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Abstract

A growing body of research demonstrates that distracting inputs can be proactively sup-
pressed via spatial cues, nonspatial cues, or experience, which are governed by more than
one top-down mechanism of attention. However, how the neural mechanisms underlying
spatial distractor cues guide proactive suppression of distracting inputs remains unresolved.
Here, we recorded electroencephalography signals from 110 participants in 3 experiments
to identify the role of alpha activity in proactive distractor suppression induced by spatial
cues and its influence on subsequent distractor inhibition. Behaviorally, we found novel
changes in the spatial proximity of the distractor: Cueing distractors far away from the target
improves search performance for the target, while cueing distractors close to the target
hampers performance. Crucially, we found dynamic characteristics of spatial representation
for distractor suppression during anticipation. This result was further verified by alpha power
increased relatively contralateral to the cued distractor. At both the between- and within-sub-
jects levels, we found that these activities further predicted the decrement of the subsequent
Pp component, which was indicative of reduced distractor interference. Moreover, anticipa-
tory alpha activity and its link with the subsequent Pp component were specific to the high
predictive validity of distractor cue. Together, our results reveal the underlying neural mech-
anisms by which cueing the spatial distractor may contribute to reduced distractor interfer-
ence. These results also provide evidence supporting the role of alpha activity as gating by
proactive suppression.

Introduction

In daily life, individuals often select a task-relevant target from the surrounding distractors, for
which selective attention is required [1]. Competition of simultaneously presented distractors
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for limited attentional resources is likely to be inhibited in advance via a “proactive suppres-
sion” mechanism [2]. The emerging consensus on the mechanism of proactive suppression is
flexible and not unitary [3,4]; it might be influenced by contextual factors [5,6], statistical
learning [7,8], and nonspatial features [9,10]. However, the jury is still out on the mechanism
supporting the proactive suppression of spatial distracting information.

Prior behavioral work provided mixed evidence for proactive suppression by considering
response time or accuracy. Several studies have shown that providing the distractor-related
location in advance is likely to harm [11,12], not influence [13], or benefit the target response
[14]. Some behavioral research shows that proactive suppression might not occur unless the
location of the upcoming distractor becomes predictable in blocked designs or by repeating
stimuli [7,15]. It was suggested that behavioral changes (e.g., reaction time, accuracy) are only
indirect indicators of distractor suppression, as they reflect the target-related outcome of all
processes from stimulus presentation up until response of the task [16]. The spatial proximity
of the distractor plays an important role in determining how proactive suppression impacts
behavior [17,18]. As the distance between the target and distractor increases, the accuracy of
target selection improves monotonically while reaction time decreases monotonically [19-21].
In recent decades, the dependency of performance on the distance between the target and dis-
tractor is calculated by the performance as a function of target-distractor distance [7,22,23].

Using an intermodal task, Foxe and colleagues [24] reported enhanced alpha power in cor-
tical areas when visual stimuli were task-irrelevant, thus suggesting that alpha-band activity is
associated with distractor suppression. In a working memory task, alpha power was found to
increase in anticipation of distractor [25]. Applying a cued spatial attention task, Worden and
colleagues [26] found that posterior alpha-band activity was larger contralateral to the ignored
compared to the attended visual field. Given the link between spatial attention and alpha
power, the allocation of spatial attention can be indexed by modulation in alpha-band power
[27]. A substantial body of work has linked alpha-band activity to locally specific neuronal sup-
pression, and several recent studies have focused on the investigation of alpha power in terms
of its hemispheric lateralization and spatial selectivity.

Alpha-band activity can be interpreted as a neural signature of distractor inhibition [9,28-
30]. Alpha power increased relatively contralateral to the anticipated irrelevant visual input
and has been termed the “negative” alpha modulation of distractors [31]. These findings were
complemented by a recent study reporting an increase in alpha power contralateral to pre-
dicted distractors [30]. Importantly, such alpha power lateralization was observed before the
distractor onset on a trial-by-trial basis, consistent with alpha lateralization as proactive sup-
pression of upcoming distracting inputs [32]. Such alpha lateralization reflects the distractor-
related suppression by spatial attention, in line with the gating by the distractor inhibition
hypothesis [33]. While the hemispheric lateralization gives an indication of spatial specificity,
the lateralized activity alone does not necessarily reflect a precise spatial representation [34].
An influential line of research further focuses on the precise spatial selectivity reflected by the
alpha activity by applying encoding models (EMs), which track the temporal and spatial
dynamics of spatial attention [3,35-38]. The EMs are based on channel tuning functions
(CTFs), in which the spatial distribution of the alpha power across electrodes allows for deriv-
ing a more selectivity of the attention bias. Indeed, the fact that the spatially distributed alpha
activity precisely tracks the position of the target, even in the absence of irrelevant distractors,
casts doubt on whether the functional role of alpha oscillations is consistent with the distractor
inhibition hypothesis. Several studies suggest that the evidence for alpha power as a distractor
inhibition account is limited [39], and as a consequence, it is debated to what extent alpha
oscillation can proactively suppress distractors [3,30,40].
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Beyond alpha activity, distractors can elicit the positive distractor (Pp) event-related poten-
tial (ERP) component, which has been proposed to reflect reactive prevention or termination
of salient distractors [41]. The decreased amplitude of the Py, is thought to reduce distractor
interference in spatial priority maps [23]. The P amplitude can be influenced by learned sup-
pression [3], nonspatial suppression [42], and strategy [30]. Recent studies found a reduction
of the Pp, following a predictable distractor, reflecting a decrease in attentional suppression
[16,30,43,44], while there is still a lack of direct evidence on the relationship between anticipa-
tory alpha activity and subsequent distractor-elicited Py, for spatial suppression, albeit the
trial-wise magnitude of the pretarget alpha power has been linked to lateral indices of atten-
tional selection in the ERP [30].

To address these unsettled issues, we applied a variant of the Posner paradigm (Fig 1A) by
using spatial circular radar-like cues, where given prior spatial information was informative or
uninformative (Experiment 1), with further manipulation for the validity of information
(Experiment 2), and symbolic alternation (Experiment 3). We hypothesized that cueing the
distractor location would influence the distractor spatial proximity effect on behavioral perfor-
mance and alpha activities. Then, we aimed to investigate cue-induced alpha activity and the
Py, elicited by distractors, as well as their interaction. We assume that if proactive suppression
of the upcoming distractor is related to alpha activity, the corresponding changes in alpha
power with spatial cueing should explain the variance in Pp,.

Results

The materials and methods of these experiments are available at the Open Science Framework
(https://osf.io/z9rym/).

Experiment 1

To study the neural mechanisms underlying distractor suppression guided by spatial cues, we
performed 2 sessions in Experiment 1 (see Fig 1A). For the valid-cue session, the radar-like
cue was fully predictive of the direction in which the subsequent distractor would appear (red
represents the distractor; yellow represents the target). We also included an invalid-cue session
in which the distractor location was uninformative. Before each session, participants were
informed of the cue validity (valid or invalid) and its corresponding spatial probability of the
target and distractor, which guided participants to indicate the orientation of the gray line
inside the yellow target circle in the search array. Participants were encouraged to make use of
the information provided by the predictive cues, which would help them not to get distracted
by the salient distractor. The comparison between invalid-cue session and valid-cue session
allowed us to assess cueing effect related to distractor.

