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Abstract

Distractor-induced blindness (DIB) describes a reduced access to a cued visual target—if
multiple target-like distractors have been presented beforehand. Previous ERP data sug-
gest a cumulative frontal inhibition triggered by distractors, which affects the updating pro-
cess of the upcoming target. In the present study, we examine whether the modality of the
cue—formerly defined in the visual domain—affects the expression of these neural signa-
tures. 27 subjects were tested in a cross-modal DIB task: Distractors and targets were
defined by a transient change of stimuli shape in a random-dot kinematogram. The onset of
the target was announced by a rise in amplitude of a sinusoidal tone. Behavioral results con-
firmed that detection of the target relies on the number of preceding distractor episodes.
Replicating previous unimodal results, ERP responses to distractors were characterized by
a frontal negativity starting at 100 ms, which increases with an increasing number of distrac-
tor episodes. However, the processing—and detection—of the target was not characterized
by a more-expressed P3 response, but by an occipital negativity. The current data confirm
that the neural signatures of target awareness depend on the experimental setup used: In
case of the DIB, the cross-modal setting might lead to a reduction of attentional resources in
the visual domain.

1. Introduction

On a daily basis, our environment inundates us with an immense quantity of information.
However, the human brain cannot process all of this data at once [1]. In order to maintain the
effectiveness and functionality of our behavior, a selection process becomes imperative [2]. It
has been hypothesized that this process relies on the activation of filters, which have also been
described as attentional sets, to control what information captures our attention and what
information we disregard [3, 4]. Positive attentional sets facilitate our focus on stimuli with
specific attributes, while negative attentional sets suppress the processing of stimuli with cer-
tain attributes that ought to be ignored [5].

Although these mental filters typically prove highly beneficial, a negative attentional set can
lead to the involuntary suppression and/or insufficient processing of target stimuli [6-8]. One

PLOS ONE | https://doi.org/10.1371/journal.pone.0309425 October 23, 2024

1/28


https://orcid.org/0009-0002-8067-8446
https://doi.org/10.1371/journal.pone.0309425
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0309425&domain=pdf&date_stamp=2024-10-23
https://doi.org/10.1371/journal.pone.0309425
https://doi.org/10.1371/journal.pone.0309425
https://doi.org/10.1371/journal.pone.0309425
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17632/93nxgxntbk.1

PLOS ONE

Event-related potentials of stimuli inhibition and access in cross-modal distractor-induced blindness

Competing interests: The authors have declared
that no competing interests exist.

illustration of this can be found in the negative priming effect, where previous exposure to a
stimulus, intended to be ignored, results in a delayed response when the same stimulus reap-
pears shortly afterwards as a target requiring action [9-11]. Another example provides distrac-
tor-induced blindness (DIB) [12]: Here, the cortical suppression mechanism affects the
probability to detect an upcoming target stimulus [13-16].

The experimental DIB setup-in an adapted form also utilized in the current study—is
based on a temporal selection task involving rapid serial visual presentation (RSVP) [17].
When task-irrelevant, target-like distractors are presented in an RSVP-stream, a decreased
likelihood of detecting an upcoming target-indicated by a preceding cue—can be observed.
Importantly, the number of distractors has been identified as a decisive factor: The higher the
number of distractors, the lower the probability to detect a target [13].

A DIB effect can be induced using dynamic visual features as target/distractor episodes,
such as transient motion [12, 13, 18, 19] and orientation change [15, 16, 20], as well as visual
object features, such as color change [21, 22]. Furthermore, local luminance change has been
successfully implemented as a target feature eliciting the blindness effect in a multi-sensory
context [22]. Overall, the adaptability of the effect seems to extend to different feature
dimensions.

Recent research has revealed the possibility to extend the effect into the domain of auditory
perception [22-24]. A transfer of the distractor effect was observed-revealing that the number
of auditory distractors also affects the possibility to detect an auditory target. Correspondingly,
the effect has been labeled unimodal distractor-induced deafness (DID) [23]. Studies where cue
and target are defined in the same sensory modality are in the following referred to as
‘unimodal’.

Finally, the distractor-induced process can furthermore be found in cross-modal setups,
with the term ’cross-modal’ referring to the incongruence between the sensory modalities of
the cue and target stimulus: In the case of cross-modal DIB, multiple visual distractors impair
the detection of a visual target, signaled by an auditory cue [22]. In a cross-modal DID setup,
on the other hand, modalities are reversed. Here, multiple auditory distractors diminish the
detection of an auditory target indicated by a visual cue [24]. The limitations section of this
manuscript provides an in-depth discussion about the implications associated with this defini-
tion of "cross-modality.’

In summary, the behavioral data across all the above-described modalities are in line with
the idea that distractors-independently from feature and modality—cumulatively activate a
negative attentional set. Its deactivation-required with the onset of the cue-appears to be a
time-consuming or sluggish process [25], and targets presented in temporal proximity to the
cue are therefore not available [12]. Whether the cue is defined globally, i.e. in the periphery
[26], or locally, i.e. within a central stream [12, 18, 19], does not seem to alter this consequence.
Neither does it make a difference if the cue episode is defined as a letter [14], luminance
change [21, 27], or the onset of ‘transparent’ motion [26], instead of the typically implemented
color change [12, 17-20, 28]. In previous DIB studies, the cue was thus viewed as a simple tem-
poral marker, that merely has to be highly salient and should not require any elaborate pro-
cessing, to guide attentional facilitation and inhibition [14]. However, as explained in the
following, current research seems to cast this assumption in a new light.

Support for the inhibition account has been observed in a series of ERP studies—mostly
based on the visual DIB [17, 20, 21, 26]: Distractor processing was characterized by a frontal
negativity (FN) and its amplitude was gradually increased with an increasing number of pre-
ceding distractor episodes. This ERP effect has been related to a frontal suppression process
[17,20]. A process which in turn might be associated with corresponding changes in the subse-
quent processing of the cue-target compound: In case of successful target detection, the ERPs
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are characterized by a prominent P3 amplitude, which is significantly diminished in case of a
miss [18]. In visual DIB, earlier ERP components related to sensory processing were not
affected by the preceding distractors. Following the authors [17, 20], the FN should signal the
activation of a negative attentional set which does not suppress the sensory (here: visual) analy-
sis of the target, but which prevents updating processes of stimuli characterized by distractor,
respectively, target features in working memory.

However, the predictive values of the P3 response for target detection might be questioned
if the target is defined in the auditory modality: For unimodal DID (cue and target presented
in the auditory domain), ERP responses to the cue-target compound were still characterized
by a prominent P3 —if the target is detected successfully [23]. Yet, correctly reported targets
were additionally characterized by a stronger fronto-central negativity at about 200 ms. What
is more, for the cross-modal DID effect (visual cue and auditory target), successful target
detection was exclusively characterized by a pronounced fronto-central negativity, whereas the
P3 amplitude was not enhanced when contrasted to misses [24]. The authors proposed that
the process signaled by the fronto-central negativity might be related to a processing negativity
[29]. Since this ERP signature shares the characteristics of an auditory awareness negativity
(AAN) [30, 31], target access might also be related to a modality-specific, and not to a post-
perceptual, process [26]. In sum, these deviant ERP results signal that the central suppression
process previously identified in unimodal visual distractor studies must be questioned, if cue
and target are defined in different modalities. The processing of a target stimulus in a multi-
ple-distractor task seems to be affected by the congruency of the cue’s modality.

To this end, the current study was set out to explore the mechanism of distractor processing
and its effect on the processing of the target in a cross-modal DIB setup. Distractors as well as
the target were defined in the visual domain. In line with previous unimodal DIB studies [12,
13,15, 16, 18-20], we used a dynamic random dot pattern, and distractor as well as target epi-
sodes were defined by a change of the local elements (here: shape). The occurrence of the target
was signaled by an auditory cue. A previous behavioral study already indicated that target
detection will depend on the number of distractors presented in the pre-cue epoch [22]. More
specifically, we stated the following research questions:

1. Can we replicate the behavioral cross-modal DIB effect?
Following the findings of Kern and Niedeggen [22], the key characteristic of cross-modal
DIB is expected to be replicated: Target detection is predicted to depend on the number of
preceding distractor episodes [13]. This functional relationship will be mostly expressed if
cue and target are presented simultaneously [12].

2. Which ERP components can be related to the processing of distractors, and can we
identify a camulative process?
Based on previous ERP results, we assume that the central inhibition will be driven by the
visual distractors. Given that a cuamulative distractor effect can be identified in detection
performances (see question 1), we assume that the distractor-evoked potentials will share
the characteristics of the ERP described in previous DIB studies: The gradual activation of
the inhibition process should reveal itself in an increasing FN [17, 20, 26, 28].

3. Which ERP components characterize the processing of the cue-target complex during
cross-modal DIB? And how are those ERP signatures related to the preceding distrac-
tors?

In line with our predictions regarding the neural response to distractors (see [2]), we fur-
thermore assume that the processing of the visual target in the DIB setup is primarily deter-
mined by the presence of the, likewise, visual distractors-but does not critically depend on
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the type of cue, as previously assumed by unimodal visual research [14]. If the cue merely
serves as a temporal marker to deactivate the negative attentional set, its modality should not
affect cue-target ERPs. Hence, ERP signatures of target processing and access should be con-
sistent with the results from previous unimodal DIB experiments [17, 18, 20]: The occur-
rence of the target should elicit a distinct P3 component. We furthermore assume that its
amplitude should increase in experimental conditions where the probability for target detec-
tion is high-this will be the case if the number of preceding distractor episodes is low [13].

