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Abstract: Maintaining alertness is critical for safe and successful performance of most human activities.
Consequently, microsleeps during continuous visuomotor tasks, such as driving, can be very serious,
not only disrupting performance but sometimes leading to injury or death due to accidents. We have
investigated the neural activity underlying behavioral microsleeps — brief (0.5-15 s) episodes of com-
plete failure to respond accompanied by slow eye-closures — and EEG theta activity during drowsiness
in a continuous task. Twenty healthy normally-rested participants performed a 50-min continuous
tracking task while fMRI, EEG, eye-video, and responses were simultaneously recorded. Visual rating
of performance and eye-video revealed that 70% of the participants had frequent microsleeps. fMRI
analysis revealed a transient decrease in thalamic, posterior cingulate, and occipital cortex activity and
an increase in frontal, posterior parietal, and parahippocampal activity during microsleeps. The tran-
sient activity was modulated by the duration of the microsleep. In subjects with frequent microsleeps,
power in the post-central EEG theta was positively correlated with the BOLD signal in the thalamus,
basal forebrain, and visual, posterior parietal, and prefrontal cortices. These results provide evidence
for distinct neural changes associated with microsleeps and with EEG theta activity during drowsiness
in a continuous task. They also suggest that the occurrence of microsleeps during an active task is not
a global deactivation process but involves localized activation of fronto-parietal cortex, which, despite
a transient loss of arousal, may constitute a mechanism by which these regions try to restore respon-
siveness. Hum Brain Mapp 35:257-269, 2014.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

We often become drowsy when watching a boring tele-
vision program or attending a seminar after lunch. More
importantly, some of us do so while driving. While a mod-
erate level of drowsiness slows down responsiveness and
increases attention lapses [Dinges and Powell, 1989; Doran
et al., 2001; Lim and Dinges, 2010], extreme drowsiness
can result in momentary sleep-like events known as be-
havioral microsleeps (“microsleeps”). During an active
task, these manifest as a complete failure to respond
accompanied by droopy eyes, slow eyelid-closure, and
head nodding [Horne et al., 2003; Peiris et al., 2006; Tors-
vall and Akerstedt, 1988; Wierwille and Ellsworth, 1994].
Microsleeps are particularly concerning in occupations in
which public safety depends on extended unimpaired per-
formance, such as truck drivers, locomotive drivers, pilots,
air traffic controllers, and process control workers [Horne
and Reyner, 1995; Wright and McGown, 2001].

Drowsiness is also associated with changes in EEG. Dur-
ing a continuous task, performance when drowsy is nega-
tively correlated with activity in theta (4-7 Hz) band of
postcentral EEG [Huang et al., 2008; Jones et al., 2010; Lin
et al., 2005; Makeig et al., 2000]. Eyes-closed resting EEG
shifts from alpha to theta activity during transition to
sleep [Hori et al., 1994; Rechtschaffen and Kales, 1968].
Therefore, short EEG segments (5-15 s) dominated by
theta activity are often considered to be due to microsleeps
[Boyle et al., 2008; Harrison and Horne, 1996]. Although
EEG-defined microsleeps have been associated with poorer
performance in a continuous task [Boyle et al., 2008], they
can occur without noticeable changes in other behavioral
features such as eye-closure and nodding-off [Boyle et al.,
2008; Torsvall and Akerstedt, 1988].

Neuroimaging studies provide evidence for localized
changes in neuronal activity during slowed response in
short-term attentional tasks during a rested or sleep-
deprived state. For instance, slowed responses during a
selective attention task in the rested state are associated
with reduced stimulus-evoked sensory activity and
increased frontoparietal executive control activity [Chee
et al.,, 2008, Weissman et al., 2006]. In contrast, after
sleep deprivation, disruption in thalamic and visual
processing areas occurs during slowed responses [Chee
and Tan, 2010; Chee et al., 2008]. The slowest responses
during a vigilance task in the rested state result in
greater activity in the midline default-mode regions, and
this activity increases further with sleep-deprivation
[Drummond et al.,, 2005]. While these studies have pro-
vided evidence for neuronal changes during slowed per-
formance, they relied solely on reaction time to measure
attention and arousal-related changes in behavior. Other
behavioral and neurophysiological features, such as eye
closure and EEG, were not recorded. Furthermore, all
these studies required reactive button presses to dis-
cretely-presented stimuli. In real life, however, many
tasks require continuous visuomotor response. Although

continuous tasks have been used in neuroimaging stud-
ies previously [Calhoun et al., 2002; Spiers and Maguire,
2007], no neuroimaging study has investigated the neu-
ronal correlates of behavioral microsleeps during a con-
tinuous task.

