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Highlights
® Ourresults underscore the critical role of the parietal cortex in feature integration.

o Correct feature integration is characterized by increased occipito-parietal functional

connectivity.

® Incorrect feature integration is characterized by increased activation of occipital areas at
earlier time points, reduced right occipital-FEF coactivation at later time points, and overall

decreased occipito-parietal coactivation.



Abstract

Our sensory system constantly receives information from the environment and our own body.
Despite our impression to the contrary, we remain largely unaware of this information and often
cannot report it correctly. While perceptual processing does not require conscious effort on the part
of the observer, it is often complex, giving rise to errors such as incorrect integration of features
(illusory conjunctions). In the present study, we use functional magnetic resonance imaging to study
the neural bases of feature integration in a dual task that produced around 30% illusions. A
distributed set of regions demonstrated increased activity for correct compared to incorrect
(illusory) feature integration, with increased functional coupling between occipital and parietal
regions. By contrast, incorrect feature integration (illusions) was associated with increased occipital
(V1-V2) responses at early stages, reduced functional connectivity between right occipital regions
and the FEF at later stages, and an overall decrease in coactivation between occipital and parietal
regions. These results underscore the role of parietal regions in feature integration and highlight the

relevance of functional occipito-frontal interactions in perceptual processing.
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Introduction

At any given moment, the central nervous system receives a vast amount of information through the
senses. Although we subjectively believe that we perceive most of this information, we are only
capable of consciously reporting a small fraction of it. This underscores the difference between the
large amounts of information that are (at least partially) represented in “phenomenal
consciousness” (Block 1995, 2011) and the limitations of “access consciousness”. While perceptual
processes do not entail conscious effort on the part of the observer, several aspects of perception
are computationally complex, for instance, processing a set of features (e.g., color, form, size, etc.)
and integrating them to construct a single percept (Treisman 1998). This perceptual integration has
been related to phenomenal consciousness (Block 2005; Lamme 2010). Both processes are highly
related since both reflect the unified and holistic nature of conscious experience (Mudrik et al.
2014). It has been proposed that integration is necessary for conscious experience and that
conscious experience is necessary for the integration of information coming from different

networks, supported by long-range connections (Lamme 2006).

Attention has been related to both access and phenomenal consciousness (Chica and
Bartolomeo 2012; Pitts et al. 2018). In accordance with the Feature Integration Theory (FIT)
proposed by Treisman and Gelade (1980), attention is necessary for the correct integration of
features (although, see Fahrenfort et al. 2017, Discussion section). Without attention, features might
be erroneously combined (Treisman 1998). When integration processes fail, they result in “illusory
conjunctions”, an erroneous perception in which two features from distinct elements are conjoined
to produce a single, specific configuration (Treisman and Schmidt 1982). The likelihood of a binding
failure increases in the absence of attention and can lead to illusory conjunctions (Treisman and
Schmidt 1982). Thus, dual tasks and brief stimulus presentations are associated with a larger
percentage of illusory conjunctions (Treisman and Gelade 1980). These results support the idea that
such illusions result from limitations in attentional resources (Humphreys 2016), perhaps due to

excessive cognitive load (Treisman and Schmidt 1982).



An alternative model, the Feature Confirmation Account (FCA), claims that while attention is
important, it is not critical for feature integration, that is, establishing stable representations through
top-down matching of rich but unstable input data (Humphreys 2016). It was proposed that feature
relations could be coded at the early stages of visual processing in the striate or extrastriate cortex,
based on the presence of a limited set of conjunctive relations between neurons in these regions
(Treisman 1998; Li 2002). Gillebert and Humphreys (2010) proposed a two-stage account of feature
integration, with an initial bottom-up stage of feature integration based on the activation of neurons
sensitive to conjunctions of visual features. Subsequently, however, there is a slow process in which
the results of the initial stage are confirmed through top-down feedback (the process of attentional
confirmation). This slow confirmation process is supported by the parietal cortex (Humphreys 2016;
see Braet and Humphreys 2009). Therefore, according to the FCA, feature conjunctions are coded
early on in visual processing, but they are noisy and relatively transient unless supported by top-
down feedback from the posterior parietal cortex. This hypothesis proposes an initial bottom-up
stage of feature integration based on the activation of neurons sensitive to visual feature
conjunction, which is subsequently confirmed through top-down feedback from the parietal cortex

(Braet and Humphreys 2009; Gillebert and Humphreys 2010; Humphreys 2016).

Neuropsychological evidence from early studies suggests that illusory conjunction rates rise
after brain lesions which damage bilateral parietal and parieto-occipital (Friedman-Hill et al. 1995;
Bernstein and Robertson 1998; Robertson 2003), or right parietal cortex (Gillebert and Humphreys
2010). The parietal cortex has been associated with different processes related to visual search and
object selection, such as attention, feature binding, and visual working memory (Leonards et al.
2000), as well as spatial information processing (Shafritz et al. 2002). It has been suggested that the
parietal lobe influences feature integration because it constitutes a key node for visuo-spatial

processing (Fiebelkorn and Kastner 2020).



