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Study Objectives: To identify baseline behavioral and physiologic markers that associate with individual differences in sustained attention during

sleep deprivation.

Design: In a retrospective study, ocular, electrocardiogram, and electroencephalogram (EEG) measures were compared in subjects who were
characterized as resilient (n = 15) or vulnerable (n = 15) to the effects of total sleep deprivation on sustained attention.

Setting: Chronobiology and Sleep Laboratory, Duke-NUS Graduate Medical School Singapore.

Participants: Healthy volunteers aged 22-32 years from the general population.

Interventions: Subjects were kept awake for at least 26 hours under constant environmental conditions. Every 2 hours, sustained attention was
assessed using a 10-minute psychomotor vigilance task (PVT).

Measurements and Results: During baseline sleep and recovery sleep, EEG slow wave activity was similar in resilient versus vulnerable
subjects, suggesting that individual differences in vulnerability to sleep loss were not related to differences in homeostatic sleep regulation. Rather,
irrespective of time elapsed since wake, subjects who were vulnerable to sleep deprivation exhibited slower and more variable PVT response times,
lower and more variable heart rate, and higher and more variable EEG spectral power in the theta frequency band (6.0-7.5 Hz).

Conclusions: Performance decrements in sustained attention during sleep deprivation associate with instability in behavioral and physiologic
measures at baseline. Small individual differences in sustained attention that are present at baseline are amplified during prolonged wakefulness,

thus contributing to large between-subjects differences in performance and sleepiness.
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INTRODUCTION

One of the enduring questions in sleep research is why
some people cope well with sleep loss, whereas others do
not. During prolonged wakefulness, all individuals eventually
show impaired cognitive function, but there are large differ-
ences between subjects in the magnitude of performance defi-
cits. Individual differences in cognitive performance are stable
over repeated exposures to total sleep deprivation, regardless of
recent sleep history, indicating that vulnerability to sleep loss is
trait-like."! Similarly, individual differences in task-dependent
brain activation assessed by functional magnetic resonance
imaging (fMRI) are stable across multiple exposures to sleep
deprivation,’ suggesting a neurobiological basis for between-
subjects differences in performance.

During prolonged wakefulness, the homeostatic drive
for sleep competes with effort to remain awake, resulting in
impaired and/or unstable cognitive function.’ The buildup of
sleep pressure is only dissipated by sleep itself, and the inten-
sity or depth of sleep, as assessed by the amount of electroen-
cephalogram (EEG) slow wave activity (SWA; 0.75-4.5 Hz) in
NREM sleep,* is trait-like and related to the duration of prior
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wakefulness.> Polymorphic genes associated with individual
differences in SWA during NREM sleep include adenosine
deaminase (ADA),° adenosine A,, receptor (ADORA2A),’
Period 3 (Per3),® catechol-O-methyltransferase (COMT),’
human leukocyte antigen DQB1 (HLA-DQBI)," and brain-
derived neurotrophic factor (BDNF)." While individual differ-
ences in cognitive performance during sleep deprivation could
potentially be explained by genetically determined differ-
ences in the buildup or dissipation of sleep pressure, there
is no consensus as to the usefulness of the aforementioned
genes in predicting performance vulnerability to sleep loss in
the general population.

Based on retrospective analyses, individuals who are
phenotypically identified as resilient or vulnerable to sleep
deprivation differ in their neural activation patterns not only
during sleep deprivation, but also when they are rested.'*'s
In studies using fMRI, individuals who show higher levels of
task-dependent brain activation at baseline are more resilient
to the effects of total sleep deprivation on cognitive perfor-
mance, as compared to individuals with lower brain activa-
tion after normal sleep. These findings raise the possibility
that differential vulnerability to sleep loss can be estimated
by assessing brain activation patterns—or perhaps other
physiologic signals—at baseline. Alternatively, decrements in
performance during sustained wakefulness could potentially be
estimated using behavioral data, as demonstrated by adaptive
individual-specific performance models that rely on repeated
testing over time to predict future performance.'!” Based on
these studies, we hypothesized that baseline physiologic and
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behavioral measures carry information about a person’s rela-
tive vulnerability to subsequent sleep deprivation. The aim of
our study was to identify retrospectively features of baseline
neurobehavioral performance, and measures derived from the
EEG and electrocardiogram (ECQG), that associate reliably
with individual differences in sustained attention during sleep
deprivation. Herein, we describe substantial baseline individual
differences in psychomotor vigilance task (PVT) performance,
heart rate and its variability, and EEG theta activity in subjects
from the general population who were characterized as resil-
ient or vulnerable to the effects of total sleep deprivation on
sustained attention.

MATERIALS AND METHODS

Subjects

Healthy ethnic Chinese subjects (n = 45; 42 males) aged
22-32 years were enrolled in a laboratory study at the Chro-
nobiology and Sleep Laboratory (CSL), Duke-NUS Grad-
uate Medical School Singapore. Health was assessed using
screening questionnaires and self-reported medical history, and
participants reported no use of medications or nicotine prod-
ucts. Individuals with an extreme chronotype (< 31 or > 69 on
the Horne-Ostberg Morningness-Eveningness questionnaire
[MEQ])," or score > 5 on the Pittsburgh Sleep Quality Index
(PSQI)" were excluded. One participant with a PSQI score of
6 was enrolled; this was due to a scoring error that was discov-
ered after the study was completed. Subjects were ineligible
if they had a history of shift work or if they travelled across
time zones within 3 weeks prior to the start of the study. In the
week before the laboratory study, participants were required to
maintain a fixed daily sleep-wake schedule (8 h time in bed
for sleep at night), which was verified by actigraphy moni-
toring (Actiwatch-L or Actiwatch 2, Mini Mitter, Inc., Bend,
OR). Actigraphy data from 3 subjects were not available for
analysis due to technical problems with the Actiwatch device;
these individuals were admitted to the study on the basis of their
sleep-wake diaries. In the week prior to study, subjects were
asked to avoid caffeine, alcohol, and over-the-counter medica-
tions. Informed consent was obtained from all participants, and
research procedures were approved by the SingHealth Central-
ized Institutional Review Board. Procedures were compliant
with the Health Insurance Portability and Accountability Act
regulations and the Declaration of Helsinki.

Sleep Deprivation Procedures

In our retrospective analysis, we pooled available data
from subjects (n = 45) who underwent sleep deprivation in
our laboratory. Subjects lived individually in a windowless
suite that was shielded from external time cues. Participants
arrived in the evening and went to bed at their regular pre-
study sleep time. After an 8-h sleep opportunity, subjects
were kept awake for 26 h (Protocol 1; n =9) or 40 h (Protocol
2; n = 36) using constant routine (CR) procedures. In both
protocols, participants did not know the duration of time
that they would be kept awake. The CR procedure, which is
designed to minimize the effects of environmental stimuli
on circadian rhythms, consisted of wakefulness enforced by
research staff, semi-recumbent position in bed, dim ambient
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lighting (< 5 lux), and equicaloric snacks given every hour.”
Researchers were present at all times to carry out the protocol
and to ensure subject compliance. During the CR procedure,
light was provided by ceiling-mounted light-emitting diode
lamps dimmed to < 5 lux (1.9 uW/cm?), measured at a height
of 187 cm with the detector aimed at the brightest point in the
room (ILT1400 portable radiometer; International Light Tech-
nologies, Inc., Peabody, MA).

