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ABSTRACT

Sustained focus is essential for effective goal-directed behavior. Yet, as sustained attention
tasks drag on, the occurrence of mind wandering increases. Recent studies suggest that such
increases in mind wandering correspond with increases in response time variability and
declines in accuracy with greater time-on-task. Relatively little is known about how large-
scale brain dynamics unfold over similar timescales. EEG microstates offer a way to character-
ize these dynamics by capturing brief, quasi-stable topographical patterns that index distinct
large-scale neural configurations. Prior work has shown that microstate C corresponds with
episodes of mind wandering, whereas microstate E corresponds with task-focused periods.
The present study asked whether the prominence of these microstates may systematically
shift with greater time-on-task. Thirty-four adults completed a 45-min Sustained Attention to
Response Task, while EEG was recorded and canonical microstates were extracted. In line with
established behavioral findings, self-reported mind wandering and performance indices sug-
gested poorer task-focus with longer time-on-task. Critically, microstate metrics revealed
a gradual increase in the prominence of microstate C (greater time coverage and occurrence)
over the course of the task and a corresponding decrease in the prominence of microstate
E (shorter duration). These results indicate that EEG microstate dynamics are sensitive to time-
on-task related changes in sustained attention and track a shift from externally oriented task
focus toward internally oriented, mind wandering states.
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Attentional control is essential for goal-directed beha-
vior, allowing individuals to resist distraction and remain
engaged with ongoing tasks. Yet, maintaining atten-
tional control over time is influenced by factors such as
arousal, motivation, the availability of control resources,
and the tendency to mind wander (Esterman & Rothlein,
2019). In particular, mind wandering, the disruptive
occurrence of off-task thought during an ongoing task
or activity, is a common influence on continued task
performance. As task engagement is prolonged, indivi-
duals increasingly report that their attention drifts away
from the task at hand toward task-unrelated thoughts
(Thomson et al., 2015; Zanesco et al., 2025). Moreover,
increases in mind wandering with greater time-on-task
have been shown to co-vary with declines in accuracy
and increases in response time variability (Zanesco et al.,
2024). Together, these co-occurring changes in mind
wandering and performance suggest that lapses in sus-
tained attention frequently originate from ongoing
shifts between externally and internally directed cogni-
tive states.

The brain systems associated with these shifts have
been proposed to correspond to dynamic interactions
between large-scale brain networks implicated in goal-
directed external task focus and internally focused
cognition. Studies have shown that directing attention
outward, toward external tasks, engages task-positive
fMRI-derived networks while suppressing default mode
network (DMN) activity (Raichle, 2015). These opposing
activity patterns suggest that the DMN supports
internally directed thought by insulating associative,
stimulus-independent processes like mind wandering
from external sensory influences (Margulies et al,
2016). Although fMRI studies have revealed large-
scale network dynamics associated with mind wander-
ing and lapses of attention, including changes within
and between default mode and attention networks
(Christoff et al.,, 2009; Fox et al., 2015; Weissman
et al, 2006; Zhang et al, 2022), the slow temporal
resolution of the hemodynamic response constrains
the study of rapid neural transitions through which
attentional states fluctuate.
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Previously, it was hypothesized that interactions
between the large-scale brain networks involved in
attention and mind wandering are manifest in the elec-
trophysiological dynamics of electroencephalographic
(EEG) microstates (Zanesco et al., 2021). EEG microstates
preserve information about global brain network activity
while offering the temporal precision needed to track
fast changes in attentional state. Distinct microstate
topographies have been proposed to reflect brief con-
figurations of activity across distributed networks of
neural generators, with transitions between microstates
indexing sequential patterns of connectivity between
networks over time (Khanna et al., 2015; Zanesco,
2024). EEG microstates therefore provide a promising
approach for examining the rapid dynamics of atten-
tional fluctuations, capturing transient, quasi-stable
topographical patterns of scalp voltage that last approxi-
mately 30-120 ms (Michel & Koenig, 2018).

The microstate approach differs from traditional EEG
methods such as event-related potentials and spectral
power analyses (e.g., quantifying alpha power), which
typically focus on time-locked or frequency-specific
activity within restricted regions. These traditional
approaches provide limited information about how
large-scale neural configurations evolve over time and
therefore cannot fully capture rapid, time-varying transi-
tions in brain states during ongoing task performance
(Zanesco et al.,, 2021). In contrast, EEG microstate analy-
sis characterizes brief, quasi-stable topographical pat-
terns that reflect discrete global brain states and their
moment-to-moment transitions at a millisecond
timescale.

