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Abstract

The attention networks test (ANT) is frequently utilized to evaluate executive, alerting, and orienting attentional compo-
nents. Additionally, it serves as an activation task in neuroimaging studies. This study aimed to examine the relationship
between attention networks and brain electrophysiology. The study enrolled 40 right-handed male students (age =20.8 +1.3
years) who underwent the revised attention network test, while their electroencephalogram signals were recorded. The study
aimed to explore the effects of attention networks and their efficiencies on brain electrophysiology. The results indicated
that the P3 amplitude was modulated by the conflict effect in the central (p-value =0.014) and parietal (p-value=0.002)
regions. The orienting component significantly influenced P1 and N1 latencies in the parietal and parieto-occipital regions
(p-values < 0.006), as well as P1 and N1 amplitude in the parieto-occipital region (p-values=0.017 and 0.011). The alert-
ing component significantly affected P1 latency and amplitude in the parietal and parieto-occipital regions, respectively
(p-value=0.02). Furthermore, N1 amplitude and the time interval between P1 and N1 were significantly correlated with the
efficiency of alerting and orienting networks. In terms of connectivity, the coherence of theta and alpha bands significantly
decreased in the incongruent condition compared to the congruent condition. Additionally, the effects of attention networks
on event-related spectral perturbation were observed. The study revealed the influence of attention networks on various
aspects of brain electrophysiology. Specifically, the alerting score correlated with the amplitude of the N1 component in the
double-cue and no-cue conditions in the parieto-occipital region, while the orienting score in the same region correlated
with the N1 amplitude in the valid cue condition and the difference in N1 amplitude between the valid cue and double-cue
conditions. Overall, empirical evidence suggests that attention networks not only impact the amplitudes of electrophysi-
ological activities but also influence their time course.
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Introduction

The attention network test (ANT) was introduced to evaluate
three components of attention based on the Posner attention
52 Seyed Ali Shafiei model (Fan et al. 2002). According to this model, attention

sashafiei @mug.ac.ir; salishafiei @yahoo.com is divided into three networks: alerting, orienting, and execu-
tive network. The ANT combines spatial cue (Posner 1980)
and flanker (Eriksen and Eriksen 1974) tasks, requiring sub-
jects to choose the direction of a target arrow surrounded
by four arrows. The efficiency of each attention component
is calculated by comparing reaction times across different
target and cue conditions. Furthermore, this task serves as
an activation task in neuroimaging studies.

Furthermore, the impact of attention and its associated
networks on brain activity has been examined in various
studies, revealing distinct patterns in event-related potential
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(ERP) waveforms that distinguish the effects of different
attention networks. Some studies have found that the ampli-
tude of the P3 component varies across different congru-
ency conditions, with the incongruent condition leading to
areduction in P3 amplitude in the parietal region compared
to the congruent condition (Galvao-Carmona et al. 2014;
Gongalves et al. 2018; Kaufman et al. 2016; Neuhaus et al.
2011, 2010; Williams et al. 2016). Additionally, different
cue conditions associated with alerting and orienting net-
works have been found to modulate the target-locked N1
and P1 components in the parietal and occipital areas (Gal-
vao-Carmona et al. 2014; Gongalves et al. 2018; Kaufman
et al. 2016; Neuhaus et al. 2010; Racer et al. 2011; Wil-
liams et al. 2016). Regarding alerting, the amplitude of the
target-locked P1 component was found to be higher in the
no-cue condition compared to the double-cue condition in
one study (Gongalves et al. 2018). However, this effect was
not observed in another study (Galvao-Carmona et al. 2014),
as the amplitude of the target-locked P1 component did not
differ between the no-cue and central cue conditions. Moreo-
ver, the amplitude of the target-locked N1 component was
found to be higher in the central cue and double-cue condi-
tions compared to the no-cue condition (Galvao-Carmona
et al. 2014; Gongalves et al. 2018). Furthermore, spatial cue
conditions were elicit faster N1 latencies compared to the
no-cue condition (Galvao-Carmona et al. 2014). Regarding
the orienting, the amplitude of target-locked N1 in a study
(Gongalves et al. 2018) is higher in the spatial cue condi-
tion than in the central cue condition, while in another study
(Galvao-Carmona et al. 2014), it is lower. The N1 delay was
also investigated, demonstrating that the spatial cue condi-
tion is faster than the central cue condition in the congruent
target condition (Galvao-Carmona et al. 2014). Addition-
ally, the amplitude of the target-locked P1 in the spatial cue
condition is higher than that in the central cue condition in
the parieto-occipital region (Galvao-Carmona et al. 2014;
Gongalves et al. 2018).

The effect of attention networks on brain electrophysiol-
ogy has been investigated in previous studies. These stud-
ies have observed significant effects of all three attention
networks on event-related potential (ERP) components.
However, the results of these studies are not entirely con-
sistent with each other when it comes to the effect of atten-
tion networks on ERP components. Additionally, the cor-
relation between the efficiency of attention networks and
brain ERP components has not been investigated in pre-
vious surveys. Furthermore, the differences in functional
brain connectivity, event-related desynchronization (ERD),
and event-related synchronization (ERS) for each pair of
conditions corresponding to each attention network can
provide valuable new insights. Therefore, the objective of
the present study is to investigate the relationship between
attentional networks and their efficiency in terms of brain
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electrophysiology. This will be examined through the analy-
sis of ERP, event-related spectral perturbation (ERSP), and
functional connectivity.

Materials and methods
Samples

In the present study, a total of 40 healthy young males
(age=20.8 + 1.3 years; all right-handed) were included from
university students. None of them were under the influence
of alcohol or drugs. This study was approved by the Ethics
Committee of Mashhad University of Medical Sciences.

EEG data collection

The EEG signal was recorded using a 10-20 international
system with 32 active electrodes and one reference elec-
trode on the right ear. The recording was conducted using
a g.Hlamp amplifier (g.tec, Austria). The ground electrode
was positioned on the frontal part (Fpz), and the sampling
frequency was set to 512 Hz. During the preparation phase,
all channels were visually inspected for any noise, and the
electrodes were required to have a maximum resistance of
50 kQ. The appearance time of the stimuli, the types of dif-
ferent stimuli used in the task, and the time and type of
the subject’s response were recorded simultaneously and
synchronously with the EEG signal using the parallel port
and g. TRIGbox system (g.tec, Austria). During the record-
ing of certain samples, the EEG signal was captured using
a 32-channel amplifier of the g.USBamp (g.tec, Austria),
instead of the g.Hlamp (g.tec, Austria), resulting in the
recording of 29 EEG channels.