Several parietal regions (including the intraparietal sulcus [IPS], postcentral sulcus, as well as
the superior parietal cortex) and some occipital regions (including the transverse occipital sulcus
[TOS]), especially within the right hemisphere, show more activation in tasks that require searching
for a conjunction of features rather than single features (Donner et al. 2000; Leonards et al. 2000;
Shafritz et al. 2002; Pollmann et al. 2014). Although evidence from non-invasive neurostimulation
techniques is still scarce, the role of the parietal cortex in feature binding has also been supported by
transcranial magnetic stimulation (TMS) studies, which demonstrated that after stimulation of the
right intraparietal sulcus, fewer illusory conjunctions were produced, but the perception of basic
features remained unaltered (Esterman et al. 2007). Moreover, TMS over parietal areas can disrupt
conjunction search but not feature search (Robertson 2003) and increase the proportion of illusory
conjunctions when TMS pulses occur 150 ms after the target, but not before (Braet and Humphreys

2009).

Previous research has also highlighted a role for the parietal cortex in feature integration,
although it is unclear whether this role is related to attention (Kastner and Ungerleider 2000;
Shafritz et al. 2002) or feature confirmation (Humphreys 2016). One way to further investigate the
role of the parietal cortex in feature integration is to explore not only its response to different
experimental conditions in isolation, but also its interactions with other brain regions. The present
functional magnetic resonance imaging (fMRI) study was aimed at investigating the neural interplay
underlying feature integration, exploring the role of the parietal cortex, the frontal eye field (FEF; a
region associated with attentional selection; Hung et al. 2011; Ramkumar et al. 2016) and occipital
regions by directly comparing correct perception of visual stimuli with illusory conjunctions. Our aim
was to explore the neural mechanisms associated with correct and incorrect feature integration,
which might provide evidence in regard to the role of the parietal cortex on attention (as proposed
by the FIT) or on feature confirmation (as proposed by the FCA). We adapted a paradigm from

Esterman and colleagues (Esterman et al. 2004, 2007) that produces illusory conjunctions to study



feature binding in a simultaneous behavioral task that manipulates divided attention at two levels of

difficulty (Cobos and Chica 2022).

If, as proposed by the FIT, attention was necessary for feature integration: 1) more illusory
conjunctions should be observed in the more demanding, as compared to the less demanding,
central task condition; and 2) at the neural level, the same regions demonstrating modulations by
the central task demands should also show differential responses to correct and incorrect feature
integration trials. Based on the results of previous studies, we predicted that correct responses
would be accompanied by stronger activation than illusory conjunctions in attentional regions, such
as the right parietal cortex and the right FEF (Donner et al. 2000; Leonards et al. 2000; Shafritz et al.
2002; Baumgartner et al. 2013). We also expected to observe increased functional connectivity
between occipital and parietal regions for correct responses compared to illusory conjunctions. The
FIT predicts increased parietal cortex activation given increased attentional processes while the FCA
predicts increased parietal cortex activation with top-down matching for rich but unstable input
data. As for the occipital regions, the FIT predicts that amplified attention from the parietal cortex
will increase occipital responses for correct responses, as compared to illusory conjunctions, while
the FCA predicts a larger (but unstable) response in occipital regions for illusory conjunctions than

correct responses (Braet and Humphreys 2009; Humphreys 2016).

Materials and Methods

Participants

The final study sample included 28 volunteers (16 females, mean age 23.75 + 3.03 years). Data from
5 additional participants were excluded from further analyses due to excessive head motion during
scanning (3 participants) or technical problems during data acquisition (2 participants). All
participants were right-handed and had normal or corrected-to-normal vision, normal color
perception, and no prior experience with the task. No participant had a history of major medical,

neurological, or psychiatric disorders. Participants received a monetary compensation of 10€/h for



their participation. Signed informed consent was collected prior to their inclusion in the study.
Participants were informed about their right to withdraw from the experiment at any time. CEIM/CEI
Granada’s Biomedicine Research Ethics Committee approved the experiment, which was carried out
in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for

experiments involving humans.

Apparatus and Stimuli

E-Prime software (version 2.0, Schneider et al. 2002) was used for stimuli presentation and
behavioral data collection. Stimuli were presented on a screen (NNL, 32", 1024 x 768, 60 Hz) located
in the control room 2.12 m away from the scanner; participants viewed the presentation through a
mirror mounted on the head coil. Behavioral responses were recorded with two horizontally aligned
6-button response pads, connected by optical fiber to an Evoke Response Pad interface box

(Resonance Technology INC., http://www.mrivideo.com/).

The task was an adaptation based on Esterman and colleagues (Esterman et al. 2004, 2007)
see also Cobos and Chica 2022). First, a number was presented above the fixation cross and
remained on the screen until the end of the trial. A string of characters (containing the target letter
“L” and some distractors) was then briefly displayed at either the right or the left of the fixation
cross, followed by a mask. Participants were required to report if the central number was smaller or
greater than 5 (central task), and then to indicate the color of the letter “L” (peripheral task; see

Procedure section and Figure 1).

Stimuli consisted of a white cross (0.272) presented in the center of the screen, functioning
as a fixation point. The peripheral stimulus consisted of a horizontal string of four characters
(7.55x1.759) presented either to the right or left of the fixation point. The string was composed of
two inner characters, the target letter “L” and the distractor “O”, which appeared in two different

colors, either red (RGB% 215, 0, 0), blue (RGB% 46, 118, 182) or green (RGB% 0, 135, 61). The two



outer characters were printed in white and could be either “S” or “8”. A mask, comprising four white

“&” characters (7.55x1.752) was also presented after each string of characters.