Canonical microstates can be clustered into a small
set of recurring topographical configurations (typically
labeled A - E), each associated with distinct patterns of
large-scale functional activity (Koenig et al., 2024;
Zanesco, 2024). Of particular relevance to sustained
attention, microstate C has been linked based on initial
source localization studies to activity in regions of the
default mode network (Brechet et al., 2019; Custo et al.,
2017; Tarailis et al., 2025; Valt et al., 2024; Zanesco et al.,
2026), which is typically engaged during internally
oriented cognitive processing, such as during mind wan-
dering (Christoff et al., 2009; Hasenkamp et al., 2012). In
contrast, microstate E has been less consistently investi-
gated. At least one study has associated microstate
E with regions in the salience and cingulo-opercular
networks (Custo et al.,, 2017), which are implicated in
maintaining tonic alertness and coordinating switching
between networks involved in goal-directed externally-
focused attention and the default mode network
(Goulden et al, 2014; Hasenkamp et al., 2012;
Sadaghiani & D’Esposito, 2015). However, other work

has linked microstates D and E to attention and cogni-
tive control processes associated with the frontoparietal
and dorsal attention networks (DiMuccio et al., 2023;
Ngo et al., 2026; Tarailis et al., 2024). These varying
interpretations highlight that further work is needed to
clarify the neural generators and functional significance
of individual EEG microstates.

Nevertheless, a prior study involving experience sam-
pling during completion of a sustained attention task,
the Sustained Attention to Response Task (SART;
Robertson et al., 1997), found that microstate C was
more prominent during episodes of self-reported mind
wandering, whereas microstate E was more prominent
during self-reported on-task states (Zanesco et al., 2021).
Similarly, greater response time variability was accom-
panied by increased prominence of microstate
C. Behavioral studies of sustained attention and mind
wandering have also frequently reported that increased
response time variability, often operationalized as the
intraindividual coefficient of variation (RT ICV), increases
with greater time-on-task (McVay & Kane, 2009;
Schwartzman et al., 2025; Zanesco et al., 2024), is asso-
ciated with states of mind wandering, and is widely
considered a sensitive behavioral marker of attentional
instability (Esterman et al., 2013; Kofler et al,, 2013;
Unsworth, 2015). Together, these findings suggest that
the relative prominence of microstates C and E may
differentiate modes of cognition characterized by off-
task, internally focused processing versus on-task, exter-
nally focused engagement.

Given recent work characterizing robust increases in
rates of mind wandering with greater time-on-task (i.e.,
Schwartzman et al., 2025; Zanesco et al., 2024, 2025), it is
critical to examine whether the prominence and
dynamics of specific microstates also change in line
with these shifts in attentional focus. To date, no studies
have examined whether EEG microstates exhibit sys-
tematic time-on-task effects during sustained attention.
To investigate the time course of microstates during task
performance, we conducted secondary analyses of the
data discussed above and originally reported by Zanesco
et al. (2021), which entailed participants completing
a 45-min version of the SART. Accordingly, our primary
hypotheses focused on microstates C and E based on
prior findings from this dataset linking these microstates
to mind wandering and on-task states during sustained
attention (Zanesco et al., 2021). Analyses of the remain-
ing canonical microstates (A, B, and D) are reported in
the Supplementary Materials.

We used growth curve modeling of experience-
sampling reports and behavioral performance to con-
firm predicted patterns of increasing mind wandering
and declining task performance with greater time-on-



task. Next, growth curve modeling was applied to the
EEG microstate metrics, derived from the pre-stimulus
periods of trials preceding mind wandering probes, to
examine how microstate dynamics changed with greater
time-on-task. Guided by prior analyses of this dataset
linking microstate C to mind wandering and microstate
E to on-task focus (Zanesco et al., 2021), we hypothe-
sized that microstate C metrics (global explained var-
iance, global field power, duration, occurrence, and
time coverage) would increase with greater time-on-
task, whereas the corresponding microstate E metrics
would decrease.

Method
Participants

Thirty-six undergraduate students (18 females, M age =
18.83 years, SD age = 1.28, age range = 18-25) partici-
pated in this study. No participants reported a history
of neurological disorders or head injury with loss of
consciousness, and all had normal or corrected-to-
normal vision. The study was approved by the
Institutional Review Board of the University of Miami
and participants provided written informed consent
and received course credit for their participation. Data
from two participants were excluded from analyses: one
for incomplete data, and one for poor performance
(more than 4 SD below the group accuracy mean); result-
ing in a final sample of 34.

