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Cerebral Perfusion Differences Between Drowsy and Nondrowsy Individuals
After Acute Sleep Restriction
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Objectives: To investigate changes in resting cerebral blood flow (CBF) after acute sleep restriction. To investigate the extent to which changes in
CBF after sleep restriction are related to drowsiness as manifested in eye-video.

Design: Participants were scanned for 5 min using arterial spin labeling (ASL) perfusion imaging after both sleep-restricted and rested nights.
Participants were rated for visual signs of drowsiness in the eye-video recorded during the scan.

Setting: Lying supine in a 3-Tesla magnetic resonance imaging scanner.

Participants: Twenty healthy adults (age 20-37 yr) with no history of neurologic, psychiatric, or sleep disorder, and with usual time in bed of
7.0-8.5h.

Interventions: In the night before the sleep-restricted session, participants were restricted to 4 h time in bed.

Results: There was an overall reduction in CBF in the right-lateralized fronto-parietal attentional network after acute sleep restriction, although this
was largely driven by participants who showed strong signs of drowsiness in the eye-video after sleep restriction. Change in CBF correlated with
change in drowsiness in the basal forebrain-cingulate regions. In particular, there was a pronounced increase in CBF in the basal forebrain and
anterior and posterior cingulate cortex of participants who remained alert after sleep restriction.

Conclusions: The pattern of cerebral activity after acute sleep restriction is highly dependent on level of drowsiness. Nondrowsy individuals are
able to increase activity in the arousal-promoting brain regions and maintain activity in attentional regions. In contrast, drowsy individuals are unable

to maintain arousal and show decreased activity in both arousal-promoting and attentional regions.
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INTRODUCTION

Lack of sufficient sleep can increase drowsiness and ten-
dency to fall asleep during the day. Increased sleepiness is of-
ten manifested as response slowing, behavioral lapses,' and
changes in ocular and facial behaviors including droopy eyes,
slow eyelid closure, head nodding, and loss of facial tone.*®
Although total sleep deprivation of 24 h or more substantially
impairs neurobehavioral functioning,”® an acute reduction in
sleep to 4-6 h (sleep restriction) is sufficient to increase ten-
dency to fall asleep during monotonous situations.”'* Due to
shift work, extended work hours, and jet lag, sleep restriction
is also more common than total sleep deprivation in everyday
life. The increased tendency to fall asleep after sleep loss can
compromise an individual’s and public safety, particularly in
occupations such as truck drivers, locomotive drivers, pilots,
air-traffic controllers, and process-control workers.'*!3

For the measurement of behavioral alertness, previous work
has relied on reaction time and response error during a sustained
attention task,%'®!7 self-rating of sleepiness,'®*° or observer-rat-
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ing of facial/eye videos.>*?! Experiments in which facial/ocu-
lar features have been used to measure drowsiness have relied
on observable characteristics such as eye blinks, eye closures,
staring, and overall facial changes that occur during increased
propensity to fall asleep.>® Wierwille and Ellsworth’ proposed
a system based on visual rating of facial video and found it to
be reliable and consistent. Subsequent studies have shown that
prolonged eyelid closure can reliably track intraindividual dif-
ferences in performance and longer lapses that occur after sleep
loss in both discrete vigilance tasks*?? and continuous simu-
lated driving and tracking tasks.'***?* Furthermore, time spent
with eyes fully closed (PERCLOS) is sensitive to moderate to
high levels of drowsiness and can provide a continuous esti-
mate of propensity to fall asleep.?>

The detrimental effects of sleep loss vary widely across in-
dividuals. These interindividual differences have been observed
in different domains of neurobehavioral functioning, including
behavioral alertness, attention, working memory, and executive
function.'**"?® For example, during sustained attention perfor-
mance, the number of behavioral lapses varies greatly across
individuals even after the same amount of sleep loss.! Similar-
ly, some individuals are severely impaired even after moderate
sleep restriction, whereas others are resistant and able to maintain
alertness at least until sleep loss is extreme.?** Although such
inter-individual differences in vulnerability to sleep loss are be-
lieved to be due to trait-like characteristics,”” the exact nature of
the differences is largely dependent on the type of cognitive tasks
used. Thus, individuals who are vulnerable to impairment during
simple visual tasks after sleep loss may not show the same degree
of impairment on more complex tasks.?*!-** Large interindivid-

Cerebral Perfusion and Drowsiness—Poudel et al



ual differences in drowsiness may exist even during an eyes-
open resting state when individuals are not required to actively
perform a task. However, overall interindividual differences in
drowsiness after sleep restriction remain poorly understood.

Decline in behavioral alertness after sleep loss is reflected in
regional cerebral changes measured using neuroimaging meth-
ods. For example, metabolic rate measured by positron emission
tomography (PET) decreases in thalamic, parietal, and prefron-
tal cortices during various cognitive tasks performed after total
sleep deprivation.** Similarly, functional magnetic resonance
imaging (fMRI) studies have reported decreases in neuronal
activity during working memory and attention tasks after sleep
deprivation.>*7*® However, some fMRI studies have shown that
the level of task-related cortical and subcortical activity is depen-
dent on vulnerability to sleep loss, with resistant individuals able
to maintain trial-to-trial activity in fronto-parietal and thalamic
brain regions despite sleep deprivation of 24 h or more longer.**
A perfusion study, based on the relatively new noninvasive MRI-
based technique of arterial spin labeling (ASL), quantified time-
on-task-related cerebral blood flow (CBF) changes in attention
and arousal-related brain regions, and found them to correlate
well with amount of performance decline in persons who are not
sleep deprived.'” Although these studies provide insight into ce-
rebral correlates of deficits in specific cognitive processes, the
neuronal changes are largely dependent on task characteristics
such as complexity and type.* No study has investigated cerebral
perfusion changes specifically associated with acute sleep restric-
tion and drowsiness in the resting state. Two studies presented at
scientific conferences provide support for the feasibility of ASL-
based perfusion studies of sleep deprivation.*!

