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ARTICLE INFO ABSTRACT

Keywords: The allocation of exogenously cued spatial attention is governed by a saliency map. Yet, how salience is mapped
Saliency map when multiple salient stimuli are present simultaneously, and how this mapping interacts with awareness remains
Awareness

unclear. These questions were addressed here using either visible or invisible displays presenting two foreground
stimuli (whose bars were oriented differently from the bars in the otherwise uniform background): a high salience
target and a distractor of varied, lesser salience. Interference, or not, by the distractor with the effective salience
of the target served to index a graded or non-graded nature of salience mapping, respectively. The invisible and
visible displays were empirically validated by a two-alternative forced choice test (detecting the quadrant of the
target) demonstrating subjects’ performance at or above chance level, respectively. By combining psychophysics,
fMRI, and effective connectivity analysis, we found a graded distribution of salience with awareness, changing
to a non-graded distribution without awareness. Crucially, we further revealed that the graded distribution was
contingent upon feedback from the posterior intraparietal sulcus (pIPS, especially from the right pIPS), whereas
the non-graded distribution was innate to V1. Together, this awareness-dependent mapping of saliency reconciles

Graded manner
Non-graded manner
fMRI

several previous, seemingly contradictory findings regarding the nature of the saliency map.

1. Introduction

Attentional selection is the mechanism by which a subset of in-
coming information is processed preferentially. Numerous studies have
demonstrated that this attentional selection can either be executed vol-
untarily by top-down signals derived from goals, such as when direct-
ing gaze to an interesting book (Baluch and Itti, 2011; Corbetta and
Shulman, 2002; Kanwisher and Wojciulik, 2000; Kastner and Ungerlei-
der, 2000; Serences and Yantis, 2006; Zhang et al., 2016; Zhang et al.,
2018) or automatically by bottom-up signals from salient stimuli, such
as a vertical bar among horizontal bars (Corbetta and Shulman, 2002;
Hegdé and Felleman, 2003; Jonides, 1981; Koch and Ullman, 1985;
Nakayama and Mackeben, 1989). Throughout this study, we use the
term ‘salience’ to refer to this bottom-up attraction of attentional selec-
tion. While a ‘saliency map’ is defined as a topographical map to de-
scribe and predict the distribution of this bottom-up attraction based on
a visual input (Itti and Koch, 2001; Koch and Ullman, 1985). Although

the bottom-up attraction is typically quick and potent (Jonides, 1981;
Nakayama and Mackeben, 1989), little is known about how this
bottom-up attraction will be distributed in the human visual sys-
tem when multiple salient stimuli are presented simultaneously and
instantaneously.

A dominant model of the saliency map developed by Itti and
Koch (2001) presumed that the bottom-up attention is sequentially al-
located, in a winner-take-all (WTA) manner, to the most salient loca-
tion from multiple salient regions, which was then suppressed by the
inhibition-of-return mechanism (Klein, 2000) so that the bottom-up at-
tention can focus onto the next most salient location (Koch and Ull-
man, 1985; Wolfe, 1994), and repeating this process generates atten-
tional scanpaths in the stimulus. Accordingly, when a stimulus contains
two salient regions with different levels of saliency (for example, 25°
and 90° orientation contrasts, Fig. 1 A); the bottom-up attention will
be captured by the more salient (i.e., the 90° orientation contrast) re-
gion at any given moment in time. To date, however, this model lacks
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Fig. 1. Stimuli, psychophysical protocol and data. A Three types of low-luminance texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°) presented in the lower visual
field (top: 90°-foreground in the left visual field, bottom: 90°-foreground in the right visual field, and the yellow dots indicate the fixation point). Each texture stimulus
contained a pair of salient foregrounds: a high salience target and a distractor of varied, lesser salience. B Low- (left) and high-luminance (right) mask stimuli used
in the Visible and Invisible conditions, respectively. C Psychophysical protocol. A texture stimulus was presented for 50 ms, followed by a 100-ms mask and another
50-ms fixation interval. Then an ellipse probe was presented at randomly either the target location (e.g., the 90°-foreground location, valid cue condition) or its
contralateral counterpart (the distractor location, i.e., invalid cue condition) with equal probability. The ellipse probe was orientated at 45° or 135° away from the
vertical. Subjects were asked to press one of two buttons as rapidly and correctly as possible to indicate the orientation of the ellipse probe (45° or 135°). The cueing
effect of the 90°-foreground (i.e., the target) for 90° & 0°, 90° & 25°, and 90° & 50° texture stimuli in Visible (D) and Invisible (E) conditions. Each cueing effect was

quantified as the difference between the reaction time of the probe task performance in the invalid cue condition and that in the valid cue condition. Error bars
denote 1 SEM calculated across subjects and colored dots denote the data from each subject.
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empirical support since most previous studies used the stimulus with
a single salient region only (Burrows and Moore, 2009; Buschman and
Miller, 2007; Chen et al., 2016; Geng and Mangun, 2009; Katsuki and
Constantinidis, 2012; Serences and Yantis, 2007, but see Bogler et al.,
2011; Knudsen, 2011, 2018; White et al., 2017a).

In addition, there has been a longstanding debate about the neu-
ral loci of the saliency map. Evidence from numerous neurophysi-
ological and imaging studies have shown that the superior collicu-
lus (SC, Fecteau and Munoz, 2006; Kustov and Robinson, 1996;
White et al., 2017a; 2017b), pulvinar (Shipp, 2004), substantia nigra
(Basso and Wurtz 2002), parietal cortex (Bisley and Goldberg, 2010;
Bogler et al., 2011; Buschman and Miller, 2007; Geng and Man-
gun, 2009; Gottlieb et al., 1998; Serences et al., 2005), V4 (Burrows and
Moore, 2009; Mazer and Gallant, 2003), ventral attention network
(Asplund et al., 2010; Corbetta and Shulman, 2002), frontal eye fields
(Bogler et al., 2011; Serences and Yantis, 2007; Thompson and Bi-
chot, 2005), and the dorsolateral prefrontal cortex (Katsuki and Con-
stantinidis, 2012; Squire et al., 2013) could realize the saliency map.
Most of these studies were consistent with the dominant view by Itti and
Koch (2001), which proposes that saliency results from pooling dif-
ferent visual features, being independent of whether the feature dis-
tinction making a location salient is in color, orientation, or other fea-
tures (Koch and Ullman, 1985; Wolfe, 1994). Accordingly, higher cor-
tical areas, particularly the parietal and frontal cortex, whose neurons
are less selective to specific visual features, are more likely to be pos-
sible candidates that realize the saliency map. By contrast, Li (1999,
2002) proposed that primary visual cortex (V1) creates the saliency map
via intra-cortical interactions that are manifest in contextual influences
(Allman et al., 1985). The saliency of a location is monotonically re-
lated to the highest neural response among all the V1 cells that cover
that location with their spatial receptive fields (relative to the V1 re-
sponses to the other locations), regardless of the preferred feature of
the most responsive neuron. This theory has also been supported by
several psychophysical (Koene and Zhaoping, 2007; Zhaoping, 2008;
Zhaoping and May 2007; Zhaoping and Zhe, 2015), neurophysio-
logical (Kastner et al., 1997; Nothdurft et al., 1999; Yan et al.,
2018), and brain imaging (Chen et al., 2016; Zhang et al., 2012)
studies.

An important reason of this controversy is that most of the observed
neural substrates for the saliency map are also involved in top-down
attentional selection, so that the saliency map is easily and inadver-
tently contaminated with the top-down signals, such as feature percep-
tion, object recognition, and subjects’ intentions (Zhang et al., 2012).
Here, to investigate how the bottom-up attraction will be distributed
among multiple salient regions, on the one hand, it is thus important
to probe bottom-up attractions free from top-down influences. One way
to obviate this is to use the backward masking paradigm in which the
salient stimuli are presented so briefly and followed by a high luminance
mask that they are invisible to subjects. On the other hand, the salient
stimulus, visible versus invisible, offers a unique opportunity to reveal
how its saliency map interacts with awareness.

As such stimuli, we used both visible (Experiment 1) and invisible
(Experiment 2) textures made from bars (Fig. 1 A). Each texture stim-
ulus contained two foreground regions (whose bars were oriented dif-
ferently from the bars in the otherwise uniform background): a high
salience target and a distractor of varied, lesser salience. Interference,
or not, by the distractor with the effective salience of the target served to
index a graded or non-graded nature of salience mapping, respectively.
To examine this interference, both the Posner cueing effect and fMRI
blood oxygen level-dependent (BOLD) signals in retinotopically orga-
nized areas evoked by the target were measured. We also performed
a whole-brain group analysis to identify potential cortical or subcorti-
cal area(s) that showed a similar interference as those retinotopically
organized areas, as well as interregional correlation and intrinsic con-
nectivity analyses to examine the neural loci of saliency map with and
without awareness.

Neurolmage 247 (2022) 118864

2. Materials and methods
2.1. Subjects

A total of 25 human subjects (4 male, 19-26 years old) were in-
volved in the study. All of them participated in the psychophysical ex-
periment. Twenty-one of them participated in the fMRI experiment. One
subject in the fMRI experiment was excluded because of large head mo-
tion (> 3 mm). The sample size was based on those used in previous
studies on saliency map in our lab (Huang et al., 2020; Wang et al.,
2021; Zhang et al., 2012) and a priori power calculation using G*Power
program (Faul et al., 2009). The power analysis indicated that a sample
of 25 and 20 in our psychophysical and fMRI experiments, respectively,
would be sufficient to detect a medium-size effect (f = 0.25) in a within-
subjects analysis of ANOVA with the power of 0.8. They were naive
to the purpose of the study. They were right-handed, reported normal
or corrected-to-normal vision, and had no known neurological or visual
disorders. They gave written, informed consent, and our procedures and
protocols were approved by the human subjects review committee of
School of Psychology at South China Normal University.

