, and we discuss
this in relation to recent accounts of distractor suppression (Geng, 2014;
Anderson, 2021;Geng & Duarte, 2021; Luck et al., 2021), see next sec-
tion.

4.3. Effective connectivity underlying the processing of salient signals in the
visual cortex

Mechanisms of distractor processing have been most often as-
sociated with high-level regions in the frontal and parietal cortex
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(Melloni et al., 2012; Suzuki & Gottlieb, 2013; Won et al., 2020). The
PPC is thought to play a central role, as the strength of its top-down
influences on visual areas has been proposed to determine the fate
of irrelevant distractors (Won et al., 2020, and see Geng, 2014 for
a review). Further, competitive interactions between relevant targets
and irrelevant distractors can take place locally within the PPC, where
priority maps would enable attentional selection by enhancing rele-
vant signals and suppressing distractor signals at irrelevant locations
(Gottlieb, 2007; Ptak, 2012; Geng, 2014; Zelinsky & Bisley, 2015; Bisley
& Mirpour, 2019). Concurrently, competition at the level of the occipital
sensory areas has been shown to contribute to attentional selection and
distractor suppression (Luck et al., 1997; Reynolds et al., 1999; Reynolds
& Desimone, 2003), leading to the proposal that also the occipital cor-
tex comprises attentional priority maps (Mazer & Gallant, 2003, but see
Betz et al., 2013).

Here, we assessed the role of the occipital-parietal connectivity
and of the lateral interactions within the occipital cortex using DCM
(Friston et al., 2003). We compared a set of models that differed in
terms of how attention modulates these patterns of connectivity. The
model space was designed with the aim to evaluate: 1) whether atten-
tion affects the occipital-parietal connectivity selectively for the target
quadrant (ROIIN), or it modulates also the connectivity between the
parietal cortex and the other occipital ROIs; and 2) whether attention
modulates the lateral connectivity between all the 4 occipital regions,
the connectivity of the target-quadrant ROI only, or none of the lateral
connections. In order to limit the number of nodes in the model, the
DCM analysis considered only the 4 occipital ROIs belonging to BA18,
where we found the most reliable correlation between the spatial vector
magnitude and reaction times. Bayesian Model Selection (Stephan et al.,
2010) showed that the most likely model to explain the data comprised
attentional modulation of all the occipital-parietal connections, plus the
modulation of the lateral connectivity of the ROLIN only.

These results indicate that multiple mechanisms can mediate the ef-
fect of attention on the representation of 2D space in the occipital cor-
tex. Specifically, our activation data demonstrated that endogenous at-
tention and salience jointly modulate the representation of 2D visual
space, beyond just affecting the activity of the regions that represent
the target and the salient distractors (cf. above). The DCM results indi-
cate that the spread of attentional effects across the different occipital
regions can take place via multiple routes. First, the finding that atten-
tion modulates the connectivity between the PPC and all 4 visual ROIs
provide us with an "indirect route" that would allow salient signals to
be first transmitted to the PPC via feed-forward connectivity, and subse-
quently affect processing in all the visual areas via feed-back from PPC
to the occipital cortex. In line with this, previous studies showed that
attentional effects in the occipital cortex follow in time the activation
of higher-level control regions in the parietal cortex (Martinez et al.,
1999; Martin et al., 2019). Using high-temporal resolution intracranial
electroencephalography, Martin et al. (Martin et al., 2019) showed that
after the initial feed-forward response to the stimulus-onset in the occip-
ital cortex, spatially-specific modulatory feedback spread sequentially
from parietal cortex back into the visual hierarchy, with increasing la-
tencies from higher to lower areas (see also Lauritzen et al., 2009). In
the current study, convergent projections from the occipital regions that
represent the different quadrants to the PPC would enable target and
salient-distractors to interact, despite the large spatial separation be-
tween target and distractors. Feed-back connectivity from the PPC to
the occipital cortex would then carry information about stimuli at far-
apart locations, allowing such signals to affect activity also in visual
areas that contain neurons with small receptive fields (e.g. BA17/V1
and BA18/V2).

Consistent with a role of PPC in the processing of salient distractors,
Bayesian parameter averaging that tested for attention-related changes
of effective connectivity revealed both a reduction of the feed-forward
connectivity between the visual region activated by the salient distrac-
tor (ROI_.OPP) and an increase of the parietal feed-back on the occipital
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region representing the target (ROLIN; cf. Fig. 7, panel on the right).
The strengthened top-down effect is consistent with the mechanism de-
scribed above and may reflect the "choice" of the currently relevant loca-
tion, following competitive interactions between endogenous attention
and salience at the level of the parietal cortex. Concurrently, the re-
duction of feed-forward connectivity from ROI_OPP to the PPC suggests
that attention can counteract the augmented occipital activity gener-
ated by the salient distractors. Specifically, unlike previous studies re-
porting that endogenous attention results in a suppression of activity at
unattended locations (Smith et al., 2000; Heinemann et al., 2009), here
we found no reduction of salient-distractors activity (cf. main effect of
salience, Fig. 4). Instead, the DCM results showed a decrease in the ef-
ficiency with which these signals propagate from the occipital to the
parietal cortex. The latter may constitute an additional mechanism that
reduces the impact of salient irrelevant stimuli on any parietal mech-
anism that integrates attentional signals at the local level (cf. priority
maps, Gottlieb, 2007; Ptak, 2012; Zelinsky & Bisley, 2015; Bisley & Mir-
pour, 2019). These results come in support of theoretical views that
attentional priority processing emerges from computations taking place
in different brain areas (Corbetta & Shulman, 2002; Vossel et al., 2012,
2014 Geng, 2014; Anderson, 2021). In other words, the presence of the
neural signature of an irrelevant salient item does not imply that the
output behavioral response will be substantially affected by this item:
other regions of the fronto-parietal attentional network (here the PPC)
can suppress the bottom-up signal generated by the irrelevant salient
item so that attentional priority is reorganized and focused on the tar-
get item (Geng, 2014; Geng & Duarte, 2021; Anderson, 2021).