In this study, we used ASL and ocular features of drowsiness
in eye video (based on criteria by Wierwille and Ellsworth?®) to (1)
quantify changes in CBF after acute sleep restriction; (2) determine
the extent to which changes in CBF after acute sleep restriction
are related to changes in level of drowsiness; and (3) investigate
differences in CBF between individuals who were drowsy after
acute sleep restriction (‘Drowsy’) and individuals who remained
alert following acute sleep restriction (‘Nondrowsy”).

METHODS

Participants

Twenty right-handed volunteers (10 males and 10 females,
age 20-37 yr, mean age 24.9 yr) with no history of neurologic,
psychiatric, or sleep disorder participated in the study. For in-
clusion in the study, participants had to report a usual time to
bed between 22:00 and 24:00 and a usual time in bed of between
7.0-8.5 h. Ethical approval for the study was obtained from the
New Zealand Upper South B Regional Ethics Committee.

Study Procedure

All participants visited the laboratory 3 times. On the 1st
visit, they were briefed on the experimental protocol and pro-
vided with an Actiwatch (Respironics Inc., Murrysville, PA,
USA) and a detailed sleep diary to record their sleep habits for
6 days and 5 nights before each of the 2 experimental sessions.
They also recorded time of intake of coffee, alcohol, and food
in the diary. The 2nd and 3rd visits involved sleep-restricted
and rested sessions, the order of which was counterbalanced
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across the participants. The sessions were 1 wk apart to mini-
mize residual effects of sleep restriction in participants who
were sleep-restricted during the 1st session.

The participants were asked to sleep normal hours during
the wk prior to the rested session. They were asked to do like-
wise for the sleep-restricted session except for the immediately
preceding night in which their time in bed was restricted to 4 h
(03:00-07:00). Participants were requested not to engage in any
safety-sensitive tasks (such as driving) after the sleep restric-
tion. They were also asked not to consume any stimulants or
depressants, such as alcohol, caffeine, and nicotine, on the day
of either experimental session.

On the day of the scan, participants arrived at the laboratory 1 h
before the scanning session. Sleep habits recorded in the Actiwatch
and sleep diary were inspected prior to each of the ASL scanning
sessions to confirm compliance with the sleep schedule required
for inclusion in the study. The sleep diary was used to confirm that
participants did not consume any prohibited substances (coffee
and alcohol) on the day of scanning. Participants were provided
with a lunch of hot noodles. Participants rated their current sub-
jective sleepiness using the Karolinska Sleepiness Scale (KSS)*
and Stanford Sleepiness Scale (SSS)'® before entering the scanner
room. Their general propensity to fall asleep during the day was
estimated using the Epworth Sleepiness Scale (ESS)." The partici-
pants entered the scanner room between 13:00 and 14:30.

Each participant lay supine in the scanner and was asked to
keep his or her eyes open during the 4-min structural scan and
the following 5-min ASL scan. During the ASL scan, partici-
pants were asked to look at a cross in the center of a screen pre-
sented via MRI-compatible goggles (Avotec Inc., Stuart, FL,
USA) with a gray background.

Video of the right eye was captured using a Visible Eye™
system (Avotec Inc.) mounted on the head-coil of the MRI
scanner. The video was recorded on a PC at 25 fps (350 x 280
px) using a video-capture card and custom-built video record-
ing software. The video recording was synchronized with the
start of the ASL scan.

Imaging Procedure

All participants underwent imaging using a Signa HDx 3.0
T MRI Scanner (GE Medical Systems, Milwauke, WI, USA)
with an 8-channel head coil. High-resolution anatomic images
of the whole brain were acquired using T1-weighted anatomic
scans (repetition 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). Whole-brain perfusion was measured
quantitatively using a stack of spiral fast-spin-echo-acquired
images prepared with pseudocontinuous ASL and background
suppression* (repetition time: 6 s; echo spacing: 9.2 ms; post-
labeling delay: 1.5 s; labeling duration: 1.5 s; 30 phase-encoded
5-mm-thick slices; in-plane resolution: 1.88 x 1.88 mm; total
scan time: 5 min 11s; units: ml/100g/min).

To quantify CBF, the difference between the untagged and

tagged images was calculated by 434
}\,I*e%e% ASLa—oa
CBF = 6000 0 ———
ZTl(l—e ”)8 (G ° nex)ASLCUWroI

where a scaling factor of 6,000 is used to convert L/kg/s to
ml/100g/min, A is the brain-blood partition coefficient of water
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(set to the whole brain average of 0.9),*” w is the postlabelling de-
lay of 1.5's, T'1 is the characteristic T1 time for blood (1.6 s at 3T),
G is the gain applied to the tagged image (set to 32), nex is the
number of excitations or averages in the sequence (set to 5), € is
the combined efficiency of labelling and suppression (set to 0.6),
ASLy,y yomg 18 the difference between the image acquired with and
without labeling (with background suppression), and ASL,,,, 1S
the proton density-weighted image acquired with no labeling.
The partial saturation of the control image is corrected for a T1
of 1.2 s typical of gray matter. A quantitative CBF map from a
representative subject is shown in Figure 1.

Preprocessing of MRI Data

The MRI data were preprocessed using FMRIB’s Software
Library (FSL, www.fmrib.ox.ac.uk/fsl) and custom Linux Shell
and Matlab scripts (Matlab 7.6.0, R2008a, Mathworks, Natick,
MA, USA). Each participant’s ASL-derived CBF maps from
both sessions were coregistered to their structural image using
a linear registration tool (FLIRT).* The structural images were
registered to the MNI152 standard space using a non-linear reg-
istration tool (FNIRT). Registration parameters produced by the
nonlinear registration process were then used to warp the per-
fusion images into a standard 2 x 2 x 2 mm* Montreal Neuro-
logical Institute (MNI) template. Normalized perfusion images
were spatially smoothed with a 10-mm gaussian kernel (full
width at half maximum). Further analysis was limited to slices
superior to the mid-cerebellum as inferior slices contained spi-
ral artifacts in some participants.