2.2. Stimuli

Each texture stimulus (Fig. 1 A) had a regular Manhattan grid of
13 x 25 low luminance bars (1.38 cd/m?), presented in the lower vi-
sual field on a dark screen (0.007 cd/m?). Each bar was a rectangle of
0.0625° x 0.5° in visual angle. The center-to-center distance between
the bars was 0.75°. All bars were identically oriented except for a fore-
ground region of 2 x 2 bars with another orientation. The orientation of
the background bars was randomly chosen from 0° to 180° on each trial.
There were four different foregrounds with 0°, 25°, 50°, and 90° orien-
tation contrasts between the foreground bars and the background bars
(Fig. 1 A). In each texture stimulus, a pair of foregrounds was centered
in the lower left and lower right quadrants at 5.83° eccentricity. There
were five possible types of texture stimuli: 90° & 0°, 90° & 25°, 90° & 50°,
25° & 0°, and 50° & 0° Each type of texture stimuli contained two possible
pairs of foregrounds; one for the high salient foreground was in the left
visual field (i.e., 90° + 0°,90° + 25°,90° + 50°, 25° + 0°, and 50° + 0°,
respectively) and the other one for the high salient foreground was in
the right visual field (i.e., 0° + 90°, 25° + 90°, 50° + 90°, 0° + 25°, and
0° + 50°, respectively). Low- (0.016 cd/m?) and high- (78.675 cd/m?)
luminance masks, which had the same grid as the texture stimuli, ren-
dered the whole texture stimulus visible (Experiment 1) and invisible
(Experiment 2, confirmed by a 2AFC test, i.e., Experiment 3) to sub-
jects, respectively. Each element of the mask contained 12 intersecting
bars oriented from 0° to 165° at every 15° interval. The bars in the mask
had the same size and shape as those in the texture stimuli.

2.3. Psychophysical experiments

Visual stimuli were displayed on an IIYAMA color graphic monitor
(model: HM204DT; refresh rate: 60 Hz; resolution: 1280 x 1024; size:
22 inches) at a viewing distance of 57 cm. Subjects’ head position was
stabilized using a chin rest. A yellow fixation point was always present
at the center of the monitor. Psychophysical experiments consisted of
three experiments. Experiments 1 (Visible) and 2 (Invisible) investigated
whether the mapping of salience depended on the visibility of texture
stimuli. Experiment 3 checked the effectiveness of the awareness ma-
nipulation in Experiments 1 and 2, and was always preceded them.

2.3.1. Experiments 1 and 2

Subjects participated in Experiments 1 and 2 on two different days,
and the order of the two experiments was counterbalanced across sub-
jects. In both Experiments 1 and 2, we used a modified version of the
Posner paradigm (Posner et al., 1980) to measure the spatial cueing
effect induced by the high salient foreground (the target, Fig. 1 C).
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Namely, the 90°-foreground served as the target for the 90° & 0°, 90°
& 25°, and 90° & 50° texture stimuli, the other low salient foreground
(i.e., 25° and 50°) that presented at its contralateral counterpart, served
as the distractor. Note that there was no distractor for the 90° & 0° tex-
ture stimuli since the 0°-foreground region would always contain back-
ground bars. Similarly, the 25°- and 50°-foregrounds were the target for
the 25° & 0° and 50° & 0° texture stimuli without the distractor, respec-
tively.

Each trial began with the fixation. A texture stimulus was presented
for 50 ms, followed by a 100 ms mask (low- and high-luminance in Ex-
periments 1 and 2, respectively) and another 50-ms fixation interval.
For each type of texture stimuli, the two possible pairs of foregrounds
were presented randomly and equiprobably. The defined target in each
type of texture stimulus served as a cue to attract spatial attention. Then
an ellipse probe was presented for 50-ms at randomly either the target
location (e.g., the 90°-foreground location, valid cue condition) or its
contralateral counterpart (the distractor location, i.e., invalid cue con-
dition) with equal probability (Fig. 1 C). The ellipse probe was orien-
tated at 45° (left) or 135° (right) away from the vertical. Subjects were
asked to press one of two buttons as rapidly and correctly as possible
to indicate the orientation of the ellipse probe (45° or 135°). For each
condition, a leftward response to a 45° ellipse was (arbitrarily) consid-
ered to be a hit, a leftward response to a 135° ellipse was considered
to be a false alarm, and a rightward response to a 45° ellipse was con-
sidered to be a miss. Each experiment consisted of 12 blocks, 6 for the
25°-distractor and 6 for the 50°-distractor. The order of these two differ-
ent distractors was counterbalanced across subjects. Each block had 96
trials, from randomly interleaving 32 trials from three conditions (25°-
distractor: 90° & 0°, 90° & 25°, and 25° & 0°; 50°-distractor: 90° & 0°,
90° & 50°, and 50° & 0°). The cueing effect for each texture stimulus
was quantified as the difference between the reaction time of the probe
task performance in the invalid cue condition and that in the valid cue
condition.

2.3.2. Experiment 3

In Experiment 3, all subjects underwent a 2AFC task to determine
whether the masked foreground was visible or invisible in a criterion-
free way. The stimuli and procedure in this 2AFC experiment were the
same as those in Experiments 1 and 2, except that no probe was pre-
sented (Fig. S1A). After the presentation of a masked texture stimu-
lus, subjects were asked to make a forced choice response regarding
which side (lower left or lower right) from the fixation they thought the
high salient foreground (i.e., the defined target) appeared. Their per-
formances were significantly higher or not statistically different from
chance for all possible texture stimuli, providing an objective confir-
mation that the foreground was indeed visible or invisible to subjects,
respectively.

2.4. fMRI experiments

Using a block design, the experiment consisted of 10 functional runs.
Each run consisted of 14 stimulus blocks of 10 s, interleaved with 14
blank intervals of 12 s. There were 14 different stimulus blocks: 3 (tex-
ture stimulus: 90° & 0°, 90° & 25°, and 90° & 50°) x 2 (visual field:
left/right) x 2 (awareness: visible/invisible), and 2 mask-only blocks:
low- and high-luminance masks. Each stimulus block was randomly pre-
sented once in each run, and consisted of 5 trials. On each trial in the
texture stimulus and mask-only blocks, a texture stimulus or a fixation
was presented for 50 ms, respectively, followed by a 100-ms mask (low-
and high-luminance for Visible and Invisible conditions, respectively)
and 1850 ms fixation (Fig. 2 C). In the Invisible condition, on each
trial during both the texture stimulus and mask-only blocks, subjects
were asked to press one of two buttons to indicate the location of the
90°-foreground (the target), which was left of fixation in one half of
blocks and right of fixation in the other half at random (i.e., the 2AFC
task). Note that although the salient foreground was not presented in
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the mask-only blocks, subjects also indicated the location of the target
since in the invisible condition; they were unaware whether the target
was present or absent. In the Visible condition, on each trial during the
texture stimulus block, subjects needed to perform the same 2AFC task
of the target; whereas during the mask-only block, subjects were asked
to press one of two buttons randomly since in the visible condition, they
were easy to perceive the absence of targets.

Retinotopic visual areas (SC and V1-V4) were defined by a stan-
dard phase-encoded method developed by Sereno et al. (1995) and
Engel et al. (1997), in which subjects viewed rotating wedge and ex-
panding ring stimuli that created traveling waves of neural activity in
visual cortex. An independent block-design scan was used to localize the
ROIs in SC and V1-V4 corresponding to the pair of foreground regions.
The scan consisted of 12 12-s stimulus blocks, interleaved with 12 12-s
blank intervals. In a stimulus block, subjects passively viewed images
of colorful natural scenes, which had the same size as the foreground
regions in texture stimuli and were presented at locations of the pair of
foreground regions. Images appeared at a rate of 8 Hz.

2.4.1. MRI data acquisition

MRI data were collected using a 3T Siemens Trio scanner with a 32-
channel phase-array coil at the Center for MRI Research at South China
Normal University. In the scanner, the stimuli were back-projected via a
video projector (refresh rate: 60 Hz; spatial resolution: 1024 x 768) onto
a translucent screen placed inside the scanner bore. Subjects viewed the
stimuli through a mirror located above their eyes. The viewing distance
was 90 cm. Blood oxygen level-dependent (BOLD) signals were mea-
sured with an echo-planar imaging sequence (TE: 30 ms; TR: 2000 ms;
FOV: 192 x 192 mm?; matrix: 64 x 64; flip angle: 90; slice thickness:
3 mm; gap: 0 mm; number of slices: 32, slice orientation: axial). A high-
resolution 3D structural data set (3D MPRAGE; 1 x 1 x 1 mm? resolu-
tion; TR: 2600 ms; TE: 3.02 ms; FOV: 256 x 256 mm?; flip angle: 8;
number of slices: 176; slice orientation: sagittal) was collected in the
same session before the functional scans. Subjects underwent three ses-
sions, one for the retinotopic mapping and ROI localization, and the
other two for the main experiment.

