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Abstract

Study Objectives: Sleep loss produces large individual differences in neurobehavioral responses, with marked vulnerability or resilience
among individuals. Such differences are stable with repeated exposures to acute total sleep deprivation (TSD) or chronic sleep restriction (SR)
within short (weeks) and long (years) intervals. Whether trait-like responses are observed to commonly experienced types of sleep loss and
across various demographically defined groups remains unknown.

Methods: Eighty-three adults completed two baseline nights (10 h-12 h time-in-bed, TIB) followed by five 4 h TIB SR nights or 36 h TSD.
Participants then received four 12-h TIB recovery nights followed by five SR nights or 36 h TSD, in counterbalanced order to the first sleep loss
sequence. Neurobehavioral tests were completed every 2 h during wakefulness.

Results: Participants who displayed neurobehavioral vulnerability to TSD displayed vulnerability to SR, evidenced by substantial to near perfect
intraclass correlation coefficients (ICCs; 78%-91% across measures). Sex, race, age, body mass index (BMI), season, and sleep loss order did not impact
ICCs significantly. Individuals exhibited significant consistency of responses within, but not between, performance and self-reported domains.

Conclusions: Using the largest, most diverse sample to date, we demonstrate for the first time the remarkable stability of phenotypic neurobehavioral
responses to commonly experienced sleep loss types, across demographic variables and different performance and self-reported measures. Since

sex, race, age, BMI, and season did not affect ICCs, these variables are not useful for determining stability of responses to sleep loss, underscoring

the criticality of biological predictors. Our findings inform mathematical models and are relevant for the general population and military and health
professions.

Statement of Significance

In a large, diverse sample, we observed robust, stable individual differences in neurobehavioral responses to two commonly experienced
types of sleep loss, acute total sleep deprivation (one night without sleep) and chronic sleep restriction (5 consecutive nights of 4 hours
nightly sleep opportunity). Individuals who displayed neurobehavioral vulnerability to one type of sleep loss consistently displayed vulner-
ability to the other type of sleep loss. Sex, race, age, body mass index, and testing season did not significantly affect such stability, highlighting
the need for biological predictors for vulnerability or resilience to sleep loss. These results provide important and novel information for pre-
dictive mathematical models and have direct relevance for the population at large and for individuals in military and health professions.
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Introduction

The differences among healthy people in neurobehavioral dec-
rements in response to sleep loss are large and stable over time
[1-7]. Among healthy adults, approximately one third have pro-
found performance deficits with even moderate sleep loss; one
third have moderate deficits, and one third have few or no per-
formance deficits, even when sleep loss is severe [8-10]. Thus,
short-term trait-like, phenotypic susceptibility among individ-
uals accounts for 50%-95% of the variance (depending on the
measure) in the severity of neurobehavioral decrements due to
sleep loss [8-10]. Re-exposure to acute total sleep deprivation
(TSD) after 1-6 weeks reveals differential neurobehavioral vul-
nerability in various measures, such as objective alertness and
performance tasks and self-reported mood and sleepiness tasks,
which are sensitive to sleep loss [1, 3, 11, 12]. Long-term stability
also has been observed in individuals who experienced months
to years between exposures of TSD or chronic sleep restriction
(SR), with intraclass correlation coefficients (ICCs) ranging from
0.72 to 0.95 [7]. Stability in higher-order cognitive tests also has
been found when SR and circadian misalignment were com-
bined [13].

One small prior study compared neurobehavioral deficits
across 64 h of TSD and chronic, severe SR using ICCs [6]. The re-
sults were comparable to those found from repeated exposures
of TSD [1, 3, 11, 12]. This result is likely due to the protocol [6] con-
sisting of seven nights of 3 h time-in-bed (TIB) in the SR condi-
tion (although, in that study actual sleep duration during SR was
not assessed), a SR amount so severe (in terms of both chronicity
and sleep duration) that it is essentially equivalent to TSD [14,
15]. Critically, whether such reported stability extends to greater
TIB durations for SR and/or to varying durations of TSD, or what
possible influence the circadian system and/or sleep inertia play
in such differential vulnerability remains unknown [6]. In the
present study, we aimed to determine if responses to one acute
night of TSD and five nights of 4 h TIB chronic SR were trait-like
using more realistic and more commonly experienced durations
of sleep loss shown to be neurobehaviorally equivalent by math-
ematical models [15].

Stable and trait-like interindividual differences have been ob-
served in electroencephalogram power spectra responses to SR
(5 h TIB) and 1-h naps [16]. These differences also have been
observed in TSD, including polysomnographic sleep and slow-
wave energy responses to sleep loss across 2-3 days [17-19], and
in heart rate, heart rate variability, percentage of eyelid closure,
blink rate, and electroencephalogram alpha power across 2.5-
15 months [20].

