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1  |  INTRODUCTION

At any given moment, our sensory system is overloaded 
with stimuli that cannot be perceived in isolation. Our 

perceptual experience is rich and stimuli need to be inte-
grated into coherent percepts and scenes. Even if our goal 
is relatively simple (e.g., hit a ball in a tennis match), we 
cannot only perceive single features such as movement 
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Abstract
Our sensory system is able to build a unified perception of the world, which al-
though rich, is limited and inaccurate. Sometimes, features from different objects 
are erroneously combined. At the neural level, the role of the parietal cortex in 
feature integration is well-known. However, the brain dynamics underlying cor-
rect and incorrect feature integration are less clear. To explore the temporal dy-
namics of feature integration, we studied the modulation of different frequency 
bands in trials in which feature integration was correct or incorrect. Participants 
responded to the color of a shape target, surrounded by distractors. A calibra-
tion procedure ensured that accuracy was around 70% in each participant. To ex-
plore the role of expectancy in feature integration, we introduced an unexpected 
feature to the target in the last blocks of trials. Results demonstrated the contri-
bution of several frequency bands to feature integration. Alpha and beta power 
was reduced for hits compared to illusions. Moreover, gamma power was overall 
larger during the experiment for participants who were aware of the unexpected 
target presented during the last blocks of trials (as compared to unaware partici-
pants). These results demonstrate that feature integration is a complex process 
that can go wrong at different stages of information processing and is influenced 
by top-down expectancies.
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because other features such as color and shape are import-
ant to hit the ball and not another object (a bird passing 
by). Moreover, humans have the subjective impression 
of perceiving the whole scene in a very detailed way (in 
our example, the court, the trees around, the tennis net, 
etc.). However, this unified perception of large amounts 
of information has been found to be largely unreliable and 
full of errors (Block, 2011). Some of these errors consist 
of incorrect integration of features, for example, errone-
ously integrating shape and color features from two ob-
jects located close to each other (de Gardelle et al., 2009; 
Humphreys, 2016; Pelli et al., 2004; Pelli & Tillman, 2008; 
Treisman & Gelade,  1980; Treisman & Schmidt,  1982; 
Whitney & Levi, 2011).

From a modular conception of the brain, it has been 
proposed that feature integration is a necessary process 
because features are processed in different brain regions 
of the visual hierarchy. Although this problem was par-
tially solved by the discovery of neurons that respond 
to more than one feature in sensory regions such as V1 
(Groen et al., 2017; Shu et al., 2015; Tootell et al., 1998), 
the computational issue remains unsolved, since addi-
tional features may characterize the perceived object.

Behaviorally, errors in feature integration (known 
as illusory conjunctions) increase when the attentional 
system is overloaded, in conditions of divided attention 
(Treisman, 1996; Treisman & Gelade, 1980), when stimuli 
are briefly presented (Chen & Watanabe, 2021; Henderson 
& McClelland, 2020; Prinzmetal et al., 1995), when they 
are presented in the periphery of the visual field (Cohen 
& Ivry, 1989; Henderson & McClelland, 2020; Prinzmetal 
et al., 1995; Robertson, 2003; Treisman & Schmidt, 1982), 
when top-down expectancies are manipulated (Aru 
et al., 2018; Aru & Bachmann, 2017; Cobos & Chica, 2022; 
de Gardelle et  al.,  2009; Kuhn & Rensink,  2016; Mack 
et  al.,  2016), and when spatial attention is diverted 
(Briand, 1998; Cobos & Chica, 2022; Cohen & Rafal, 1991; 
Grubb et al., 2013; Montaser-Kouhsari & Rajimehr, 2005; 
Prinzmetal et  al.,  1986; Yeshurun & Rashal,  2010). Top-
down expectancies about perceptual information are well 
known to bias perception and decision making. Research 
has demonstrated larger amounts of errors (Engel 
et al., 2001; Engel & Fries, 2010; Mayer et al., 2016; Min & 
Herrmann, 2007), including illusory conjunctions, when 
an unexpected feature appears. Thus, our system tends to 
complete missing information with the expected percep-
tual features that we normally encounter in this context.

At the neural level, neuropsychological studies have 
stressed the role of the parietal cortex in feature integration 
(Baumgartner et al., 2013; Donner et al., 2000; Esterman 
et al., 2007; Leonards et al., 2000; Rodríguez-San Esteban 
et al., 2022; Shafritz et al., 2002); illusory conjunctions in-
crease after damage to this brain area in syndromes such as 

hemispatial neglect (Bernstein & Robertson, 1998; Cohen 
& Rafal, 1991; Cohen-Dallal et al., 2021; Robertson, 2003) 
or the Balint's syndrome (Chechlacz,  2018; Cohen & 
Rafal, 1991; Soto & Humphreys, 2009). Brain lesions and 
functional magnetic resonance imaging (fMRI) data have 
been important to determine the brain regions supporting 
correct and incorrect feature integration. Nevertheless, 
cognitive processing is simultaneously distributed across 
several spatiotemporal scales, raising the question of how 
these distinct spectral signatures dynamically interact 
to enable effective cortical processing and communica-
tion (Buzsáki & Draguhn, 2004; Engel et al., 1992, 2001; 
Fries, 2009; Jensen et al., 2007; Senkowski et al., 2008).

To explore the temporal dynamics of feature integra-
tion, we studied the modulation of different frequency 
bands in trials in which feature integration was correct 
or incorrect (illusory conjunctions). Previous studies have 
reported gamma band modulations related to feature in-
tegration. For example, gamma activity is higher as the 
number of features to integrate increases (Honkanen 
et al., 2015; Keil & Müller, 2010; Morgan et al., 2011; Vidal 
et  al.,  2006). This frequency band has been considered 
a landmark of feature integration (Morgan et  al.,  2011; 
Tallon-Baudry,  2009; Tallon-Baudry et  al.,  1996; Tallon-
Baudry & Bertrand,  1999; Vidal et  al.,  2006), although 
it has also been related with other cognitive processes 
such as working memory (Herrmann, Lenz, et al., 2004; 
Herrmann, Munk, et al., 2004; Miller et al., 2018), selec-
tive attention (Gruber et  al.,  1999; Keil & Müller,  2010; 
Strüber et  al.,  2000), and top-down expectancies (Bauer 
et al., 2014; Rohenkohl et al., 2018). The relation between 
the beta-band and feature integration is more limited. 
Beta band modulations are usually associated with motor 
responses (Engel & Fries,  2010) and top-down signals 
generated within attentional regions (such as the frontal 
eye field), which can change the excitability of lower level 
visual areas (Veniero et al., 2021). Alpha modulations at 
parieto-occipital electrodes are related to spatial atten-
tion (Busch & VanRullen, 2010; Capilla et al., 2014; Kelly 
et  al.,  2006; Sauseng et  al.,  2006; Schroeder et  al.,  2018; 
Thut,  2006) and, as outlined above, spatial attention is 
one of the most important cognitive processes modulating 
feature integration (Briand,  1998; Cobos & Chica,  2022; 
Cohen & Rafal,  1991; Grubb et  al.,  2013; Montaser-
Kouhsari & Rajimehr,  2005; Prinzmetal et  al.,  1986; 
Yeshurun & Rashal, 2010). In particular, alpha lateraliza-
tion has been related to spatial selection and inhibition of 
distractors (Capilla et al., 2014; Klimesch, 2012; Klimesch 
et  al.,  2007; Lange et  al.,  2014; Min & Herrmann,  2007; 
Schroeder et  al.,  2018). Conjunction search paradigms 
have also supported the causal role of alpha oscillations 
in correct feature integration (Müller et al., 2015). More 
recently, it has been proposed that alpha/beta power 
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decreases track the fidelity of stimulus-specific informa-
tion represented within the cortex (Griffiths et al., 2019). 
Moreover, early modulations in alpha power (before 
the stimulation is presented) has been associated to 
preparatory processes that improve target detection 
(Ergenoglu et  al.,  2004; Wutz et  al.,  2018) and discrimi-
nation (Hanslmayr et al., 2007; van den Berg et al., 2016; 
van Dijk et al., 2008). Finally, there is abundant correla-
tional evidence (Cavanagh et al., 2009; Cohen, 2011; Luu 
et al., 2004; Trujillo & Allen, 2007) about the role of theta 
power in error detection, as well as in memory encoding 
(Roux & Uhlhaas,  2014; Sammer et  al.,  2007; Sauseng 
et al., 2010) and false memories (Mapelli & Özkurt, 2019; 
Sweeney-Reed et al., 2012).