Before the string of characters appeared, a number was presented in white above (0.279)
the fixation point. This number could take values between 1 and 9, excluding 5. This allowed us to
implement the two difficulty conditions in the Central task (see Procedure section), with the more
difficult condition comprising “near” numbers 3, 4, 6, 7, and the less difficult condition comprising

“far” numbers 1, 2, 8, 9.

Procedure

The sequence of the events in each trial is shown in Figure 1. Each trial began with a fixation point
(1000ms). Then, the number was presented and remained on screen for a total duration of 2100ms;
50% “far” and 50% “near” numbers were presented in random order. The character string appeared
300ms after the onset of the number, appearing for 100ms either to the right (50%) or left (50%) of
the fixation cross, also in random order. After an interstimulus interval (ISI, 50ms), the mask was
displayed for 100ms. As soon as the number was presented, participants responded to the central
task using their right hand. They were required to press a button with their index finger if the
number was smaller than 5 or another button with their middle finger if it was greater than 5 (the
response mapping was counterbalanced across participants). They were asked to provide the
response as quickly and accurately as possible while the number remained on the screen, within a
temporal window of 1550ms. This task is known to produce faster and more accurate responses for
far as compared to near conditions (Cobos and Chica 2022). After the number disappeared,
participants were instructed to respond to the peripheral task, using the index, middle, or ring
fingers of their left hand to report the color of the letter “L” (red, blue, or green). Color-key mapping
was counterbalanced across participants. If they were not aware of the color of the letter “L”, they
were instructed to respond with their left thumb. Participants were asked to respond to this task as

accurately as possible, within a temporal window of 3100ms. Responses to this peripheral task were



categorized as hits when the color of the letter “L” was correctly reported, illusions when
participants reported the color of the letter “O”, errors when participants reported a color that was

not present in the display, and unseen (when participants could not report the color of the letter).

Fixation
(1000 ms)

Number
(300 ms)

String of characters
(100 ms)

Mask
(100 ms)

Central task response
(1550 ms)

Peripheral task response
(3100 ms)

Figure 1. Sequence and timing of trial events. Participants first responded to the central task, reporting if the
number was smaller or larger than 5. After providing this speeded response, participants indicated, as
accurately as possible, the color of the letter. The string of characters was composed of two inner characters,

the target letter “L” and the distractor “O”, which appeared in two different colors, either red, blue, or green.

The experiment consisted of 8 functional runs, each lasting about 7 minutes. There were a
total of 384 trials, 48 per run. Optimal sequencing software (OptSeq2,

https://surfer.nmr.mgh.harvard.edu/optseq/) was employed to determine the variable duration of

the jitter fixation (0-6200ms) and the order of trial types in each of the conditions within each



functional run to optimize efficient recovery of the blood-oxygen level dependent (BOLD) response

(Dale 1999).

Before entering the scanner, participants were shown the response pads and were asked to
practice on some trials to ensure they had understood the instructions correctly. Inside the scanner,
before acquiring functional data, the size of the string of characters was manipulated during a set of
titration blocks to ensure each individual participant averaged about 70% hits. During the actual
functional runs, the string of characters could vary between five possible sizes, starting with an
intermediate size (7.55x1.752). Accuracy was automatically calculated after each titration block (14
trials). If accuracy was above 78%, a smaller size (6.75x1.502) was used during the next titration
block. If accuracy was below 62%, the size was increased (8.22x1.909) during the next titration block.
The titration procedure ended when the participant completed two consecutive blocks in which the

accuracy was in the range of >62% and <78%.

fMRI Data Acquisition

Functional and structural images were collected on a 3-T Siemens PRISMA Fit whole-body MRI
scanner at the Mind, Brain, and Behavior Research Center (CIMCYC, University of Granada), using a
32-channel whole-head coil. Functional images were acquired in 8 separate functional runs using a
gradient-echo echo-planar pulse sequence with the following acquisition parameters: time-to-
repetition (TR) = 1550 ms, time-to-echo (TE) = 35 ms, 60 interleaved 2.4-mm cubic axial slides, no
inter-slice gap, flip angle = 70°, field of view (FoV) = 210 mm, 275 volumes per run. Each functional
run was preceded by four functional dummy scans to allow for T1-equilibration effects, which were
discarded. High-resolution MPRAGE T1-weighted structural images were also collected for each
participant with the following parameters: TR = 2530 ms, TE = 2.36 ms, flip angle = 7°, FoV = 256

mm, voxel resolution =1 mm3, 176 slices.
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fMRI Data Analysis

SPM12 (Wellcome Centre for Human Neuroimaging, London) was used to conduct standard
preprocessing routines and analyses. Images were corrected for differences in slice acquisition
timing and realigned to the first volume by means of rigid-body transformation. Motion parameters
extracted from the realignment were used, after a partial spatial smoothing of 4-mm full width at
half maximum (FWHM) isotropic Gaussian kernel, to inform additional motion correction algorithms
implemented by the Artifact Repair toolbox (ArtRepair; Stanford Psychiatric Neuroimaging
Laboratory). This allowed us to repair outlier volumes with sudden scan-to-scan motion exceeding
0.5 mm and/or 1.3% variation in global intensity and to correct these outlier volumes via linear
interpolation between the nearest non-outlier time points (Mazaika et al. 2009). To further limit the
influence of motion on our fMRI results, participants with more than 12% to-be-corrected outlier
volumes across functional runs were excluded. Before applying this additional motion correction
procedure, we also checked for participants who showed a drift over 3 mm/degrees in any of the
translation (x, y, z) and rotation (yaw, pitch, roll) directions within each functional run. As a result of
applying these motion correction criteria, we excluded a total of three participants from further data

analyses.