It should be noticed that our DCM analyses included a single node
belonging to the fronto-parietal attention control networks (i.e. the
ROI_PPC). The reason for this was that our hypotheses targeted the
role of lateral connectivity within occipital cortex vs. the connectivity
between these quadrant-specific regions and higher-order regions. The
choice of the PPC was dictated by extensive evidence pointing to this
region as the source of attentional modulation on the visual cortex (e.g.
Buchel, 1997; Vossel et al., 2012, see also Desseilles et al., 2011 for
modulation of V1). Nonetheless, it should be acknowledged that many
other areas - and paths - are likely to be involved in the current task.
These include dorsal premotor regions that have been found to exert top-
down influences on the occipital cortex (Buchel, 1997; Melloni et al.,
2012, and see Moore & Armstrong, 2003 for single-cell electrophysi-
ology) and that, together with the PPC, contribute to the integration
of bottom-up and top-down signals for visuo-spatial attention control
(Brazdil et al., 2007; Buschman & Miller, 2007; Ibos et al., 2013; Suzuki
& Gottlieb, 2013; Bowling et al., 2020). In addition, the PPC is often
identified as a spatially-specific map of the environment responding to
both goals and salience (Gottlieb, 2007; Ptak, 2012, see also spatial
mapping of the PPC, Silver & Kastner, 2009; Mackey et al., 2017) and
has been shown to respond bilaterally to salient distractors (Won et al.,
2020). However, there is also evidence supporting that the left and right
PPC are associated with different aspects of salience processing. Using
transcranial magnetic stimulation, Mevorach et al. (Mevorach et al.,
2006) and Hodsoll et al. (Hodsoll et al., 2009) showed that the right PPC
was associated with the selection of salient stimuli, while left PPC was
associated with the ability to ignore salient stimuli. Accordingly, future
work should seek to examine the spatial specificity of target/distractor
effects - at the same time - in the occipital cortex and in the posterior
parietal cortex (plus possibly other regions of the dorsal fronto-parietal
network, e.g. FEF: frontal eye-field). This would help to better under-
stand the relationship between mechanisms of spatial attention in the
occipital cortex (as in the present study, and see also Melloni et al., 2012;
Sprague et al., 2018; Won et al., 2020) and in hierarchically higher ar-
eas related to attentional control. Moreover, our model did not include
any node belonging to the ventral attention system (TPJ: temporal-
parietal junction, and IFG: inferior frontal gyrus). These regions are typ-
ically associated with re-orienting towards salient task-relevant stimuli
(Corbetta et al., 2000) or irrelevant stimuli that share some feature with
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the target (Natale et al., 2010). Dorsal and ventral fronto-parietal re-
gions are thought to work together during visuo-spatial attention control
(Corbetta & Shulman, 2002; Corbetta et al., 2008; Vossel et al., 2012;
DiQuattro et al., 2014) and, most likely, participated to the current at-
tention task together with the PPC.

Most important here, our DCM results showed that beside any in-
teraction between the occipital cortex and higher-order fronto-parietal
regions, attention modulated the effective connectivity within the occip-
ital cortex. The winning model included modulation of the connections
of only the region representing the current target location (ROI_IN).
As noted above, the role of attention in modulating competitive in-
teractions in the visual cortex is well understood in the framework of
the biased competition model (Desimone, 1998; Beck & Kastner, 2005;
Yantis, 2005), but such interactions require target and distractor stimuli
to fall within the receptive field of the same neuron. This was most likely
not the case for area BA18 in the current study, which included stimuli
presented at a distance of 10° and across the visual quadrants. One pre-
vious study directly addressed the influence of attention on the pattern
of connectivity between occipital regions representing locations further
apart in the visual field (Haynes et al., 2005). The study targeted the in-
tegration of information across distant locations, when attention was di-
vided between two quadrants while the other two quadrants contained
unattended distractors. The analyses of effective connectivity consid-
ered the 4 ROIs representing the 4 quadrants, in V1, V2 and V4. At-
tention was found to modulate the connectivity between the different
levels of the visual hierarchy (feed-forward and feed-back), as well as
to increase the lateral connectivity between the 2 ROIs representing the
two attended quadrants within the same area.

Unlike this previous study, here the attention task implied select-
ing the stimulus at the target location, while ignoring the stimuli in
all the other quadrants. Bayesian parameter averaging that tested for
changes of lateral connectivity in the salient distractor condition (SDD
vs. HD, see Fig. 7, right panel) showed that the color-singleton aug-
mented the influence of the ROI_OPP (i.e. the region receiving the salient
input) on the target-quadrant ROLIN, as well as the outgoing connec-
tivity from ROLIN to both ROI_CONTRA and ROI_IPSI. We propose that
these effects reflect fast exogenous influences signaling the presence
of salient stimulus (see also Martin et al., 2019, reporting fast atten-
tional effects in the early visual cortex that are inconsistent with parietal
feed-back mechanisms). Here the spreading of salience-related signals
through all the occipital regions, including the ROIs representing loca-
tions contralateral and ipsilateral to the target location (ROI_CONTRA
and ROI_IPSI), seems consistent with the results of the bias vector analy-
sis showing that, in terms of correlation with reaction times, the impact
of salient distractors correlated with the bias vectors computed using the
combined activity of the 4 occipital ROIs (cf. above). Also, the finding
of significant changes between the ROI_IN and both CONTRA and IPSI
ROIs fits with the observation that salient distractors impacted on the
vector’s amplitude but not on direction. Indeed, any differential effect
over the two ROIs - with the resulting unbalance of the local activities -
would result in a shift of the bias vector direction towards the quadrant
represented by the most active ROL

