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ARTICLE INFO ABSTRACT

Keywords: Background: Microsleeps are brief instances of sleep, causing complete lapses in responsiveness and partial or
Microsleeps total extended closure of both eyes. Microsleeps can have devastating consequences, particularly in the trans-
EEG

portation sector.

- Study objectives: Questions remain regarding the neural signature and underlying mechanisms of microsleeps.
Source-level statistics R . . . . . . . .
Low-frequency bands This study aimed to gain a better understanding of the physiological substrates of microsleeps, which might lead
High-frequency bands to a better understanding of the phenomenon.
Methods: Data from an earlier study, involving 20 healthy non-sleep-deprived subjects, were analysed. Each
session lasted 50 min and required subjects to perform a 2-D continuous visuomotor tracking task. Simultaneous
data collection included tracking performance, eye-video, EEG, and fMRI. A human expert visually inspected
each participant’s tracking performance and eye-video recordings to identify microsleeps. Our interest was in
microsleeps of >4-s duration, leaving us with a total of 226 events from 10 subjects. The microsleep events were
divided into four 2-s segments (pre, start, end, and post) (with a gap in the middle, between start and end
segments, for microsleeps >4 s), then each segment was analysed relative to its prior segment by examining
changes in source-reconstructed EEG power in the delta, theta, alpha, beta, and gamma bands.
Results: EEG power increased in the theta and alpha bands between the pre and start of microsleeps. There was
also increased power in the delta, beta, and gamma bands between the start and end of microsleeps. Conversely,
there was a reduction in power between the end and post of microsleeps in the delta and alpha bands. These
findings support previous findings in the delta, theta, and alpha bands. However, increased power in the beta and
gamma bands has not been previously reported.
Conclusions: We contend that increased high-frequency activity during microsleeps reflects unconscious ‘cogni-
tive’ activity aimed at re-establishing consciousness following falling asleep during an active task.

eLORETA

1. Introduction multi-fatality consequences (Cheyne et al., 2006). Numerous vital but
monotonous occupations, such as truck drivers, train drivers, pilots,

Performing a visual-motor task often requires substantial, contin- health professionals, and process-control workers, are at high-risk in
uous, and extended attention, particularly in real-world tasks which terms of potentially serious accidents (Sagberg, 1999). These occupa-
have not or cannot be automated (Szikora and Madarasz, 2017). Com- tions require workers to maintain alertness for extended periods, despite
plete losses of responsiveness (‘lapses’) can have injurious, fatal, or the difficulty in maintaining focus, particularly when the task is tedious
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or exhausting (Thomson et al., 2015).

Microsleeps can intrude into wakefulness during monotonous tasks
(Poudel et al., 2010) and after sleep deprivation (Innes et al., 2013;
Poudel et al., 2021), but can also occur in subjects who are not sleep
deprived (Peiris et al., 2006; Poudel et al., 2014). Although microsleeps
often occur with no harmful consequence (e.g., attending a seminar, or
watching TV), falling asleep while driving, even if only for a few sec-
onds, can have a major adverse impact on safety.

Even if we begin a task at a high level of performance, we are un-
likely to maintain that level of performance over an extended period
(McKinley et al., 2011). Our ability to respond becomes impaired, which
results in a decline in performance (Poudel et al., 2010). Completely
impaired responsiveness can occur in which we are cut off from our
surroundings and we perform at zero level (Peiris et al., 2011).

Behavioural cues from eye-video recordings and behavioural per-
formance have been used to identify microsleeps, as they indicate a shift
from drowsiness to sleep (Poudel et al., 2021; Poudel et al., 2014). These
microsleeps are operationally defined as episodes (<15 s) of transient
eye closure, lack of response to external stimuli, and often by head
nodding (Davidson et al., 2005). Importantly, in contrast to reduced
brain activity observed during long sleep episodes (i.e., >15 s) (Kauf-
mann et al., 2006), microsleeps have been linked to increased brain
activity in cortical brain regions (Poudel et al., 2021; Poudel et al.,
2014).