2.4.2. MRI data analysis

Note that, the MRI data analysis, whole-brain group analysis, and
DCM of this study closely followed those used by our previous stud-
ies (Zhang et al., 2014, 2016, 2018) and therefore, for consistency, we
largely reproduce that description here, noting differences as necessary.
The anatomical volume for each subject in the retinotopic mapping ses-
sion was transformed into a brain space that was common for all subjects
(Talairach and Tournoux, 1988) and then inflated using BrainVoyager
QX. Functional volumes in both sessions for each subject were prepro-
cessed, including 3D motion correction, linear trend removal, and high-
pass (0.015 Hz, Smith et al., 1999) filtering using BrainVoyager QX.
Head motion within any fMRI session was < 3 mm for all subjects. The
images were then aligned to the anatomical volume in the retinotopic
mapping session and transformed into Talairach space (Talairach and
Tournoux, 1988). The first 8-s of BOLD signals were discarded to mini-
mize transient magnetic saturation effects.

A general linear model (GLM) procedure was used for the ROI anal-
ysis. The ROIs in SC and V1-V4 were defined as areas that responded
more strongly to the natural scene images than blank screen (P < 0.05,
corrected by FDR correction, Genovese et al., 2002). The block-design
BOLD signals were extracted from these ROIs and then averaged accord-
ing to each type of trials. For each stimulus block, the 2-s preceding the
block served as a baseline, and the mean BOLD signal from 5-s to 10-s
after stimulus onset was used as a measure of the response amplitude.

2.4.3. Whole-brain group analysis

In the whole-brain group analysis, a fixed-effects general linear
model (FFX-GLM) was performed for each subject on the spatially non-
smoothed functional data in Talairach space. The 1st-level regressors
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Fig. 2. fMRI stimuli and protocol. A ROI definition. The
natural scenes in the top panel were used to define ROIs
corresponding to the pair of foregrounds in texture stimuli.
The transparent squares show the size and location of the
natural scenes relative to texture stimuli. B ROIs on an in-
flated cortical surface of a representative subject. The ROIs
in V1-V4 were defined as the cortical regions responding
to the foreground. The boundaries among V1-V4, defined
by retinotopic mapping, are indicated by the white lines. C
Block design fMRI procedure. On each trial in the texture
stimulus and mask-only blocks, a texture stimulus and the
fixation were presented for 50 ms, respectively, followed
by a 100-ms mask (low- and high-luminance for Visible
and Invisible conditions, respectively) and 1,850-ms fixa-
tion interval. In the Invisible condition, on each trial during
both the texture stimulus and mask-only blocks, subjects
were asked to press one of two buttons to indicate the lo-
cation of the 90°-foreground, which was left of fixation in

90° + 0° Blank interval 25° + 90° Blank interval Low-luminance one half of blocks and right of fixation in the other half at
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were created by convolving the onset of each stimuli block with the de-
fault BrainVoyager QX‘s two-gamma hemodynamic response function.
Six additional parameters resulting from 3D motion correction (x, y,
z rotation and translation) were included in the model. In both Visi-
ble and Invisible conditions, for each subject, we first calculated fixed
effects analyses for each texture stimulus separately (90° & 0° texture
stimulus block vs. mask-only block, 90° & 25° texture stimulus block vs.
mask-only block, and 90° & 50° texture stimulus block vs. mask-only
block) (Fig. 2 C). Next, these FFX-GLM estimates were entered into a
second-level group analysis (random-effects) of variance (ANOVA) and
the statistical F-map was generated expressing the main effect of the
three types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°). Statis-
tical maps were thresholded at P < 0.05 and corrected by FDR correction
(Genovese et al., 2002).

2.4.4. Effective connectivity analysis

In the Visible condition, our results showed that the BOLD signal
in both V1 and frontoparietal cortical areas could be modulated by the
three types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°), in-
dicating a graded manner of saliency map. To further examine which
area is a potential source of this graded manner of saliency map, we
applied DCM analysis (Friston et al., 2003) in SPM12 to examine in-
terregional intrinsic connectivity change among these three types of
texture stimuli. For each subject and each hemisphere, using Brain-
Voyager QX, V1 voxels were identified as those activated by the fore-
ground at a significance level of p < 0.01. All of the pIPS, anterior in-
traparietal sulcus (aIPS), and frontal eye field (FEF) voxels were iden-
tified as those activated by the stimulus block at a significance level
of p < 0.01. The mean Talairach coordinates of V1, pIPS, alIPS, and
FEF, and their standards errors across subjects were [-10 + 0.99, -
95 + 0.96, 0 + 1.74], [-25 + 1.04, -65 + 1.04, 40 + 0.98], [-39 = 1.70,

4 N
/50mg 100ms_1850ms  “~

--

N
N

Time

-44 + 1.87, 38 + 4.71], and [-46 + 0.82, 2 + 0.94, 31 + 0.90] for the
left hemisphere, and [7 + 0.98, -93 + 0.63, 3 + 1.57], [25 + 0.81,
-64 + 1.46, 40 + 1.79], [31 + 1.16, -45 + 1.06, 39 + 0.90], and
[44 + 0.57, 3 + 0.57, 24 + 1.01], for the right hemisphere, respec-
tively. For each subject and each hemisphere, these Talairach coor-
dinates were converted to Montreal Neurological Institute (MNI) co-
ordinates using the tal2mni conversion utility (http://imaging.mrc-
cbu.cam.ac.uk/downloads/MNI2tal/tal2mni.m). In SPM, for each of
these areas, we extracted voxels within a 6-mm sphere centered on the
most significant voxel and used their time series for the DCM analysis.
The estimated DCM parameters were later averaged across left and right
V1 using the Bayesian model averaging method (Penny et al., 2004).

Given the extrinsic visual input into both V1T (i.e., the ROI in V1
that was evoked by the target: 90°-foreground) and V1D (i.e., the ROI
in V1 that was evoked by the distractor), bidirectional connections were
hypothesized to exist among the pIPS, aIPS, FEF, V1T, and V1D (Fig. 5),
and these intrinsic connections could be modulated by the three types
of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°). In addition, given
the well-known hemispheric asymmetries in the frontoparietal attention
networks (Bartolomeo and Malkinson, 2019), we constructed two fam-
ilies of models with the left hemisphere ROIs only (Fig. 5 A) and the
right hemisphere ROIs only (Fig. 5 E) in the pIPS, aIPS, and FEF.

3. Results
3.1. Psychophysical experiments

In psychophysical experiments, there were four possible foregrounds
with 0°, 25°, 50°, and 90° orientation contrasts between the foreground

bars and the background bars. In each texture stimulus, a pair of fore-
grounds was centered in the lower left and lower right quadrants at 5.83°
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eccentricity (Fig. 1 A). There were five possible pairs of foregrounds:
90° & 0°, 90° & 25°, 90° & 50°, 25° & 0°, and 50° & 0° Low- and high-
luminance masks (Fig. 1 B) rendered the whole texture stimulus visible
(Experiment 1) or invisible (Experiment 2) to subjects, respectively, con-
firmed by two-alternative forced choice (2AFC, Experiment 3, Fig. S1).
In both Experiments 1 and 2, we used a modified version of the Posner
paradigm (Posner et al., 1980) to measure the cueing effect induced by
the high salient foreground (the target) in each pair of foregrounds, as
shown in Fig. 1 C. Namely, the 90°-foreground served as the target for
the 90° & 0°, 90° & 25°, and 90° & 50° texture stimuli, the other low
salient foreground (i.e., 25° and 50°) that presented at its contralateral
counterpart, served as the distractor. Note that there was no distractor
for the 90° & 0° texture stimuli since the 0°-foreground region would al-
ways contain background bars. Similarly, the 25°- and 50°-foregrounds
were the target for the 25° & 0° and 50° & 0° texture stimuli without
the distractor, respectively. In our modified Posner paradigm, a valid
cue condition was defined as a match of quadrant between the defined
target and the ellipse probe (for example, both the 90°-foreground and
probe were presented in the lower left quadrant); an invalid cue con-
dition was defined as a mismatch (Fig. 1 C). Subjects were asked to
press one of two buttons as rapidly and correctly as possible to indicate
the orientation of the ellipse probe (45° or 135°). For each condition, a
leftward response to a 45° ellipse was (arbitrarily) considered to be a
hit, a leftward response to a 135° ellipse was considered to be a false
alarm, and a rightward response to a 45° ellipse was considered to be
a miss. There was no significant difference in the false alarm rate, miss
rate, or removal rate (i.e., correct reaction times shorter than 200 ms
and beyond three standard deviations from the mean reaction time in
each condition were removed) across conditions (all P > 0.05, partial
eta squared, fp 2 < 0.151, Fig. S2). The cueing effect for each texture
stimulus was quantified as the difference between the reaction time of
the probe task performance in the invalid cue condition and that in the
valid cue condition.