Another approach used to investigate the neuronal
underpinnings of alertness is to identify the fMRI corre-
lates of EEG signatures of alertness. Simultaneous fMRI/
EEG studies of transition from wakefulness to sleep pro-
vide evidence for deactivation of both cortical and subcort-
ical activity during NREM sleep compared with
wakefulness [reviewed by Dang-Vu et al., 2010]. Matsuda
et al. [2002] marked periods of low and high arousal using
alpha and beta activity in EEG and showed increased
BOLD activity in the frontal eye fields and primary visual
cortex during lowered arousal. Horovitz et al. [2008] iden-
tified frontoparietal cortical areas with stronger fluctua-
tions in resting BOLD signal during light sleep defined
using EEG. Olbrich et al. [2009] reported that they were
able to identify different levels of vigilance based on short
EEG segments and showed an increased BOLD signal in
the occipital, anterior cingulate, frontal, and parietal corti-
ces and a decreased BOLD signal in the bilateral thalamus
during lowered vigilance compared with higher vigilance.
Several other studies have also investigated the neuronal
correlates of changes in alpha activity during relaxed
wakefulness [Goldman et al., 2002; Laufs et al., 2006, Mat-
suda et al., 2002; Moosmann et al., 2003; Wu et al., 2010].
However, except for Matsuda et al. [2002], all the above
studies investigated changes in EEG-based alertness while
resting with eyes closed.

In the current study, we used simultaneous recording of
eye-video, response behavior, EEG, and fMRI to investi-
gate neural changes underlying two aspects of drowsiness
during a continuous task: microsleeps and changes in
postcentral theta activity.

MATERIALS AND METHODS
Participants

Twenty right-handed volunteers (10 males and 10
female, aged 21-45 years, mean age 29.3 years) with no
history of neurological, psychiatric, or sleep disorder par-
ticipated in the study. Participants were asked not to con-
sume any stimulants or depressants, such as alcohol,
caffeine, and nicotine, during the 4 h before the session.
Experimental sessions commenced at 1:30 p.m. or 2:30
p-m. Participants had to report a usual time to bed
between 10 and 12 p.m. and a usual time in bed from 7.0
to 8.5 h. Their sleep habits were monitored during the 6
days and 5 nights before the experimental session by way
of a sleep diary and actigraphy (Actiwatch, Mini Mitter
Inc., Bend OR). Ethical approval for the study was
obtained from the New Zealand Upper South B Regional
Ethics Committee.
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Figure 1.

Tracking task and eyelid and response behaviour associated with
a typical microsleep during the tracking task. (a) Participants
used a finger-based joystick to track the displayed yellow target
disc moving in a quasi-random trajectory (dotted line) with a
red cursor disc. (b) Accurate tracking led to the movement of
the response disc along the same trajectory as the target disc as
displayed in the target (smooth black line) and response (jerky

Experimental Task

Each participant undertook a 50-min visuomotor track-
ing task in which they had to maneuver an MR-compatible
finger-based joystick (Current Designs, Philadelphia, PA)
to pursue a two-dimensional random target moving con-
tinuously on a computer screen (Fig. 1a.). The horizontal
and vertical components of the target were produced by a

red line) position for one cycle (30-s) of tracking. (c) Tracking
response (jerky red line) is flat in both directions (leading to an
increase in tracking error and zero speed) and eyes slowly close
during a typical microsleep. The units are in pixels (px). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

sum-of-sines (1 = 7) with frequencies evenly spaced from
0.033 to 0.231 Hz. The target amplitude was scaled to fit
80% of the 1,024 x 768 pixels resolution screen. This pro-
duced a two-dimensional periodic target (T = 30 s) with a
velocity range of 63 to 285 pixels/s. The target (yellow
disc, d = 23 pixels) and the joystick response (red disc, d
= 20 pixels), generated by a custom-designed software,
were presented via MRI-compatible goggles (Avotec,
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Stuart, FL) with a resolution of 1,024 x 768 pixels, and a
field of view of 30° x 23°. The background pattern was
grey. Participants were familiarized with the tracking task
and instructed to control the joystick position so that the
response disc was as close as possible to the center of the
moving target at all times. Foam support was placed
below the right elbow for subject comfort and to minimize
hand movement during tracking.

Behavioral and EEG Recording

Participants performed the tracking task inside an MRI
scanner, while joystick response, eye-video, EEG, and
fMRI data were recorded synchronously. Video of the
right eye was captured using a Visible Eye™ system
(Avotec Inc., Stuart, FL) mounted on the head-coil of the
MRI scanner. The video was recorded on a PC at 25 fps
(850 x 280 px) using a video-capture card and custom-
built video recording software.

Continuous EEG was acquired using an MRI-compatible
Maglink EEG cap, SynAmps2 amplifiers, and Scan 4.4 soft-
ware (Compumedics Neuroscan, Charlotte, NC). The
Maglink cap has 60 EEG electrodes placed according to
the 10 to 20 international system, a reference electrode
close to Cz and a ground electrode close to Fz. Quick-Cell
inserts were placed in electrode cavities and soaked with
electrolyte solution (0.3 ml) to create a conductive column
from the scalp to the electrode. Continuous vertical elec-
tro-oculogram (VEOG) was acquired by placing electrodes
above and below the left eye. Bipolar chest ECG electrodes
were used to record ECG. Oximetry was continuously
measured using a pulse oximeter attached to the left index
finger. Data were acquired at 10 kHz, with a low-pass fil-
ter at 2 kHz.