Observer Rating of Drowsiness

Each participant’s 5-min eye video, recorded during ASL
scans, was independently visually rated for signs of drowsi-
ness by 2 raters. Drowsiness was rated based on the visual
scoring method proposed by Wierwille and Ellsworth.’ This
rating system is based on observable personal characteristics
including eye blinks, eye closures, and staring. The rating sys-
tem has 5 levels of drowsiness on an analog scale of 0-100
(not drowsy = 0, slightly drowsy = 25, moderately drowsy = 50,
very drowsy = 75, and extremely drowsy = 100). The 2 observ-
ers were provided with the analog rating scale and a description
of the drowsiness spectrum customized for drowsiness charac-
teristics in the eye video.’ Level of drowsiness was rated as an
average rating over each min and then an overall average across
the 5 min was calculated. Full eye closures longer than 500
ms were also identified and marked. The raters independently
scrolled through eye videos using a video player (SyncPlay-
er™, Custom-built software), which allowed the replay of eye
videos frame by frame. The average of the drowsiness scores
from the 2 raters was used for further analysis.

A rater-independent measure of drowsiness for each partici-
pant was obtained by calculating distance between upper and
lower eyelids for each eye video frame (every 40 ms) via a ver-
tical integral projection method.* The distance between eye-
lids was converted to a percentage relative to distance between
upper and lower eye-lids when eyes were fully open (percent-
age eye closure). To be clear, percentage eye closure is not a
measure of percent time that eyes were fully closed (e.g, PER-
CLOS?®). The mean percentage eye closure in the 5 min was
then correlated against visually rated drowsiness scores.
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Figure 1—A quantitative cerebral blood flow map from a representative
study participant.

Data Analysis

Paired #-tests were performed to investigate differences in
drowsiness scores and subjective sleepiness between rested and
sleep-restricted sessions.

To investigate differences in regional CBF between the sleep-
restricted and rested sessions, we implemented a general linear
model for a 2-sample paired #-test with an adjustment for global
CBEF differences. The general linear model analysis tool avail-
able in FSL (fsl_glm) was used to perform multiple regression.
Inference was carried out using cluster-based thresholding.
Clusters were defined by first thresholding the raw Z-statistics
map at Z > 2.3 and finding contiguous clusters of suprathresh-
old voxels, using 26-neighbor connectivity. The clusters were
thresholded at a level of P < 0.05 after correcting for multiple
comparisons across space (i.e., controlling the family-wise er-
ror (FWE) for the whole brain) using random field theory.

To determine if there was any relationship between absolute
CBF and subjective sleepiness and drowsiness, in either rested
or sleep-restricted sessions, we performed voxel-wise linear re-
gression analyses between absolute CBF and drowsiness scores
and absolute CBF and sleepiness (KSS) scores, with age, sex,
and global CBF as covariates of no interest. The general linear
model analysis tool available in FSL (fsl_glm) was used to per-
form voxel-wise multiple regression. Inference was carried out
using cluster-based thresholding (Z > 2.8, P < 0.01).

To test our hypothesis that changes in CBF after sleep restric-
tion may be associated with differences in drowsiness and sub-
jective sleepiness, a voxel-wise linear regression analysis was
performed between change in CBF and change in drowsiness
and change in sleepiness (KSS), with age and sex as covari-
ates of no interest. Inference was carried out using cluster-based
thresholding (Z > 2.8, P < 0.01). Brain regions corresponding
to significant activity were identified using known neuroana-
tomic landmarks® and guided by the Harvard-Oxford Cortical
and Subcortical Structural Atlas (included in the FSL software).

To investigate the extent to which changes in CBF follow-
ing sleep restriction are related to drowsiness, participants were
split into ‘Drowsy’ and ‘Nondrowsy’ groups according to their
drowsiness scores at the sleep-restricted session (Non- drowsy:
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P < 0.05, family-wise error-corrected) following a night of sleep restriction

Cluster
Brain regions Peak Z, P value (voxels) x
Right middle frontal gyrus 3.77,P <0.001 715 34
Right precentral gyrus 3.62, P<0.001 182 10
Right medial frontal gyrus 6
Right inferior frontal gyrus 3.25, P <0.001 90 46
Left precentral gyrus 3.35, P <0.001 59 -12
Right intraparietal sulcus 3.62, P <0.001 41 40
Left superior parietal lobule 3.36, P <0.001 18 -20
Right superior parietal lobule 3.23,P <0.001 9 16

Institute (MNI) coordinates (mm).

Table 1—Brain regions included in the cluster that showed decreased CBF (Z > 2.3,

MNI coordinates

y

6
-24
-18

12
-14
-50
-50
-50

Minimum cluster size for the given threshold was 3,130. Smaller clusters given below
within the large significant cluster (8,026 voxels) were identified by thresholding the
statistical map at P < 0.001. The anatomic locations correspond to Montreal Neurological

cal maximum in the statistical map obtained from
group-level comparison of sleep-restricted CBF
and rested CBF (Table 1) and correlation between
change in CBF and drowsiness across all partici-

z pants (Table 2). Thalamic regions of interest were
50 centered at MNI coordinates (right: 12, -14, 14 and
66 left: -8, -16, 12) representing the anterior dorsal
66 area of thalamus, which has been shown to be in-
26 volved in alertness in previous studies.’*® We also
66 performed analyses of independently-selected struc-
42 turally-defined regions of interest (ROIs). The ROI
52 structures were identified with the aid of the Har-
58 vard-Oxford Cortical Atlas and ROIs defined in pre-

vious literature.*'” A 2 x 2 (group by scan session)
analysis of variance was conducted to examine the
effects of sleep loss and drowsiness on CBF in the
regions of interest. The changes in CBF after sleep
restriction within the 2 groups was evaluated with
paired t-tests. False discovery rate- based correction

blood flow and change in drowsiness after sleep restriction

Cluster
Brain regions Peak Z, P-value (voxels) x
Right amygdala 3.33,P<0.001 2469 24
Right parahippocampal gyrus 3.29, P <0.001 26
Right putamen 3.10, P <0.001 24
Right posterior cingulate gyrus ~ 3.65, P < 0.001 191 14
Right supramarginal gyrus 3.31, P <0.001 150 60
Right frontal orbital cortex 3.65, P <0.001 167 16
Right subcallosal cortex 3.12, P <0.001 10
Right anterior cingulate gyrus 3.31, P <0.001 120 14
Right juxtapositional lobule 3.48, P <0.001 189 18

Montreal Neurological Institute (MNI) coordinates (mm).