We found that salience mapping, as measured by the cueing effect,
was indeed altered by the tested combinations of distractor salience
and stimulus visibility (Fig. 1 A). In both Visible and Invisible condi-
tions, using the one-sample t-test, we found that the 90°-foreground of
all the texture stimuli exhibited a positive cueing effect (Visible condi-
tion: 90° & 0°: t(24) = 17.090, P < 0.001, Cohen’s d = 4.834; 90° & 25"
t(24) = 8.338, P < 0.001, Cohen’s d = 2.358; 90° & 50°: t(24) = 5.448, P <
0.001, Cohen’s d = 1.541; Invisible condition: 90° & 0°: t(24) = 16.038, P
< 0.001, Cohen’s d = 4.536; 90° & 25°: t(24) = 6.517, P < 0.001, Cohen’s
d = 1.843; 90° & 50°: t(24) = 10.622, P < 0.001, Cohen’s d = 3.004),
indicating that the attention of the subject was attracted more to the
90°-foreground location, allowing them to perform more proficiently in
the valid than the invalid cue condition of the probe task (Fig. 1 D and
1 E). Then, these cueing effects were submitted to a repeated measures
ANOVA with awareness (Visible and Invisible) and texture stimulus (90°
& 0°, 90° & 25°, and 90° & 50°) as within-subjects factors. The main ef-
fect of awareness (F(1,24) = 41.734, P < 0.001, fp 2 = 0.635), the main
effect of texture stimulus (F(2,48) = 24.258, P < 0.001, fp 2 = 0.503),
and the interaction between these two factors (F(2,48) = 37.159, P <
0.001, n, 2 = 0.608) were all significant. Thus, these data were submit-
ted to a further simple effect analysis. Post hoc paired t tests showed
that the cueing effect in the Visible condition was significantly greater
than that in the Invisible condition for both 90° & 0° (t(24) = 12.145, P
< 0.001, Cohen’s d = 3.123) and 90° & 25° (t(24) = 3.396, P = 0.002,
Cohen’s d = 0.896) texture stimuli, but not for the 90° & 50° texture stim-
ulus (t(24) = —1.334, P = 0.195, Cohen’s d = —0.369). For the Invisible
condition, the main effect of the texture stimulus was not significant
(F(2,48) = 1.252, P = 0.287, 5, 2 = 0.050, Fig. 1 E), indicating that the
cueing effect of 90°-foreground could not be interfered by the distractor
(i.e., 25°- and 50°-foregrounds, Fig. 1 A). However, the null interference
here could be explained by the low saliency distractor lacking the ca-
pacity to automatically attract subjects’ attention to its location. Accord-
ingly, to address this issue, we analyzed the cueing effect of the 25°- and
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50°-foreground within the 25° & 0° and 50° & 0° texture stimuli, respec-
tively. The results argue against this explanation by showing that the
cueing effect of 25°- and 50°-foregrounds were both significantly above
zero (25°-foreground: t(24) = 3.003, P = 0.006, Cohen’s d = 0.849; 50°-
foreground: t(24) = 4.185, P < 0.001, Cohen’s d = 1.184, Fig. S3A).
These results thus indicated that bottom-up salience was mapped as a
non-graded manner without awareness. For the Visible condition, the
main effect of the texture stimulus was significant (F(2,24) = 47.262,
P < 0.001, 5, 2 = 0.663); post hoc paired t tests revealed that the cue-
ing effect of 90° & 25° texture stimulus was significantly lower than
that of the 90° & 0° texture stimulus (t(24) = 6.113, P < 0.001, Cohen’s
d = —1.240) but significantly higher than that of the 90° & 50° texture
stimulus (t(24) = 3.268, P = 0.01, Cohen’s d = 0.903). These results
demonstrated that the cueing effect of 90°-foreground can be interfered
by the distractor and, notably, the degree of this interference increased
with the orientation contrast of the distractor (i.e., the graded distribu-
tion, Fig. 1 D).

Notably, our inference of the graded or non-graded mapping of
salience with or without awareness, respectively, depends upon the re-
sults of the cueing effect (calculated as the difference in reaction time
between the invalid and valid cue conditions) among 90° & 0°, 90° &
25° and 90° & 50° texture stimuli. To further clarify this awareness-
dependent salience mapping, for each condition, we analyzed the reac-
tion time in the valid and invalid trials separately and proposed four po-
tential mechanisms of the salience mapping (Fig. S4A): First, the graded
mechanism: exogenous attention is proportionally allocated to the high-
and low-salient foregrounds based on their levels of saliency. This mech-
anism is consistent with many traditional capacity limitation models of
attention (Cheal et al., 1994; Eriksen and Yeh, 1985; Posner, 1980), the
valid cue would produce improved performance at cued location (bene-
fit), which would be accompanied by corresponding impairments in the
invalid cue locations (cost). Such a trade-off between the benefit and
cost could predict the increased and decreased reaction time with the
saliency of distractor in the valid and invalid cue conditions, respec-
tively. Second, the priming mechanism (i.e., the cost-without-benefit
mechanism): the attention allocation is dependent upon the localised
priming of the forward processing and subjects’ reaction times were
changed in the invalid cue (cost) condition only, i.e., showing the de-
creased reaction time with the saliency of distractor. Remarkably, this
priming or cost-without-benefit effect has been demonstrated by a num-
ber of previous studies (Folk and Hoyer, 1992; Hawkins et al., 1990;
Shiu and Pashler, 1994, 1995, see Mulckhuyse and Theeuwes, 2010 for
areview). Third, the relative-WTA mechanism (i.e., the benefit-without-
cost mechanism): the attention allocation is dependent on the confi-
dence associated with the identification of the locus of highest salience
and subjects’ reaction times were changed in the valid cue (benefit) con-
dition only (Friesen and Kingstone, 1998; Posner and Snyder, 1975), i.e.,
showing the increased reaction time with the saliency of distractor. Fi-
nally, the WTA-like mechanism: exogenous attention is completely cap-
tured by the most salient foreground (90°-foreground) within the tex-
ture stimulus, as proposed by V1 saliency hypothesis (Li, 1999, 2002),
whereby saliency of a visual location is determined by its highest evoked
V1 response relative to those evoked by other locations. This mechanism
would predict non-significant differences in the reaction time among the
three types of texture stimuli in both valid and invalid conditions. Ac-
cordingly, in both Visible and Invisible conditions, the reaction times
were submitted to a repeated measures ANOVA with cue validity (valid
and invalid) and texture stimulus (90° & 0°, 90° & 25°, and 90° & 50°) as
within-subjects factors and the results indicated that bottom-up salience
was mapped as the graded (Fig. S4B) and WTA-like (Fig. S4C) mecha-
nisms with and without awareness, respectively.

Although our results suggested a WTA-like mechanism for the non-
graded mapping of salience without awareness, we cannot deny a po-
tential contribution from the priming mechanism in this processing.
First, the distractor in our study was always presented in an opposite
visual field to the target, producing the bilateral competition. A number
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of previous studies have demonstrated that the competition between
stimulus items is more marked within the same hemifield than that
across hemifields (Cavanagh and Alvarez, 2005; Franconeri et al., 2013;
Shipp, 2011), and more importantly, V1 is well known to lack the inter-
hemispheric connectivity required to achieve this bilateral competition
(Wandell et al., 2007). Therefore, the priming mechanism that does not
invoke the bilateral competition between the target and distractor may
alternatively underlie our non-graded mapping of salience. Second, it
has been proved and widely accepted that rendering a stimulus invisible
could maximally (although not completely, Boly et al., 2017) reduce var-
ious top-down contaminations (Zhang et al., 2012) and in this case, the
residual and heavily diminished cueing effect must be more dependent
upon the localised priming of the forward processing pathway, sensitiz-
ing it to subsequent probe at the same location. Finally, although the
priming mechanism predicted the graded rather than the non-graded
mapping of salience (Fig. S4A), if the low-salient distractor lacks the
capacity to attract subjects’ attention to its location, then the priming
mechanism is capable of producing the same results with the WTA-like
mechanism. Given a little weak (although significant, Fig. S3) effect of
the distractor in our study, we thus cannot deny a potential contribution
from the priming mechanism in our non-graded mapping of salience.
Further work is needed to use the more salient distractor (e.g., 90° &
70°) to parse the relative contributions of the WTA-like and priming
mechanisms to the non-graded mapping of salience without awareness.

In addition, it could be argued that the awareness-dependent map-
ping of saliency could depend on the strength of cueing effect. To exam-
ine this issue, in both Visible and Invisible conditions, the subjects who
scored in the top and bottom 48% (i.e., n = 12) of the sample’s cueing ef-
fect distribution were assigned to High- and Low-cueing effect groups,
respectively. Their cueing effects were submitted to a mixed ANOVA
with group (High and Low) as the between-subjects factor and texture
stimulus (90° & 0°, 90° & 25°, and 90° & 50°) as the within-subjects
factor. In both Visible and Invisible conditions, the results showed the
same qualitative conclusion and insignificant interactions between the
two factors (Fig. S5), further confirming that, despite the strength of cue-
ing effect, the bottom-up salience was mapped as graded or non-graded
manners with or without awareness, respectively.

3.2. fMRI experiments

Using a block design, the functional magnetic resonance imaging
(fMRI) experiment consisted of ten functional runs. Each run consisted
of 14 stimulus blocks of 10 s, interleaved with 14 blank intervals of 12 s.
There were 14 different stimulus blocks, including 12 different texture
stimulus blocks: 3 (texture stimulus: 90° & 0°, 90° & 25°, and 90° &
50°) x 2 (visual field: left and right) x 2 (awareness: Visible and Invis-
ible), and 2 mask-only blocks: low- and high-luminance masks (Fig. 2
C). Each stimulus block was randomly presented once in each run, and
consisted of the same 5 trials. On each trial in the texture stimulus and
mask-only blocks, a texture stimulus and the fixation were presented
for 50 ms, respectively, followed by a 100-ms mask (low- and high-
luminance for Visible and Invisible conditions, respectively) and 1850-
ms fixation. In the Invisible condition, on each trial during both the tex-
ture stimulus and mask-only blocks, subjects were asked to press one of
two buttons to indicate the location of the 90°-foreground, which was
left of fixation in one half of blocks and right of fixation in the other
half at random (i.e., the 2AFC task). In the Visible condition, on each
trial during the figure block, subjects needed to perform the same 2AFC
task of the figure; whereas during the mask-only block, subjects were
asked to press one of two buttons randomly (Fig. 2 C). Behavioral data
showed that, our awareness manipulation was effective for both Visible
and Invisible conditions (Fig. S1C).

