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Introduction: Vigilance is the challenging ability to maintain attention during long

periods. When performing prolonged tasks, vigilance failures are often observed,

reflecting a decrease in performance. Previous research has shown that changes in

oscillatory rhythms are associated with states of vigilance loss. The present study

aimed to investigate whether changes in di�erent oscillatory rhythms anticipate

failures in two vigilance components: (a) executive vigilance –necessary to detect

infrequent critical signals– and (b) arousal vigilance –necessary to maintain a fast

reaction to environmental stimuli without much control–.

Methods: 37 young adults (age: M = 25.86; SD = 4.99) completed two

experimental sessions in which high-density electroencephalography signal was

recorded while they performed the Attentional Networks Test for Interactions

and Vigilance – executive and arousal components, a task that simultaneously

measures executive and arousal vigilance along with others attentional functions.

Changes in delta, theta, alpha, beta, and gamma power before target onset were

analyzed at the trial level in the executive and the arousal vigilance subtasks and

as a function of the behavioral response.

Results: Changes in di�erent oscillatory rhythms were observed prior to failures

in executive and arousal vigilance. While increased alpha power in left occipital

regions anticipated misses in the executive vigilance subtask, increased delta

power in frontal-central regions anticipated very slow responses in the arousal

vigilance subtask.

Discussion: The present results further support an empirical dissociation at

the neural level between executive and arousal vigilance. Changes in alpha –

in left occipital regions– and delta –in frontal-central regions– power might be

identified as di�erent brain states associated with loss in vigilance components

when performing prolonged tasks.
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1. Introduction

Sustaining attention for prolonged periods is a challenging
although imperatively necessary ability for many daily life
situations (Neigel et al., 2020). When performing prolonged
activities (as, for instance, driving a car in a route, taking a
lecture, or monitoring critical signals in security environments),
sustained attention usually decreases with time-on-task, a
phenomenon scientifically known as “vigilance decrement”
(Davies and Parasuraman, 1982; Basner et al., 2008; Warm et al.,
2008; Stearman and Durso, 2016; Hancock, 2017). In the lab,
the vigilance decrement is observed as a progressive increase in
vigilance failures, i.e., as a higher miss rate in detecting infrequent
signals and slower reaction times (RT) as time-on-task progresses
(Thomson et al., 2016). With the aim to elucidate how changes
in brain states may be underlying vigilance loss, there has been
extensive interest in examining electroencephalographic (EEG)
oscillatory rhythms across vigilance tasks (Oken et al., 2006;
Kim et al., 2017; Karamacoska et al., 2019; Reteig et al., 2019;
Pershin et al., 2023). Nevertheless, to date, it has been particularly
challenging to determine whether specific oscillatory rhythms
anticipate different vigilance failures in prolonged tasks.

According to some theoretical proposals, vigilance should not
be conceived as a single mechanism (Sarter et al., 2001; Sturm
and Willmes, 2001; Oken et al., 2006; van Schie et al., 2021).
Several models have been proposed to account for vigilance
loss in prolonged tasks, most of them predicting a depletion
in attentional resources and variations in physiological states of
arousal (Thomson et al., 2015; Esterman and Rothlein, 2019;
Schumann et al., 2022). According to Sarter et al. (2001), sustained
attention can be described as the interaction of two independent
neural mechanisms: (a) a top-down mechanism modulating
vigilance responses to detect infrequent signals that is regulated
by the cholinergic system, and (b) a bottom-up mechanism
modulating the arousal levels of attention, which is regulated by
noradrenergic’s release from the locus coeruleus and might be
necessary to modulate the behavioral responsiveness of vigilance.
Importantly, Esterman and Rothlein (2019) highlight the critical
role of an optimal state of physiological arousal to maintain
vigilance, as hypoarousal could lead to reduced task-engagement
while hyperarousal might induce distractibility.

Moreover, behavioral tasks measuring vigilance seem to
assess different components of this process. While in signal-
detection tasks like the Mackworth Clock Test (Mackworth, 1948)
participants must detect a critical signal (e.g., a double jump of the
clock’s hand) that occurs quite rarely, in single RT tasks like the
Psychomotor Vigilance Test (Lim and Dinges, 2008) participants
are required to stop a single stimulus (i.e., a millisecond counter) as
fast as possible, by pressing any available key. Noting the diversity
in the theoretical frameworks and behavioral paradigms developed
to investigate vigilance, in the last years it has been proposed that
vigilance can be dissociated in two independent components, which
are measured in different behavioral paradigms (Luna et al., 2018,
2020; Sanchis et al., 2020). On the one hand, executive vigilance
(EV) is defined as the ability to monitor and detect infrequent

Abbreviations: EV, executive vigilance; AV, arousal vigilance.

critical signals by executing a specific response. The EV decrement
is usually observed in signal-detection tasks like the Mackworth
Clock Test as a drop in hit rate on critical signals (Mackworth,
1948; Robertson et al., 1997; Epling et al., 2016). On the other hand,
arousal vigilance (AV) is conceived as the capacity to sustain a
fast reaction to environmental stimuli without implementing much
control on the response. In single RT tasks like the Psychomotor
Vigilance Test, the AV decrement is commonly observed as a
progressive increase in mean and variability of RT as time-on-task
progresses (Drummond et al., 2005; Lim and Dinges, 2008; Basner
and Dinges, 2011). Changes in AV have been observed as changes
in variability of RT in short inter-stimulus intervals (Steinborn and
Langner, 2012) and have been associated with “out of the task”
states, wherein increased variability of RT and reduced accuracy is
observed (Esterman et al., 2013).

Although extensive research has examined changes in EEG
oscillatory rhythms across vigilance tasks, several frequency bands
have been associated with vigilance loss, showing relatively
inconsistent evidence across studies (Boksem et al., 2005; Oken
et al., 2006; Braboszcz and Delorme, 2011; Molina et al., 2019).
According to the cortical oscillations model of sustained attention
proposed by Clayton et al. (2015), the ability to maintain attention
for long periods is regulated by the interaction between theta
oscillations in frontomedial cortical regions and alpha and gamma
oscillations in posterior areas. Evidence from experimental studies
shows that vigilance loss is associated with changes in delta
(Braboszcz and Delorme, 2011; Hoedlmoser et al., 2011; Groot
et al., 2021), theta (Gorgoni et al., 2014; Molina et al., 2019), alpha
(Dockree et al., 2004; Boksem et al., 2005; Clayton et al., 2019;
Molina et al., 2019), beta (Braboszcz and Delorme, 2011; Ramautar
et al., 2013; Molina et al., 2019; Pershin et al., 2023), and gamma
(Kim et al., 2017; Pershin et al., 2023) rhythms. Nonetheless,
despite the observed variety of findings, there seems to be a general
consensus that states of vigilance loss are associated with increased
alpha power (Sadaghiani et al., 2010; Clayton et al., 2018; Benwell
et al., 2019; Karamacoska et al., 2019).