2. Materials and methods

The PsychoPy code, along with all data collected and stimuli utilized in this experiment, are
made available in an open repository (https://doi.org/10.17632/93nxgxntbk.1).

2.1. Participants

The sample size, needed to detect the crucial cumulative distractor effect in the ERPs reliably
in the experiment, was a priori calculated with the G*Power software [32] version 3.1 and a
significance level (o) of .05, as well as a desired power of 80% for an F-test with repeated mea-
surements. Following Niedeggen et al. [20], we anticipated a medium effect size (f = .25) for
the within-subject factor ‘number of distractors’ (1 vs. 3-4 vs. 5-6) regarding the increasing
FN of distractor-evoked ERPs. This calculation indicated a total sample size of N = 28 as neces-
sary for the experiment.

Participants were recruited from the university environment of Freie Universitét Berlin
between 1° of May and 7 of August 2023. They were either given course credit or a compen-
sation of 10€/h for their participation. The experimental procedure described in the following
was approved beforehand by the local ethics committee at Freie Universitit Berlin (027/2019).

All participants provided written informed consent before their participation and further-
more confirmed that they had no history of neurological or psychiatric conditions, had normal
or at least corrected-to-normal vision, had unimpeded hearing abilities, and had no history of
substance abuse. Moreover, individuals with contraindications concerning EEG application
(e.g., scalp irritation) were not considered eligible to participate. In total, 34 participants took
part in the experiment.

The exclusion of datasets was based on a set of criteria already established in previous ERP
studies [23, 24] and necessary to ensure the reliability of our findings. These criteria included
the following: First of all, [1] insufficient target detection in the zero-distractor condition (less
than 60% accuracy). It is highly probable that individuals showing strongly impaired target
detection in the zero-distractor condition may not have understood the task correctly or are
unable to perceive the stimuli adequately, which would introduce confounding factors to our
experiment. Another exclusion criterion [2] was based on the number of electrophysiological
artefacts (eye blinks, head movements, or high electrophysiological alpha activity (>80 uV)):
Participants’ data were excluded if the analyses was based on less than 10 valid trials in a condi-
tion. Due to the first exclusion criterion, no dataset had to be discarded. Due to the second cri-
terion, the datasets of seven participants had to be discarded. The final sample consisted of 27
participants (23 women; 18-34 years of age; M,g. = 22.30, SD = 3.770).

2.2. Stimuli, procedure, design

The experiment took place in a sound-dampening chamber. Participants had their head stabi-
lized on a chin rest and were seated in a distance of 62 cm from a 20-inch Sony Trinitron
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Multiscan G520 monitor with a resolution of 1280 x 1024. As the only light source in the
room, subdued, indirect lighting was implemented from the ceiling to avoid reflections on the
computer screen. Participants were equipped with Audio-Technica ATH-LS70iS in-ear head-
phones, each fitted with individual earpieces and a customizable ear mount. The experiment
was executed on a Windows PC, utilizing PsychoPy software (Version 3.6.8 for Windows).

The stimuli used in the present experiment were not created in real-time. We generated
predefined audio-visual stimulus sequences using a custom program written in Python (v.3.6)
and PsychoPy (v.2022.1.1, [33]) to ensure precise timing alignment between the visual and
auditory components. As a result, the auditory stimulation consistently commenced simulta-
neously with the visual stimulation, without temporal jitter.

In the visual domain (see Fig 1), participants were exposed to a centered fixation point
defined by a single static white dot (0.46° in diameter; HSV: [0 0 100]). The fixation point was
centered on a light-grey circular patch (3.23° in diameter; HSV: [0 0 50]) in the middle of the
screen. The light-grey patch was enclosed by a larger dark grey patch (18.77° in diameter;
HSV: [0 0 40]) including the local elements defining the RSVP stream. Within this stream,
there were two sets of each 100 uniformly moving dots (0.69° in diameter). One dot pattern
was homogeneously colored in dark blue (HSV: [240 100 100]) and moved in a clockwise
motion in the foreground (0.3° per frame), while the other pattern was homogeneously col-
ored in bright green (HSV: [120 100 100]) and moved counterclockwise in the background
(0.3° per frame). Hence, blue dots could temporarily cover the green dots at times. While the
blue dots retained their circular shape for the entire trial duration (5,000 ms), the shape of the
green elements could transiently change from a circular shape (dots) to a rectangular shape
(squares), and back. A transient change of shape of the green pattern (dot to square for 100
ms) indicated a distractor event, when it appeared before the cue (see below), and a target
event when it appeared simultaneously (SOA = 0 ms) or shortly after the cue (SOA = 300 ms).
Fig 1 illustrates this experimental setup as well as the sensory stimulation of the experiment.
Please note that a similar setup has been used in previous unimodal DIB studies [21]: Here, the
phasic changes of the local elements were defined by color changes.

In addition to the RSVP stream, two rapid serial auditory presentations (RSAPs; each 5,000
ms in duration) were played simultaneously to the participants via headphones (see Fig 1). The
auditory stimuli of both streams in the present study were developed using the "Tone Genera-
tor" and "WavePad Editor" programs from NCH Software (Greenwood, USA) and were
already used in previous experiments [22-24]. One RSAP stream presented to the left ear con-
sisted of a continuous sinusoidal tone defined by a 5 Hz modulation within a frequency range
0f 270 to 330 Hz. As compared to the other channel, amplitude was slightly reduced (-20 dB).
This stream provided the cue event which was defined by a 100 ms increase in amplitude (+10
dB). Participants were explicitly directed to monitor whether the cue appeared in a given trial
or not. The cue indicated to shift the participant’s attention to the visual stream and to further
verify the presence of the target stimulus. The second RSAP stream, played to the right ear,
comprised 50 pure sine-wave tones, each lasting 30 ms with a 70 ms inter-stimulus interval.
These tones were randomly selected from a set of seven, falling within the frequency range of
1,800 to 2,200 Hz. The second stream was not task relevant-but previous DID experiments
revealed that the concurrent stream prevents an automatic detection of the cue (amplitude
increase) [23, 24].

In each experimental trial, the RSVP and RSAP streams (5,000 ms) were combined and fol-
lowed by two alternative-forced-choice questions: Participants were required to, firstly, deter-
mine if they perceived an auditory cue (question 1: "Did you hear a change in the continuous
tone?") and, secondly, if they observed a visual target accompanying or following the cue
shortly after (question 2: "Did one of the patterns change simultaneously with or shortly after a
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visual
stream

auditory
stream

green dots change shape for 100 ms

Fig 1. Design of an experimental trial from the multiple distractor condition. Depicted is the experimental design of a trial from the
multiple distractor condition. While the cue was specified within the auditory modality, target and distractors were presented in an RSVP
stream. The only factor distinguishing target from distractor stimuli was the variation in timing of their presentation: distractors were
presented before the cue onset, whereas a target could coincide with (SOA = 0 ms, as illustrated here) or shortly follow the cue (SOA = 300
ms). Visual stimuli were incorporated into an RDK, characterized by two overlapping motion planes moving in opposite directions. On
the right ear, participants were exposed to a series of pure tones, while a continuous tone was played to the left ear. The cue was identified
as a brief increase in amplitude (+10 dB) in the continuous tone. The visual target event was marked by the alteration of green dots,
transitioning from a circular to square shape (for 100 ms). RSVP = rapid serial visual presentation, SOA = stimulus-onset asynchrony;
RDK = random dot kinematogram.

https://doi.org/10.1371/journal.pone.0309425.9001

change in the tone?"). Responses (yes/no) were indicated via button press on a keyboard, with-
out any time limit or rush. However, participants were instructed to provide responses with
maximum accuracy.

The experimental designs included two experimental factors: If a cue and a target were pre-
sented, the temporal delay to the cue (cue-target SOA) was systematically varied. In 70 trials
each, cue and target were presented simultaneously (SOA 0 ms), or with a delay of 300 ms
(SOA 300 ms). As a second factor, the number of visual distractors preceding the cue and tar-
get was systematically varied (0 vs. 1 vs. 3-4 vs. 6-8 distractors) in each participant. Within
each of the two SOA conditions, the distractor conditions "1," "3-4," and "5-6" were each rep-
resented in 20 trials, and the "0 distractor" condition was represented in 10 trials. This number
of trials was based on the outcome of a pilot study (n = 15 participants), see supplement
(S1 Table). Most importantly, the pilot data confirm the reliability of the effect of distractor
number.

To assess the reliability of participant’s responses in terms of false alarms (falsely reported
targets after correctly detected cues), 50 control trials solely contained the cue (15 trials for
each of the three distractor conditions containing 1, 3-4, or 5-6 distractors, as well as 5 trials
for the condition without any distractor). As an additional control condition, 50 trials included
neither the cue nor the target (again 15 trials for each of the three conditions containing 1,
3-4, or 5-6 distractors, as well as 5 trials for the condition without any distractors). Hence, it
was possible to control for a potential response bias in participants. As mentioned above, the
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setup was tested in a behavioral pilot study (n = 15 participants), and data revealed a low prob-
ability in false alarm rates as well as a significant distractor effect.