3.2.1. Region of interest analysis
Regions of interest (ROIs) in SC and V1-V4 were defined as the cor-
tical regions responding significantly to each pair of foregrounds (Fig. 2
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B). For each foreground, BOLD signals were extracted from the con-
tralateral ROIs in these retinotopically organized areas and then aver-
aged according to the stimulus (90° & 0°, 90° & 25°, and 90° & 50° tex-
ture stimuli, and the mask-only) and awareness (Visible and Invisible).
For each stimulus block, the 2-s preceding the block served as a base-
line, and the mean BOLD signal from 5-s to 10-s after stimulus onset
was used as a measure of the response amplitude. To isolate the texture
stimulus signal, the BOLD amplitudes of the low- and high-luminance
mask-only blocks were subtracted from those of the Visible and Invisible
texture stimulus blocks, respectively, The BOLD signal difference of the
90°-foreground for each condition is shown in Fig. 3, and all of them
were significantly above zero (all t(19) > 2.130, P {( 0.046, Cohen’s d )
0.674). Sequentially, in both Visible and Invisible condition, these BOLD
signal differences of the 90°-foreground were submitted to a repeated-
measures ANOVA with texture stimulus (90° & 0°, 90° & 25°, and 90° &
50°) and cortical area (SC and V1-V4) as within-subjects factors.

In the Invisible condition, the main effect of the texture stimulus
(F(2,38) = 1.100, P = 0.342, flp 2 = 0.055), the main effect of cortical
area (F(5,95) = 0.528, P = 0.689, p 2 = 0.027), and the interaction
between these two factors (F(10,190) = 0.709, P = 0.641, fp 2 =0.036)
were not significant (Fig. 3 B). These results indicated that the BOLD
signal difference of 90°-foreground was not influenced by the distractor
(i.e., 25°- and 50°-foregrounds). Similar to the psychophysical cueing
effect (Fig. 1 E), the null interference here could also be explained by
the low saliency distractor lacking the capacity to automatically attract
subjects’ attention to its location. Accordingly, to address this issue, we
analyzed the BOLD signal difference of the ROIs evoked by the 25°- and
50°-foregrounds. The results argue against this explanation by show-
ing that the BOLD signal difference of 25°- and 50°-foregrounds were
both significantly above zero (25°-foreground, SC and V1-V4: all t(19)
> 2.194, P ( 0.041, Cohen’s d ) 0.694; 50°-foreground, SC and V1-V4:
all: t(19) > 2.188, P { 0.041, Cohen’s d ) 0.692, Fig. S3B, right). In ad-
dition, to examine which cortical area’s activities closely mirrored the
psychophysical cueing effect, we calculated the correlation coefficients
between the cueing effect and BOLD signal difference of 90°-foreground
across individual subjects. The cueing effect was significantly correlated
with the BOLD signal difference of the 90°-foreground in V1 (90° &
0°: r = 0.467, P = 0.038; 90° & 25 r = 0.633, P = 0.003; 90° & 50°:
r = 0.445, P = 0.049, Fig. 3 D, left), but not in SC or V2-V4 (90° &
0% all r ( 0.426, P ) 0.061; 90° & 25 all r ( 0.343, P ) 0.139; 90°
& 50° all r ( 0.409, P ) 0.073, Fig. 3 D, right). Furthermore, pooling
data across all three texture stimuli, their mean cueing effect was also
significantly correlated with their mean BOLD signal difference of the
90°-foreground in V1 (r = 0.640, P = 0.002, Fig. S6A), but not in SC or
V2-V4 (all r ( 0.315, P ) 0.176, Fig. S6B). Moreover, using the Fisher’s
z-transformation (Fisher, 1921), all these correlation coefficient rs were
converted into zs, and Z-tests revealed that the correlation coefficient
in V1 was significantly larger than those in SC (P = 0.040) and V4
(P = 0.023). Together, the physiological correlates of the limited cue-
ing effect attained under backward masking conditions appeared to be
restricted to area V1.

In the Visible condition, the main effect of the texture stimulus was
significant (F(2,38) = 5.859, P = 0.008, fp 2 = 0.236), demonstrating
that the BOLD signal difference of 90°-foreground decreased with the
orientation contrast of the distractor, namely, increasing the interfer-
ence of the distractor (the graded manner). We also found a significant
main effect of cortical area (F(5,95) = 6.366, P < 0.001, fp 2 = 0.251)
and a significant interaction between texture stimulus and cortical area
(F(10, 190) = 2.357, P = 0.047, fp 2 = 0.110). Hence, the interference
of the distractor decreased gradually from lower to higher cortical ar-
eas. This was confirmed in further analysis which showed that the main
effect of texture stimulus was significant in V1 (F(2,38) = 24.904, P <
0.001, n, 2 = 0.567), but not in SC or V2-V4 (all F(2,38) < 2.658, P
> 0.086, fp 2 <0.123) (Fig. 3 A). These findings revealed that neural
activities in V1 were parallel to the psychophysical cueing effect (Fig. 1
D). To further evaluate a close relationship between the V1 activities



L. Wang, L. Huang, M. Li et al.

A

SC

V1

V2

V3

V3A/B

V4

Visible
—90°&0° — 90° & 25° — 90° & 50° — Mask - only
041
S 0561
5
S 021
< 0.34
2
2]
9 00 i
3 0.0
53]
=
0.2 -0.34
o 151
2 0.6
[o]
5 1.04
2 0.31
Iz
a 051 0.0
o
= 001 031
& 061
2
o
T 0.31
iy
w
% 0.0+
x
0.3
% 0o 061
@©
5 -
T 06 0.3
>
2]
Q 034 |
3 0.0
53]
= 001
0.3
8 061 0561
©
S 041
< 0.39
% 0.2+
= 0.0+
2 00
° -0.31
o) 0.6
8
[5]
© 4
z 0.3 .
Iz
a
= 00« ‘e
2 5
& 03
2 4 6 8 10 90°  90° 90°
Time since texture onset(sec) & & &
0°  25° 50°
O r=0.465, P =0.039 I (90° & 0°) - (90° & 25°)
O r=0472,P=0.036 I (90° & 0°) - (90° & 50°)
35 o r=0.444,P=0.05
Oo 0.6
25 0,.Q0
w15 %
= &
5 o
5 Ie)

-02 00 02 04
Isouoin V1

SC V1 V2 V3V3ABV4

0.4+

Neurolmage 247 (2022) 118864

Invisible
0.6
2
o .8
031 ogZo 2008 0880
dopesdep Ve oo
0.0 o8 gé
8o o o
-031 °
o
0.6
g o
e o
031 g, S 8%
Js?
0.07eremde B9 ee POF s
o %0
° o
-0.31
00
0.6 o
o
o
031 o g0 o
0.04spess 289 oee
[ v
5 o
031 | o o
0.6 o
o 8 o
0.3 & 028
098
0_0«.8&). e ég.“
o© o
-039 | o o
0.6 &
o
03{ @ o oo
-9 Oc0
0880 %08
004~ . Rt
o
2 o® OOO
031 | © °
0.6
o o
o o
037 & o &g
oo 2830 0208
0.04+ @oQ < pOsele feldales
%
0° v §
-0.3

Time since texture onset(sec)

D

O r=0.467, P =0.038
O r=0.633, P=0.003
O r=0.445, P =0.049

Cueing effect (ART)

-0.2 0.1
% BOLD signal difference

04 07

90°  90° 90°
& & &
0° 25°  50°

90 & 0°
B 90° & 25°
I 90° & 50°

r=0.444, P =0.05

SC V1 V2 V3V3/ABV4
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(A) and Invisible (B) conditions. Error bars denote 1 SEM calculated across subjects and colored dots denote the data from each subject. C Correlations between
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the Visible condition. D Correlations between the cueing effect and the BOLD signal difference of 90°-foreground in V1 (left), and correlation coefficients (r values)
between the cueing effect and the BOLD signal difference of 90°-foreground in SC and V1-V4 (right), across individual subjects during the Invisible condition.
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and our psychophysical cueing effect, we computed an interference of
the distractor to quantify how much the cueing effect (I ) and BOLD
signal (Izorp ) of the 90°-foreground changed in both the 90° & 25° and
90° & 50° texture stimuli relative to that in the 90° & 0° texture stimulus.
The interference was calculated as follows: Icg (gpr g 259 = CEgp° & o -
CEgp & 250 and Icgeop & 500 = CEog & o - CEgpe & 50° » Where CEggr ¢
o> CEgpe g 250 » and CEqqe g 50 are the cueing effect of 90°-foreground
for the 90° & 0°, 90° & 25°, and 90° & 50° texture stimuli, respectively.
Similarly, for each ROL Ipo;p op° & 259 = BOLDgg> g o - BOLDgy: g 25°
and Iporpc9p & 50 = BOLDgg g o - BOLDgye g 500 » Where BOLDgy: ¢
o> BOLDgq: g 25° , and BOLDg- ¢ 50 are the BOLD signal difference of
90°-foreground for the 90° & 0°, 90° & 25°, and 90° & 50° texture stimuli,
respectively. Subsequently, for each ROI, we calculated the correlation
coefficients between the Iz and the Ipgp across individual subjects.
The results showed that, the Icg g g 259 and Icg (gp° & 50) correlated
significantly with the Ipo;p (9p° & 25 and Igorp (90° & 50 in V1, respec-
tively (90° & 25°: r = 0.465, P = 0.039; 90° & 50°: r = 0.472, P = 0.036,
Fig. 3 G, left), but not in other cortical areas (Fig. 3 C, right). Taken to-
gether, these results further indicate a close relationship between the V1
activities and psychophysical cueing effect in both visible and invisible
conditions.