In studies measuring EV with signal-detection tasks, changes
in different frequency power have been associated with vigilance
loss. Boksem et al. (2005) found that the EV decrement in a signal-
detection task was accompanied by an increase in theta, alpha,
and beta power. In studies measuring frequency power at the trial
level, Dockree et al. (2004) analyzed changes in alpha power while
participants completed the Sustained Attention to Response Task
by Robertson et al. (1997). The authors observed a decline in
alpha power in some trials prior to the one wherein the infrequent
critical signal was correctly detected, a mechanism that might be
interpreted as a state of increased vigilance prior to target detection.
Groot et al. (2021) reported that, during mind-wandering periods
(i.e., when attention is directed to internal irrelevant thoughts and
out of the external task), alpha but also delta and theta power were
increased, while beta power was reduced. In this vein, Arnau et al.
(2020) observed increased alpha power in inter-trial periods during
mind-wandering states. However, other studies failed to observe
changes in alpha power across prolonged signal-detection tasks
(Kim et al., 2017; Reteig et al., 2019).

Similarly, in studies measuring AV loss with single RT tasks,
changes in different frequency power have been observed. In
Hoedlmoser et al. (2011), the AV decrement observed across
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a night of sleep deprivation was accompanied by a progressive
increase in delta and theta power. Theta power has been also
positively correlated with RT in the Psychomotor Vigilance Test
and subjective ratings of fatigue after 40 h of sleep deprivation
(Gorgoni et al., 2014). In a study measuring changes in AV along
several weeks, Witkowski et al. (2015) found that slower RT were
accompanied by a decrease in alpha power at rest. However, when
frequencies’ power were analyzed as the average change measured
in each trial after the target stimuli in the Psychomotor Vigilance
Test, similar but also opposite findings were observed. In particular,
in Molina et al. (2019), slower RT were associated with increased
theta, alpha, and beta power.

While several studies have examined changes in oscillatory
rhythms associated with vigilance loss across long periods, as time-
on-task (Boksem et al., 2005; Kim et al., 2017; Pershin et al.,
2023), sleep deprivation (Hoedlmoser et al., 2011; Gorgoni et al.,
2014; Hao et al., 2022), or even weeks (Witkowski et al., 2015),
evidence seems to be relatively scarce regarding whether changes
in frequency power can anticipate vigilance failures (Dockree
et al., 2004; Chua et al., 2012; Molina et al., 2019; Arnau et al.,
2020). Moreover, noting that vigilance might be supported by two
independent components, it could be possible that EV and AV
failures are anticipated by changes in different oscillatory rhythms.
Previous research has supported an empirical dissociation of EV
and AV at the physiological and neural levels by simultaneously
measuring vigilance components, under the same participant’s
attentional state (Feltmate et al., 2020; Luna et al., 2020; Sanchis
et al., 2020). In particular, whereas the EV decrement has been
reduced by exercise intensity (Sanchis et al., 2020) and anodal
transcranial direct current stimulation over the right fronto-
parietal network (Luna et al., 2020; Hemmerich et al., 2023), AV
has been modulated by caffeine intake (Sanchis et al., 2020) and
fatigue due to ∼6 h of extensive testing (Feltmate et al., 2020).
Critically, different event-related potentials have been observed for
vigilance components in the same task period; whereas EV loss
was associated with changes in P3 and slow-positivity in centro-
parietal regions, AV loss was associated with changes in N1 and P2
in occipital regions (Luna et al., 2023).

The aim of the present study was to examine whether
failures in EV and AV are anticipated by changes in power
in specific oscillatory rhythms. To this end, participants
completed the Attentional Networks Test for Interactions
and Vigilance—executive and arousal components (ANTI-
Vea; Luna et al., 2018) while high-density EEG signal was
recorded. The ANTI-Vea combines three subtasks that are
simultaneously and randomly completed within a single session,
in particular: (a) the ANTI task by Callejas et al. (2004), a
flanker paradigm combined with visual and warning cues that
is suitable to assess the main effects and interactions of classic
attentional networks functions (i.e., phasic alertness, orienting,
and executive control); (b) a signal-detection subtask similar
to the Mackworth Clock Test, suitable for measuring the EV
decrement; and (c) a RT subtask similar to the Psychomotor
Vigilance Test, suitable to assess the AV decrement (Luna
et al., 2018, 2021a,b). Importantly, to increase the number
of vigilance trials as well as the statistical power of our
study, participants completed the same procedure in two
repeated sessions.

To examine whether changes in oscillatory rhythms anticipate
vigilance failures, delta, theta, alpha, beta, and gamma power were
computed at the trial level prior to target onset and separately for
EV and AV components. For each vigilance component, frequency
power changes for all bands were analyzed in different vigilance
states as a function of the behavioral response, i.e., as optimal
performance (hits in EV and fastest RT in AV) or failures in
performance (misses in EV and slowest RT in AV). Importantly,
in a recent study conducted in our lab, differences in EV and
AV states were associated with changes in different event-related
potentials: while P1 amplitude in central-parietal regions was larger
in hits than misses for EV, N1, and P2 amplitude in occipital
channels was smaller in fastest RT than slowest RT for AV
(Luna et al., 2023). We expect the present study to contribute
in characterizing whether different neural states, described as
changes in power in specific oscillatory rhythms, may be useful
to anticipate specific vigilance failures when performing prolonged
tasks without breaks.

2. Materials and methods

2.1. Participants

Forty healthy adults (34 women; age: M = 25.96; SD =

4.96), who were undergraduate or graduate students from the
Universidad Nacional de Córdoba, Argentina, volunteered to
participate in the present study. All of them had normal or
corrected to normal vision and none of them self-reported
any neurological or psychiatric illness. Prior to participation,
participants signed an informed consent approved by the local
ethics committee. The study was conducted according to the ethical
standards of the 1964 Declaration of Helsinki (last update: Seoul,
2008) and was positively evaluated by a local ethics committee
(Comité Institucional de Ética de Investigaciones en Salud of the
Hospital Nacional de Clínicas, CIEIS HNC, Universidad Nacional
de Córdoba, Argentina).