A few prior studies have reported small sex differences in
cognitive performance responses to sleep loss (reviewed in Ref.
[21]). It remains unknown, however, whether there is a sex dif-
ference in the stability of trait-like neurobehavioral responses.
Photoperiod affects neuroplasticity and mood and cognition
[22], and affects neurobehavioral performance both separately
[23] and in conjunction with the circadian system [22]. Thus, the
season of testing is an environmental factor that may influence
the repeatability of neurobehavioral responses to sleep loss but
has not been systematically examined. Similarly, the stability of
trait-like neurobehavioral responses for other key demographic
factors have not been explicitly investigated, including body
mass index (BMI), age, and race.

Some studies have found task-dependent variability in re-
sponse to acute TSD, with differential susceptibility across

cognitive domains as measured by different neurobehavioral
tests [7, 11, 24-27]. Further research is needed to understand
the relationships between performance outcomes on different
cognitive tasks and between self-reported and objective meas-
ures of sleepiness and fatigue with respect to vulnerability and
resistance to sleep loss comparing commonly experienced dur-
ations of deprivation for TSD and chronic SR.

In this study, we sought to address three gaps in prior re-
search: (1) we determined whether trait-like neurobehavioral
response deficits in the largest, most diverse sample to date
are maintained between two common durations of sleep loss,
acute TSD and chronic SR, separated by recovery within the
same protocol; (2) we sought to explicitly test for the first time
whether various demographically defined groups (sex, race, age,
BMI) or environmentally defined groups (testing season) show
comparable neurobehavioral stability for TSD and chronic SR
exposures; (3) we determined the relationships among various
cognitive performance measures and self-reported measures of
sleepiness and fatigue across different, common types of sleep
loss separated by a few days. We hypothesized an individual’s
vulnerability or resistance to TSD and to chronic SR of 4 h per
night for five consecutive nights in the same protocol would re-
main highly stable and that demographically and environmen-
tally defined groups would show comparable stability. We also
hypothesized objective performance measures would be related
and self-reported measures would be related, but that measures
would not be related across cognitive and self-reported domains
for different types of sleep loss.

Methods
Participants

Eighty-three healthy individuals, representative of the racial
composition of Philadelphia County, PA, between the ages of
21-50 years were recruited in response to study advertisements.
Participants reported habitual nightly sleep durations between
6.5 and 8.5 h, with habitual bedtimes between 2200h and 0000h
and habitual awakenings between 0600h and 0930h; these were
confirmed via wrist actigraphy. Chronotype was determined via
the Composite Scale of Morningness and Eveningness, with ex-
treme morning and evening types excluded [28]. Participants
did not engage in habitual napping and did not present with
sleep disturbances (i.e. no complaints of daytime sleepiness,
insomnia, or other sleep-wake disturbances) [29]. They did not
have any acute or chronic psychological and medical conditions,
as determined by questionnaires, interviews, physical exams,
clinical history, and urine and blood tests (including a fasting
blood glucose test). They were not taking any regular medica-
tions (except oral contraceptives) and were nonsmokers with
BMIs between 17.3 and 30.9 kg/m?. They did not participate in
transmeridian travel or shift work or have irregular sleep-wake
routines in the 60 days before the study. Participants were moni-
tored at home with actigraphy, sleep-wake diaries, and time-
stamped call-ins to determine bedtimes and waketimes during
the 7-14 days before the laboratory phase and the 7 days fol-
lowing the laboratory phase. Sleep disorders were excluded on
the first laboratory night by oximetry and polysomnography
(PSG) measurements, if applicable—in our sample, no parti-
cipants demonstrated a sleep disorder. Participants were not
allowed to use tobacco during the 7 days before the study, as



verified by blood and urine screenings. The protocol was ap-
proved by the University of Pennsylvania’s Institutional Review
Board. All participants provided written informed consent in ac-
cordance with the Declaration of Helsinki. They received com-
pensation for participation.