Increased low-frequency EEG (delta, theta, and alpha) has been
shown to be correlated with both microsleeps (Peiris et al., 2006) and
normal sleep (De Gennaro et al., 2001). Thus, the distinction is not so
much in the process of transitioning from wakefulness/drowsiness to
sleep, as both microsleeps and sleep share the brain’s increasing desire/
need for sleep. Rather, the distinction is in the reverse process of going
from sleep to wakefulness, in which, for microsleeps, a hypothesised
‘consequence’ centre in the unconscious brain recognises that the brain
has gone to sleep during an active task and ‘informs’ the brain that it
needs to wake up to continue the task. As a result, the brain initiates a re-
awakening process to reclaim consciousness and, thus, responsiveness.
Poudel et al. (2014) found physiological support for this recovery pro-
cess in the form of increased blood oxygenation level-dependent (BOLD)
activity in several areas of the cortex during microsleeps in non-sleep-
deprived subjects. On the other hand, in transitioning from wakeful-
ness to deep sleep, including all non-rapid eye movement sleep (NREM)
stages, a reduction in BOLD activity in several cortical and subcortical
regions has been observed (Kaufmann et al., 2006).

Finally, Olcese et al. (2018) revealed that increased beta (Schmidt
et al.,, 2019) and gamma (Fries, 2009; Rouhinen et al., 2013; Tallon-
Baudry, 2009) activity are linked to enhanced cognitive functions dur-
ing wakefulness. Hence, we hypothesised that increased high-frequency
cortical EEG activity also occurs during microsleeps and that this reflects
unconscious processes in the brain aimed at restoring wakefulness.

2. Methods
2.1. Participants

Twenty healthy non-sleep-deprived subjects (10 M, 10F), aged
21-45 years (mean 29.3 years), participated in the study. There were no
prior diagnoses of neurological, psychiatric, or sleep disorders.

2.2. Study design and procedures

Participants undertook a 50-min, continuous visuomotor tracking
task in which they tracked a 2-D target, which had a periodic target
trajectory (T = 30 s) and a velocity range of 63-285 pixels/s, on a
computer screen using a finger-based joystick (Poudel et al., 2008).
During the task, participants’ brains were simultaneously imaged by
fMRI using a Signa HDx 3.0 T MRI Scanner (GE Medical Systems, TR 2.5
s) and 64-channel EEG (MagLink). Additionally, a continuous video of
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the right eye was recorded using a Visible Eye™ system (Avotec Inc.).

Behavioural data were subsequently rated from 2-D tracking per-
formance and eye-video recordings (Poudel, 2010). Microsleeps were
defined operationally as flat/incoherent tracking of 0.5-15 s (almost
entirely flat during at least part of the event), complete or partial phasic
eye closure, (except for blinks), and clear behavioural indicators of
drowsiness/sleepiness. If the duration of the event exceeded 15 s, it was
classified as a sleep episode.

2.3. Data

EEG data were recorded from 64 scalp locations from a MR-
compatible Quik-Cap™ (Compumedics, Neuroscan, Charlotte, NC,
USA). The reference electrode was positioned between Cz and Pz, and
the ground electrode was near Fz. Electrodes were located according to
the International 10-20 system. VEOG was recorded from bipolar Ag-
AgCl electrodes above and below the left eye. Amplified EEG and
VEOG were recorded with Scan 4.4 software (Compumedics, Neuroscan,
Charlotte, NC, USA).

2.4. Pre-processing and denoising

All pre-processing steps were carried out using MATLAB R2020b in
conjunction with the EEGLAB toolbox v2020_0 (Delorme and Makeig,
2004) and various plug-ins accessible via EEGLAB. Because our EEG
data were acquired inside an MR scanner, MR artefacts were introduced.
There were two distinct sources of artefacts associated with concurrent
MR acquisition: gradient and cardio-ballistic. To minimize MR-related
artefacts, the fmrib plug-in was used (Niazy et al., 2005).