Five participants were excluded from data analysis due to the
following reasons: three participants did not complete the second
EEG session, one participant had an extreme error percentage in
the ANTI trials (3 SD above the group mean), and one participant
had an overly high mean power (3 SD above the group mean) in
four frequency bands. Therefore, the final sample size of the present
study was N = 35.

Sample size was a-priori estimated based on previous studies
with 40 participants per group in which the decrement in hits across
six blocks measured with the ANTI-Vea showed an effect size of η2p
= 0.05 (Luna et al., 2018, 2021a). Using G∗Power 3.1.9.4 (Faul et al.,
2007), power analysis showed that considering α = 0.05 and 1 - β

= 0.90, the minimum sample size required to observe a decrease
in hits across blocks considering an effect size of η

2
p = 0.05, two

sessions, and seven blocks, was of 35 participants (i.e., as the final
sample included in data analysis). Given that in the present study
participants performed two experimental sessions of seven blocks,
the statistical power of our study was much higher than in previous
studies with a lower number of trials (i.e., one session of six blocks
in Luna et al., 2018, 2021a; Baker et al., 2021).
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2.2. Behavioral task: ANTI-Vea

The experimental task was designed and run with E-Prime
2.0 software (Psychology Software Tools, 2012). The ANTI-Vea
comprises three embedded subtasks that are randomly completed
across three separated types of trials: (a) ANTI (60%), a flanker
paradigm combined with auditory and visual cues suitable to
assess the main effects and interactions of the classic attentional
networks functions (i.e., phasic alertness, orienting, and executive
control); (b) EV (20%), a signal-detection subtask similar to the
Mackworth Clock Test to assess the EV component; and (c)
AV (20%), a RT subtask that mimics the Psychomotor Vigilance
Test to assess the AV component. Importantly, as depicted in
Figure 1, stimuli timing was the same for the three type of trials.
Further details on the procedure, stimuli, and instructions of the
ANTI-Vea can be reviewed in previous studies (Luna et al., 2018,
2021a,b). Importantly, the ANTI-Vea has shown acceptable split-
half reliability scores for hits in EV and mean RT in AV (i.e., mean
r corrected by the Spearman-Brown prophecy above 0.90) and at
least similar split-half reliability for phasic alertness, orienting, and
executive control as the ANT (MacLeod et al., 2010) and ANTI
(Ishigami and Klein, 2010) tasks (Luna et al., 2021b).

Participants were encouraged to fix on the fixation cross at all
times. As depicted in Figure 1A, ANTI trials followed the procedure
of the ANTI task (Callejas et al., 2004). In these trials, participants
had to select the direction (left/right) pointed by the central arrow
of a five-arrow horizontal string—which could appear either above
or below the fixation point—, ignoring the direction pointed by the
surrounding flanking arrows (see Figure 1B). Importantly, ANTI
trials serve a double purpose in the ANTI-Vea. On the one hand,
the main effects and interactions of classic attentional functions
were measured in ANTI trials as follows: (a) to assess executive
control, the direction of the target and flanking arrows were
congruent in half of these trials and incongruent in the other half;
(b) to assess phasic alertness, a tone (i.e., warning signal) could
anticipate the target in half of these trials, whereas no tone was
presented in the other half; and (c) to assess attentional orienting,
the target’s position (i.e., above/below the fixation point) could be
preceded either by a valid (i.e., the same location in 1/3 of ANTI
trials), an invalid (i.e., the opposite location in 1/3 of ANTI trials)
spatial visual cue, or by no cue at all in the remaining 1/3 of ANTI
trials. On the other hand, ANTI trials were considered as the noise
events for the embedded signal-detection subtask in the ANTI-Vea,
as the infrequent critical signal (i.e., a large vertical displacement of
the target) was not present in ANTI trials.

EV trials had the same procedure than ANTI trials, except
that the target was largely displaced (i.e., 8 pixels –px–) from its
central position in the five-arrow horizontal string either upwards
or downwards (see Figure 1A). To perform EV trials, participants
were instructed to continuously monitor and detect the infrequent
vertical displacement of the target (i.e., the critical signal of the
embedded signal-detection subtask of the ANTI-Vea) by pressing
the space bar key, ignoring in these cases the direction the target
pointed to (see Figure 1B). Note that, if participants pressed the
space bar key in the ANTI trials (i.e., the noise events of the signal-
detection subtask), the response was categorized as a false alarm.
Lastly, AV trials had the same timing than the ANTI and EV ones

but, importantly, no warning signal nor visual cue was presented
(i.e., the fixation point remained on the screen) and the target of
the ANTI/EV trials was replaced by a millisecond counter (see
Figure 1A). In AV trials, participants had to stop the millisecond
counter as fast as possible by pressing any key from keyboard (see
Figure 1B).

2.3. EEG data acquisition and
pre-processing

A high density 128 channels BioSemi ActiveTwo system,
controlled with the ActiView software (BioSemi, Amsterdam), was
used for EEG signal recording. Electrical reference channels were
set with two flat-type active-electrodes placed over the right and
left mastoids. Signal was registered with a sampling rate of 1,024Hz
and keeping electrode’s impedance below 1 Ohm.

EEG data pre-processing was conducted using EEGLAB
v2020.0 toolbox (Delorme and Makeig, 2004) on MATLAB R2016a
(The MathWorks, Inc.). Raw data format was converted to
the EEGLAB format and resampled at 512Hz. The signal was
filtered between 0.5 and 45Hz and then decomposed into 128
components (i.e., the same number of channels) using Independent
Component Analysis. Using ADJUST v.1.1.1 (Mognon et al., 2011),
artifactual components were automatically classified as horizontal
eye movements (M = 3.36; SD = 2.50), vertical eye movements
(M = 6.96; SD = 5.46), blinks (M = 3.99; SD = 3.29), and
generic discontinuities (M = 14.71; SD= 8.59), and were removed
from signal.

Data was epoched in 3,400ms periods from the initial fixation
point onset in each trial. Epochs were visually inspected to
interpolate artifactual channels or to reject the entire epoch if it
was too noisy (trials rejected by participant in the collapsed two
sessions: M = 10.30; SD = 17.46). Finally, following Clayton et al.
(2015), signal was filtered in five frequency bands as follows: delta
(1–4Hz), theta (4–8Hz), alpha (8–14Hz), beta (14–30Hz), and
gamma (30–45Hz). Frequency power was calculated as the squared
signal in each frequency band.