Assessment of Self-Rated Sleepiness and Sustained Attention

Starting 2.5 h or 3.5 h after wake time, subjects rated their
sleepiness every hour by completing the Karolinska Sleepiness
Scale (KSS) and a visual analogue scale (VAS) for sleepiness.
The KSS is a 9-point scale with responses ranging from “very
alert (1)” to “very sleepy, great effort to keep awake, fighting
sleep (9).”*' For the VAS, subjects rated their sleepiness by
selecting a point on a line that was labeled with the word pair
“sleepy” and “alert” at opposite ends.”? Every 2 h (starting
2.5 h or 4.5 h after wake time), participants completed a 10-min
PVT, which is a reaction time test that assesses sustained
visual attention. During the PVT, participants maintained their
fastest possible reaction time (RT) to a simple visual stimulus
presented at random inter-stimulus intervals (1-ms resolu-
tion) ranging from 2-10 seconds.”® PVT lapses were defined
as RTs > 0.5 seconds.”® We stratified our pool of subjects
(n =45) into 3 groups based on the number of PVT lapses that
occurred between 16.5-24.5 h after wake. The tertile with the
fewest number of lapses (n = 15) was defined as resilient to
the effects of total sleep deprivation on sustained attention,
and the tertile with the highest number of lapses (n = 15) was
defined as vulnerable. Using this stratification scheme, resil-
ient and vulnerable groups both consisted of 2 subjects who
completed Protocol 1 and 13 subjects who completed Protocol
2. The primary rationale for comparing top and bottom tertiles
is that these groups show an unambiguous difference in their
response to sleep deprivation, i.e., they have distinct pheno-
types. This analysis approach was based on previous retrospec-
tive studies, in which subjects were stratified into tertiles based
on their cognitive performance during a single session of sleep
deprivation, followed by comparison of top and bottom groups
when subjects were rested.'>'>!> Our approach was also based
on prior work demonstrating large differences in PVT perfor-
mance in groups stratified by tertiles.?

Physiologic Measurements

Polysomnography (PSG)

Polysomnographic recordings were performed during base-
line sleep, the CR procedure, and recovery sleep. Electrodes
were placed on the scalp according to the standard Interna-
tional 10-20 system of electrode placement. During sleep, the
EEG was recorded from central (C3-A2, C4-A1l) and occipital
(O1-A2, 02-Al) derivations; the EOG was recorded from elec-
trodes placed lateral to the outer canthus of each eye, slightly
above (right eye) and below (left eye) the bi-canthal plane, and
referenced to the contralateral mastoid electrode (Al or A2);
the EMG was recorded with electrodes placed on the chin and
submentally; and the ECG was recorded with electrodes placed
just below the clavicle on the right shoulder and below the fifth
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intercostal space at the anterior axillary line, i.e., using a modi-
fied lead V5 configuration. The waking EEG was recorded from
the z-line using frontal (Fz), central (Cz), parietal (Pz), and
occipital (Oz) derivations referenced to the mastoids (Al and
A2). Each derivation was averaged online to obtain a single
mastoid-referenced channel. The waking EOG and ECG were
recorded using the same procedures described for the sleep
montage. All signals were bandpass-filtered online (EEG, EOG,
and ECG at 0.3 to 35 Hz, EMG at 10 to 100 Hz), and recorded
at 200 Hz using a Comet Portable EEG system (Astro-Med,
Inc., West Warwick, RI). As described previously, the onset
and offset of PVT testing was marked in the polysomnographic
recording using an event marker, and signals were analyzed
during the middle 8 min between marked events.?

Eyelid Closure Monitoring

To assess percentage eyelid closure over the pupil over time
(PERCLOS), we performed infrared pupillography in a subset
of individuals (n = 34), including 12 who were defined as resil-
ient and 11 who were defined as vulnerable to the effects of
sleep deprivation on PVT performance. During the PVT, pupil
diameter of the left eye was recorded at 120 Hz using a head-
mounted eye-tracker that was worn like a visor (ISCAN, Inc.,
Woburn, MA).

Core Body Temperature

During the CR procedure, core body temperature readings
were collected every minute using an ingestible temperature
sensor (Mini Mitter, Inc., Bend, OR) that transmitted data to
a VitalSense Integrated Physiologic Monitor placed near the
subject. Participants swallowed the transmitter just prior to the
start of the baseline sleep opportunity, and were given a second
transmitter during the CR procedure if the first sensor was
passed in a bowel movement. Data from 1 resilient individual
and 2 vulnerable individuals were lost due to equipment failure.

Data Analysis

Actigraphy

To assess sleep behavior in the week prior to the laboratory
study, actigraphy data were collected on a per-minute basis
and analyzed using Actiware 5 software (Mini Mitter, Inc.).
Participants’ sleep diaries were used to demarcate time-in-
bed for sleep in the actigraphy record. Within this rest period,
activity counts were smoothed using a weighted average that
takes into account activity before and after each epoch using
the following formula: a(n),,oneq = 1/25*a(n-2) + 1/5*a(n-1) +
a(n) + 1/5*a(n+1) + 1/25*a(n+2). Epochs were scored as wake
when the smoothed activity count exceeded an individualized
threshold, which was determined by dividing each person’s
total daily activity counts by mobile time and multiplying by
0.88888. Mobile epochs were defined as those in which the
activity count was > epoch length in 15-s intervals; hence for a
1-min epoch length, the threshold was 4 for scoring an epoch
as mobile. Sleep onset was defined as the beginning of the first
5-min block of epochs with all but one epoch scored as immo-
bile. Similarly, sleep offset was defined as the end of the last
5-min block of epochs with all but 1 epoch scored as immobile.
Total sleep time (TST) was calculated as the total duration of
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scored sleep from sleep onset to sleep offset, and sleep effi-
ciency (SE) was defined as TST divided by the duration of
time-in-bed for sleep. Averaged TST and SE values were deter-
mined for each subject in the week prior to the laboratory study.
In 2 participants, only 6 days of actigraphy data were available
for estimating TST and SE.

Sleep Staging and EEG Spectral Analysis

PSG recordings were converted to European Data Format
and outsourced to The Siesta Group for sleep staging (The
Siesta Group Schlafanalyse GmbH, Vienna, Austria). Sleep was
staged in non-overlapping 30-s epochs according to the rules of
Rechtschaffen and Kales?® using the Somnolyzer 24 x 7 system,
an automated scoring system with human quality control. In a
large polysomnographic database (n = 590), the Somnolyzer
system has been shown to provide inter-rater reliability against
a human expert comparable to that between 2 human scorers.’

EEG spectral power during sleep episodes was analyzed in
running 4-s epochs that overlapped by 2 s. For each epoch, EEG
spectral power was estimated using FFT analysis with a Tukey
window. Epochs with artifacts were identified and removed
using an algorithm based on spectral power thresholds (The
Siesta Group Schlafanalyse GmbH). To assess the time course
of EEG spectral power during baseline sleep and recovery
sleep, data were log-transformed and reduced by averaging
in 2-h, non-overlapping time bins. Data were analyzed sepa-
rately for NREM sleep and REM sleep. Comparisons for EEG
spectral power between baseline sleep and recovery sleep were
performed in subjects who participated in Protocol 2. Since
participants were kept awake for 40 h, bedtime occurred at the
same clock time during baseline and recovery sleep episodes. In
1 resilient subject and 2 vulnerable subjects, EEG data were not
available for the recovery sleep episode. The resilient subject
withdrew after 30 h of wakefulness due to difficulty tolerating
the hourly snacks given during the constant routine procedure.
Technical problems resulted in data loss in one of the vulner-
able subjects, and EEG electrodes were not applied in the other
vulnerable subject due to scalp irritation.