Procedure

Participants completed a modified version of the
Sustained Attention to Response Task (Robertson et al.,
1997) with face stimuli (F-SART) in a sound-attenuating
booth, while 64-channel EEG were recorded.

Sustained attention to response task with faces
(F-SART)

A summary of the F-SART is provided below and is
described in detail by Denkova et al. (2018) and
Zanesco et al. (2021). F-SART consisted of 833 upright
faces (non-targets) and 45 upside-down faces (targets)
presented in a pseudorandom order one at a time in
the center of the screen for 500 msec and followed by
a fixation cross of variable duration (M=1,487 msec,
SD=115, range: 1,313-1,693). Participants were
instructed to respond via button press to the non-
targets and withhold their response to the targets.
Intermittently during the task, 45 experience sampling
mind wandering probes included two questions that
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were presented for 4,000 msec each. The first question
asked, ‘Where was your attention focused just before
the probe? and participants responded by selecting
either (1) ‘on-task’ or (2) ‘off-task.’ Participants were
instructed that ‘on-task’ meant their attention was
focused completely on task performance, whereas ‘off-
task’ referred to attention directed toward something
unrelated to the task, such as task-unrelated thoughts.
The second question asked, 'How confident are you in
your previous answer?’ and participants responded by
selecting either (1) low, (2) medium, or (3) high.
The second question was not examined as part of
the present analyses.

The occurrence of target and probes trials was pseu-
dorandomized in trial order with the restriction that
there were at least six consecutive non-target trials
before target or probe trials and the average interval
between probe trials was ~50 s (range = 12-83 seconds).
This enabled the examination of pre-stimulus brain
dynamics during the seconds leading up to the probe.
Each participant received the same trial ordering. See
Figure 1 for a schematic depicting several trials of the
F-SART.

The primary dependent variables from the F-SART
were responses to mind wandering probes (on- or off-
task), intra-individual coefficient of variation (ICV) in
response times (RT), and accuracy as measured by A"
RT ICV reflects trial-to-trial variability in response speed
and was calculated as the standard deviation of RTs
divided by their mean RT. A’ (Stanislaw & Todorov,
1999) is an accuracy-based nonparametric measure of
sensitivity based on a composite of the number of cor-
rect hits (correctly withholding a response to target
trials) and false alarms (incorrectly withholding
a response to non-target trials).

Whereas previous analyses of this dataset focused on
overall mind wandering and performance effects
(Denkova et al., 2018; Zanesco et al.,, 2021), the present
study examined how these measures changed as
a function of time-on-task. To assess changes in mind
wandering with greater time-on-task, probe responses
were coded such that higher values reflected greater off-
task responding (on-task =0, off-task =1), allowing for
the characterization of changes in mind wandering
across sequential probe trials. To assess changes in RT
ICV with greater time-on-task, values were computed for
the six non-target trials preceding each probe trial,
allowing for the characterization of changes in RT ICV
across sequential probe trials. To assess changes in A’
with greater time-on-task, A” was calculated separately
for three consecutive blocks of trials. Each block con-
tained 15 target trials and 266, 279, and 288 non-target
trials, respectively.



4 e J.S. TSUKAHARA ET AL.

EEG

Pre-Stimulus Epoch
1000 msec

EEG
Pre-Stimulus Epoch
1000 msec

Target Nontarget r—J1—— Nontarget —t—
8| -|®e| - -|e o | rroee
500 1300-1700 500 L r -1 1300-1700 4000
msec msec msec msec msec
x6
Probe

Where was your attention
focused just before the probe?
1=0Ontask 2 =Offtask

Figure 1. Schematic representation of F-SART trials. Note. Participants were instructed to respond via button press to frequently
occurring upright faces (non-targets) and withhold responses to infrequently occurring inverted faces (targets). They were also
instructed to answer an experience sampling probe question that intermittently appeared, assessing if their attention was “on-task” or
“off-task.” At least six non-target trials always preceded probes. Pre-stimulus epochs of these six trials and the pre-stimulus epoch of

the probe were included in EEG analyses.