Procedures

Participants engaged in a 13-day laboratory study in which they
were studied continuously and received daily checks of vital
signs and symptoms by nurses (with a physician on call). All par-
ticipants experienced two types of sleep loss during the protocol,
SR and TSD, with the order of sleep loss exposures counterbal-
anced across conditions. In addition, there were four nights of
12 h recovery sleep (2200 hours-1000 hours) between sleep loss
conditions in order to ensure complete recuperation and return
of neurobehavioral variables to baseline, and along with coun-
terbalancing, to eliminate any possible lingering effects of one
sleep loss condition on the other. Participants were random-
ized as a group (N = 4 per group) to one of the two conditions
after two initial nights of baseline sleep of 10 h (2200 hours-0800
hours) and 12 h (2200 hours-1000 hours) TIB, respectively, and
were blinded to condition assignment until after the second
night of baseline sleep (Figure 1). Participants randomized to
Condition A (N = 41) underwent five consecutive nights of sleep
restricted to 4 h TIB per night (SR1-5, 0400 hours-0800 hours)
followed by four consecutive nights of 12 h recovery sleep (2200
hours-1000 hours), one night of TSD (0 h TIB) during which they
were kept awake for 36 h (1000 hours-2200 hours the following
day), and then a final night of recovery sleep (2200 hours-1000
hours). Participants randomized to Condition B (N = 42) under-
went one night of TSD (0 h TIB) during which they were kept
awake for 36 h (1000 hours-2200 hours the following day), fol-
lowed by four consecutive nights of 12 h recovery sleep (2200
hours-1000 hours), five consecutive nights of sleep restricted to
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4 h TIB per night (SR1-5, 0400 hours-0800 hours) and then a final
night of recovery sleep (2200 hours-1000 hours). . For both con-
ditions, PSG was recorded during the SR1 and SR5 sleep oppor-
tunities as previously described [30].

Participants were ambulatory and were permitted to per-
form sedentary activities such as watching television, reading,
and playing video or board games between neurobehavioral test
bouts (completed while seated at a computer); however, they
were not allowed to exercise. Ambient temperature was main-
tained between 22°C and 24°C. Laboratory light levels remained
constant at less than 50 lux during scheduled wakefulness and
less than 1 lux during scheduled sleep periods. Participants were
monitored continuously by trained staff throughout the study to
ensure adherence.

Neurobehavioral measures

A precise computer-based neurobehavioral test battery was
administered every 2 h during wakefulness and contained the
following tasks: the 10-min Psychomotor Vigilance Test (PVT)
[31, 32], the Digit Symbol Substitution Task (DSST) [33], the
Forward and Backward Digit Span (DS) Task [33], the Karolinska
Sleepiness Scale (KSS) [34], and the Profile of Mood States (POMS)
[35]. The number of lapses (reaction times [RT] >500 ms) and
errors (false starts with premature reactions without a stimulus
or coincident false starts with RT <100 ms) and response speed
were analyzed for the PVT.

In addition to these test bouts, a modified Maintenance of
Wakefulness Test (MWT) [36-40]—a physiological measure of
the ability to resist sleep—was administered at baseline, after
five nights of SR and after TSD (a single trial was conducted be-
tween 1430h and 1600h) using a standard recording montage.
Before each trial, the lights were dimmed to less than 10 lux and
participants were instructed, “Keep your eyes open and try not
to fall asleep.” Each trial was terminated at the first microsleep
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Figure 1. Experimental protocol. (A) Condition A: 2 nights of baseline sleep (B1 and B2) followed by 5 nights of sleep restriction (SR), followed by 4 nights of recovery
sleep (R1-R4) and then one night of acute total sleep deprivation (TSD); (B) Condition B: 2 nights of baseline sleep (B1 and B2) followed by one night of acute TSD fol-
lowed by 4 nights of recovery sleep (R1-R4) and then 5 nights of SR. The order of sleep loss was counterbalanced, with all participants receiving both types of sleep loss

in a crossover design.
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(10 s of theta activity) determined by the C,-A, derivation or at
30 min if sleep onset did not occur. MWT scores represented ei-
ther the time (minutes) to microsleep initiation or 30 min (if no
microsleep occurred).

Statistical analyses

To maximize the analysis of as many test bouts as possible,
response to sleep loss was assessed using the average value
of data collected every 2 h from 2200h/0000h to 2000h during
TSD, as has been done in our previous studies [7], and using
the average value of data collected every 2 h from 0800h/1000h
to 2000h after the fifth night of SR. Sleep loss difference from
baseline variables were not calculated, as has been done in
our other studies [7] since participants had the same baseline
for both TSD and SR exposures. A secondary analysis examined
test bouts only between 0800h/1000h and 2000h during TSD and
SR5 to remove possible circadian system influences during TSD
and sleep inertia influences during SR5 on ICCs from the larger,
more inclusive analysis. One-way analysis of variance (ANOVAs)
compared pre-study chronotype, sleep and demographic meas-
ures, and SR1 and SR5 sleep duration between Conditions A and
B. ICCs [41] and their 95% confidence intervals (CIs) (two-way
mixed, absolute agreement, average measures; SPSS v25) as-
sessed the interindividual differences and intraindividual sta-
bility of neurobehavioral responses (absolute values) to TSD
and SR for the entire study population and for groups defined
by order of sleep loss (Condition A [N = 41] vs. Condition B
[N = 42]), testing season (spring/summer [N = 42] vs. fall/winter
[N = 41]), sex (male [N = 47] vs. female [N = 36]), race (African
American [N = 60] vs. Caucasian [N = 15]), age (median split,
younger [N = 42] vs. older [N = 41]) and BMI (median split, under-
weight/normal weight [N = 42] vs. overweight/obese [N = 41] as
defined using the World Health Organization classification). The
following ranges characterize ICCs and reflect the stability of
interindividual differences: 0.0-0.2 (slight); 0.2-0.4 (fair); 0.4-0.6
(moderate); 0.6-0.8 (substantial); and 0.8-1.0 (almost perfect)
[41]. The overlap of ClIs was used to assess whether systematic
differences in stability existed between different groups or dif-
ferent test bout intervals [42-44]. Spearman’s rho assessed the
relative rank of individuals’ averaged SR-TSD responses across
neurobehavioral measures.