The paradigms used to explore feature integration 
and illusory conjunctions are diverse, and only one or 
two frequency bands have been explored in most of the 
studies addressing the brain dynamics of oscillatory pro-
cesses associated to correct and incorrect perception (see 
e.g., Tallon-Baudry & Bertrand, 1999; Zhang et al., 2019). 
Nevertheless, we posit that different cognitive failures can 
lead to incorrect feature integration (failures in prepara-
tion, spatial attention, or working memory). In order to 
study the cascade of events that can produce an incorrect 
feature integration, we used a dual task paradigm (de-
signed to increase the probability of finding erroneous 
feature integration), titrated to produce ˜30% of illusory 
conjunctions while measuring high-density EEG. Our 
aim was to compare the spectral signatures of different 
frequency bands (theta, alpha, beta, and gamma), previ-
ously associated to error detection (Cavanagh et al., 2009; 
Cohen,  2011; Fusco et  al.,  2018; Luu et  al.,  2004; 
Romei et  al.,  2011; Trujillo & Allen,  2007), prepara-
tion (Ergenoglu et  al.,  2004; Hanslmayr et  al.,  2007; 
Mathewson et al., 2009; van den Berg et al., 2016; van Dijk 
et al., 2008; Wutz et al., 2018), spatial attention (Busch & 
VanRullen, 2010; Kelly et al., 2006; Sauseng et al., 2006; 
Schroeder et al., 2018; Thut, 2006), perceptual information 
representation (Griffiths et al., 2019), top-down influences 
over visual perception (Veniero et  al.,  2021), working 
memory (Herrmann, Lenz, et al., 2004; Herrmann, Munk, 
et  al.,  2004; Miller et  al.,  2018), and feature integration 
itself (Morgan et  al.,  2011; Tallon-Baudry,  2009; Tallon-
Baudry et  al.,  1996; Tallon-Baudry & Bertrand,  1999; 
Vidal et  al.,  2006). To explore the role of expectancy in 
feature integration, as done in previous studies (Cobos & 
Chica, 2022; Rodríguez-San Esteban et al., 2022), we in-
troduced an unexpected feature to the target in the last 
blocks of trials, and compared brain oscillatory modula-
tions of participants that were aware of this unexpected 
feature and those that were not aware.

According to the above-reviewed studies, we predicted 
that incorrect feature integration leading to illusions (as 

compared to hits) would be characterized by: (1) an increase 
in theta power (Cavanagh et al., 2009; Cohen, 2011; Luu 
et al., 2004; Mapelli & Özkurt, 2019; Roux & Uhlhaas, 2014; 
Sammer et  al.,  2007; Sauseng et  al.,  2010; Sweeney-Reed 
et al., 2012; Trujillo & Allen, 2007), (2) increased alpha power 
at early (Ergenoglu et al., 2004; Hanslmayr et al., 2007; van 
den Berg et al., 2016; van Dijk et al., 2008; Wutz et al., 2018) 
and late stages, especially at contralateral locations (Busch 
& VanRullen, 2010; Kelly et al., 2006; Sauseng et al., 2006; 
Schroeder et al., 2018; Thut, 2006), (3) increased beta power 
(Griffiths et al., 2019; Veniero et al., 2021), and (4) reduced 
gamma power (Honkanen et al., 2015; Keil & Müller, 2010; 
Morgan et al., 2011; Vidal et al., 2006). We had no a-priori 
hypothesis about the modulations that would be associated 
to the expectancy manipulation.

2  |  METHOD

2.1 | Participants

G*power (Faul et  al.,  2007) was used to calculate the 
sample size based on the effect size of the proportion of 
illusions reported in Cobos and Chica (2022; Experiment 
3). The effect size in this experiment, reported by rank-
biserial correlation (rB), revealed a large effect (rB = −.502; 
d = 1.2, Cohen,  1992; Fritz et  al.,  2012). We calculated 
sample size for t-test Wilcoxon signed-rank test (matched 
pairs, α = 0.05; Power = 0.95). A minimum sample of 12 
participants was required. Because we planned to contrast 
data from aware and unaware participants in the expec-
tancy manipulation (see Method), and because some par-
ticipants were expected to be excluded from data analyses 
due to artifacts and noise in the EEG signal, we decided to 
collect a larger sample of 30 participants.

Thirty healthy volunteers (21 females; mean age of 
24 years, SD = 2.87 years) participated in the study in ex-
change for a monetary compensation of 10€/h. They all 
reported normal or corrected-to-normal vision, normal 
color perception, and had no prior experience with the 
task. Signed informed consent was collected before the 
study, and participants were informed about their right 
to withdraw from the experiment at any time. The CEIM/
CEI Granada's Biomedicine Ethic Research Committee 
approved the experiment, which was carried out in accor-
dance with the ethical standards of the 1964 Declaration 
of Helsinki.

2.2 | Stimuli and apparatus

E-Prime software version 2.0 (Schneider et al., 2002) was 
used to control stimuli presentation, timing operations, 
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and behavioral data collection. Participants were seated 
at an approximate distance of 60 cm from the com-
puter screen (an LCD monitor, 24″, Benq BL2405HT, 
1920 × 1080 pixels, with a refresh rate of 60 Hz). The ex-
perimental procedure was adapted from Esterman and 
colleagues (Esterman et al., 2004, 2007; see also Cobos & 
Chica, 2022; Rodríguez-San Esteban et al., 2022).

The display consisted of a central fixation point (a white 
plus sign, 0.47° × 0.47°) presented against a black back-
ground. A number was presented above (0.95°) the fixation 
point, printed in white. It could take values between 1 and 
9, excluding 5. According to the numerical distance effect 
(Verguts & Van Opstal,  2005), the numbers conformed 
two possible conditions: a more demanding “near” condi-
tion (numbers closer to 5: 3, 4, 6, 7) and a less demanding 
“far” condition (numbers further away from 5: 1, 2, 8, 9). 
The peripheral stimulus consisted of a horizontal string of 
four characters (3.8° × 1.05°) presented in Arial font. The 
peripheral stimulus could randomly appear 5.7° to either 
the right or left side of the fixation point (measured from 
the center of the fixation point to the inner corner of the 
string of characters), and 0.24° above the horizontal axis. 
The two external characters consisted of the flankers “S” 
or “8”, printed in white. The two inner characters were 
the letters “L” and “O”, which were colored in red (RGB: 
215,0,0), blue (RGB: 46,118,182), or green (RGB: 0,135,61). 
In each trial, the “L” and “O” letters always had different 
colors. Both letters were presented randomly at either the 
inner leftmost or rightmost location (see Procedure sec-
tion). A mask (&&&&) was also presented after the string 
of characters (see Figure 1).