Imaging Procedure

Structural and functional data were acquired on a
Signa HDx 3.0T MRI Scanner (GE Medical Systems).
High-resolution anatomical images of the whole brain
were acquired using T1-weighted anatomical scans (repe-
tition time: 6.5 ms; echo time: 2.8 ms; inversion time: 400
ms; field of view: 250 x 250 mm; matrix: 256 x 256; slice
thickness: 1 mm). Functional images were acquired using
echo-planar imaging (repetition time: 2.5 s; echo time: 35
ms; field of view: 220 x 220 mm); slice thickness: 4.5 mm;
number of slices: 33, matrix: 64 x 64). The first five
images of each session were discarded to allow for T1
equilibration. Functional images were acquired in two
blocks of 25 min. A magnetic field-map was acquired for
each subject to reduce the functional image distortions
(echo spacing: 700 ms; repletion time: 580 ms; echo time:
6.0 ms and 8.2 ms). Participants were provided with ear
plugs to lessen the high-volume acoustic noise from the
scanner. Additional pads were placed on both sides of
the head to minimize head motion and reduce acoustic
noise.

Data Analysis

To identify individual episodes of microsleep, a custom-
built SyncPlayer™ program was used to replay synchron-
ized eye-video, VEOG, and tracking target (x and y),
response (x and y), speed, and tracking error. The tracking
error was defined as the Euclidean distance between the
centers of the target and response discs. Any episodes of
flat tracking (zero response speed) of 0.5 to 15 s duration
accompanied by behavioral signs of drowsiness and full or
partial (>80%) slow-eye-closures were marked as micro-
sleeps (synchronized replay of eye-video and visuomotor
response during typical microsleeps is shown in the Sup-
porting Information video). The response position, speed,
and error signals were used to mark the onset and end of
flat tracking responses (Fig. 1c). Eye-video was used as a
cue to mark the onset and end of eye closure.

Percentage of time spent with more than 80% eye-closure
in a minute (PERCLOS) was used as a behavioral estimate
of drowsiness. PERCLOS [Dinges and Grace, 1998; Wier-
wille and Ellsworth, 1994] was estimated by measuring dis-
tance between the upper and lower eye-lids via a vertical
integral projection method [Malla et al., 2010].

To obtain clean EEG from the artifact-laden EEG col-
lected from within the scanner, the echo-planar gradient
and cardio-ballistic artifacts were first removed from the
continuous EEG data using template subtraction [Allen
et al., 2000] and independent-component-analysis (ICA)
[Briselli et al., 2006]. EEG data were then analyzed using a
spectral analysis method [Lin et al., 2005]. Data from each
channel were divided into 2-s epochs (500 samples) using
a Hanning window of 500 points. Each 2-s epoch was fur-
ther subdivided using a Hanning window into several
125-point subwindows with 25-point overlap. Each sube-
poch of 125 points was then Fourier-transformed using a
256-point Fast Fourier-Transform (FFT) and zero-padding.
The FFT magnitude from each subwindow was then aver-
aged to obtain an average amplitude spectrum for each 2-s
epoch. Relative power in the theta band (4—7 Hz) (i.e., rel-
ative to total power in 1-30 Hz) at a posterior electrode Pz
[Lin et al., 2005, 2010; Makeig and Jung, 1996] was esti-
mated and used as an EEG estimate of drowsiness. Pear-
son’s correlation analysis was carried out between average
tracking error, PERCLOS, and average theta activity for
each 60-s window.

The fMRI data were analyzed using FSL (FMRIB’s Soft-
ware Library; available at: www.fmrib.ox.ac.uk/fsl). fMRI
preprocessing included motion correction [Jenkinson et al.,
2002], field map-based unwarping [Jenkinson, 2003], slice-
time correction, and spatial smoothing with a 7 mm Gaus-
sian kernel (full width at half maximum), and high-pass
filtering using ¢ = 75 s. All fMRI scans were normalized
to the MNI152 standard space using the structural scan
[Jenkinson et al., 2002].