Revised attention network test (ANT-R)

ANT-R, which was presented by Fan et al., served as the
basis for the current study (Fan et al. 2009). The revised
attention network test encompasses the same attention-
related networks and mechanisms as the original test.
Additionally, it introduces new features, such as the vari-
able cue-target interval, which eliminates the influence of
predictability regarding the exact timing of target stimulus
presentation. The experiment took place in the National
Brain Mapping Laboratory, within a quiet and dimly lit
room. The EEG signal was simultaneously recorded along-
side the performance of the task. Stimuli presentation and
response recording were accomplished using the Psychtool-
box (Kleiner et al. 2007). This toolbox serves as an inter-
face between the computer hardware and MATLAB software
(MathWorks, Natick, MA, USA). The task design included
three types of cues (no cue, double cue, and spatial cue)
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and two congruency conditions (congruent and incongru-
ent). The nominal frequency of the monitor used for the
task presentation was 60 Hz, and the distance between the
subject’s eyes and the screen was maintained at 60 cm. Par-
ticipants were instructed to read the task instructions and
seek clarification if needed.

The details of the task used in this study are depicted in
Fig. 1. The task consists of a fixed cross positioned at the
center of the screen, which is presented against a gray back-
ground. Two rectangular boxes are positioned on either side
of the cross. During trials with a cue, either one or both of
the boxes flash for a duration of 100 ms. In the absence of a
cue, the boxes remain unchanged. Following a variable time
interval (randomly selected to be either 0, 400, or 800 ms,
with an average of 400 ms), a set of five arrows appears side
by side as the target stimuli. These arrows are displayed for
a duration of 500 ms. Within each trial, the target stimulus
appears within one of the right or left boxes. Participants are
required to identify and select the direction of the middle
arrow. In the congruent condition, all five arrows point in
the same direction, whereas in the incongruent condition,
the direction of the four flanker arrows opposes the direc-
tion of the central arrow. The time intervals between trials
vary from 2000 to 12,000 ms, with an average interval of
4000 ms. The average duration of each trial is 5000 ms, and
a window of 1700 ms is considered for subjects to respond.

The task consists of four blocks, each containing 60 trials,
resulting in a total of 240 trials. Half of the trials are congru-
ent, while the other half are incongruent. Additionally, out
of the 240 trials, 40 are conducted without cues, 40 include
double cues providing temporal information, and 160 trials

include spatial cues providing spatiotemporal information.
Within the 160 trials with spatial cues, 120 trials have valid
cues, while the remaining 40 trials involve invalid cues.

Processing and calculation of cognitive functions

In order to assess the performance of each attention net-
work, the initial 40 trials of each subject were omitted. This
decision was made to eliminate any learning bias from the
study. To determine the alerting score, the difference in reac-
tion time between the no-cue and double-cue conditions was
measured. The orienting score was obtained by calculating
the reaction time difference between the double-cue and
valid spatial cue conditions. The executive score was com-
puted as the reaction time difference between the incongru-
ent and congruent conditions:

Alerting = RTno cue_RTdouble cue’

Orientiﬂg = RTdouble cue —RT

valid cue>

Executive = RT; RT

incongruent ™ '~ congruent*

Signal analysis

The signal analysis of EEG was conducted using the
EEGLAB (Delorme and Makeig 2004), ERPLAB (Lopez-
Calderon and Luck 2014), and FieldTrip (Oostenveld et al.
2011) toolboxes in MATLAB 2018b. Figure 2 presents the
flowchart of the EEG signal processing pipeline. EEG data
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Fig.1 The schematic of the revised attention network test. Five
arrows, whether congruent or incongruent, are presented on either the
left or right side of the screen. These arrows are displayed for a dura-
tion of 500 ms after a variable interval. Before the presentation of the

Mean = 4000 ms

target stimuli, three possible cue conditions may occur. Subsequently,
participants are then tasked with selecting the direction of the cen-
tral arrow. The duration of the inter-trial interval ranges from 2000 to
12,000 ms.
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Fig.2 Diagram of EEG signal analysis pipeline
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preprocessing was performed based on the PREP pipeline
(Bigdely-Shamlo et al. 2015). In summary, the line noise
was removed without committing to a filtering strategy, the
signal was robustly re-referenced relative to an estimate of
the true average reference, and the bad channels relative to
this reference were detected and interpolated (median=3.5
and IQR =2). Subsequently, the signal was epoched rela-
tive to the time of the appearance of the target stimuli in the
range of — 1500 to 2000 ms. During visual inspection, trials
with high noise were excluded for each sample. Ultimately,
94.8 +4.4% of trials remained after removal.

The signals from the remaining trials were decomposed
into independent components using the Independent Com-
ponent Analysis (ICA) function available in EEGLAB. To
identify and remove eye-related components, IClabel (Pion-
Tonachini et al. 2019) was utilized. Subsequently, all epochs
were baseline-corrected by subtracting the average ampli-
tude within the range of — 1500 to — 900 ms, relative to the
target stimulus. For trials with correct responses, ERPLAB
was employed to epoch the data based on the onset of the
target stimuli and the cue within the timeframe of — 300 to
900 ms.

The epoching process was performed according to the
appearance time of target stimuli across five conditions.
These conditions consisted of two congruent and incon-
gruent conditions, as well as three conditions categorized
as no cue, valid spatial cue, and double cue. The epoch-
ing process, which was based on the appearance of the
cue, was carried out in the three conditions of no cue, valid
spatial cue, and double cue. To identify channels with arti-
facts within the epochs, the moving window peak-to-peak
(MWPP) algorithm was utilized. Channels exhibiting arti-
facts were subsequently interpolated in the corresponding
epochs (median=0.65% and IQR =1.4%). Lastly, the ERP
(event-related potential) was calculated for each individual
by averaging the epochs. Furthermore, the grand average
ERP was computed by averaging the ERP of all subjects.

In addition to event-related potentials, event-related spec-
tral perturbation was also calculated to investigate event-
related synchronization and event-related desynchronization.
To conduct this analysis, the EEGLAB toolbox was utilized.
The processing of the EEG signals up to the baseline cor-
rection stage was identical to that of the event-related poten-
tials calculation. Subsequently, the EEGLAB toolbox was
employed to estimate the changes in power spectrum during
epoch periods, within the frequency range of 4-40 Hz, for
various conditions in each subject. These estimates were
then averaged across subjects.