2.3 | Procedure

The experiment consisted of 14 blocks of 48 trials, each of 
them separated by a brief pause. Figure 1 shows the se-
quence and timing of stimuli in a given trial. Trials began 
with a fixation screen (with a random duration between 
1000 and 2000 ms), followed by the presentation of the 
number (displayed for a total of 2500 ms). Numbers from 
the far and the near condition were randomly presented. 
After 300 ms from the number onset, the peripheral target 
was shown for 100 ms. Its location was determined ran-
domly, appearing 50% of the trials at each side of the fixa-
tion point. After an inter-stimulus interval (ISI) of 50 ms, 
the mask was displayed for 100 ms.

Participants were first required to respond to the num-
ber (central task). As soon as the number was presented, 
they reported whether it was smaller or larger than 5 
(using the left or right mouse button, respectively). They 
used their right hand for this response, performing as fast 
and accurate as possible.

Once the answer to the central task was given, par-
ticipants were required to carry out the peripheral task. 
They were instructed to respond accurately, but without 
time pressure, using the left hand to press the “z”, “x”, and 
“c” keys to report the color of the letter “L” (either red, 
blue, or green). The correspondence between color and 
response key was counterbalanced between participants. 
They could also press the space bar if they were not able 
to report the color of the target letter. Responses to the pe-
ripheral task were categorized as hits (when the correct 
color of the letter “L” was reported), illusions (when par-
ticipants reported the color of the letter “O”), errors (when 
participants reported a color that was not presented in the 
display), and unseen (when participants could not report 
the color of the target letter).

Unknown to the participants, in the last four blocks 
of trials, the target letter was printed in white on 50% 
of the trials. In these trials, there was no correct re-
sponse. If participants realized of the presence of the 
white target, they could report “unseen”. They could 
also respond by saying the color of the distractor (il-
lusion) or a color not presented in the display (error). 
We will refer to the first 10 blocks as the “expected 
blocks” and to the last four blocks as the “unexpected 
blocks”. At the end of the experimental session, a brief 
structured interview was completed to explore whether 
participants were aware of the appearance of the white 
letter. Three questions were asked: “Do you have any 
comments about the experiment?”; “Did you find any 
color combination more difficult than the others?”; 
“Have you noticed anything different at the end of the 
experiment?”. After the interview, the objectives of the 
experiment were explained to the participants, and they 
were informed about the presence of the white target in 
the last blocks of trials. At this time, the experimenter 
confirmed again if participants had perceived the white 
target or not.

Before the experimental blocks, a separate titration 
block was presented in order to achieve ~70% hits in each 
participant. We assumed that the remaining 30% of the 
trials would be mostly illusions. During titration, trials 
were similar to the experimental task, except for the size 
of the string of characters (and the mask). Titration began 
with the easier condition (size = 3.8° × 1.05°; eccentric-
ity from fixation = 5.7°). After every 14 trials (a titration 
block), the mean proportion of hits was calculated. If 
participants correctly reported the color of the peripheral 
target in 78% or a larger proportion of trials, the size of 
the string of characters (and the mask) was decreased by 
0.3° × 0.1° for the next titration block. If participants cor-
rectly reported the color of the peripheral target in 62% 
or a fewer proportion of trials, the size of the string of 
characters (and the mask) was increased by 0.3° × 0.1° for 
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the next titration block. The titration procedure stopped 
when the proportion of hits ranged between ≥62% and 
≤78% for two consecutive titration blocks. The stimulus 
size obtained for each participant was used during the 
experimental trials. The experiment duration (including 
titration and experimental blocks) was around two and a 
half hours.

2.4 | Behavioral statistical analysis

Behavioral data from the central and the peripheral 
tasks were analyzed by using non-parametric paired 
sample t-tests (Wilcoxon signed-rank) to compare the 
mean of proportion of hits, illusions, errors, and unseen 
responses for the two Central Task conditions (far and 
near). The effect size is shown by the rank-biserial cor-
relation (rB). If the score is <.1, it is considered a trivial 
effect; values around 0.1 are interpreted as small effects, 
around 0.3 as a medium effect, and >0.5 as a large effect 
(Cohen, 1992; Fritz et al., 2012). The Cousineau-Morey's 
method (Cousineau,  2005; Morey,  2008) was used to 

calculate the standard errors of the means represented 
as error bars.

For the analysis of the central task, accuracy and RT 
were emphasized. Under these conditions, speed-ac-
curacy trade-off-based strategies can be adopted. That 
is why we employed the linear integrated speed-accu-
racy score (LISAS), a measure that combines RT of cor-
rect responses (cr) and the proportion of errors (PE) 
(Vandierendonck, 2017) providing an index of behavioral 
effects free of these speed-accuracy trade-offs. SRT refers 
to the participant's overall RT standard deviation, and SPE 
refers to the participant's overall PE standard deviation. 
Using this index, small values represent faster and/or 
more accurate responses.

To analyze this index, we run a repeated measures 
ANOVA with the independent variables of Central 
Task condition (far and near) and Trial Type (hits and 
illusions).

LISAS = RTcr +
SRT
SPE

∗PEcr

F I G U R E  1  Sequence and timing of 
events in a given trial. Participants first 
responded to the central task reporting 
if the number was larger or smaller than 
5. After this speeded response was given, 
participants responded to the peripheral 
task, indicating the color of the “L” letter 
with no time pressure.
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To explore the effect of expectancy on feature inte-
gration, we performed two analyses. We divided par-
ticipants into those that were aware of the expectancy 
manipulation (N = 14; according to the post-experiment 
questionnaire) and those that were not aware (N = 16). 
Firstly, we compared the proportion of illusions, errors, 
and unseen trials in the Unexpected blocks (where the 
peripheral target was printed in white on 50% of the 
trials; last four blocks of trials) with the trials of the 
Expected blocks (where the peripheral target was always 
printed in red, green, or blue; first 10 blocks of trials), 
introducing Awareness as a between participants' factor 
in the ANOVA. Secondly, we compared their responses 
to the Central Task condition (far vs. near) in each Trial 
Type (hits, illusions, errors, and unseen) during the 
first 10 blocks of trials. For each group, we subtracted 
the proportion of responses in each trial type in the 
far minus the near condition, and compared this index 
between groups (using a non-parametric independent 
sample Mann–Whitney test). Since we did not anticipate 
the number of participants who would be aware of the 
white target, Bayesian Factor (BF) analysis was applied 
after recruiting all participants. BF analyses provide 
conclusive evidence in favor of the alternative (BF > 3) 
or the null hypothesis (BF < .33).

2.5 | EEG recording

EEG signal was acquired using a 64-channels system 
mounted on a cap (actiCAP snap, Brain Products) and 
a computer running the BrainVision Recorder software 
(version 1.20.0601). Impedances were kept below 5 kΩ, 
following the recommendations of the amplifiers' manu-
facturer, and the signal was digitized at a sampling rate 
of 1000 Hz. EEG activity was referenced to the FCz elec-
trode online. Electrical activity elicited by horizontal eye 
movements was monitored by electro-oculogram (EOG), 
recorded from two electrodes (TP9–TP10) on the outer can-
thi of both eyes.

2.6 | EEG analysis

While Fieldtrip software (Oostenveld et al., 2011) and in-
house built Matlab scripts were used to analyze EEG data, 
the statistical analysis of these results was performed with 
JASP (Goss-Sampson, 2019). The general aim of the EEG 
analyses was to explore how different brain oscillations 
were related to correct (hits) or incorrect responses (illu-
sions) to the peripheral task, and to the different demands 
of the central task (near vs. far).