Table 2—Brain regions included in the cluster that showed a significant relationship
(Z> 2.8, P <0.01, family-wise error-corrected) between change in absolute cerebral

MNI coordinates

y
-2

Minimum significant cluster size for the given threshold was 10,837. Smaller clusters
given below within the large significant cluster (12,030 voxels) were identified by
thresholding the statistical map at P < 0.001. The anatomical locations correspond to

for multiple comparisons™ was applied for the num-
ber of ROIs investigated. Results were considered
to be significant at P < 0.05 (corrected). A separate
analysis was performed on CBF data after excluding
individuals in the Drowsy group who were drowsy
even when rested.

z
-4 RESULTS
-24 Based on actigraphy analysis, we determined that
-6 the participants (n = 20) had 7.95 + 0.94 h (mean +
42 standard deviation) of sleep during the night before
20 the rested scan and 3.60 = 0.26 h of sleep before the
-26 sleep-restricted scan.
-20
2 Behavioral Effects of Acute Sleep Restriction
34 The participants reported being more sleepy

during the sleep-restricted session than during the
rested session as assessed by both SSS (3.15 versus
1.85, paired #-test, #(19) = 7.1, P < 0.001) and KSS
(5.28 vs 2.98, 1(19) = 7.0, P < 0.001).

A more objective rating of the drowsiness of par-

drowsiness score < 25; Drowsy: drowsiness score > 25). Sta-
tistical tests were performed on both groups to determine if the
actual sleep hours, number of eye closures, and total duration of
eye closures differed between sessions and between groups. A
voxel-wise unpaired #-test was performed to investigate regional
differences in perfusion between both groups at rested baseline.
Statistical maps were thresholded at Z > 2.3, P < 0.05 corrected
for multiple comparisons using cluster-based thresholding.
Changes in CBF between the rested and sleep-restricted ses-
sions for these 2 groups were compared in 3 regions from the
attentional network (right inferior frontal, right intraparietal,
and medial frontal cortex), 3 regions from the arousal-promot-
ing network (basal forebrain, anterior cingulate, and posterior
cingulate cortex), and bilateral thalamus. These regions have
been previously shown to be involved in fatigue-related perfor-
mance decline and vulnerability to sleep loss.!”**3! Each region
of interest was a sphere (diameter = 10 mm) centered at a lo-

SLEEP, Vol. 35, No. 8, 2012

1088

ticipants was assessed by visual rating of the eye
video by the 2 independent raters. One participant
was removed from the drowsiness analysis due to a technical
problem, which meant that eye video was not recorded during
the sleep-restricted session. The interrater reliability of the vi-
sually rated drowsiness scores was very high (average of raters
intraclass correlation coefficient = 0.95, 2-way mixed effects
model). The visually rated drowsiness scores were strongly
correlated with mean percentage eye closure in both rested
(r=10.75, P=0.002) and sleep-restricted (» = 0.86, P = 0.002)
(Figure 2) sessions calculated automatically using a vertical
intensity projection method. There was a moderate correlation
between ESS and visually-rated drowsiness in both the rested
session ( = 0.49, P = 0.032) and the sleep-restricted session
(r = 0.63, P = 0.004). However, there was no correlation be-
tween subjective state sleepiness just prior to scanning and
visually rated drowsiness in both rested (KSS: » = -0.18 and
SSS: r = -0.03) and sleep-restricted (KSS: » = -0.05 and SSS:
r=10.03) sessions.
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Figure 2—Relationship between observer-rated drowsiness and percentage eye closure (PEC). (A) Moving averaged percentage eye closure (PEC (%),
step = 1's, window = 30 s) in 2 representative participants. The left graph depicts fluctuations in PEC in a nondrowsy participant with drowsiness scores close
to zero in both rested and sleep-restricted sessions. The right graph depicts PEC in a drowsy participant with a low drowsiness score in rested but a very
high drowsiness score in the sleep-restricted condition. (B) Strong correlations were observed between mean PEC and drowsiness score in both rested and
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There was a difference in visually-rated drowsiness scores
between rested (17.6 + 24.1%) and sleep-restricted (34.1 +
29.7%) sessions (#(18) =2.81, P=10.001). However, a consider-
able interindividual variance in drowsiness was observed. Eight
participants were not drowsy or less than slightly drowsy (i.e.,
drowsiness score < 25%) in both rested and sleep-restricted
sessions. Six participants were not drowsy (drowsiness scores:
0-21%) during the rested session but became drowsy to ex-
tremely drowsy (32.5-87.5%) after the sleep-restricted session.
Four participants were drowsy in both the rested session (33.8-
73.8%) and the sleep-restricted session (50.0-97.5%). In stark
contrast to the other participants, 1 participant was moderately
drowsy (60%) in the rested session but less than slightly drowsy
(20%) in the sleep-restricted session.

ASL-Derived Perfusion Maps

Perfusion images obtained using ASL were removed from
analysis for 2 participants due to movement. There was a good
sensitivity in perfusion and a good contrast between gray and
white matter in the remaining participants. There was no differ-
ence in global CBF values between rested and sleep-restricted
conditions (rested 43.1 + 7.2 versus sleep restricted 43.0 + 6
mL/100 g/min).

Effects of Sleep Restriction on Regional Perfusion

Voxel-wise comparison of regional perfusion revealed de-
creased CBF (Z > 2.3, P <0.05, cluster-based FWE-corrected),
after adjusting for global CBF, in a large cluster encompassing
the right inferior frontal gyrus and middle frontal gyrus and the
bilateral superior frontal gyrus, precentral gyrus, and posterior
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parietal cortex (Figure 3, Table 1). The right posterior parietal
deactivation (decreased CBF) extended to the superior parietal
lobule, intraparietal sulcus, and supramarginal gyrus, whereas
the left posterior parietal deactivation was limited to the su-
perior parietal lobule. There were considerable interregional
differences in the absolute CBF in these regions, both for the
rested and sleep-restriction sessions (Figure 3B).

We also observed increased CBF after sleep restriction at
P < 0.01 (uncorrected, extent threshold of 100 voxels) in the
right occipital gyrus, left inferior lateral occipital gyrus, left
middle temporal gyrus, and medial frontal gyrus. However, the
increased CBF did not survive the correction for multiple com-
parisons using cluster-based correction at Z > 2.3, P < 0.05.