3.2.2. Whole-brain group analysis

In both Visible and Invisible conditions, to identify potential corti-
cal or subcortical area(s) whose activities were modulated by the three
types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°), we per-
formed a group analysis and did a whole-brain search with a general
linear model (GLM) procedure (Friston et al., 1994) for cortical and sub-
cortical area(s) that exhibited a differential response to these three con-
ditions, once their respective mask signals were subtracted (note that
the data of each type of texture stimuli from the left [i.e., 90° + 0°]
and right [i.e., 0° + 90°] visual fields were pooled together for anal-
ysis as there was no significant difference between contralateral and
ipsilateral sides to the 90°-foreground in pIPS, alPS, or FEF, Fig. S7).
Statistical maps were thresholded at p < 0.05 and corrected by FDR
correction (Genovese et al., 2002). The results showed that, in the Vis-
ible condition, the bilateral pIPS (IpIPS: F(2,38) = 3.661, P = 0.038,
np 2 = 0.162; rpIPS: F(2,38) = 3.749, P = 0.045, 5, 2 = 0.165), alPS
(laIPS: F(2,38) = 4.578, P = 0.018, Mp 2 = 0.194; ralPS: F(2,38) = 7.521,
P =0.003, #, 2 = 0.284), and FEF (IFEF: F(2,38) = 4.829, P = 0.022,
np 2 = 0.203; rFEF: F(2,38) = 4.155, P = 0.024, 5, = 0.179) demon-
strated a significant difference among the three types of texture stimuli
(Fig. 4 A). Post hoc paired t tests revealed that the BOLD signal dif-
ference of 90° & 50° and 90° & 25° texture stimuli were significantly
higher than that of the 90° & 0° texture stimuli in IpIPS (t(19) = 3.043,
P =0.02, Cohen’s d = 0.394) and rpIPS (t(19) = 3.708, P = 0.004, Co-
hen’s d = 0.426), respectively, and no significant differences were found
for other comparisons. For the bilateral aIPS, only the BOLD signal dif-
ference of 90° & 50° texture stimuli was significantly higher than that
of the 90° & 0° texture stimuli (1aIPS: t(19) = 2.737, P = 0.039, Cohen’s
d = 0.410; ralIPS: t(19) = 4.331, P = 0.039, Cohen’s d = 0.475). For
the IFEF, there was no significant difference in the BOLD signal differ-
ence between 90° & 25° and 90° & 50° texture stimuli (t(19) = —0.357,
P =1.000, Cohen’s d = —0.058). The BOLD signal difference of 90° & 0°
texture stimuli was significantly lower than that of the 90° & 50° texture
stimuli (t(19) = 3.809, P = 0.004, Cohen’s d = 0.380), but not of the
90° & 25° texture stimuli (t(19) = 2.513, P = 0.063, Cohen’s d = 0.338).
For the rFEF, however, only the BOLD signal difference of 90° & 50°
texture stimuli was significantly higher than that of the 90° & 0° texture
stimuli (t(19) = 2.663, P = 0.046, Cohen’s d = 0.359). Together, these
results indicated that the relative levels of activation in pIPS, aIPS, and
FEF across the three types of texture stimuli showed a reverse pattern
to that observed in V1-V4 (Fig. 3 A). Furthermore, for both 90° & 25°
and 90° & 50° texture stimuli, we calculated the correlation coefficients
between their Izo;p in V1 and those in the bilateral pIPS, aIPS, and
FEF across individual subjects. We found that both the Ipo;p (9p° & 259
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and Iporp (90° & 50 in V1 correlated significantly and negatively with
those in rpIPS (90° & 25°: r = —0.468, P = 0.038; 90° & 50°: r = —0.603,
P =0.005, Fig. 4 B), but not in either IpIPS or the bilateral aIPS and FEF
(Fig. 4 C). These results indicate a potential involvement of rpIPS in the
graded manner of saliency map in V1. In the Invisible condition, how-
ever, no such cortical or subcortical areas were found, further supporting
the idea that the non-graded manner of saliency map was constructed
in V1.

3.2.3. Effective connectivity analysis

In the Visible condition, our results showed that the BOLD signal in
both V1 and frontoparietal cortical areas was modulated by the three
types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°), indicating
a graded manner of saliency map. To further examine which area is a
potential source of this graded manner of saliency map, we applied dy-
namic causal modeling (DCM) analysis (Friston et al., 2003) in SPM12 to
examine interregional intrinsic connectivity change among these three
types of texture stimuli. Given the extrinsic visual input into both V1T
(i.e., the ROI in V1 that was evoked by the target: 90°-foreground) and
V1D (i.e., the ROI in V1 that was evoked by the distractor), we posited a
network of bidirectional connections linking pIPS, aIPS, FEF, V1T, and
V1D, and assessed the degree of modulation of each connection across
the three types of texture stimuli.

Modulation of connectivity was determined almost exclusively for
backward connections: congruously, for both the left (Fig. 5 A) and
right (Fig. 5 E) hemispheres, the backward connection was decreased
from pIPS to both V1T (left hemisphere: F(2,38) = 21.578, P < 0.001, fp
2 = 0.532; right hemisphere: F(2,38) = 13.035, P < 0.001, fp 2 =0.407)
and V1D (left hemisphere: F(2,38) =9.114, P=0.001, fp 2 =0.324; right
hemisphere: F(2,38) = 8.305, P = 0.001, p 2 = 0.304), but not from ei-
ther aIPS or FEF. Post hoc paired ¢ tests revealed that, for IpIPS — V1T
(Fig. 5 B), the 90° & 25° texture stimuli was significantly lower than the
90° & 0° texture stimuli (t(19) = —4.039, P = 0.002, Cohen’s d = —1.068)
but significantly higher than the 90° & 50° texture stimuli (t(19) = 3.289,
P = 0.012, Cohen’s d = 0.655); for rpIPS — V1T (Fig. 5 F), there
was no significant difference between the 90° & 25° and 90° & 50°
(t(19) = 1.496, P = 0.453, Cohen’s d = 0.377) texture stimuli, and both
were significantly lower than the 90° & 0° texture stimuli (90° & 25°
versus 90° & 0°: t(19) = —3.167, P = 0.015, Cohen’s d = —0.940; 90° &
50° versus 90° & 0°: t(19) = —5.623, P < 0.001, Cohen’s d = —1.373).
For IpIPS — V1D (Fig. 5 B), there was no significant difference between
the 90° & 0° and 90° & 25° (t(19) = 1.014, P = 0.970, Cohen’s d = 0.268)
texture stimuli, and both were significantly higher than the 90° & 50°
texture stimuli (90° & 0° versus 90° & 50°: t(19) = 3.663, P = 0.005,
Cohen’s d = 0.989; 90° & 25° versus 90° & 50°: t(19) = 3.414, P = 0.009,
Cohen’s d = 0.980); for rpIPS — V1D (Fig. 5 F), only the 90° & 50° tex-
ture stimuli was significantly lower than the 90° & 0° texture stimuli
(t(19) = —4.012, P = 0.002, Cohen’s d = —0.140). In addition, there
was a significant change in backward connection from alIPS to pIPS
for both hemispheres (left hemisphere: F(2,38) = 8.077, P = 0.002, fp
2 = 0.298; right hemisphere: F(2,38) = 8.985, P < 0.001, 5, 2 = 0.321).
Post hoc paired t tests revealed that, for both hemispheres, there was no
significant difference between the 90° & 25° and 90° & 50° (left hemi-
sphere: t(19) = —1.700, P = 0.316, Cohen’s d = 0.444; right hemisphere:
t(19) = —1.663, P = 0.338, Cohen’s d = —0.549) texture stimuli. The 90°
& 0° texture stimuli was significantly lower than the 90° & 50° texture
stimuli (left hemisphere: t(19) = 3.489, P = 0.007, Cohen’s d = 1.175;
right hemisphere: t(19) = 4.138, P < 0.001, Cohen’s d = 1.311), but was
not significantly lower than the 90° & 25° texture stimuli (left hemi-
sphere: t(19) = 2.551, P = 0.059, Cohen’s d = 0.754; right hemisphere:
t(19) = 2.603, P = 0.052, Cohen’s d = 0.803). Differently, for the left
hemisphere (Fig. 5 B), we found a significant feedforward connection
from V1D to FEF (F(2,38) = 5.323, P = 0.012, fMp 2 =0.219), but not to
either pIPS or alIPS. Post hoc paired t tests revealed that, only the 90°
& 50° texture stimuli was significantly higher than the 90° & 0° texture
stimuli (t(19) = 2.801, P = 0.034, Cohen’s d = 0.840). For the right hemi-
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Fig. 4. Results of whole-brain group analysis. A Whole-brain search for the bilateral pIPS (left), aIPS (middle), and FEF (right), with all showing a significant
difference in the BOLD signal change among the three types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°) during the Visible condition. Note that no such
cortical or subcortical areas were found in the Invisible condition (*P < 0.05; **P < 0.01). Error bars denote 1 SEM calculated across subjects and colored dots denote
the data from each subject (LH: left hemisphere; RH: right hemisphere). B Correlations between the I, in V1 and that in rpIPS across individual subjects during the
Visible condition. C Correlation coefficients (r values) between the I, in V1 and that in other cortical areas across individual subject during the Visible condition.

sphere (Fig. 5 F), however, we found a significant backward connection
from FEF to pIPS (F(2,38) = 10.990, P = 0.001, #, 2 = 0.366). Post hoc
paired t tests revealed that there was no significant difference between
the 90° & 0° and 90° & 25° (t(19) = 0.446, P = 1.000, Cohen’s d = 0.146)
texture stimuli, and both were significantly lower than the 90° & 50°
texture stimuli (90° & 0° versus 90° & 50°: t(19) = —3.822, P = 0.003,
Cohen’s d = —1.026; 90° & 25° versus 90° & 50°: t(19) = —-6.971, P <
0.001, Cohen’s d = —1.069).