EEG spectral power during wakefulness was analyzed for
each PVT in running 2-s, non-overlapping epochs. The EEG
was manually inspected for artifacts caused by movements,
blinks, or cardiac activity. Power spectral density for each
epoch was estimated using the modified periodogram method,
and EEG spectral power computed in 0.5-Hz bins from 0 to
16 Hz using the trapezoidal method. Data were log-transformed
and averaged across epochs within each PVT session. Since our
findings did not differ across EEG derivations (data not shown),
we show results only for central derivation (Cz during wake
and C3/C4 during sleep). In parallel, to quantify variability in
EEG spectral power, we computed the standard deviation of
EEG spectral power for all available artifact-free epochs during
each PVT. Data from 1 subject who was defined as vulnerable
to sleep deprivation could not be analyzed due to technical
problems in the waking polysomnographic recording.

Heart Rate Variability Analysis

The ECG was analyzed during the PVT, as well as during
a 3-min Karolinska Drowsiness Test (KDT) that took place
immediately before the PVT. The RR-interval time series was
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determined using a Hilbert transform-based method to detect
QRS peaks.”® We examined time-domain measures including
heart rate (HR) and the standard deviation of sinus RR-intervals
(SDNN), as well as HRV frequency-domain metrics defined by
the Task Force for Heart Rate Variability Analysis.? Using the
Lomb periodogram method,*® spectral power was determined
for each RR-interval time series in the very-low-frequency
(VLF, £0.04 Hz), low-frequency (LF, 0.04-0.15 Hz), and high-
frequency (HF, 0.15-0.40 Hz) bands. Data from 3 subjects
(2 resilient individuals and 1 vulnerable individual) were
excluded from analysis; 2 subjects exhibited sustained ectopic
beats and HRV metrics are unreliable in these cases,” while
there were technical problems with the third subject’s data (the
same subject whose waking EEG could not be used).

Ocular Measures of Sleepiness

The EOG recorded during PVT sessions was manually scored
for eye blinks. The middle 8 min of each PVT was divided into
240 two-s, non-overlapping epochs. The percentage of epochs
containing > 1 eye blink was determined for each PVT session.
Data from 1 subject could not be used for EOG analyses due
to technical problems in the polysomnographic recording (the
same subject whose waking EEG and ECG could not be used).
Eye-tracking data obtained during the PVT were analyzed to
determine PERCLOS, defined as the percentage of time per
minute that the pupil was > 80% covered by the eyelid.*! Since
PERCLOS is used to assess slow closures of the eyes caused
by drowsiness, closures <400 ms (i.e., blinks) were excluded.*

Circadian Phase Assessment

Core body temperature data from the CR procedure were
fitted using a two-harmonic with correlated noise regression
model.** To compare circadian phase in individuals who were
resilient versus vulnerable to sleep deprivation, we used the
fitted core body temperature minimum.

Procedures for the Follow-Up Laboratory Visit

Protocol

A subset of vulnerable (n = 13) and resilient (n = 12) subjects
participated in a follow-up study at the CSL. In the week before
the return visit, subjects recorded their bedtimes and wake
times in a diary. There were no restrictions on the timing of
night sleep, but participants were instructed to not take daytime
naps. Subjects reported to the laboratory in the mid-afternoon
(between 14:00 and 18:00) to take a 10-min PVT. Environ-
mental conditions were the same as those described for the CR
procedure (i.e., dim ambient light and semi-recumbent position
in bed), except that participants were seated for only 10 min
before the commencement of testing. The ECG was recorded
during the PVT to assess heart rate and its variability. After
testing, participants provided a blood sample for genotyping of
the Per3 variable number tandem repeat (VNTR).

Genotyping of the Per3 VNTR

Genomic DNA was extracted from whole blood using
a MasterPure DNA Purification Kit for Blood (Epicentre),
and Per3 VNTR genotyping was performed by polymerase
chain reaction (PCR) using the following primers: forward,
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5’-CAAAATTTTATGACACTACCAGAATGGCTGAC-3;
reverse, 5’-AACCTTGTACTTCCACATCAGTGCCTGG-3".*
DNA was denatured at 94°C for 2 min, followed by 40 cycles
of denaturing at 94°C for 30 s, primer annealing at 60°C for
30 s, and PCR extension at 72°C for 30 s. Allelic variants of the
Per3 VNTR carrying 4 repeats (581 bp) and 5 repeats (635 bp)
were identified by gel electrophoresis.

Statistical Analysis

Subject characteristics, pre-study actigraphy, and sleep
staging results were compared between groups (resilient versus
vulnerable) using a 2-tailed Student’s #-test. Levene’s test
was used to check homogeneity of variances, and where non-
homogeneity was detected, adjustments were made to the error
term for the #-statistic and to the degrees of freedom. In such
cases, we report the adjusted degrees of freedom. EEG spec-
tral power was log-transformed and compared in 0.5-Hz bins
between groups using 2-tailed #-tests, as previously described.*
The time-course of EEG slow wave activity during NREM
sleep was compared using 2-way repeated measures ANOVA
(group and time as between- and within-subject factors respec-
tively, with data binned 2-hourly). During the CR procedure,
the interaction of group (resilient versus vulnerable) and wake
state (baseline versus sleep deprived) on PVT performance
and EEG, ECG, and ocular measures was assessed by 2-way
repeated measures ANOVA. The baseline state was defined as
the first 16 h of wakefulness, and the sleep deprived state was
defined as wakefulness after habitual bedtime (16-24.5 h after
wake). In each subject, data were averaged across the baseline
state (i.c., across 5 PVT sessions) and sleep deprived state (i.c.,
across 6 PVT sessions) prior to statistical testing. Repeated
measures ANOVA was also used to compare PVT performance
and ECG-derived measures during the CR procedure (8.5 h after
wake) versus the return visit to the laboratory (group x sleep
schedule; fixed versus ad libitum sleep). For ANOVAs with
statistically significant interactions, t-tests were used post hoc
to examine the simple effects of group (resilient versus vulner-
able) by wake state. Statistical analyses were performed using
SPSS software (IBM Corp., New York, NY), and P < 0.05 was
considered statistically significant.

RESULTS

Individual Differences in Sustained Attention and Sleepiness
during Total Sleep Deprivation

Forty-five healthy subjects underwent total sleep deprivation
in a controlled laboratory setting. After a night of baseline sleep
(8 h time in bed), subjects were kept awake continuously for
26 h (Protocol 1; n =9) or 40 h (Protocol 2; n = 36). Every 2 h,
participants completed a 10-min PVT to assess their ability to
sustain visual attention (Figure 1 A). In most participants, lapses
in attention (response time > 500 ms) increased near habitual
bedtime, but there were marked individual differences in the
magnitude of performance impairment (Figure 1B). We strati-
fied our pool of 45 subjects by tertiles based on each person’s
total number of PVT lapses during one night of sleep depriva-
tion (16.5 to 24.5 h after wake). Vulnerable individuals were
defined as the third of participants with the greatest number of
PVT lapses (n=15), and resilient individuals were defined as the
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Figure 1—Stratification of participants into resilient and vulnerable
groups. (A) After an 8-h opportunity for sleep, subjects underwent sleep
deprivation for 26 h (Protocol 1; n = 9) or 40 h (Protocol 2; n = 36) using
constant routine procedures. Every 2 h, subjects completed a 10-min
psychomotor vigilance task (PVT), indicated by the asterisks. PVTs
scheduled during one night of sleep deprivation are shown by the box.
(B) The time-course of PVT lapses in individual subjects (n = 45) revealed
large inter-individual differences in sustained attention after habitual
bedtime. (C) Subjects were stratified into tertiles based on each person’s
number of lapses during sleep deprivation. The group of participants with
the fewest number of lapses was defined as resilient to sleep deprivation
(n = 15; black traces), whereas the group with the greatest number of
lapses was defined as vulnerable (n = 15; gray traces). In panels B-C,
the vertical dotted line indicates habitual bedtime.

third of participants with the fewest number of lapses (n = 15).
Using this stratification scheme, there was almost no overlap in
individual profiles of PVT lapses for vulnerable versus resilient
participants during the usual hours of sleep (Figure 1C); i.e.,
these groups were phenotypically distinct.