2.4. Procedure and design

Prior to the experimental sessions in the lab, participants
performed a practice session outside the lab to familiarize
themselves with the task by completing the online ANTI-Vea
(https://www.ugr.es/~neurocog/ANTI/; Luna et al., 2021b). Then,
aiming at increasing the number of vigilance trials for EEG analysis,
each participant completed two experimental sessions at the lab
(average time between sessions: M = 11.94 days; SD = 16.10). At
the lab, participants received the standard instructions to complete
each type of trial and performed one practice block of 40 (24
ANTI, 8 EV, and 8 AV) randomly presented trials, without visual
feedback. Each experimental session comprised seven experimental
blocks without any pause or visual feedback, consisting in 80 (48
ANTI, 16 EV, and 16 AV) randomly presented trials within each
block. The ANTI trials had the following design: Warning signal
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FIGURE 1

Experimental procedure and timing of ANTI-Vea trials. (A) Stimuli and timing for ANTI-Vea trials. Warning signal and visual cue were only present in

ANTI and EV trials, although only counterbalanced in ANTI trials. (B) Correct responses in examples of the three type of trials of the ANTI-Vea.

Responses were allowed since target onset until 2,000ms in each type of trial.

(no tone/tone) × Visual cue (invalid/no cue/valid) × Congruency
(congruent/incongruent). The 16 executive vigilance trials per
block were randomly selected from any possible combination of the
ANTI trials design.

2.5. Data analysis

Data analyses were conducted using RStudio 2022.07.1 Build
554 (RStudio Team, 2022) in R 4.1.2 (R Core Team, 2021). Aiming
at increasing the number of EV/AV trials, both behavioral and EEG
data was collapsed across sessions. Analyses of variance (ANOVA)
were conducted with the afex package (Singmann et al., 2021)
and planned contrasts were performed with the emmeans package
(Lenth, 2021). Partial eta-squared (η2p) are reported as measure of
the ANOVAs’ effect size and Cohens’ d as a measure of t-tests’
effect size (Kelley and Preacher, 2012). All effect sizes are reported
with the 95% confidence intervals around them (Cumming, 2014).
In those ANOVAs wherein the sphericity assumption was violated
(i.e., Mauchly’s test p < 0.05), degrees of freedom are reported with
Greenhouse-Geisser correction.

Behavioral data was plotted with Matplotlib (Hunter, 2007).
EEG data figures were performed using ggplot2 (Wickham, 2016),
purrr (Henry and Wickham, 2020), Rmisc (Hope, 2013), and
magrittr (Bache andWickham, 2020) packages in RStudio for time-
frequency plots and MNE-Python code (Gramfort et al., 2013)
for topoplots.

2.5.1. Behavioral data
Given that the main aim of the present study was to analyze

vigilance failures, behavioral data analyses were focused on EV
and AV components measured with the ANTI-Vea. Data analyses
on the main effects and interactions of the classic attentional
functions measured in the ANTI trials were analyzed and reported
in a separated study aiming to analyze event-related potentials
associated with attentional networks functions (Luna et al., 2023).

First, to analyze the EV and AV decrements across time-on-
task, data was averaged as a function of blocks of trials. For
EV trials, data were collapsed across warning signal, visual cue,
and congruency conditions, following standard analysis of the
ANTI-Vea (Luna et al., 2021a). The EV decrement was analyzed
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with a repeated-measures ANOVA, with hits rate as dependent
variable and blocks (seven levels) as a within-participant factor. The
AV decrement was analyzed with a repeated-measures ANOVA,
with mean RT in AV trials as dependent variable and blocks
(seven levels) as a within-participant factor. To determine the
significance of a linear EV/AV decrement, planned comparisons of
the polynomial linear component were performed.

Then, and more importantly for the goal of this study, to
describe EV and AV failures, overall responses in EV and AV
trials were categorized as follows. For EV trials, whereas hits (i.e.,
correct responses) described an adequate EV performance, misses
(i.e., incorrect responses) were considered as EV failures. Overall
AV performance was analyzed following standard scores usually
computed in the Psychomotor Vigilance Test (Basner and Dinges,
2011). In particular, for AV trials, whereas fastest RT (i.e., first
quintile of RT responses) described an adequate AV performance,
slowest RT (fifth quintile of RT responses) were considered as AV
failures. Trials with RT equal to 0ms (i.e., “no responses”) were
removed from AV data analyses (0.38% of AV trials).

2.5.2. EEG data
To analyze whether changes in oscillatory rhythms might

anticipate vigilance failures, power in frequency bands was analyzed
in the 800ms preceding the EV or AV target onset at the trial level.
For each frequency band, mean power was calculated at two time
periods of 250ms in each trial (see Figure 1A): (a) baseline (−800 to
−550ms prior to target onset) and (b) pre-target (−300 to −50ms
prior to target onset). Power in frequency bands was computed in
EV trials as a function of hits/misses and in AV trials as a function
of fastest/slowest RT.

For EV analyses, given that the difference in trial count between
hits and misses might biases the outcomes, we performed a
randomized selection of EV trials to equate the number of hits
and misses by participant (Cohen, 2014). Noting that hits decrease
with time-on-task (see below section 3.1), following Reteig et al.
(2019), first hits/misses trials were randomly selected in two task
periods: between blocks 1 and 4 and between blocks 5 and 7. The
randomized selection of trials was performed only for the largest
subset of trials (i.e., hits or misses) in each task period to equate
the smallest subset of trials and was repeated 1,000 times. Each
subset of randomly selected trials was averaged and, after that, all
1,000 subsampled trials-averaged were averaged together. Finally,
data was collapsed between task periods (i.e., blocks 1–4 and blocks
5–7) and averaged as a function of hits/misses.

Next, to determine whether the change in frequency power
prior to target onset anticipates EV/AV performance, we computed
a normalized change as a function of hits/misses for EV trials and as
a function of fastest/slowest responses for AV trials. The normalized
change was separately computed for delta, theta, alpha, beta, and
gamma power as follows:

normalized change=
pre−target mean power−baselinemean power

baselinemean power

Mean power in baseline and the normalized power change
in the pre-target period of each frequency band were computed
in nine a-priori defined channels across the whole brain, in

particular: O1, Oz, O2, P3, Pz, P4, F3, Fz, F4. Then, analyses
were separately conducted for EV/AV performance, by analyzing
each frequency band in separated repeated-measures ANOVAs
for baseline (with mean power as dependent variable) and pre-
target (with normalized change power as dependent variable)
periods, with channels of interest (nine levels) and performance
(hits/misses for EV or fastest/slowest RT for AV) as within-
participant factors. To determine whether the normalized power
change in a specific frequency band was significantly different as
a function of performance in a singular or multiple channels of
interest, paired-wise comparisons were conducted.