EEG data acquisition and processing

EEG acquisition and processing were previously described
by Zanesco et al. (2021) and are repeated in brief here. EEG
was recorded from 64 Ag/AgCl electrodes located accord-
ing to the 10-20 International System (American
Electroencephalographic Society, 1991) using a BioSemi
ActiveTwo system. Data were acquired at a sampling rate
of 256 Hz, bandpass filtered online at 0.16-100 Hz, and
subsequently processed offline using the free Cartool soft-
ware toolbox version 3.7 (Brunet et al., 2011). Recordings
were referenced to a common average of all 64 scalp
electrodes and were bandpass filtered between 1 and 40
Hz (zero-phase, 12 dB/octave). EEG epochs were visually
inspected for artifacts, and segments containing eye blinks,
eye movements, or excessive noise were removed.
Channels with intermittent connectivity or periods of
extreme amplitude were interpolated using 3D spherical
spline interpolation. EEG was downsampled to 128 Hz
using cascaded integrator-comb and high pass finite
impulse response filters in Cartool.

The EEG data before each probe trial were then seg-
mented into seven 1,000 msec pre-stimulus epochs - the
time immediately preceding the six non-target trials
leading up to the probe (270 total across the task) and
one 1,000 msec epoch immediately preceding the probe
itself (45 total across the task). Pre-stimulus epochs
therefore began roughly 800 to 1,200 msec after the
presentation of the previous face stimulus. See Figure 1
for a schematic depicting the EEG pre-stimulus epochs.
Epochs were included regardless of accuracy (i.e., correct
and incorrect non-targets). Each epoch was visually
screened and removed if ocular movements, eyeblinks,
excessive myographic noise, or other artifacts occurred

within the window. On average, 213.9 (SD =43.8, range
= 116-274) pre-stimulus epochs of EEG were included in
analyses after screening. Finally, EEG was spatially
smoothed using the spatial interseptile weighted mean
(Michel & Brunet, 2019).

Topographic segmentation and microstate
estimation

EEG microstate clustering and segmentation methods were
previously reported by Zanesco et al. (2021) and are
repeated in brief here. An adapted k-means clustering
method was used to determine the optimal number of
topographic clusters (k) that explain the topographic micro-
state configurations present in the EEG. Clustering was
implemented in Cartool (Brunet et al., 2011) in two stages.
Voltage maps were first generated at local maxima (peaks)
in the global field power (GFP; Skrandies, 1990) from the
time series of contiguous epochs for each individual.
Voltage maps were assigned to clusters based on their
spatial correlations using k-means clustering, creating
k clusters of maps for each individual. Maps were only
assigned to a cluster if the spatial correlation with the
centroid map exceeded 0.5. Spatial correlations are based
on the relative topographical configuration between maps
but not the polarity by ignoring the sign of the correlation
coefficients (Michel et al., 2009).

A second k-means clustering step determined the opti-
mal cluster centroids summarizing all the subject-level
cluster results. This was done to identify the optimal global
clusters that best explain the subject-level cluster centroids
across all participants. The optimal number of k global
clusters for this procedure was determined using
a clustering selection metacriterion (see Brechet et al,,



2019; Custo et al,, 2017), resulting in a set of k global
centroids that best represent the topographic configura-
tions of all participants. This resulted in five global clusters
of microstate topographies that together explained 87.51%
of the global explained variance (GEV) among the indivi-
dual subject cluster centroids. These five global clusters
(A — E) were selected as the optimal number based on
the optimization metacriterion and appeared to be
a good representation of the most common topographic
patterns observed among all participants.

Microstate labeling and parameterization

The global cluster centroids, representing the most
common topographic configurations of microstates
present in the EEG, were used to label the original
pre-stimulus epochs to generate time series of micro-
state sequences. Voltage maps at each EEG sample
were labeled according to the global cluster centroid
with which it had the highest spatial correlation.
Samples exhibiting low spatial correlations with all
centroids (i.e., <0.5) were excluded from classification.
Polarity was ignored during labeling: the sign of the
spatial correlation was corrected during assignment.
Temporal smoothing was subsequently applied to
the resulting microstate sequences by ignoring
microstate segments lasting fewer than three conse-
cutive samples (i.e,, <23 ms). The time points from
these short segments were reallocated to the

Q

Cc

COGNITIVE NEUROSCIENCE (&) 5

preceding and following microstates in the sequence.
The time series samples of all 7274 pre-stimulus
epochs were labeled. On average, 86.67% (SD=
10.2%, range =13-100%) of samples within a pre-
stimulus epoch were successfully labeled (i.e., spatial
correlation >0.5). The five global microstate topogra-
phies explained 62.11% (SD=7.5%, range =29.3--
88.1%) of the GEV on average.