During each PVT, we examined objective measures of sleep-
iness derived from ocular measures. During the first 16 h of
wakefulness, there was no difference between vulnerable and
resilient groups in percentage eyelid closure over the pupil over
time (PERCLOS) or blink rate (Figure 2A-B). After habitual
bedtime, vulnerable individuals showed a greater increase in
PERCLOS relative to resilient individuals (Figure 2A; post hoc
t, =-5.07, P < 0.001), whereas blink rate, which is negatively
correlated with sleepiness and PVT performance,” decreased
across the night only in vulnerable individuals (Figure 2B; post
hoc t,, = 3.46, P = 0.002). There was no difference between
groups in self-rated sleepiness, however, assessed using a VAS
for sleepiness (Figure 2C; F, ,; = 0.03, P = 0.87) and the Karo-
linska Sleepiness Scale (data not shown; F,,; = 0.11, P=0.74).
There was also no difference between groups in circadian
timing, as assessed by the core body temperature rhythm
(Figure 2D; F, ,; = 0.51, P = 0.48).

Differential Vulnerability to Sleep Deprivation is Not Explained
by Differences in Homeostatic Sleep Pressure Assessed by EEG
Slow Wave Activity

Next, we examined whether individual differences in
sustained attention during sleep deprivation were related to
differences in recent sleep history. Based on their responses on
the Pittsburgh Sleep Quality Index (PSQI) and Horne-Ostberg
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Figure 2—Individual differences in sustained attention during sleep
deprivation are related to differences in objective sleepiness. (A) Subjects
who were vulnerable to the effects of sleep deprivation on sustained
attention (open circles) closed their eyes a greater percentage of the
time during sleep deprivation, as compared to subjects who were resilient
to sleep loss (black circles). The percentage of eyelid closure over the
pupil over time (PERCLOS) was assessed during a 10-min psychomotor
vigilance task (PVT) taken every 2 h. (B) During prolonged wakefulness,
vulnerable subjects showed a decrease in blink rate relative to resilient
subjects. (C) Despite differences in ocular measures of sleepiness, the
time-course of self-rated sleepiness was similar between groups. (D) The
timing of the circadian system was also similar in resilient and vulnerable
subjects, as shown for the rhythm of core body temperature. In each
plot, the vertical dotted line indicates habitual bedtime, which defines the
boundary between baseline wakefulness and sleep deprivation. Asterisks
indicate significant differences between groups by wake state (baseline
versus sleep deprived). In each plot, the mean + SEM is shown.

Questionnaire, vulnerable and resilient individuals reported
good quality sleep in the month prior to the study and did
not differ in their usual or preferred wake times and bedtimes
(Table 1). In the week before the laboratory study, subjects were
required to keep a regular sleep-wake schedule (8 h time in bed
each night), during which there was no difference between
vulnerable and resilient groups in estimated TST or SE as
determined by actigraphy monitoring (Table 1). On the night
before being admitted to the study, both groups slept about 7.5 h
(resilient, 7.6 + 0.08 h; vulnerable, 7.5 + 0.10 h), and sleep effi-
ciency was about 93% (resilient, 93.0% =+ 1.0%; vulnerable,
93.5% + 1.0%).

Prior to sleep deprivation, participants were given an 8-h
opportunity for sleep in the laboratory, which was assessed by
polysomnography (Table 2). Individuals who were resilient to
the effects of sleep deprivation on PVT performance slept about
15 min less than vulnerable individuals (¢,; = -2.43, P = 0.022),
resulting in a small but significant difference between groups
in sleep efficiency (¢4 = -2.11, P = 0.045). The percentage of
time spent in stage 2 sleep, slow wave sleep, and REM sleep
was similar between groups, whereas resilient individuals
spent slightly more time in stage 1 sleep (Table 2). Next, we
examined recovery sleep in participants who were kept awake
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Table 1—Subject characteristics

Measure Resilient
n 15
Age (years) 25607
BMI (kg/m?) 21606
PSQl score 33+03
MEQ score 474+19
Usual bedtime, past 30 days 12:38 am £ 16 min
Usual wake time, past 30 days ~ 9:04 am % 27 min
“Feeling best” bedtime 12:38 am £ 18 min

“Feeling best” wake time 9:59 am + 19 min
Pre-study screening with actigraphy monitoring

Bed time 12:25 am £ 11 min
Wake time 8:37 am £ 12 min
Time in bed (h) 8.2+0.04
Total sleep time (h) 7.6+0.09
Sleep efficiency (%) 928+1.2

Vulnerable P value
15

243+05 0.11
23309 0.14
3.0+04 0.49
498+14 0.32
12:34 am £ 13 min 0.85
8:23 am = 17 min 0.22
12:46 am £ 18 min 0.75
9:28 am + 13 min 0.19
12:17 am £ 11 min 0.65
8:24 am = 11 min 0.42
8.1+0.06 0.18
7.6+0.09 0.99
940+0.9 0.43

During pre-study screening, bedtime, wake time, and time in bed were determined by sleep
diary. Total sleep time and sleep efficiency were estimated using actigraphy. For all measures,
the mean = SEM is shown. BMI, body mass index; PSQI, Pittsburgh Sleep Quality Index;
MEQ, Home-Ostberg Morningness-Eveningness questionnaire.

Measure Resilient
Baseline sleep (n) 15
Sleep onset latency (min) 79+15
Total sleep time (min) 4466 +5.5
Sleep efficiency (%) 934+11
WASO (min) 23.6+5.1
Stage 1 (% TST) 53+06
Stage 2 (% TST) 458+15
SWS (% TST) 22314
REM (% TST) 26509
Recovery sleep (n) 12
Sleep onset latency (min) 33109
Total sleep time (min) 4720+ 1.4
Sleep efficiency (%) 98403
WASO (min) 45412
Stage 1 (% TST) 15+0.2
Stage 2 (% TST) 39.7+20
SWS (% TST) 346+19
REM (% TST) 24213

Vulnerable

15
52+1.0
462.4 £ 3.6
96.1+0.7
13633
32+05
459+138
23114
2718+12

1"
3110
469.1£2.3
97.8+05
77£22
1.6+05
42115
33520
228+12

Table 2—Polysomnographic measures during baseline sleep and recovery sleep in individuals
who were resilient versus vulnerable to the effects of sleep deprivation on sustained attention

P value

0.14
0.022*
0.045*
0.1
0.009*
0.97
0.69
0.40

0.86
0.29
0.29
0.21
0.89
0.35
0.68
0.46

Sleep measures are shown during a baseline sleep opportunity (8 h of time in bed) and during
the first 8 h of recovery sleep after 40 h of sustained wakefulness. SWS, slow wave sleep
(sum of stages 3 and 4); TST, total sleep time. For all measures, the mean + SEM is shown.
Asterisks highlight significant differences between resilient and vulnerable groups (P < 0.05).

for 40 h (vulnerable, n = 11; resilient, n = 12), and who were
given a 12-h opportunity for recovery sleep beginning at their
habitual bedtime (Figure 1A; Protocol 2). There were no differ-
ences between groups in TST, SE, or percentage of time spent
across sleep stages, assessed during the first 8 h of time in bed
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(Table 2), or across the entire 12-h sleep episode
(data not shown).