After volume repair, structural and functional volumes were coregistered and spatially
normalized to T1 and echo-planar imaging templates, respectively. The normalization algorithm used
a 12-parameter affine transformation together with a nonlinear transformation involving cosine
basis functions. During normalization, the volumes were sampled to 2-mm cubic voxels. Templates
were based on the MNI305 stereotaxic space (Cocosco et al. 1997), an approximation of Talairach
space (Talairach and Tournoux 1988). Then, functional volumes were spatially smoothed with a 7-
mm FWHM isotropic Gaussian kernel. Finally, the time series were temporally filtered to eliminate

contamination from the slow signal drift (high-pass filter: 128 s).
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Statistical analyses were performed on individual participant’s data using the general linear
model (GLM). fMRI time series data were modeled by a series of events convolved with a canonical
hemodynamic response function (HRF). We used a slow event-related model where the components
of each trial (i.e., number, string of characters, central and peripheral tasks) were modeled together
as a 6.2 s epoch, time-locked to their onset time. Trials were sorted as “far” or “near” based on the
Central task condition (i.e., Central task factor), and as “hits” or “illusions” as a function of
participants’ responses to the peripheral task (i.e., Trial type factor). Thus, our main experimental
design included 4 regressors for the 4 conditions of interest: far-hit, far-illusion, near-hit, and near-
illusion. Errors on the central or peripheral tasks and unseen responses to the peripheral task were
modeled separately and excluded from the main analysis. The motion parameters for translation (x,
y, z) and rotation (yaw, pitch, roll) were also included as covariates of noninterest in this GLM.
SPM12 FAST was used for temporal autocorrelation modeling in this GLM due to its optimal
performance in terms of removing residual autocorrelated noise in first-level analyses (Olszowy et al.
2019). The least-squares parameter estimates of the height of the best-fitting canonical HRF for each

condition were used in pairwise contrasts.

Contrast images, computed on a participant-by-participant basis, were submitted to group
analysis. At the group level, whole-brain contrasts between conditions were computed by
performing one-sample t-tests on these images, treating participants as a random effect. Family-
wise error (FWE) correction at the cluster level, voxel-extent threshold of p < .001, was applied to
whole-brain maps involving all participants. Given that one of the main objectives of the present
study was to investigate differences in functional engagement for hits versus illusions, this contrast
was computed at the whole-brain level to initially examine regions differentially recruited for these
conditions. ROIs were created with the MARSBAR toolbox in SPM12 (Brett et al. 2002). ROIls
consisted of significantly active voxels identified from the All > Null whole-brain functional contrast
(cluster-wise FWE corrected, voxel-extent threshold of p <.001) across all participants within specific

MARSBAR anatomical ROIs. A set of ROIs (the center of mass and the volume in mm? are indicated
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between parentheses) previously related to attentional and feature integration processes (Leonards
et al. 2000; Shafritz et al. 2002; Braet and Humphreys 2009; Gillebert and Humphreys 2010;
Pollmann et al. 2014; Humphreys 2016), were built for time courses and functional connectivity
analyses. These ROIs included the left angular gyrus (-30, -52, 34; 240 mm?), right angular gyrus (29, -
58, 46; 376 mm?>), left FEF (-23, -4, 58; 1712 mm?), right FEF (25, -5, 62; 4808 mm?>), left inferior
parietal lobe (IPL; -40, -41, 44; 9240 mm3), right IPL (37, -43, 49; 2816 mm3), left superior parietal
lobe (SPL; -23, -58, 55; 7328 mm?), right SPL (23, -57, 58; 6448 mm?), left supramarginal gyrus (-56, -
26, 29; 2896 mm?), right supramarginal gyrus (50, -27, 34; 3128 mm?>). Since we had no different a
priori hypothesis regarding the role of V1 and V2, occipital ROIs comprised a combination of V1 and

V2 in the left (-10, -83, 2; 23432 mm?) and right (12, -79, 4; 22792 mm?®) hemispheres.

For time course analyses, the BOLD activation time series, averaged across all voxels in each
ROI, were extracted from each functional run. Mean time courses for each trial were then
constructed by averaging together appropriate trial time courses, which were defined as 15.5-secs
(10 TRs) windows of activation after trial onset. These condition-based time courses were then
averaged across functional sessions and across participants. These data were then analyzed using
repeated-measures ANOVAs with the factors Hemisphere (left vs. right), Trial type (hit vs. illusion),
Central task condition (far vs. near), and Time (including 8 time points), with the main objective of

examining functional temporal modulations, such as early versus late effects within epochs/trials.