Several measures describing the strength and tem-
poral dynamics of microstates were subsequently
derived from the labeled microstate time series of each
pre-stimulus epoch. These measures included the global
explained variance (GEV), mean global field power of GFP
maxima, mean microstate duration (in msec), frequency of
occurrence (in Hz), and percent time coverage. See
Figure 2 for a schematic depicting the calculation of
microstate measures. These measures are described in
more detail in Zanesco et al. (2021).

Whereas previous analyses of this dataset focused on
how microstate measures were related to on- vs. off-task
probe reports (Zanesco et al., 2021), the present study
focused on how microstate measures change with greater
time-on-task. To do so, microstate measures were aver-
aged across the set of consecutive pre-stimulus epochs
preceding each probe (up to 7 pre-stimulus epochs per
probe), allowing characterization of changes in micro-
states across sequential probe trials — consistent with
the approach used for mind wandering and RT ICV.
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Figure 2. Calculation of microstate measures for a single 1000-msec pre-stimulus epoch. Note. Schematic illustrating the calculation of
measures from the microstate time series for a single 1000-msec epoch. Global explained variance (GEV %), mean global field power
(GFP) of GFP peaks (uV), mean duration (in msec), occurrence rate (in times per second, Hz), and percent time coverage (%) are
calculated for each microstate configuration. The time series of microstates is shown with the GFP overlaid on top and the duration
and occurrence of Microstate C visualized above. Microstate C explained 54.6% of the GEV for this epoch, occurred six times, had
a mean duration of 68.4 msec when it occurred, and covered 49.6% of the epoch. The mean GFP at the GFP peaks was 13.4 uV for
Microstate C. For each probe, these measures are averaged with the other epochs preceding the probe to create a set of probe-

averaged microstate measures.
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Analyses

Growth curve models were used to estimate rates of
linear change in self-reported mind wandering probe
responses (on-task vs. off-task), behavioral performance
(RTICV and A", and measures of microstate dynamics, as
a function of time-on-task. All growth curve models were
estimated with maximum likelihood in the mixed-effects
modeling framework (McNeish & Matta, 2018) using SAS
Version 9.4, and the significance of fixed and random
effects parameter estimates were evaluated. Growth
curve models estimated parameters describing
a starting point (i.e., intercept) and linear rate of change
(i.e., slope) in outcome variables as a function of time-on-
task. Fixed and random effects of sequential probe trial
were included in the growth curve models of mind
wandering, RT ICV, and EEG microstates to describe
linear rates of change across sequential probe trials.
For models of mind wandering probe ratings (i.e., 0 = on-
task and 1 =off-task), generalized linear mixed-effects
models were used to estimate the log-odds of an off-
task response, included a logit link function, and utilized
maximum likelihood estimation with adaptive quadra-
ture. Because calculating A’ requires aggregating hits
and false-alarms from target and non-target trials, task
block was used to characterize changes with greater
time-on-task instead of sequential probe trials.
Therefore, fixed and random effects of block were
included in the growth curve model of A".

&
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Results

Mind wandering and behavioral performance as
a function of time-on-task

Growth curve models were used to test whether self-
reported mind wandering and behavioral perfor-
mance in the SART exhibited the expected pattern
of increasing off-task thoughts and declining perfor-
mance with greater time-on-task. The odds of report-
ing being off-task linearly increased over sequential
probes, such that individuals were 1.032 times more
likely to report being off-task for each successive
probe (b=0.0313 log-odds ratio, SE=0.0059, p
<.001, 95% Cl [0.0193, 0.0433]). The odds of being
off-task (vs. on-task) were 0.242 (b=-1.4198 log-
odds, SE=0.3550, 95% Cl [-2.1422, —0.6975]) at the
first probe. RT ICV increased linearly with each
sequential probe trial by 0.0022 units (SE=0.0006, p
<.001, 95% CI [0.0010, 0.0034]) from the intercept of
0.1778 at the first probe trial (SE=0.0097, 95% ClI
[0.1582, 0.1975]). A’ decreased linearly each block by
—0.0259 units (SE=0.0072, p=.001, 95% Cl [-0.0406,
—0.0113]) from the intercept of 0.9033 at the first
block (SE=0.0078, 95% Cl [0.8857, 0.9190]). These
findings confirm the expected pattern of increasing
likelihood individuals report being off-task, increasing
response time variability, and declining accuracy with
greater time-on-task. See Figures 3(a-c) for plots of
model results.
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Figure 3. Growth curve models of self-reported mind wandering, behavioral, and microstate measures. Note. Estimated trend lines
and observed means for (a) probability of responding off-task (mind wandering), (b) response time variability (RT ICV), (c) accuracy (A),
and d—m) microstates C and E measures. Error ribbons around trend lines represent model estimated 95% confidence intervals. Slope
estimate values, b, are also provided. Bold estimates represent statistically significant slopes at *p < .05, **p <.01, ***p < .001. N = 34.
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Table 1. Parameter estimates from analyses of microstate measures as a function of time-on-task.