To assess whether vulnerable and resilient
groups differed in their buildup or dissipation
of homeostatic sleep pressure, we examined
EEG spectral power during baseline sleep and
recovery sleep. EEG power spectra were similar
between groups during NREM sleep and REM
sleep, assessed during the entire sleep episode
(Figure 3A-B) and in 2-h bins across baseline
sleep and recovery sleep (¢, >-1.65, P> 0.11 for
all pairwise comparisons across frequency bins).
To assess more directly whether vulnerable indi-
viduals showed a greater buildup of sleep pres-
sure during prolonged wakefulness relative to
resilient individuals, we measured the increase in
SWA during the first 2 h of recovery sleep versus
baseline sleep. Resilient and vulnerable groups
showed a similar increase in SWA near the begin-
ning of the recovery sleep episode (Figure 3C).
In addition, SWA decreased at the same rate in
both groups during baseline sleep and recovery
sleep (Figure 3D).

Vulnerable Individuals Show Greater Instability
in Sustained Attention at Baseline than Resilient
Individuals

Next, we examined whether individual differ-
ences in sustained attention during sleep depri-
vation could be explained by differences in
performance at baseline. Although vulnerable
individuals showed a much greater deterioration
in PVT performance during sleep deprivation
than resilient individuals, there were also differ-
ences between groups at baseline (Figure 4).
Vulnerable individuals exhibited a small but
significantly greater number of lapses in atten-
tion (Figure 4A; post hoc #,,; =-3.21, P=0.004)
and slower average response times (Figure 4B;
post hoc #,; = -2.58, P = 0.015), as compared to
resilient individuals. PVT performance during
the daytime was also more variable in vulnerable
subjects, as evidenced by a higher standard devi-
ation of responses times within each PV T session
(Figure 4C; post hoc t,3 =-3.59, P =0.001), and
a greater number of consecutive PVT response
times that differed by more than 250 ms (Figure
4D; post hoc t,5, = -3.30, P = 0.004). Despite
having slower average response times, vulner-
able individuals could nonetheless respond as
quickly as resilient individuals for the fastest
10% of responses during the daytime (post hoc
t,y =-1.06, P =0.30).

Vulnerable Individuals Show a Slower and More Variable Heart
Rate than Resilient Individuals

In a previous study, we showed that some measures of heart
rate variability (HRV) track individual PVT performance
during sleep deprivation.”> We therefore hypothesized that

32
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Figure 3—Individual differences in vulnerability to sleep deprivation are
not explained by differences in homeostatic sleep regulation. (A) During
baseline sleep, subjects who were resilient (black traces) or vulnerable
(gray traces) to the effects of sleep deprivation on sustained attention
displayed similar EEG spectral power, assessed during NREM sleep
or REM sleep. (B) Similarly, during the first 8 h of recovery sleep that
followed sleep deprivation, there was no difference between groups in
EEG spectral power for NREM sleep or REM sleep. (C) Resilient and
vulnerable groups showed an equivalent increase in spectral power
in the 0-12 Hz range from baseline sleep to recovery sleep, assessed
during NREM sleep in the first 2 h of the sleep episode. (D) The time-
course of EEG slow wave activity (SWA) during NREM sleep was similar
between resilient (black circles) and vulnerable (open circles) groups
during baseline sleep and recovery sleep, suggesting that there was no
difference in the buildup or dissipation of homeostatic sleep pressure. In
each plot, the mean £ SEM is shown, and data are shown for the central
EEG derivation.

individual differences in HRV might associate with relative
vulnerability to sleep deprivation. We found that heart rate was
slower (Figure 5A) and more variable (Figure 5B) in vulner-
able individuals, regardless of time since wake. In contrast,
heart rate and its variability did not differ between groups
during baseline sleep or recovery sleep (data not shown). To
examine differences in HRV during wakefulness in greater
detail, we performed spectral analysis on the RR-interval time
series during each PVT. We found that, compared to resilient
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Figure 4—Individual differences in psychomotor vigilance task (PVT)
performance during baseline wakefulness and sleep deprivation. PVT
performance measures are shown in vulnerable subjects (open circles)
and resilient subjects (black circles) during prolonged wakefulness.
During sleep deprivation, vulnerable individuals showed a much greater
increase than resilient individuals in (A) lapses, (B) mean reaction
time (RT), (C) standard deviation (SD) of RT, and (D) the number of
consecutive RTs that differed by greater than 250 ms. In the right column,
PVT measures during the daytime are re-plotted on a different scale to
highlight baseline differences between resilient and vulnerable groups. In
the left column, asterisks indicate significant differences between groups
by wake state (baseline versus sleep-deprived). The vertical dotted line
indicates habitual bedtime, which defines the boundary between baseline
wakefulness and sleep deprivation. In the right column, asterisks
show significant differences between groups at each time point (t-test,
P <0.05). In each plot, the mean + SEM is shown.
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individuals, RR-interval spectral power was significantly
greater in vulnerable participants in the very-low-frequency
(VLF, < 0.04 Hz; Figure 5C) and low-frequency (LF, 0.04—
0.15 Hz; Figure 5D) bands (F,,, > 12.5, P < 0.002 for both
comparisons). In contrast to VLF and LF spectral power, there
was a significant interaction between group and wake state
for high-frequency spectral power (HF, 0.15-0.40 Hz; Figure
SE), such that HF power increased by a greater amount in
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Figure 5—Individual differences in heart rate and its variability associate
with differences in psychomotor vigilance task (PVT) performance
during sleep deprivation. (A) Irrespective of time elapsed since wake,
individuals who were vulnerable to the effects of sleep deprivation (open
circles) on sustained attention exhibited a lower heart rate than resilient
individuals (black circles) during the PVT. (B) Vulnerable participants
also displayed greater variability in heart rate than resilient individuals,
as assessed by the standard deviation of sinus normal to normal inter-
beat intervals (SDNN). Based on frequency domain measures of the
RR-interval time series, vulnerable subjects exhibited greater spectral
power in (C) very-low-frequency (VLF, < 0.04 Hz), (D) low-frequency
(LF, 0.04-0.15 Hz), and (E) high-frequency (HF, 0.15-0.40 Hz) bands, as
compared to resilient subjects. Asterisks indicate significant differences
between groups by wake state (baseline versus sleep deprived). Where
a significant interaction between group and wake state was not observed,
number symbols (#) indicate a significant main effect of group on heart
rate variability. In each plot, the mean + SEM is shown.

vulnerable individuals during the usual hours of sleep (post
hoc t,,=-2.71,P=0.012).

