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Abstract
Several laboratories have found large, highly reliable individual differences in the magnitude of
cognitive performance, fatigue and sleepiness, and sleep homeostatic vulnerability to acute total
sleep deprivation and to chronic sleep restriction in healthy adults. Such individual differences in
neurobehavioral performance are also observed in space flight as a result of sleep loss. The
reasons for these stable phenotypic differential vulnerabilities are unknown: such differences are
not yet accounted for by demographic factors, IQ or sleep need, and moreover, psychometric
scales do not predict those individuals cognitively vulnerable to sleep loss. The stable, trait-like
(phenotypic) inter-individual differences observed in response to sleep loss—with intraclass
correlation coefficients accounting for 58%-92% of the variance in neurobehavioral measures—
point to an underlying genetic component. To this end, we utilized multi-day highly controlled
laboratory studies to investigate the role of various common candidate gene variants—each
independently—in relation to cumulative neurobehavioral and sleep homeostatic responses to
sleep restriction. These data suggest that common genetic variations (polymorphisms) involved in
sleep-wake, circadian, and cognitive regulation may serve as markers for prediction of inter-
individual differences in sleep homeostatic and neurobehavioral vulnerability to sleep restriction
in healthy adults. Identification of genetic predictors of differential vulnerability to sleep
restriction—as determined from candidate gene studies—will help identify astronauts most in
need of fatigue countermeasures in space flight and inform medical standards for obtaining
adequate sleep in space. This review summarizes individual differences in neurobehavioral
vulnerability to sleep deprivation and ongoing genetic efforts to identify markers of such
differences.
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1. Prevalence and Consequences of Sleep Loss in US Population
There is extensive scientific literature demonstrating that adequate sleep quantity and quality
are essential for maintenance of performance capability and for healthy neurobehavioral
functioning [1,2]. It is estimated that 20% to 40% of the adult US population sleep less than
7 hours per night [3]—the minimum sleep duration necessary to prevent cumulative
deterioration in performance on a range of cognitive tasks [4,5]. The proportion of
individuals curtailing their sleep due to lifestyle is increasing [3] and is likely higher than
surveys indicate, since physiological sleep duration is typically at least one hour less than
self-reported sleep duration [6,7]. Moreover, sleep loss has become a significant public
health concern as population studies have found that reduced sleep duration (less than 7
hours) is associated with increased risks of obesity, morbidity, and mortality [8-10].

Sleep loss, including chronic partial sleep deprivation (PSD) or sleep restriction—a
condition experienced by millions of people on a consecutive and daily basis—can result
from medical conditions, sleep disorders, work demands, stress/emotional distress, and
social/domestic responsibilities [3]. In addition, for the majority of people, sleep loss
directly causes significant risks via increased fatigue and sleep propensity, and via deficits in
mood and neurocognitive functions including vigilant and executive attention, cognitive
speed and working memory, and executive functions [1,3,11].

1.1. Sleep Loss in Space
In addition to its prevalence in the general adult population, disturbed sleep quality and
reduced sleep duration are common in space operations [12-14]. Such loss in astronauts has
been attributed to operational factors that include the following: high workload; shift work;
altered light-dark cycles; performance of critical operational tasks [15-17]; space adaptation
syndrome; motion sickness; noise and vibration; movement of other astronauts; excitement;
stress; and ambient temperature [16-20].

NASA has determined that a number of factors in space flight—especially work-rest
schedules—disrupt and shorten sleep, producing acute sleep loss (e.g., for slam shifts) and
chronic partial sleep loss [12]. NASA evidence-based reviews [13] have concluded that such
decrements pose a clear risk to operational performance during long-duration space flight,
and to behavioral health and psychosocial functions. An Institute of Medicine panel assessed
NASA HRP's evidenced-based reviews and concurred with the importance of mitigating the
risks posed by fatigue, and noted that individual differences in the effects of sleep loss and
fatigue on human performance are important considerations [21]. Thus, biomarkers are
needed to predict large individual differences in fatigue and neurobehavioral decrements in
response to fatiguing conditions in spaceflight.

Moreover, the identification and validation of such markers of susceptibility to stress,
fatigue and neurobehavioral decrements potentially associated with long-duration
spaceflight must be a priority, in order to personalize and optimize the use of
countermeasures to prevent these conditions during prolonged spaceflight. The search for
such markers is consistent with the current medical emphasis on “personalized medicine,”
which seeks to maximize health of individuals through the systematic use of genetic or other
biomarker information to optimize preventative and therapeutic care. Such markers are
therefore a component of effective countermeasure utilization in spaceflight.