For the analysis of the distractor-evoked potentials, before artefact rejection, 55 trials were
available for each distractor condition (1 vs. 3-4 vs. 5-6), with the SOA and control conditions
combined. In previous studies, the analysis of distractor-evoked ERPs was based on a compa-
rable number (n = 63 trials per distractor condition; [17, 21]). ERP responses recorded in the
trials containing no distractor were not further considered in the analysis. Experimental and
control conditions added up to a number of n = 240 trials in total.

To probe the brain’s response to distractors, we specified, in each trial containing one or
multiple distractors, a single distractor which was temporally segregated from other events to
avoid superimposition effects in the EEG signal. Always the final distractor of a sequence
served as probe. The onset of the upcoming cue after the probe randomly varied between 500
and 700 ms. The onset of a preceding distractor was at least 500 ms before the onset of the
probe. In trials where only one distractor was present, the distractor stimulus was temporally
synchronized with the final distractor from a sequence of multiple distractors (500-700 ms
before the cue onset). These time windows have been established in previous ERP studies [17,
20, 21, 26]. They furthermore ensure that participants do not confuse the last distractor and
target epochs [13]. In summary, there was no distractor, or any other stimulus, present from
500 ms before to 500 ms after the onset of the probe. SOAs between successive distractors ran-
ged from 200 to 700 ms.

The general experimental procedure foresaw the following steps: Once participants provided
informed consent, the testing commenced with a pretest comprising 32 practice trials, intended
to acquaint participants with the stimuli and tasks. After each trial, the experimenter gave verbal
feedback regarding accuracy of the participants’ responses. If participants showed a consistent
target detection (>60%), the EEG set was mounted, and the main experiment was started.

The main experiment consisted of 240 trials in total, presented in a randomized order for
each participant, and lasted approximately 45 minutes. Participants were allowed and encour-
aged to take short breaks by withholding their response.

Behavioral results were compared to the results of a previous cross-modal DIB study [22].
Although a distractor effect was observed in the previous study (see above), differences in the
visual setup must be considered: In the study of Kern & Niedeggen [22], visual distractor and
target stimuli were defined as a local luminance or color change embedded in the simple clock-
wise motion of a preloader signal. In the current study, a more complex dynamic pattern was
used (two superimposed motion planes). This setup has been previously established by Val-
des-Sosa and colleagues [34-36] and requires a visual segregation process. We will refer to this
difference in visual stimuli configuration as ‘complexity’ in the following.

A second difference lies in the definition of the factor ‘distractor number’: Kern and Nie-
deggen [22] defined three classes (0, 1, and 6-8 distractors), whereas the current study used a
more equidistant classification (0, 1, 3-4, and 5-6 distractors). To allow a statistical compari-
son, the conditions ‘5-6 distractors’ in the recent study and ‘6-8 distractors’ in the previous
study were both defined as an ‘n distractor’ condition. To derive a cumulative effect of distrac-
tor number, this condition was used for the comparison.

The data from the earlier study are publicly available in an open repository (https://doi.org/
10.17632/wxmhwv7xvd.1).

2.3. EEG recording and analysis

To initiate the preparation of the EEG recording, an elastic cap (EASYCAP, Herrsching-Breit-
brunn, Germany), featuring predetermined electrode positions based on the 10-20-system
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[37], was mounted onto the participant’s head (equidistant montage file). Twenty-nine
active Ag/AgCl electrodes were referenced to linked earlobes, while the ground electrode
was located at the FCz position. Impedance levels across all electrodes were maintained
below 10 kQ. An electrooculogram monitored vertical and horizontal eye movements
through electrodes at the outer canthi (hEOG) and along the sub- and supraorbital ridges of
the right eye (vEOG). EEG signals were captured through a 40-channel NuAmps amplifier
(Software Acquire, Version 4.3, Neuroscan Labs, Neurosoft Inc., El Paso, TX, USA). The
data were online band-pass filtered within the frequency range of 0.1-100 Hz and were sam-
pled at a rate of 500 Hz.

Subsequently, the data were analyzed offline using the "BrainVision Analyzer" software
(Version 2.1, Brain Products GmbH, Gilching, Germany). To identify the relevant ERP com-
ponents, the EEG data of each participant was segmented into 900 ms epochs, covering a time
range from -100 to 800 ms in reference to two distinct markers: The first class of EEG seg-
ments was referenced to the onset of the final distractor in a sequence of multiple distractors
or the solitary distractor in the single-distractor condition (regarding analysis of distractor-
evoked ERPs). This class of segments served as a probe for the distractor processing (see
research question 1). The second class of EGG segments was referenced to the onset of the
cue-target compound in the SOA 0 ms condition. With respect to research question 2, these
signals served as a probe of target access. Subsequently, these segments underwent filtering
(0.3-30 Hz, with a 50 Hz Notch filter) and were baseline corrected (-100 to 0 ms). A semi-auto-
matic artifact rejection procedure was employed to identify and exclude isolated EEG data
points containing ocular or muscular artifacts, slow drifts caused by (head) movements, or
pronounced EEG alpha activity (> 80 pV) from further analysis.

Per participant, the electrophysiological analysis of the probe state was finally based on a
mean of 27.15 (SD = 6.73) out of 55 trials from the ‘single distractor’ condition, 27.00
(SD = 6.55) out of 55 trials from the 3-4 distractors’ condition, and 25.19 (SD = 7.55) out of
55 trials from the ‘5-6 distractors’ condition, after the artefact rejection process. The analysis
of the cue-target access was based on a mean of 45.07 (SD = 7.35) out of 70 trials from the
‘cue-target compound’, as well as 30.44 (SD = 4.76) out of 50 trials from the ‘cue only’ condi-
tion. The rejection rate in the present study was comparable to that of a previous experiment
([24]: In the distractor-sensitive subgroup, a mean of 50.76 hit trials (SD = 12.19) out of 80 tri-
als remained after artifact rejection; In the distractor-insensitive subgroup, a mean of 38.77 hit
trials (SD = 9.97) out of 80 trials remained after artifact rejection), leading to an analogous sig-
nal-to-noise ratio of the averaged ERPs in single participants. Nevertheless, to test the reliabil-
ity of our data, we conducted an additional analysis of the distractor ERP, where a loss of trials
after artefact rejection was particularly pronounced. For this additional analysis we imple-
mented a more liberal, fully automated rejection process, controlling exclusively for eye blinks
(VEOG channels >80 V), transient over regulations (no signal for more than 100 ms), and
alpha activity in the baseline range of the frontal electrodes (+40 to -40 pV between -100 and
+100 ms). Artefacts at other electrodes and drifts—usually controlled for manually—were not
considered. The results of this additional analysis replicated our findings and can be found in
the supplement (see S2 Table and S1 Fig). The additional dataset is available in the open repos-
itory (https://doi.org/10.17632/93nxgxntbk.1).

All remaining EEG signal sweeps were averaged by analysis focus: While all segments were
separated for electrode position, the first class of segments (probe state) was additionally sepa-
rated according to the number of distractors (1 vs. 3-4 vs. 5-6). The second class of segments
(cue-target access) was additionally separated according to the target presence (cue-target vs.
cue only). The ‘cue-target compound’ was furthermore separated regarding the number of pre-
ceding distractors (high vs. low).
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Fig 2. Global field power, topographical mapping, and grand averages as well as mean amplitudes of the distractor-
evoked ERP (FN, 90-170ms). (A) Global field power plot showing the root mean squared power (in pV) for the difference
wave between the ‘1 distractor’ and ‘5-6 distractors’ condition. A peak can be identified at 130 ms. The symmetrical
analysis window for the a priori defined ERP component of interest, FN (90-170 ms), is shaded in grey. (B) Topography of
the frontal negativity (FN) based on reference-independent maps of the difference wave between the ‘1 distractor’ and ‘5-6
distractors’ condition. An anterior maximum for the FN (90-170 ms) can be identified. (C) For the anterior cluster, grand
averages (GAs) are presented for trials containing only 1 distractor (black), for trials containing 34 distractors (red), and
for trials containing 5-6 distractors (blue). The analysis window for the a priori defined ERP component of interest, FN
(90-170 ms), is shaded in grey. (D) A significant linear trend could be identified for the FN, revealing a gradual increase of
the component’s negative mean amplitude (in uV) with an increasing number of distractors.

https://doi.org/10.1371/journal.pone.0309425.9002

As for the ERPs related to the onset of the final distractor (in the following labeled as dis-
tractor-related ERPs), we aimed to identify a gradually increasing frontal negativity in the ERP
responses evoked by visual distractors. Previous studies have reported that the latency of the
FN might depend on the visual feature chosen: For motion, the signal appears at about 225-
275 ms [26]. For orientation, at about 300-500 ms [20] or 250-450 ms [17]. For color, Winther
& Niedeggen [21] reported 325-475 ms. This variability—probably also affected by other differ-
ences in the experimental manipulation—prevented that a time range could be identified a pri-
ori. Instead, we employed visual inspection of the grand averaged ERP signals at frontal leads.
To confirm the visual inspection of a suitable time window, the global field power (GFP) of the
difference wave between the ‘1 distractor’ and ‘5-6 distractors’ condition was computed (see
Fig 2A). Based on the local maximum of the GFP (120 ms), a symmetrical time window rang-
ing from 90-170 ms was determined. Following previous studies [17, 20, 21], an anterior clus-
ter of electrodes was defined covering the FN (AFz, F7, F8, Fpl, Fp2).