To further evaluate the role of these forward and backward con-
nections in the mapping of salience, we computed an interference of
the distractor to quantify how much the intrinsic connections (Ij; )
changed in both the 90° & 25° and 90° & 50° texture stimuli relative
to that in the 90° & 0° texture stimuli. The interference was calculated

as follows: Iic (9p & 259 = 1Co0* & o - ICo0» & 25 and Iiceop & 50) =
ICo- & o - 1Copr gs0- > Where ICgp: g ¢ ICgp g 25 » and ICgy
& 500 are the interregional intrinsic connections for the 90° & 0°, 90° &
25°, and 90° & 50° texture stimuli, respectively. Subsequently, for each
interregional intrinsic connection and each interference, we calculated
the correlation coefficients between the I;¢ and the Ipp;p, , and between
the I; and the Iz across individual subjects. Results showed that the
Iic (90° & 25v) and Iic 9p° & 50v) for the bilateral pIPS — V1T correlated sig-
nificantly with the Izorp (9o° & 257 (PIPS — VIT: r = 0.477, P = 0.033;
rpIPS — VIT: r = 0.516, P = 0.020) and Iyop (9o° & 50) (PIPS — VI1T:
r = 0.570, P = 0.009; rpIPS — V1T: r = 0.457, P = 0.043) in V1, re-
spectively, but not for other cortical areas (Fig. 5 C and 5 G). The
Iic (90° & 25y and Ijc (9o & 50-) for rpIPS — V1T correlated significantly
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with the Icg 9o g 25 (= 0.451, P =0.046) and Icg op & 50) (7 = 0.468,
P = 0.037), respectively, but not for either IpIPS or other cortical areas
(Fig. 5 D and 5 H). Together, our results implied that the graded manner
of saliency map in V1 was derived by feedback from pIPS rather than
from alPS or FEF, and further indicated a slight right pIPS advantage in
controlling this graded mapping.

4. Discussion

We examined how the mapping of the saliency interacts with aware-
ness when multiple salient stimuli are presented simultaneously and
found the following psychophysical and neuroimaging results. First, we
found support for previous neurophysiological (Kastner et al., 1997;
Nothdurft et al., 1999; White et al., 2017a; 2017b; Yan et al., 2018), psy-
chophysical (Koene and Zhaoping, 2007; Zhaoping, 2008; Zhaoping and
May 2007; Zhaoping and Zhe, 2015), and brain imaging (Chen et al.,
2016; Zhang et al., 2012) studies, indicating that both visible and invis-
ible salient foregrounds could attract bottom-up attention in behavior
and evoked greater BOLD signals relative to the background in the tex-
ture stimuli. Second, however, there was a critical distinction between
their dependence on awareness, with visible and invisible salient fore-
grounds guiding bottom-up attention in a graded or non-graded manner,
respectively. Finally, a plausible account or our results is that the graded
manner of saliency map in V1 was derived by feedback from pIPS (in
particular, the right pIPS), whereas the non-graded manner of saliency
map was created in V1.
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Fig. 5. Results of DCM analysis. A & E Given the extrinsic visual input into both V1T (i.e., the ROI in V1 that was evoked by the target: 90°-foreground) and V1D
(i.e., the ROI in V1 that was evoked by the distractor), bidirectional connections were hypothesized to exist among the pIPS, aIPS, FEF, V1T, and V1D. Thick lines
indicate intrinsic connections that are significantly modulated by the three types of texture stimuli (90° & 0°, 90° & 25°, and 90° & 50°) and their significance levels
during the Visible condition (*P < 0.05; **P < 0.01; ***P < 0.001) for the left (A) and right (E) hemisphere. B & F Intrinsic connections among the pIPS, aIPS, V1T,
and V1D for the left (B) and right (F) hemisphere. Error bars denote 1 SEM calculated across subjects and colored dots denote the data from each subject. C & G
Left: correlations between the Iy, in V1 and the I of feedback connectivity from IpIPS (C) and rpIPS (G) to V1T, across individual subjects; Right: correlation
coefficients (r values) between the I, , in V1 and the I} of each significant intrinsic connection across individual subjects for the left (C) and right (G) hemisphere.
D & H Left: correlations between the I; and the I of feedback connectivity from IpIPS (D) and rpIPS (H) to V1T, across individual subjects; Right: correlation
coefficients (r values) between the I; and the I;; of each significant intrinsic connection across individual subjects for the left (D) and right (H) hemisphere.

4.1. Graded manner of the saliency map in pIPS

In accordance with previous studies demonstrating a direct repre-

sentation for pIPS of the saliency map (Bisley and Goldberg, 2010;

Bogler et al., 2011; Buschman and Miller, 2007; Constantinidis and

Steinmetz, 2005; Gottlieb, 2007; Gottlieb et al., 1998; Serences et al.,
2005), our study further revealed that pIPS could control the graded
manner of the saliency map in V1. One should note that the graded
manner in our study was indicated by a decreasing response to the 90°-
foreground associated with increasing saliency of the distractor (i.e.,
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reflecting increasing competition between the 90°-foreground and dis-
tractor). Previous studies have implicated IPS in the competition be-
tween the target and distractor (Mevorach et al., 2009, 2010; Payne and
Allen, 2011; Ruff and Driver, 2006), and our findings are consistent
with such an influence. Our findings suggested that the competition be-
tween the target (i.e., 90°-foreground) and distractor in V1 could be
associated with feedback from pIPS. First, the bilateral pIPS responses
increased with the competition between the 90°-foreground and dis-
tractor and showed a reverse pattern (Fig. 4 A) with that in V1, where
the BOLD signal of 90°-foreground decreased with the competition. Sec-
ond, across subjects, these decreased responses in V1 were significantly
predicted by the enhanced response in the right pIPS (Fig. 4 B) rather
than in other frontoparietal cortical areas (Fig. 4 C). Finally, the DCM
analysis indicated that feedback from bilateral pIPS to V1 gained in
suppressive influence with enhancement of competition (Fig. 5 B and
5 F); across subjects, this significantly predicted both the reduced re-
sponses in V1 (Fig. 5 C and 5 G) and, for right pIPS, the cueing effect
in psychophysical experiments (Fig. 5 H). In addition, the more sig-
nificant influences from the right rather than the left pIPS evident in
our study also demonstrated a slight right pIPS advantage in controlling
the graded manner of saliency map in V1, supporting the well-known
hemispheric asymmetries of the attention networks in human visual sys-
tem (Bartolomeo and Malkinson, 2019). Moreover, several transcranial
magnetic stimulation (TMS, Hodsoll et al., 2009; Mevorach et al., 2006,
2009, 2010; Ruff et al., 2009; van Koningsbruggen, et al., 2010) and
transcranial direct current stimulation (tDCS, Lo et al., 2019; Moos et al.,
2012; Roy et al., 2015) studies have revealed a unique role of the right
but not the left parietal cortex in the attentional control. Thus, further
work is needed to use TMS, tDCS, or other techniques to parse the rel-
ative contributions of the left and right pIPS to the graded manner of
saliency map in V1.

Our findings can be viewed as identifying the human parietal cor-
tex as a source of the graded manner of saliency map. Note that,
this conclusion is based mainly on our DCM analyses, which de-
pended on time-series models of fMRI data for an interpretation of
causality (Friston et al., 2003). The interpretation of causality in our
study finds support in previous lesion (Corbetta and Shulman, 2011;
Shomstein, 2012) and TMS (Hodsoll et al., 2009; Mevorach et al., 2006)
studies showing a causal effect of parietal cortical disruption on bottom-
up attention driven by the salient stimulus. The prominent role of the
parietal cortex in the graded manner of saliency map evident here not
only is consistent with recent neurophysiological findings that have re-
vealed how parietal areas directly realize the saliency map (Bisley and
Goldberg, 2010; Buschman and Miller, 2007; Constantinidis and Stein-
metz, 2005; Gottlieb, 2007; Gottlieb et al., 1998), but also support the
dominant model of the saliency map developed by Itti and Koch (2001),
which proposes that higher cortical areas, particularly the parietal and
frontal cortex, whose neurons are less selective to specific visual fea-
tures (i.e., color, orientation, or other features, Koch and Ullman, 1985;
Wolfe, 1994), are more likely to be possible candidates that realize the
saliency map.

Although we emphasize the importance of pIPS in the graded man-
ner of saliency map, we cannot deny a potential contribution from
other frontoparietal cortical areas, such as aIPS and FEF. Actually, pre-
vious neurophysiological and brain imaging studies (Bogler et al., 2011;
Geng and Mangun, 2009; Serences and Yantis, 2007; Thompson and Bi-
chot, 2005) have reported that both aIPS and FEF could also represent
the saliency map. Our study supported these findings by showing that
the BOLD signal in aIPS and FEF (Fig. 4 A) and the feedforward from
V1 (in particular, V1D) to FEF (Fig. 5 B) were significantly modulated
by the texture stimuli. However, more importantly, our results showed
that the feedback from either aIPS or FEF to V1 was not modulated by
the texture stimuli (Fig. 5 A and 5 E), indicating that both aIPS and FEF
is more likely to inherit or read out saliency signals from V1 or other
earlier areas. Interestingly, we also found significant backward connec-
tions from both aIPS and FEF to pIPS in our study (Fig. 5 B and 5 F).
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These backward connections, however, could not significantly predict
either the BOLD signal change in V1 (Fig. 5 C and 5 G) or the cueing
effect in psychophysical experiments (Fig. 5 D and 5 H). These results
suggest that both the involvement of aIPS and FEF in the graded man-
ner of the saliency map in our study may occur via pIPS. Indeed, using
multivariate pattern analysis of fMRI, previous studies have indicated
that the pIPS and these two areas may be involved in different stages of
saliency mapping (Bogler et al., 2011; Itti and Koch, 2001). Given the
low temporal resolution of fMRI, further work is needed using neuro-
physiological techniques to parse how these two areas are involved in
the mapping of saliency.