Also, the EEG connectivity analysis was conducted to
evaluate the relationship between pairs of EEG signals
recorded from different channels. In this study, two con-
nectivity metrics were compared for each pair of conditions
associated with each network using the FieldTrip toolbox:

correlations of time series and spectral coherence. For con-
nectivity analysis, such as ERSP analysis, the baseline-cor-
rected EEG signals were utilized. Subsequently, the EEG
signals after the appearance of the target stimulus were
selected in the epochs corresponding to the two congru-
ency conditions and the three cue conditions. On the one
hand, the correlation between the signals of the channels was
calculated, and on the other hand, the coherence between
the channels was calculated after determining the power
spectrum of the channels. The coherence was calculated in
three frequency bands: 8—4 Hz, 12-8 Hz, and 12-30 Hz.
Consequently, the EEG connectivity analysis yielded four
connectivity matrices for each subject and each condition

Statistical analysis

The amplitude and latency of the target-locked P3 were
compared between congruent and incongruent conditions
in the Pz and Cz channels. Additionally, the amplitude and
latency of the target-locked P1 and N1 components, as well
as the difference between these components, were com-
pared between the double-cue and no-cue conditions and
between the valid and double-cue conditions in the parietal
and parieto-occipital regions. Furthermore, the amplitude
and latency of the cue-locked P1 and N1 components, along
with the differences between these components, were cal-
culated and compared between the double-cue and no-cue
conditions, as well as between the valid cue and double-cue
conditions in the parieto-occipital and occipital regions.
The correlation between the target-locked P3 components
in the central and parietal regions and the executive network
was investigated. Moreover, the correlations of the target-
locked P1 and N1 components with the alerting and orient-
ing networks in the parietal and parieto-occipital regions
were examined. The selection of regions to investigate the
effect of attention networks was based on previous literature
(Galvao-Carmona et al. 2014; Kaufman et al. 2016; Neuhaus
et al. 2011, 2010; Williams et al. 2016).

A p-value of <0.05 was considered as a significant thresh-
old for examining the presence of a significant difference
between means or the presence of a significant correlation
in statistical analysis. The r index, also known as the cor-
relation coefficient, was employed to assess the effect size in
correlation, while Cohen’s d index, calculated as the differ-
ence between means divided by the overall standard devia-
tion, was utilized to assess the effect size in mean difference.

Also, ERP images corresponding to conditions related to
the calculation of attention network scores were plotted. In
these images, the trials were sorted based on reaction time to
represent the relationship between attention network scores
and reaction time, as well as the variation over single trials
and temporal diversion.
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To investigate the effect of attentional networks on
ERD/ERS, event-related spectral perturbation was com-
pared between different cue and target conditions associ-
ated with each network. All conditions were target-locked.
A p-value of <0.05 was considered as a significance
threshold to analyze the impact of each network on the
ERD/ERS pattern. The Bonferroni method was employed
to address the issue of multiple hypothesis testing.

To evaluate the impact of attentional networks on brain
connectivity, we compared connectivity matrices for dif-
ferent cues and target conditions associated with each net-
work. A p-value below 0.05 was regarded as a significant
threshold to explore the effect of each network on brain
connectivity. In order to address the issue of multiple
comparisons in the connectivity matrices, we employed
various correction methods including Bonferroni, false
discovery rate (FDR) 10%, and Hochberg approaches, as
described by Menyhart et al. (2021).
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Fig.3 2D EEG activity topographic voltage maps by target condi-
tion. The top row represents the congruent condition, the middle row
represents the incongruent condition, and the bottom row represents
the difference between these two conditions. Notably, in the 400-600
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Results
Behavioral efficiency

The mean reaction time of the subjects was 689 +£92 ms,
and the mean error rate was 4.9% = 3.3%. Regarding the effi-
ciency of the attention networks, the effect of alerting was
56 +48 (#(39)="7.39, Cohen’s d=1.2, p-value < 0.0001), the
effect of orienting was 48 +35 (#(39)=8.53, Cohen’s d=1.4,
p-value <0.0001), and the effect of executive was 121 +31
(#(39)=24.4, Cohen’s d=3.9, p-value <0.0001). The data
from one participant were excluded from further analysis
due to considerable differences in accuracy and reaction time
compared to the group, exceeding three standard deviations.

Congruency P3

Figure 3 illustrates the voltage distribution map on the scalp
for both congruent and incongruent conditions, as well as
the difference between these two conditions during the time

500 ms 600 ms

ms time window, considerable differences between the congruent
and incongruent conditions were observed in the parietal and central
regions



Experimental Brain Research (2024) 242:79-97

85

interval of 200—700 ms after the target stimulus appears.
Meanwhile, Table 1 presents the average amplitude of the P3
peak in the Pz channel (a local maximum within the range of
300-600 ms) and the average P3 amplitude in the Cz chan-
nel (mean value of the signal within the range of 350-700
ms) for the congruent and incongruent target conditions.
It was found that the parietal P3 peak amplitude following
congruent targets was significantly higher compared to the
peak amplitude following incongruent targets. Similarly,
within the central region, the average P3 amplitude follow-
ing congruent targets was significantly higher compared to
the average amplitude following incongruent targets.

Figure 4 depicts the grand average ERP waveform in Cz
and Pz electrodes, representing various congruency con-
ditions based on the timing of the target stimulus appear-
ance. Upon comparing the peak latency of congruent and
incongruent conditions in each electrode, no significant dif-
ference was observed. Although the congruent conditions
exhibited higher peak amplitude and mean amplitude of P3
in the Pz and Cz electrodes compared to the incongruent
conditions, there was no significant difference in the area
under the curve divided by the distance between the two
Zero-crossing points.