The data were down-sampled from 10 kHz to 500 Hz, re-referenced
to the common average, and band-pass filtered between 1 Hz and 70 Hz.
The PrepPipeline plug-in (Bigdely-Shamlo et al., 2015) was used to
minimize power-line noise and, identify and interpolate noisy elec-
trodes. Large artefacts and data discontinuities were corrected using the
artifact subspace reconstruction (ASR) plug-in with a cut-off parameter
of 25 (Chang et al., 2020).

Independent component analysis (ICA) (Makeig et al., 1996) was
used to minimize stereotypical artefacts such as ocular, muscle, cardiac,
and extrinsic artefacts. Initially, a wavelet-enhanced ICA (wICA) was
used to decompose the EEG and eliminate extremely large artefacts
(Delorme et al., 2007). The second run of ICA was performed with the
ICLABEL plug-in to identify and reject non-EEG components (Pion-
Tonachini et al., 2019).

2.5. Source reconstruction

FieldTrip (v20210418) (Oostenveld et al., 2011) was used to
reconstruct the sources and conduct statistical analysis. After pre-
processing, subject-based brain modelling was carried out by solving
the forward model first and then the inverse model. Each subject’s
structural (T1) image was used to create an accurate forward model.
Each image was resliced and segmented into grey matter (GM), white
matter (WM), cerebrospinal fluid (CSF), skull, and scalp. Simbio (Vor-
werk et al., 2018) was used to create a hexahedral head model using the
finite element method (FEM) (Vorwerk et al., 2014). Manual realign-
ment of electrode positions to the head model was performed using
electrode marks located on each subject’s T1 image generated by the MR
machine. Each subject’s head model and T1 were used to create the
source model, which was then normalised to a 5-mm resolution source
model template. Only sources within the GM were analysed (8551
within the 5-mm source-model template), as suggested by Pascual-
Marqui (2007).

We adjusted two confounding variables in the EEG data: (1) tracking-
target-speed-related variability and (2) poor responsive tracking,
defined using a threshold based on the tracking error during the first 2
min of the session. These confounding variables were resampled to
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match the EEG data points.

The EEG data were segmented to the events of interest (microsleeps).
These segments were then used as trials for each subject in the inverse
modelling process. Because the primary objective was to determine the
change in activity for different segments of different EEG bands, we
limited our focus to microsleeps of >4-s duration. Each trial was divided
into four 2-s segments: ‘pre’ (the 2.0-s prior to the onset), ‘start’ (2.0-s
starting from the onset), ‘end’ (2.0-s before the offset), and ‘post’ (2.0-s
starting from the offset), with a gap in the middle, between start and end
segments, for microsleeps >4 s. The fast Fourier transform (FFT) was
used to determine the activity for each of the following bands: delta
(2-4 Hz), theta (4-8 Hz), alpha (8-14 Hz), beta (14-30 Hz), and gamma
(30-45 Hz) over the four segments.

The final step was to generate the lead field for each subject using the
head volume, source model, and aligned electrodes. Exact low-
resolution brain electromagnetic tomography (eLORETA) (Pascual-
Marqui, 2007) was used to reconstruct source activity. Finally, aver-
aging was performed across trials and across the frequencies of each
band and segment for each subject to obtain the value per source rep-
resenting the average of the frequencies in a particular EEG band for
each subject’s microsleeps’ segments. The group statistics were then
calculated using these values.

2.6. Statistical analysis

For each subject, the differences between consecutive microsleep
segments (pre, start, end, and post) were calculated and used in the
group statistics. Permutation tests (Maris and Oostenveld, 2007) were
used to conduct statistical analyses, and the results were corrected for
multiple comparisons across the 8551 GM-sources, using threshold-free
cluster enhancement (TFCE) (Mensen and Khatami, 2013) with p < 0.05
(two-tailed). Atlasquery, a toolbox available from FSL (FMRIB’s Soft-
ware Library; www.fmrib.ox.ac.uk/fsl), was used to identify brain re-
gions spatially correlated with clusters of increased or decreased
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activity, using the Harvard-Oxford cortical atlas as reference.