Perfusion and Subjective Sleepiness

A voxel-wise multiple regression analysis did not reveal a
significant relationship between subjective sleepiness (KSS) and
CBF when rested. When sleep was restricted, a trend toward a
negative relationship (Z > 2.8, contiguous voxels > 50, uncor-
rected) between KSS and CBF was observed in the right precu-
neus/cingulate area (Z = 4.8, P <0.001, MNI: 12, -54, 48 mm).
However, this did not survive a whole brain family-wise error
correction. Furthermore, no relationship was observed between
change in subjective sleepiness (KSS) and change in CBF.

Perfusion and Drowsiness

When rested, a trend toward a positive relationship (Z > 2.8,
contiguous voxels > 50, uncorrected) between absolute drowsi-
ness and absolute CBF was observed in the right lateral occipi-
tal cortex (Z = 4.0, P <0.001, MNI: 34, -78, 16 mm), bilateral

Cerebral Perfusion and Drowsiness—Poudel et al
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Figure 3—Average changes in regional cerebral perfusion after acute
sleep restriction. (A) Brain regions with decreased cerebral blood flow
(CBF) (2> 2.3 (i.e., voxel-wise P < 0.01), cluster P < 0.05, cluster-based
family-wise error correction), after adjusting for global CBF, after a night
of sleep restriction. The brain regions were right middle/inferior frontal
gyrus (1), intraparietal sulcus (2), medial frontal gyrus (3), bilateral
precentral gyrus (4,5), and bilateral superior parietal lobules (6,7).
The slices are presented in radiological convention and labeled with
axial MNI coordinate. The statistical maps are overlaid on an average
of the anatomical scans obtained from all participants normalized to a
standard MNI template. (B) Absolute CBF in the above brain regions:
right middle frontal gyrus (R. MFG), right inferior frontal gyrus (R. IFG),
bilateral precentral gyrus (R. PG and L. PG), and bilateral superior
parietal lobule (R. SPL and L. SPL). Absolute CBF in each of these brain
regions was obtained by averaging CBF in a spherical region (diameter =
10 mm) centered at a local maximum (listed in Table 1). The vertical bars
represent the standard error of the mean.

precuneus (Left: Z = 3.8, P < 0.001, MNI: -14, -62, 48 mm,;
right: Z = 3.6, P <0.001, MNI: -12, -62, 46 mm), right insular
cortex (Z=3.4,P<0.001, MNI: 38, -10, -6 mm), and occipital
pole (Z = 3.3, P < 0.001, MNI: -4, -94, -12 mm). However,
when sleep was restricted, a trend toward a positive relationship
(Z > 2.8, contiguous voxels > 50, uncorrected) was observed
only in the right precuneus (Z = 4.6, P < 0.001, MNI: 12, -54,
50), right lateral occipital cortex (Z =4.1, P <0.001, MNI: 30,
-84, 14), and right insular cortex (Z = 3.3, P < 0.001, MNI: 38,
-20, -2) and a trend toward a negative relationship was observed
in the right precentral gyrus (Z = 3.8, P <0.001, MNI: 62, 12,
20 mm). However, these relationships did not survive a whole-
brain FWE correction.

To determine how within-subject change in drowsiness after
sleep loss affects perfusion, we investigated the relationship
between change in CBF and change in drowsiness. A moderate
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Figure 4—Relationship between change in drowsiness and change in
absolute cerebral blood flow (CBF) after acute sleep restriction. (A) Brain
regions showing a negative linear relationship (Z > 2.8 (i.e., voxel-wise
P < 0.02), cluster P < 0.01, cluster-based family-wise error correction)
between change in CBF and change in drowsiness in going from
rested to sleep-restricted. The brain regions included the right posterior
cingulate gyrus (1), basal forebrain (2), anterior cingulated gyrus (3),
supplementary motor area (4), amygdyla (5), and basal ganglia (6). The
statistical maps are overlaid on an average of the anatomic scans from
all participants normalized to a standard Montreal Neurological Institute
template. (B) Scatter plot (r=-0.77, P < 0.001) of the average change in
CBF in the significant brain regions against change in drowsiness.

negative correlation (» = -0.50, P = 0.04) was observed be-
tween change in global CBF and change in drowsiness. A vox-
el-wise multiple regression analysis between change in CBF
and change in drowsiness revealed a specific brain network
(Z > 2.8, P <0.01, cluster-based FWE correction) showing a
strong negative correlation (» = -0.77, P < 0.001) (Figure 4,
Table 2). The negative correlation was localized in the right
lateralized basal ganglia (putamen, striatum), basal forebrain
(anterior hypothalamus, orbitofrontal cortex, subcallosal cor-
tex), supplementary motor area, cingulate gyrus (both anterior
and posterior), and superior temporal areas. Figure 4B shows
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a plot of average change in CBF in these areas against change
in drowsiness.

Perfusion in Drowsy and Nondrowsy Individuals

The participants who were moderately drowsy (60%) in the
rested session but less than slightly drowsy (20%) in the sleep-
restricted session were considered anomalous outliers to the ex-
tent of exclusion from this analysis. The remaining participants
(n = 16) were split into Nondrowsy and Drowsy groups accord-
ing to their drowsiness in the sleep-restricted session (Figure 5).
There was no difference in mean actual sleep hours between the
Drowsy and the Nondrowsy group in the wk before the rested
session (Drowsy: 7.10 + 0.48 h; Nondrowsy: 7.43 + 0.60 h)
and the wk before (excluding the sleep-restricted night) the
sleep-restricted session (Drowsy: 7.03 + 0.34 h; Nondrowsy:
7.08 £ 0.58 h). There was no difference in the mean number of
eye closures in the sleep-restricted session compared with the
rested session in either the Drowsy group (17.5 versus 12.1,
#(7) = -1.0, P = 0.30) or the Nondrowsy group (0.6 versus 0.9,
#(7)= 1.0, P=0.35) group. There was also no difference in total
duration of eye closure in the sleep-restricted session compared
with the rested session in either the Drowsy group (34.0 versus
28.8 s, #(7) = -0.54, P =0.61) or the Nondrowsy group (1.1 ver-
sus 0.8 s, #(7) = -0.52, P = 0.60). However, the Drowsy group
was substantially more drowsy when sleep was restricted than
when rested (average change in drowsiness = 26.1%, #(7) = 5.1,
P=10.001), in contrast with the Nondrowsy group, who showed
no difference in drowsiness (3.3%, #(7) = 1.6, P = 0.15). The
Drowsy group also had a higher mean drowsiness score com-
pared to the Nondrowsy group in the rested session (#(14) = 2.4,
P =10.03). Average sleep in the night before the sleep-restricted
scan was higher in the Drowsy group than in the Nondrowsy
group (3.7 versus 3.4, #(14) = 2.3, P=0.04).