General linear model (GLM) based analysis was used to
identify the pattern of BOLD activity during microsleeps.
In the GLM, BOLD activity during microsleeps was
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modeled using a variable epoch regressor convolved with
a double-gamma hemodynamic response function. The
variable-epoch function was generated by setting each
microsleep trial as a boxcar epoch with the duration of the
epoch equal to the duration of the microsleep. Any epi-
sodes of flat tracking longer than 15 s (considered to be
due to sleep) or of transient episodes of partial/full eye-
closures without clear indication of flat tracking were
modeled as regressors of no interest. Regressors for post-
central theta and occipital alpha activity were obtained
using a moving window spectral analysis method with a
window of 3.5 s and a 1.0-s overlap, i.e., stepping at 2.5 s
The regressors were derived for the total duration of track-
ing task in each block (i.e., 25 min each). For the theta
regressor, average relative power from three electrodes P1,
P2, Pz was used. For the alpha regressor, average relative
power from three occipital electrodes O1, Oz, O2 was
used. Only subjects with electrode impedances <15 kQ
were used in the group analysis of the correlation between
EEG and fMRI activity. In the subjects with no reliable
EEG, dummy regressors (i.e., zero at all time points) were
used in place of EEG alpha and theta regressors to ensure
that the GLM had the same degree of freedom across all
subjects. The EEG regressors were convolved with a dou-
ble-gamma hemodynamic response function (available in
FEAT, part of FSL; available at: www.fmrib.ox.ac.uk/fsl).
The tracking-target-related variability in BOLD signal was
taken into account using a regressor of average target
speed during each TR (2.5 s) normalized to a unit height
and convolved with a double-gamma hemodynamic
response function. Cardiac-related noise was modeled
using the volume-specific RETRICOR confound regressor
derived from pulse-wave recording [Glover et al., 2000].
Any motion-related variability in the fMRI data was mod-
eled out by inclusion of rotation and translation motion
parameters obtained from the motion correction step.

The GLM described above was linearly fitted on a
voxel-by-voxel basis for each participant. Statistical con-
trasts were chosen to identify increased or decreased activ-
ity during microsleeps compared with baseline tracking.
The time period between microsleeps was implicitly
defined as a baseline. Therefore, BOLD activity during
microsleeps is relative to nonmicrosleep related activity
over the whole recording. Group-level t-tests were carried
out for each contrast of interest using a mixed-effect model
implemented in FSL. Brain regions with significantly
increased or decreased activity were determined by thresh-
olding the statistical maps at P < 0.01 (cluster-based fam-
ily-wise-error correction). Statistical maps obtained from
EEG-BOLD correlations were thresholded at P < 0.05
(cluster-based family-wise-error correction). Brain regions
corresponding to the significant activity were identified
using known neuroanatomical landmarks [Mai et al., 2004]
and guided by the Harvard-Oxford Cortical and Subcorti-
cal Structural Atlas (included in the FSL software).

To determine if the BOLD response mirrored the dura-
tion of microsleeps, the microsleeps were separated into

18 56 191020 9 14 1 16 6 121511 8 2 4 3 7 1317
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Figure 2.
Number and median duration of microsleeps (BMs) in the 20
participants during 50 min of tracking.

three different duration bins (0—5 s, 5—10 s, and 10—15 s).
The BOLD signal change (baseline corrected with average
signal from the two preceding points) time-locked to the
microsleeps was estimated from each region of interest for
each of the three duration bins in each participant. Not all
participants had microsleeps in three bins, with N = 14 for
05to5s, N=12for5t0o 10 s, and N = 8 for 10 to 15 s
time bins. For N = 8 (participants who had microsleeps in
all three durations), a one-way ANOVA was used to test
for differences in the peak amplitude of the average BOLD
response across microsleeps in the three duration bins.
Tukey post hoc comparisons were conducted for pairwise
comparison of peak-amplitudes between the three dura-
tion bins.

RESULTS
Overall Behavior

Of the 20 participants, 14 had at least 36 microsleeps
during the 50-min tracking task (Fig. 2a). Two participants
had fewer microsleeps (1 and 2 respectively), while four
participants had none. The overall mean rate of micro-
sleeps was 79/h. The duration of the microsleeps varied
considerably across participants but, by operational defini-
tion, was always longer than 500 ms and shorter than 15 s
(Fig. 2). Across the 16 participants, the mean duration of
flat tracking during microsleeps ranged 1.1 to 6.3 s, with
an overall average of 3.3 s (median = 2.5 s). In the 14 par-
ticipants with frequent microsleeps, minute-to-minute
changes in performance correlated moderately with PER-
CLOS (r = 0.68 + 0.29 (mean + SD), P < 0.05) (Fig 3b).
Ten participants who had EEG electrode impedance <15
kQ showed a moderate correlation between minute-to-
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Figure 3.

Per minute estimates of percentage time spent in microsleeps
(PERBM), percentage time with greater than 80% eye closure
(PERCLOS), relative theta power at Pz, and tracking error in
three representative participants. The top panel depicts PERBM
in the participant with highest number (190) of microsleeps (l)
and a participant with a moderate number (77) of microsleeps
(I). The middle panel depicts tracking error (thin line) and PER-

minute changes in performance and theta power at Pz (r
= 0.62 £ 0.22 (mean + SD)) (Fig. 3c).

Neural Activity During Microsleeps

To identify the pattern of neural activity underlying
microsleeps, we included the 14 participants with frequent
microsleeps in an event-related GLM analysis of fMRI
data. This allowed us to identify the brain regions associ-
ated with increased or decreased BOLD signal during
microsleeps during an active task.