3. Results

3.1. Behavioral performance

As reported in Luna et al. (2023) and similarly to previous
studies with the ANTI-Vea (Luna et al., 2018, 2021a,b), the EV
decrement was observed as a significant change in hits across
time-on-task [F(4.55,154.58) = 9.70, p < 0.001, η

2
p = 0.22, CI95%

(0.11, 0.30); see Figure 2A]. Polynomial contrasts demonstrated a
significant and negative linear component for hits across blocks
[t(34) = −5.23, p < 0.001, η

2
p = 0.45, CI95% (0.24, 1.00)].

Unexpectedly, however, the AV decrement was not observed in the
present study and Luna et al. (2023) (see Figure 2B): the change of
mean RT across blocks was not significant [F(3.93,133.78) = 0.46, p=
0.764, η2p = 0.01, CI95%(0.00, 0.03)].

A summary of EV and AV overall performance is presented in
Table 1.

3.2. Frequency power

For the sake of clarity, the report of each ANOVA is focused
on the interaction between channels and performance, which
examines whether differences in power in channels of interest was
modulated by vigilance performance. Main effects of channels (i.e.,
whether frequency power was different among channels of interest)
and performance (i.e., whether frequency power was different as a
function of the EV/AV response) are summarized in Tables 3, 5.

3.2.1. Executive vigilance
In the baseline period, mean frequency power in channels of

interest was not significantly modulated by performance (i.e., hit
or miss) for delta, theta, alpha, beta, or gamma band (see Table 2).
Importantly, as depicted in Figure 3A and detailed in Table 2, in the
pre-target period, the normalized change from baseline in channels
of interest was significantly modulated by performance only for
alpha power, but not for delta, theta, beta, or gamma band.

Pairwise comparisons in the pre-target period for alpha band
determined that the normalized power change between trials with
hits andmisses was significantly different only in O1 [t(34) =−3.09,
p = 0.004, Cohen’s d = 0.53, CI95% (0.17, 0.88)], but not in the
other channels of interest (all ps > 0.110). As can be observed in
Figure 3B, the normalized change of alpha power was smaller in
trials with hits than in trials with misses in the pre-target period.
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FIGURE 2

Executive (A) and arousal (B) vigilance performance as a function of time-on-task. Error bars represent 95% confidence intervals and were computed

with the Cousineau-Morey method (Morey, 2008).

TABLE 1 Descriptive statistics of executive and arousal vigilance overall performance.

Component Performance N Min Max M 95% CI

EV Hits 164.11 68 212 73.26% [67.11, 79.41]

Misses 59.89 12 156 26.74% [20.59, 32.89]

AV Fastest RT 45 42 45 385ms [361, 409]

Slowest RT 44 41 44 596ms [556, 636]

EV, executive vigilance; AV, arousal vigilance; N, absolute frequency per participant; Min, minimum; Max, maximum; M, mean; CI, confidence intervals; RT, reaction time; ms, milliseconds.

N represents the mean number of trials in which that response was observed, with its respective Min and Max across participants. M represents the mean performance in that score, with its

respective variability (i.e., 95% CI around the mean).

TABLE 2 Statistics of the interaction between channel and performance (i.e., hits vs. misses) factors analyzed in repeated-measures ANOVAs for

executive vigilance.

Frequency Period F df p η
2
p[95% CI]

Delta Baseline 0.95 2.28, 77.42 0.399 0.03 [0.00, 0.05]

Pre-target 1.02 2.88, 98.03 0.386 0.03 [0.00, 0.05]

Theta Baseline 1.60 3.14, 106.91 0.192 0.04 [0.00, 0.08]

Pre-target 0.60 3.18, 108.08 0.626 0.02 [0.00, 0.03]

Alpha Baseline 2.67 2.29, 77.90 0.068 0.07 [0.01, 0.12]

Pre-target 3.73 4.84, 164.67 0.004 0.10 [0.02, 0.15]

Beta Baseline 0.89 4.57, 155.26 0.483 0.03 [0.00, 0.04]

Pre-target 0.61 3.40, 115.77 0.628 0.02 [0.00, 0.03]

Gamma Baseline 1.51 2.04, 69.48 0.227 0.04 [0.00, 0.07]

Pre-target 0.45 5.28, 179.57 0.822 0.01 [0.00, 0.02]

df, degrees of freedom; CI, confidence intervals.

Significant outcomes are highlighted in bold.

As can be observed in Table 3, mean power in the baseline
period and the normalized change in the pre-target period were
not significantly different as a function of EV performance
for delta, theta, alpha, and gamma bands. However, in the
analyses for beta band, in the baseline period mean power was
not significantly different between trials with hits and misses,
but there was a significant difference in the pre-target period
as a function of EV performance (see Table 3). In the pre-
target period, beta power decreased from baseline in trials with

hits (normalized change M = −0.05, 95% CI[−0.07, −0.03])
but not in trials with misses (normalized change M = 0.00,
[−0.04, 0.04]).

3.2.2. Arousal vigilance
Similarly to analysis for EV, in the baseline period, mean

frequency power in channels of interest was not modulated by
performance (i.e., fastest or slowest RT) for delta, theta, alpha,
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FIGURE 3

Normalized change in power of oscillatory rhythms in pre-target period as a function of executive vigilance performance. (A) Topoplots represent

the di�erence between conditions in mean power change from baseline in the pre-target period for each frequency band. In all topoplots, a-priori

channels of interest (O1, Oz, O2, P3, Pz, P4, F3, Fz, F4) are represented with yellow markers. (B) Alpha power change from baseline in O1. Significant

di�erences (p < 0.05) between conditions at each time point are highlighted with a black line above the x-axis. The gray area prior to target onset

(i.e., between −350 and −50ms) represents the pre-target period. Shadowed traces around mean signal represent within-participant 95% CI of mean

for that condition and were computed with the Cousineau-Morey method (Morey, 2008).

beta, and gamma band (see Table 4). As observed in Figure 4A
and detailed in Table 4, in the pre-target period, the normalized
change from baseline in a-priori channels of interest was not
significantly modulated by performance in delta, theta, alpha, beta,
and gamma band.