A voxel-wise 2-sample #-test did not reveal any signifi-
cant difference in perfusion (thresholded at Z > 2.3, P < 0.05,
cluster-based correction) between the Drowsy and Nondrowsy
groups at the rested baseline.

ROI analysis also showed no difference in CBF between
the Drowsy and Nondrowsy groups in any of the attentional
regions of interest (P > 0.05). However, analysis of variance
showed a significant interaction (P < 0.05, False Discovery
Rate (FDR) corrected) between session (rested/sleep-restricted)
and group (Drowsy/Nondrowsy) for CBF in the right inferior
frontal gyrus (F(1, 14) = 11.9, P = 0.011), intraparietal sulcus
(F(1, 14) = 14.9, P = 0.008), and right medial frontal gyrus
(F(1, 14) = 9.4, P = 0.016). When within-group comparisons
were conducted, the Drowsy group showed a decreased CBF
in the right inferior frontal gyrus (#(7) = 3.3, P = 0.037), intra-
parietal sulcus (#(7) = 3.8, P =0.028), and medial frontal gyrus
(«(7) =4.0, P =0.028) (Figure 6). In contrast, CBF in these at-
tentional brain regions was unchanged in the Nondrowsy group.

ROI analysis showed no difference in CBF between the
Drowsy and Nondrowsy groups in any of the arousal-promoting
regions of interest (P > 0.05). ROI analysis in arousal-promot-
ing brain regions showed quite divergent changes in perfusion
after sleep loss (Figure 7). A significant interaction between ses-
sion (rested/sleep-restricted) and group (Drowsy/Nondrowsy)
was observed for CBF in the basal forebrain (F(1, 14) = 20.9,
P <0.001), anterior cingulate gyrus (F(1, 14)=6.7, P=10.031),
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Figure 5—Level of drowsiness in the rested and sleep-restricted sessions
in the participants who were drowsy after sleep restriction (‘Drowsy’) and
those who remained alert (‘Nondrowsy’) after sleep restriction.

and posterior cingulate gyrus (F(1, 14) = 6.5, P = 0.031). In
the basal forebrain (subcallosal cortex) there was an increase
in CBF in the Nondrowsy group (#(7) = 6.3, P = 0.003) but
only a trend toward a decrease in the Drowsy group (#(7) = 2.4,
P = 0.094). Likewise, the posterior cingulate gyrus showed no
change in CBF in the Drowsy group (¢, = 0.9, P = 0.41) but
increased CBF in the Nondrowsy group (#7) = 3.7, P=0.032).
The anterior cingulate gyrus showed no change in CBF in the
Drowsy group (#7) = 1.3, P=0.293) and a trend toward an in-
crease in the Nondrowsy group (#(7) =2.5, P=0.101).

There was no change in CBF in either the right or left thala-
mus in either the Drowsy group (right: [#(7) = 1.1, P = 0.31]
and left: [#(7) =2.1, P=0.112]) or the Nondrowsy group (right:
[((7) = 1.8, P =0.192 and left: [#7) = 1.3, P = 0.286]) after
acute sleep restriction. Independent structurally defined ROIs
were used to verify that the divergent change in perfusion in
the Drowsy and Nondrowsy groups were not biased by the ROI
selection process used in the study. Figure 6 and 7 show results
from both functional and structural ROIs.

Exclusion of Individuals Drowsy When Rested

Five participants recruited in our study were drowsy (drowsi-
ness scores > 25) even when rested. Although these participants
had an amount of sleep (6.90 + 0.49 h) in the 6 nights prior to
the rested session similar to those who were not drowsy in the
rested session (7.40 £ 0.54 h), they may have had a greater need
for sleep than they received. To ensure that our findings were
not confounded by this information, we reanalyzed the data ex-
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Figure 6—Changes in absolute cerebral blood flow (CBF) in attentional areas in the Drowsy and the Nondrowsy participants after acute sleep restriction. (A)
In the Nondrowsy group, there was no change in CBF after sleep restriction in the functional regions of interest (ROIs); the right inferior frontal gyrus (R. IFG,
Montreal Neurological Institute (MNI): 46, 12, 26), right intraparietal sulcus (R. IPS, MNI: 40, -50, 42), and right medial frontal gyrus (R. MeFG, MNI: 6, -18,
66) and the structural ROIs: R. IFG (MNI: 50, 16, 22) and R. IPS (MNI: 50, -41, 52). A structural ROl at R. MeFG, MNI: 5, -4, 65) showed a significant increase
in CBF in the Nondrowsy group. (B) In contrast, the Drowsy group showed decreased CBF in these brain regions in the sleep-restricted session compared
to the rested session. *P < 0.05, **P < 0.01 (False discovery rate corrected).

cluding these 5 participants. The results were unchanged with
a multiple regression analysis between change in drowsiness
and change in CBF still showing a negative linear relationship
(Z2>2.8,P<0.01, cluster-based correction) in the arousal-related
network after the exclusion of the 5 participants who were drowsy
when rested. The correlation in the local maximum in the right
posterior cingulate gyrus was r = -0.78 (P < 0.01) with n = 12,
which is very similar to the r =-0.81 observed with N = 17.

Furthermore, the decrease in CBF in attentional ROIs per-
sisted even after the exclusion of the participants who were
drowsy when rested. Even with a small n, there was a signifi-
cant decrease in CBF in the right medial frontal gyrus (t = 4.49,
P = 0.01). The other 2 attentional regions, the right inferior
frontal and right intraparietal sulci also showed strong trends
toward decreased CBF at P = 0.09 and P = 0.07, respectively,
withn=4.