Behavior

To examine the spatial proximity of the distractor, the trial was divided into 9 subgroups
according to the relative distances of the target to the distractor location (abbreviated as
DTDs). Then, the performance of each subgroup was averaged to examine the response to the
target when the distractor appeared at different DTDs (Fig 1D). To quantify the extent of the
spatial proximity of the distractor, the slope was characterized by collapsing trials across the
same DTD and fitting these data by a linear function (Default function of MATLAB: polyfit.
m). Both accuracy (ACC) and reaction time (RT) showed a significant slope in each session
(ps < 0.031, two-tailed). To take multivariable behavioral data into account, we further used
efficiency scores (ESs) by dividing the ACC by RT [45], which is a standard way to combine
ACC and RT measures of performance. A larger ES means more efficient responses. The slope
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Fig 1. Task paradigm and behavioral results for Experiment 1. (A) Each trial began with a cue display of the distractor, 1,200 to 1,600 ms followed by a
search display. In 2 separate sessions, the cue display was fully predictive (with 100% validity) or not predictive (with 10% validity) of the specific location
of the red distractor circle. Participants were instructed to indicate the orientation of the gray line inside the yellow target circle in the search array. (B)
The spatial probability of the target and distractor occurring during subsequent visual search with respect to 2 cue sessions (yellow represents the target;
red represents the distractor). Before each session, participants were informed of the cue validity (valid or invalid) and its corresponding spatial
probability of the target and distractor. (C) The mean (top) and slope (bottom) of accuracy across DTD in the valid- (red) and invalid- (blue) cue sessions
for Experiment 1. (D) The mean (top) and slope (bottom) of reaction time for Experiment 1. (E) The mean (top) and slope (bottom) of efficiency scores
for Experiment 1. The slope of accuracy (F), reaction times (G), efficiency scores (H) in the valid- (red) and invalid- (blue) cue sessions for the behavioral
control experiment. Violin plots depict the distributions of measurements in each session, with dots representing each subject. The solid and dotted lines
indicate medians and quartiles, respectively. “*p < 0.01, *p < 0.05 (see S1 Data for raw values).

https://doi.org/10.1371/journal.pbio.3002014.g001
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of ES was significantly larger than zero for the valid-cue session (t,9 = 9.699, p < 0.001, two-
tailed, Cohen’s d = 1.715) as well as for the invalid-cue session (t,9 = 6.799, p < 0.001, two-
tailed, Cohen’s d = 1.202). As expected, these results are consistent with previous studies
[13,14,16,30,34,46] and provide clear evidence for a spatial gradient of suppression surround-
ing salient distractors.

A two-way repeated ANOVA with session (valid, invalid) and DTD (first, second, third,
fourth, and fifth) as factors was conducted on mean ESs. The significant main effect of DTD
(F4, 116 = 12.177, p < 0.001, n” = 0.925) suggested that the magnitude of ESs depended on the
target-distractor distance, which is consistent with previous studies [23,39]. As expected, we
also found a significant session-by-DTD interaction (F, 1,6 = 3.471, p = 0.037, n* =0.314). We
suggest that cueing distractor explicitly would influence the distractor spatial proximity effect
on behavioral performance. Compared with the invalid-cue session, we found that participants
had better performance when distractors occurred at locations (the fifth and fourth) far away
from the target in the valid-cue session. In contrast, participants had poorer performance
when distractors occurred at locations (first and second) near the target. If the distractor cue-
ing effect has a spatial extent, we expect that the slope of ES in the valid-cue session may be
steeper than that for the invalid-cue session. As expected, the significant cueing effects were
found on both the slope of ACC (t,9 = 2.556, p = 0.016, two-tailed, Cohen’s d = 0.452; Fig 1C)
and RT (ty9 = —2.579, p = 0.015, two-tailed, Cohen’s d = —0.456; Fig 1D). We obtained a similar
cueing effect in participants’ the slope of ES (t,9 = 3.356, p = 0.002, two-tailed, Cohen’s
d = 0.593; Fig 1E) in Experiment 1. Taken together, our preliminary results showed novel spa-
tial behavioral changes, which supported the existence of proactive suppression for spatial dis-
tractor cues. We also analyzed the mean performance for Experiment 1. Our behavioral results
(Fig B in S1 Appendix) were consistent with previous studies [4,7,16] that found no difference
in reaction time and accuracy between validly and invalidly cued sessions. Please see S1
Appendix for details.

To provide general behavioral evidence and exclude the possible influence of the red color,
we conducted a behavioral control experiment by adding distractor-absent trials and changed
half of the blocks to blue distractors instead of red distractors. We aimed to investigate whether
a valid spatial cue can decrease the distractor effect. In the behavioral control experiment, we
still analyzed the same slope of ACC, RT, and ES as in Experiment 1 to examine spatial changes
in behavioral outcomes. We also found a significant distractor cueing effect on the slope of
ACC (ty = 2.398, p = 0.026, two-tailed, Cohen’s d = 0.523; Fig 1F), RT (tyo = —2.451, p = 0.024,
two-tailed, Cohen’s d = —0.535; Fig 1G), and ES (ty9 = 2.778, p = 0.012, two-tailed, Cohen’s
d =0.606; Fig 1H). Similar to Experiment 1, no significant distractor cueing effects (valid
minus invalid) of mean ACC, RT, or ES were found (p > 0.371). These results repeated the
findings in Experiment 1, suggesting that the cueing distractor explicitly truly influenced the
distractor spatial proximity effect on behavioral performance, but not in relation to the specific
color. We also analyzed the distractor capture effect and suggested that a distractor could be
proactively inhibited when a spatial cue was presented that indicated the location of the dis-
tractor (see S1 Appendix).

Alpha channel tuning function (CTF) of distractor cueing

Previous research suggested that the spatial distribution of neural representation was especially
pronounced within the alpha band power (8 to 12 Hz). The inverted encoding model (IEM)
analysis was applied to reconstruct the inhibited distractor location from the pattern of alpha
power to obtain a high-resolution spatiotemporal profile. As shown in Fig 2A, this procedure
produces CTFs, which reflect the spatial distribution of alpha power that is measured by scalp
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Fig 2. EEG results during the cue-distractor intervals from Experiment 1. (A) The spatial direction of the distractor cue
varied from trial to trial. The spatial distribution of alpha power was modeled by the channel tuning functions (CTFs)
across 10 ideal channel offsets; right panel shows channel offsets and the centre channel if distractor cue point 180 degrees
(red arrow). (B) Alpha-band CTFs across the cue-distractor intervals for valid-cue and invalid-cue sessions. The difference
between the 2 sessions was also plotted. (C) The direction selectivity of the alpha-band CTF (measured as CTF slope)
across time in valid- (red) and invalid- (blue) cue sessions. The different channel response curves at 5 sampled time points
(gray vertical dashed lines) were plotted in both sessions. The red and blue dashed lines at the top indicate clusters where
sessions differed significantly from zero (p < 0.05), and significant differences between sessions are marked by the black
dashed line (p < 0.05). (D) The cueing effect on alpha-band CTFs (valid—invalid; averaged from 1,040 to 1,200 ms) is
related to anticipation of the distractor. (E) Correlation between alpha CTF slope and efficiency scores (ESs) slope. The ES
difference between valid and invalid cues (cueing effects) varies as a function of the alpha CTF slope difference between
valid and invalid cues. Positive values of the y-axis indicate larger ES slope with valid cues than with invalid cues. Negative
values of the x-axis indicate that the negative-going alpha CTF slope was larger with valid cues than with invalid cues (see
S2 Data for raw values).

https://doi.org/10.1371/journal.pbio.3002014.g002
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EEG (conceptualized into 10 ideal electrodes). In brief, the center channel was tuned for the
position of the direction of interest (e.g., 180° red arrow in Fig 2A, left), then channel offsets
(e.g., 72° in Fig 2A, right) were defined as the angular difference between the center channel
and other channels. Each estimated CTF was then circularly shifted to a common center (0°
on the channel offset axes of Fig 2B) and several channel offsets (—~180° to 180°). The final CTF
was a function associated with the shifted channel offsets.