Table 1 Target-locked P3 amplitude (uV) by target conditions and
electrodes

Con amp (SD)  Incon amp (SD)  p (Cohen’s d)
Pz peak Amp 4.15 (1.88) 3.63 (1.43) 0.002 (0.31)
Czmean Amp  0.70 (0.81) 0.37 (0.93) 0.014 (0.37)

SD standard deviation

Figure 5 shows the ERP images sorted according to the
reaction time in the congruent and incongruent conditions
at the Pz channel. A one-tailed F-test, following the removal
of outliers, demonstrated that the time interval between the
reaction time and the P3 component exhibits significantly
greater variation in the incongruent condition compared
to the congruent condition (p-value =0.038). Addition-
ally, according to Fig. 6, the standard deviation of reaction
time and the time interval between the reaction time and P3
latency at the Pz channel were observed to be significantly
higher in the incongruent condition than in the congruent
condition, with p-values of 0.00005 and less than 0.00001,
respectively.

Cue type target-locked P1 and N1

Figure 7 displays the target-locked grand average event-
related potential (ERP) waveform related to the mean of P3
and P4 electrodes, as well as the mean of PO3 and PO4 elec-
trodes, for different cues. The mean peak amplitude of P1
and N1, along with their associated latencies in the parietal
and parieto-occipital regions, is presented in Table 2. The
alerting effect was found to be significant in the P1 latency
and amplitude in the parietal and parieto-occipital regions,
respectively. Additionally, the alerting effect was significant
in the P1-N1 amplitude in the parieto-occipital region. Sig-
nificant effects of the orienting were observed in the latency
of the P1 component in the parietal region, as well as the
amplitudes and latencies of both the P1 and N1 components
in both the parietal and parieto-occipital regions. Further-
more, significant differences in the amplitudes of the P1 and

-------- Congruent
Incongruent

Cz
uv
2,
1

LN e
- .- 0
L NP P

-H
2

Fig.4 ERP waveforms along the Pz (left) and Cz (right) electrodes. The ERPs are shown for congruent (dash line) and incongruent (solid line)
conditions. In both Pz and Cz channels, the amplitude of P3 in the incongruent condition was significantly lower than in the congruent condition
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Fig.5 The ERP images sorted based on the reaction time in different congruency conditions at the Pz channel. The time interval between the
reaction time of subjects and the P3 component has more variation in the incongruent condition significantly

N1 components were observed in the parietal and parieto-
occipital regions.

The event-related potential (ERP) images of cue condi-
tions, which are associated with the scores of the alerting
and orienting networks (no cue, double cue, and valid cue),
are displayed in Fig. 8 at the P3 channel location. The cor-
relations between ERP components and reaction time in dif-
ferent conditions are investigated below.

Cue-locked N1

Figure 9 illustrates the cue-locked grand average ERP wave-
form related to the average measurements obtained from the
02 and O1 electrodes, as well as those from the PO3 and
PO4 electrodes. These measurements were taken under dif-
ferent cue conditions. Table 3 presents the mean N1 peak
amplitudes observed in the occipital and parieto-occipital
regions. In both areas, the N1 amplitude was higher in the
double-cue condition than that in the valid spatial cue condi-
tion and greater in the valid spatial cue condition than that
in the no-cue condition.

The correlation of the attention networks scores
with the ERP component

The correlation between the executive network score and
the P3 peak amplitude in the Pz electrode, the average P3
amplitude in the Cz electrode relative to the time of target
stimuli appearance in both congruent and incongruent condi-
tions, and the difference between these two conditions were
calculated. No significant correlation was observed between
these ERP components and the executive network.

@ Springer

Table 4 presents the correlations between the alerting
network score and various factors such as the amplitude
and latency of P1 and N1 peaks, as well as the difference
between these peaks in relation to the time of target stimu-
lus appearance in the parietal and parieto-occipital regions.
These correlations are examined in two conditions: no cue
and double cue, along with the difference between these con-
ditions. In the parieto-occipital region, the N1 amplitude in
both the no-cue and double-cue conditions and the P1 and
N1 latency differences (the P1 and N1 interval) in the double
cue condition exhibit significant correlations with the alert-
ing network score.

Table 5 presents a summary of the correlations between
the score of the orienting network and the amplitude and
latency of the P1 and N1 peaks, as well as the difference
between these peaks in the target-locked situation. These
correlations were examined in the parietal and parieto-
occipital regions within both the valid cue and double cue
conditions. Furthermore, the difference between these two
conditions was also considered. In the double-cue condition
and the valid spatial cue condition minus the double-cue
condition, significant correlations were observed between
the N1 amplitudes in the parieto-occipital region and the
orienting network score.

Event-related spectral perturbation

Figure 10 shows the results of event-related spectral pertur-
bation analysis conducted on the alerting network within the
parietal and parieto-occipital regions. The results indicate
that appearance of the target stimulation and the subject’s
subsequent response in both the no-cue and double-cue
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Fig.6 The time interval between the reaction time and P3 latency
in the Pz channel (top panel) and the standard deviation of reaction
time (bottom panel), under the congruent and incongruent conditions.
Both of these parameters were significantly higher in the incongruent
condition

conditions led to synchronization of the theta band and
desynchronization of the alpha band. Significant differences
between these two conditions were observed in regard to the
impact of the alerting network on the ERD/ERS. At the 300
ms after the target stimuli in the parietal-occipital region,
there was significantly higher theta band synchronization
observed in the no-cue condition compared to the double-
cue condition. Also, significant differences were observed
between the no-cue and double-cue conditions prior to the

appearance of the target stimuli, potentially due to the influ-
ence of the cue appearance.

The results of the event-related spectral perturbation
analysis for the orienting network in the parietal and pari-
eto-occipital regions are presented in Fig. 11. In the valid
cue condition, which was consistent with the double-cue
and no-cue conditions, theta band synchronization and
alpha band desynchronization were observed. Notably, sig-
nificant differences were observed between the valid cue
and double-cue conditions in terms of the influence of the
orienting network on the ERD/ERS patterns in the parietal
and parietal-occipital regions. Specifically, in the parietal-
occipital region, the synchronization of the theta band in the
valid cue condition was significantly higher than that in the
double-cue condition at 200 ms after the appearance of the
target stimuli. Moreover, in the parietal region, the desyn-
chronizations of the high beta and low gamma bands in the
valid cue condition were significantly higher than those in
at 600 ms after the target stimuli emerged.

Figure 12 presents the outcomes of the event-related
spectral perturbation analysis conducted on the executive
network observed in the Pz and Cz channels. Similar to the
different cue conditions, the varying congruency condi-
tions displayed synchronization of theta band activity and
desynchronization of alpha band activity. Furthermore, the
executive network demonstrated significant effects on pat-
terns of ERD/ERS. Notably, significant synchronization of
both the theta and alpha bands was observed in Cz, particu-
larly between 450 and 750 ms following the presentation of
the target stimuli.