A group-level mixed-effects analysis revealed that
microsleeps were associated with decreased BOLD activity
(P < 0.01, family-wise-error corrected) in several brain
regions bilaterally, including the midbrain, thalamus, pos-
terior cingulate cortex, and occipital cortex, and small clus-
ters in the right prefrontal cortex and cerebellum (Table I,
Fig. 4).

Conversely, widespread increased activity was observed
in cortical areas, with activity strongest in parietal regions
encompassing the bilateral postcentral, superior parietal,
and supramarginal cortices. Other brain regions with
increased activity included the bilateral inferior frontal,

CLOS (thick line) in the same two participants plus a participant
with no microsleeps (lll). The bottom panel depicts tracking
error (thin line) and relative theta power (thick line) in the
same participants. Pearson correlations (r) between time-
courses are displayed within each panel. [Color figure can be
viewed in the online which is available at
wileyonlinelibrary.com.]

issue,

precentral, parahippocampal, insular, and temporal occipi-
tal fusiform cortices.

Time-Course of Neural Activity During
Microsleeps

In the eight participants who had microsleeps in all
three of the duration bins (0.5-5 s, 5-10 s, 10-15 s), we
examined the time-courses of the BOLD signal in the thal-
amus which showed strongest deactivation and the supe-
rior parietal cortex which showed strongest activation
during microsleeps. This allowed us to test whether the
activity patterns in the cortex and thalamus mirrored the
duration of microsleeps.

The BOLD signal in the thalamus starts to decrease at or
near the onset of the microsleeps (Fig. 5). There was a sig-
nificant difference in the amplitude of the decrease across
the three duration bins in both the right and left thalamus
(right: Foo1) = 4.67, P = 0.02; left: Fp01y = 6.5, P = 0.006).
From the Tukey post hoc test, the shortest microsleeps
(0.5-5 s) were found to have a smaller decrease in activity
than longer microsleeps (5-10 s and 10-15 s) (P < 0.05).
However, the size of the decrease was not significantly dif-
ferent between the 5 to 10 s and 10 to 15 s durations.
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TABLE I. Anatomical location, MNI coordinates (mm),
and Z-scores corresponding to peak values of significant
BOLD activity (P < 0.01, cluster-based correction with
cluster defining threshold of Z > 4.5) during microsleeps

Region Z-score x y z

Activations
R. Postcentral gyrus 8.3 36 -32 56
R. Supramarginal gyrus 7.9 46 —42 44
R. Precentral gyrus 7.7 14 —28 70
M. Precuneus cortex 7.2 0 —38 56
R. Superior parietal lobule 6.8 22 —44 58
L. Heschl’s gyrus 6.8 —54 -12 0
L. Middle temporal gyrus 6.8 —64 —46 4
L. Supramarginal gyrus 6.7 —66 —44 10
L. Inferior frontal gyrus 6.4 =50 18 18
L. Postcentral gyrus 6.4 -10 —42 66
L. Superior parietal lobule 5.5 -12 -50 64
R. Middle temporal gyrus 54 54 —46 4
L. Insular cortex 53 —40 -2 0
L. Parahippocampal gyrus 52 -30 -28 -26
L. Precentral gyrus 5.1 —18 —14 60
R. Parahippocampal gyrus 5.0 24 0 -26
R. Heschl’s gyrus 4.9 54 -12 0
R. Inferior frontal gyrus 4.6 56 12 24
R. Insular cortex 4.6 42 —-10 6
R. Temporal fusiform cortex 4.6 36 34 -28

Deactivations
R. Occipital pole 7.8 16 —80 -2
R. Posterior cingulate cortex 7.5 2 -30 30
L. Occipital pole 7.3 -1 -92 —-16
L. Thalamus 7.1 —14 —14 4
M. Cerebellum 7.1 0 —58 —42
R. Thalamus 6.4 14 -10 4
R. Midbrain 6.1 -2 -3 -12
R. Frontal pole 57 38 52 0

The size of the BOLD signal from the right superior pa-
rietal cortex also mirrored the duration of microsleeps
(Fig. 5), with an overall increase in amplitude across the
three durations bins (Fp»1) = 10.92, P = 0.001) (Fig. 5).
From the Tukey post hoc test, the shortest microsleeps
(0.5-5 s) were found to have a smaller increase in activity
than longer microsleeps (5-10 s and 10-15 s) (P < 0.05).
However, as in the thalamus, the amplitude of the increase
was not significantly different between the 5 to 10 s and
10 to 15 s durations.

BOLD Correlates of Spontaneous Theta and
Alpha Activity During Drowsiness

Ten participants with frequent microsleeps were used to
identify group-level statistical maps of correlations
between BOLD activity and EEG. Positive correlations
with EEG theta activity (P < 0.05, cluster-based family-
wise-correction) were observed bilaterally in the lateral ge-
niculate area of thalamus, basal forebrain, superior frontal,
posterior cingulate, posterior parietal, and visual cortices

(Fig. 6, Table II). There were no significant negative corre-
lations between EEG theta and BOLD activity.