In the framework of DCM analyses, it is important to stress that the
attentional modulation of the lateral occipital-to-occipital connectivity
does not imply the existence of any direct, mono-synaptic anatomi-
cal connection between the occipital ROIs. Instead, signaling via sub-
cortical regions (Martin et al., 2019) and/or reentrant circuits involv-
ing higher-order areas (Haynes et al., 2005; Turova & Rolls, 2019) may
mediate the observed changes of effective connectivity. Furthermore, it
should be noted that here we compared a restricted set of DCM mod-
els, but a large number of alternative models could also be tested by
combining the presence or absence of specific intrinsic connections (A-
parameters, which were not manipulated here) and/or more specific
combinations of the modulatory effect of the experimental conditions
(B-parameters). Nonetheless, the current finding that intra-occipital con-
nectivity operates in addition to any interactions between the occipital
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and the parietal cortex supports the notion that attentional selection
should be understood in terms of distributed representations of space,
rather than just the modulatory influence that the fronto-parietal con-
trol network exerts on the visual cortex. Future studies could address
this further, for example, by interfering (e.g. via transcranial magnetic
stimulation) with attentional control via stimulation of occipital regions
that represent spatial locations other than those containing the target or
the salient distractor. Based on the current results, we anticipate that
this would contribute to biasing the 2D representation of space within
the occipital cortex, also affecting the processing of target/distractors
presented at different locations in the visual field.

5. Conclusions

We investigated how endogenous spatial attention and stimulus
salience contribute to quadrant-specific activations in the occipital cor-
tex. We quantified the impact of attention on the representation of vi-
sual space by using a vectorial index that provided us with both mag-
nitude and direction of the attentional bias in 2D space. We found sig-
nificant effects of endogenous spatial attention in anatomically-defined
BA17, BA18 and BA19, including an overall hemifield bias in BA19.
Salient target-singletons enhanced the attentional bias magnitude, while
salient distractors reduced it. The latter was found to correlate with the
corresponding reaction times costs. Analyses of effective connectivity
revealed that both occipito-parietal connectivity and lateral influences
within the occipital cortex explain these distributed attentional effects.
These findings demonstrate that endogenous and exogenous attention
jointly contribute to shaping processing priorities in the occipital cortex
and highlight that multiple functional paths determine how informa-
tion about these two types of signals is distributed across the different
regions that represent visual space.

Funding

The study is part of a collaborative project ("MAC-Brain: Developing
a Multi-scale account of Attentional Control as the constraining inter-
face between vision and action: A cross-species investigation of relevant
neural circuits in the human and macaque Brain") funded under the Eu-
ropean FLAG-ERA JTC 2017 program and associated to the Human Brain
Project. BB, EM and FHB are supported by the ANR (Agence Nationale
de la Recherche) under the agreement n. ANR-17-HBPR-0002-03.

Credit author statement

Bertrand Beffara: Conceptualization, Methodology, Formal analy-
sis, Investigation, Writing - Original Draft, Visualization; Fadila Hadj-
Bouziane: Conceptualization, Methodology, Writing - Review & Edit-
ing; Suliann Ben Hamed: Conceptualization, Methodology, Writing -
Review & Editing, Funding acquisition; Nico Boehler: Conceptualiza-
tion, Methodology, Writing - Review & Editing, Funding acquisition;
Leonardo Chelazzi: Conceptualization, Methodology, Writing - Review
& Editing, Funding acquisition; Elisa Santandrea: Conceptualization,
Methodology, Writing - Review & Editing; Emiliano Macaluso: Con-
ceptualization, Methodology, Formal analysis, Writing - Original Draft,
Visualization, Supervision, Project administration, Funding acquisition.

Data availability statement

Processed imaging data are available on the EBRAINS platform:
https://search.kg.ebrains.eu/instances/cd4c0231-f9d6-4964-9763-
54347029dd00.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2022.119206.


https://doi.org/10.13039/501100001665
https://search.kg.ebrains.eu/instances/cd4c0231-f9d6-4964-9763-54347029dd00
https://doi.org/10.1016/j.neuroimage.2022.119206

B. Beffara, F. Hadj-Bougziane, S.B. Hamed et al.

References

Anderson, B.A.,, 2021. Time to stop calling it attentional “capture” and em-
brace a mechanistic understanding of attentional priority. Vis. Cognit. 1-4.
doi:10.1080/13506285.2021.1892894.

Awh, E., Belopolsky, A.V., Theeuwes, J., 2012. Top-down versus bottom-up atten-
tional control : a failed theoretical dichotomy. Trends Cogn. Sci. 16 (8), 437-443.
doi:10.1016/j.tics.2012.06.010.

Bates, D., Michler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models
Using Ime4. J. Stat. Softw. (1) 67. doi:10.18637/jss.v067.i01.

Beck, D.M., Kastner, S., 2005. Stimulus context modulates competition in human extras-
triate cortex. Nat. Neurosci. 8 (8), 1110-1116. doi:10.1038/nn1501.

Belopolsky, A.V., Zwaan, L., Theeuwes, J., Kramer, A.F., 2007. The size of an attentional
window modulates attentional capture by color singletons. Psychon. Bull. Rev. 14 (5),
934-938. doi:10.3758/BF03194124.

Berger, A., Henik, A., Rafal, R., 2005. Competition Between Endogenous and Ex-
ogenous Orienting of Visual Attention. J. Exp. Psychol. 134 (2), 207-221.
doi:10.1037/0096-3445.134.2.207.