The Wilcoxon signed-rank test (2-sided) was used to compare global/
whole-brain spectral powers between consecutive microsleep segments.
Effect sizes, in terms of percentage changes, were also calculated.

3. Results
3.1. Changes in global spectral EEG power

Of the 20 subjects, 16 had microsleeps and, of these, 2 subjects were
excluded due too few microsleeps for analysis, 2 due to missing EEG
data, and 1 due to poor signal-to-noise ratio. The remaining 11 subjects
had a total of 984 microsleeps, with an average duration of 3.53 s.
However, as our specific interest was in microsleeps of >4-s duration,
this left us with 10 subjects and a total of 226 microsleeps.

After pre-processing and denoising, there were 11 subjects out of 14
who had microsleeps, with a total of 984 microsleeps for these 11 sub-
jects, and with an average duration of 3.53 s. However, as our specific
interest was in microsleeps of >4-s duration, this left us with 10 subjects
and a total of 226 events.

Absolute whole-brain spectral powers in each of the 4 segments are
shown in Fig. 1.

Increased global activity between the pre and start of microsleeps
was seen in the theta band (6.9 %, p = 0.014) and alpha band (41.4 %, p
= 0.019). Increased activity was also seen between the start and the end
of microsleeps in the delta band (48.0 %, p = 0.002), beta band (34.0 %,
p = 0.014), and marginally in the gamma band (23.3 %, p = 0.064).
Conversely, decreased activity was seen between the end and post of
microsleeps in the alpha band (—6.9 %, p = 0.065) and marginally in the
delta band (—23.9 %, p = 0.064).

3.2. Changes in theta-band activity between pre and start of microsleeps

Significant changes in theta-band power are shown tomographically
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Microsleep Segments and Spectral Bands

Fig. 1. Spectral power changes in the five EEG bands (delta, theta, alpha, beta, and gamma) were compared across the four consecutive 2.0-s microsleep segments
(pre, start, end, and post). Only microsleeps >4 s were considered. Ten subjects were represented in each band in each time segment by the average of 8851 brain
sources. Each box whisker represents the first, second (median), and third quartile of the 10 subjects.
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in Fig. 2. Group-level analysis of the changes between the pre and start
of microsleeps showed bilateral increases in activity in the frontal, pa-
rietal, temporal, and occipital lobes (Table 1). There were no regions of
significantly decreased theta activity.

3.3. Changes in alpha-band activity between pre and start of microsleeps

Significant changes in alpha-band power are shown tomographically
in Fig. 3. Group-level analysis of the changes between the pre and start
of microsleeps showed bilateral increases in activity in the parietal and
occipital lobes (Table 2). There were no regions of significantly
decreased alpha activity.

3.4. Changes in delta-band activity between the start and end of
microsleeps

Significant changes in delta-band power are shown tomographically
in Fig. 4. Group-level analysis of the changes between the start and end
of microsleeps showed bilateral increases in activity in the frontal, pa-
rietal, temporal, and occipital lobes (Table 3). There were no regions of
significantly decreased delta activity.

3.5. Changes in beta-band activity between the start and end of
microsleeps

Significant changes in beta-band power are shown tomographically
in Fig. 5. Group-level analysis of the changes between the start and end
of microsleeps showed bilateral increases in activity in the frontal, pa-
rietal, and temporal lobes (Table 4). There were no regions of signifi-
cantly decreased beta activity.