Finally, we examined functional connectivity via the beta-series correlation method (Rissman
et al. 2004) implemented in SPM12 with custom MATLAB scripts. The canonical HRF in SPM was fit
to each trial from each experimental condition and the resulting parameter estimates (i.e., beta
values) were sorted according to the study conditions of interest (Central task and Trial type) to
produce a condition-specific beta series for each voxel. Three different functional connectivity
analyses were performed: 1) pairwise functional connectivity between visual regions and the

remaining ROIls using the main GLM and event durations (i.e., 6.2 s epochs); 2) pairwise functional

12



connectivity between visual regions and the rest of the ROIs based on two modified GLMs
corresponding to the earlier time window of 3.1 s (i.e., Time window |) and the later time window of
3.1 s (i.e., Time window Il); and 3) whole-brain functional connectivity for hits and illusions using left

and right visual areas as seed regions.

For both pairwise functional connectivity analyses, we first calculated beta-series correlation
values for each pair of ROIs at the participant level. Then, based on the Pearson r-values obtained for
each pair of ROIs with visual cortex, we calculated the corresponding p-values. Next, we examined
interactions in pairwise functional connectivity between these ROls. Because correlation coefficients
are inherently restricted to range from — 1 to + 1, an archyperbolic tangent transform was applied to
these beta-series correlation r-values to make the null hypothesis sampling distribution approach
that of the normal distribution (Fisher 1922). These Fisher’s z normally distributed values were then
submitted to repeated-measures ANOVAs with the factors Central task and Trial type. The temporal
window factor Time window (I, Il) was added to the second pairwise connectivity analyses to capture

differences in functional coupling effects, during early and later stages of trial processing.

For the whole-brain functional connectivity analysis, the beta series associated with the
visual areas were correlated with voxels across the entire brain to produce beta-correlation images
separately for hits and illusions. Contrasts between beta-correlation images were also subjected to
an archyperbolic tangent transform to allow for statistical inference based on temporally coupled
fluctuations with this region. Hits > Null and illusions > Null one-sample t-tests were performed on
the resulting subject contrast images to produce group correlation contrast maps with a threshold of

p < .05 (cluster-wise FWE corrected).

Statistical analyses were performed with JASP (Team JASP 2019). Since the assumption of
sphericity was violated in the time course analyses (indicated by Mauchly’s test of sphericity),
Greenhouse-Geisser correction was applied as implemented in JASP. In the ANOVAs of time course

and functional connectivity analyses, post-hoc Bonferroni corrected comparisons were employed to
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explore significant interactions. Data is available on
https://osf.io/d8hj7/?view_only=5ec9b79f1d3c4120a571fdde5310e7e2. Note that in some analyses,

missing cells indicate participants that were automatically removed.

Results
Behavioral Results

We were interested in two important behavioral results. First, we wanted to explore whether the
proportion of hits, illusions, errors, and unseen responses in the peripheral task was modulated by
central task demands. Since the distribution of these responses deviated from normality, Wilcoxon
signed-rank tests were used to compare the mean proportion of hits, illusions, errors, and unseen
responses for the two conditions in the Central task (far and near). Second, we wanted to explore
whether responses to the central task demonstrated the expected pattern of results (slower
responses for numbers closer to the standard), and if these responses were affected by responses to
the peripheral task (hits and illusions; errors and unseen responses are not considered here since
they were rare). For the central task, both accuracy and RT were emphasized. Both dependent
variables were analyzed using repeated measure analysis of variance (ANOVAs) with the factors
Central task condition (far and near) and Trial type (hits and illusions). The Wilcoxon W-statistic and
the rank-biserial correlation (rg), representing the effect size, are reported. Values <.1 are considered
trivial, values around 0.1 are interpreted as a small effect, around 0.3 as a medium effect, and >0.5

as a large effect (Cohen 1992; Fritz et al. 2012; Goss-Sampson 2020).

The proportion of hits (x = .627 in the far condition and x = .625 in the near condition; W =
233.500, p = .413, rz =.183), illusions (x = .298 for far and x = .291 for near; W = 188.000, p = .760, r
=.071), errors (x = .050 for far and x = .054 for near; W = 131.500, p = .606, rg = -.123), and unseen
responses (x = .022 for far and x = .028 for near; W = 44.000, p = .129, rz = -.425), was not

significantly different across the two central task conditions (Figure 2A).
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For the central task, RT analyses showed both a main effect of Central task condition, F(1,
27) = 83.107, p < .001, n’, = .755, and a main effect of Trial type, F(1, 27) = 15.014, p < .001, n’, =
.357, indicating that participants’ responses were faster in the far as compared to the near
condition, and in those trials in which participants responded correctly to the peripheral task (hits)
as compared to illusions (Figure 2B). Participants accurately responded to the central task (x = .970);
in the accuracy analysis, only a main effect of Central task condition was found, F(1, 27) = 19.871, p <

.001, n2p= .424, with more accurate responses for far (x = .983) than near (x = .965) conditions.
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Figure 2. Behavioral task results. A) Proportion of hits, illusions, errors, and unseen responses for each Central
task condition (far and near). The figure shows that the Central task did not modulate participants’ responses.
B) RT for the central task as a function of Central task condition (far and near) and Trial type (hit and illusion).
The figure shows a main effect of Central task and a main effect of Trial type. Asterisks represent statistically

significant comparisons. Error bars represent standard errors.