Results

Eighty-three healthy adults (mean + SD, 34.7 + 8.9 years; 36 fe-
males) (aged 21-50 years, 72.3% African American; 43.4% female)

Table 1. Participant characteristics (mean + SD)

participated in the study, with N = 41 randomly assigned to
Condition A (experienced five consecutive nights of SR first)
and N = 42 randomly assigned to Condition B (experienced one
night of TSD first). There were no significant differences between
sleep loss order of conditions in age (p > 0.05), BMI (p > 0.05),
the percentage of participants who were African American (p >
0.05) or female (p > 0.05), or in chronotype (p > 0.05), or in pre-
study actigraphic sleep duration (p > 0.05), onset (p > 0.05), offset
(p > 0.05), or midpoint (p > 0.05) (Table 1). During SR1, partici-
pants slept an average of 3:39 + 15.54 min, with no significant
differences in duration between the two conditions (p > 0.05).
Similarly, during SRS, participants slept an average of 3:47 =
8.76 min, with no significant differences between the two con-
ditions (p > 0.05).

Cognitive performance

Cognitive performance was consistent across exposures to
SR and TSD with a substantial ICC for 10-min PVT lapses and
errors: 0.788 (95% CI, 0.662, 0.866), and almost perfect ICCs for
all other measures: 10-min PVT response speed (1/RT): 0.901
(95% CI, 0.845, 0.936); DSST: 0.889 (95% CI, 0.768, 0.940); and DS:
0.911 (95% CI, 0.863, 0.942) (Figure 2). There were large pheno-
typic individual differences in cognitive responses across par-
ticipants to TSD: average 10-min PVT lapses and errors ranged
from 0.36 to 32.5; average 10-min PVT 1/RT ranged from 2.18 to
4.51 s; average DSST performance ranged from 32.5 to 85.2 cor-
rect responses; and average DS performance ranged from 1.64 to
22.55 correct responses. Similarly, there were large phenotypic
individual differences in cognitive responses across participants
to SR: average 10-min PVT lapses and errors ranged from 0.00
to 37.83; average 10-min PVT 1/RT ranged from 1.81 to 4.95 s;
average DSST performance ranged from 33.5 to 99.2 correct re-
sponses; and average DS performance ranged from 2.5 to 21.33
correct responses.

The ICCs from the secondary analysis comparing test bouts
from 0800 hours/1000 hours to 2000 hours of TSD versus the
same time range from SRS remained substantial for the 10-min
PVT lapses and errors: 0.756, and almost perfect for all other ob-
jective measures: 10-min PVT 1/RT: 0.88; DSST: 0.872; DS: 0.891
(Figure 3A-D). As shown in Figure 3, the CIs for each measure
overlapped with the CIs for each measure from the analysis
using all available TSD test bouts, indicating that there was no
systematic difference in ICCs for test bout time range examined.

Sleep loss order and testing season did not appreciably af-
fect the ICCs for any cognitive performance measure: ICC dif-
ferences for sleep loss order condition ranged from 0.02 to

Body mass African Sleep Sleep Sleep Sleep
index Female American duration  onset offset midpoint
N  Age(y) (kg/m?) N (%) N (%) Chronotype* (h)t (time + h)t  (time +h)" (time + h)*
All participants 83 34.7+89 247=:34 36 (43.4%) 60(72.3%) 41.9=+5.6 80+0.6 23:35+09 7:35+0.8 3:36 £ 0.8
Condition A 41 339x9.0 249x33 18 (43.9%) 31 (75.6%) 415+5.8 8.0+0.5 23:33+09 7:39+0.8 3:38+0.8
(SR first)
Condition B 42 355+88 244+34 18 (42.9%) 29 (69.0%) 42.3+5.5 80+0.6 23:37+0.9 7:32+0.8 3:35+0.8
(TSD first)