4.2. Non-graded manner of the saliency map in V1

Compared to a graded distribution of salience with awareness in
PIPS, our results suggest that the salience without awareness is mapped
as a non-graded manner and this manner is created in V1. Our claim was
based on the following findings obtained with the Invisible condition.
First, both the cueing effects (Fig. 1 E) and BOLD signal changes (Fig. 3
B) of 90°-foreground were not significantly interfered by the distractor
(25°- and 50°-foregrounds) as evidenced by the difference among 90° &
0°, 90° & 25°, and 90° & 50° texture stimuli. Second, the psychophysical
cueing effect was significantly correlated with the BOLD signal change
in V1 (Fig. 3 D, left), but not elsewhere (Fig. 3 D, right). More impor-
tantly, the correlation coefficient for V1 was significantly larger than
those for other cortical areas (Fig. S6). Finally, a voxel-wise analysis
failed to detect any cortical or subcortical areas that were modulated
by the distractor in the Invisible condition, indicating that the observed
BOLD signals in V1 were unlikely to arise from interactions with other
brain areas. Our study thus directly linked V1 activity with a non-graded
manner of saliency mapping in the absence of awareness, consistent with
existing psychophysical (Koene and Zhaoping, 2007; Zhaoping, 2008;
Zhaoping and May 2007; Zhaoping and Zhe, 2015), neurophysiologi-
cal (Kastner et al., 1997; Nothdurft et al., 1999; Yan et al., 2018), and
brain imaging (Chen et al., 2016; Zhang et al., 2012) studies, as well
as the computational model (Li, 1999, 2002), implying that V1 can be
self-sufficient in generating a salience map. Notably, our study aims to
identify the brain area that creates rather than represents the saliency
map. According to our results, we believe that neural activities in V1
could determine an early attentional selection even if subjects are un-
aware of texture stimuli. Meanwhile, we are not claiming that other
areas could not represent a saliency map. The intermediate or higher
brain areas are more likely to inherit or read out saliency signals from
V1 rather than create a saliency map within themselves.

In addition, our results suggested that the non-graded mapping of
salience without awareness evident here might be derived by a WTA-like
mechanism, i.e., a WTA-like competition between the high-salient target
and low-salient distractor, as showing by a null difference in bottom-up
attention of the 90°-foreground among our three types of texture stimuli
(Figs. 1 E and 3 B). Moreover, this WTA-like mechanism was further sup-
ported through analyzing the reaction time in the valid and invalid cue
conditions separately (Fig. S4D), and is compatible with the V1 saliency
theory (Li, 1999, 2002), which proposes that saliency of a visual loca-
tion is determined by its highest evoked V1 response relative to those
evoked by other locations. However, we cannot deny a potential con-
tribution from the priming mechanism in our non-graded mapping of
salience without awareness (see “Results”) and further work is needed
to clarify the relative contributions of these two mechanisms in this pro-
cessing.

4.3. Awareness-dependent mapping of the saliency

Previous studies have reported ostensibly conflicting results with re-
gard to the neural substrate of saliency map. Three of our previous stud-
ies (Chen et al., 2016; Huang et al., 2020; Zhang et al., 2012) suggest
that discrepancies in the literature findings may have resulted from the
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possible contamination by top-down signals, specifically the conscious
access to salient stimuli, which have not been systematically controlled
or manipulated. Here our study addresses it using a backward mask-
ing paradigm in which the low- and high-luminance mask renders the
salient foreground (and indeed the whole texture stimuli) visible and
invisible to subjects, respectively. We assume that relative to the visible
foreground, the invisible foreground can maximally reduce various top-
down contaminations, such as feature perception, object recognition,
and subjects’ intentions (Zhang et al., 2012). It has been proposed and
widely accepted that subjective awareness is determined by top-down
signaling (Del Cul et al. 2007; Mashour et al., 2020). Thus, rendering a
stimulus invisible could maximally (although not completely, Boly et al.,
2017) reduce top-down influences, particularly as indexed by tempo-
rally sluggish fMRI signals that typically reflect neural activities result-
ing from both bottom-up and top-down processes (Fang et al., 2008).
We thus speculate that the higher cortical areas, particularly the parietal
and frontal cortex, are more likely to be the neural substrate of saliency
map with the visible stimulus, since these areas are able to integrate top-
down and bottom-up attention (Bisley and Goldberg, 2010; Bogler et al.,
2011; Geng and Mangun, 2009; Gottlieb et al., 1998; Katsuki and Con-
stantinidis, 2012; Squire et al., 2013). Conversely, early visual areas are
more likely to be possible candidates that realize a pure salience map
of the invisible stimulus, specifically the area V1 that is nearly indepen-
dent of top-down modulation. Indeed, previous studies have demon-
strated that top-down control modulates extrastriate areas but not V1
(Kastner et al., 1998; Luck et al., 1997; Melloni et al., 2012) and de-
creases gradually from extrastriate visual areas to V1 (Buffalo et al.,
2010; Liu et al., 2005). Accordingly, our findings support these specu-
lations and identify the parietal cortex and V1 as the neural substrates
of saliency maps with and without awareness, respectively. Meanwhile,
it should be noted that some p values of the significant results in our
study were between 0.01 and 0.05, which (although significant) often
has a small effect size. We suggested that these small effect sizes might
be due to the low sample size, low temporal resolution of fMRI, or both.
Thus, further works are needed to address whether our conclusion can
be replicated with a large sample size or using neurophysiological tech-
niques.

In addition, at least four intriguing questions need to be addressed
in further research. First, a number of studies have indicated a cru-
cial role of the SC (Fecteau and Munoz, 2006; Krauzlis et al., 2013;
Kustov and Robinson, 1996) in realizing the saliency map. Two recent
papers even demonstrated that neurons in the superficial layers of SC en-
coded saliency earlier and more robustly than V1 neurons (White et al.,
2017a; 2017b). However, ROIs in the SC defined in our study were
across superficial and intermediate laminae. The SC superficial layer
(SCs) is interconnected with multiple visual areas and can be in an ideal
location to pool diverse visual inputs to form a feature-agnostic saliency
representation; the SC intermediate layer (SCi), conversely, linked to the
control of goal-directed attention and gaze behavior, best representing
the priority rather than the saliency map (White et al., 2017a; 2017b).
Besides, one could argue that compared with the invisible condition
that maximally reduces top-down influences, the visible condition in
our study, presumably, examined the mapping of priority map, in which
activity is driven by a combination of low-level salience and various top-
down influences (see Bisley and Mirpour, 2019 for a review). In other
words, our study may not demonstrate an awareness-dependent map-
ping of saliency, but instead, it reveals the distinct neural substrates
for the priority and saliency maps. Given the distinct involvements of
SCi and SCs in these two maps, further work is thus needed using neuro-
physiological techniques or ultrahigh field fMRI to parse the exact role of
awareness in the mapping of saliency. Second, several studies have indi-
cated that the bilateral competition between the target and distractor is
more marked in the superior hemifield than that in the inferior hemifield
(Previc, 1996; Previc and Blume, 1993; Shipp, 2011). In other words, the
awareness-dependent mapping of salience evident here could be modu-
lated by whether the target and distractor are presented in the superior
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or inferior hemifield. Third, it might be argued that identifying V1 as the
neural substrate of salience map without awareness in the current study
owes much to our choice to use a backward masking paradigm to manip-
ulate subjects’ awareness. Indeed, the backward masking is well known
to interrupt the recurrent processing and in blocking the processing of
masked information in higher visual areas (Enns and DiLollo, 2000) and
thus it might automatically infer a prominent role upon early visual cor-
tex (particularly V1) in the mapping of saliency without awareness. Ac-
cordingly, further work is worthwhile to use the subliminal stimulation
paradigm (Mulckhuyse and Theeuwes, 2010; Zhang and Fang, 2012)
to manipulate subjects’ awareness since in this paradigm, conversely,
the weak stimuli were able to activate higher visual areas, although the
activation magnitude could be much reduced compared to visible stim-
uli (Dehaene et al., 2001). Finally, compared with current stimuli that
consist of simple oriented bars (Fig. 1 A), complex natural scenes that
contain richer naturalistic low-level features (e.g., luminance, contrast,
orientation, spatial frequency, and curvature, all of which are highly
tuned by the visual system), that are thought to be optimal for automatic
bottom-up attention (Bogler et al., 2011; Chen et al., 2016; White et al.,
2017a). Further work is thus needed to address whether our conclusion
can be generalized to the complex natural scene.

5. Conclusions

We conclude that, when multiple salient stimuli are presented si-
multaneously, the salience is mapped in either a graded or non-graded
manner, depending on the conscious access to salient stimuli. Our study
provides, to the best of our knowledge, the first evidence for awareness-
dependent mapping of saliency and its distinct neural loci. Identifying
the parietal cortex and V1 as the neural substrates of saliency maps
with and without awareness, respectively, reconciles previous, seem-
ingly contradictory findings regarding the nature of salience mapping.
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