In sum, results from the peripheral task showed that the manipulation was successful in
producing an average mean of 30% illusory conjunctions. Even though we found no differences in
the proportion of hits and illusions between the two Central task conditions, which indicates that the
Central task was not effectively interfering with perceptual reports in the peripheral task, responses
were faster in the far as compared to the near condition. Moreover, although participants did not
respond to the peripheral task until later in the trial, RT for the Central task was faster when a hit

rather than an illusion occurred later. This result has been previously and consistently observed
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(Cobos and Chica 2022). It might be due to a preparatory process that modulates performance, even
if the demands of the Central task did not directly modulate the number of illusions produced in the

peripheral task.

fMRI Results

The main aim of the fMRI analysis was to compare brain activations and co-activations for hits and
illusions. The whole-brain contrast hits vs. illusions showed larger BOLD responses for hits than
illusions in a set of brain regions comprising frontal, parietal, and occipital areas (Figure 3). The
whole-brain contrast near vs. far (cluster-wise FWE corrected, p < .001 voxel extent) did not reveal

any significant activations above threshold.

Figure 3. Whole-brain hits > illusions contrast showing brain areas with larger BOLD responses for hits than
illusions (cluster-wise FWE corrected, p < .001 voxel extent). At the whole-brain level no brain region

demonstrated increased responses for illusions vs. hits.

We then examined the time course analyses of the BOLD response to examine possible
functional temporal modulations, such as early versus late effects within trials, for the regions of

interest. Given the bilateral nature of the results and to reduce the number of comparisons,
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hemisphere was included in the ANOVAs as a factor. Therefore, for each ROI, the ANOVA included
the factors Trial Type (hit vs. illusion), Central Task condition (far vs. near), Hemisphere (left vs.
right), and Time (8 time points). In V1-V2, we observed an interaction between Trial Type and Time,
F(1, 27) = 7.628, p < .001, nzp =.220, with larger BOLD signal intensity for illusions as compared to
hits at early time points (with a significant difference at 3.10 sec., pgons = .004, and 4.65 sec., pgonf =
.001); all other comparisons between hits and illusions at the remaining time points were not

significant, pgonf> .026 (see Figure 4).
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Figure 4. Time courses for V1-V2 showing increased BOLD signal intensity for illusions (light gray, dashed line)
than hits (dark gray, solid line) at early time points (3.10 and 4.65 sec.). Asterisks represent significant
comparisons for hits vs. illusions at each time point (Bonferroni corrected). Error envelopes represent

standard errors.

We also found a significant interaction between Central task, Trial type and Time in the FEF,
F(1, 27) = 3.849, p = .017, r]zp =.125 (the interaction with hemifield was not significant). However,
post-hoc comparisons at different time points in each condition were not significant (all psgons 2

.035).
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Since V1-V2 was the only area showing the Trial type by Time interaction at the regional
level, with increased activation for illusions as compared to hits at early intervals, we conducted two
different functional connectivity analyses to further examine if these areas showed differential
connectivity patterns for hits and illusions. First, pairwise functional connectivity among visual
regions and the rest of the ROIs was analyzed using the original GLM model with 6.2 s per epoch. We
ran a repeated measure ANOVAs on the Fisher’s z values of each pair of regions obtained in this
analysis (with the factors Central task and Trial type). Figure 5A represents the pairs of regions that
showed a significant main effect of Trial type, with all the statistically significant pairs showing
stronger functional coupling for hits than illusions (all Fs (1, 26) 2 5.977, all ps <.022, all nzpsz .187).
Second, a similar functional connectivity analysis focused on pairwise connections between left and
right V1-V2 with the remaining ROIs being conducted by dividing the original GLM model with 6.2 s
epochs into two modified GLMs corresponding to the earlier time window of 3.1 s (i.e., Time window
[) and the later time window of 3.1 s (i.e., Time window Il) to examine potential time-varying effects
in functional coupling effects for hits and illusions during the earlier and later stages of the trials. The
Fisher’s z values for each pair of regions with left and right V1-V2 derived from this analysis were
also submitted to the same type of repeated measures ANOVAs as previous analyses, adding the
factor Time window (I, Il). This analysis revealed an interaction in right V1-V2 and right FEF between
Trial type and Time window, F(1, 27) = 5.785, p =.023, nzp = .176, which showed comparable
functional coupling for hits and illusions in the early time window, pgo,nf = 1.000, but increased

coupling for hits compared to illusions in the later time window, pgons = .003 (see Figure 5B and 5C).
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Figure 5. Representations for both types of functional connectivity analyses, pairwise (top panel) and whole-
brain (bottom panel). A Pairwise functional connectivity between ROIs showing a main effect of Trial type.
Edges indicate statistically significant increases in functional connectivity between pairs of regions for hits
compared to illusions. B Pairwise functional connectivity between the right V1-V2 and right FEF showing a
significant Trial type by Time interaction. C Line graph showing Fisher’s Z values for the Trial type by Time
interaction in the functional coactivation between V1-V2 and FEF in the right hemisphere. Asterisks represent

significant comparisons for hits and illusions. Error bars represent standard errors. D-E Whole-brain functional
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connectivity using left (D) and right (E) V1-V2 as seeds for the contrasts (cluster-wise FWE corrected, p < .001

voxel extent) hits > null (red), illusions > null (blue), and overlap of the two (purple).

Finally, additional whole-brain functional connectivity analyses separately for hits and
illusions were performed using seeds placed in the left and right V1-V2 using the original GLM model
with 6.2 s epochs to conduct this beta-series connectivity analysis. The analysis was performed to
ensure we had not missed potentially relevant co-activations between V1-V2 and the rest of the
brain in the previous ROI-based pairwise connectivity analysis for each of the main conditions of
interest. We found that while both illusions and hits involved co-activation between V1-V2 and other
regions within the occipital cortex, hits showed additional functional coupling with the parietal lobe

(Figure 5D and 5E).