3.6. Changes in gamma-band activity between the start and end of
microsleeps

Significant changes in gamma-band power are shown tomo-
graphically in Fig. 6. Group-level analysis of the changes between the
start and end of microsleeps showed bilateral increases in activity in the
frontal, parietal, and occipital lobes (Table 5). There were no regions of
significantly decreased gamma activity.
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Fig. 2. Group-level result of significant changes in theta activity between
before and the start of microsleeps (shown in axial view).
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Table 1
Major regions with significant changes in theta power between pre and start of
microsleeps.

Region Lobe Side
Precentral gyrus Frontal R
Cingulate gyrus, anterior division Frontal L
Middle frontal gyrus Frontal R
Frontal medial cortex Frontal L
Subcallosal cortex Frontal L
Paracingulate gyrus Frontal L
Orbitofrontal cortex Frontal L
Lateral occipital cortex, superior division Occipital R
Lateral occipital cortex, inferior division Occipital L,R
Lingual gyrus Occipital L, R
Occipital pole Occipital LR
Intracalcarine cortex Occipital L
Cuneal cortex Occipital L
Supracalcarine cortex Occipital L
Postcentral gyrus Parietal R
Precuneous cortex Parietal L,R
Cingulate gyrus, posterior division Parietal L
Temporal pole Temporal LR
Middle temporal gyrus, posterior division Temporal L
Middle temporal gyrus, temporooccipital part Temporal L
Inferior temporal gyrus, anterior division Temporal L
Inferior temporal gyrus, posterior division Temporal L
Inferior temporal gyrus, temporooccipital part Temporal L
Parahippocampal gyrus, anterior division Temporal L
Temporal fusiform cortex, anterior division Temporal L
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Fig. 3. Group-level result of significant changes in alpha activity between
before and the start of microsleeps.

Table 2
Major regions with significant changes in alpha power between pre and start of
microsleeps.

Region Lobe Side
Lateral occipital cortex, superior division Occipital LR
Cuneal cortex Occipital LR
Supracalcarine cortex Occipital R

Occipital pole Occipital LR
Precuneous cortex Parietal LR
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Fig. 4. Group-level result of significant changes in delta activity between the
start and end of microsleeps.

Table 3
Major regions with significant changes in delta power between the start and end
of microsleeps.

Region Lobe Side
Frontal pole Frontal L,R
Middle frontal gyrus Frontal L, R
Precentral gyrus Frontal L, R
Lateral occipital cortex, superior division Occipital LR
Occipital pole Occipital LR
Lateral occipital cortex, inferior division Occipital L
Postcentral gyrus Parietal R

Precuneous cortex Parietal LR
Temporal pole Temporal L,R
Result of the significant relative change in Beta activity between end and start of MSs t value
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Fig. 5. Group-level result of significant changes in beta activity between the
start and end of microsleeps.
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Table 4
Major regions with significant changes in beta power between the start and end
of microsleeps.

Region Lobe Side
Frontal pole Frontal LR
Middle frontal gyrus Frontal LR
Precentral gyrus Frontal L, R
Paracingulate gyrus Frontal L
Cingulate gyrus, anterior division Frontal L
Frontal orbital cortex Frontal L
Postcentral gyrus Parietal LR
Temporal pole Temporal LR
L Result of the significant relative change in Gamma activity between end and startof Mss R IREREILI ]
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Fig. 6. Group-level result of significant changes in gamma activity between the
start and end of microsleeps.

Table 5
Major regions with significant changes in gamma power between the start and
end of microsleeps.

Region Lobe Side
Frontal pole Frontal R

Superior frontal gyrus Frontal LR
Middle frontal gyrus Frontal LR
Precentral gyrus Frontal LR
Paracingulate gyrus Frontal LR
Cingulate gyrus, anterior division Frontal LR
Juxtapositional lobule cortex (formerly supplementary motor Frontal R

cortex)
Lateral occipital cortex, superior division
Lateral occipital cortex, inferior division

Occipital L
Occipital L

Lingual gyrus Occipital L, R
Postcentral gyrus Parietal L
Cingulate gyrus, posterior division Parietal LR
Precuneous cortex Parietal L,R
Superior parietal lobule Parietal L
Supramarginal gyrus, posterior division Parietal L
Angular gyrus Parietal L