EEG connectivity

Each connectivity matrix consisted of 32 rows and 32 col-
umns, with each row or column corresponding to one EEG
channel. The effect of the attentional network on brain con-
nectivity was evaluated by comparing each pair of conditions
associated with each network across subjects. Figure 13
shows significant changes in brain connectivity between
two conditions corresponding to each network, measured
in terms of correlation after applying multiple comparison
corrections. Correlation changes between pairs of conditions
related to the alerting and orienting networks appeared to be
more transverse, while correlation changes between pairs
of conditions related to the executive networks displayed
a more longitudinal pattern. Correlation between channels
with significant differences between the conditions related
to each network was lower in the double-cue condition com-
pared to the no-cue and valid cue conditions. Additionally,
the incongruency of the target increased the correlation
between the channels.

As seen in Fig. 14, the coherence between channels in the
studied frequency bands had some significant differences
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Fig.7 Target-locked event-related potential (ERP) waveforms
recorded in the parietal (left panel) and parieto-occipital (right panel)
regions under different cue conditions. The ERPs are displayed for
no cue (dash line), double cue (dot line), and valid cue (solid line)
conditions. Significant differences were observed in the latency and
amplitude of the P1 component in the parietal and parieto-occipital
regions, respectively, as well as in the amplitude of the PI-N1 com-
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ponent in the parieto-occipital region, between the double-cue and
no-cue conditions. Furthermore, significant differences were found
in the latency of the P1 and N1 components in the parietal region,
and in the amplitude of the P1, N1, and P1-N1 components in both
the parietal and parieto-occipital regions, between the valid cue and
double-cue conditions

Table2 Amplitude (uV) and latency (ms) of target-locked P1 and N1 components by cue conditions and electrodes

No cue Double cue  Valid cue Alerting Orienting Alerting Orienting
Mean (SD) Mean (SD) Mean (SD) Mean (SD)  Mean (SD)  p (Cohen’sd) p (Cohen’s d)
P1in P3, P4 Amplitude —0.7(1.93) -0.09(1.4) —0.04(1.39) —0.61(1.98) —0.05(1.42) >0.05(-0.36) >0.05(—0.036)
Latency 162 (23) 155 (17) 143 (16) 6 (16) 13 (16) 0.02 (0.31) <0.001 (0.72)
N1 in P3, P4 Amplitude —1.46 (1.66) —1.09(1.32) —1.54(1.47) —0.36(2.16) 0.44(1.73) >0.05(-0.24) >0.05(0.32)
Latency 211 (23) 206 (22) 198 (17) 527 9 (18) >0.05(0.21)  0.006 (0.44)
P1in PO3, PO4 Amplitude —0.29(1.9) 0.33(2.11) 095(1.77) —-0.62(1.59) —-0.62(1.57) 0.02(-0.31) 0.017 (- 0.32)
Latency 157 (27) 150 (9) 138 (16) 6 (25) 12 (19) >0.05 (0.28) <0.001 (0.68)
N1 in PO3, PO4 Amplitude —0.74(2.2) -0.85(1.97) —1.6(1.71) 0.1(1.6) 0.76 (1.78)  >0.05 (0.05)  0.011 (0.4)
Latency 201 (31) 204 (24) 191 (23.13) -3(36.23) 13(21) >0.05(-0.1) <0.001 (0.54)
(P1-N1)in P3,P4  Amplitude 0.76 (1.5) 1(1.42) 1.5 (1.44) —0.24(1.04) —0.49(1.29) >0.05(=0.17) 0.022 (- 0.34)
Latency —49 (27) — 51 (20) - 55(18) 2 (34) 4 (23) >0.05(0.07)  >0.05(0.21)
(P1-N1) in PO3, Amplitude 0.45(2.25) 1.17(2.15) 2.56(2.47) —-0.72(1.8) —-138(2.2) 0.017(-0.33) <0.001 (- 0.58)
PO4 Latency - 44 (39) -53(24) —-53(28) 9 (46) -1(28) >0.05(0.28) >0.05(-0.02)

SD standard deviation

between the conditions corresponding to the alerting and ori-
enting networks after multiple comparison corrections. Partly,
the same transverse patterns observed in the correlation for
these networks were also observed in coherence, especially
in the theta band. Overall, in the theta band, the coherence
of the double-cue condition was higher than the no-cue and
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valid cue conditions, and it was the opposite in the alpha and
beta bands. For the executive network, the coherence in the
theta and alpha bands had significant differences between con-
gruent and incongruent conditions in a lot of channels. The
pattern of coherence changes between different conditions of
congruency in the theta band was mainly longitudinal, and in
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Fig.8 The ERP images sorted based on the reaction time in the no-cue, double-cue, and valid cue conditions in the P3 channel
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Fig.9 Cue-locked ERP waveforms along occipital (left panel) and
parieto-occipital (right panel) regions under different cue conditions.
The ERPs are depicted for the no-cue (dash line), double-cue (dot
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line), and valid cue (solid line) conditions. Notably, significant differ-
ences in N1 amplitudes were observed among all three cue conditions
in both the occipital and parieto-occipital regions

Table 3 Cue-locked N1

3 . No cue Valid cue Double cue Valid—no cue Double—valid cue
amphtud.e .(“V) across different Mean (SD) Mean (SD) Mean (SD) p-value (Cohen’s d)  p-value (Cohen’s d)
cue conditions and electrodes

01,02 -0.72(0.75) —-1.64(1.21) -=3.53(2.19) <0.001(-0.84) <0.001 (- 0.95)
PO3,PO4 —1.22(0.79) —2.19(1.44) —4.66(2.2) 0.002 (- 0.77) <0.001 (-1.11)

SD standard deviation

the alpha band, in addition to longitudinal patterns, transverse
patterns were observed, especially in the frontal region. Also,
the coherence in the beta band significantly differed between

the congruent and incongruent conditions in the parietal
region, and its pattern was transverse. Unlike the correlation

@ Springer



90

Experimental Brain Research (2024) 242:79-97

Table 4 Correlation coefficients
and significance levels between
alerting network score,
amplitude, and latency of
target-locked P1 and N1 by cue
conditions associated with the
alerting network

Table 5 Correlation coefficients
and significance levels between
orienting network score,
amplitude, and latency of
target-locked P1 and N1 by cue
conditions associated with the
orienting network