Fig 2B shows CTFs across the cue-distractor intervals (cue-locked: —200 to 1,200 ms; dis-
tractor-locked: —400 to 200 ms) for valid- and invalid-cue sessions. To measure the spatial
selectivity of channel responses, the time-resolved slope of CTFs was calculated for both the
valid- (red lines in Fig 2C) and invalid-cue sessions (blue lines in Fig 2C). Channel response
curves were plotted at different sampled time points from the maximum (T;: 224 ms) to the
minimum (T5: 1,136 ms) of the slope of CTFs for the valid-cue session and a set of equal diver-
sion points between T; and T (T,: 452 ms, T5: 680 ms, T4: 908 ms). These results suggest that
CTFs are sensitive to the inhibited distractor location and time course, which was tracked by
the spatial response of alpha power across different channel offsets.

In both valid- and invalid-cue sessions, the distractor selectivity (positive slope of CTFs)
shows an initial steep rise followed by a gradual decrease, resulting in a slope significantly
(cluster-based permutation test: p < 0.050, two-tailed) different from zero in valid-cue sessions
(from 264 to 744 ms) and invalid-cue sessions (from 196 to 648 ms). This shows that the alpha
power was first selective for cued direction regardless of whether it had distractor-related
information. Then, invalid cues still led to a significant slope from 1,064 to 1,200 ms locked to
cue display and from —400 to —236 ms locked to the distractor (permutation test: p < 0.050,
two-tailed), suggesting that channels continued to be selective for the cued location in invalid-
cue sessions.

Given that the positive slope of CTFs represents the selectivity of neural activity responses
to cued distractor location, the negative slope may represent the suppression of neural activity
responses to the distractor. In contrast, valid cues led to distractor suppression (negative slope
of CTFs) from 1,062 to 1,168 ms (Fig 2C, bottom panel; permutation test: p < 0.050, two-
tailed), resulting in a significant distractor cueing effect on the slope of CTFs from 1,040 to
1,200 ms between the valid-cue session and the invalid-cue session (permutation test:

p < 0.050, two-tailed). The mean difference in CTFs (valid—invalid) in the significant time
windows was averaged to identify the change in the channel response curve. As shown in Fig
2D, channel response relatively increased at channels contralateral to the cued distractor loca-
tion, and channel response relatively decreased at channels ipsilateral to the cued distractor
location. Furthermore, we investigated whether the cueing effects on ES slope were correlated
with the cueing effects on the alpha CTF slope. A negative correlation (r = —0.430, p = 0.023;
two-tailed) indicated that the larger the difference in the negative-going alpha CTF slope
between valid cues and invalid cues, the larger the cueing effects on the ES slope (Fig 2E). We
suggested that the spatial distribution of the alpha power response for an upcoming distractor
can influence the distractor spatial proximity effect on behavioral performance.

Together, our results show dynamic spatial alpha power tuning to the cued distractor loca-
tion during the cue-distractor interval. The negative CTF slope was only observed in valid-cue
sessions, which indicates that cueing distractors might suppress spatially subsequent distract-
ing input by flipping the spatial tuning to the inhibited distractor location in advance.

Alpha MI of distractor cueing

Then, our interest lay in specific spatial distribution effects of alpha power—lateralized alpha
power. This lateralized alpha power is defined as the difference between the alpha power in the
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contralateral hemisphere and that in the ipsilateral hemisphere with respect to distractor and
is usually measured by the alpha modulation index (MI) [47,48]. To enable isolation of lateral-
ized distractor-specific alpha power, the alpha MI evoked by cues was computed based on tri-
als where the cue point was 4 of 10 possible directions (288°, 108°, 252°, 72°). Trials were
categorized as left-cued when they pointed 288° or 252°, whereas those that pointed 108" or
72° were classified as right-cued trials. Then, we combined alpha band power for left-cued tri-
als minus right-cued trials, normalized by their mean, and averaged over left and right (see
Materials and methods for details).

As shown in the time-course representation in Fig 3A, mimicking the CTF findings, our
results show that the amplitude of MI was significantly positively modulated during the 244 to
560 ms and 1,012 to 1,200 ms invalid-cue sessions (permutation test: p < 0.050, two-tailed).
The alpha MI in valid-cue sessions showed a significant positive modulation from 208 to 348
ms and a significant negative modulation during the late period from 748 to 1,012 ms (permu-
tation test: p < 0.050, two-tailed). Testing for distractor cueing effects revealed a significant
difference between valid- and invalid-cue sessions during the late period of 888 to 1,200 ms
(p < 0.050, two-tailed). This result suggested that for the valid cue, the alpha power was more
strongly elevated over the hemisphere contralateral to the cued distractor field during later
stages.

Distractor-elicited ERP

We then focused on the ERPs during the subsequent visual search display. We only used trials
with a lateral distractor and midline target present, in which a lateral distractor can evoke Pp
components. The P, component was present as a positive deflection in the ERP waveform at
the visual cortex contralateral relative to ipsilateral to the distractor. Fig 3C showed the differ-
ence waveforms (contralateral minus ipsilateral), revealing that a significant positive difference
(248 to 316 ms; cluster-based permutation test: p < 0.050; Fig 3C) in the invalid-cue sessions
and a significant cueing effect on difference waveforms was apparent at P7/8 electrodes (258 to
302 ms; cluster-based permutation test: p < 0.050; Fig 3C). The amplitude of P, was signifi-
cant in the invalid-cue session (t,g = 2.228, p = 0.034, two-tailed, Cohen’s d = 0.414) but not in
the valid-cue session (ty9 = —0.007, p = 0.995, two-tailed, Cohen’s d = —0.001), which resulted
in a significant Pp, difference between the 2 sessions (t,9 = —2.090, p = 0.046, two-tailed,
Cohen’s d = —0.388). These results were consistent with prior work reporting distractor reduc-
tions in Pp amplitude [3,16,30,43]. Our results suggested that cueing distractors appeared to
be a reduced need to reactively inhibit the capture of salience distractors, as evidenced by
reduced Pp, amplitude. As shown in Fig 3C, the Pp, is preceded by significant contralateral neg-
ativity in the valid-cue session (172 to 236 ms) and in invalid-cue session (192 to 218 ms; clus-
ter-based permutation test: p < 0.050, two-tailed), which is called the distractor-elicited N2pc
in previous studies [7,30]. No significant difference in distractor-elicited N2pc between valid-
and invalid-cue sessions was found (p = 0.225).

We also conducted decoding analyses with ERP waveforms across all electrodes. The
decoding result reveals that when the distractor could be predicted, participants had a better
spatial representation of the target, which supports the cueing distractor benefitting the spatial
representation for target selection during the search array (see S1 Appendix for details).

Correlation analysis between behavioral performance and
electrophysiological signals

We further investigated whether the behavioral performance was correlated with the cue-
induced alpha activity or distractor-elicited Pp,. For reaction time, accuracy, mean ES, and
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slope of ES, no correlation was found at the between-subject level (ps > 0.341). At the single-
trial level, no significant difference was found among the quartiles for reaction time and accu-
racy (ps > 0.120). Interestingly, the cueing effects on the ES slope were correlated with the cue-
ing effects on the alpha CTF slope. A negative correlation (r = —0.430, p = 0.023; two-tailed)
indicated that the larger the negative-going alpha CTF slope with valid cues relative to invalid
cues, the larger the cueing effects on ES slope (Fig 2E). We suggested that the spatial distribu-
tion of alpha power response for an upcoming distractor influenced the spatial proximity of
the distractor.