Vulnerable Individuals Show Higher and More Variable Waking
EEG Theta Power than Resilient Individuals

Next, we examined individual differences in EEG spec-
tral power during sustained wakefulness. At baseline, sleep
deprivation-vulnerable individuals demonstrated signifi-
cantly more spectral power in the high frequency theta range
(6.0-7.5 Hz) than resilient individuals (Figure 6A; ¢,, < -2.20,
P < 0.037 across pairwise comparisons in 0.5-Hz bins). When
wakefulness was extended beyond habitual bedtime, vulnerable
individuals continued to show higher levels of high frequency
theta activity, as well as more delta power relative to resilient
individuals (Figure 6B; #,, <-2.24, P < 0.033 for both compari-
sons). Consistent with ocular measures of objective sleepiness
(Figure 2), vulnerable participants showed a greater increase in
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Figure 6—Individual differences in EEG spectral power associate with
differences in psychomotor vigilance task (PVT) performance during
prolonged wakefulness. (A) During the daytime, individuals who were
vulnerable to the effects of sleep deprivation on sustained attention
(gray trace) exhibited greater EEG spectral power in the high-frequency
theta range (6.0-7.5 Hz) range while taking the PVT, as compared to
resilient individuals (black trace). (B) After habitual bedtime, vulnerable
individuals continued to show greater high-frequency theta activity than
resilient individuals, as well as more spectral power in the delta band.
(C) Vulnerable subjects (open circles) showed a greater increase in delta
power during sleep deprivation relative to resilient subjects (black circles),
whereas (D) EEG theta power was consistently higher in vulnerable
participants at all times of day, regardless of time elapsed since wake.
(E) Vulnerable individuals showed greater variability in delta power, as
well as (F) theta power, relative to resilient individuals, assessed by the
epoch-to-epoch standard deviation (SD) of spectral power within each
PVT. In panels C-F, the vertical dotted line indicates habitual bedtime,
which defines the boundary between baseline wakefulness and sleep
deprivation. Asterisks indicate significant differences between groups
by wake state (baseline versus sleep deprived). Where a significant
interaction between group and wake state was not observed, number
symbols (#) indicate a significant main effect of group on EEG measures.
In each plot, the mean + SEM is shown.

EEG delta power after habitual bedtime than resilient individ-
uals (Figure 6C, post hoc #,,=-3.28, P=0.003). By comparison,
theta power in the 6.0-7.5 Hz range was higher in vulnerable
individuals irrespective of time elapsed since wake (Figure 6D;
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F,; =6.74, P = 0.015). We also assessed variability in EEG
delta and theta activity by computing the standard deviation of
spectral power in 2-s non-overlapping epochs during each PVT
session. There was a small main effect of group on standard
deviation of EEG delta power, with higher variability observed
in vulnerable subjects (Figure 6E; F,,; = 6.51, P = 0.017).
There was also a main effect of group on the standard devia-
tion of high-frequency EEG theta power, such that variability
in theta activity was significantly greater in vulnerable partici-
pants during wakefulness, as compared to resilient participants
(Figure 6F; F', ,s=10.3, P=0.004).

Variability in PVT Performance and Heart Rate at Baseline are
Reproducible across Study Visits

Next, we evaluated whether baseline differences in attentional
or physiologic stability, assessed during a single 10-min PVT,
could potentially be used to estimate individual differences in
vulnerability to sleep deprivation. We assessed PVT and ECG-
derived measures collected in the middle of the day (i.e., 8.5 h
after wake), based on our finding that individual differences in
daytime PVT performance were greatest at this time point. In
our sample of 45 subjects, the baseline markers that associated
most strongly with attentional lapses during sleep deprivation
were the standard deviation of PVT response times (Spearman
rho = 0.63, P < 0.001), and RR-interval spectral power in the
VLF band (Spearman rho = 0.55, P < 0.001). Using these
measures, we stratified our original pool of 45 subjects by
tertiles and found that subjects with high variability in PVT
performance, or with high VLF spectral power in the middle of
the day, showed a significantly greater increase in PVT lapses
during subsequent sleep deprivation, as compared to individuals
with low variability in PVT response times or low VLF spectral
power (Figure 7A-B; post hoc ¢ < -3.38, P < 0.002). Similarly,
individuals with high variability in PVT performance or heart
rate exhibited a greater increase in objectively measured sleepi-
ness during the usual hours of sleep, as assessed by PERCLOS
(Figure 7C-D; post hoc ¢ <-2.82, P <0.011).

To assess whether individual differences in daytime PVT
performance and heart rate measures were reproducible, we
invited participants to return for additional testing > 5 months
after they had undergone sleep deprivation in our laboratory.
Thirteen vulnerable individuals and 12 resilient individuals
agreed to take part in the follow-up study. In the week prior
to the return visit, participants recorded their sleep-wake times
in a sleep diary, but they were not required to keep a regular
sleep schedule. Subjects reported to the laboratory to complete
a 10-min PVT in the mid-afternoon (between 14:00 and 18:00),
during which the ECG was recorded. Prior to being discharged
from the study, participants provided a blood sample for geno-
typing of the Per3 variable number tandem repeat (VNTR),
to explore the possibility that the vulnerable group had more
individuals with 2 copies of the long Per3 allele (Per3>”).
This genotype is associated with higher EEG theta activity
and increased cognitive vulnerability to sleep deprivation, as
compared to individuals with two copies of the shorter allele
(Per3#*).33¢ We found that one subject was a Per3”” carrier,
and this person belonged to the group that was resilient to the
effects of sleep deprivation on sustained attention. Two individ-
uals in the vulnerable group were heterozygous (Per3*?), and
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Figure 7—Baseline individual differences in psychomotor vigilance task
(PVT) performance variability and heart rate variability associate with
relative vulnerability to sleep deprivation. Subjects were stratified into
top and bottom tertiles (n = 15 in each group) based on their standard
deviation of PVT reaction times, or by RR-interval spectral power in the
very-low-frequency band (VLF, < 0.04 Hz), assessed during a single 10-
min PVT taken in the middle of the habitual wake period. (A) Individuals
with high variability in PVT reaction time (open circles) showed a greater
increase in attentional lapses during sleep deprivation than individuals
with low variability (black circles). (B) Similarly, subjects with high VLF
spectral power (open circles) during the daytime showed a greater
decline in PVT performance during prolonged wakefulness than subjects
with low VLF spectral power (black circles). (C) Individuals with high
variability in daytime PVT performance showed a greater increase in eye
closures during sleep deprivation, (D) as did individuals with high spectral
power in the VLF band, relative to individuals with low variability in these
measures. In each panel, the vertical dotted line indicates habitual
bedtime, which defines the boundary between baseline wakefulness
and sleep deprivation. Asterisks indicate significant differences between
groups by wake state (baseline versus sleep deprived). In each plot, the
mean = SEM is shown.

all other participants were homozygous for the short Per3 allele
(Per3**). The low prevalence of the longer Per3 allele in our
subject pool precluded further analyses by genotype.

In the week leading up to the return visit, vulnerable and
resilient groups spent a similar amount of time in bed per
night (resilient, 8.0 + 0.3 h; vulnerable, 8.1 = 0.2 h, £,; =-0.03,
P = 0.978). Resilient subjects kept more irregular sleep-wake
schedules, however, based on the standard deviation of each
person’s midpoint of sleep over 7 days (resilient, 1.2 + 0.2 h;
vulnerable, 0.6 = 0.1 h, ¢,,5 = 2.79, P = 0.014). Even though
vulnerable individuals showed more stable sleep-wake timing
than resilient individuals in the week prior to the return visit,
they continued to show higher variability in PVT response
times. Similar to results obtained when participants were
studied under constant routine conditions, vulnerable indi-
viduals exhibited a higher standard deviation of PVT response
times (Figure 8A; F\,; = 19.62, P < 0.001), and a greater

Markers for Vulnerability to Sleep Deprivation—Chua et al



A # # B # #
018 = 124 -
2 2 1
E ou Py
= g 8
E 010 § 6
S 006 Al
& k2
0.02 < 0
Fixed  Adlib Fixd  Adlib
Sleep history Sleep history
C —~ # # D # #
£ o o o o
E &
2 7
© 1S
3 =
£ =
e =
b=
(1]
D
T Fixed  Adlib Fixed  Adlib
Sleep history Sleep history