Discussion

Visual features such as color, shape, orientation, size, etc., are processed in specialized brain regions,
but these features need to be combined to construct a single percept at a later stage. Even though
this “problem” was partially solved by the discovery of groups of neurons that —in early stages—
process more than a single feature (for example, V1 neurons process both movement and
orientation; (Tootell et al. 1998; Shu et al. 2015; Groen et al. 2017), the computational issue remains

unsolved, since additional features may characterize the perceived object.

To better understand the brain mechanisms governing feature integration, this study used 1)
a feature integration task which calibrated task difficulty to produce around 30% illusory
conjunctions in each participant, and 2) a number comparison task to examine divided attention in
feature binding. Behaviorally, the attentional demands of the central number task did not modulate
the percentage of illusory conjunctions produced, although responses to the central task were
slower when an illusion (as compared to a hit) occurred later in the trial. Elsewhere, we have

suggested this effect could be due to preparatory processing, probably related to alerting
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mechanisms, which affects responses to both the central task and the peripheral task (Cobos and

Chica 2022), without directly affecting feature integration.

fMRI results demonstrated a distributed set of occipito-parieto-frontal areas with increased
BOLD responses for correct feature binding (i.e., hits) compared to trials in which integration failed
(i.e., illusions). Functional connectivity analyses demonstrated that V1-V2 were more strongly
coupled with the parietal cortex for hits than illusions. This confirms the important role of the
parietal lobe in feature integration (Shafritz et al. 2002). This role is likely related to establishing
priority maps, which take both bottom-up stimulus salience and top-down behavioral priorities into
account (Bisley and Goldberg 2010; Ptak 2012). Time-course analyses demonstrated larger BOLD
signal intensity in V1-V2 at early time points for illusions versus hits. At early stages of processing,
functional connectivity of primary visual areas with the FEF was comparable for hits and illusions;
only at later intervals did functional connectivity between these regions increase for hits relative to
illusions. Overall, these results demonstrated that hits are characterized by larger overall activation
of occipito-parieto-frontal areas together with increased functional connectivity between occipital
and parietal brain regions. On the other hand, illusory conjunctions are characterized by increased
activation of occipital areas at early time points (as shown in the time-course analyses), decreased
co-activation of right V1-V2 and the right FEF at later stages, and lower functional connectivity with

the parietal cortex.

This functional characterization of brain activation and connectivity associated with correct
and incorrect feature integration can provide evidence in favor of the FIT or the FCA. According to
the FIT, attentional amplification from the parietal cortex should increase occipital responses for
correct responses as compared to illusory conjunctions (Spitzer et al. 1988; Kastner et al. 1999). This
was observed in the whole brain and ROI analyses, which demonstrated increased BOLD response
for hits than illusions in occipital regions. However, the modulation of visual regions was time

sensitive, and visual responses were increased for illusions than hits at early intervals. The FCA
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proposes a two-stage account of feature integration, with an initial bottom-up stage of feature
integration based on the activation of neurons sensitive to conjunctions of visual features. This
process is fast, giving rise to rapid and confident responses, which are not supervised by the parietal
cortex (according to Humphreys 2016; see also Humphreys 2001). After some time, a slower process
starts, in which the results of the initial stage are confirmed through top-down feedback. This slow
confirmation process is thought to be supported by the parietal cortex (Humphreys 2001, 2016;
Gillebert and Humphreys 2010). The results from the time-course analyses seem consistent with this
two-stage account, in which occipital areas are more active for illusions than hits at the fast-initial
stage (as shown in the time-course analyses). However, with the time resolution of fMRI, the parietal
cortex is more strongly connected to the occipital cortex both at initial and later stages, while it is
the FEF that demonstrates increased functional connectivity for hits than illusions at the later stages
but not at the initial stages. However, given the low temporal resolution of fMRI, our data do not
disconfirm the assumption that the parietal cortex might not be properly coupled with occipital
regions during the early stages of visual perception in the millisecond-scale (Braet and Humphreys

2009).

The FCA, supported by our results, is also in line with Moshe Bar’s (2003) model of top-down
facilitation in visual object recognition, in which low spatial frequencies from images are rapidly sent
from early visual areas to frontal regions such as the ventrolateral and orbital prefrontal cortex.
These rough representations activate predictions about the possible identity of the perceived object,
which are then transmitted to the inferior temporal cortex. Similar proposals have aimed to explain
how expectancy shapes perception (Series and Seitz 2013) through a circuit encompassing occipital,
temporal, and ventral medial frontal cortex (Summerfield and Egner 2009). In a face completion
paradigm, Chen and collaborators (2010) found that perceptual grouping of face fragments into a
coherent face increased activity in high-level visual areas but decreased activity in early visual areas.
This result is consistent with predictive coding models, suggesting that feedback from higher areas

operates to reduce activation in lower areas. Our proposal is that all these perceptual processes (i.e.,
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feature binding, perception of expected vs. unexpected objects, object completion) might use a
similar mechanism, in which higher order areas (parietal and FEF regions in our study) send feedback
to visual areas, reducing activation when perception is successful. This mechanism differs from
attention, which increases activation in visual areas when objects are attended (Spitzer et al. 1988;

Kastner et al. 1999).