Experiment 2

In Experiment 2 (see Fig 4A), we manipulated the spatial probability of the target and distrac-
tor occurring during subsequent visual search respectively. Cue pointed left or right and
informed the participants of the approximate scope in which the upcoming distractor would
occur in the search display, instead of the exact location in Experiment 1. The variable scope of
the distractor cue across 3 trials was related to the predictive validity of distractor occurrence.
On the one hand, this manipulation of predictive validity allowed us to exclude the possibility
that the hypothesized evidence for proactive suppression in Experiment 1 simply reflects the
information gap between the informative cue (valid) and uninformative cue (invalid). On the
other hand, distractor cueing explicitly removed a potential target location in Experiment 1,
increasing the probability that the target would appear in the contralateral hemifield. This
potentially confounds the lateral effect related to suppression with lateral effects associated
with the deployment of attention to the contralateral field. Here, to control the occurrence of a
subsequent target location, we pseudorandomized the location of the target circle by specifying
a uniform spatial probability of 4.25% on each lateral location and 33% on each midline loca-
tion (see Fig 4A; right panel). This manipulation of the target appearing more often on the ver-
tical meridian allowed us to isolate the lateralized brain activity related to distractor
anticipation, which relies on the fact that stimuli on the vertical meridian target do not elicit
the lateralized activities [49,50]. Note that the target had exactly the same spatial probability
across the different distractor predictive validity conditions, and the location of the subsequent
target was totally independent of the distractor location. Thus, participants have no incentive
to use distractor cues to infer the probability of a location containing a target.

Behavior

Experiment 2 adopted the methods and indicators of Experiment 1 for behavioral analysis. Note
that spatial probabilities of the target were not uniform across spatial locations but remained
equivalent among all trials (see Fig 4A), which allowed us to compare responses for the target
with variable spatial probabilities of a distractor. As in Experiment 2, behavioral results (Fig 4B)
showed a main effect of predictive validity on slope of ES (E,, 5o = 34.480, p < 0.001, n* = 0.579).
This finding suggests that cueing distractors with variable-predictive validity influences on the
subsequent distractor spatial proximity effect on behavioral performance. Planned pairwise com-
parisons for the slope of ES (Fig 4B) again showed a prominent cueing effect in high-predictive
validity trials (high minus null: t,5 = 7.192, p < 0.001, two-tailed, Cohen’s d = 1.411) and low-pre-
dictive validity trials (low minus null: t,5 = 6.703, p < 0.001, two-tailed, Cohen’s d = 1.315). How-
ever, no significant difference between high- and low-predictive validity trails was observed for
slope of ES (t,5 = 1.171, p = 0.252, two-tailed, Cohen’s d = 0.230). These results may be due to a
ceiling effect of behavioral responses or limitations of current testing paradigms for examining
“responses for target” in distractor-related manipulation. We also did analysis mean performance
for Experiment 2; please see S1 Appendix for details.
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Alpha MI of distractor cueing

The alpha MI of high-predictive validity (red line) and low-predictive validity (blue line) trials
during the cue period are shown in Fig 4C. Due to the cue display without lateralized spatial
information, we did not analyze alpha MI in null-predictive validity trials. Our results showed
that a significant negative alpha MI occurred only in high-predictive validity trials during the
late period of 878 to 1,148 ms, which suggested the alpha power increased in the contralateral
hemisphere to distractor cue (cluster-based permutation test: p < 0.050, two-tailed). Post hoc
analysis revealed that alpha MI in high-predictive validity trials was significantly lower than
that in low-predictive validity trials (high minus low: 867 to 1,113 ms; permutation test:

p < 0.050, two-tailed).

Distractor-elicited ERP

We anticipated that as the predictive validity of the distractor cue increased, the participant’s
reactive suppression of the subsequent salient distractor in the search array would decrease,
resulting in a smaller distractor-elicited Pp,. Our results showed that significant Pp, (cluster-
based permutation test: p < 0.050) was apparent at P7/8 electrodes in the low-predictive trials
(218 to 296 ms; t,5 = 3.418, p = 0.004, two-tailed, Cohen’s d = 0.514) and null-predictive trials
(210 to 312 ms; ty5 = 2.18, p = 0.044, two-tailed, Cohen’s d = 0.311), but not in the valid-cue tri-
als (ty5 = —0.178, p = 0.691, two-tailed, Cohen’s d = —0.017). As expected, the results in Fig 4D
showed a significant main effect of predictive validity on Py, (F, 5o = 3.173, p = 0.049, ° =
0.099). Further paired ¢ tests confirmed that the Py, elicited by expected distractors in high-pre-
dictive validity trials was greatly reduced in amplitude compared to expected distractors in
low-predictive validity trials (ty5 = —2.126, p = 0.042, Cohen’s d = —0.388) and unexpected dis-
tractors in null-predictive validity trials (t,5 = —2.266, p = 0.031, Cohen’s d = —0.414). The dis-
tractor-elicited P, did not differ between low- and null-predictive validity trials (ps > 0.250,
BF,, < 0.333).

As shown in Fig 4, the Py, is preceded by significant contralateral positivity in both the
high- (152 to 186 ms) and the low-predictive validity trial (150 to 198 ms; cluster-based permu-
tation test: p < 0.050, two-tailed), which is called early Py, in previous studies [30,51]. No sig-
nificant difference in early Py, between null- and other predictive validity conditions was
found (ps > 0.458, BF;, < 0.333).

Correlation analysis between alpha modulation and distractor-elicited Pp

We used correlation analysis to investigate the relationship between cue-induced alpha lateral-
ization and subsequent distractor-elicited Pp, in high- and low-predictive validity trials. When
predictive validity of the distractor cue was high, we found a significant correlation between
negative alpha MI (averaged 800 to 1,100 ms) and Py, amplitude (Fig 5A, left; r = 0.410,

p = 0.041), which suggested that subjects with more alpha power contralateral to the cued dis-
tractor (negative alpha MI) during the cue-distractor period showed smaller distractor-elicited
Pp amplitude in subsequent visual searches. However, there was no significant correlation
between alpha MI and P, amplitude (Fig 5C, right; r = 0.025, p = 0.909) when the predictive
validity of the cueing distractor was relatively low.

Between-subject correlation analysis is sensitive to a third variable, such as better electrode
contacts, less muscle noise, or more motivation. Several studies have investigated the alpha
power at the within-subjects level. van Dijk and colleagues [52] found that the trial-wise vari-
ance of pretarget lateral alpha power is related to visual discrimination ability. van Zoest and
colleagues [30] further found that trial-wise variance of pretarget alpha power is related to the
distractor-elicited N2pc and early Pp. Hence, we further calculated the average single-trial Pp,
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https://doi.org/10.1371/journal.pbio.3002014.9005

for each quartile to confirm the relationship between the alpha MI and subsequent Py, ampli-
tude. Although the repeated-measures ANOVA of Py, did not reach significance (F; ;5=
1.818, p = 0.152), the results in the high-predictive validity trials show that the Py amplitude in
the fourth negative quartile was significantly larger than that in the first negative quartile (Fig
5B, left; ty5 = 2.303, p = 0.030, Cohen’s d = 0.461). Accordingly, we suggested that the trials
with more alpha power contralateral to the cued distractor (negative alpha MI) also showed
smaller distractor-elicited Pp amplitude subsequently. Similarly, no significant difference was
found among the quartiles (Fig 5D, right; ps > 0.157) in the low-predictive validity trials.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002014 March 8, 2023 13/29


https://doi.org/10.1371/journal.pbio.3002014.g005
https://doi.org/10.1371/journal.pbio.3002014

PLOS BIOLOGY

Predicting PD from alpha power

These results showed that there was a close relationship between alpha MI and subsequent bio-
markers of distractor suppression at both the between- and within-subjects levels when the
predictive validity of distractor cues was high.

Correlation analysis between behavioral performance and
electrophysiological signals

We further investigated whether behavioral performance was correlated with the cue-induced
alpha MI or distractor-elicited Pp. For reaction time, accuracy, mean ES, and slope of ES, no

correlation was found at the between-subject level (ps > 0.161). At the single-trial level, no sig-
nificant difference was found among the quartiles for reaction time and accuracy (ps > 0.330).