Regarding our hypothesis concerning the cue-target-evoked ERP signatures, we aimed to
test the replicability of the P3 as indicator for visual target access. To this end, the temporal
progression of global activity, defined by the GFP, and its connection to the spatial distribution
of electrical activity induced by the processing of the cue-target compound were examined. A
slow parietal ERP positivity, starting at about 350 ms and lasting for about 150 ms, could be
identified through visual inspection of grand averages. Correspondingly, the GFP of the
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Fig 3. Global field power and grand averages for the cue-target-evoked ERPs as well as their respective topographical mapping. (A) Global field power
plot showing the root mean squared power (in uV) for the difference wave between the ‘cue-target’ and ‘cue-only’ condition. A first peak in activation can be
identified at 170 ms (FCN), followed by another peak at 340 ms (PN). Finally, a peak at 430 ms (P3) becomes visible. The symmetrical analysis window for the a
priori defined ERP component of interest, P3 (400-460 ms), is shaded in darker grey, while the windows for the a posteriori defined FCN (140-200 ms) and
PN (300-380 ms) are indicated in light grey. (B) Topography of the fronto-central negativity (FCN), the posterior negativity (PN), and the P3 based on
reference-independent maps of the difference wave between the ‘cue-target and ‘cue-only’ condition. A broad anterior topography for the FCN (140-200 ms)
can be identified, as well as a locally restricted posterior maximum for the PN (300-380 ms) and a parietal topography for the P3 (400-460 ms). (C) Grand
averages for trials when the target was absent (orange) as well as when it was present (green) are presented separately for the fronto-central, parietal, and
posterior electrode cluster. The analysis window for the a priori defined ERP component of interest, P3 (400-460 ms), is shaded in darker grey, while the
windows for the a posteriori defined FCN (140-200 ms) and PN (300-380 ms) are indicated in light grey. While no significant difference in the P3 between
could be found, the presence of the target was associated with a significantly stronger expression of the FCN and PN (indicated by *). (D) Grand averages for
trials containing a low number of distractors (cyan), associated with a higher target detection probability, as well as trials containing a high number of
distractors (purple), associated with a lower target detection probability are depicted separately for the fronto-central, parietal, and posterior electrode cluster.
The analysis window for the a priori defined ERP component of interest, P3 (400-460 ms), is shaded in darker grey, while the windows for the a posteriori
defined FCN (140-200 ms) and PN (300-380 ms) are indicated in light grey. The PN is the only component for which a significant difference (indicated by *)
can be observed between the two conditions, demonstrating a higher amplitude for an increased detection probability.

https://doi.org/10.1371/journal.pone.0309425.g003

difference wave between the ‘target present’ and ‘target absent” condition shows a local maxi-
mum at 430 ms (see Fig 3A). In coherence to the definition of the FN, described above, a sym-
metrical time window ranging from 400-460 ms (further labeled as P3) was chosen.

Additionally, the post-hoc analysis of the grand-averaged potentials revealed two further
components: An early peak at fronto-central electrode leads, starting at 140 ms and lasting for
about 150 ms, shared the temporal and spatial characteristics of the early negativity reported in
previous uni- [23] and cross-modal DID studies [24]. It was furthermore recognized in the
GFP with a corresponding peak at 170 ms (see Fig 3A), therefore a symmetrical analysis win-
dow was chosen ranging from 140 to 200 ms around the GFP peak.

Second, an occipital negativity, starting at 280 and lasting for about 100 ms, was identified
in the grand-averaged ERP data. This signature corresponded to a peak in the GFP of the dif-
ference wave between the ‘target present’ and ‘target absent’ condition at 340 ms (see Fig 3A).
The analysis window was set symmetrical around this peak, ranging from 300 to 380 ms.
Although not expected a priori, we included these two components in an a posteriori analysis.
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Previous research [20, 23] provided a template for sensitive electrode clusters regarding
cue-target-evoked ERPs. Inspection of the reference-independent topographical distribution
(Fig 3B) led to a minor adaption of the three clusters (fronto-central: FC1, FC2, Cz, CP1, CP2;
parietal: P3, P4, Pz, CP1, CP2; posterior: O1, 02, Oz, P7, P8). All cue-target-evoked compo-
nents were contrasted regarding their expression according to whether the target was present
(cue-target compound) or absent (cue only condition), to elucidate whether they are associated
with the processing of the visual target stimulus.

2.4. Statistics

For data analysis, IBM SPSS Statistics (version 28) was used. In all analyses of variance, degrees
of freedom were corrected according to the Greenhouse-Geisser criterion [38], if the assump-
tion of sphericity was violated.

2.4.1. Behavioral analysis. To analyze the behavioral data, the target detection rate of
each participant, referring to a correctly detected target after a correctly detected cue, was cal-
culated for each experimental condition separately. This was followed by a descriptive analysis
and a two-way repeated measures analysis of variance (rmANOVA) containing the within-
subject factors ‘number of distractors’ (0 vs. 1 vs. 3-4 vs. 5-6) and ‘SOA’ (0 vs. 300 ms). In case
of a significant interaction, pairwise comparison was performed as post hoc analysis.

Furthermore, our data were compared with the behavioral results of a previous cross-
modal DIB study [22]. In total, this earlier study comprised three experiments: While in one
experiment, an individual deviant tone was implemented as the cue (see experiment 2; 22), the
other two experiments employed the same rise in amplitude of a continuous tone as we (see
experiment 1 & 3; 22). In comparison to our stimulus setup, the latter two experiments differed
solely in the visual feature defining target and distractors (local luminance change vs. color
change) and were hence selected for the subsequent analysis. To improve statistical power,
both of these earlier datasets were merged together and handled as a single set. This action was
feasible due to the absence of any significant difference concerning the effect of the target fea-
ture (see: 22). An rmANOVA was conducted with the within-subject factor ‘number of dis-
tractors’ (0 vs. 1 vs. n) and the between-subject factor ‘target feature’ (complex vs. simple),
where ‘complex’ refers to our stimuli arrangement and ‘simple’ to Kern and Niedeggen’s [22]
two stimulus configurations. In case of a significant interaction, pairwise comparison was per-
formed as post hoc analysis. We furthermore conducted an a priori trend analysis according to
orthogonal polynomial contrast coefficients.

2.4.2. ERP analysis. In line with our EEG-related research objectives, the analysis of ERPs
focused on two aspects: distractor-evoked as well as cue-target-evoked components. Regarding
the former, mean amplitudes were extracted in the time range of the early FN (90-170 ms)
from the anterior electrode cluster. An rmANOVA for the within-subject factor ‘number of
distractors’ (1 vs. 3—4 vs. 5-6) as well as the within-subject factor anterior ‘electrode’ (AFz vs.
F7 vs. F8 vs. Fp1 vs. Fp2) was calculated. The latter factor was included to test the homogeneity
of the electrode cluster defined with respect to the effect of experimental manipulation. There-
fore, an interaction effect between the two within-subject factors was of primary interest. This
applies to all rmANOV As related to ERPs that we have conducted. However, for the FN specif-
ically, as described already in previous studies [17, 20, 21], a trend analysis according to
orthogonal polynomial contrast coefficients was performed to identify a functional relation-
ship between the FN’s amplitude and the number of preceding distractors.

For the analysis of the cue-target-evoked ERP signatures, mean amplitudes were extracted
in the time range of the P3 (400-460 ms), and exploratory also of the early fronto-central nega-
tivity (140-200 ms), and the posterior negativity (300-380 ms). In a first step of analysis, the
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contribution of the ERP component to target processing was identified. To this end, the condi-
tions ‘cue-only’ (target absent) and ‘cue-target’ (target present) were compared. At first, P3
amplitude was compared by running a rmANOVA, including the within-subject factor parie-
tal ‘electrode’ (P3 vs. P4 vs. Pz vs. CP1 vs. CP2). As the topographically widespread fronto-cen-
tral negativity in our data resembled an early frontal process already identified in previous
cross-modal research [23, 24], we focused our analysis of this ERP signature on the fronto-cen-
tral cluster. Another rmANOVA for the within-subject factor ‘electrode’ (FC1 vs. FC2 vs. Cz
vs. CP1 vs. CP2) as well as ‘target presence’ (cue only vs. cue-target) was computed. Finally, for
the temporo-occipital negativity, an rmANOVA for the within-subject factor ‘electrode’ (O1
vs. 02 vs. Oz vs- P7 vs. P8) of the posterior cluster as well as ‘target presence’ (cue only vs. cue-
target) was calculated.

In case of a significant difference, the contribution of the ERP component to successful target
detection was further examined. To this end, we averaged the ERPs preceded by a low number
of distractors (0, 1) and the ERPs preceded by a high number of distractors (3-4, 5-6). The cor-
responding conditions differed significantly with respect to target access (see behavioral results),
and differences in the ERPs can therefore be attributed to the detection performance. Conse-
quently, we ran rmANOVAs for the within-subject factor ‘number of distractors’ (high vs. low),
as well as ‘electrode’ of the determined cluster. Please note, that a direct comparison of the con-
ditions ‘target-hit’ vs ‘target-miss’—as applied in previous studies [see 20, 23, 24]—was not possi-
ble because the number of misses was not sufficient for an averaging per participant (on average
only 29 misses per subject). Due to the concurrent evaluation of distractor-evoked as well as
cue-target-evoked potentials in this study, the study design did not permit the planning of suffi-
cient trials to obtain an adequate number of misses (see limitations).