DISCUSSION

This is the first study to have used ASL-based perfusion im-
aging to investigate regional changes in resting CBF after acute
sleep restriction and the first to have compared these changes
between drowsy and nondrowsy individuals. Although changes
in eyelid behaviors have been used for estimation of drowsi-
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ness,**** no study has done so using an MRI or PET scanner.
By estimating drowsiness manifested in the eye videos, we
found that the reduction in CBF in the right-lateralized fron-
toparietal attentional network after acute sleep restriction was
largely driven by drowsy individuals, with nondrowsy individ-
uals able to preserve CBF in these areas. Furthermore, we re-
vealed an association between drowsiness and perfusion in the
basal forebrain-cingulate cortex arousal-promoting network. In
particular, this network showed an increase in CBF in the indi-
viduals who were able to remain nondrowsy after acute sleep
loss. Finally, contrary to expectations, there was no change in
thalamic perfusion after acute sleep restriction in either drowsy
or nondrowsy individuals.

It is well established that sleep loss destabilizes wakefulness
and sleep-promoting processes, producing impairments in cog-
nitive, psychomotor, visuomotor, and ocular behavior.'7-1133:54
Not surprisingly, we found an overall increase in drowsiness in
our participants after acute sleep restriction to a mean of 3.6 h
during the preceding night. However, there was a substantial
amount of interindividual difference in the degree of drowsiness
across our participants. Some participants were able to maintain
an eyes-open alert state during the ASL scan, whereas others
showed signs of extreme drowsiness with frequent droopy eyes
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and slow eye closures, even during the relatively short 5-min
ASL scanning period. Consistent with previous studies,*?' the
drowsiness rating system used in our study had a very high
interrater reliability, suggesting that interrater variability had
minimal influence on the observed interindividual differences.
Previous studies have suggested that interindividual differences
in neurobehavioral impairment after sleep loss are primarily
due to trait-like differential vulnerabilities.”’” We did not incor-
porate repeat sessions into our experimental design and, hence,
are unable to confirm this trait vulnerability. However, from
repeat measures of drowsiness, we observed moderate correla-
tions between drowsiness scores and ESS, which is considered
to be strongly related to the trait-like aspects of sleepiness.'**
There was no evidence that the drowsiness observed in some
participants was due to their getting less sleep during the sleep-
restricted night; the Drowsy group had slightly more sleep dur-
ing the sleep-restricted night. Several individuals were also
drowsy during the rested session, and, hence, it could be specu-
lated that they may have already been partially sleep-deprived.
These individuals had an average actual sleep of 6.9 + 0.49 h
in the 6 nights before the rested session, which was not signifi-
cantly different (unpaired ¢-test, #(14) =-1.7, P=0.11) from the
average actual sleep (7.4 + 0.54 h) in the remaining individuals.
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However, we cannot rule out the possibility that the individuals
who were drowsy when ‘rested’ do need more sleep than they
received during the resting wk. Surprisingly, there was no cor-
relation between self-reported ‘state’ sleepiness (i.e., KSS and
SSS) taken just before scanning and observer-rated drowsiness
during the scan. However, similar findings have been reported
previously in sleep-deprived individuals with no association ob-
served between subjective and objective measures of alertness.®

The neuronal consequences of sleep loss have been widely
investigated using neuroimaging techniques such as PET?*36-5
and Blood-oxygen-level-dependent  dependent (BOLD)
fMRI.33-403657 PET studies have shown that total sleep depriva-
tion of 24 h or longer decreases global neuronal activity.** In
the current study, we observed no difference in global CBF after
sleep restriction. However, we used a less severe sleep restriction
protocol of 4 h time in bed and observed large interindividual
differences in behavior. Therefore, it may not be surprising that,
overall, there was no significant reduction in global CBF. This
finding notwithstanding, there were significant regional chang-
es. In particular, the right inferior frontal and posterior parietal
areas have been long established as important for maintenance
of visual attention and alertness,****>° with an overall reduction
in cerebral perfusion and BOLD fMRI signal in these areas dur-
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ing various attentional and cognitive tasks after sleep depriva-
tion.***>5 Our data have extended these findings by showing
that neural activity in these regions is modulated after sleep loss
even during eyes-open resting. We also found decreased activ-
ity in the bilateral precentral, medial/superior frontal, and supe-
rior parietal areas. The medial frontal area has been shown to be
involved in eye movements® and the bilateral superior parietal
and precentral areas are sensory-motor integration areas, within
which decreased activity likely reflects an overall reduction in
behavioral responsiveness after sleep loss.®!

Importantly, by grouping participants into Drowsy and Non-
drowsy groups according to their drowsiness level after sleep
restriction, we were able to better elucidate the consequences of
sleep loss across different individuals. We found that the Non-
drowsy group was able to preserve activity in the frontoparietal
attentional areas, whereas the Drowsy group showed a consid-
erable reduction in CBF in these regions. Could the individuals
who were drowsy when rested have confounded our findings
due to the possibility of their being already partially sleep-re-
stricted? This does not appear to be the case, as a reanalysis by
excluding these individuals did not alter our main findings. Pre-
vious neuroimaging studies using PET and fMRI have found
that sleep loss-related reductions in activity in frontoparietal
areas mirror deteriorations in task performance.*’ Similarly, a
recent study has shown that individuals vulnerable to the effects
of sleep deprivation to selective attention have attenuated top-
down frontoparietal control.>® Another study showed that ASL-
derived-CBF decreases in this frontoparietal network correlate
with a decline in vigilance during a sustained attention task
even in nonsleep-deprived individuals.'” Here, we showed that
persons who were resistant to acute sleep restriction were able
to maintain alertness and that this was reflected by maintenance
of their rested level of perfusion in their attentional areas. Over-
all, our findings strengthen the importance of the frontoparietal
network in general behavioral alertness, even during a resting
state, but, in addition, revealed a distinct difference between
drowsy or nondrowsy persons after acute sleep restriction.