Betz, T., Wilming, N., Bogler, C., Haynes, J.-D., Konig, P., 2013. Dissociation be-
tween saliency signals and activity in early visual cortex. J. Vis. 13 (14), 6.
doi:10.1167/13.14.6, -6.

Bisley, J.W., Mirpour, K., 2019. The neural instantiation of a priority map. Curr. Opin.
Psychol. 29, 108-112. doi:10.1016/j.copsyc.2019.01.002.

Bles, M., Schwarzbach, J., De Weerd, P., Goebel, R., Jansma, B.M., 2006. Receptive field
size-dependent attention effects in simultaneously presented stimulus displays. Neu-
roimage 30 (2), 506-511. doi:10.1016/j.neuroimage.2005.09.042.

Bowling, J.T., Friston, K.J., Hopfinger, J.B., 2020. Top-down versus bottom-up attention
differentially modulate frontal-parietal connectivity. Hum. Brain Mapp. 41 (4), 928—
942. doi:10.1002/hbm.24850.

Brazdil, M., Mikl, M., Marecek, R., Krupa, P., Rektor, I., 2007. Effective connectivity in
target stimulus processing : A dynamic causal modeling study of visual oddball task.
Neuroimage 35 (2), 827-835. doi:10.1016/j.neuroimage.2006.12.020.

Brefczynski, J.A., DeYoe, E.A., 1999. A physiological correlate of the «spotlight » of visual
attention. Nat. Neurosci. 2 (4), 370-374. doi:10.1038/7280.

Buchel, C., 1997. Modulation of connectivity in visual pathways by attention : Cortical
interactions evaluated with structural equation modelling and fMRI. Cereb. Cortex 7
(8), 768-778. d0i:10.1093/cercor/7.8.768.

Buschman, T.J., Miller, E.K., 2007. Top-Down Versus Bottom-Up Control of Attention
in the Prefrontal and Posterior Parietal Cortices. Science 315 (5820), 1860-1862.
doi:10.1126/science.1138071.

Chelazzi, L., Della Libera, C., Sani, I., Santandrea, E., 2011. Neural basis of visual se-
lective attention : Visual selective attention. Wiley Interdiscip. Rev. 2 (4), 392-407.
doi:10.1002/wces.117.

Chelazzi, L., Duncan, J., Miller, E.K., Desimone, R., 1998. Responses of Neurons in Infe-
rior Temporal Cortex During Memory-Guided Visual Search. J. Neurophysiol. 80 (6),
2918-2940. doi:10.1152/jn.1998.80.6.2918.

Chica, A.B., Bartolomeo, P., Lupiafiez, J., 2013. Two cognitive and neural systems
for endogenous and exogenous spatial attention. Behav. Brain Res. 237, 107-123.
doi:10.1016/j.bbr.2012.09.027.

Corbetta, M., Kincade, J.M., Ollinger, J.M., McAvoy, M.P., Shulman, G.L., 2000. Voluntary
orienting is dissociated from target detection in human posterior parietal cortex. Nat.
Neurosci. 3 (3), 292-297. doi:10.1038/73009.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The Reorienting System of the Hu-
man Brain : From Environment to Theory of Mind. Neuron 58 (3), 306-324.
doi:10.1016/j.neuron.2008.04.017.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention
in the brain. Nat. Rev. Neurosci. 3 (3), 201-215. doi:10.1038/nrn755.

Desimone, R., 1998. Visual attention mediated by biased competition in extrastriate
visual cortex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353 (1373), 1245-1255.
doi:10.1098/rstb.1998.0280.

Desimone, R., Duncan, J., 1995. Neural mechanisms of selective visual attention. Annu.
Rev. Neurosci. 18, 193-222. doi:10.1146/annurev.ne.18.030195.001205.

Desseilles, M., Schwartz, S., Dang-Vu, T.T., Sterpenich, V., Ansseau, M., Maquet, P.,
Phillips, C., 2011. Depression alters “top-down” visual attention : a dynamic causal
modeling comparison between depressed and healthy subjects. Neuroimage 54 (2),
1662-1668. doi:10.1016/j.neuroimage.2010.08.061.

DiQuattro, N.E., Sawaki, R., Geng, J.J., 2014. Effective Connectivity During Feature-Based
Attentional Capture : Evidence Against the Attentional Reorienting Hypothesis of TPJ.
Cereb. Cortex 24 (12), 3131-3141. doi:10.1093/cercor/bht172.

Dukas, R., 2004. Causes and Consequences of Limited Attention. Brain Behav. Evol. 63
(4), 197-210. doi:10.1159/000076781.

Egeth, H. E., Yantis, S., 1997. Visual
tation, and time course. Annu. Rev.
https://doi.org/10.1146/annurev.psych.48.1.269.

Folk, C.L., Remington, R.W., Johnston, J.C., 1992b. Involuntary covert orienting is contin-
gent on attentional control settings. J. Exp. Psychol. Hum. Percept. Perform. 18 (4),
1030-1044. doi:10.1037,/0096-1523.18.4.1030.

Friston, K.J., Harrison, L., Penny, W., 2003. Dynamic causal modelling. Neuroimage 19
(4), 1273-1302. doi:10.1016/51053-8119(03)00202-7.

Friston, K., Mattout, J., Trujillo-Barreto, N., Ashburner, J., Penny, W., 2007. Varia-
tional free energy and the Laplace approximation. Neuroimage 34 (1), 220-234.
doi:10.1016/j.neuroimage.2006.08.035.

Gandhi, S.P., Heeger, D.J., Boynton, G.M., 1999. Spatial attention affects brain ac-
tivity in human primary visual cortex. Proc. Natl. Acad. Sci. 96 (6), 3314-3319.
doi:10.1073/pnas.96.6.3314.