Double cue No cue Double—no cue
r (p-value) r (p-value) r (p-value)
P1in P3, P4 Amplitude 0.2 (>0.05) —0.07 (>0.05) 0.2 (>0.05)
Latency —0.12 (>0.05) 0.03 (>0.05) —0.17 (>0.05)
N1in P3, P4 Amplitude —0.07 (>0.05) - 0.3(>0.05) 0.19 (>0.05)
Latency 0.04 (>0.05) 0.13 (>0.05) —0.08 (>0.05)
P1 in PO3, PO4 Amplitude —0.08 (>0.05) - 0.1 (>0.05) 0.02 (>0.05)
Latency - 0.1 (>0.05) 0.13 (>0.05) —0.22 (>0.05)
N1 in PO3, PO4 Amplitude —0.4(0.012) —0.32(0.049) —0.06 (>0.05)
Latency 0.25 (>0.05) 0.02 (>0.05) 0.14 (>0.05)
(P1-N1) in P3, P4 Amplitude 0.26 (>0.05) 0.25 (>0.05) 0 (>0.05)
Latency —0.14 (>0.05) —0.08 (>0.05) —0.02 (0>0.05)
(P1-N1) in PO3, PO4 Amplitude 0.29 (>0.05) 0.22 (>0.05) 0.07 (>0.05)
Latency —0.33(0.041) 0.07 (>0.05) —0.23 (>0.05)
Valid cue Double cue Valid—double cue
r (p-value) r (p-value) r (p-value)
Pl in P3, P4 Amplitude 0.15 (>0.05) —0.03 (>0.05) 0.17 (>0.05)
Latency —0.04 (>0.05) —0.1 >0.05) 0.07 (>0.05)
N1 in P3, P4 Amplitude 0.09 (>0.05) 0.2 (>0.05) —0.07 (>0.05)
Latency —0.16 (>0.05) 0.07 (>0.05) —0.24 (>0.05)
Pl in PO3, PO4 Amplitude 0.12 (>0.05) 0.16 (>0.05) —0.08 (>0.05)
Latency —0.09 (>0.05) —0.15 (>0.05) 0.08 (>0.05)
N1 in PO3, PO4 Amplitude 0.01 (>0.05) 0.42 (0.008) —0.45 (0.004)
Latency —0.18 (>0.05) -0.23 (>0.05) 0.06 (>0.05)
(P1-N1) in P3, P4 Amplitude 0.05 (>0.05) —0.21 (>0.05) 0.28 (>0.05)
Latency 0.12 (>0.05) —0.16 (>0.05) 0.24 (>0.05)
(P1-N1) in PO3, PO4 Amplitude 0.08 (>0.05) —-0.23 (>0.05) 0.31 (>0.05)
Latency 0.1 (>0.05) 0.11 (>0.05) 0(>0.05)

between channels, which was higher in the incongruent condi-
tion than in the congruent condition, the coherence in all three
frequency bands was lower in the incongruent condition than
that in the congruent condition.

Discussion

This study aimed to examine different conditions related
to attention networks on various aspects of brain electro-
physiological dynamics, including event-related potentials,
event-related spectral perturbation, and brain connectivity.
Additionally, the study explored the relationship between
scores and ERP components.

According to Figs. 3 and 4 and Table 1, the P3 analysis
revealed a significant topographical difference between
the different conditions of the target. Specifically, in the
parietal region, the P3 amplitude was found to be signifi-
cantly lower in the incongruent condition compared to
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the congruent condition (p-value =0.002). Additionally,
central area, the mean amplitude in the time interval of
350-700 ms for target-locked P3 was significantly lower
in the incongruent condition compared to the congruent
condition (p-value=0.0144). These findings are consist-
ent studies that have also reduction in the P3 component
in the central and parietal regions (Gongalves et al. 2018;
He et al. 2021; Hershaw et al. 2020; Kalamata et al.
2018; Kaufman et al. 2016; Neuhaus et al. 2010). This
decrease in the P3 amplitude has been attributed to the
inhibition effect, indicating that tasks with high cognitive
load limit attention resources, leading to a reduction in
P3 amplitude (Polich 2007). Research findings indicate
that older adults, compared to younger adults, have a more
pronounced decrease in P3 amplitude in the incongruent
condition (Kaufman et al. 2016), which may be attributed
to the increased task difficulty for older subjects. Despite
the observed decrease in P3 amplitude in the incongruent
condition in the parietal and central regions, there was no
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Fig. 10 Event-related spectral perturbation comparing the double-cue
(left) and no-cue (middle) conditions in the parietal (top) and parieto-
occipital (bottom) regions. The right panels display p-values, adjusted

significant difference between these two conditions consid-
ering the area under the curve in proportion to the distance
between the two zero-crossing points of this component.
Moreover, in this study and other studies (Katamata et al.
2018; Ma et al. 2020; Neuhaus et al. 2010; Williams et al.
2016; Xue et al. 2022; Yang and Xiang 2019; D. Zhang
et al. 2018), visually, it has been observed that the P3
component in the parietal and central regions exhibited
a broader width and a longer decline in the incongruent
condition compared to the congruent condition. Consider-
ing this issue, it is possible to propose the hypothesis that
the brain’s response to incongruent stimuli may have more
variability and temporal diversion than to the congruent
stimuli, and at the single trial level, this level of differ-
ence between congruent and incongruent conditions may
not exist.

Especially, according to Fig. 5, in the incongruent con-
dition, compared to the congruent condition, there is more
variation in the interval between reaction times and the P3
component at the single trial level. The greater distance of
the response time from the P3 component can reduce the

Time (ms)
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1000 1500 -1000 -500 0 500

Time (ms)

1000 1500

for multiple comparisons using the Bonferroni correction, indicating
significance between the two conditions

synergistic effect of the response-related potentials on the
P3 component. Additionally, as shown in Fig. 12, theta
band synchronization takes more time following the incon-
gruent targets compared to the congruent targets in the
Cz channel. This pattern is similar to the inhibition effect
observed in the right cingulate gyrus reported in another
study (Chikara and Ko 2019). The theta power is sensitive
to the utilization of executive control in congruency condi-
tions (Nigbur et al. 2011). According to (Wang and Ding
2011), the theta synchronization may largely result from
trial-to-trial variations of the P3 in both amplitude and
latency. On the other hand, the fact that theta synchroniza-
tion takes longer can cause ERP components to expand.
Besides theta synchronization, there was a significant
increase in alpha desynchronization in the incongruent
condition. These findings support studies that link theta
ERS and alpha ERD to executive or inhibition processes
(Janssens et al. 2018; Klimesch et al. 2007; McDermott
etal. 2017).