Estimate GEV GFP Duration Occurrence Coverage
Fixed Effects
Intercept 30.954 (0.575)*** 5.523 (0.1575)*** 68.999 (1.287)*** 4.024 (0.066)*** 30.881 (0.596)***

(Microstate C)

Microstate E

Slope (Microstate C)

Slope x Microstate E
Random Effects

Intercept Variance

Covariance

Slope Variance

—24.946 (0.486)***
0.031 (0.016)*
—0.045 (0.019)*

—1.452 (0.0547)***
0.010 (0.003)***
—0.003 (0.002)

7.228 (2.239)
0.014 (0.039)
0.002 (0.001)

0.792 (0.198)
—0.0002 (0.002)
0.0001 (0.00004)

Residual Variance 46.078 (1.200) 0.546 (0.014)
Obs. 3018 2018
N 34 34

—12.266 (1.174)***
0.067 (0.038)
—0.153 (0.046)***

—2.129 (0.059)***
0.004 (0.002)*
—0.005 (0.002)*

—19.578 (0.509)***
0.044 (0.016)**
—0.067 (0.020)***

32.877 (10.891)
—0.132 (0.220)
0.012 (0.007)

0.086 (0.028)
0.0003 (0.0005)
0.00002 (0.00002)
268.78 (7.025) 0.690 (0.018) 50.559 (1.316)
2996 3018 3018
34 34 34

7.680 (2.393)
0.039 (0.039)
0.002 (0.001)

Note: Maximum likelihood estimates are reported from mixed effects models of GEV (%), GFP (in pV), microstate duration (in msec), per-second rate (Hz) of
microstate occurrence, and percent time coverage (%) for fixed effects of microstate configuration (Microstates C and E) and sequential probe number.
Microstate C serves as the reference. The number of participants (N) and observations contributing to the analyses are provided. Standard errors are reported
in parentheses. Significance is provided for fixed effects estimates. *p <.05. **p <.01. ***p < .001.

Microstate dynamics as a function of time-on-task

See Table 1 for model parameter estimates of each
microstate measure.

Global explained variance (GEV)

We first examined the mean global explained topo-
graphic variance (GEV) of microstates C and E as
a function of sequential probes. We found no significant
main effect of sequential probe, F(1, 34) =0.54, p = .463,
but a significant interaction between microstate config-
uration and sequential probe, F(1, 2950) =5.53, p=.019,
such that the microstates showed significantly different
patterns of change (b=-0.0447, SE=0.0190, p=.019,
95% Cl [-0.0820, —0.0074]). While microstate C linearly
increased in GEV with each sequential probe by 0.0314
(SE=0.0156, p=.047, 95% Cl [0.0004, 0.0624]) from the
intercept of 30.9539 at the first probe trial (SE=0.5749,
95% Cl [29.7993, 32.1084]), microstate E showed no sig-
nificant change over sequential probes (b =-0.0133, SE
=0.0156, p=.397, 95% CI [-0.0443, 0.0177]). See
Figures 3(d-e) for plots of model results.

Global field power (GFP)

We examined the mean global field power (GFP in pV) of
microstates C and E as a function of sequential probes.
We found a significant main effect of sequential probe, F
(1, 34.1)=11.74, p=.002, but no significant interaction
between microstate configuration and sequential probe,
F(1, 2950) =2.59, p=.108. As such, these microstates
linearly increased in amplitude on each sequential
probe by 0.0078 pvV (SE=0.0023, p=.002, 95% ClI
[0.0032, 0.0125]). Examination of the trends for separate
microstates demonstrated that microstate C linearly
increased in amplitude on each sequential probe by
0.0095 uV  (SE=0.0025, p<.001, 95% ClI [0.0046,
0.0145]), and microstate E linearly increased in

amplitude on each sequential probe by 0.0062 pV (SE =
0.0025, p=.018, 95% CI [0.0011, 0.0112]). See Figures 3
(f-g) for plots of model results.