To sum up, the components were furthermore contrasted regarding their expression
according to a high versus low probability of target detection. With a significant distractor
effect present in the behavioral data (see behavioral results), it could be inferred that conditions
containing none or only a low number of distractors are associated with a higher probability of
target detection, whereas conditions containing multiple distractors (3-4 or 5-6) are associ-
ated with a lower probability of target detection.

3. Results
3.1. Behavioral results

Mean target detection rates for all experimental conditions are summarized in Table 1.

Table 1. Mean target detection rates for the experimental conditions.

Distractors SOA 0 ms SOA 300 ms
0 M =94.74 M =93.46

CI [91.05, 98.44] CI [89.40, 97,52]
1 M =88.36 M = 87.00

CI [83.41,93.31] CI [79.16, 94.85]
3-4 M =82.37 M = 89,78

CI [75.64, 89,10] CI [84.01, 95,46]
5-6 M =74,37 M = 86.25

CI [66.15, 82.59]

CI [78.70, 93.79]

Mean (in %) and the corresponding 95% confidence interval (CI) for averaged correct target detection after correct

cue detection, reported separately for each distractor and SOA condition. SOA = stimulus onset asynchrony.

https://doi.org/10.1371/journal.pone.0309425.t001
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The rmANOVA yielded a significant difference in the detection rate between the SOA con-
ditions, with a higher detection rate at SOA 300 as compared to SOA 0 (factor ‘SOA’: F(1, 26)
=536, p < .029, n,” = .171). Data analysis showed that the number of distractors significantly
influenced target detection: The baseline detection rate (0 distractors: 95%) was gradually
reduced to 74% in the condition with the highest number of distractors, for an SOA of 0 ms.
For an SOA of 300 ms, the baseline detection rate (0 distractors: 93%) decreased to 86% in the
highest distractor condition. This resulted in a significant main effect of the factor ‘distractor
number’ (F(1.87,48.51) = 17.31, p < .001, np2 =.400). The effect of distractor number was
more expressed at SOA 0 as compared to SOA 300, indicated by the significant interaction of
both factors (‘distractor number’ x ‘SOA’: F(3, 78) = 8.59, p < .001, np2 =.248). Furthermore, a
significantly different linear trend emerged in the means of the detection rate with respect to
the levels of both factors (F(1, 26) = 18.65, p < .001, n,” = .418).

In order to determine in which SOA condition (0 ms vs. 300 ms) the factor ‘distractor num-
ber’ had a greater impact on target detection, analysis was run separately for the SOA condi-
tions: For an SOA of 0 ms, the detection rate dropped from 95% (0 distractors), to 88% (1
distractor), to 82% (3-4 distractors), to eventually 74% (5-6 distractors) (see Table 1). The
effect of the number of distractors was strongly expressed (F(2.03, 52.89) = 20.92, p < .001, n,”
=.446) and followed a linear trend (F(1,26) = 32.27, p < .001, np2 =.554). Post hoc pair-wise
comparisons revealed that hit rates decreased with an increasing number of distracting stimuli
for each gradation (see Table 2).

For the long SOA, the drop in detection rate was smaller, from 93% (0 distractors), to 87%
(1 distractor), to 90% (3-4 distractors), to finally 86% (5-6 distractors) (see Table 1). Neverthe-

less, the effect of ‘distractor number’ (SOA 300 ms: F(3, 78) = 4.03, p = .010, np2 =.134) was
also significantly expressed, albeit more weakly than in the small SOA condition. Less pro-
nounced was furthermore the significantly linear trend (F(1,26) = 5.24, p = .030, np2 =.168).

Table 2. Summarized statistical results of the post hoc pair-wise comparisons between the hit rates of the differ-

ent distractor conditions, separated for each SOA condition.

SOA condition
Comparison 0 ms 300 ms
0 vs. 1 distractors F(1,26) =11.10 F(1, 26) = 6.51
p=.003 p=.017
n,’ =.299 n,’ = .200
0 vs. 3—4 distractors F(1, 26) = 18.09 F(1,26) = 2.41
p < .001 p=.133
2 2
n,?=.410 n,’ =.085
0 vs. 5-6 distractors F(1, 26) = 31.42 F(1,26) =7.97
p <.001 p=.009
n,’ = .547 n,’=.235
1 vs. 3—-4 distractors F(1, 26) = 8.60 F(1,26) =1.22
p =.007 p=.280
n,’=.249 n,” = .045
1 vs. 5-6 distractors F(1,26) =27.13 F(1,26) = .134
p < .001 p=.717
2 2
n,? =511 n,? = .005
3-4 vs. 5-6 distractors F(1,26) =9.84 F(1, 26) = 4.86
p=.004 p=.037
n,’ =.275 n,’ =.157

Post hoc pair-wise comparisons were conducted between the hit rates of all four distractor conditions (0 vs. 1 vs. 3-4

vs. 5-6 distractors), resulting in six analyses per SOA condition (0 vs. 300 ms). In case of a significant effect, the result

is printed in bold. SOA = stimulus onset asynchrony.

https://doi.org/10.1371/journal.pone.0309425.t1002
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Fig 4. Distractor effects at cue-target SOA 0 ms for different complexity levels of the visual stimulus configuration. Depicted are mean
target detection rates (hit rates), and their corresponding standard error, acquired in the present experiment (‘complex’ condition) in
comparison to hit rates from two summarized previous cross-modal DIB experiments (‘simple’ condition) at cue-target SOA 0 ms. The
experiments solely varied in their visual stimulation (target/distractors). The auditory stimulation (cue) as well as the experimental procedure,
and the overall cross-modal setup (auditory cue, visual target/distractors) was identical. While our experiment utilized a change of shape as
target/distractor events implemented in a complex stimulus display, the pooled previous experiments presented either a change of luminance or
color embedded in a rather simple stimulus configuration. Overall, the reduction of hit rates with an increasing number of distractors was more
pronounced for the complex setup. A significant interaction exists between the distractor number and the utilized type of visual display,
indicating that the magnitude of the cross-modal distractor effect is related to the complexity of the visual target’s/distractor’s presentation
mode. SOA = stimulus onset asynchrony.

https://doi.org/10.1371/journal.pone.0309425.9004

Post hoc pair-wise comparisons showed that, in particular, the condition with 3-4 distractors
did not contribute as much to a significant effect of the factor ‘distractor number’ as the other
conditions (see Table 2).

The examination of control conditions without a target demonstrated mean false alarm
rates of 2.47% (SD = 8.88) in the absence of distractors and 6.36% (SD = 7.26) in the presence
of distractors. False alarm rates significantly increased when multiple distractors preceded the
cue (factor ‘distractor number’: F(3, 78) = 3.10, p < .031, np2 =.107). Notably, the false alarm
rate was on a comparably low level as in Kern and Niedeggen’s [22] study (without distractors:
M =2.47%, SD = 8.13; multiple distractors: M = 3.48%, SD = 9.27).

The behavioral data from our experiment was compared to a previous cross-modal DIB
study [22]: In the previous experiment, a simple local target feature change was used, whereas
the current study includes a more complex dynamic display, and the target is defined by a
more global change (see methods). Fig 4 illustrates the distractor effect in the complex as well
as the simple target feature condition at SOA 0 ms.

The analysis unveiled a significant main effect of the ‘target complexity’ (F(1, 61) = 4.33, p
< .042, n,” = .066) with generally lower hit rates observed across distractor conditions in our
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experiment (M = 85.83%, 95% CI [81.56, 90.10]), compared to the previous study

(M =91.70%, 95% CI [88.00, 95.40]). As expected, there was a significant main effect of ‘dis-
tractor number’ (F(1.45, 88.37) = 52.40, p = .001, np2 =.462). More importantly, the interac-
tion between the within-subject factor ‘distractor number’ and the between-subject factor
‘target complexity’ at cue-target SOA 0 ms reached statistical significance (F(1.45, 88.37) =
3.79,p = .040, n,” = .058). Additionally, the linear trend in the decreasing detection rate associ-
ated with an increasing distractor number seems to more expressed in the current dataset as
compared to the previous study (F(1, 61) = 5.08, p = .028, n,” = .077). While in both studies
the distractor effect followed a significant linear trend (our data: F(1,26) = 31.42, p < .001, np2
=.547;22: F(1,35) = 32.63, p < .001, np2 = .482), the drop in detection rate was more pro-
nounced in the complex stimulus arrangement, with an averaged hit rate falling from 94% (0
distractors) to 74% (n distractors), compared to a less pronounced decrease from 96% (0 dis-
tractors) to 85% (n distractors) in the simple stimulus configuration [22].

3.2. Electrophysiological results

3.2.1. Distractor-evoked ERP signatures. Grand-averaged ERP signatures of the frontal
negativity are depicted in Fig 2C, corresponding mean amplitudes are presented in Fig 2D.