Interestingly, noting the differences observed in some regions
in the high-density topoplot of delta band in Figure 4A, exploratory
repeated-measures ANOVAs on these oscillatory rhythms were
conducted. Exploratory analysis included as a tenth region of
interest a set of five frontal-central channels (Cz, Fcz, and three
adjacent channels) where clear differences were observed in a-priori
analysis. In channels included in exploratory analysis, performance
did not significantly modulate mean power in the baseline period
[F(1.05,35.85) = 0.09, p = 0.776, η

2
p = < 0.01, CI95% (< 0.01, <

0.01)], nor the normalized change from baseline in the pre-target
period [F(6.35,215.91) = 1.83, p = 0.090, η

2
p = 0.05, CI95% (0.00,

0.10)]. Following the differences observed in high-density topoplot
(see green channels in Figure 4A), post-hoc comparisons showed
that, in the pre-target period, the normalized delta power change
was significantly smaller in trials with fastest RT than in trials
with slowest RT only in exploratory frontal-central channels [t(34)
= −2.12, p = 0.041, Cohen’s d = 0.36, CI95% (0.01, 0.71)] (see
Figure 4B), but not in the other a-priori channels of interest (all ps
> 0.090).

As can be observed in Table 5, mean power in the baseline
period and the normalized change in the pre-target period were

not significantly different in any frequency band as a function of
AV performance.

4. Discussion

The present study aimed at examining whether failures in two
dissociated vigilance components, i.e., EV and AV, are anticipated
by changes in power of different oscillatory rhythms. Although
previous research has extensively examined changes in oscillatory
rhythms associated with states of vigilance loss (Boksem et al., 2005;
Oken et al., 2006; Braboszcz and Delorme, 2011; Molina et al.,
2019), evidence reported so far seems to be relatively inconsistent
about whether changes in specific frequency bands might serve as
indicators of failures in different vigilance components (Boksem
et al., 2005; Chua et al., 2012; Kim et al., 2017; Molina et al., 2019;
Reteig et al., 2019; Groot et al., 2021). A critical limitation to identify
whether different brain states are independently associated with EV
or AV might rely in the difficulty to simultaneously assess vigilance
components, thus observing failures in EV and AV under the same
participants’ attentional state. To overcome this limitation, in the
present study, changes in power of several frequency bands were
analyzed while participants completed the ANTI-Vea, a behavioral
task that simultaneously measures EV and AV along with others
classic attentional components in a single session (Luna et al.,
2018, 2021a,b). Importantly, failures in vigilance components were
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TABLE 3 Statistics of channel and performance (i.e., hits vs. misses) factors analyzed in repeated-measures ANOVAs for executive vigilance.

Frequency Period Factor F df p η
2
p[95% CI]

Delta Baseline Channel 3.48 1.15, 39.03 0.064 0.09 [0.02, 0.14]

Performance 0.01 1, 34 0.916 <0.01 [0.00, 0.07]

Pre-target Channel 5.19 3.53, 119.99 0.001 0.13 [0.05, 0.19]

Performance 0.88 1, 34 0.354 0.03 [0.00, 0.20]

Theta Baseline Channel 6.75 3.51, 119.46 <0.001 0.17 [0.07, 0.23]

Performance 2.36 1, 34 0.134 0.06 [0.00, 0.27]

Pre-target Channel 6.85 4.33, 147.20 <0.001 0.17 [0.08, 0.23]

Performance 1.44 1, 34 0.238 0.04 [0.00, 0.23]

Alpha Baseline Channel 6.94 3.37, 114.72 <0.001 0.17 [0.08, 0.23]

Performance 0.75 1, 34 0.392 0.02 [0.00, 0.19]

Pre-target Channel 3.40 4.80, 163.20 0.007 0.09 [0.02, 0.14]

Performance 1.53 1, 34 0.225 0.04 [0.00, 0.23]

Beta Baseline Channel 11.23 4.27, 145.09 <0.001 0.25 [0.15, 0.32]

Performance 0.14 1, 34 0.707 <0.01 [0.00, 0.13]

Pre-target Channel 1.11 5.08, 172.80 0.358 0.03 [0.00, 0.05]

Performance 5.59 1, 34 0.024 0.14 [0.00, 0.36]

Gamma Baseline Channel 7.24 2.40, 81.63 <0.001 0.18 [0.08, 0.24]

Performance 0.66 1, 34 0.422 0.02 [0.00, 0.18]

Pre-target Channel 1.38 5.48, 186.27 0.227 0.04 [0.00, 0.07]

Performance 0.08 1, 34 0.778 <0.01 [0.00, 0.12]

df, degrees of freedom; CI, confidence intervals.

Significant outcomes are highlighted in bold.

TABLE 4 Statistics of the interaction between channel and performance (i.e., hits vs. misses) factors analyzed in repeated-measures ANOVAs for arousal

vigilance.

Frequency Period F df p η
2
p[95% CI]

Delta Baseline 0.09 1.05, 35.69 0.773 0.01 [<0.01, <0.01]

Pre-target 1.49 5.67, 192.75 0.187 0.04 [0.00, 0.07]

Theta Baseline 0.56 2.52, 85.71 0.612 0.02 [0.00, 0.02]

Pre-target 1.43 4.43, 150.70 0.222 0.04 [0.00, 0.07]

Alpha Baseline 0.87 3.74, 127.01 0.476 0.03 [0.00, 0.04]

Pre-target 0.79 4.35, 147.73 0.542 0.02 [0.00, 0.04]

Beta Baseline 0.39 3.91, 133.10 0.814 0.01 [0.00, 0.01]

Pre-target 0.73 5.07, 172.54 0.602 0.02 [0.00, 0.03]

Gamma Baseline 0.90 3.17, 107.76 0.447 0.03 [0.00, 0.04]

Pre-target 0.82 5.72, 194.32 0.548 0.02 [0.00, 0.04]

df, degrees of freedom; CI, confidence intervals.

anticipated by changes in different oscillatory rhythms. Whereas,
increased alpha power in left occipital areas and beta power
(independently of the brain region) anticipated misses in EV,
increased delta power in frontal-central regions was observed prior
to slowest responses in AV.