*Composite Scale of Morningness and Eveningness [28].
tDetermined by wrist actigraphy (1 week prior to study entry).
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Figure 2. Individual differences and substantial phenotypic stability of cognitive measures to total sleep deprivation (TSD) and sleep restriction (SR) exposures.
Neurobehavioral vulnerability to TSD and SR exposures showed trait-like stability across performance measures, as evident by substantial intraclass correlation coeffi-
cients (ICCs): (A) 10-min Psychomotor Vigilance Test (PVT) lapses and errors, ICC = 0.788; and almost perfect ICCs: (B) 10-min PVT 1/reaction time (RT), ICC = 0.901; (C) Digit
Symbol Substitution Task (DSST) number correct, ICC = 0.889; and (D) Digit Span (DS) total number correct, ICC = 0.911. In all graphs, participants (denoted individually
with letters) are ordered left to right from least to greatest response as determined by the average of the TSD (circle) and SR5 (square) scores. See text for ICC ranges.

0.082 and for season of testing ranged from 0.007 to 0.088.
Similarly, ICCs were not appreciably affected by demographic
factors including by sex (group difference ranging from 0.002 to
0.015), age (group differences ranging from 0.018 to 0.156), race
(group difference ranging from 0.019 to 0.084), or BMI (group dif-
ference ranging from 0 to 0.071). The 95% CIs of ICCs in each
demographic and environmental group overlapped for all cog-
nitive measures (Figure 4). A secondary analysis with test bouts
from only between 0800h/1000h and 2000h was not performed
for each demographic group because there were no differences
in ICCs when comparing selected versus all test bouts.

Self-reported sleepiness, vigor, and fatigue

Self-reported ratings of sleepiness, fatigue and vigor were stable
across exposures to SR and TSD, with almost perfect ICCs for
KSS: 0.838 (95% CI, 0.748, 0.896) and POMS Vigor (POMS-V): 0.868
(95% CI, 0.796, 0.915) and a substantial ICC for POMS Fatigue
(POMS-F): 0.781 (95% CI, 0.655, 0.860) (Figure 5A-C). There were
large phenotypic individual differences in self-reported re-
sponses across participants to TSD: average KSS ratings ranged
from 1.00 to 8.91; average POMS-V ratings ranged from 0 to

23.27; and average POMS-F ratings ranged from 0.00 to 16.18.
Similarly, there were large phenotypic individual differences
in self-reported responses across participants to SR: average
KSS ratings ranged from 1.00 to 9.00; average POMS-V ratings
ranged from 0.00 to 23.8; and average POMS-F ratings ranged
from 0.00 to 18.33.

The secondary analysis computed ICCs for test bouts from
0800 hours/1000 hours to 2000 hours in TSD and SR5 for each
self-reported measure. The ICCs remained almost perfect for the
KSS: 0.812 and for POMS-V: 0.884, while POMS-F became almost
perfect at 0.816 (ICC increase of 0.035) (Figure 3E-G). As shown
in Figure 3, the CIs for each measure overlapped with the CIs
for each measure from the analysis using all available TSD test
bouts, indicating that there was no systematic difference in ICCs
for test bout time range examined.

Sleep loss order and testing season did not appreciably affect
the ICCs for any self-reported performance measure: ICC differ-
ences for sleep loss order condition ranged from 0.013 to 0.088 and
for season of testing ranged from 0.038 to 0.102. Similarly, ICCs
were not appreciably affected by demographic factors including by
sex (group differences ranging from 0.048 to 0.165), age (group dif-
ference ranging from 0.045 to 0.066), race (group difference ranging
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Figure 3. Comparison of intraclass correlation coefficients (ICCs) of neurobehavioral measures by test bout range. ICCs and corresponding 95% confidence intervals
(CIs) for test bouts from 2200 hours/0000 hours to 2000 hours of total sleep deprivation (TSD) and from 0800 hours/1000 hours to 2000 hours of the fifth night of sleep
restriction (SR5) versus test bouts from 0800 hours/1000 hours to 2000 hours of TSD and from 0800 hours/1000 hours to 2000 hours of SR5 for (A) 10-min Psychomotor
Vigilance Test (PVT) lapses and errors, (B) 10-min PVT 1/reaction time (RT), (C) Digit Symbol Substitution Task (DSST) number correct, (D) Digit Span (DS) total number
correct, (E) Karolinska Sleepiness Scale (KSS) score, (F) Profile of Mood States (POMS) Vigor; and (G) POMS Fatigue. Overlapping confidence intervals (CIs) for each
measure indicate that there was no systematic difference in ICCs for test bout time range used to measure stability. A test bout comparison for the Maintenance of
Wakefulness Test (MWT) was not applicable because the MWT only was performed once during each sleep loss condition.

from 0.052 to 0.296), or BMI (group difference ranging from 0.026
to 0.163). The 95% ClIs of ICCs within each demographic and envir-
onmental group overlapped for all self-reported measures (Figure
6A-C). A secondary analysis with test bouts from only between
0800 hours/1000 hours and 2000 hours was not performed for each
demographic group because there were no differences in ICCs
when comparing selected versus all test bouts.