Experiment 3

To date, the evidence for distractor processes was confined to tasks with a graphic cue and a
modest sample size. On the one hand, previous works have shown that varying shapes of cues
might have different impacts on the allocation of spatial covert attention [53,54]. In particular,
radar might have different levels of distraction due to the referential position of the subjects
with respect to the main scene [54]. It is unclear whether the results from Experiments 1 and 2
were specific to circular radar-like cues or more generally applicable. On the other hand, a
modest sample size can increase the false-positive rate and give rise to inflated effect sizes [55].
Thus, the purpose of Experiment 3 was 2-fold: (1) further investigate the alpha power modula-
tion of the distractor cue by using the arrow cue to rule out any graph-specific effects and (2)
to explore the potential relationship between distractor anticipation and subsequent distractor
inhibition based on large sample size (N > 40). The same analysis pipeline as Experiment 2
was applied in Experiment 3.

As shown in Fig 6A, we again isolated significant negative alpha MI (8 to 12 Hz) for distrac-
tor cues during late cue-distractor intervals (cluster-based permutation test: p < 0.050, two-
tailed). Grand averaged ERPs locked to distractor onset were generated to calculate the Pp,
component. The Pp, was significantly different than zero from 234 to 330 ms (Fig 6C, cluster-
based permutation test: p < 0.050, two-tailed). The scatter plot showed a significant correlation
between alpha MI (averaged 750 to 950 ms) and P, amplitude (Fig 6D, r = 0.332, p = 0.028).
We suggest that subjects with a more alpha power contralateral to the cued distractor have a
lower Pp amplitude in subsequent visual searches.

Here, we also calculated the average single-trial Py, for each quartile at the within-subjects
level by the same method as applied in Experiment 2. We found that the alpha MI induced by
spatial cues strongly correlated with the subsequent Pp component: The normalized P, ampli-
tude decreased with an increase in alpha power contralateral to the cued distractor (Fig 6E,
repeated-measures ANOVA, F; 1,5 = 3.078, p = 0.030). Simple first contrast shows that the P,
amplitude in the fourth negative quartile was significantly larger than that in the first (t;; =
2.059, p = 0.046, Cohen’s d = 0.330) and second negative quartiles (t;; = 2.171, p = 0.036,
Cohen’s d = 0.348). The Py, amplitude in the third negative quartile was significantly higher
than that in the first negative quartile (t,; = 2.184, p = 0.035, Cohen’s d = 0.350), suggesting
that the trials with more alpha power contralateral to the cued distractor during the cue-dis-
tractor period have a less distractor-elicited P, amplitude in the following visual search. In
sum, a close relationship between alpha lateralization and subsequent biomarkers of distractor
suppression was further confirmed between and within subjects in Experiment 3. We further
investigated whether the slope of ES is correlated with the alpha MI or the amplitude of Py, in
Experiment 3, no correlation was found at the between-subject level (p = 0.331) and the
within-subject level (p = 0.612).
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Discussion

The current study provide insight into the neural mechanisms underlying proactive suppres-
sion guided by spatial cues. Across 3 experiments, we present evidence on the existence of
alpha activity related to proactive suppression and how it shapes subsequent distractor pro-
cessing. In Experiment 1, a cueing distractor could sharpen the spatial behavioral measure-
ment (slope of ES), induce distractor suppression (negative alpha CTF slope), and reduce
distractor interference (Pp amplitude). The analysis further showed that negative alpha CTF
was related to reduced distractor-elicited Pp. Results from Experiment 2 demonstrated that
increased alpha power contralateral to the distractor (negative alpha MI) and the reduced Pp
may be the result of distractor suppression derived from spatial effectiveness. Crucially, when
spatial cues with high-predictive validity were employed, the P, amplitude was observed as a
function of cue-elicited alpha MI. That is, increased alpha power contralateral to the cued dis-
tractor (negative alpha MI) resulted in less distractor interference, as reflected in the decreased
Py Additionally, a symbolic cue with high-predictive validity was further employed in Experi-
ment 3. We also demonstrated a significant correlation between anticipatory alpha activity
and subsequent distractor-elicited Pp, across individuals and within individuals. Together,
these results have shown how spatial distractor foreknowledge proactively reduces distractor
interference.

Behaviorally, we found changes of the cueing effect with different spatial proximity of the
distractor in Experiment 1: Cueing distractors precisely had a trend towards harming the per-
formance on the target that appeared in close spatial proximity of the distractor, but boosting
the performance on the target appeared in faraway spatial proximity of the distractor. In con-
trol behavior experiment and Experiment 2, we also found such spatial proximity of the dis-
tractor. The relationship between CTF slope and ES slope provides a neuronal account for the
behavioral phenomena that the spatial distribution of alpha power response for upcoming dis-
tractors can influence the distractor spatial proximity effect on behavioral performance. With
respect to the invalid-cue session, the channel response relatively increased as alpha power
decreased at electrodes contralateral to the cued distractor location, where the target was
enhanced more easily. Thus, we observed that the cue is more effective when it predicts dis-
tractors appearing further away from the target. In contrast, the channel response relatively
decreased as alpha power increased at electrodes ipsilateral to the cued distractor location,
where the target was suppressed more easily. Thus, the cue is less effective when it predicts dis-
tractors appearing closer to the target. A recent study [30] reported that the cue was effective at
reducing misdirection of the eyes to the distractor only when the target and distractor were in
close spatial proximity, which seemed to be contrary to our behavioral results. We suggested
that these inconsistent results might be explained by the large difference in raw latency of eye
movements versus manual response. Previous studies have suggested that distractor spatial
proximity effect was influenced not only by statistical learning [7], but also by the spatial cues
[30]. Our results further extend our current understanding of the distractor spatial proximity
effect on behavioral performance and emphasize the importance of anticipatory alpha activi-
ties for suppression of distracting inputs.

From distinct research lines, alpha CTF (Fig 2C) and alpha MI (Fig 3A) provided conver-
gent evidence for the dynamic characteristic of proactive suppression as reported in Experi-
ment 1. In the beginning, regardless of task relevance, cues with spatial information may result
in increased distractor selectivity (positive alpha CTF slope) or relatively decreased alpha
power contralateral to cue distractor (positive alpha MI) at the early stages. This result was
consistent with Foster’s [35] findings and suggests that enhanced tuning towards cued direc-
tions might be first represented in our spatial attention. Then, we observed that our brain
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engages the progressive attenuation of both the amplitude of alpha MI and CTF slope. We sug-
gest that this result stems from a white bear metaphor [12], in which participants have to make
an effort to minimize interference from the distractor per se when provided the distractor loca-
tion. Interestingly, during the late preparatory stages, our results clearly show the distractor
suppression (negative alpha CTF slope or negative alpha MI) in valid cue sessions. The results
from Experiment 2 and Experiment 3 further confirmed the existence of such alpha activity
through the negative alpha MI.

Based on the negative CTF slope result in Fig 2, alpha MI during the late period of cue-dis-
tractor intervals (see Figs 2, 3, 4, and 6) could also be considered the result of the alpha CTF in
the case of lateral cues. As an example, in Experiment 1 (Fig D in SI Appendix), when the cue
pointed left (e.g., 8 = 288°), the channel response (alpha power) decreased over the left hemi-
sphere and increased over the right hemisphere; when the cue pointed right (0 = 108°), the
channel response (alpha power) increased over the left hemisphere and decreased over the
right hemisphere. We calculated such an asymmetric channel response (alpha power) by col-
lapsing across attend-left and attend-right conditions and collapsing across hemispheres (see
Materials and methods for more details). The lateralized channel response and observed later-
alized alpha power have similar dynamics (compare Figs 2C and 3A) and spatial patterns (Fig
D in S1 Appendix). Thus, we inferred that the negative CTF slope might provide a general
computational model for the negative alpha MI observed in our study. However, the relation-
ship between CTF and alpha MI needs further study.