In a limited number of studies, the impact of alerting
and orienting networks on ERP components has not been
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Fig. 11 Event-related spectral perturbation for the double-cue (left) and valid cue (middle) conditions in the parietal (top) and parieto-occipital
(bottom) regions. The right panels display p-values after the Bonferroni correction comparing the two conditions

observed. For instance, Vazquez-Marrufo et al. found no
significant effects of the alerting and orienting networks in
the parieto-occipital region for the (target-locked) P1 and
N1 components. (Vazquez-Marrufo et al. 2014). However,
in the present study, as indicated in Table 2, some effects of
these networks were discovered in the parietal and parieto-
occipital regions.

The target-locked P1 latency in the parietal region was
found to be greater in the no-cue condition compared to
the double-cue condition. Additionally, the P1 latency was
higher in the double-cue condition compared to the valid
spatial cue condition. These findings indicate the presence
of alerting and orienting effects, with small and large effect
sizes, respectively, in the parietal region. Moreover, a sig-
nificant orienting effect in P1 latency was observed in the
parieto-occipital region, again with a large effect size. The
faster initiation of attention-related processes at the sensory
level may account for part of the improvement in behavioral
performance. Notably, such effects were not found in a pre-
vious study conducted in the parieto-occipital region (Gal-
vao-Carmona et al. 2014). Although only a few studies have
statistically examined the impact of attentional networks on
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P1 latency, in some studies, such as (Santhana Gopalan et al.
2019), the effect of alerting and orienting networks on the
latency of P1 is observable visually. Thus, further research
is warranted to investigate the effect of attention networks
on P1 latency.

Target-locked P1 amplitude and P1-N1 amplitude in the
parieto-occipital region were higher in the valid spatial cue
condition compared to the double cue condition and higher
in the double-cue condition compared to the no cue con-
dition. Therefore, significant alerting and orienting effects
were observed in the parietal region with small effect sizes
and in the parieto-occipital region with small and medium
effect sizes, respectively. Additionally, a significant orienting
effect was observed in P1-N1 amplitude with a small effect
size in the parietal region. These findings indicate that know-
ing the time and location of the target stimuli enhances the
P1 amplitude. This aligns with previous studies that asso-
ciated higher P1 amplitude with stimuli presented at the
attended location (Clark and Hillyard 1996; Hillyard et al.
1998; Posner and Dehaene 1994). Racer et al., similar to our
study, reported significant effects of alerting and orienting
on the P1 amplitude were larger in the central cue condition
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Fig. 13 Significant changes in the channels correlation between the conditions corresponding to each attention network. The method of subtrac-
tion of correlation between conditions is the same as how to calculate the score of each network
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Fig. 14 Significant changes in the coherence of channels within three frequency bands corresponding to each attention network condition. The
method used to subtract coherence between conditions is consistent with the calculation of the score for each network

compared to the no-cue condition and larger in the spatial
cue condition compared to the central cue condition (Racer
et al. 2011). Additionally, in the Galvao-Carmona study,
a significant orienting effect was observed on the target-
locked P1 amplitude with the spatial cue condition showing
larger amplitudes compared to the central cue condition.
The authors suggested that the larger P1 amplitudes may
be a contributing factor to the improvement in behavioral
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performance (Galvao-Carmona et al. 2014). Gongalves et al.
reported a significant alerting effect in the target-locked P1
amplitude, but in the opposite direction of our present study,
the P1 amplitude was larger in the no-cue condition com-
pared to the double-cue condition (Gongalves et al. 2018).
Also, Williams et al., like Gongalves et al., reported a signifi-
cant alerting effect in the target-locked P1 amplitude again
in the opposite direction of our current study (Williams
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et al. 2016). The discrepancy between these two studies and
our present study may be attributed to the selection of an
inappropriate period for baseline removal. In the studies of
Gongcalves et al. and Williams et al., epochs were baseline-
corrected according to 100 ms and 200 ms before the target,
respectively, while the interval between the cue and the tar-
get was 400 ms in both studies (Gongalves et al. 2018; Wil-
liams et al. 2016). In the no-cue condition, no evoked poten-
tial is expected before the target. However, in the double-cue
condition of these two studies, due to the short time interval
between the cue and the target, it is possible that the effects
of cue-dependent evoked potentials existed in the time inter-
val before the target (which was considered for baseline
removal of epochs). This presence of evoked effects before
the targets preceded by a double cue may have led to an
incorrect baseline removal process of epochs. Additionally,
upon visual inspection of the ERP waveforms in these two
studies, it is evident that the target-locked ERP waveforms
for the no-cue condition generally exhibit higher amplitude
compared to the double-cue condition (this is not limited
to the P1 amplitude). This observation also raises concerns
regarding the accuracy of the baseline removal process. Con-
cerning the studies that support the findings of the present
study regarding P1 amplitude, it is noted that in the studies
conducted by Racer et al. and Galvao-Carmona et al., the
cue-to-target interval was 1000 ms. This interval was likely
sufficiently long to eliminate the evoked effects by the cues.
Furthermore, visually, there appears to be no considerable
vertical shift observed between the ERP waveforms associ-
ated with different cue conditions (Galvao-Carmona et al.
2014; Racer et al. 2011). In our present study, the interval
between the cue and the target was variable (0, 400, and
800 ms). However, the selected time interval to remove the
baseline of epochs was before the presentation of the cues
(1500 to 900 ms before the target).

The target-locked N1 latency in the parieto-occipital and
parietal regions was significantly greater in the double-cue
condition compared to the valid spatial cue condition, indi-
cating a significant orienting effect in the N1 latency. It is
worth noting that none of the networks examined showed
a significant impact on the latency difference between the
P1 and N1 peaks, indicating that the faster N1 peak may be
attributed to the quicker initiation of activities rather than
faster processes leading up to this stage. Furthermore, the
impact of attentional networks on target-locked N1 latency
remains poorly investigated. However, several studies have
visually demonstrated the impact of alerting or orienting
networks on the latency of this component (Neuhaus et al.
2010; Santhana Gopalan et al. 2019; Yang and Xiang 2019).
Additional research is likely necessary to thoroughly evalu-
ate the influence of attentional networks on N1 latency.