Physiologic alertness

Physiologic alertness was measured using the MWT. MWT la-
tency was moderately consistent across SR and TSD exposures:
ICC = 0.451 (95% CI, 0.163, 0.641) (Figure 5D). There were large
phenotypic individual differences in MWT responses across
participants to TSD: average latency ranged from 1.00 to 30 min
(30 min indicates that no microsleeps occurred for the dur-
ation of the test). Similarly, there were large phenotypic indi-
vidual differences in MWT responses across participants to SR:
average latency ranged from 1.33 to 30 min (30 min indicates
that no microsleeps occurred for the duration of the test).

Sleep loss order and testing season did not appreciably affect
the ICCs for physiological alertness, whereby the ICC difference
for sleep loss order condition was 0.232 and for season of testing
it was 0.161. Similarly, ICC group differences were not appre-
ciably affected by demographic factors including by sex (0.012),
age (0.045), race (0.166), or BMI (0.238). The 95% CI of ICCs over-
lapped in each demographic category, indicating no differences
in stability within each group (Figure 6D).

Neurobehavioral measures: relative rank
relationships

Cognitive performance and self-reported ratings showed con-
sistency across the different neurobehavioral responses to SR
and TSD (Table 2). During SR and TSD, PVT lapses and errors
were positively correlated with PVT 1/RT (p = 0.70, p < 0.001),
DSST (p = 0.37, p < 0.001) and DS (p = 0.44, p < 0.001). PVT 1/
RT was also positively correlated with DSST (p = 0.41, p < 0.001)
and DS (p = 0.56, p < 0.001) and inversely correlated with
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Figure 4. Comparison of intraclass correlation coefficients (ICCs) of cognitive measures by demographic or environmental category. ICCs and corresponding 95% confi-
dence intervals (CIs) for sex (female vs. male, both ICCs denoted with dashed points), age (younger vs. older, both ICCs denoted with triangle points), BMI (underweight/
normal weight vs. overweight/obese, both ICCs denoted with circle points), race (Caucasian vs. African American, both ICCs denoted with square points), and season
of testing (spring/summer vs. fall/winter, both ICCs denoted with x-marked points) for (A) 10-min Psychomotor Vigilance Test (PVT) lapses and errors, (B) 10-min PVT
1/reaction time (RT), (C) Digit Symbol Substitution Task (DSST) number correct; and (D) Digit Span (DS) total number correct. Overlapping Cls within each demographic
or environmental subgroup indicate there was no systematic difference in ICCs between groups.

POMS-V (p = -0.33, p < 0.05). DSST was positively correlated
with DS (p = 0.50, p < 0.001) and KSS was positively correlated
with POMS-F (p = 0.66, p < 0.001) and inversely correlated with
POMS-V (p = -0.43, p < 0.001). There were no significant cor-
relations between PVT lapses and errors and KSS, POMS-V, or
POMS-F, or between PVT 1/RT and KSS or POMS-F (all p > 0.05).
DSST was not significantly correlated with KSS, POMS-V, or
POMS-F; DS was not significantly correlated with KSS or POMS-F;
and POMS-V was not significantly correlated with POMS-F (all
p > 0.05). Relative rank analyses were not performed with test
bouts from only 0800 hours/1000 hours to 2000 hours for SR and
TSD because there were no differences in ICCs when comparing
selected versus all test bouts.

Discussion

This study provides evidence for phenotypic stability of indi-
vidual neurobehavioral responses across two commonly experi-
enced forms of sleep loss, acute TSD and chronic SR. Trait-like
stability was observed in performance and self-reported meas-
ures with substantial to almost perfect ICCs between 78% and
91%, indicating that participants who displayed vulnerability
to TSD also displayed vulnerability to SR. ICCs for various

demographic groups also showed marked stability, with no
significant differences between subgroups. Neurobehavioral
outcomes showed consistency across objective measures, and
consistency across self-reported measures, but generally not be-
tween objective and self-reported domains.