A recent study [3] outlined 3 potential computational models for accounting for distractor
suppression within the CTF framework. This suggests that distractor-related negative tuning
may arise as a consequence of increased tuning towards the opposite distractor direction
(model 1), decreased tuning close to the distractor direction (model 2), or a combination of
both increased tuning towards the opposite distractor direction and decreased tuning close to
the distractor direction (model 3). Through comparison with invalid-cue sessions, our results
(Fig 2D) suggest that distractor suppression might result in both tuning towards the opposite
distractor direction and away from the cued distractor direction (Fig 2D), which fits well with
the interpretations of the above third models. Based on this model, the amplitude and spatial
distribution of the alpha band over the scalp has a graded change. Alpha increases were maxi-
mal over occipitoparietal electrodes contralateral to the cued distractor location, and maxi-
mum alpha decreases were found ipsilaterally to the cued distractor location, so that the to-be-
captured resources would be relatively diminished from distractors to support target-related
activities. Accordingly, we suggest that during cue-distractor intervals, a template-to-distractor
(or spatial priority map) might be architected by the gating role of alpha activity.

By comparing P, amplitude in Experiment 1, we found that predictable distractors are
likely to reduce the amplitude of Pp. This result was consistent with previous studies
[16,30,42,44], in which predictable distractors reduced distractor-specific processing, as
reflected in the decrease of Pp. Our results in Experiment 2 further expand this idea and sug-
gest that reduced Pp, was not only related to whether the cue was effective or not but also
related to whether the predictive validity of the distractor was effective (Fig 4D). Crucially, the
correlation across subjects and quartile analysis further showed that reduced P amplitude
was a function of alpha MI. That is, the more alpha power contralateral to the cued distractor
is, the lower the Pp amplitude. Given that a reduced Pp, is correlated with minimized distractor
interference [56], we argue that the brain can engage in proactive filtering mechanisms that
allocate attention resources that are less likely to be deployed to a cued distractor, resulting in
less interference by the subsequent distractor.

Note that such transient modulation of alpha power and its link with Pp amplitude does
not occur throughout the anticipation period. One possible explanation is that the participants
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might strategically have no incentive to persist in suppressing the direction of the task-irrele-
vant distractor in advance, especially at the cost of task-relevant targets likely occurring in the
nearby cued direction. Participants are likely to proactively suppress distractors at a cued loca-
tion by transient modulation of alpha power. Given that visual and memory systems are recip-
rocally connected [57-59], alpha power lateralization also reflects spatial inhibition of working
memory representations [60], we suspected that a template-to-distractor might not be persis-
tent until the onset of the search display. Alternatively, it was temporarily stored in a visuospa-
tial sketchpad. Once the onset of the visual search was detected, the template-to-distractor can
be used to suppress the distractors without feedforward communication of distractor informa-
tion involving reactive suppression [2]. Our ERP results supported the above hypothesis by
showing that smaller Py, followed after a significant negative alpha MI in Experiments 1 and 2.
This seems to mean that distractors can be directly suppressed at the low neural level (posterior
cortex) in the early stage (approximately 200 ms), resulting in the decrement of distractor-elic-
ited Pp (approximately 200 to 300 ms). Importantly, the significant relationship between tran-
sient alpha modulation and P, amplitude might provide meaningful evidence for the above
hypothesis. However, our results showed that significant Pp, followed after a significant nega-
tive alpha MI in Experiment 3, the decrement of a P, effect and its link with alpha activity
should be interpreted with caution, and further studies are necessary to gain a better under-
standing of the template-to-distractor that plays a key role in distractor suppression.

In Experiment 1, our ERP results show the distractor-elicited N2pc at approximately 150
ms poststimulus in both valid- and invalid-cue sessions. This finding suggests that participants
are first attending to the cued location before suppressing the cued distractor. It is well docu-
mented that distractor inhibition may reflect a “search-and-inhibit” mechanism, whereby
knowledge of the distractors initially paradoxically increases the attentional bias toward them
and then guides attention away [7,15]. Previous studies suggest that once valid information
about distractors was provided in advance, people could not immediately escape attraction by
the distractor information regardless of task demands [12,15]. An alternative explanation
stems from a white bear metaphor that distractor cueing is the visual equivalent of telling
someone not to think of a white bear effect [61]. Cueing distractor information is almost para-
doxical to instructing someone to prepare to ignore something. They might first try to make
an effort to minimize interference from cueing distractor information [11] and then actively
inhibit the potential distractor location. In Experiment 2, we only observed the early Pp, at
approximately 150 ms poststimulus in both high- and low-predictive validity trials but not in
null-predictive validity trials. Some studies proposed that early Pp, is related to the initial pro-
cessing of stimuli, which reflects low-level sensory imbalance between the 2 hemispheres
[8,62], and the changes of this component could also reflect functional distractor suppression
during the early stage [30,51,63]. For null-predictive validity trial, the cue has no information
about the visual field where the distractor occurs. Therefore, it is not strange that no early Pp
was observed in null-predictive validity. Furthermore, we inferred that no distractor-elicited
N2pc, instead of early Pp, was observed in Experiment 2, which might also be due to the lack
of the specific location where the distractor would appear. Accordingly, the early Py, observed
in Experiment 2 might reflect initial and large-scale suppression of the visual field (left visual
field or right visual field) where the distractor occurs.

However, the current study only focused on the dynamic characteristics of distractor sup-
pression during anticipation, and the findings are limited in their low-density montages to
explain EEG source localization of distractor suppression. Further high-density EEG or MEG
is needed to provide a precise source map. In addition, distractors can be suppressed proac-
tively by showing that eye movements are less likely to be deployed to a cued distractor [30].
Eye movement is linked to alpha modulation [30,64] and Py, amplitude [51] during covert
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spatial attention. There was no eye-tracking recording in the current study, and only EOG
channels were used to measure such movements indirectly. In the future, the combination of
eye movement and EEG methods will allow us to investigate both spatial and temporal aspects
of distractor inhibition simultaneously.

In summary, cueing the distractor location by spatial cues in different circumstances could
influence the distractor spatial proximity effect on behavioral performance and alpha activities.
From different guises of alpha activity (CTFs or alpha MI), our results provide insight on the
underlying neural mechanisms of proactive suppression, in which alpha power plays an
important role in reducing distractor interference. Importantly, a strong link between cue-elic-
ited alpha power and distractor-elicited Pp, suggests that alpha power activity may reduce
interference following distractor onset. These findings contribute to the growing body of work
showing that distractor suppression is flexible and involved in more than one general top-
down mechanism [3,34,65].

Materials and methods
EEG recording and preprocessing

In all experiments, continuous EEG were recorded using a Syn Amps EEG amplifier and Scan
4.5 package (NeuroScan). In Experiment 1, EEG data were recorded from 15 international 10—
20 sites, F3, Fz, F4, T3, C3, Cz, C4, T4, P3, Pz, P4, T5, T6, O1, and O2, along with 5 nonstan-
dard sites: OL midway between T5 and O1, OR midway between T6 and O2, PO3 midway
between P3 and OL, PO4 midway between P4 and OR, and POz midway between PO3 and
PO4. In Experiments 2 and 3, EEG data were recorded using a 32-electrode elastic cap (Green-
tek) with silver chloride electrodes placed according to the 10-20 system. To detect eye move-
ments and blinks, horizontal electrooculograms (HEOGs) and vertical electrooculograms
(VEOGs) were recorded via external electrodes placed at the canthi of both eyes, above and
below the right eye, respectively. All electrodes, except those for monitoring eye movements,
were referenced to the left mastoid during data collection and then were offline re-referenced
to the algebraic average of the left and right mastoids. The EEG were filtered at DC-200 Hz,
digitized online at a sampling rate of 1,000 Hz (sampling interval 1 ms), and then offline fil-
tered with a digital bandpass of 0.1 to 40 Hz with cutoff frequency (-6 dB) 0.05 to 40.05 Hz.
We kept electrode impedance values below 5 kQ).