2.6.1 | Preprocessing

Data were segmented into 4000 ms long epochs, start-
ing 2000 ms before the number onset. These long epochs 
were used to avoid undesirable edge effects in the time-
frequency (TF) analysis. Only trials in which the partici-
pants correctly responded to the central task and provided 
a response to the peripheral task were used in further 
analysis.

Five different steps were followed for preprocess-
ing and artifact rejection. (1) The power line artifact at 
50 Hz and harmonics (100 and 150 Hz) was reduced via 
spectrum interpolation (Leske & Dalal,  2019). (2) The 
baseline was corrected from −2000 to 0 ms to facilitate 
subsequent visualization of EEG traces. (3) All EEG data 
were visually inspected trial-by-trial and subject-by-sub-
ject. Trials which included artifacts such as swallowing, 
cable movement, or muscular activity were manually 
rejected. Trials containing blinks or eye-movements 
600 ms before or 800 ms after the number onset were also 
manually rejected. This procedure excluded 11% of the 
trials (SD = 6.5). (4) Independent Component Analysis 
(“runica” algorithm in Fieldtrip) was used to eliminate 
any remaining blinks. (5) An average of 2.37 (SD = 2.12) 
channels were interpolated using the signal recorded 
by neighboring electrodes. Two participants were elim-
inated because the number of rejected trials exceeded 
two deviations above the mean. Another participant 
was discarded because he/she had nine bad channels. 
Finally, EOG electrodes were removed and EEG data 
were re-referenced to the common average.

Data were split into different experimental condi-
tions based on the combination of Trial Type (hit or illu-
sion) × Peripheral Target Location (left or right).

2.6.2 | Time-frequency analysis

Power was calculated for each trial using a (multi-) taper ap-
proach (Percival & Walden, 1993). The frequencies analyzed 
ranged from 2 to 100 Hz in 1 Hz steps. For low frequencies 
(<30 Hz), a 400 ms sliding window was applied, while for 
the gamma frequency (>30 Hz), we used a 200 ms sliding 
window. In both cases, the signal was analyzed in 25 ms 
steps. The resulting TF maps were normalized at the partici-
pant level by calculating the relative change from baseline 
(−500 to −200 ms locked to number onset).

The selection of electrodes and frequency bands is de-
tailed in the supplementary material, Section 1. To avoid 
the problems of “double dipping” (i.e., the use of the same 
data for selection and selective analysis Kriegeskorte 
et  al.,  2009), we employed the TF representations of 

 14698986, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/psyp.14467 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [19/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 7 of 22COBOS et al.

all conditions pooled together. Thus, we selected the 
electrodes with the maximum power peak for each fre-
quency band: PO7 and PO8 for theta band (3–6 Hz), PO3 
and PO4 for alpha band (9–12 Hz), C3 and C4 for beta 
band (17–23 Hz) and F7, F8, and CPz for gamma band 
(30–40 Hz) (Figure 2). FC1 (for the theta band) and CP1 
(for the beta band) were also analyzed for showing an 
additional peak, although the analysis revealed non-sig-
nificant results in these electrodes (see supplementary 
material, Section 1.2).

The variables of interest in our paradigm were Central 
Task condition (far and near) and Trial Type (we focused 
on hits and illusions for the TF analysis). However, trials 
were sorted as hits or illusions according to participants' 
responses, and hits were more likely than illusions (mean 
of 53.68% hits and 24.74% illusions). The mean number 
of trials per condition after preprocessing was as follows: 
Hit-right target: average of 134 (±33) trials; Hit-left target: 
average of 124 (±34) trials; Illusion-right target: average 
of 56 (±25) trials, Illusion-left target: average of 63 (±31) 
trials. In order to deal with the effect of this difference 
in trial number, we used a parametric bootstrapping ap-
proach. Firstly, for each participant, we selected the con-
dition with the minimum number of observations (e.g., 
30 trials). Then, we randomly selected the same number 
of trials (30 trials in the example) for each of the other 
conditions. Secondly, selected trials were averaged leading 
to a single time series for each condition (Trial Type and 
Peripheral Target Location) and electrode of interest. This 

procedure was repeated 1000 times for each participant 
resulting in a time × 1000 matrix per condition and elec-
trode that was finally averaged across the bootstrapping 
dimension.

Finally, we selected the time windows of interest for 
each frequency band based on the grand-average of the 
temporal spectral evolution of all conditions pooled to-
gether. Time windows of interest were selected ±100 ms 
from the maximum/minimum peak in each frequency 
(see supplementary material, Section  1.1 Figures  S2, S3, 
S4, S5).

2.6.3 | Statistical analysis of 
time-frequency maps

Statistical analyses were performed by paired sample t-test 
for peaks observed before the peripheral target was pre-
sented (before 300 ms). In these t-tests, hits and illusions 
were compared. Nonetheless, repeated measures analyses 
of variance (ANOVAs) were applied for peaks observed 
after the peripheral target was presented (after 300 ms). In 
these ANOVAs, the variable laterality was also included 
in the ANOVA. Electrodes were considered ipsilateral or 
contralateral to the target location: for example, left targets 
were ipsilateral to the F7 electrode and contralateral to the 
F8 electrode. When a significant interaction was observed, 
planned comparisons were conducted using simple main 
effects in the ANOVA. The variable Central Task was not 

F I G U R E  2  Sketch of the electrodes' distribution around the scalp as viewed from above (the top of the figure represents the frontal 
area). Additional sites according to the 10–20 International System are shown for further reference. Electrodes selected for analyses of 
each frequency band are highlighted: PO7-PO8 (yellow circles) for the theta frequency (3–6 Hz); PO3-PO4 (green circles) for the alpha 
frequency (9–12 Hz); C3-C4 (blue circles) for the beta frequency (17–23 Hz); CPz, F7, and F8 (yellow circles) for the gamma frequency 
(40–60 Hz). On the right, averaged normalized TF representation (2–70 Hz and − 600 to 1000 ms; time 0 ms represents the number onset) 
for all conditions, participants, and electrodes after bootstrapping. The color bar indicates relative change to baseline (−500 to −200 ms). 
Dashed lines represent the range of each frequency and the period of time analyzed. The color of the dashed lines corresponds to the 
color of electrodes.
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8 of 22 |   COBOS et al.

introduced in this analysis because it did not behaviorally 
modulate the proportion of hits and illusions produced by 
the participants. When only one electrode (i.e., CPz) was 
statistically tested, paired samples t-tests were also applied 
instead of ANOVAs.

To explore the effect of expectancy on feature integra-
tion, we divided participants into those that were aware 
of the expectancy manipulation (N = 14; according to the 
post-experiment questionnaire) and those that were not 
aware (N = 16). We compared the overall power in the dif-
ferent frequency bands (theta, alpha, beta and gamma) 
during the first 10 blocks of trials for participants that 
were aware and not aware. We did not analyze the results 
of the last four blocks of trials, because we had not enough 
trials for this TF analysis.