Our findings replicate studies comparing TSD-TSD exposures
across short time intervals [1, 3, 11, 12], and TSD-TSD [7, 20] and
SR-SR [7] exposures across long time intervals, with respect to
range of performance responses and robust ICCs. Our results
also are similar to a study comparing two nights of TSD and
chronic, severe SR [6]. ICCs from the current study are within
the ranges for polysomnographic sleep and slow-wave energy
responses to TSD-TSD exposures [18, 19], and within the ranges
for heart rate, heart rate variability, percentage of eyelid closure,
blink rate, and electroencephalogram alpha power responses to
TSD-TSD exposures [20]. In addition, the ICCs reported in this
study are generally more stable than the ranges found for en-
ergy balance responses to TSD-SR exposures and to long dur-
ation SR-SR exposures [45, 46].

The MWT was the least stable measurement for the entire
study population, and also when divided by groups defined
based on sex, age, race, BMI, season of testing, and sleep loss
order. It was the only measure with a moderate ICC, compared
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Figure 5. Individual differences and substantial phenotypic stability of self-reported measures and physiological alertness to total sleep deprivation (TSD) and sleep
restriction (SR) exposures. Neurobehavioral vulnerability to TSD and SR exposures showed trait-like stability across self-reported measures, as evident by almost per-
fect intraclass correlation coefficients (ICCs) for (A) Karolinska Sleepiness Scale (KSS) score, ICC = 0.838; and (B) Profile of Mood States (POMS) Vigor, ICC = 0.868, and a
substantial ICC for (C) POMS Fatigue, ICC = 0.781. A physiological alertness measure also showed trait-like stability to SR and TSD exposures, as evident by a moderate
ICC for the (D) Maintenance of Wakefulness Test (MWT), ICC=0.451. In all graphs, participants (denoted individually with letters) are ordered left to right from least to
greatest response as determined by the average of the TSD (circle) and SRS (square) ratings. See text for ICC ranges.

to all other measures that showed substantial or almost per-
fect ICCs. The lower MWT ICCs are similar to those reported by
Rupp et al. [6]. The MWT required participants to sit still and stay
quiet during testing; this behavioral test component may have
enhanced the differences within individuals and decreased the
variability between individuals. Additionally, the lack of vari-
ability in MWT responses, with many individuals staying awake
for the full 30 min, likely contributed to the lower ICC.

The secondary analysis comparing the ICCs and CIs of 0800
hours/1000 hours to 2000 hours TSD versus 0800 hours/1000
hours to 2000 hours SRS test bouts was performed to assess
the stability of responses after removing possible circadian
system influences on TSD and possible sleep inertia influences
on SR5. The comparison showed no significant differences, with
CIs overlapping for all variables. Although there were small in-
creases in the range of CIs for some measures, these were not
substantial. Understanding how the circadian system and/or
sleep inertia influences neurobehavioral performance stability
during sleep loss requires further systematic investigation.

We explicitly examined for the first time the stability of
neurobehavioral responses by various demographic and envir-
onmental factors. There were no significant differences between
ICCs for males and females in any measure. Individual vulner-
ability to sleep loss in both sexes was stable across TSD and

chronic SR, with ICCs ranging from 0.679 to 0.919 in objective
and self-reported measures (excluding the MWT), with CIs of all
measures overlapping. Our findings contrast with past studies
analyzing sex and interindividual differences in energy balance
after repeated SR exposures [45] or TSD-SR exposures [46]. In
those studies, males were more consistent in weight [45] and
caloric intake [45, 46] changes after sleep loss, showing higher
ICCs, and females were less consistent, showing lower ICCs [45,
46]. These inconsistencies may be due to sex differences in at-
titudes of food and behavioral dependence associated with en-
ergy balance in males and females [47]; neither of these factors
are likely to influence performance, which may explain the
higher ICCs for neurobehavioral variables.

In addition to sex, other demographic and environmental
factors also showed no considerable differences between sub-
groups. While season has been reported to influence brain re-
sponses to sustained attention and working memory tasks using
cross-sectional data [48], season of testing did not affect ICC sta-
bility to sleep loss across various measures. BMI classifications
also did not affect the stability of neurobehavioral responses—
similar findings have been reported for energy balance responses
[45]. Stability of subgroups divided by age or race have not been
investigated previously and did not show systematic differences
within demographic groups. Yet, the 95% ClIs for POMS Vigor and
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Figure 6. Comparison of intraclass correlation coefficients (ICCs) of self-reported and physiological alertness measures by demographic or environmental category.
ICCs and corresponding 95% confidence intervals (CIs) for sex (female vs. male, both ICCs denoted with dashed points), age (younger vs. older, both ICCs denoted with
triangle points), BMI (underweight/normal weight vs. overweight/obese, both ICCs denoted with circle points), race (Caucasian vs. African American, both ICCs denoted
with square points), and season of testing (spring/summer vs. fall/winter, both ICCs denoted with x-marked points) for A) Karolinska Sleepiness Scale (KSS) score, (B)
Profile of Mood States (POMS) Vigor, (C) POMS Fatigue; and (D) Maintenance of Wakefulness Test (MWT). Overlapping ClIs within each demographic or environmental

subgroup indicates there was no systematic difference in ICCs between groups.