Trials in which the EEG exceeded £100 1V in any channel and the horizontal EOG
exceeded +50 pV from —200 to 400 ms in the cue- or distractor-locked epochs were automati-
cally excluded in all experiments. Overall, artifacts led to an average rejection rate of 15.4% of
trials (range 7.1% to 23.7%) in Experiment 1, 18.0% (range 11.2 to 31.7%) of trials in Experi-
ment 2, and 17.9% of trials (range 8.2% to 29.1%) in Experiment 3. A total of 857 (SD: 49) for
each session in Experiment 1, 264 (SD: 28) for each condition in Experiment 2, and 273 (SD:
28) in Experiment 3 were used for further analyses. To assess whether any systematic horizon-
tal EOG activity was present in the remaining data, we computed averaged HEOG waveforms
for left- and right-inhibited distractor trials. Residual activity was less than 2 uV in Experiment
1, which means that the residual eye movements were less than + 0.3° [66]. Experiments 2 and
3 consistently demonstrated that the residual activities of HEOG were also less than 2 uV.
Thus, the small horizontal eye movements in adults suggest that participants fix their eyes on
the center of the screen.

EEG data were preprocessed using the EEGLAB software package in the MATLAB environ-
ment [67]. Independent component analysis (ICA, EEGLAB runica function) was performed
for continuous data. Component removal was restricted to blink artifacts (less than 2 on
average).
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Inverted encoding model analysis

For the IEM analysis, we followed a similar approach to the previous work [36]. We used an
IEM to reconstruct location-selective CTFs from the topographic distribution of EEG activity
across electrodes to examine the spatially specific alpha-band activity time course. Briefly, this
model assumes that the power at each electrode (1 per sample angle) reflects the weighted sum
of 10 spatially selective channels [68,69]. We modeled the responses of each electrode using a
basis function of 10 half-sinusoids raised to the ninth power for each spatial channel:

R = sin(0.50)°,

such that 0 is the angular location (0°, 36°, 72°, 108", 144°, 180°, 216°, 252°, 288", 324") and R
is the spatial channel response.

EEG data were segmented into 2,000 ms epochs ranging from 500 ms before to 1,500 ms
after cue onset for the cue-locked analysis. Data were also segmented and aligned according to
target onset from —800 to 800 ms for the distractor-locked analysis. Then, EEG segments were
bandpass filtered for the alpha band (8 to 12 Hz) using a function (eegfilt) from the EEGLAB
toolbox [67]. The filtered data were transformed to instantaneous power using a function (Hil-
bert) from MATLAB (The Mathworks, Natick, MA). The IEM was run on each time point in
the alpha band power.

We sorted the artifact-free trials into training sets (B;) and test sets (B,) for each subject
(for details, see [36]). Let By and B, be the power at each electrode for each trial in the training
set and test set, respectively. Data from the training set (B;) were used to estimate channel-to-
electrode weights on the hypothetical spatial channels separately for each electrode. The basis
functions determined the channel response function (C,) for each spatial channel.

The training data (B;) in electrode space were then mapped onto the matrix of channel out-
puts (C,) in channel space by the channel-to-electrode weight matrix (W), which was esti-
mated with a general linear model of the form:

B, = WC,

The estimated channel-to-electrode weight matrix can be derived via least-squares estima-
tion as follows:

W= B, C-f(cl C?)_l

In the test stage, channel responses (C,) were estimated based on the observed test data (B,)
with the weight matrix W:

C, = (W'W) 'W'B,.

Finally, the 10 estimated response functions (C,) were aligned to a common center. The
center channel was the channel tuned for the location of the specific stimulus (that is, 8°) and
then averaged to obtain the CTF. The CTF slope was used as a metric to compare attention
deployment towards the distractor.

Alpha modulation analysis

The segmented EEG data were decomposed using Morlet wavelet-based analysis from 8 to 12
Hz in 1 Hz steps implemented in the related package Brainstorm [70] in the MATLAB envi-
ronment. Differences in time-frequency power could be explained by event-related differences
in ongoing oscillatory power (that is, “induced” activity) or ERP exhibiting strong power in
(low-) frequency components (“evoked” activity; [71,72]). To evaluate this issue, we separated
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nonphase-locked from phase-locked power. We subtracted the trial-average activity in the
time domain from the EEG activity of every single trial, thus effectively removing any phase-
locked component, so we could be certain that the resulting oscillatory activity was nonphase-
locked, which was not contaminated by ERPs. This method was also widely used in recent
EEG studies [73,74].

To estimate the effects of cue-elicited attention modulation, we calculated the alpha MI
from cue-locked data for 3 pairs of parietal and occipital electrodes (left ROI: P3, P7, O1; right
ROI: P4, P8, O2). The MI was computed using the following formula:

0—-180

N 0(0 ‘ — 0 )
Alpha MI = (Zg Lot ROL _ *Lefi RO Ze
1 ) .

b)
0 0-180 0 0-180
3 (achr ror T %1 ROI 3 <(xRight ror T XRigh ROI)

0 0-180
@ Right ROI

Right ROI «

where 0 indicates the angle of cue pointing (6 = 288° or 252° in Experiments 1; 6 = 270" in Exper-
iments 2 and 3); o indicates alpha band power within the left ROI or right ROL and n is the num-
ber of 0 in the modulation analysis (n = 2 in Experiment 1; #n = 1 in Experiments 2 and 3).

Note that the above method allowed us to avoid possible bias in the analysis due to the
hemisphere asymmetry [31]. The amplitude of MI denotes the deviation of spatial alpha power
in the hemisphere contralateral to the cued distractor with respect to the hemisphere ipsilateral
to the distractor. Further, the polarity of alpha MI denotes the direction of spatial alpha modu-
lation: Positive values indicate alpha power relatively decreases contralateral to distractor; neg-
ative values indicate alpha power relatively increases contralateral to the distractor.

Decoding analysis

We adopted the same procedure as reported in a previous study [3], except with 22 EEG chan-
nels as features and the spatial location of distractors or targets as classes. In brief, we used
multivariate pattern analysis (MVPA) in combination with linear discriminant analysis to
assess whether the spatial distribution of EEG data could be used to decode the distractor or
target location in Experiment 1. The decoding algorithm employed was linear discriminant
analysis [75], which is consistent with one previous study [50]. The performance of decoding
based on EEG data is the 10-fold cross-validation area under the ROC curve (AUC) of the cor-
responding model.

ERP analysis

The EEGLAB toolbox and ERPLAB toolbox [76] were used to process and analyze ERP. The
combination of a lateral distractor and a midline target (see Fig 3) enables the isolation of EEG
activity in response to the distractor [23]. Thus, we analyzed the ERP elicited by the subsequent
visual search display with a lateral distractor and midline target to isolate distractor-specific Pp
components. ERP was computed by subtracting the waveforms measured from electrodes (P7
or P8) on the ipsilateral hemisphere to the distractor from symmetrical electrodes on the con-
tralateral hemisphere. Then, ERP was corrected using a —200 to 0 ms window preceding stimu-
lus onset. All latencies were identified using standard cluster-based nonparametric tests with a
cluster-defining threshold of p < 0.05 [4,77]. Finally, the amplitude of P, was achieved in the
ERPLAB measurement tool as the mean value of a 20-ms window centered at the most positive
peak in the averaged difference waveform.

Correlation and quartile analysis

We performed a similar time-frequency correlation method reported in Zhao’s research [78].
We extracted alpha MI values based on a 60-ms sliding time window (steps of 5 ms) across a
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time range of —200 to 1,200 ms for each subject and then correlated them with distractor-
evoked Pp. Each pixel of the time-frequency correlation map consisted of Pearson’s r value
between alpha MI at each time interval and each frequency and subsequent P, amplitude.
Then, the significant spectrogram related to Pp amplitude (p < 0.050) was corrected for false
discovery rates (FDRs) within a prior defined frequency range of 8 to 12 Hz across the entire
time. The left significant spectrogram (pcorrectea < 0.050) was defined as the TFC ROL.