Gaspelin, N., Luck, S.J., 2018. Distinguishing among potential mechanisms of sin-

attention:
Psychol.

Control,
48 (D),

represen-
269-297.

17

Neurolmage 255 (2022) 119206

gleton suppression. J. Exp. Psychol. Hum. Percept. Perform. 44 (4), 626-644.
doi:10.1037/xhp0000484.

Geng, J.J., 2014. Attentional Mechanisms of Distractor Suppression. Curr. Dir. Psychol.
Sci. 23 (2), 147-153. doi:10.1177/0963721414525780.

Geng, J. J., & Duarte, S. E. (2021). Unresolved issues in distractor suppression: Proactive
and reactive mechanisms, implicit learning, and naturalistic distraction. Vis. Cognit.
29 (9), 608-613. doi: https://doi.org/10.1080/13506285.2021.1928806.

Gottlieb, J., 2007. From Thought to Action The Parietal Cortex as a
Bridge between Perception, Action, and Cognition. Neuron 53 (1), 9-16.
doi:10.1016/j.neuron.2006.12.009.

Haynes, J.-D., Tregellas, J., Rees, G., 2005. Attentional integration between anatomically
distinct stimulus representations in early visual cortex. Proc. Natl. Acad. Sci. 102 (41),
14925-14930. doi:10.1073/pnas.0501684102.

Heinemann, L., Kleinschmidt, A., Miiller, N.G., 2009. Exploring BOLD Changes dur-
ing Spatial Attention in Non-Stimulated Visual Cortex. PLoS One 4 (5), e5560.
doi:10.1371/journal.pone.0005560.

Heinze, H.J., Mangun, G.R., Burchert, W., Hinrichs, H., Scholz, M., Miinte, T.F., Gos, A.,
Scherg, M., Johannes, S., Hundeshagen, H., 1994. Combined spatial and temporal
imaging of brain activity during visual selective attention in humans. Nature 372
(6506), 543-546. doi:10.1038/372543a0.

Hodsoll, J., Mevorach, C., Humphreys, G.W., 2009. Driven to Less Distraction : RTMS of
the Right Parietal Cortex Reduces Attentional Capture in Visual Search. Cereb. Cortex
19 (1), 106-114. doi:10.1093/cercor/bhn070.

Hopf, J.-M., Noesselt, T., Tempelmann, C., Braun, J., Schoenfeld, M.A., Heinze, H.-J.,
2004. Popout modulates focal attention in the primary visual cortex. Neuroimage
22 (2), 574-582. doi:10.1016/j.neuroimage.2004.01.031.

Ibos, G., Duhamel, J.-R., Ben Hamed, S., 2013. A Functional Hierarchy within the Pari-
etofrontal Network in Stimulus Selection and Attention Control. J. Neurosci. 33 (19),
8359-8369. doi:10.1523/JNEUROSCI.4058-12.2013.

Indovina, I., Macaluso, E., 2007. Dissociation of Stimulus Relevance and Saliency Fac-
tors during Shifts of Visuospatial Attention. Cereb. Cortex 17 (7), 1701-1711.
doi:10.1093/cercor/bhl081.

Itti, L., Koch, C., 2001. Computational modelling of visual attention. Nat. Rev. Neurosci.
2 (3), 194-203. doi:10.1038/35058500.

Kastner, S., De Weerd, P., Desimone, R., Ungerleider, L.G., 1998. Mechanisms of directed
attention in the human extrastriate cortex as revealed by functional MRI. Science
(New York, N.Y.) 282 (5386), 108-111. doi:10.1126/science.282.5386.108.

Kastner, S., De Weerd, P., Pinsk, M.A., Elizondo, M.I., Desimone, R., Ungerlei-
der, L.G., 2001. Modulation of Sensory Suppression : Implications for Receptive
Field Sizes in the Human Visual Cortex. J. Neurophysiol. 86 (3), 1398-1411.
do0i:10.1152/jn.2001.86.3.1398.

Kastner, S., Pinsk, M.A., De Weerd, P., Desimone, R., Ungerleider, L.G., 1999. Increased
Activity in Human Visual Cortex during Directed Attention in the Absence of Visual
Stimulation. Neuron 22 (4), 751-761. doi:10.1016/50896-6273(00)80734-5.

Kincade, J.M., Abrams, R.A., Astafiev, S.V., Shulman, G.L., Corbetta, M., 2005. An event-
related functional magnetic resonance imaging study of voluntary and stimulus-
driven orienting of attention. J. Neurosci. 25 (18), 4593-4604. doi:10.1523/JNEU-
ROSCI.0236-05.2005.

Lauritzen, T.Z., D’Esposito, M., Heeger, D.J., Silver, M.A., 2009. Top-down flow of vi-
sual spatial attention signals from parietal to occipital cortex. J. Vis. 9 (13), 18.
doi:10.1167/9.13.18, -18.

Leber, A.B., Egeth, H.E., 2006. It’s under control : Top-down search strategies can override
attentional capture. Psychon. Bull. Rev. 13 (1), 132-138. doi:10.3758/BF03193824.

Leber, A.B., Gwinn, R.E., Hong, Y., O’'Toole, R.J., 2016. Implicitly learned sup-
pression of irrelevant spatial locations. Psychon. Bull. Rev. 23 (6), 1873-1881.
doi:10.3758/513423-016-1065-y.

Li, Z., 2002. A saliency map in primary visual cortex. Trends Cogn. Sci. 6 (1), 9-16.
doi:10.1016/s1364-6613(00)01817-9.