2.6.4 | Post-hoc cross-frequency  
power–power correlations analysis

Given that some of the observed modulations in the TF 
analysis were contrary to our hypothesis, we decided to 
run a post-hoc cross-frequency correlation on a trial-by-
trial basis. The range of frequencies (theta: 3–6; alpha: 
9–12; beta: 17–23; gamma: 40–60 Hz), electrodes (theta: 
PO7–PO8; alpha: PO3–PO4; beta: C3–C4; gamma: F7–
F8), and time windows selected for the analysis was the 
same as described above. Trial-by-trial power–power 
cross-frequency correlations were calculated for each 
participant and each condition. For each frequency 
range, random trial selection was performed based on 
the minimum number of trials among the conditions 
for each participant. The data were segregated for each 
channel, allowing for the consolidation of information 
based on ipsilateral and contralateral data. Note that the 
CPz electrode in the gamma band was not introduced in 
this analysis as it was not lateralized. The time period 
was defined according to the predetermined time win-
dow associated with the maximum/minimum peak of 
each frequency, and the data within that window was 
averaged. Pearson's correlation scores were calculated 
between all frequency ranges of interest (early alpha, 
theta, late alpha, beta, and gamma band) at ipsilateral 
and contralateral sites. The described procedure was re-
peated 1000 times, resulting in different sets of randomly 
selected trials along with corresponding Pearson's cor-
relation scores. The bootstrapped Pearson's correlation 
scores and the participant's dimensions were averaged. 
By utilizing the atanh function in Matlab, Z-scores were 
obtained (as done in Bengson et  al.,  2012; Mazaheri 
et al., 2009; Mazaheri & Jensen, 2010; Popov et al., 2018), 
leading to the generation of four different matrices (ip-
silateral hits, contralateral hits, ipsilateral illusions, and 

contralateral illusions). We first compared if the correla-
tions observed for each condition (hit and illusion) were 
statistically significant from 0 using a paired sample t-
test. If one of the correlations (for hits or illusions) in 
each pair was statistically significant from 0, paired sam-
ples t-tests were applied to find statistical differences be-
tween the Z-score in each condition (hits vs. illusions for 
ipsilateral electrodes and hits vs. illusions for contralat-
eral electrodes; see Figure 11).

3  |  RESULTS

3.1 | Behavioral results

We first analyzed the influence of the Central Task con-
dition in the responses provided to the peripheral task. 
Neither the proportion of hits (W = 298, p = .184, rB = .282), 
illusions (W = 189, p = .382, rB = −.187), errors (W = 219, 
p = .792, rB = −.058), or unseen responses (W = 36,500, 
p = .552, rB = −.198) were significantly modulated by the 
Central Task condition (see Figure 3).

We then analyzed RT and accuracy to the central task, 
as a function of Central task condition (far, near), and cat-
egorized the trials as hits or illusions depending on partic-
ipants' responses to the peripheral task. The analysis of 
the LISAS index (which combines RT and accuracy, see 
Methods) demonstrated that responses were more effi-
cient for the “far” as compared to the “near” condition (F 
(1, 28) = 65.207, MSE = 414,409, p < .001, ηp

2 = .70)1. Even 
though participants had not responded to the peripheral 
task yet, responses to the central task were more efficient 
if participants correctly reported the color of the target let-
ter later on the trial (hits) than if an illusion was observed 
(F (1, 28) = 22.447, MSE = 92,579, p < .001, ηp

2 = .445) (see 
Figure 4). The interaction between Central Task and Trial 
Type was not significant (F (1, 28) = 2.890, MSE = 4772, 
p = .100, ηp

2 = .094).1

In order to explore whether aware and unaware par-
ticipants of the presence of the white target during the 

 1RT and accuracy were also analyzed separately (see Section 3, 
Figures S7 and S8, in the supplementary material, Section 2.2). For RT 
(in which only trials with correct responses to the central task were 
analyzed), the ANOVA demonstrated both a main effect of Central 
Task condition (F (1, 28) = 88.231, MSE = 159,975, p < .001, ηp

2 = .759), 
and a main effect of Trial Type (F (1, 28) = 38.206, MSE = 43,193, 
p < .001, ηp

2 = .577). The interaction between both variables did not 
reach significance (F (1, 28) = .954, MSE = 525, p = .337, ηp

2 = .033). For 
the accuracy analysis, a main effect of Central Task (F (1, 28) = 24.114, 
MSE = .047, p < .001, ηp

2 = .463), and a main effect of Trial Type (F (1, 
28) = 5.884, MSE = .005, p = .022, ηp

2 = .174) were found. The interaction 
between these factors was not statistically significant (F (1, 28) = 3.375, 
MSE = .001, p = .077, ηp

2 = .108).
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   | 9 of 22COBOS et al.

last blocks of trials did already differ in their performance 
during the expected bocks, Awareness was introduced in 
the analysis as a between-participants factor. No main ef-
fect of Awareness or interactions with this factor were ob-
served (all ps > .430).

To explore the role of expectancy on illusory conjunc-
tions, we analyzed the proportion of illusions, errors and 
responses when the target letter was printed in white in 
the Unexpected blocks (last four blocks of trials) com-
pared to the Expected blocks (first 10 blocks of trials). 
Participants who were aware (N = 14) and not aware 
(N = 16) of the expectancy manipulation (presence of 
the white target in the last block of trials) responded 
similarly to the task. Both groups made more illusions 
(not aware: W = 8, p < .001, rB = −.882, BF10 = 102.807; 
aware: W = 3, p < .001, rB = −.943, BF10 = 264.07), errors 
(not aware: W = 1, p < .001, rB = −.985, BF10 = 54.97; 
aware: W = 8, p = .003, rB = −.848, BF10 = 6.842), 
and unseen responses (not aware: W = 1, p = .005, 
rB = −.970, BF10 = 6.02; aware: W = 0, p = .022, rB = −.848, 
BF10 = 4.582), in the Unexpected block compared to 
Expected block (Figure 5). A direct comparison between 
both groups (subtracting the proportion of responses 
in each trial type in the Expected block minus the 
Unexpected block and comparing this index between 
groups using a non-parametric independent sample 
Mann–Whitney t-tests), indicated that the expectancy 
effect was comparable for illusions, errors, and unseen 
responses between groups (all ps > .166; BF10 = 0.678).

Finally, we wondered whether aware and unaware par-
ticipants responded similarly to the peripheral task during 
the first 10 blocks of trials (Expected blocks; data repre-
sented in Figure  3). A direct comparison between both 
groups (by subtracting the proportion of responses in far 
minus near condition), and conducting non-parametric 

independent sample Mann–Whitney t-tests, revealed that 
there were no significant differences in the central task 
effect for illusions, errors, and unseen responses between 
groups (all ps > .093; BF10 = 1.190).

To sum up, behavioral results show that this paradigm 
was successful to yield illusory conjunctions (˜30% for 
each participant). A comparable number of illusions were 
observed for the different Central Task conditions, sug-
gesting that divided attention did not effectively modulate 
feature integration (Cobos & Chica, 2022; Rodríguez-San 
Esteban et al., 2022).

Although Central Task demands did not modulate the 
proportion of illusory conjunctions, we found that par-
ticipants were slower and less accurate in responding to 
the central task when, later in the trial, an illusion was re-
ported as compared to hits. Regarding the effect of feature 
expectancy, the proportion of illusions, errors, and unseen 
responses significantly increased when the target was 
unexpectedly presented in white on 50% of the trials (as 
compared to the Expected block), and this effect was com-
parable for participants who were aware of the expectancy 
manipulation and for participants who were not aware.

3.2 | Time-frequency results

3.2.1 | Power analyses in the peripheral task

The aim of these analyses was to understand the brain os-
cillatory mechanisms underlying correct versus incorrect 
feature integration (i.e., hits vs. illusions).

F I G U R E  3  Proportion of hits, illusions, errors, and unseen 
responses for each Central Task condition (“far” and “near”). This 
figure shows a comparable number of hits, illusions, errors, and 
unseen responses in both conditions.

F I G U R E  4  LISAS index to respond to the central task as a 
function of Central Task condition and Trial Type. This figure 
shows the main effects of Central Task and Trial Type. Asterisks 
represent significant effects (***p < .001).
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10 of 22 |   COBOS et al.