Occipital EEG alpha activity did not show any correla-
tion with BOLD signal after family-wise error correction.
However, at a liberal threshold of P < 0.01, cluster-extend
of 50 voxels, a negative correlation was seen in the bilat-
eral occipital cortices, supramarginal gyrus, and precuneus
(Fig. 7). There were no positive correlations between alpha
activity and BOLD signal.

DISCUSSION

This is the first study to have used simultaneous record-
ing of fMRI, eye-video, and EEG to investigate the brain
mechanisms underlying behavioral microsleeps and EEG
activity in a continuous visuomotor task. Despite being
normally rested, most participants had frequent micro-
sleeps during the 50-min monotonous task. These micro-
sleeps were found to be associated with decreased neural
activity in the arousal-related brain regions including the
thalamus, midbrain, and posterior cingulate cortex, but
associated with increased activity in the frontoparietal, in-
sular, parahippocampal, and temporo-occipital cortices

Figure 4.

Group-level significant (Z > 4.5, P < 0.01, family-wise-error cor-
rected) pattern of activation (Red-yellow) and deactivation
(blue-light blue) during microsleeps are shown overlaid on aver-
age structural slices. The group-level pattern was obtained from
the |4 participants with frequent microsleeps. The slices are
presented in radiological convention and labeled with MNI coor-
dinates. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5.

The BOLD signal modulated by duration in the (a) right supe-
rior parietal cortex (MNI coordinates (mm): 22, —44, 58), (b)
right thalamus (MNI coordinates (mm): 14, —10, 4), and (c) left
thalamus (—14, —14, 4). Average BOLD signal time-course for
three different duration microsleeps bins (0.5-5 s, 5-10 s, and
10—15 s) are shown. The time-courses were obtained from the

increases. Over the 50-min task, theta activity in the post-
central EEG correlated positively with BOLD signal in the
bilateral thalamus, basal forebrain, prefrontal, posterior
cingulate, posterior parietal, and visual cortices.

Frequent Microsleeps During an Extended
Visuomotor Task

The majority of participants had frequent complete lapses
of responsiveness accompanied by behavioral signs of
drowsiness and sleep—i.e., microsleeps. Frequent micro-
sleeps were not only seen phasically in the visuomotor
response and eye-video, but also in the more tonic indica-
tors of extreme drowsiness such as PERCLOS and postcen-

eight participants who had microsleeps in all three duration bins.
The vertical bars represent the standard error of the mean
across subjects (N = 8). The onset of microsleeps is at time
zero. Note that both activation and deactivation signals mirror
the duration of microsleeps. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

tral theta activity [Lin et al., 2005, 2010; Makeig et al., 2000].
Although frequent drowsy periods and slowed responses
are common during extended vigilance and visuomotor
tasks, even in individuals not subjected to a sleep-depriva-
tion protocol [Lin et al., 2010; Makeig and Inlow, 1993; Pei-
ris et al., 2006], the occurrence of microsleeps at such a high
rate (mean 79/h) and in such a noisy MRI environment
across rested participants was surprising. Review of actigra-
phy data collected in the study showed no unusual sleep
pattern in the participants for the week prior the scan ses-
sion. We believe several factors, including the monotonous
nature of the task, time-of-day (all sessions during post-
lunch hours), lunch before sessions, and supine position of
the participants contributed to drowsiness and the substan-
tial number of microsleeps. This notwithstanding, we
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Figure 6.

Group-level statistical maps showing positive correlation (P <
0.05, family-wise-error corrected) between BOLD and theta ac-
tivity (average of Pl, P2, and Pz) in individuals with frequent
microsleeps. The group-level pattern was obtained from the 10
participants with frequent microsleeps and electrode impedance

emphasize that the current study was not designed to
directly investigate the influence of any of these factors on
the frequency of microsleeps. Rather, some of the factors,
including task monotony, time-of-day, and lunch before ses-
sions, were deliberately chosen so as to maximize the likeli-
hood of microsleeps inside the MRI scanner.

Transient Deactivation of Thalamus During
Microsleeps

A transient decrease in activity was observed in arousal-
related brain areas, particularly the midbrain, thalamus,
and posterior cingulate cortex, during microsleeps. Previ-
ous studies have shown that when arousal is low, such as
due to sleep deprivation, task-related thalamic activity is
increased during unimpaired performance [Portas et al.,
1998; Tomasi et al., 2008] but decreases substantially when
lapsing [Chee and Tan, 2010; Chee et al., 2008]. Thalamic

TABLE Il. Anatomical location, MNI coordinates (mm),
and Z-scores corresponding to peak values of positive
correlation (P < 0.05, cluster-based family-wise error
correction with cluster-defining threshold of Z > 2.8)

between BOLD and theta activity

Region Z-score X y z

R. occipital cortex 5.0 16 -72 68
R. Frontal pole 49 44 38 —20
L. Frontal orbital cortex 42 —34 22 -18
R. Heschl’s gyrus 35 -32 -30 8
L. Lateral occipital cortex 4.2 —42 —78 20
L. Inferior temporal gyrus 4.0 —64 -28 -26
L. Subcallosal cortex 3.6 -2 26 —-16
L. Thalamus 3.4 —18 —26 —6
R. Superior frontal gyrus 3.7 24 12 54
L. Lingual gyrus 3.3 -2 -76 —14
L. Inferior frontal gyrus 3.7 —54 30 8
R. Thalamus 3.5 20 —24 —4
L. Parietal operculum cortex 3.2 —46 -28 26