Luck, S.J., Chelazzi, L., Hillyard, S.A., Desimone, R., 1997. Neural Mechanisms of Spatial
Selective Attention in Areas V1, V2, and V4 of Macaque Visual Cortex. J. Neurophys-
iol. 77 (1), 24-42. doi:10.1152/jn.1997.77.1.24.

Luck, S.J., Gaspelin, N., Folk, C.L., Remington, R.W., Theeuwes, J., 2021. Progress
toward resolving the attentional capture debate. Vis. Cognit. 29 (1), 1-21.
doi:10.1080/13506285.2020.1848949.

Macaluso, E., Doricchi, F., 2013. Attention and predictions : Control of spatial at-
tention beyond the endogenous-exogenous dichotomy. Front. Hum. Neurosci. 7.
doi:10.3389/fnhum.2013.00685.

Mackey, W.E., Winawer, J., Curtis, C.E., 2017. Visual field map clusters in human fron-
toparietal cortex. ELife 6, €22974. doi:10.7554/eLife.22974.

Martin, A.B., Yang, X., Saalmann, Y.B.,, Wang, L., Shestyuk, A., Lin, J.J., Parvizi, J.,
Knight, R.T., Kastner, S., 2019. Temporal Dynamics and Response Modulation across
the Human Visual System in a Spatial Attention Task : an ECoG Study. J. Neurosci.
39 (2), 333-352. doi:10.1523/JNEUROSCI.1889-18.2018.

Martinez, A., Anllo-Vento, L., Sereno, M.I., Frank, L.R., Buxton, R.B., Dubowitz, D.J.,
Wong, E.C., Hinrichs, H., Heinze, H.J., Hillyard, S.A., 1999. Involvement of striate
and extrastriate visual cortical areas in spatial attention. Nat. Neurosci. 2 (4), 364—
369. doi:10.1038/7274.

Mazer, J.A., Gallant, J.L., 2003. Goal-related activity in V4 during free viewing visual
search. Evidence for a ventral stream visual salience map. Neuron 40 (6), 1241-1250.
doi:10.1016/50896-6273(03)00764-5.

Melloni, L., van Leeuwen, S., Alink, A., Miiller, N.G., 2012. Interaction between Bottom-
up Saliency and Top-down Control : how Saliency Maps Are Created in the Human
Brain. Cereb. Cortex 22 (12), 2943-2952. doi:10.1093/cercor/bhr384.

Mevorach, C., Humphreys, G.W., Shalev, L., 2006. Opposite biases in salience-based se-
lection for the left and right posterior parietal cortex. Nat. Neurosci. 9 (6), 740-742.
doi:10.1038/nn1709.


https://doi.org/10.1080/13506285.2021.1892894
https://doi.org/10.1016/j.tics.2012.06.010
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/nn1501
https://doi.org/10.3758/BF03194124
https://doi.org/10.1037/0096-3445.134.2.207
https://doi.org/10.1167/13.14.6
https://doi.org/10.1016/j.copsyc.2019.01.002
https://doi.org/10.1016/j.neuroimage.2005.09.042
https://doi.org/10.1002/hbm.24850
https://doi.org/10.1016/j.neuroimage.2006.12.020
https://doi.org/10.1038/7280
https://doi.org/10.1093/cercor/7.8.768
https://doi.org/10.1126/science.1138071
https://doi.org/10.1002/wcs.117
https://doi.org/10.1152/jn.1998.80.6.2918
https://doi.org/10.1016/j.bbr.2012.09.027
https://doi.org/10.1038/73009
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1098/rstb.1998.0280
https://doi.org/10.1146/annurev.ne.18.030195.001205
https://doi.org/10.1016/j.neuroimage.2010.08.061
https://doi.org/10.1093/cercor/bht172
https://doi.org/10.1159/000076781
https://doi.org/10.1146/annurev.psych.48.1.269
https://doi.org/10.1037/0096-1523.18.4.1030
https://doi.org/10.1016/S1053-8119(03)00202-7
https://doi.org/10.1016/j.neuroimage.2006.08.035
https://doi.org/10.1073/pnas.96.6.3314
https://doi.org/10.1037/xhp0000484
https://doi.org/10.1177/0963721414525780
https://doi.org/10.1080/13506285.2021.1928806
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1073/pnas.0501684102
https://doi.org/10.1371/journal.pone.0005560
https://doi.org/10.1038/372543a0
https://doi.org/10.1093/cercor/bhn070
https://doi.org/10.1016/j.neuroimage.2004.01.031
https://doi.org/10.1523/JNEUROSCI.4058-12.2013
https://doi.org/10.1093/cercor/bhl081
https://doi.org/10.1038/35058500
https://doi.org/10.1126/science.282.5386.108
https://doi.org/10.1152/jn.2001.86.3.1398
https://doi.org/10.1016/S0896-6273(00)80734-5
https://doi.org/10.1523/JNEUROSCI.0236-05.2005
https://doi.org/10.1167/9.13.18
https://doi.org/10.3758/BF03193824
https://doi.org/10.3758/s13423-016-1065-y
https://doi.org/10.1016/s1364-6613(00)01817-9
https://doi.org/10.1152/jn.1997.77.1.24
https://doi.org/10.1080/13506285.2020.1848949
https://doi.org/10.3389/fnhum.2013.00685
https://doi.org/10.7554/eLife.22974
https://doi.org/10.1523/JNEUROSCI.1889-18.2018
https://doi.org/10.1038/7274
https://doi.org/10.1016/s0896-6273(03)00764-5
https://doi.org/10.1093/cercor/bhr384
https://doi.org/10.1038/nn1709

B. Beffara, F. Hadj-Bougziane, S.B. Hamed et al.

Moore, T., Armstrong, K.M., 2003. Selective gating of visual signals by microstimulation
of frontal cortex. Nature 421 (6921), 370-373. doi:10.1038/nature01341.