3.7. Changes in delta-band activity between the end and post of
microsleeps

Significant changes in delta-band power are shown tomographically
in Fig. 7. Group-level analysis of the changes between the end and post
of microsleeps showed decreased activity in the left parietal and oc-
cipital lobes (Table 6). There were no regions of significantly increased
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Fig. 7. Group-level result of significant changes in delta activity between end
and post of microsleeps.
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Table 6
Major regions with significant changes in delta power between the end and post
of microsleeps.

Region Lobe Side
Superior parietal lobule Parietal L
Lateral occipital cortex, superior division Occipital L
Occipital pole Occipital L

delta activity.

3.8. Changes in alpha-band activity between the end and post of
microsleeps

Significant changes in alpha-band power are shown tomographically
in Fig. 8. Group-level analysis of the changes between the end and post
of microsleeps showed decreased activity in the left frontal, parietal,
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Fig. 8. Group-level result of significant changes in alpha activity between end
and post of microsleeps.
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temporal, and occipital lobes, as well as the insular cortex (Table 7).
There were no regions of significantly increased alpha activity.

4. Discussion

EEG source analysis of microsleeps focused on transient changes in
power in five EEG spectral bands (delta, theta, alpha, beta, gamma) over
the course of four time segments, each of 2.0-s duration. Only micro-
sleeps of >4.0-s duration (226 out of 984) were considered in this
analysis. For each microsleep, the four time segments were ‘pre’ (the 2.0
s preceding the onset), ‘start’ (the 2.0 s immediately following the
onset), ‘end’ (the 2.0 s preceding the offset), and ‘post’ (the 2.0 s
immediately following the offset). The pre and post segments indicate
responsive tracking, and the start and end segments indicate non-
responsive tracking.

Our key findings were (i) significant increases in activity in the theta
and alpha bands between the pre and start of microsleeps, (ii) significant
increases in activity in the delta, beta, and gamma bands between the
start and end of microsleeps, and significant decreases in activity in the
delta and alpha bands between the end and post of microsleeps.

Our findings agree with those from a 1-D continuous visuomotor
tracking task study, in which increases in EEG spectral power in the
delta, theta, and alpha bands were observed during microsleeps (Peiris
et al., 2006). Conversely, there was no significant change in beta power
in this earlier study and there was actually a decrease in gamma power
(Peiris et al., 2006). These differences may be a consequence of a limi-
tation of 1-D random tracking tasks due to ‘detection blind-spots’ arising
from turning-point flat-spots in the target signal, which results in tem-
poral inaccuracies in the detection of onsets and offsets of microsleeps.
We have overcome this limitation by introducing a novel 2-D random
task in which the target’s speed never drops below a certain minimum
(Poudel et al., 2008). Our study also had higher statistical power, with
more microsleeps and subjects. Furthermore, we used 3-D reconstructed
activity in the GM to determine differences between consecutive seg-
ments of microsleeps, whereas Peiris et al. (2006) used sensor space to
compare microsleeps versus responsive EEG.

Another study using a 2-D random tracking task found a correlation
between visuomotor performance and theta activity in the posterior
region when microsleeps were included (Poudel et al., 2010). However,
this correlation was substantially reduced when the microsleeps were
removed, indicating that microsleeps contributed substantially to per-
formance fluctuations and EEG theta activity during the extended task.
Our findings between the pre and start segments confirm a link between
microsleeps and increased theta activity. Similarly, Jonmohamadi et al.
(2016), also using a 2-D random tracking task, found microsleeps to be
frequently associated with increased bilateral theta activity in the
orbitofrontal cortex, as we also observed (Fig. 2, Table 1), albeit with
even greater changes posteriorly.

Earlier analysis of the fMRI BOLD component of microsleeps in our

Table 7
Major regions with significant changes in alpha power between the end and post
of microsleeps.