Figure 8—Baseline individual differences in psychomotor vigilance task
(PVT) performance variability and heart rate variability are reproducible
across study visits. A subset of individuals that was characterized as
resilient (n = 12) or vulnerable (n = 13) to the effects of sleep deprivation
on sustained attention participated in a follow-up study at least 5 months
after their initial visit to the laboratory. Participants were required to keep
a fixed sleep schedule with 8 h time-in-bed per night prior to the first
laboratory visit, but they were free to choose their sleep and wake times
prior to the second visit. We compared PVT performance and heart rate
variability during the middle of the habitual wake period between study
visits. Regardless of prior sleep history (fixed versus ad libitum sleep),
vulnerable individuals (white bars) exhibited more variable response times
than resilient individuals (black bars), as assessed by (A) the standard
deviation of PVT reaction time (RT), and (B) the number of consecutive
RTs that differed by greater than 250 ms. (C) During both study visits,
resilient subjects displayed a higher heart rate than vulnerable subjects,
and both groups showed an increase in heart rate during the second visit.
(D) Vulnerable subjects exhibited greater RR-interval VLF spectral power
than resilient subjects, irrespective of differences in sleep history. Number
symbols (#) show main effects of group on PVT and heart rate measures.
In each plot, the mean + SEM is shown.

number of consecutive response times that differed by > 250 ms
(Figure 8B; F',; = 17.33, P < 0.001). An increase in heart rate
was observed in both groups during the return visit, but vulner-
able individuals continued to exhibit a lower heart rate than
resilient subjects (Figure 8C; F,, = 4.40, P = 0.048). Addi-
tionally, vulnerable individuals continued to show higher vari-
ability in heart rate, including RR-interval spectral power in the
VLF band (Figure 8D; F,,, = 7.89, P = 0.011). Hence, base-
line differences between vulnerable and resilient individuals
in PVT performance variability and HRV were stable across
study visits, even when these measures were studied several
months apart and participants kept fixed or irregular sleep-wake
schedules prior to testing.

DISCUSSION
Our retrospective analyses show that individual differ-
ences in PVT performance and sleepiness during total sleep
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deprivation associate with baseline differences in attentional
and physiologic stability. Regardless of time elapsed since
wake, individuals who were vulnerable to sleep deprivation
showed more unstable PVT performance, and exhibited greater
variability in heart rate and EEG theta power, as compared to
resilient individuals. These laboratory findings raise the possi-
bility that baseline measures of cognitive and physiologic intra-
individual variability can be used to estimate inter-individual
differences in vulnerability to sleep deprivation.

According to the state instability hypothesis, sustained
attention during sleep deprivation becomes unstable as sleep
initiating mechanisms compete with increased compensatory
effort to remain awake.’ Our findings suggest that individual
differences in performance during sleep deprivation are at least
partially explained by between-subjects differences in perfor-
mance instability at baseline. We hypothesize that small base-
line differences in performance variability are amplified by
state-instability during sleep deprivation, and thus contribute
to very large between-subjects differences in the magnitude
of performance impairment. While the mechanisms governing
attentional lapses might differ across wake states,’” our find-
ings nonetheless demonstrate that instability in baseline PVT
performance correlates with the magnitude of PVT perfor-
mance impairment during sleep deprivation.

On average, individuals who were resilient to the effects of
sleep deprivation on sustained attention exhibited several more
heart beats per minute than vulnerable individuals, irrespective
of time elapsed since wake. Resilient participants also exhib-
ited lower HRV, demonstrating that sustained attention perfor-
mance and variability in cardiovascular control are co-related.
Previous studies have shown that with increasing time-on-task,
performance decline is associated with an increase in HRV;
hence, HRV has been proposed as a marker of effort alloca-
tion. In our study, however, vulnerable individuals exhibited
higher HRV than resilient individuals, even when they were
not performing the PVT. We assessed this during a 3-min
Karolinska Drowsiness Test (KDT) taken prior to each PVT
(data not shown, F, ,,=11.7, P=0.002). The KDT has minimal
task load (participants simply stare at a circle) and requires
almost no mental effort. In addition, the fastest 10% of PVT
response times was similar in resilient versus vulnerable indi-
viduals, suggesting that participants who were vulnerable to
sleep deprivation were responding as quickly as possible, as
instructed. These results suggest that individual differences in
HRV were not related to differences in effort allocation. An
alternative explanation for our findings is that resilient subjects
are in a constant state of increased arousal relative to vulner-
able subjects, and hence show greater sympathetic activity, i.c.,
increased heart rate and lower beat-to-beat variability, regard-
less of time since wake.*® Consistent with this interpretation,
resilient subjects exhibited less total sleep and lower sleep
efficiency during baseline sleep and lower theta activity in the
waking EEG.* It should be pointed out, however, that resilient
subjects did not report difficulty falling asleep or maintaining
sleep, and their EEG sleep staging results were in the normal
range for young adults. Also, there were no group differences in
heart rate or its variability or EEG spectral power during sleep,
which contrasts with hyperarousal in insomnia.*®*° Nonethe-
less, our findings during wakefulness could be attributed, at
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least in part, to higher waking sympathetic drive and arousal
in resilient participants.

During wakefulness, vulnerable individuals exhibited more
high-frequency EEG theta activity than resilient individuals.
Although it has been suggested that differences in baseline
EEG theta activity might reflect differences in homeostatic
sleep pressure or sleep history,** only the rise rate in EEG theta
activity during sustained wakefulness has been shown to corre-
late with the buildup of EEG slow wave activity in recovery
sleep.*! Notably, in our study the increase in EEG theta power
during sleep deprivation did not differ between resilient and
vulnerable groups. We speculate that high waking EEG theta
activity might be a general marker that associates with suscep-
tibility to sleep deprivation. Similar to our findings, Per3>’
carriers have greater EEG theta activity regardless of time spent
awake, and these individuals show increased susceptibility to
the effects of total sleep deprivation on executive function.®*
Alternatively, group differences in EEG theta activity might
reflect differences in sympathetic drive, as insomniacs with
hyperarousal exhibit lower waking theta power than controls
despite having disrupted sleep.** As discussed above, lower
theta activity in resilient subjects could be attributed to greater
sympathetic arousal. Group differences in EEG theta activity
at baseline could also reflect differences in EEG-generating
mechanisms that are not related to sleep-wake regulation, as
proposed for individuals with the ADORA2A 1976 > C poly-
morphism.*> We found, however, that variability in EEG spec-
tral power increased in delta and theta frequency bands during
sleep deprivation, which parallels our results for PVT perfor-
mance and could reflect increased state instability.