Nardo, D., Console, P., Reverberi, C., Macaluso, E., 2016. Competition between Vi-
sual Events Modulates the Influence of Salience during Free-Viewing of Naturalistic
Videos. Front. Hum. Neurosci. 10. doi:10.3389/fnhum.2016.00320.

Natale, E., Marzi, C.A., Macaluso, E., 2009. FMRI correlates of visuo-spatial reorienting
investigated with an attention shifting double-cue paradigm. Hum. Brain Mapp. 30
(8), 2367-2381. doi:10.1002/hbm.20675.

Natale, E., Marzi, C.A., Macaluso, E., 2010. Right temporal-parietal junction engagement
during spatial reorienting does not depend on strategic attention control. Neuropsy-
chologia 48 (4), 1160-1164. doi:10.1016/j.neuropsychologia.2009.11.012.

Penny, W.D., Stephan, K.E., Mechelli, A., Friston, K.J., 2004. Comparing dynamic causal
models. Neuroimage 22 (3), 1157-1172. doi:10.1016/j.neuroimage.2004.03.026.
Poltoratski, S., Ling, S., McCormack, D., Tong, F., 2017. Characterizing the effects of fea-
ture salience and top-down attention in the early visual system. J. Neurophysiol. 118

(1), 564-573. doi:10.1152/jn.00924.2016.

Proulx, M.J., Egeth, H.E., 2007. Biased competition and visual search the
role of luminance and size contrast. Psychol. Res. 72 (1), 106-113.
doi:10.1007/s00426-006-0077-z.

Ptak, R., 2012. The Frontoparietal Attention Network of the Human Brain : action,
Saliency, and a Priority Map of the Environment. Neuroscientist 18 (5), 502-515.
doi:10.1177/1073858411409051.

Rashal, E., Senoussi, M., Santandrea, E., Ben-Hamed, S., Macaluso, E., Chelazzi, L.,
Boehler, C.N., 2022. An EEG study of the combined effects of top-down and
bottom-up attentional selection under varying task difficulty. Psychophysiology
doi:10.1111/psyp.14002.

Reddy, L., Kanwisher, N.G., VanRullen, R., 2009. Attention and biased competition in
multi-voxel object representations. Proc. Nat. Acad. Sci. U.S.A. 106 (50), 21447-
21452. doi:10.1073/pnas.0907330106.

Reynolds, J.H., Chelazzi, L., Desimone, R., 1999. Competitive Mechanisms Subserve Atten-
tion in Macaque Areas V2 and V4. J. Neurosci. 19 (5), 1736-1753. doi:10.1523/JNEU-
ROSCI.19-05-01736.1999.

Reynolds, J.H., Desimone, R., 2003. Interacting Roles of Attention and Visual Salience in
V4. Neuron 37 (5), 853-863. doi:10.1016/50896-6273(03)00097-7.

Scalf, P.E., Beck, D.M., 2010. Competition in Visual Cortex Impedes Attention to Multiple
Items. J. Neurosci. 30 (1), 161-169. doi:10.1523/JNEUROSCI.4207-09.2010.

Seymour, K., Clifford, C.W.G., Logothetis, N.K., Bartels, A., 2009. The Coding of Color,
Motion, and Their Conjunction in the Human Visual Cortex. Curr. Biol. 19 (3), 177—
183. doi:10.1016/j.cub.2008.12.050.

Silver, M.A., Kastner, S., 2009. Topographic maps in human frontal and parietal cortex.
Trends Cogn. Sci. 13 (11), 488-495. doi:10.1016/j.tics.2009.08.005.

Smith, A.T., Singh, K.D., Greenlee, M.W., 2000. Attentional
of activity in the human visual cortex. Neuroreport 11 (2),
doi:10.1097,/00001756-200002070-00010.

Somers, D.C., Dale, A.M., Seiffert, A.E., Tootell, R.B.H., 1999. Functional MRI reveals
spatially specific attentional modulation in human primary visual cortex. Proc. Natl.
Acad. Sci. 96 (4), 1663-1668. doi:10.1073/pnas.96.4.1663.

suppression
271-278.

18

Neurolmage 255 (2022) 119206

Sprague, T.C., Itthipuripat, S., Vo, V.A., Serences, J.T., 2018. Dissociable signatures of
visual salience and behavioral relevance across attentional priority maps in human
cortex. J. Neurophysiol. 119 (6), 2153-2165. doi:10.1152/jn.00059.2018.

Stephan, K.E., Harrison, L.M., Kiebel, S.J., David, O., Penny, W.D., Friston, K.J., 2007. Dy-
namic causal models of neural system dynamics : Current state and future extensions.
J. Biosci. 32 (1), 129-144. doi:10.1007/512038-007-0012-5.

Stephan, K.E., Penny, W.D., Moran, R.J., den Ouden, H.E.M., Daunizeau, J., Friston, K.J.,
2010. Ten simple rules for dynamic causal modeling. Neuroimage 49 (4), 3099-3109.
doi:10.1016/j.neuroimage.2009.11.015.

Suzuki, M., Gottlieb, J., 2013. Distinct neural mechanisms of distractor suppression in the
frontal and parietal lobe. Nat. Neurosci. 16 (1), 98-104. doi:10.1038/nn.3282.

Theeuwes, J., 1994b. Stimulus-driven capture and attentional set : selective search for
color and visual abrupt onsets. J. Exp. Psychol. Hum. Percept. Perform. 20 (4), 799—
806. doi:10.1037//0096-1523.20.4.799.