We also adopted a similar quartile analysis within subjects as reported in van DijK’s
research [52]. The average single-trial P, was estimated at the within-subjects level to confirm
the relationship between the alpha MI and subsequent P, amplitude. The trials were sorted
according to alpha MI and split into quartiles for the right-attend and left-attend session. The
separate P waveforms for each session were calculated for each quartile and normalized to
the individual mean value over all quartiles. The final P, for each quartile was computed by
averaging the Pp, from the right- and left-attend sessions.

Participants

A total of 110 paid volunteers participated in the 3 EEG experiments (Experiment 1: 32, Exper-
iment 2: 28, Experiment 3: 50), 12 of whom were excluded from statistical analysis due to
excessive EEG artifacts with rejected trials >30% (2 participants in Experiment 1; 2 partici-
pants in Experiment 2; 8 participants in Experiment 3). Data from the remaining 30 partici-
pants in Experiment 1 (12 male, 18 female, 22.6 years mean age), 26 participants in
Experiment 2 (9 male, 17 female, 22.7 years mean age), and 42 participants in Experiment 3
(12 male, 30 female, 23.2 years mean age) were used. Additional 20 participants (8 male, 12
female, 21.5 years mean age) paid volunteers participated in the behavioral control experiment.
All participants had a normal or corrected-to-normal vision and were right-handed. They
were neurologically unimpaired and gave informed written consent before the experiment. All
experiments were approved by State Key Laboratory of Cognitive Neuroscience and Learning
Institutional Review Board (dossier number IRB_B_0016_2015002). All participants gave writ-
ten informed consent. The study was in full compliance with the ethical practice of Beijing
Normal University.

Task, stimuli, and procedure

Previous studies [3,7] have arranged target and distractor locations by dividing 2D space into
4 or 6 parts. It is likely that within these tasks, spatial distractor cues might indirectly provide
potential spatial information about a target, e.g., when the distractor was occurring on the left,
the target was presented on the right more often, and vice versa. Considering that participants
pick up such statistical regularities and use them to guide their target selection [7,79], increased
alpha power contralateral to the distractor might be mixed by potential target-related activity
(decreased alpha power contralateral to more often the target). Thus, ensuring that partici-
pants do not have target-related activity is essential to study distractor suppression, which is
also in compliance with the relevant principles (see rule 2 in [80]). In this sense, we minimized
target-dependent activity by increasing the number of possible directions (N = 10) and
decreasing the probability of the target occurring on the lateral side (Experiments 2 and 3).

In this study, 3 experiments were conducted to investigate the influences of the spatial cues
of the distractor on the subsequent visual search. In each experiment, a 200-ms cue informed
the participants of the location (Experiment 1) or scope (Experiments 2 and 3) in which the
upcoming distractor would occur in the search display. The cue-distractor interval was 1,200
to 1,600 ms. Each search display consisted of 10 unfilled circles presented for 200 ms (13.5 cd/
m” mean optical luminance, and 3.4° x 3.4°, 0.3° thick outline) from the imaginary ring with a
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9.2° radius. A yellow target circle and a red distractor circle were simultaneously presented
among the 8 green circles. A schematic of the trial design is illustrated in Fig 1A.

Salience was defined in terms of the local contrast between green circles and each color cir-
cle (see Fig E in S1 Appendix): The distance in chromaticity space between the red distractor
and green circles was greater than the distance between the yellow target circle and green cir-
cles. A red distractor with more salience captured attention more easily than a yellow target,
creating more incentive to ignore distracting sensory information. Before each session, partici-
pants were informed of the cue validity (valid or invalid) and its corresponding spatial proba-
bility of the target and distractor (Fig 1B). Participants completed some practice trials to
ensure that they understood the task requirements and learned how to make good use of cues.
Participants were instructed to utilize the cue to ignore a more salient distractor and determine
whether the line segment inside the target (yellow circle) was vertical or horizontal by pressing
1 of 2 buttons with their right hand as quickly as possible.

Experiment 1

In Experiment 1, a red circular sector with an angle of 36° was embedded in a full green circle
at the center of the display (see Fig 1A), which randomly and equally pointed to 1 of 10 possi-
ble directions (0°, 36°, 72°, 108°, 144°, 180°, 216°, 252°, 288°, or 324°) with reference to the
upper y-axis (0°). As shown in Fig 1B, this graphic cue was typically informative for the valid-
cue session (100% probability on a cued location) or uninformative for the invalid-cue session
(10% probability on a cued location) of the location at which the subsequent red distractor cir-
cle emerged. In both valid- and invalid-cue sessions, the location of the subsequent target was
independent of which distractor location and randomized with equal probability (10% proba-
bility on each location), so that subjects could not infer anything about the yellow target circle
from the cue. The sequence of the 2 sessions was counterbalanced between subjects. Each ses-
sion consisted of ten 100-trial blocks and lasted approximately 60 minutes. Participants came
to the lab twice, separated by 1 week.

In the behavioral control experiment, the apparatus, stimuli, and procedure were the same
as in Experiment 1, except for the following: (1) We replaced the red distractor with a blue dis-
tractor in half of the blocks. It is noted that the blue distractor has the same salience as the red
distractor, as the distance in chromaticity space between the red distractor and green circles
was equal to the distance between the blue distractor (RGB: 45, 0, 245) circle and green circles.
(2) We removed salient distractors in 20% of trials (distractor-absent trials) in both valid- and
invalid- cue sessions. That is, in the remaining 80% of distractor-present trials, the cue display
was fully predictive or not predictive of the specific location of the red or blue distractor circle
in 2 separate sessions.

Experiment 2

There were 3 kinds of graphic cues in Experiment 2. The circular sector was equally likely to
point left (90°) or right (270°), and the variable area of the circular sector was related to the
predictive validity of distractor occurrence. As shown in spatial probability in Fig 4A, (1) in
the high-predictive validity trials, the red sector with a polar angle from 216° to 324" (or from
36° to 144°) was fully predictive with 100% validity for the left (or right) side where the red cir-
cle distractor would appear, that is, the distractor would appear randomly on one of the cued
lateral locations with 25% probability; (2) in the low-predictive validity trials, a red semicircle
predicted that the red circle distractor would appear randomly on one of the cued locations
(with 16.7% probability on one lateral location or one midline location); (3) in the null-predic-
tive validity trials, none of the red sectors embedded in the green circle was uninformative of

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002014 March 8, 2023 23/29


https://doi.org/10.1371/journal.pbio.3002014

PLOS BIOLOGY

Predicting PD from alpha power

the upcoming distractor (10% probability on each location). To isolate the brain activity
related to distractor anticipation, we pseudorandomized the location of a yellow target circle
by specifying a uniform spatial probability of 4.25% on each lateral location and 33% on each
midline location (see Fig 4A; right panel). The experiment contained 10 blocks (that is, 100 tri-
als per block) per participant. The 3 types of trials were randomized within each block. Experi-
ment 2 lasted approximately 60 minutes.

Experiment 3

In Experiment 3, we used the constant arrow instead of the variable circular sector as a sym-
bolic spatial cue (see Fig 6A, left panel). The red arrow was fully predictive of the side (with
100% validity) on which the following red distractor circle would subsequently appear, that is,
the distractor would appear randomly on one of the cued lateral locations with 25% probability
(Fig 6A, middle panel). The opposite green arrow had no predictive value for the yellow target
circle and red distractor circle. Target had the same spatial probability as that of Experiment 2
(Fig 6A, right panel). In fact, the cue in Experiment 3 was the same as the high-predictive
validity trials in Experiment 2 except for the symbolic form of a spatial cue. We called it the
arrow high-predictive validity cue.

Supporting information
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2. Section B. Decoding for distractor and target. Section C. The analysis pipeline for CTF anal-
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