<15 kQ. The axial slices are presented in radiological conven-
tion and labeled with MNI coordinates. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

activity also decreases with time-on-task deteriorating per-
formance [Coull, 1998; Paus, 1997], decreasing vigilance
[Olbrich et al., 2009], and transition to sleep during eyes-
closed rest [Kajimura et al., 1999; Kaufmann et al., 2006].
In our study, we observed a rapid bilateral decrease in
thalamic activity at the onset of microsleeps with the am-
plitude of the decrease modulated by the duration of the
microsleep. This finding is consistent with the literature,
but such a phasic and duration-dependent decrease in tha-
lamic activity during an unintentional transition from
active task performance to a sleep-like behavioral state has
not been previously reported. No such decrease in tha-
lamic activity was found to be associated with intentional
eye-closure and stopping during the same task [Poudel
et al.,, 2010], suggesting that the decrease is not due to eye-
closure and stopping behavior during microsleeps. A simi-
lar decrease in activity in the midbrain, with its arousal-
promoting nuclei and major node in the reticular

Figure 7.

Group-level statistical maps showing negative correlation (P <
0.01, cluster-extent of 50 voxels) between BOLD and spontane-
ous alpha activity (average of OI, O2, Oz) in individuals with
frequent microsleeps. The group-level pattern was obtained
from the |0 participants with frequent microsleeps and elec-
trode impedance <15 kQ. The axial slices are presented in radi-
ological convention and labeled with MNI coordinates. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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ascending arousal network [Buchsbaum et al., 2006; Kaji-
mura et al., 1999; Saper et al., 2005], suggests that mid-
brain-thalamic deactivation is central to the loss of arousal
and responsiveness during microsleeps.

Other important areas showing a decrease in activity
during microsleeps are the posterior cingulate cortex and
primary visual cortex—all of which have strong afferent
connections from the thalamus. The posterior cingulate
cortex, with afferent projections from the midline and
intralaminar thalamic nuclei [Vogt et al.,, 1987], is a key
region in the neuronal network that sustains awareness
and consciousness, with decreased activity being associ-
ated with both the vegetative state and sleep [Vogt and
Laureys, 2005]. Similarly, thalamus sends connections
through the optic radiations directly to the primary visual
cortex [Behrens et al., 2003]. Therefore, thalamic deactiva-
tion may have modulated activity in some of these lower-
level cortical areas during microsleeps. Somewhat surpris-
ingly, the anterior cingulate cortex, which is a major node
of ascending arousal system, showed no decrease in activ-
ity during microsleeps. A number of previous studies
have shown a heterogeneous response in the anterior cin-
gulate cortex during the wake-sleep continuum, with
increased activation observed during early drowsiness
[Olbrich et al., 2009] and decreased activation during sleep
[Kaufmann et al., 2006]. Similarly, a recent study by Pou-
del et al. [2012] also showed that the direction of change
in cerebral perfusion in the anterior cingulate is dependent
on level of drowsiness, as manifested in ocular and facial
behaviors. The behavioral microsleeps studied here may
have variable neurocognitive underpinning with some
microsleeps being more similar to drowsiness whereas
others similar to NREM sleep. Thus, it is possible that the
lack of change in BOLD activity in the anterior cingulate is
due to a highly variable local BOLD response during
microsleeps.

Transient Activation of Frontoparietal Cortex
During Microsleeps

Increased activity during microsleeps was widespread
and bilateral in the frontal and parietal cortex, with activa-
tions strongest in the inferior frontal, precentral, postcen-
tral, and superior parietal cortex. This widespread increase
in cortical activity during momentary sleep-like behavior
was surprising. Previous neuroimaging studies of sleep,
which compared activity during epochs of NREM sleep to
relaxed wakefulness, reported decreased activity in both
cortical and subcortical brain regions [reviewed by Dang-
Vu et al., 2010]. However, these studies only investigated
relative changes in brain activity during the transition
from relaxed wakefulness to sleep during an eyes-closed
state. Microsleeps investigated in the current study are
brief intrusions of sleep-like behaviors during a continuous
task when the person is struggling to stay awake. There is
some evidence that during the struggle to stay awake poor

performance accompanies increased frontoparietal cortical
activity, possibly as a mechanism to compensate for less
efficient perceptual processing [Chee et al, 2008].
Increased cortical activity has also been shown during
reduced arousal in the wake-sleep transitional state [Fuku-
naga et al., 2006, Horovitz et al., 2008] and vigilance decre-
ment [Olbrich et al.,, 2009]. Taken together, our findings
suggest that dozing-off during an active task is not a deac-
tivation process, such as transition from relaxed wakeful-
ness to sleep, but involves localized activation of the
cortex which may constitute a mechanism for ending
microsleeps and restoring responsiveness.