Duration

We examined the mean duration (in msec) of micro-
states C and E as a function of sequential probes. We
found no significant main effect of sequential probe, F(1,
34.1)=0.10, p=.749, but a significant interaction
between microstate configuration and sequential
probe, F(1, 2929) = 10.98, p <.001. Microstate C did not
significantly increase in duration with each sequential
probe (b =0.0669, SE=0.0375, p=.078, 95% Cl [-0.0077,
0.1414]) from the intercept of 68.9993 at the first probe
trial (SE=1.2865, 95% Cl [66.4193, 71.5793]). In contrast,
microstate E demonstrated a significantly different pat-
tern of change (b=-0.1529, SE=0.0461, p <.001, 95% Cl
[-0.2433, —0.0624]), such that microstate E significantly
decreased in duration over sequential probes (b=
-0.0860, SE=0.0377, p=.025, 95% ClI [-0.1609,
—0.0111]). See Figures 3(h-i) for plots of model results.

Occurrence

We examined the mean occurrence rate (in Hz) of micro-
states C and E as a function of sequential probes. We
found no significant main effect of sequential probe, F(1,
33.8)=1.10, p=.301, but a significant interaction
between microstate configuration and sequential
probe, F(1, 2950) =5.46, p =.020. Microstate C linearly
increased in rate of occurrence on each sequential
probe by 0.0042 Hz (SE=0.0018, p=.023, 95% Cl
[0.0006, 0.0077]) from the intercept of 4.024 Hz at the
first probe trial (SE=0.0655, 95% Cl [3.8928, 4.1555]). In
contrast, microstate E demonstrated a significantly dif-
ferent pattern of change (b =-0.0054 Hz, SE=0.0023, p
=.020, 95% CI [-0.0100, —0.0009]), such that microstate
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E showed no significant change over sequential probes
(b=-0.0013 Hz, SE=0.0018, p=.481, 95% ClI [-0.0049,
0.0023]). See Figures 3(j—k) for plots of model results.

Coverage

We finally examined the mean percentage time cover-
age of microstates C and E as a function of sequential
probes. We found no significant main effect of sequen-
tial probe, F(1, 34.3)=0.78, p=.384, but a significant
interaction between microstate configuration and
sequential probe, F(1, 2950)=11.18, p<.001.
Microstate C linearly increased in percentage time cover-
age on each sequential probe by 0.0442 (SE=0.0158, p
=.006, 95% Cl [0.0127, 0.0756]) from the intercept of
30.8806 at the first probe trial (SE=0.5961, 95% ClI
[29.6839, 32.0772]). In contrast, microstate
E demonstrated a significantly different pattern of
change (b=-0.0666, SE=0.0199, p<.001, 95% ClI
[-0.1057, —0.0275]), such that microstate E showed no
significant change over sequential probes (b =—-0.0225,
SE=0.0158, p=.159, 95% ClI [-0.0539, 0.0090]). See
Figures 3(I-m) for plots of model results.

Additional microstates

Although our hypotheses focused on microstates C and
E, we also examined time-on-task effects for the remain-
ing microstates (A, B, and D). Growth curve analyses of
the same microstate metrics (GEV, GFP, duration, occur-
rence, and time coverage) revealed that while GFP
increased with time-on-task across all microstates,
none of these microstates exhibited systematic changes
in GEV, duration, occurrence, or time coverage. Detailed
model results for microstates A, B, and D are provided in
the Supplementary Materials.

Discussion

The present study examined mind wandering, beha-
vioral, and neural patterns over a 45-min version of the
Sustained Attention to Response Task (SART). Consistent
with established time-on-task effects in numerous stu-
dies (see Zanesco et al., 2024), the likelihood of reporting
off-task thoughts (mind wandering) increased, response
time variability (RT ICV) increased, and accuracy (A"
decreased with greater time-on-task. EEG microstate
analyses revealed a corresponding pattern in neural
activity: microstate C, linked to internally oriented task-
unrelated thought (Zanesco et al, 2021), became
increasingly dominant (greater occurrence and time cov-
erage) with greater time-on-task, whereas microstate E,
associated with on-task focus (Zanesco et al., 2021),
declined in duration. Together, these results suggest

that EEG microstate state dynamics closely resemble
time-on-task changes in mind wandering and sustained
attention, reflecting a shift from externally oriented task
focus toward internally oriented, mind wandering states.