Thomsen, T., Specht, K., Ersland, L., Hugdahl, K., 2005. Processing of conflicting cues in
an attention-shift paradigm studied with fMRI. Neurosci. Lett. 380 (1-2), 138-142.
doi:10.1016/j.neulet.2005.01.026.

Tootell, R.B.H., Hadjikhani, N., Hall, E.K., Marrett, S., Vanduffel, W., Vaughan, J.T.,
Dale, A.M., 1998. The Retinotopy of Visual Spatial Attention. Neuron 21 (6), 1409-
1422. doi:10.1016/50896-6273(00)80659-5.

Turova, T., Rolls, E.T., 2019. Analysis of Biased Competition and Cooperation for At-
tention in the Cerebral Cortex. Front. Comput. Neurosci. 13, 51. doi:10.3389/fn-
com.2019.00051.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
Mazoyer, B., Joliot, M., 2002. Automated Anatomical Labeling of Activations in SPM
Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject Brain.
Neuroimage 15 (1), 273-289. doi:10.1006/nimg.2001.0978.

Vossel, S., Geng, J.J., Fink, G.R., 2014. Dorsal and Ventral Attention Systems : dis-
tinct Neural Circuits but Collaborative Roles. Neuroscientist 20 (2), 150-159.
doi:10.1177/1073858413494269.

Vossel, S., Weidner, R., Driver, J., Friston, K.J., Fink, G.R., 2012. Deconstructing the Ar-
chitecture of Dorsal and Ventral Attention Systems with Dynamic Causal Modeling.
J. Neurosci. 32 (31), 10637-10648. doi:10.1523/JNEUROSCI.0414-12.2012.

Won, B.-Y., Forloines, M., Zhou, Z., Geng, J.J., 2020. Changes in visual cortical pro-
cessing attenuate singleton distraction during visual search. Cortex 132, 309-321.
do0i:10.1016/j.cortex.2020.08.025.

Yantis, S., 2005. How visual salience wins the battle for awareness. Nat. Neurosci. 8 (8),
975-977. d0i:10.1038/nn0805-975.

Zeidman, P., Jafarian, A., Corbin, N., Seghier, M.L., Razi, A., Price, C.J., Friston, K.J., 2019.
A guide to group effective connectivity analysis, part 1 : First level analysis with DCM
for fMRI. Neuroimage 200, 174-190. doi:10.1016/j.neuroimage.2019.06.031.

Zelinsky, G.J., Bisley, J.W., 2015. The what, where, and why of priority maps and their
interactions with visual working memory : The what, where, and why of priority
maps. Ann. N.Y. Acad. Sci. 1339 (1), 154-164. doi:10.1111/nyas.12606.


https://doi.org/10.1038/nature01341
https://doi.org/10.3389/fnhum.2016.00320
https://doi.org/10.1002/hbm.20675
https://doi.org/10.1016/j.neuropsychologia.2009.11.012
https://doi.org/10.1016/j.neuroimage.2004.03.026
https://doi.org/10.1152/jn.00924.2016
https://doi.org/10.1007/s00426-006-0077-z
https://doi.org/10.1177/1073858411409051
https://doi.org/10.1111/psyp.14002
https://doi.org/10.1073/pnas.0907330106
https://doi.org/10.1523/JNEUROSCI.19-05-01736.1999
https://doi.org/10.1016/S0896-6273(03)00097-7
https://doi.org/10.1523/JNEUROSCI.4207-09.2010
https://doi.org/10.1016/j.cub.2008.12.050
https://doi.org/10.1016/j.tics.2009.08.005
https://doi.org/10.1097/00001756-200002070-00010
https://doi.org/10.1073/pnas.96.4.1663
https://doi.org/10.1152/jn.00059.2018
https://doi.org/10.1007/s12038-007-0012-5
https://doi.org/10.1016/j.neuroimage.2009.11.015
https://doi.org/10.1038/nn.3282
https://doi.org/10.1037//0096-1523.20.4.799
https://doi.org/10.1016/j.neulet.2005.01.026
https://doi.org/10.1016/S0896-6273(00)80659-5
https://doi.org/10.3389/fncom.2019.00051
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1523/JNEUROSCI.0414-12.2012
https://doi.org/10.1016/j.cortex.2020.08.025
https://doi.org/10.1038/nn0805-975
https://doi.org/10.1016/j.neuroimage.2019.06.031
https://doi.org/10.1111/nyas.12606

	Dynamic causal interactions between occipital and parietal cortex explain how endogenous spatial attention and stimulus-driven salience jointly shape the distribution of processing priorities in 2D visual space
	1 Introduction
	2 Material & methods
	2.1 Participants
	2.2 Experimental design
	2.2.1 Localizer task
	2.2.2 Main attentional task

	2.3 Eye tracking
	2.4 Behavioral analyses
	2.5 Image acquisition and preprocessing
	2.6 Single-subject analyses
	2.6.1 Localizer and individual Regions Of Interest (ROIs)
	2.6.2 Main task

	2.7 Group-level analyses
	2.7.1 Target- and salience-related local activation
	2.7.2 Spatial bias vectors and gain/cost indexes

	2.8 Dynamic causal modeling (DCM)
	2.8.1 Specification of the DCM and the model space
	2.8.2 Model selection and parameter inference

	2.9 Data availability statement

	3 Results
	3.1 Behavioral data
	3.2 Target- and salience-related local activation
	3.3 Spatial-bias vectors and gain/cost indexes
	3.4 Dynamic causal modeling (DCM)

	4 Discussion
	4.1 Endogenous spatial biases in the occipital cortex
	4.2 Joint influence of endogenous attention and exogenous salience
	4.3 Effective connectivity underlying the processing of salient signals in the visual cortex

	5 Conclusions
	Funding
	Credit author statement
	Data availability statement
	Supplementary materials
	References