Individual differences in sustained attention during sleep
deprivation did not appear to be explained by differences in
homeostatic sleep regulation. Resilient and vulnerable groups
showed a similar increase in EEG SWA in NREM sleep in
response to sleep deprivation; and other markers of sleep
homeostasis, including spindle frequency activity in NREM
sleep and theta-alpha activity during REM sleep, were similar
between groups during both baseline sleep and recovery sleep.
At baseline, resilient individuals had slightly more stage 1 sleep
(by about 2%), and slept about 15 min less than vulnerable indi-
viduals. Based on these results, it could be argued that resilient
individuals experienced shallower sleep or less sleep pressure.
We consider this possibility unlikely, however, as the amounts
of light sleep (stage 2), REM sleep, and deep sleep were not
different between groups, and there were no differences in EEG
power spectra during baseline sleep or recovery sleep. Rather,
our findings are consistent with those reported by Van Dongen
et al., in which homeostatic sleep drive did not correlate with
waking performance.* To be clear, our results do not exclude
the possibility that individual differences in sleep homeostasis
can give rise to differences in cognitive vulnerability.®*¢ Rather,
our findings suggest that in the general population, differen-
tial vulnerability in sustained attention to sleep deprivation is
probably only weakly influenced by individual differences in
sleep homeostasis (assessed by SWA), suggesting that other
factors likely play a more important role in determining the
rate of performance decline during prolonged wakefulness.
Consistent with this interpretation, individual differences in
sleep homeostasis that derive from allelic variation in ADA,
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ADORA2A4, COMT, HLA-DQBI, and BDNF are not associ-
ated with differences in deterioration in cognitive performance
during sleep loss.®”1%114445 Also, based on studies of mono-
zygotic versus dizygotic twin pairs, individual differences in
PVT performance during sleep deprivation are highly heritable,
but are not explained by genetic variation in the Per3 or ADA
genes.* While genotype-dependent differences for specific
behavioral performance measures have been reported for some
allelic variants (ADA 22G > A; ADORA2A HT4 haplotype;
BDNF Val66Met), these differences are present at baseline
and are not modulated by total sleep deprivation, i.e., there
is not a significant interaction between state and genotype on
performance. By comparison, we found that individuals with
high variability in PVT response times or heart rate at base-
line showed a much greater deterioration in sustained attention
during sleep deprivation relative to individuals with lower vari-
ability in these measures.

An important limitation of our study is that we do not know
if differences between resilient and vulnerable groups were
driven by differences in state or trait. In the week prior to the
laboratory study, participants were required to keep a regular
sleep schedule with 8 h of time in bed for sleep. Although this
amount falls within the recommended range for sleep duration
in young adults, and both groups felt equally alert at baseline
based on ocular measures and self-rated sleepiness, we cannot
be sure that resilient and vulnerable groups were equally rested
before undergoing sleep deprivation. Both groups chose to
spend an average of 8 h of time in bed per night under real-
life conditions, but it is possible that subjects who were defined
as vulnerable need more sleep to perform at an optimal level
on the PVT relative to resilient subjects. Here, we did not test
whether subjects are capable of performing better if time-in-bed
for sleep is extended beyond 8 h each night, i.e., to satiate sleep
need. As such, we do not know if each group was studied under
equal state conditions. Similarly, we cannot exclude the possi-
bility that resilient and vulnerable groups were differentially
affected by the first-night effect of sleeping in our laboratory.
There were small group differences in stage 1 sleep and sleep
efficiency during baseline sleep, but the percentage of wakeful-
ness after sleep onset was in the normal range (< 5%) in both
groups. Even if baseline sleepiness was equivalent between
groups, trait-like stability in vulnerability to sleep deprivation
was not assessed in our study, as participants were deprived
of sleep only once. Prior work has shown that trait-like differ-
ences in PVT performance account for a large proportion of
observed individual differences, even when prior sleep history
(i.e., state) is manipulated.'>* Therefore, in future work it
should be tested whether individual differences in baseline
measures of attentional and physiologic instability associate
with decrements in performance across repeated exposures to
sleep deprivation, under equal and unequal state conditions
(e.g., in response to sleep extension or sleep restriction).

The present study focused on vulnerability in sustained
attention to sleep deprivation using PVT performance;
however, individual differences in PVT performance during
sustained wakefulness do not necessarily associate with differ-
ences in performance in other cognitive domains, e.g., working
memory and processing speed.'*” Nonetheless, our findings are
potentially relevant for real-world tasks that require sustained
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attention, e.g., driving at night, baggage screening, and radar
monitoring. Since we only examined performance vulner-
ability during total sleep deprivation, it will be important to test
whether our findings translate to different types of sleep loss,
e.g., partial sleep restriction or fragmented sleep caused by a
sleep disorder. Participants reported good quality sleep prior
to our study, but we did not perform a sleep disorders screen
in the laboratory. We cannot rule out the possibility that some
subjects had an undiagnosed sleep disorder, although we did
not find evidence of disordered sleep in our subjects based on
sleep staging results. Similarly, we cannot rule out the possi-
bility that some subjects experienced caffeine withdrawal,*® as
participants were asked to avoid consumption of caffeinated
products for at least one week prior to the study. Symptoms of
withdrawal typically peak within the first two days of caffeine
cessation, but it is possible that some individuals were still
affected by the start of the laboratory study. Also, because we
only studied young healthy participants, most of whom were
males, in ongoing studies we are examining the influence of sex
and age on PVT performance stability.

Herein, we used the terms “resilient” and “vulnerable” to
describe subject PVT performance in relative terms. Similar
to previous studies, we stratified our subject pool into top and
bottom tertiles, based on performance during sleep depriva-
tion.'>!315 If we had started with a much larger pool of subjects
(e.g., hundreds of participants), we could have applied more
stringent criteria for defining resilient and vulnerable groups,
such as the top and bottom 10% of performers, or individuals
whose performance was more than two standard deviations
from the mean. Despite some overlap in behavioral and physio-
logic measures in subjects who were defined as resilient versus
vulnerable, we show that differential vulnerability to sleep
deprivation at the group level can be estimated based on indi-
vidual differences at baseline. It might prove considerably more
difficult, however, to predict performance vulnerability to sleep
deprivation on a per-individual basis. Another limitation of our
study is that baseline markers that associated with vulnerability
to sleep deprivation were identified retrospectively. Although
inter-subject differences in daytime PVT performance and
heart rate variability measures were reproducible across study
visits, prospective studies are required to determine whether it
is possible to predict individual differences in sustained atten-
tion during sleep deprivation.

The mechanisms linking baseline variability in PVT perfor-
mance and physiologic measures with susceptibility to sleep
deprivation remain to be elucidated. During tasks that require
sustained attention, the frontoparietal system is engaged and
activity in the default-mode network (DMN) is reduced.” The
DMN consists of several brain regions whose activity is highly
correlated during rest, when individuals are not engaged in a
task. During sleep deprivation, impaired PVT performance is
associated with decreased deactivation of DMN activity rela-
tive to baseline.”® Additionally, partial or total sleep deprivation
is associated with reduced functional connectivity of the DMN,
as well as reduced connectivity of the DMN with its anti-corre-
lated network (ACN), which includes brain regions required
for attention.>'**> Given that individuals who are resilient versus
vulnerable to the effects of sleep deprivation differ in their task-
dependent brain activation during rested wakefulness,'>'* as
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well as their baseline attentional stability, in future studies it
will be important to establish whether these groups also differ
in their functional connectivity of the DMN and ACN when
they are well rested or sleep deprived.

In conclusion, our results show that intra-individual vari-
ability in baseline PVT performance could potentially be used
to estimate inter-individual differences in sustained attention
and sleepiness during total sleep deprivation. Also, irrespective
of time elapsed since wake, individuals who are vulnerable to
sleep deprivation show higher wake-dependent variability in
heart rate and EEG theta activity. Our results therefore estab-
lish a feature set that associates with vulnerability to sleep
deprivation consisting of increased behavioral and physiologic
instability at baseline. These findings have potential implica-
tions for safety-sensitive occupations and night shift work; if it
were possible to identify individuals who are at greatest risk of
committing errors or falling asleep by assessing their baseline
cognitive stability, these persons could be managed with appro-
priate fatigue countermeasures. Based on our results, future
work on individual differences in cognitive vulnerability to
sleep deprivation should examine the neural origins of behav-
ioral performance instability.
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