The target-locked N1 amplitude in the parieto-occipital
region and the difference in P1 and N1 amplitudes in the

parietal region exhibited a significant orienting effect. Fur-
thermore, the difference in P1 and N1 amplitudes in the pari-
eto-occipital region demonstrated both alerting and orienting
effects, significantly. This finding aligns with a majority of
studies that have reported significant effects for alerting or
orienting networks, where the N1 amplitude was found to
be higher in cue conditions associated with faster reaction
times. Specifically, the N1 amplitude was greater in the tem-
poral cue condition compared to the no-cue condition, and
it was higher in the spatial cue condition compared to the
temporal cue condition, as observed in the present study
(Gongalves et al. 2018; Kalia et al. 2018; Kaufman et al.
2016; Neuhaus et al. 2010; Santhana Gopalan et al. 2019;
Williams et al. 2016; Zhang et al. 2021). Higher N1 peak
amplitude may potentially contribute to faster reaction times
at the behavioral level.

According to Figs. 10 and 11, target-locked theta syn-
chronization was significantly lower in the double-cue con-
dition compared to the no-cue and valid cue conditions in
the parieto-occipital region. It is worth noting that theta
synchronization is known to be positively correlated with
the ability to encode new information (Klimesch 1999). The
observed higher theta synchronization in the no-cue condi-
tion, compared to the double-cue condition, can be attributed
to the higher presence of new information in the no-cue con-
dition. However, this explanation does not hold for the fact
that theta synchronization is higher in the valid cue condition
than in the double-cue condition. This discrepancy can pos-
sibly be explained by the substantial differences observed
in the period before the target stimulation, which is utilized
as the baseline period for relative power estimation in the
analysis, between the two conditions.

According to Fig. 9 and Table 3, the cue-locked N1
amplitude was found to be higher in the occipital and pari-
eto-occipital areas in the double-cue condition compared to
both the single-cue condition and the no-cue condition. Sim-
ilarly, the single-cue condition exhibited higher N1 ampli-
tude compared to the no-cue condition. These results were
anticipated considering the varying degrees of visual stimu-
lation across the cue conditions, and they likely do not stem
from attentional network effects, in contrast to some prior
research. The observation of cue-locked N1 amplitude dif-
ferences across various cue conditions has been reported in
other studies (Williams et al. 2016; Yang and Xiang 2019).

Based on the findings presented in Table 4, the alerting
network score exhibited a significant correlation with the N1
amplitude in the parieto-occipital region under both the no-
cue and double-cue conditions. Additionally, a significant cor-
relation was observed between the alerting network score and
the time interval between the P1 and N1 peaks in the double-
cue condition. These results indicate that subjects with higher
N1 peak amplitudes in the parieto-occipital region under both
cue conditions have higher alerting scores. Additionally,
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subjects with shorter time intervals between the N1 and P1
peaks in the double-cue condition also exhibited higher alert-
ing scores. Based on Table 5, there are significant correlations
between the amplitude of N1 in the parieto-occipital region in
the double-cue condition and the difference in N1 amplitude
between the spatial valid cue condition and the double-cue
condition, with the orienting score. This suggests that subjects
with higher N1 amplitude in the double-cue condition in this
region tend to have a lower orienting score. On the other hand,
subjects with a higher difference in N1 amplitude between
the double-cue and the valid cue conditions tend to have a
higher orienting score. It is worth noting that, in addition to
the effects of attention networks on ERP components, the effi-
ciencies of the alerting and orienting networks also exhibit
significant correlations with ERP components. According to
the evidence from the present study, the N1 amplitude in dif-
ferent cue conditions displayed significant correlations with
the efficiency of alerting and orienting networks. Therefore,
it may be possible to utilize the ERP components, in con-
junction with reaction time, to assess the score of attention
networks in both normal and patient subjects.

Disregarding the Hochberg multiple comparisons correc-
tion method, significant differences were observed only in
the coherence of theta and alpha bands, specifically about
the executive network conditions. The coherence within
these bands notably decreased in the incongruent condi-
tion compared to the congruent condition. This observation
may be attributed to the higher workload associated with the
incongruent condition, which results in limited resources
available for communication across different parts.

One of the limitations of this study is that all the samples
consisted of a singular gender. This restricts the generaliz-
ability of the results to encompass all genders. Additionally,
conducting more trials in each condition would have been
advantageous in obtaining more reliable results, particu-
larly in correlational analyses of the scores of networks with
ERP components. This issue should be taken into account
in future studies. Further, it is possible that the application
of baseline correction with a long time interval preced-
ing the target stimulus could have rendered the waveform
somewhat unreliable. Nonetheless, it was decided to utilize
the pre-cue time intervals for baseline correction due to the
potential presence of cue-dependent potentials near the tar-
get stimulation.

In this study, distinct topographic features of brain electrical
activity were observed for each combination of the two condi-
tions used to calculate the efficiency of each network. Further-
more, significant correlations were found between the score
of attention networks and certain ERP components. However,
the relationship between attention networks and brain elec-
trophysiological activity has produced inconsistent results
across various studies. Therefore, further research in this area
is necessary. Additionally, the temporal variation of reaction

@ Springer

times in the incongruent condition was found to be greater than
that in the congruent condition. Moreover, the time interval
between the response time and the P3 component showed more
variation in the incongruent condition. Therefore, in addition
to factors such as the inhibition effect or task difficulty con-
tributing to the lower amplitude of the P3 component in the
incongruent condition, consideration should also be given to
asynchrony at the single trial or single subject levels. Also,
based on our survey, no study has been conducted regarding
the relationship between ERP components and the efficiency
of attention networks. Therefore, we recommend conducting
further studies to explore the connection between attention net-
work efficiency and brain electrical activity. The present study
serves as a significant milestone in conducting future research
on the use of ERP components to evaluate attention network
efficiency, as well as investigating the impact of various dis-
eases and conditions on ERP components related to attention
networks. Furthermore, the results of this study can contribute
to the investigation of the effect of various diseases on other
electrophysiological features of the brain, such as connectivity
and ERD/ERS, which are associated with attention networks.
Future studies can also explore the outcome of rehabilitation
interventions on these features in different ways.
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