Contrary to previous proposals (Treisman and Gelade 1980), prior results have
demonstrated that visual conjunctions of features are represented in early visual areas such as V1
(Seymour et al. 2009, 2010). However, the authors acknowledge that their results do not
unequivocally demonstrate that feature binding occurs in this region. The V1 fMRI response could
therefore reflect the binding of information taking place in this area, but also feedback from the
fronto-parietal network regarding already bound information (Whitney 2009). Our results suggest
the importance of parietal regions and the FEF in top-down feedback to early visual regions, in line
with studies showing that functional connection between the FEF and visual regions is relevant for
top-down control of visual information (Bressler et al. 2008; Wang et al. 2016; Veniero et al. 2021).
These results also indicate that, alongside the well-known role of the parietal lobe in feature
integration (Shafritz et al. 2002), top-down feedback from the FEF might support correct feature
integration. The FEF can influence the activation of neurons in the extrastriate cortex (Silvanto et al.
2006), improving perceptual processes (Grosbras and Paus 2003). The FEF also contains
topographically organized saliency maps (Thompson and Bichot 2005; Vernet et al. 2014), which
could support feature-binding for objects presented in different spatial locations. Failures in top-
down FEF control have been related to incorrect integration of features, demonstrating that other
regions of the dorsal fronto-parietal network (Corbetta 1998) besides the parietal cortex play a role

in correct feature integration.

Interestingly, feature integration can occur even when stimuli are not consciously processed.

Fahrenfort et al. (2017) trained classifiers to distinguish between Kanizsa figures (whose elements
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are perceptually integrated to result in surface perception) and control figures, in which such
integration does not occur. They compared the perception of these figures in conscious and
unconscious conditions with an Attentional Blink paradigm, and in masking or non-masking
conditions. Results demonstrated that the classifiers could not distinguish between Kanizsa and
control figures when targets were masked, indicating that masking alters feature integration.
However, the classifier was able to distinguish between Kanizsa figures and control figures, despite
the fact that participants did not perceive the stimuli due to the Attentional Blink. This suggests that
feature integration precedes, and is independent of, conscious perception. In our case, targets were
always visible, but the stimulation was adjusted so that feature integration failed in a percentage of
trials. Even though we used a mask in our design (which is believed to affect locally recurrent
interactions and not feedforward processing, Fahrenfort et al. 2017), the mask is present in all
conditions, both when the features were successfully integrated and when integration was incorrect.
Incorrect feature integration in the present experimental conditions with supra-threshold
information was therefore associated with failures in recurrent interaction processes between
parieto-frontal and occipital structures, as observed in Fahrenfort et al.’s Attentional Blink

manipulation.

In relation to the manipulation of divided attention with the central task, although
attentional demands from this task did not modulate the proportion of illusions experienced, the
dual task used in this study was effective in producing larger RTs for the more demanding (near) as
compared to the less demanding (far) condition. fMRI results overall demonstrated no main effects
of Central Task. There was only a significant interaction between Central Task, Trial Type, and Time
in the FEFs. However, this interaction is difficult to interpret as post-hoc comparisons were not
significant. In general, the absence of interactions between Central Task and Trial Type indicates
different brain regions should be involved in either task. However, this result should be interpreted
with caution given that no brain modulations were observed for the two difficulty conditions of the

central task.
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Limitations

An intrinsic limitation of fMRI is its poor temporal resolution. We used sensitive time-course
analyses and examined functional connectivity across two consecutive time windows, but future
research should explore functional correlates associated with correct and incorrect feature
integration using even more time sensitive techniques. Even though the increased activation for
illusions than hits at early time points showed in the time course analysis is an interesting result in
line with the theoretical frames discussed in this paper, it was an unexpected result that should be
replicated in future studies. Another limitation of our analysis is the fact that our data do not
indicate the directionality of information flow. The sluggishness of the BOLD signal may prevent
precise exploration of the directionality of information processing between occipital, parietal, and
frontal areas, but future studies using Dynamic Causal Modeling analyses may be able to shed
further light on the role of forward and feedforward processing in feature integration. Further
research could also employ new methods, such as multivariate pattern analyses to explore how
information is represented in different brain regions when correct and incorrect feature integration
takes place. However, our study was not designed with the aim of applying these techniques, which

requires a series of methodological considerations (O’Toole et al. 2007; Weaverdyck et al. 2020).

A further limitation refers to whether the illusory conjunctions observed in the present
experiment are related to pure perceptual processes or if they are influenced by memory processes,
especially because in this task, participants first respond to the central task, and then report the
color of the peripherally presented target. The role of the parietal cortex in feature integration and
also in working memory (Mackey et al. 2016; MacKey and Curtis 2017) supports the possibility that
errors in feature integration in this experiment might be related to perceptual processes, memory

processes, or a combination of both.
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Conclusions

Our results demonstrate the critical role of the parietal cortex in feature integration. While
correct feature integration was associated with overall activation of occipito-parieto-frontal areas
together with increased occipito-parietal functional connectivity, incorrect feature integration was
characterized by increased activation of occipital areas at early stages of processing together with
decreased occipito-parietal and occipito-frontal coactivation. These results are consistent with the
FCA, which acknowledges the importance of top-down feedback in the formation of stable

perceptual representations.
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