The distractor-evoked potential is defined by a focal negativity at about 90 ms, which is
expressed lowest in the single distractor condition (M = -.23, SD = 1.09), gradually increasing
during the presentation of multiple distractors (3—4 distractors: M = -.34, SD = 0.92; 5-6 dis-
tractors: M = -.79, SD = 1.02) (see Fig 2D). In line with this, the visual examination of the
grand averages suggests a heightened negativity with a rising number of distractors (see
Fig 2C). Furthermore, the negativity shares the spatial distribution of the distractor-related FN
previously described [17, 20, 21] (see Fig 2B). Although no statistical main effect of the factor
‘distractor number’ was confirmed (F(2, 52) = 2.56, p = .087, np2 =.089), the trend analysis still
signaled a significant linear trend (F(1, 26) = 4.40, p = .046, np2 =.145). The latter indicates a
gradual linear progression from the FN’s minimum expression in the single distractor condi-
tion to its most prominent expression in the highest distractor condition. A quadratic trend
cannot be assumed (F(1, 26) = .60, p = .444, np2 =.023). The frontal electrode cluster was
homogenous with respect to this trend (‘electrode’ x ‘distractor number’: F(4.12, 106.98) =
792, p =.536,n,” =.030).

3.2.2. Cue-target-evoked ERP signatures. Grand averaged cue-target-evoked ERPs (P3,
fronto-central negativity, posterior negativity) are depicted in Fig 3C and 3D.

The cue-target ERPs are characterized by an early fronto-central negativity (FCN) starting
at 140 ms, reaching its peak at 240 ms, followed by a focal posterior negativity (PN) starting at
280 ms, peaking at 320 ms. The third component (labeled as P3) is a parietal positivity starting
at 360 ms and lasting for 150 ms. Table 3 displays mean amplitudes of these components—for
the P3, as well as the post-hoc identified fronto-central negativity, and the temporo-occipital
negativity—across all three clusters.

The ERP data were analyzed in two steps: To identify whether a component was related to
target processing, ERPs related to the conditions ‘target present’ (cue-target compound) and
‘target-absent’ (cue-only condition) were compared. In a second step, ERP components to a
high and a low probability of target access were identified. To this end, the cue-target com-
pound was segregated, and ERPs were averaged separately for the conditions with a “high” or
“low” number of distractors.

Our a priori hypothesis was related to the P3 component: Against our hypothesis, visual
inspection of grand-averaged potentials (see Fig 3C) implied no increase in amplitude, if the
target was presented (cue-target: M = 4.43, SD = 3.46 vs. cue alone: M = 4.44, SD = 3.40).
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Table 3. Mean ERP amplitudes (in V) and 95% confidence intervals (CIs) for cue-target-evoked electrophysiological components, separated for target absent vs.
present.

ERP component

Condition Electrode cluster 140-200 ms 300-380 ms 400-460 ms
(FCN) (PN) (P3)
target absent fronto-central M =-.453 M = 1.565 M =3.823
[-.90, -.00] [.43,2.70] [2.47, 5.18]
parietal M =-.504 M =1.577 M =4.443
[-.94, -.07] [.61, 2.54] [3.10, 5.79]
posterior M =-.458 M =.278 M =1.920
[-.83, -.09] [-.42, .98] [.97,2.87]
target present fronto-central M =-1.207 M =1.961 M =4.629
[-1.74, -.68] [.84, 3.09] [3.25, 6.01]
parietal M =-939 M =.839 M =4.431
[-1.41, - 46] [-.25,1.93] [3.07, 5.80]
posterior M =-276 M=-1.72 M =.798
[-.74, .19] [-2.51, -.92] [-.05, 1.65]

Descriptive values for the exploratory fronto-central negativity (FCN) between 90 and 170 ms and posterior negativity (PN) between 300 and 380 ms, as well as the a
priori predicted P3 between 400 and 460 ms, depicted separately for the fronto-central, parietal, and posterior cluster, as well as the target absent vs. target present

condition. A significant effect of the factor ‘target presence’ was found for the FCN in the fronto-central cluster as well as for the PN in the posterior cluster (printed in
bold).

https://doi.org/10.1371/journal.pone.0309425.t1003

Pursuant to this, the statistical analysis revealed no significant difference between both experi-
mental conditions, with no main effect of target presence (F(1, 26) = .00, p = .983, np2 =.000).
Although there appears to be a significant interaction between the electrode position within
the parietal cluster and the effect of target presence (‘electrode’ x ‘target presence’: F(2.53,
65.85) = 8.79, p < .001, n,” = .253), the post-hoc comparisons did not reveal a selective effect
on single electrodes (see S3 Table).

To approach the question whether cue-target ERPs are related to the detection perfor-
mance, we calculated the ERP trials separately for experimental conditions defined by a low
distractor number (0 or 1)-and a correspondingly higher detection rate-as well as a high dis-
tractor number (3-6), and a significantly reduced detection rate. This approach signaled that
the P3 amplitude is not enhanced in the condition with a low distractor number: In the parietal
electrode cluster, amplitudes were at a comparable level (high number of distractors: M = 4.95,
SD = 3.80; low number of distractors: M = 3.91, SD = 3.77; see Table 4), and not significantly
different (F(1, 26) = 3.16, p =.087, n,” = .108). Again, a significant interaction was found
between the factors ‘electrode’ and ‘distractor number’ (F(2.87, 74.56) = 3.54, p = .020, np2 =
.120). The post-hoc test revealed significant differences for the adjacent electrodes Pz, P3, P4—
with a higher amplitude in the multiple distractor condition, contrary to what would have
been expected a priori—but no significant differences for the more-anterior electrode pair
CP1 and CP2 (54 Table). This indicates a heterogeneity of the cluster, and that the effect is
selectively expressed at posterior leads.

Although our hypothesis was clearly focused on the P3 effect, the grand-averaged ERP indi-
cated that target processing and access might be associated with other ERP components. Since
these components have been observed in previous experiments [23, 24], we added them in an
a posterori analysis.

A fronto-central negativity was also observed in previous DID experiments [23, 24]. The
higher amplitude in the ‘cue-target’ condition compared to the ‘cue only’ condition indicated
that the component is related to the target processing (cue-target: M = -1.21, SD = 1.34 vs. cue
alone: M = - .45, SD = 1.14). In line with the visual inspection (see Fig 3C), statistical analysis of
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Table 4. Mean ERP amplitudes (in uV) and 95% confidence intervals (CIs) for cue-target-evoked electrophysiological components, separated for a low vs. high
number of distractors and therefore a manipulated target detection probability.

ERP component

Condition Electrode cluster 140-200 ms 300-380 ms 400-460 ms
(FCN) (PN) (P3)
low distractor number fronto-central M = -1.453 M =1.289 M =4.463
[-2.17, -.74] [.18, 2.40] [2.96, 5.96]
parietal M =-1.283 M =.059 M=3912
[-1.99, -.57] [-1.05,1.17] [2.43, 5.40]
posterior M = -.487 M =-2.485 M =.131
[-1.06, .08] [-3.44, -1.53] [-.83, 1.09]
high distractor number fronto-central M = -.960 M =2.633 M =4.794
[-1.59, -.33] [1.22, 4.04] [3.33, 6.26]
parietal M =-5% M =1.619 M =4.950
[-1.17, -.02] [.30, 2.94] [3.45, 6.45]
posterior M =-.064 M=-952 M = 1.465
[-.64, -.51] [-1.72, -.18] [.55,2.38]

Descriptive values for the exploratory fronto-central negativity (FCN) between 140 and 200 ms and posterior negativity (PN) between 300 and 380 ms, as well as the a
priori predicted P3 between 400 and 460 ms, depicted separately for the fronto-central, parietal, and posterior cluster, as well as the low vs. high distractor number
condition. A significant effect of the factor ‘distractor number’ was found for the PN in the posterior cluster (printed in bold).

https://doi.org/10.1371/journal.pone.0309425.t1004

the time window 140-200 ms within the fronto-central cluster revealed a significant main
effect of target presence (F(1, 26) = 6.82, p = .015, np2 =.208). This effect was not modulated
by electrode position (‘electrode’ x ‘target presence’: F(2.34, 60.87) = .90, p = 426, n,” = .033).
If the fronto-central negativity was separately analyzed for the distractor number conditions,
the negativity appears to be shifted if less distractors were presented (high number of distrac-
tors: M = -.96, SD = 1.60; low number of distractors: M = -1.45, SD = 1.81; see Table 4 or Fig
3D). However, the rmANOVA did not signal a significant difference (F(1, 26) = 1.45, p = .240,
n,’” = .053). Moreover, the effect was also not differently expressed at single electrodes within
the cluster (‘electrode’ x ‘distractor number’: F(2.16, 56.19) = 1.00, p = .381, np2 =.037).

The grand averages are also characterized by an occipital negativity between 300-380 ms. Its
amplitude is more expressed when the target was present (M = -1.72, SD = 2.01), to when it was
absent (M = .28, SD = 1.77), and this impression was confirmed by the rmANOVA with a
highly significant main effect of target presence (F(1, 26) = 21.90, p < .001, n,” = .457). The sig-
nificant interaction with the factor ‘electrode’ (‘electrode’ x ‘target presence’: F(2.04, 53.14) =
4.67,p < .013,n,” = .152) signaled that the difference is more strongly expressed at single elec-
trodes within the cluster. Our post-hoc analysis indicates that the enhancement in case of a pres-
ent target is expressed strongest at the more posterior electrodes O1 and O2 (see S5 Table).