Theta power peaked at 200 ms after number onset 
(100 ms before the peripheral target; see supplementary 
material: S2). Theta power from PO7-PO8 electrodes did 
not differ between hits and illusions (t (26) = −0.008, 
p = .994, Cohen's d = −0.002). Alpha power decreased 
along the trial, peaking at 675 ms (see supplementary ma-
terial: S3). Alpha power decrease was enhanced for con-
tralateral as compared to ipsilateral PO3/PO4 electrodes 
(F (1, 26) = 36.356, MSE = 0.005, p < .001, ηp

2 = .583) (see 
Figure  6). Interestingly, this Laterality effect interacted 

with Trial Type (F (1, 26) = 9.819, MSE = .002, p = .004, 
ηp

2 = .274). The planned comparisons showed a greater 
decrement for hits compared to illusions for ipsilateral 
electrodes (F = 4.686, MSE = .062, p = .040), while the 
contralateral electrodes showed no differences (F = 0.337, 
MSE = .004, p = .566) (see Figure 6).

As it can be observed in Figure  6, hits and illusions 
clearly differed in an early time window around time 0. 
This window (−100 to 100 ms) was analyzed post-hoc, 
showing a decreased alpha power for hits than illusions 

F I G U R E  5  Proportion of illusions, errors, and unseen trials for the Expected blocks and Unexpected blocks. Left panel: aware 
participants (N = 14), who noticed that the peripheral target was printed in white in some trials. Right panel: unaware participants (N = 16), 
who did not notice that the peripheral target was printed in white in some trials. In the Unexpected block, only trials in which the white 
target was presented were included in the analysis. Both graphs show the significant increase of illusions, errors, and unseen trials in the 
Unexpected blocks in comparison with Expected blocks. Asterisks represent statistically significant effects (***p < .001; **p < .005; *p < .05).

F I G U R E  6  Left panel: Alpha power over time for PO3-PO4 channels averaged. Time 0 represents the onset of the central number. 
The peripheral target was presented at 300 ms. The vertical dotted lines mark the time interval analyzed (575–775 ms). The shaded area 
represents the SE of the mean. The right panel represents the main effect of laterality (enhanced alpha suppression for contralateral 
compared to ipsilateral targets). At ipsilateral electrodes, alpha power showed a greater decrement for hits compared to illusions. Asterisks 
represent statistically significant effects (***p < .001; *p < .05).
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   | 11 of 22COBOS et al.

before the peripheral target was presented (t (26) = −2.175, 
p = .039, Cohen's d = −0.419, see Figure 7).

Beta power also decreased after stimuli were presented 
(peak at 600 ms for C3-C4 electrodes; see supplementary 
material: S4), and this decrement was enhanced for hits 

compared to illusions (F (1, 26) = 10.416, MSE = .006, 
p = .003, ηp

2 = .286) (see Figure 8).
Finally, gamma-band activity (peak at 450 ms; see sup-

plementary material, S5) was larger at frontal locations, 
and its power was increased for ipsilateral as compared 

F I G U R E  7  Left panel: Alpha power over time for PO3-PO4 channels averaged. Time 0 represents the onset of the central number. The 
peripheral target was presented at 300 ms. The vertical dotted lines mark the time interval analyzed (from −100 to 100 ms). The shaded 
area represents the SE of the mean. The right panel represents the main effect of Trial Type. Alpha power was lower for hits compared to 
illusions. Asterisks represent statistically significant effects (*p < .05).

F I G U R E  8  Left panel: Beta power over time for C3-C4 channels averaged. Time 0 represents the onset of the central number. The 
peripheral target was presented at 300 ms. The vertical dotted lines mark the time interval analyzed (500–700 ms). The shaded area 
represents the SE of the mean. The right panel represents the main effect of Trial Type. Beta power was more negative for hits compared to 
illusions. Asterisks represent statistically significant effects (**p < .005).
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to contralateral electrodes (F (1, 26) = 21.008, MSE = .084, 
p < .001, ηp

2 = .447) (see Figure  9). There were no other 
significant main effects or interactions (all Fs < 3.606; all 
ps > .069).

The behavioral results demonstrated that 16 (out of 
30) participants were not aware of the presence of the 
white target during Unexpected blocks of trials (for EEG 
analyses only 14 of these participants could be analyzed). 
We wondered whether aware and unaware participants 
might have followed a different strategy during the task 
that could be captured in the TF analyses. To explore 
this, we repeated the above reported analyses, includ-
ing the factor Awareness as a between-participants fac-
tor. These analyses demonstrated that gamma-band at 
frontal electrodes was increased for those participants 
who were aware of the white target as compared to par-
ticipants who were not aware (main effect of awareness, 
F (1, 25) = 12.817, MSE = .101, p = .001, ηp

2 = .339; see 
Figure 10), especially at ipsilateral electrodes (interaction 
Laterality × Awareness: F (1, 25) = 10.983, MSE = .061, 
p = .003, ηp

2 = .305.; awareness comparison at ipsilat-
eral electrodes: F (1, 25) = 13.166; MSE = 1.907; p = .001; 
awareness comparison at contralateral electrodes F (1, 
25) = 3.052; MSE = 0.051; p = .093).Gamma power was 
also increased for those participants who were aware of 
the white target as compared to participants who were 
not aware in electrode CPz (F (1,25) = 7.625, MSE = .059, 
p = .011, ηp

2 = .234). There were no other significant main 
effects or interactions with the factor Awareness (all 
Fs < 12.817 all ps > .113).

To sum up, these results suggest that errors during fea-
ture integration occur at different time intervals and differ-
ent frequency bands. Illusory conjunctions are associated 
with oscillations in the alpha and beta bands. Moreover, 
gamma band activity was also related to the participants' 
capacity to perceive unexpected features. The implications 
of these data for feature binding and its relation to atten-
tional processes will be discussed below.

3.2.2 | Post-hoc cross-frequency power–
power correlation analyses

Given that some of the observed results in the TF analy-
sis were not expected, we decided to perform trial-by-trial 
cross-frequency power–power correlations. This analysis 
demonstrated that the correlation between ipsilateral theta 
and early alpha was larger for illusions than hits (Z = 0.143 
vs. 0.080, t (27) = −2.535, p = .018). Contralateral early and 
later alpha showed a larger correlation for illusions than 
hits (Z = 0.092 vs. 0.047, t (27) = −2.239, p = .034). The cor-
relation between contralateral theta and beta power was 
also larger for illusions than hits (Z = 0.043 vs. 0.001, t 
(27) = −2.284, p = .031) (see Figure 11).