Could some of these cortical activities be due to the eye-
closure and stopping behaviors concomitant with micro-
sleeps? In a previous study of intentional eye-closure and
stopping during the same visuomotor task, eye-closure
and stopping were associated with increased activity in
multiple sensory and motor regions including lingual, lat-
eral occipital, angular, supplementary motor, insular, and
occipital fusiform areas of the cortex [Poudel et al., 2010],
some of which are also active during microsleeps. How-
ever, the extensive superior parietal activation observed in
the current study was not observed during cued eye-clo-
sure and stopping and appears specific to the lapses of
responsiveness in microsleeps. Could some of the
increased neural activities be related to the visuomotor
and attentional response at the end of microsleeps? A
study of lapses when participants were sleep-deprived
suggested that the recovery effect may underlie such
increased cortical activity [Drummond et al., 2005]. How-
ever, we found that the increased activity commenced at
or near the beginning of microsleeps, with the level of acti-
vation increasing with duration, indicating that the
increased cortical activity is related to the onset and dura-
tion of microsleeps.

EEG Theta Activity During Drowsiness
Correlates With BOLD Activity

Postcentral theta activity has been found to be a useful
neurophysiological marker of drowsiness during an active
task [Huang et al., 2008; Lin et al., 2005; Makeig et al.,
2000]. We found a positive correlation between spontane-
ous fluctuation in this theta activity and BOLD signal sub-
cortically in the lateral geniculate area of thalamus and
cortically in the basal forebrain, prefrontal, posterior cingu-
late, posterior parietal, and occipital cortices. Conversely,
there was no significant positive or negative correlation
between changes in posterior alpha activity and BOLD sig-
nal, although there was a trend toward a negative correla-
tion in lateral occipital and posterior parietal areas.

There was some overlap in the BOLD statistical maps
associated with EEG theta activity and microsleeps, which
presumably reflects the relationship between increased
theta activity and frequent occurrence of microsleeps.
However, BOLD activity in the lateral geniculate nuclei of
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thalamus, basal forebrain, prefrontal, and posterior cingu-
late cortex appears specific to postcentral theta power and
were not observed during microsleeps. Several studies
have recorded low-frequency oscillatory activity from the
thalamus during the transition to sleep [Llinas and Ster-
iade, 2006; Steriade and Timofeev, 2003]. Animal studies
have also observed theta activity in the lateral geniculate
nucleus of the thalamus during wake sleep transitions
[Hughes et al, 2004]. Frontal midline theta has been
observed during focused attention and memory tasks but
is considered different from postcentral theta activity
which is modulated by thalamic neurons and observed
during lowered arousal [Schacter, 1977].

One previous simultaneous fMRI/EEG study reported
an increase in task-related thalamic and cortical BOLD ac-
tivity during increased theta power [Foucher et al., 2004].
However, the study used a discrete visual attention task
and did not investigate theta activity during drowsiness.
Resting-state studies with eyes-closed which correlated
theta-power with BOLD have reported no correlation
[Laufs et al., 2003, 2006] or a negative correlation [Tyvaert
et al., 2008]. Inconsistent results in resting-state studies are
believed to be due to differences in choice of electrode
position for calculating theta activity and the uncontrolled
nature of cognitive and arousal state during resting [Laufs
et al., 2006].

A limitation of our study is that we had to use differ-
ent sample sizes to make inferences on the neuronal
underlying of microsleeps, duration-dependent BOLD
modulations, and EEG-BOLD correlations. The numbers
of subjects used to answer each of our questions were
limited by behavior observed during the task perform-
ance, which is an inherent limitation in all behaviorally-
driven experiments dependent upon the occurrence of
intermittent nontarget-driven events. However, BOLD
changes underlying microsleep events were robust across
subjects allowing us to compare BOLD activations in dif-
ferent durations even with smaller subset of subjects.
Another limitation of the current study is that the EEG-
fMRI correlation analysis was limited to drowsiness-
related EEG changes observed in the parieto-occipital
area. A previous resting EEG/fMRI study used sLORETA
to localize vigilance-related resting EEG activity and com-
pared it with local changes in BOLD fMRI activity
[Olbrich et al., 2009]. Further work is necessary to inves-
tigate EEG-fMRI correlation in source space so that the
relationship between local changes in BOLD and EEG ac-
tivity during microsleeps can be investigated.

Maintaining wakefulness and alertness is necessary for
safe and successful performance of most human activities.
Consequently, drowsiness—more specifically microsleeps
during drowsiness—can be very serious, not only disrupt-
ing performance but sometimes leading to injury or death
due to accidents. In this article, we have revealed patterns
of BOLD activity during microsleeps and EEG theta activ-
ity, which are important hallmarks of drowsiness during a
continuous task.
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