In contrast to the other components, the expression of the occipital negativity appears to be
related to the detection performance: If the cue-target ERPs were separately analyzed for the
distractor number conditions, amplitudes were found to be less expressed when multiple dis-
tractors were present (M = -.95, SD = 1.94) as compared to when none or only a single distrac-
tor was present (M = -2.49, SD = 2.41) (see Table 4 or Fig 3D). Statistical analysis corroborated
this impression with a strongly significant main effect of number of distractors (F(1, 26) =
20.69, p < .001, n,” = .443). Furthermore, the interaction between the factors ‘target presence’
and ‘electrode’ reached statistical significance (F(2.76, 71.81) = 3.68, p = .019, np2 =.124). Post-
hoc analysis revealed that the effect of distractor number was, again, more strongly expressed
at the posterior electrodes O1 and O2, but additionally also at the more anterior, lateralized
electrode P8 (see S6 Table).
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4. Discussion
4.1. Summary

Corresponding to our first hypothesis, the behavioral results show that the DIB effect can be
replicated in a cross-modal setting: In our experiment the target detection rate is significantly
reduced by an increasing number of distractor episodes. As expected, this functional relation-
ship is mostly expressed when cue and target are presented simultaneously. Furthermore, the
data replicate that the cross-modal DIB effect extends to the visual feature ‘shape’.

In line with our second hypothesis, a frontal negativity was identified for distractor-evoked
potentials, and its amplitude increases linearly with an increasing number of distractors. In
contrast to our third hypothesis, target processing and detection did not enhance P3 ampli-
tude. Rather, an occipital negativity—not observed in previous unimodal studies-was related to
the processing and access to the visual target. All results will be discussed in more detail in the
following.

4.2. Behavioral data

Our data confirm the idea that target access critically relies on the number of distractor epi-
sodes presented beforehand. Moreover—as suggested in previous papers—the distractor-
induced effect is not bound to a specific stimulus modality or stimulus feature [13, 15, 21-24],
which seems congruent to the notion that the presentation of multiple distractors triggers a
central gating process [17, 20]. Target stimuli get involuntarily suppressed or inadequately pro-
cessed. A consequence which can also be observed in related phenomena, such as contingent
attentional capture (CAGC; [39, 40]), repetition blindness (RB; [41, 42]), or the attentional blink
(AB; [43, 44]). However, our data is further indication that the DIB effect can be contrasted to
these phenomena.

In CAC, a single distractor preceding the target hinders processing of the target [45]. By
using audiovisual stimuli, Dalton and Spence [46] were able to show that this effect even
extends cross-modally. Our data, however, are more in line with previous findings suggesting
that, in DIB, a single distractor does not have significant impact on the processing of an
upcoming target [28]: As shown in Fig 4, the effect on target detection is fully expressed, if
multiple distractors are presented. More importantly, the CAC effect is primarily related to a
delay in the response to the target, but not to a lack in accessibility.

RB refers to the inability to report the second occurrence of a word (or picture) presented
twice in an RSVP stream [41, 42]. This discrepancy has been attributed to a lack of token indi-
viduation [47], or an ‘offline’ retrieval problem [48]. A crucial factor for RB to occur is the
physical resemblance between the two critical stimuli. Likewise in DIB, target processing is
impeded solely by the presence of similar distractors, rather than dissimilar or absent ones
[15]. Despite this evident similarity between both phenomena, research indicates that, in RB,
the mere repetition of the target item once is sufficient to induce an effect. As discussed above,
such an experimental condition seems not adequate to elicit DIB [28]. This difference between
the two phenomena may be attributed to the distinct choice of physical stimuli: In RB, highly
complex semantic stimuli are employed, requiring token individuation. In contrast, DIB
involves stimuli comprising basic visual and/or auditory features that do not necessitate
semantic-level processing.

In AB, conscious access to the second of two targets is constrained based on the temporal
proximity to a single preceding target in an RSVP stream [49]. In contrast to distractor-
induced effects mostly expressed at a cue-target SOA of 0 ms—a characteristic evident in our
data as well—AB exhibits its maximum impact at a target-target SOA around 300 ms [50, 51].
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Moreover, the AB was not reported consistently in cross-modal settings [52], whereas distrac-
tor-induced effects seem to be reliably expressed (for cross-modal DIB, see: 22, for cross-
modal DID, see: 24).

Despite the replicability of the cross-modal DIB effect (see: 22), the direct comparison of
the datasets also revealed significant differences: The expression of the effect in our experiment
was significantly enhanced (25%) when contrasted to a previous study (9-14%; [22]). Fig 4
offers an illustration of this, depicting a steeper linear decrease in detection rates for the more
complex visual stimulation implemented by us. In the previous study [22], the rather small
expression of the DIB was attributed to a higher efficiency of auditory cues in resolving the
central inhibition process. The current data rather indicates that the distractor-induced pro-
cess is more expressed if more-complex visual stimuli are used, enhancing the perceptual load:
As noted above, visual stimuli were previously defined by the clockwise motion of a preloader
signal. This contrasts the two superimposed motion planes used in the current study.

A similar conclusion has previously been drawn for the unimodal DIB effect [14]: A higher
perceptual load, which was achieved through an increased difficulty of detecting a visual cue,
also lead to a higher impact of the visual distractors. The authors attributed this to an overall
strengthened distractor inhibition under higher perceptual load, serving a maximized selection
efficiency. More recent research has honed in on the connection between inhibitory processes
and perceptual load: The findings suggest that under high perceptual load, the allocation of
resources likely entails a gain increase for target information, coupled with an enhanced inhi-
bition of distracting information [53].

Consequently, the higher perceptual load in the recent experiment may have facilitated a
more focused allocation of attentional resources, thereby promoting a more efficient inhibition
of distractors. The greater the efficiency of the inhibition, the greater the cost of resolving it,
leading to an overall increased distractor effect, which we were able to measure in our data.

4.3. Distractor-evoked ERP signatures

Congruent with previous research, we identified an early frontal negativity which revealed a
linear relationship with the number of distractors presented. The similarities in topography
and functional behavior are in line with the previously identified frontal negativity [17, 20].
Earlier studies found that the increase in activation cannot be triggered by deviant stimuli
embedded in the pre-cue epoch [15, 16, 21], because, in contrast to distractors, deviant stimuli
do not share the properties of the upcoming target. This rules out that systematic changes in
the ERP are due to habituation processes.

The early onset of our FN candidate, at about 100 ms, is rather surprising. Please note that
the onset in previous unimodal DIB studies has been reported between 225 and 325 ms [17,
20, 21, 26]. This triggers two questions: Firstly, does the early negativity identified in the cur-
rent study reflect a different process—not related to the inhibition of distractors? And secondly,
are there differences in the setup which might explain such a drastic shift in latency?

When examining other early-onset frontal ERP components, the mismatch negativity
(MMN) class emerges as a plausible candidate. Reported for the first time in the auditory
domain [29, 54], the visual counterpart (visual mismatch negativity, vVMMN; [55]) reveals a
comparable onset latency between 100 and 180 ms [56]. The vVMMN is proposed to mirror a
prediction error, occurring when incoming sensory input diverges from the brain’s predic-
tions. In this conceptual framework, anticipations are automatically formed through the iden-
tification of trends present in recent sensory stimulation [29, 57-59]. Although a comparable
process might be triggered by the successive presentation of distractors, it is unlikely that the
frontal negativity observed in the recent study corresponds to a vVMMN: While our ERP
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signature is primarily evident over frontal electrode leads, vMMN typically manifests itself
across occipital sites [56].

The discrepancy in spatial distribution does not only apply to the class of mismatch negativi-
ties, but extends to the category of awareness negativities [60, 61], including the visual awareness
negativity (VAN), which, despite an early onset at about 200 ms, exhibits a posterior distribu-
tion [62-66]. The associated frontal negativity, known as auditory awareness negativity (AAN),
is exclusively linked to the detection and discrimination of relevant auditory stimuli [30, 31, 67].

If we consider that the frontal negativity reflects a specific response to distractors, and sig-
nals the activation of a negative attentional set, as reported in previous papers [17, 20], the
early onset of the signal reflects the requirements of the cross-modal setting: In contrast to the
previous unimodal DIB-studies, attentional resources in the visual domain can be focused on
changes in the dynamic random dot pattern and are not to be ‘shared’ with the monitoring of
a second visual stream including the transient cue. The distribution of attentional resources to
two modalities might affect the processing speed in the visual domain: Haroush et al. [68]
observed that auditory processing is actually enhanced during visual AB. The authors propose
that multimodal attentional resources might be liberated rather than engaged during cross-
modal AB. In the same line, Regenbogen et al. [69] reported a clear susceptibility of fundamen-
tal auditory processing to cross-modal (visual) working memory load manipulations. The
authors assume that in a cross-modal setup, top-down control necessary to inhibit a secondary
task is reduced. This opens up the possibility that in a complex cross-modal setting, distractors
might have a more direct access to the negative attentional set formed by the brain. However,
it is essential to emphasize that the more direct path of distractors to influence the inhibition
process does not necessarily indicate an overall stronger cumulative inhibition.