4  |  DISCUSSION

This study aimed at exploring the role of different brain os-
cillations in feature integration. The experiment involved 

F I G U R E  9  Left panel: Gamma power over time for F7-F8 channels averaged. Time 0 represents the onset of the central number. 
The peripheral target was presented at 300 ms. The vertical dotted lines mark the time interval analyzed (350–550 ms). The shaded area 
represents the SE of the mean. The right panel represents the main effect of Laterality: gamma power increased for ipsilateral compared to 
contralateral target. Asterisks represent statistically significant effects (***p < .001).
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a dual-task combining a central number task (which ma-
nipulated attentional demands) and a peripheral task in 
which color and shape features needed to be integrated 
(Cobos & Chica,  2022; Esterman et  al.,  2004, 2007; 
Rodríguez-San Esteban et al., 2022). Responses were clas-
sified as correct (hits, around 70% of the trials) or incorrect 
(illusions, around 30% of the trials). Behavioral results 
replicated the observations of previous studies (Cobos & 
Chica, 2022; Rodríguez-San Esteban et al., 2022): The at-
tentional demands of the number task did not modulate 
the proportion of trials in which the integration was cor-
rect or incorrect. However, responses to the central task 
were more efficient when feature integration occurred 
correctly (hits) rather than incorrectly (illusions). This re-
sult has been associated with a preparatory process that 
can occur even before stimuli are presented, and that can 

affect performance in both tasks (Cobos & Chica,  2022; 
Rodríguez-San Esteban et  al.,  2022) (see also the early 
alpha modulations discussed below). At the end of the ex-
periment, an unexpected target (a white target) appeared 
in a proportion of trials. This top-down expectancy manip-
ulation increased illusions, errors, and unseen responses 
similarly for participants who were aware of the manipu-
lation and for those participants who were not aware of it. 
It could be argued that the increase in illusions, errors, and 
unseen trials could be attributed to a decline in sustained 
attention, indicating fatigue. We analyzed performance as 
across blocks (see supplementary material Section 2.1 and 
Figure S6) and observed that the proportion of illusions, 
errors, and unseen trials remained relatively constant dur-
ing the Expected blocks. Only when non-expected blocks 
started, we observed a sudden impact on the proportion 

F I G U R E  1 0  Left panel: Gamma power over time for F7-F8 (averaged) and CPz electrodes. Time 0 represents the onset of the central 
number. The peripheral target was presented at 300 ms. The vertical dotted lines mark the time interval analyzed (350–550 ms). The shaded 
area represents the SE of the mean. The right panel represents the main effect Expectancy: gamma power was increased for aware participants 
compared to not aware participants during the Expected block. Asterisks represent statistically significant effects (***p < .001; *p < .05).
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of illusions, errors, and unseen trials. Therefore, we can 
confidently conclude that the reported behavioral effects 
of top-down expectations are not influenced by fatigue.

The literature on feature integration is heterogeneous, 
and generally, only one frequency band is explored. We 
hypothesized that an incorrect feature integration may 
be due to failures at different moments and cognitive 
processes. Thus, in this study, we investigated the contri-
bution of several frequency bands to feature integration 
and report both early and late modulations. During the 
early interval (before the peripheral target was presented), 
alpha power increased for illusions compared to hits. 
After the peripheral target, alpha and beta power reduc-
tion was higher for hits compared to illusions. Finally, a 
post-hoc trial-by-trial power–power correlation analysis 
was performed, showing different correlation patterns for 
correct and incorrect feature integrations.

Previous studies have focused on the gamma band 
when exploring the brain mechanisms associated with 

feature integration (Herrmann, Lenz, et al., 2004; Phillips 
& Takeda,  2009; Singer,  2013; Tallon-Baudry,  2009). 
Although there are a large number of experimental par-
adigms to study errors in feature integration (ambiguous 
figures, visual search, movement, color, etc.), the gamma 
band usually increases its power at occipito-parietal 
electrodes; moreover, gamma power enhancements are 
more pronounced as task demands for feature integra-
tion also increase, and when feature integration is correct 
rather than incorrect (Bertrand & Tallon-baudry,  2000; 
Buschman & Miller, 2007; Phillips et al., 2012; Phillips & 
Takeda,  2009; Vidal et  al.,  2006). We therefore expected 
to observe increased gamma power at occipito-parietal 
electrodes for hits compared to illusions. Instead, gamma 
power was overall enhanced at frontal electrodes in our re-
sults. This apparently contradictory finding might be best 
accounted for by the literature on working memory, where 
gamma power increases with increasing memory load 
(Bastos et al., 2018; Honkanen et al., 2015; Howard, 2003; 

F I G U R E  1 1  Trial-by-trial Z values correlation for hits versus illusions at ipsilateral and contralateral electrodes. Above the bars, Z and 
p values are provided. No p values are reported in the comparisons for those pairs in which none of the conditions (hits or illusions) was 
statistically different from 0. Right panel: summary graph with only the significant correlations (*p < .05).
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Lundqvist et  al.,  2011; Miller et  al.,  2018; Roux & 
Uhlhaas,  2014). Note that our paradigm required main-
taining information in working memory, given the brief 
presentation of stimuli and the use of a dual task. The syn-
aptic attractor model (SAM) states that working memory 
sample capacity is limited (Awh et  al.,  2007; Buschman 
et  al.,  2011; Cowan,  2010) and the accumulation of ele-
ments to be recalled simultaneously causes an amassing 
of synaptic interference associated with increased gamma 
activity (Lundqvist et al., 2011; Mi et al., 2017). This sug-
gests that apart from perceptual demands, this task re-
quired maintaining information in short-term memory, 
which might be associated to increases in frontal gamma.

Alpha-band results exhibited early and late modula-
tions. Early modulations (increased alpha for illusions 
than hits) are in line with the literature showing that alpha 
power increase is associated with impaired perception 
(Ergenoglu et  al.,  2004; Limbach & Corballis,  2016; van 
Dijk et al., 2008). This result indicates that one of the cog-
nitive processes influencing correct feature integration is 
the general preparatory state of the organism, which can 
be related to arousal and activation. In regard to the late 
alpha modulations observed, it is well-known that alpha 
power decreases at contralateral as compared to ipsilateral 
stimulus locations, and this is related to the spatial selec-
tion of this location (contralateral modulations) (Busch & 
VanRullen,  2010; Kelly et  al.,  2006; Sauseng et  al.,  2006; 
Schroeder et al., 2018; Thut, 2006), and the inhibition of 
distractors (ipsilateral modulations) (Capilla et  al.,  2014; 
Klimesch, 2012; Klimesch et al., 2007; Lange et al., 2014; 
Min et  al.,  2008; Min & Herrmann,  2007; Schroeder 
et  al.,  2018). We expected a larger decrease in contralat-
eral alpha power for hits than illusions. In contrast, we 
observed an ipsilateral modulation, which might be re-
lated to the inhibition of distractors. In general, our data 
show a larger reduction of alpha and beta power for hits 
than illusions. Many studies have observed this alpha/beta 
power reduction in a wide range of cognitive tasks, from 
visual perception (Pfurtscheller et al., 1996) to memory re-
trieval (Michelmann et al., 2016). Alpha/beta desynchro-
nization has been associated to information processing in 
specialized cortical modules during the perception of an 
event (Jensen & Mazaheri,  2010; Klimesch,  2012). Using 
representational similarity analysis during the perception 
and retrieval of videos, Griffiths et al. (2019) have recently 
demonstrated that alpha/beta power decreases track the fi-
delity of stimulus-specific information represented within 
the cortex. This proposal fits well with our data, as alpha 
and beta power decreases were enhanced for hits com-
pared to illusions, which could be indexing a more reliable 
representation of perceptual information within the cortex.

Although theta oscillations are strongly associ-
ated with perceptual errors (Cavanagh & Frank,  2014; 

Cohen,  2011; Fusco et  al.,  2018; Kalfaoğlu et  al.,  2018; 
Mathes et al., 2014), our data showed no modulation in 
this frequency band. It should be noted that (1) in our 
data, theta power had its maximal peak before the onset of 
the peripheral target, and, (2) contrary to previous reports 
in which frontal theta activity is related to error detection 
(Cavanagh et  al.,  2009; Cohen,  2011; Fusco et  al.,  2018; 
Luu et al., 2004; Romei et al., 2011; Trujillo & Allen, 2007), 
theta activity was overall larger at parieto-occipital elec-
trodes in the present study. One possibility is that given 
the masking and the titration procedure to produce 30% 
illusions, participants could not distinguish between hits 
and illusory responses, and therefore, error detection 
mechanisms were not activated. This possibility will be 
tested in future studies by introducing a confidence scale 
after the response.