Table 2. Spearman’s rank correlation coefficients for neurobehavioral measures for TSD and SR5 exposures

PVT lapses and errors PVT 1/RT DSST DS KSS POMS-V POMS-F

PVT lapses and errors 0.70™ 0.37* 0.44™ 0.11 -0.19 -0.06
PVT 1/RT 0.70™ 0.41* 0.56™ 0.04 -0.33" -0.05
DSST 0.37* 0.41* 0.50™ -0.18 -0.05 -0.17
DS 0.44™ 0.56™ 0.50™ -0.07 -0.24" -0.19
KSs 0.11 0.04 -0.18 -0.07 -0.43" 0.66™
POMS-V -0.19 -0.33* -0.05 -0.24" -0.43* -0.19
POMS-F -0.06 -0.05 -0.17 -0.19 0.66™ -0.19

*p <0.01, *p < 0.05.

Fatigue and for the MWT in the Caucasian subgroup were large
compared to the CIs of the African American subgroup. This
may be partially attributed to the small sample size used for
Caucasians (N = 15), in comparison to African Americans (N = 60),
yielding a larger CI. Nevertheless, the 95% ClIs overlapped for all
measures and for all groups. Therefore, demographic and envir-
onmental factors cannot be reliably used for predicting whether
individuals are vulnerable/resistant to sleep loss.

In addition to demographic factors reported here, individual
differences have not been accounted for by sleep need or cir-
cadian chronotype; moreover, psychometric scales have not

reliably identified neurobehaviorally vulnerable individuals [2,
11]. A study with monozygotic and dizygotic twin pairs found
substantial differences in PVT responses to TSD, whereby 56.2%
of the total variance in monozygotic twins was due to variance
between pairs compared with only 14.5% in dizygotic twins,
indicating the response to acute TSD is a highly stable, genetic-
ally determined trait [49]. Moreover, candidate gene, “omics” and
other biomarker studies highlight a significant role for biological
factors underlying individual differences to sleep loss [50-53].
However, additional studies are needed to further explore the
biological underpinnings of such stable phenotypic responses.
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For TSD-SR exposures, PVT lapses and errors and 1/RT
measures were highly correlated with each other and with the
DSST and/or DS; similarly, KSS scores were highly correlated
with POMS-F and POMS-V scores. Overall, cognitive perform-
ance tests were not correlated strongly with the KSS or either
POMS measure. Our findings are consistent with prior studies
that found objective performance assessments are not con-
gruent with self-reported ratings [2, 7, 11, 12, 24, 25], indicating
participants’ ranking in terms of resistance or vulnerability
varies depending on the task or measure. Our findings indicate
self-reported ratings are insufficient to determine who will be
vulnerable to sleep disturbance, and thus have important impli-
cations for the development of tests to determine impairment.

There are a few limitations to the current experiment. All
participants were healthy, thus making it difficult to generalize
our findings to individuals with sleep or mood disorders, or with
other medical conditions. Similarly, participants were all be-
tween the ages of 21 and 50. Adolescents and older individuals
may show less stability in their neurobehavioral responses to
sleep loss across time, particularly since these life span periods
are characterized by numerous marked neurobehavioral changes
[54, 55]. In addition, although there was minimal variability in
sleep timing due to our selection criteria, the timing of sleep loss
was not adapted to participants’ habitual sleep schedules.

Although these data were collected in a laboratory setting, our
results have implications for the military, health care workers,
truck drivers, and workers in other applied settings where sleep
loss is common, and in which individual differences in vulner-
ability to the neurobehavioral deficits caused by sleep depriv-
ation could have hazardous consequences [56-58]. Importantly,
our results also help inform, refine, and expand various existing
mathematical models designed to predict neurobehavioral per-
formance resulting from different types of sleep loss [15, 59-61].
We show, for the first time, robust differential vulnerability and
phenotypic stability of neurobehavioral responses to two com-
monly experienced types of sleep loss, with nominal influences
of various demographic and environmental factors, heralding
the use of biomarkers and countermeasures for prediction and
mitigation of this critical vulnerability.
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