The cortical oscillationsmodel of sustained attention posits that
alpha oscillations play an important role in task-irrelevant cortical
areas (as, for instance, auditory cortices during a visual task)

aiding to sustain attention by suppressing distracting information
from the environment (Clayton et al., 2015). However, when alpha
oscillations are present in task-relevant areas (as in visual cortex
when performing a visual signal-detection task), alpha oscillations
may impair attentional focus (Clayton et al., 2015). In the present
study, changes in alpha oscillations were specifically observed in
task-relevant areas, i.e., left occipital regions (O1). As predicted by
Clayton et al. (2015), when performing prolonged tasks without
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FIGURE 4

Normalized change in power of oscillatory rhythms in pre-target period as a function of arousal vigilance performance. (A) Topoplots represent the

di�erence between conditions in mean power change from baseline in the pre-target period for each frequency band. In all topoplots, a-priori

channels of interest (O1, Oz, O2, P3, Pz, P4, F3, Fz, F4) are represented with yellow markers. In topoplot for delta, exploratory channels of interest

(Fcz, Cz, and adjacent channels) are represented with green markers. (B) Delta power change from baseline in frontal-central channels. Significant

di�erences (p < 0.05) between conditions at each time point are highlighted with a black line above the x-axis. The gray area prior to target onset

(i.e., between −350 and −50ms) represents the pre-target period. Shadowed traces around mean signal represent within-participant 95% CI of mean

for that condition and were computed with the Cousineau-Morey method (Morey, 2008).

breaks, increased alpha power in task-relevant areas as the occipital
cortex in a visual signal-detection task should hinder vigilance
performance, leading to vigilance failures due to the loss of
attentional focus. Critically, as proposed by the cortical oscillations
model of sustained attention (Clayton et al., 2015), in the present
study increased alpha power in left occipital regions was observed
prior to target onset in trials with failures in EV (i.e., misses on
the critical signal), impairing attentional focus in the ongoing EV
subtask. In line with the model proposed by Clayton et al. (2015)
and the present results, previous research has found that stabilizing
alpha oscillations at 10Hz through transcranial alternating current
stimulation over occipital regions prevents the EV decrement in
visual detection tasks (Clayton et al., 2019), thus further supporting
the prediction that increased alpha oscillations in occipital regions
might lead to states of reduced EV. Importantly, the present
outcomes also fit well with previous research in which increased
alpha power was associated with states of EV loss (Dockree et al.,
2004; Boksem et al., 2005; Arnau et al., 2020; Groot et al., 2021).

Interestingly, similar to the pattern observed in alpha rhythms,
increased beta power prior to target onset was observed in trials
with misses in the EV subtask. However, in contrast to alpha
rhythms, beta power changes seem to be region–independent, as
the observed effect was not modulated by channels of interest.
The observed results in beta rhythms seem to be in contrast with
some previous research in which reduced (rather than increased,

as in the present study) beta power was associated with states
of vigilance loss (Braboszcz and Delorme, 2011; Pershin et al.,
2023). Note that beta rhythms seem to not play a critical role
in the cortical oscillations model of sustained attention (Clayton
et al., 2015). Taking all this into account, we consider that the
observed outcomes in beta rhythms should be taken with caution
and, most importantly, further explored in future research. Some
indices combining beta with alpha and also theta rhythms have
been proposed to account for changes in vigilance in prolonged
periods (Kamzanova et al., 2014; Coelli et al., 2018). Future studies
may further address whether changes in beta rhythms associated
with EV performance in the ANTI-Vea are rather independent of
the cortical region and/or if changes in beta power are related with
other frequency bands, as alpha and theta.

Regarding failures in AV, only increased delta power in frontal-
central regions was observed prior to AV target onset in trials with
slowest RT. Note that the cortical oscillations model of sustained
attention seems to be specifically developed for vigilance in visual
detection tasks (Clayton et al., 2015), in which the EV component
is mainly involved. Indeed, the model proposed by Clayton et al.
(2015) does not predict changes in delta rhythms associated with
sustained attention. Importantly, while in the present study changes
in AV were measured in a single and daytime session, note that
previous research has mainly examined changes in oscillatory
rhythms associated with AV loss in sleep deprivation periods
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TABLE 5 Statistics of channel and performance (i.e., fastest RT vs. slowest RT) factors analyzed in repeated-measures ANOVAs for arousal vigilance.

Frequency Period Factor F df p η
2
p[95% CI]

Delta Baseline Channel 5.89 1.31, 44.69 0.013 0.15 [0.06, 0.21]

Performance 0.01 1, 34 0.926 <0.01 [0.00, 0.06]

Pre-target Channel 0.49 5.66, 192.50 0.808 0.01 [0.00, 0.02]

Performance 0.16 1, 34 0.687 <0.01 [0.00, 0.14]

Theta Baseline Channel 8.33 3.42, 116.30 <0.001 0.20 [0.10, 0.26]

Performance 1.52 1, 34 0.226 0.04 [0.00, 0.23]

Pre-target Channel 0.27 4.44, 150.80 0.911 <0.01 [<0.01, <0.01]

Performance 0.05 1, 34 0.820 <0.01 [0.00, 0.10]

Alpha Baseline Channel 7.07 3.09, 105.15 <0.001 0.17 [0.08, 0.24]

Performance 1.65 1, 34 0.207 0.05 [0.08, 0.24]

Pre-target Channel 1.07 4.43, 150.51 0.378 0.03 [0.00, 0.06]

Performance 0.40 1, 34 0.533 0.01 [0.00, 0.16]

Beta Baseline Channel 10.54 4.33, 147.12 <0.001 0.24 [0.14, 0.31]

Performance 2.93 1, 34 0.096 0.08 [0.00, 0.29]

Pre-target Channel 1.68 4.98, 169.28 0.143 0.05 [0.00, 0.08]

Performance 0.02 1, 34 0.897 <0.01 [0.00, 0.08]

Gamma Baseline Channel 7.05 2.74, 93.00 <0.001 0.17 [0.08, 0.24]

Performance 1.79 1, 34 0.189 0.05 [0.00, 0.24]

Pre-target Channel 0.21 5.08, 172.69 0.958 <0.01 [<0.01, <0.01]

Performance 0.01 1, 34 0.943 <0.01 [0.00, 0.05]

df, degrees of freedom; CI, confidence intervals.

Significant outcomes are highlighted in bold.

(Hoedlmoser et al., 2011; Chua et al., 2012; Gorgoni et al., 2014) or
in several sessions across weeks (Witkowski et al., 2015). Moreover,
it is important to note that some previous studies analyzing changes
in frequency bands in single RT tasks have not analyzed delta
power (Witkowski et al., 2015; Molina et al., 2019). However, in
studies measuring AV with single RT tasks in which delta power
was analyzed, increased delta power was associated with vigilance
loss states (Hoedlmoser et al., 2011; Chua et al., 2012; Gorgoni et al.,
2014). Whereas Hoedlmoser et al. (2011) and Gorgoni et al. (2014)
observed that AV loss during the course of sleep deprivation was
accompanied by increased delta –but also others frequency bands–
power, Chua et al. (2012) found that delta power in frontal-central
regions (i.e., Fz) was positively correlated with lapses (i.e., responses
slower than 500ms in the Psychomotor Vigilance Test) during sleep
deprivation. Therefore, the present outcomes seem to fit well with
those observed in Chua et al. (2012), supporting that increased delta
power in frontal-central regionsmight be identified as a neural state
associated with AV loss states at the trial level.