Region Lobe Side
Insular cortex Insular L
Temporal pole Temporal L
Superior temporal gyrus, posterior division Temporal L
Middle temporal gyrus, posterior division Temporal L
Middle temporal gyrus, temporooccipital part Temporal L
Inferior temporal gyrus, posterior division Temporal L
Inferior temporal gyrus, temporooccipital part Temporal L
Temporal fusiform cortex, posterior division Temporal L
Temporal occipital fusiform cortex Temporal L
Planum temporale Temporal L
Frontal orbital cortex Frontal L
Lateral occipital cortex, inferior division Occipital L
Central opercular cortex Parietal L
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study (Poudel et al., 2014) revealed increased activation in the fronto-
parietal and temporo-occipital areas. In the current study, we
observed increased EEG activity in the theta and alpha bands between
the pre and start segments, and in the delta, beta, and gamma bands
between the start and end segments. We also explored associations be-
tween BOLD activity and theta and alpha activity, using a moving 2.5-s
window (Poudel et al., 2014). We found that post-central theta fluctu-
ations correlated positively with BOLD activity during microsleeps,
whereas occipital alpha fluctuations correlated negatively with BOLD
activity during microsleeps. Given EEG’s superior temporal resolution,
we expected it to provide a more accurate representation of activity
changes. We time-locked each band in each segment (2-s each) and
found a similar positive correlation between theta activity and micro-
sleeps in the post-central area, even when theta was represented by a
low temporal resolution (2.5 s) fMRI regressor. However, with the high
temporal resolution, we also found a positive correlation between alpha-
band activity and microsleeps in the occipital region in the pre-to-start
segments. In contrast, in the end-to-post segments, a negative correla-
tion was found with alpha band. This again could be because of the lack
of temporal resolution of fMRI (2.5 s between time points) compared to
the EEG (2.0 ms between time points).

Microsleeps during demanding tasks, such as our 2-D random
tracking task, are associated with increased delta, theta, and alpha EEG
activity (Jonmohamadi et al., 2016; Peiris et al., 2006; Poudel et al.,
2010). According to De Gennaro et al. (2001), who used EEG to examine
the neural signature of the transition regions between wakefulness and
normal sleep, there is increased activity in the delta and theta bands at
the start of the transition, with increased alpha activity as the transition
progresses. Niedermeyer (1999b) defined Stage 1 sleep as a predomi-
nance of theta-band activity following sleep onset, where the sleep state
is light and can easily be reversed (Corsi-Cabrera et al., 2006). Picchioni
et al. (2008) compared Stage-1 sleep to wakefulness and found increased
activity in the default mode network’s (DMN) medial frontal gyrus and
precuneus. Similarly, Poudel et al. (2014) found a correlation between
microsleeps and increased activity in these areas relative to the non-
sleep-deprived wake state. This is consistent with our observation of
increased delta (Table 3), theta (Table 1), and alpha (Table 2) activity in
the DMN’s medial frontal gyrus and/or precuneus during microsleeps.

Decreased alpha activity in the fronto-central areas has also been
linked to the process of waking up from a recovery sleep, which has been
linked to high cognitive impairment (Tassi et al., 2006) compared to
normal sleep after extended sleep loss (Gorgoni et al., 2015).

De Gennaro et al. (2001) found that alpha activity exists anteriorly
during the transition from wake to sleep. They also found increased EEG
activity at centro-frontal scalp locations in delta and theta following the
onset of sleep. We observed a substantial increase in alpha across
microsleep onsets, but in posterior regions, which is contrary to their
findings. However, our findings in the theta band are in agreement with
theirs. We also saw an increase in delta activity but during, rather than
across the onset, of microsleeps.