Given the extensive literature arguing that complex 
cognitive processes involve communication between dif-
ferent brain oscillations (Fries,  2005, 2009; Rohenkohl 
et al., 2018), we decided to perform a trial-by-trial power–
power correlation between the different frequency bands 
here explored. We observed an increased correlation for 
illusions than hits within the alpha band for early and late 
periods, which indicates that the decrease in alpha power 
is less pronounced for illusions than for hits throughout 
the trial. More interestingly, early alpha and theta power 
correlated positively, and this correlation was increased 
for illusions as compared to hits. It has been proposed 
that attention fluctuates in a periodic fashion (Fiebelkorn 
et  al.,  2013, 2018; Fiebelkorn & Kastner,  2019; Helfrich 
et al., 2018), and these fluctuations are associated to per-
formance fluctuations (Busch et  al.,  2009). For exam-
ple, Busch and colleagues (Busch et  al.,  2009; Busch & 
VanRullen, 2010; van Es et al., 2022) observed that before 
stimulus onset, alpha and theta phase can account for 
16% of variability in detection performance and allow the 
prediction of performance on the single-trial level (Busch 
et  al.,  2009).Our results are in line with these observa-
tions, demonstrating that theta and early alpha power are 
not only associated with stimulus detection but also with 
the quality of perception; in the current study, increased 
theta and early alpha power in a given trial is associated 
with incorrect feature integration.

The theta-beta cross-frequency power–power analy-
sis demonstrated a positive correlation for illusions com-
pared to hits. It means that the correlation implies a higher 
theta power and a higher decrement in beta power, but 
other studies indicate the relation between theta and beta 
using the theta/beta ratio (TBR). The TBR has been ap-
plied in different populations (such as Attention-Deficit/
Hyperactivity Disorder, ADHD) (Arns et al., 2013; Snyder 
& Hall,  2006) and in conditions in which attention fluc-
tuated during mind wandering (Son et  al.,  2019). These 
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studies have demonstrated an increased theta/beta ratio for 
ADHD as compared to controls (Arns et al., 2013; Snyder 
& Hall, 2006), and increased theta/beta ratio during mind 
wandering (which was related to a decreased connectivity 
in the executive attention network and increased connec-
tivity in the default mode network (Son et al., 2019; van Son 
et al., 2019). In the non-clinical population, reduced TBR 
has also been linked to better cognitive control, executive 
control, and increased vigilance (Angelidis et al., 2016, 2018; 
Putman et al., 2010, 2014; van Son et al., 2018). Moreover, 
TBR may reflect inhibitory cortical and subcortical com-
munications (Knyazev, 2007; Putman et al., 2014; Schutter 
& Van Honk, 2005), leading by bottom-up and top-down re-
ciprocal systems. In this regard, the TBR may represent the 
activation of cortical top-down system versus subcortical 
bottom-up processes (Angelidis et al., 2018; Knyazev, 2007; 
Putman et al., 2010; Schutter & Van Honk, 2005; van Son 
et al., 2018). Although the analyses reported in this paper 
are different from the TBR analysis, the increased correla-
tion of theta-beta observed in illusions as compared to hits 
could indicate reduced attentional focusing when feature 
integration failed or bad communication between bot-
tom-up and top-down systems.

In relation to the influence of top-down expec-
tancies in feature integration (Aru et  al.,  2018; Aru 
& Bachmann,  2017; Cobos & Chica,  2022; Han & 
Humphreys,  2007; Humphreys,  2016; Kok et  al.,  2017), 
some studies have explored the brain dynamics of dif-
ferent forms of expectancy. Early modulations in alpha 
power has been related to temporal and multisensorial 
expectancies (Mayer et al., 2016; Min & Herrmann, 2007). 
The strength of attentional alpha/beta modulations in-
creases with the predictability of the anticipated sensory 
target (Bauer et al., 2014; Roehe et al., 2021). Additionally, 
the presentation of novel stimuli has also been related 
to increased gamma power (Engel et  al.,  2001; Engel & 
Fries, 2010). Our results demonstrate that gamma power 
was overall larger during the Expected blocks (before 
the unexpected target presentation) for participants who 
were aware of the unexpected target presented during 
the last blocks of trials (as compared to unaware partic-
ipants). Gamma power increases have been related to at-
tentional selection (Gruber et al., 1999; Herrmann, Lenz, 
et al., 2004) and to the individual capacity to attend and 
perceive multiple visual objects concurrently (Rouhinen 
et  al.,  2013). Therefore, the difference in gamma power 
between aware and unaware participants might be due to 
better attentional selection or capacity to attend to multi-
ple items of the former.

To conclude, our results support that feature integra-
tion is a complex process that can go wrong at different 
stages including attentional processes (early alpha) and 
perceptual representations (late alpha and beta). They 

also highlight the influence of expectations in visual per-
ception, linking gamma-band modulations with the par-
ticipants' awareness of unexpected events.
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Figure S1. Averaged normalized TF representation 
(2–70 Hz and −600 to 1000 ms; time 0 ms represents the 
number onset). The colorbar indicates relative change 
to baseline (−500 to −200 ms). Data were averaged 
for all conditions, participants, and electrodes before 
bootstrapping.
Figure S2. On the left, topoplot showing the distribution 
of theta power (3–6 Hz) from 200 to 400 ms. The red 
asterisks represent the analyzed electrodes. The red 
circle represents a supplementary electrode analyzed for 
showing the additional peak (although with slightly lower 
values than parieto-occipital sites).
Figure S3. On the left, topoplot showing the distribution 
of alpha power (9–12 Hz) from 400 to 1000 ms. The red 
asterisks represent the analyzed electrodes. On the right, 
the averaged alpha power for all conditions in PO3/PO4 
electrodes. The dashed line represents the peak of alpha 
power suppression at 675 ms.
Figure S4. On the left, topoplot showing the distribution 
of beta power (17–23 Hz) from 400 to 800 ms. The red 
asterisks represent the analyzed electrodes. The red 
circle represents a supplementary electrode analyzed 
for showing the additional peak (although with slightly 
higher values than C3/C4 electrodes). On the right, 
the averaged beta power for all conditions in C3/C4 
electrodes (up) and CP1 (bottom). The dashed line 
represents the peak of beta power suppression. In C3/
C4, power reduction peaked at 575 ms, while in CP1 it 
peaked at 900 ms.

Figure S5. On the left, topoplot showing the distribution 
of gamma power (40–60 Hz) from 400 to 600 ms. The 
red asterisks represent the analyzed electrodes. On the 
right, the averaged gamma power for all conditions in 
F7/F8 (up) and CPz (bottom) electrodes. The dashed line 
represents the maximum peak of gamma power for frontal 
and central electrodes at 450 ms.
Figure S6. The proportion of hits, illusions, errors, and 
unseen responses across blocks. In blocks 1–10, the 
target letter was always colored in green, blue, or yellow 
(expected blocks). In blocks 11–12, the target letter 
was colored in white in 50% of the trials (unexpected 
blocks). The asterisks represent significant differences 
in the proportion of each trial type between consecutive 
blocks (indicated by gray shading) (***p < .001; **p < .005; 
*p < .05).
Figure S7. Mean RT to respond to the central task as a 
function of Central Task condition and Trial Type. This 
figure shows the main effects of Central Task and Trial 
Type. Asterisks represent significant effects (***p < .001).
Figure S8. Mean ACC in the central task as a function of 
Central Task condition and Trial Type. This figure shows 
the main effects of Central Task and Trial Type. Asterisks 
represent significant effects (***p < .001; *p < .05).
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