The opposing trajectories of microstates C and E point
to a gradual reorganization of large-scale neural dynamics
with greater time-on-task. It is important to note that EEG
microstates represent brief, transient configurations of
large-scale brain activity, typically lasting tens of millise-
conds before transitioning to another configuration. These
millisecond microstate dynamics highlight the general
principle that cognition depends on rapid switching
among brain states dependent on distinct neuronal net-
works. Consequently, shifts in the prevalence of specific
microstates can dramatically shift the overall trajectory of
sequential states through which the brain continuously
traverses.

One interpretation is that these dynamics reflect
changes in overall task engagement, with microstate
C becoming more prominent as attention disengages
from the task and microstate E diminishing as task
engagement wanes. This view is consistent with prior
work linking microstate C to off-task states, and micro-
state E to on-task focus during sustained attention tasks
(Zanesco et al., 2021). At the same time, these patterns
may also reflect shifts in attentional orientation from
externally directed task processing toward internally
oriented cognition, a distinction commonly used to
characterize different forms of attention (Chun et al.,
2011; Hadash et al., 2025). Consistent with this interpre-
tation, prior work has localized microstate C to regions
overlapping with the default mode network and intern-
ally-oriented cognition (Custo et al., 2017) and micro-
state E has been proposed to reflect neural
configurations supporting externally oriented task pro-
cessing, with some studies localizing it to task-relevant
attention, control, or salience-related regions (Brechet
et al,, 2019; Custo et al., 2017; Ngo et al., 2026; Zanesco
et al., 2026). However, the neural generators of EEG
microstates remain an active area of investigation, and
these correspondences should be considered tentative.

Overall, these findings suggest that time-on-task
effects reflect overlapping shifts in task engagement
and attentional orientation. As task performance
unfolds, neural configurations supporting external
attentional control diminish, while those associated
with internally generated thought become more pre-
valent. Therefore, rather than reflecting a simple
depletion of cognitive resources (Grier et al.,, 2003;
Warm et al., 2008), this pattern aligns with accounts
proposing that attentional failures arise from compe-
titive interactions among large-scale networks,
wherein control-related systems disengage as



default-mode processes, such as mind wandering,
become increasingly dominant over time (Thomson
et al., 2015).

These findings identify microstate dynamics as sen-
sitive markers of sustained attention. As such, the EEG
microstate approach provides a temporally precise
means for tracking rapid large-scale neural transitions
that accompany fluctuations of attention. However,
several limitations should be acknowledged. First,
while the current analyses reveal systematic time-on-
task changes in microstate properties, the scalp-
recorded topographies cannot directly resolve the
underlying neural generators or determine causal
interactions among large-scale networks. Second, time-
on-task effects were more robust for microstate C than
for microstate E, emerging across four of the five
metrics examined for microstate C but only one for
microstate E. One possibility is that microstate C more
closely tracks gradual shifts in bias toward internally
oriented cognition during sustained task performance.
However, given the relatively modest effects observed
for microstate E, this limits the strength of inferences
that can be drawn regarding the functional role of
microstate E in time-on-task effects. Moreover, prior
studies have reported somewhat varying source locali-
zation patterns for individual microstates (Custo et al,,
2017; Tarailis et al., 2024), further underscoring the
need for caution when attributing specific functional
networks to particular scalp topographies. Other cano-
nical microstates have also been linked to attention
and cognition. For example, microstate D has been
associated with attention and cognitive control pro-
cesses of the dorsal attention network (Tarailis et al.,,
2024). However, we did not observe systematic time-
on-task effects for microstate D (or microstates A and
B) in the present data (see Supplemental Materials).

Future work combining microstate analyses with
continuous physiological indices (e.g., pupil diameter,
heart-rate variability) or neuroimaging could clarify
how neural, attentional, and arousal processes jointly
evolve during sustained performance. This approach
may be particularly valuable for evaluating how inter-
ventions that target attentional stability — such as
mindfulness training (Jha et al., 2025; Price et al.,,
2023; Zainal & Newman, 2024) - shape the temporal
coordination of large-scale neural networks. Overall,
the present findings demonstrate that EEG microstates
exhibit systematic time-on-task changes that resemble
behavioral and experiential markers of attentional
decline, revealing how the large-scale organization of
brain activity gradually reconfigures as attention drifts
from external task demands toward internally oriented
thought.
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