Could the decreased CBF in the Drowsy group after sleep loss
be due to an increase in eye closures or even microsleeps? This is
unlikely because there was no difference in the average number
or total duration of eye closures between the rested and the sleep-
restricted sessions in either the Drowsy or the Nondrowsy group.

A key finding of this study was a strong negative correlation
between change in drowsiness and change in regional CBF after
sleep restriction in the basal forebrain-cingulate gyrus network.
The basal forebrain-cingulate gyrus network forms a critical
part of the arousal-promoting network, in which cholinergic
neurons in the basal forebrain project to much of the remaining
cerebral cortex.”? The cholinergic drive is important for main-
tenance of wakefulness®* and alertness,*® with reduced cholin-
ergic activity resulting in sleepiness.® Therefore, the decreased
activity in this system with increasing levels of drowsiness is
consistent with its important role in maintaining wakefulness
and alertness. The putamen and striatum, where negative cor-
relations between CBF and drowsiness were also found, play an
important role in a variety of higher-level cognitive processes
generally associated with vigilance and state of wakefulness.*
Although the exact neuronal pathway for basal ganglia-driven
wake-sleep control is still unclear, the high prevalence of day-
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time sleepiness in patients with basal ganglia-related neurode-
generative disorders, such as Parkinson disease,* suggests its
role via dopaminergic modulation of sleep.®® Furthermore, the
ventral striatum of the basal ganglia extends into, and may rep-
resent elements of, the basal forebrain itself, modulating arous-
al via cholinergic pathways.%

When CBF in arousal-promoting network regions was com-
pared between sleep-restricted and rested sessions, we found
that CBF was modulated quite differently in the Drowsy and
Nondrowsy groups after sleep restriction. Specifically, basal
forebrain CBF increased in the Nondrowsy group. CBF also
increased in the anterior cingulate and posterior cingulate in
the Nondrowsy group, but showed no change in the Drowsy
group. Several studies have reported that the brain is able to
compensate for the effects of sleep loss while maintaining some
level of alertness.***67 However, these compensatory neuronal
responses were observed in the prefrontal and parietal cortices
and were modulated by task complexity, with stronger respons-
es observed in more complex tasks.***® During a simple visual
task after sleep loss, increasing transmission in the choliner-
gic afferents from the basal forebrain can promote wakefulness
and increase attention.’' Therefore, it is likely that the increased
CBEF in the arousal-promoting cholinergic projection of the non-
drowsy individuals represents the compensatory effort required
to offset the homeostatic drive to sleep when there is no inter-
ference from task demands. In contrast, decreased activity in
this area leads to widespread decreased activity in other areas,
causing reduced alertness and transition into drowsy behavior.®

The thalamus is one of the key arousal-related regions and,
hence, a change in CBF after sleep restriction may have been
expected. For example, PET studies have reported decreases in
thalamic activity after severe sleep deprivation of 24 h or lon-
ger,***® whereas fMRI studies have found thalamic activity to be
dependent on cognitive load and behavioral state.*®4*7%"! In par-
ticular, the thalamus is involved in mediating the interaction of
attention and arousal during cognitively demanding tasks, with
a greater level of attention-related activity in the thalamus after
sleep deprivation.**™ However, in the current study, no change in
thalamic CBF was seen in either the Drowsy or the Nondrowsy
group after sleep restriction. We consider that this preserved tha-
lamic activity likely reflects a similar basal demand for thalamic
drive during the awake resting state (i.e., no active task), irre-
spective of whether an individual is rested or sleep-restricted.

A possible limitation of our study is that we did not have
an objective measure of drowsiness, such as might be obtained
from a cognitive task. Cognitive performance data may have
been useful for grouping of individuals according to their level
of cognitive impairment.*® However, a cognitive task could have
introduced task-related changes in CBFE,"” potentially masking
the effect of drowsiness or actually altering the level of drowsi-
ness. Furthermore, task difficulty/monotony has an effect on
drowsiness, confounding changes in resting CBF due to sleep
loss. Another limitation is the relatively small number of indi-
viduals in our study, especially after separating into 2 groups.
However, within-group comparisons performed in the study
seemed statistically sensitive. Notwithstanding, a larger sample
size would have likely revealed more differences between the
Drowsy and Nondrowsy groups. In particular, a larger sample
size would have allowed for a powerful comparison of base-
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line perfusion difference between alert individuals and those
who are drowsy even when rested. Such a comparison is impor-
tant to elucidate mechanisms underlying daytime drowsiness
despite a rested night. A further limitation is that although we
used a detailed diary to subjectively verify that the participants
did not consume any prohibited substance on the day of scan-
ning, we did not use objective methods to confirm this. How-
ever, if individuals had consumed caffeine, for instance, but did
not report such in the diary, this could have affected perfusion
changes. However, consumption of caffeine, paradoxically, re-
duces CBE.” If Nondrowsy individuals were not drowsy after
sleep loss because of caffeine, we would expect to have seen a
reduction in CBF, which was not observed.

Most fMRI studies of cognition have used BOLD imaging,
which is a relative measure of neural activity and is dependent
on cerebral perfusion and hemodynamic factors. Therefore,
any changes in perfusion due to drowsiness will have an effect
on the BOLD signal. As most studies measure BOLD activity
during task relative to eyes-open resting state, any change in
drowsiness during the resting baseline can alter the amplitude
of the task-related BOLD signal even if there is no change in
task-related neural activity. Therefore, careful consideration
must be given to the overall behavioral state when measuring
task-related BOLD activity following sleep loss.

Our study has provided a new insight into the cerebral cor-
relates of drowsy behavior after acute sleep restriction. Dif-
ferential patterns of cerebral perfusion were found in the
frontoparietal attentional regions between individuals who
were drowsy and not nondrowsy individuals after sleep restric-
tion. We also found that the level of CBF in the basal-forebrain-
cingulate network correlates well with behavioral alertness
after sleep restriction, with increased CBF facilitating resistant
behavior and decreased CBF leading to drowsiness.

ABBREVIATIONS
ASL, arterial spin labeling
CBF, cerebral blood flow
ESS, Epworth Sleepiness Scale
fMRI, functional magnetic resonance imaging
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PET, positron emission tomography
SSS, Stanford Sleepiness Scale
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