The present outcomes further support an empirical dissociation
at the neural level between EV and AV as two independent vigilance
components. There is a long-standing discussion concerning
whether vigilance is better understood as a set of independent
brain mechanisms rather than as a single component (Sarter et al.,
2001; Sturm and Willmes, 2001; Oken et al., 2006; van Schie et al.,
2021). According to some conceptual and theoretical reviews, the
concept of vigilance has been used to describe differentmechanisms

associated with alertness and sustained attention (Oken et al.,
2006; van Schie et al., 2021). Following, Oken et al. (2006),
vigilance can define either: (a) the ability to maintain attention in
prolonged periods to perform the task at hand, (b) a hypervigilance
state to increase alertness for detecting potential threats from
the environment and avoid dangers, or (c) the arousal levels of
attention, which oscillate during the sleep-wake cycle. Although it
has been proposed that the arousal levels of attention would not
be associated with a particular behavioral response (Sarter et al.,
2001; Oken et al., 2006), empirical research has demonstrated that
changes in arousal and readiness can be observed by measuring
AV through simple RT tasks, like the Psychomotor Vigilance Test
(Lim and Dinges, 2008; Basner and Dinges, 2011). In particular, the
slowness in readiness has been associated to AV loss in prolonged
RT tasks, which seems to be related with mental fatigue although
unaffected by temporal preparation after warning signals presented
at different foreperiods (Langner et al., 2010).

Previously, McIntire et al. (2014) observed some dissociable
effects of transcranial direct current stimulation on vigilance
components, although EV and AV were measured at different
moments of the session through different behavioral tasks. During
a night of sleep deprivation, it was observed that while stimulation
reduced the drop in hits in the Mackworth Clock Test for
EV, stimulation did not affect mean RT in the Psychomotor
Vigilance Test for AV (McIntire et al., 2014). In the last years,
by simultaneously measuring vigilance components in a single
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session under the same participants’ state, the proposed conceptual
dissociation between EV and AV has been supported by empirical
evidence at the behavioral (Luna et al., 2022a,b), physiological
(Feltmate et al., 2020; Sanchis et al., 2020), and neural (Luna et al.,
2020, 2023; Hemmerich et al., 2023) levels. In particular, at the
behavioral level, the EV but not the AV decrement was modulated
by the cognitive load of the task at hand (Luna et al., 2022a)
and was associated with the decrement in cognitive control across
time-on-task (Luna et al., 2022b). At the physiological level, while
only the AV decrement was mitigated by caffeine intake, exercise
intensity modulated only EV performance (Sanchis et al., 2020).
Moreover, Feltmate et al. (2020) observed that after performing
∼6 h of cognitive tasks, fatigue particularly impaired AV but not
EV. Finally, at the neural level, anodal transcranial direct current
stimulation over the right fronto-parietal network mitigated the EV
but not the AV decrement (Luna et al., 2020; Hemmerich et al.,
2023) and different event-related potentials have been associated
with changes in EV and AV (Luna et al., 2023). In the present study,
a novel dissociation between EV and AV at the neural level was
observed: whereas increased alpha power in left occipital regions
anticipates failures in EV, increased delta power in frontal-central
regions anticipates failures in AV.

Lastly, it is important to note that the present study is
not exempt of some limitations. Unexpectedly, the typical AV
decrement, usually observed as an increase in mean RT across
blocks, was not found in our data. A similar outcome was
observed in a previous study conducted with the ANTI-Vea, in
which participants completed the task while receiving anodal/sham
transcranial direct current stimulation and EEG signal was
recorded (Luna et al., 2020). Indeed, in the present study, the
AV decrement was also not observed in SD of RT across blocks
[F(3.81,129.41) = 0.58, p = 0.667, η

2
p = 0.02, CI95%(0.00, 0.03)].

Nonetheless, given that the aim of the present study was to
analyze brain states at the trial level associated with states of
vigilance loss, analyses on AV were focused on other classic scores
usually computed in single RT tasks, i.e., as fastest and slowest
RT (Basner and Dinges, 2011). In this vein, previous research has
associated different brain states described by changes in BOLD
signal (Drummond et al., 2005) and theta, alpha, and beta power
(Molina et al., 2019) with the speed of responses in the Psychomotor
Vigilance Test. Fastest and slowest RT are two of the most used
scores in the Psychomotor Vigilance Test (Basner and Dinges,
2011). Indeed, a typical score to assess AV changes in RT tasks
is the lapses’ rate, a score that averages responses ≥500ms in the
Psychomotor Vigilance Test (Basner and Dinges, 2011) or≥600ms
in the ANTI-Vea (Luna et al., 2018, 2021a,b). Note that these
thresholds are relatively similar to the mean of slowest RT observed
in the present study (see Table 1). To assess differences in AV states
by a similar number of trials, we decided to compare changes in
frequencies’ power as a function of trials with slowest vs. fastest
RT. Therefore, despite the AV decrement was not observed in
the present study, we consider that fastest and slowest RT are
appropriate scores for describing AV states.

Finally, it should be acknowledged that changes in delta
power associated with AV states were not observed in a-priori
analyses, as no significant differences in frequency power were
observed between trials with fastest and slowest RT in the nine

a-priori defined channels. However, it must be noticed that
differences observed in delta power in central regions as a function
of fastest/slowest RT trials were not observed in high-density
topoplots for theta, alpha, beta, and gamma bands. Therefore,
although changes in delta power in central regions seems to be
specifically associated with AV states, we recognize that these
outcomes should be further explored.

To conclude, the present study provides novel and high-
powered evidence about changes in different oscillatory rhythms
as predictors of failures in vigilance components. For EV, misses
in a signal-detection subtask were anticipated by increased alpha
power in left occipital regions prior to the infrequent critical
signal onset. For AV, slowest responses in a single RT subtask
were anticipated by increased delta power in frontal-central regions
prior to target onset. The increment in alpha power associated
with EV loss seem to fit well with the role of alpha oscillations in
visual detection tasks accounted by the cortical oscillations model
of sustained attention of Clayton et al. (2015). The increment
in delta power associated with AV loss in frontal-central regions
are in line with previous findings observed in single RT tasks
(Chua et al., 2012). The present outcomes further support an
empirical dissociation at the neural level between EV and AV
as two independent components. Changes in alpha power left
occipital regions in EV and in delta power in frontal-central regions
in AV might serve as indicators of vigilance loss states across
prolonged periods.
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