4.4. Cue-target-evoked ERP signatures

The most consistent finding in previous unimodal DIB studies has been that the processing
and accessing of the target were signaled by an enhanced P3 amplitude [18, 20]. In our present
cross-modal DIB study, however, this signature was not found to be related to the target: The
P3 amplitude was not enhanced in the cue-target compound, when contrasted to the cue-only
ERP. Furthermore, only the more posterior electrodes of the parietal cluster were modulated
by the probability of successful target access. This modulation was stronger expressed follow-
ing the presentation of multiple distractors, a scenario which can be associated with a reduced
likelihood of successful target access. Hence, an outcome contrary to our expectations. Inspec-
tion of Fig 3D suggests that the difference found at posterior parietal leads is primarily due to
the preceding expression of the occipital negativity.

Our results parallel findings from a previous ERP experiment on cross-modal DID [24],
and question the idea that the P3 reflects a critical cognitive process related to target access,
such as updating in working memory [70, 71]. In fact, task-irrelevant stimuli do not elicit ERP
signatures that belong to the class of P3 components, even if participants are clearly aware of
them [72]. Furthermore, data from neurological patients revealed that the P3b response can be
absent, even if patients are aware of a target stimulus [73, 74]. In sum, it is questionable to
assume that the P3 serves as a sufficient indicator for visual awareness [61, 75]. Our results are
rather in line with studies suggesting that the P3 is related to post-perceptual processes. A solid
body of literature links the component to decision-making and target report [72, 76-78]. Con-
sistent with this concept, studies have shown that the amplitude of the P3 increases with an
increasing certainty of participant’s target-related decisions [79, 80].

However, in our data, an occipital ERP component was found to be rather related to the
processing of the target, as well as to the probability of correctly reporting the target. The
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topography of the posterior negativity, its latency, and functional characteristics share the
properties of the previously reported VAN [62], which has been observed for various visual
stimulus manipulations [65, 66, 81]. As mentioned above, the class of awareness negativities
(AAN: [30, 82], SAN: [83]) has been related to the (neural) emergence of stimulus awareness
(for an opposing attentional account, see: [84]).

Notably, a posterior negativity serving as a marker for target access has not been reported
in previous unimodal DIB studies [17, 20, 21, 26]. The lack of a modulation of early visual
ERP components lead the authors to the conclusion that the DIB effect relies on a mere post-
perceptual process [18]. The current cross-modal data, however, suggests that access to targets
restricted by prior distractors may rely on early visual system activation (reflected by the
VAN). The absence of this ERP component in earlier unimodal studies may be due to an over-
shadowing effect from concurrent processing of the equally visual cue. Replacing the visual
cue by an auditory one reveals the discernibility of the VAN in the context of target processing.
This suggests expanding the assumption, that the cue merely serves as a temporal marker
resolving attentional inhibition [14]: The congruency of the cue with the target’s modality
appears to be an important experimental factor. To emphasize this fact, we decided to label the
DIB effect associated with an auditory cue as a ‘cross-modal’ setup. Furthermore, this labeling
is consistent with the labeling used in previous studies [22, 24].

Our findings align with the general idea that, when exposed to multisensory stimulation,
neural responses differ significantly compared to responses observed during unisensory stimu-
lation [85-87]. What is more, in a study by Filimonov et al. [88], the authors suggest that VAN
and AAN serve as modality-specific early indicators of visual and auditory awareness, whereas
the P3 complex exhibits more modality-general characteristics. We therefore tentatively pro-
pose the additional idea that the cross-modal setup facilitates modality-specific processing of
the visual stream, whereas the unimodal setup is predominantly associated with modality-gen-
eral processes.

To delve deeper into the observed discrepancy between uni- and cross-modal findings,
exploring neural correlates of target awareness in cross-modal experiments combining even
more senses (e.g., pairing tactile cues with visual or auditory targets/distractors) could be a
fruitful avenue for future research. If the pivotal element should indeed be that the cue differs
in modality from the target/distractors, we anticipate early negativities as reliable indicators of
awareness in these scenarios as well.

4.5. Limitations

The interpretation of the current dataset is limited by a number of factors.

First of all, target awareness was not directly related to ERPs, as done in earlier DIB studies
(see: 20, 23, 24), but only indirectly (low vs. high number of distractors). This is due to the fact
that the study design also incorporated the investigation of distractor processing. Although
this leads to a more conservative interpretation of cue-target ERPs, it makes the comparison
with previous results more complicated. Future studies might also consider that the functional
role of the P3 can be rather identified by using a rating system regarding perceptual awareness
decisions, thereby taking into account that consciousness can be conceptualize as a graded
experience [89, 90].

Furthermore, our study is the first to use a fixed probe position with the intention to
exclude temporal expectations. These have been a problem in earlier experiments (e.g. 20).
Previously, the expectation of the cue increased in parallel with the length of the pre-cue
epoch. Such an influence on potentials may result in ’late distractors’ appearing more pro-
nounced in the EEG signal when compared to ‘early’ or ‘medium distractors’, simply due to
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their proximity to the cue. Our data rules this out, since participants’ expectations are held
constant. Eliminating this confounding variable benefits our experimental design but compli-
cates comparisons with previous unimodal DIB research on ERP responses to different tempo-
ral probe positions [17, 20, 21].

What is more, we did not control for inter-individual differences in our participants. As
shown for the AB, differences in executive working memory functioning might contribute to
the performance during visual detection tasks [91]. Correspondingly, Milders and colleagues
[19] reported that, during DIB, low Stroop interference scores correlate with a higher distrac-
tor effect. Kern and Niedeggen [23, 24] implied the existence of inter-individual differences
also regarding uni- and cross-modal DID. Hence, it is conceivable that high-level cognitive
abilities modulate distractor-induced blindness and may have exerted an influence on our
findings, which needs to be followed up in future studies.

Another noteworthy limitation of our study, pertaining to the above mentioned factor, is
the potential bias stemming from the selection of participants, as our sample exclusively com-
prises psychology students. This homogeneity may limit generalizability of our findings to a
broader population since people with a higher academic background might possess unique
mental processing skills [92-94]. However, the above described link between stronger distrac-
tor effects and higher executive functions implies that the DIB effect might be more pro-
nounced in our sample than in the general public, facilitating a detailed examination of its
characteristics.

Additionally, we would like to draw attention to the following issue: In the present study,
the term ’cross-modal’ specifically refers to the incongruent modality between target and cue,
rather than target and distractors. Previous research has demonstrated that a crucial prerequi-
site for the DIB phenomenon to arise is the presence of distractors that share the visual features
of the target (Michael et al., 2011; Michael et al., 2012). Given the significant differences in
properties between auditory and visual stimuli, no blindness effect is expected to occur, if audi-
tory distractors were paired with a visual target. Nevertheless, while in our setup blindness is
triggered by visual distractors, the experimental task still requires simultaneous monitoring of
two streams located in different modalities. Both streams contain stimuli necessary for success-
ful task completion. With the cue and the target potentially appearing in parallel, it can be
assumed that attention is divided between the two streams. What is more, our results indicate
that monitoring the auditory stream in addition to the visual one seems to have an influence
on the underlying neural processes detected in the EEG signal in response to the distractors as
well as the target. However, whether these deviations, specifically regarding the distractor-
evoked potentials, stem from a general effect of cross-modality, remains unclear. To elucidate
this, it will be necessary to examine distractor-evoked potentials from the opposing cross-
modal direction-in response to auditory distractors paired with an auditory target and a visual
cue. While such results are still forthcoming, we preliminary advocate for using the label
‘cross-modal’ in the present study. Taken together, we interpret our results, along with previ-
ous findings, as evidence for a significantly different processing when cue and target are
defined in incongruent modalities.

An alternative approach to multimodal research regarding the DIB/DID paradigm could
involve equipping target and distractors with auditory as well as visual features at the same
time. If the distractors share the target’s visual as well as auditory properties, a blindness/deat-
ness effect is expected to occur. This method would emphasize the modality of interest
between distractors and target in a more integrative manner, focusing on how shared features
across modalities influence the phenomenon. However, research by Michael and colleagues
(2012) from the visual domain suggests that, even in a combined-feature task, feature repre-
sentations are expected to remain separate.
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Lastly, it is important to emphasize that, with respect to the cue-target related ERPs, the
most-sensitive component in our analysis (VAN) was identified a posteriori, predominantly
driven by our data. This should, hence, be viewed with caution and warrants a replication of
the effect.

5. Conclusion

The current study demonstrates that the distractor-induced effects can be observed in a cross-
modal setting. Furthermore, a gradual frontal activation is triggered with an increasing num-
ber of visual distractors which supports the idea of a central inhibition process. However, the
impact of a divergent modality of the cue is likely signaled by a more direct path of distractors
towards the inhibition, as well as the aberrant ERP responses to the cue-target complex: The
cross-modal setup might uncover the impact of sensory cortices in target awareness—not
observed in the unimodal scenario, yet.

In sum, these results substantiate the assumption of an attentional system which is funda-
mentally influenced by multimodal processing demands [95]. As proposed by Talsma and col-
leagues [96], the complexity of the environmental stimulation might play a crucial role in
determining how attention and multisensory processing interact. To tackle this in more detail,
a systematic analysis comparing our findings with distractor-evoked potentials observed dur-
ing cross-modal DID is required. Such an investigation would aid in determining whether
similar attentional mechanisms operate across both cross-modal directions. Overall, cross-
modal processing clearly transcends a simple electrophysiological reflection of its unimodal
counterpart. For future studies aiming to contribute insights into human perception in com-
plex, multimodal environments, considering this is essential.
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