Increased higher-frequency EEG has been shown to correlate with
level of alertness and ability to better carry out higher cognitive func-
tions. For example, increased beta activity has been linked to cognitive
facilitation (Cannon et al., 2014) and the process of distraction filtering
(Schmidt et al., 2019). Similarly, increased gamma activity has been
linked to attention (Rouhinen et al., 2013), memory (Pauling and Cor-
yell, 1936), perception (Melloni et al., 2007), and cortical processing
(Fries, 2009; Tallon-Baudry, 2009). Thus, our finding of increased ac-
tivity in higher-frequency EEG bands (beta and gamma) during micro-
sleeps may reflect a recovery process from involuntary microsleeps.

This may indicate that, despite being overcome by a microsleep, the
brain retains ‘awareness’ that it has lost responsiveness during an active,
and potentially critical, task. In turn, the brain subconsciously aims to
regain consciousness, reconnect perceptually with the external envi-
ronment, and re-synchronise attention and memory. These subconscious
cognitive functions will result in increased high-frequency (beta and
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gamma) activity during microsleeps. This is consistent with Poudel et al.
(2014) who found increased widespread cortical BOLD activity
concomitant with microsleeps in the same study.

Our 2-D random tracking task was prolonged, with a tedious
constantly-moving target which required a continuous response,
without even brief breaks. Furthermore, there was no external non-
intrinsic motivational factor, such as a reward, punishment, or adverse
consequence, to maximally perform the task. As subjects were in a
recumbent position in the MRI scanner, it was expected that most, if not
all, subjects would become drowsy/fatigued and their ability to remain
awake would reduce as the task progressed. Even during an active task,
drowsiness - i.e., Stage 1 sleep (Niedermeyer, 1999b) — often progresses
to deep drowsiness (Niedermeyer, 1999a) on its way to light sleep (Stage
2). Microsleeps can occur during this transition, which likely in-
corporates aspects of both Stages 1 and 2 of sleep. Our study supports
this in finding increased theta activity, associated with drowsiness, and
increased alpha activity, correlated with mental fatigue (Gharagozlou
et al., 2015).

However, in addition, we also observed increased activity in the
high-frequency EEG bands (beta and gamma) occurring during micro-
sleeps. Increased beta and gamma have been linked to increased ability
to perform higher cognitive functions. This suggests that increased beta
and gamma activity during microsleeps, at least when performing an
active task, reflects an increase in unconscious ‘cognitive’ processes
aimed at returning the brain to consciousness and responsiveness.

Finally, we compared the 2-s post-microsleep segments with the final
2 s in each microsleep, and found decreased delta activity in the occipital
and parietal lobes (Table 6). Decreased delta activity has also been seen
by Simons and Ogilvie (1992) in the transition from normal sleep to
wake. We also found decreased alpha activity in the frontal, temporal,
parietal, and occipital lobes (Table 7). Gorgoni et al. (2015) found
decreased alpha activity upon awakening from recovery sleep, and
considered that this may be a manifestation of diminished capacity to
engage appropriate brain activity in response to an attentional demand.
Similarly, this could mean that the decreased alpha activity found when
comparing post versus microsleep is because the brain is in a period of
breaking the complete lapse state to reconnect with the task.

5. Limitations

While the head position of participants in our MRI scanner was
heavily constrained, it was not necessarily zero. Due to limited mea-
surement of head movements (samples at 2.5 s), we cannot discount the
possibility of fast transient head movements having occurred and
introducing artefacts into the EEG. Multiple techniques have been sug-
gested for minimising or negating the negative effects of motion arte-
facts in the processing phase during the setup phase (Bullock et al.,
2021), of which attaching motion-tracking sensors to the EEG cap is the
most accurate (Bullock et al., 2021). Notwithstanding, on visual exam-
ination of the EEG, we saw no evidence of motion artefacts.

6. Conclusion

Microsleeps differ from normal sleep in that they have a much faster
onset, a much shorter duration, and increased beta and gamma activity.
This increased high-frequency activity supports our contention that this
activity reflects unconscious ‘cognitive’ processes aimed at returning the
brain to consciousness and responsiveness.
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