2. Stable Phenotypic Individual Differences in Response to Sleep Loss
Our laboratory was the first to experimentally demonstrate that subjects undergoing acute
total sleep deprivation (TSD)—in which no sleep is obtained—show differential
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vulnerability to sleep loss, demonstrating robust inter-individual (trait-like, phenotypic)
differences in response to the same laboratory conditions, as measured by various
physiological and subjective sleep measures and neurobehavioral tasks sensitive to sleep
loss [22,23]. The intraclass correlation coefficients (ICCs)—which express the proportion of
variance in the data explained by systematic interindividual variability—revealed that stable
responses accounted for 58% and 68% of the overall variance in Psychomotor Vigilance
Test (PVT) lapses (greater than 500 ms reaction times) between multiple sleep-deprivation
exposures in the same subjects [4,23-25]. Thus, individuals who showed high PVT lapse
rates during TSD after one exposure also showed high PVT lapse rates during a second
exposure; similarly, those with low PVT lapse rates during one exposure showed low PVT
lapse rates during a second exposure. Most importantly, because these high ICCs were found
when the subjects were exposed to TSD 2-3 times under markedly different conditions (e.g.,
high versus low stimulation [24]; 6 h versus 12 h sleep time per night [22]), the vast
differences in cognitive vulnerability to sleep deprivation are considered trait-like. While
some individuals are highly vulnerable to cognitive performance deficits when sleep
deprived (Type 3 responses), others show remarkable levels of cognitive resistance to sleep
loss (Type 1 responses), and others show intermediate (Type 2) responses [23,26].

Other researchers have confirmed our findings of large, stable differences in cognitive
responses to acute TSD [27,28]. Notably, such differences have not been accounted for by
baseline functioning, by circadian morningness-eveningness (chronotype), by demographic
factors (e.g., age, sex, IQ), or by habitual sleep timing; psychometric scales also have not
reliably identified cognitively vulnerable individuals [4,22,25]. Our group [4,29-31] and
others [32] have found similar differential vulnerability to chronic PSD, in which sleep is
restricted to 3-7 hours time in bed per night.

It is important to recognize that the stable variance accounted for by individual differences
in the magnitude of cognitive changes with sleep deprivation is often considerable and
comparable to, or larger than, the effect sizes of many experimental and clinical
interventions. Moreover, the differential effects are found even in healthy adults who sleep
the same duration each night and otherwise have comparable normal cognitive capability
when not sleep deprived [22,27]. Finding biomarkers for these large and stable cognitive
differences in response to sleep deprivation would be a substantial advance in understanding
their possible origins and in harnessing the predictability of them for operational scenarios
including space. Such identification may also permit a greater utilization of personnel and
resources in space and other work and operational settings.

3. Genetic Markers of Differential Vulnerability to Sleep Loss
The stable, trait-like inter-individual differences observed in response to acute TSD— with
intraclass correlation coefficients accounting for 58%-92% of the variance in
neurobehavioral measures [22,23]—point to an underlying genetic component. Until
recently, however, the genetic basis of such differential vulnerability to sleep loss in normal
healthy subjects has received little attention [1,33]. Available recent data suggest that
common genetic variations (polymorphisms) involved in sleep-wake, circadian, and
cognitive regulation may underlie symptomatic aspects of these large inter-individual
differences in neurobehavioral vulnerability to sleep deprivation in healthy adults [1,33-35].
Specifically, we used laboratory studies to investigate the role of five common candidate
gene variants [PERIOD3 (PER3), DQB1*0602, catechol-O-Methyltransferase (COMT),
Circadian Locomotor Output Cycles Kaput (CLOCK), and prepro-hypocretin/prepro-orexin
(HCRT) ]—each independently—in relation to cumulative neurobehavioral and sleep
homeostatic responses to sleep restriction. These and other relevant genetic biomarker
findings are reviewed below.
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3.1. PERIOD3 VNTR Polymorphism: Role of a Circadian Gene in Differential Vulnerability to
Acute TSD and Chronic PSD

Three related studies investigated the role of the variable number tandem repeat (VNTR)
polymorphism of the circadian gene PERIOD3(PER3)—which shows similar allelic
frequencies in African Americans and Caucasians [36,37] and is characterized by a 54-
nucleotide coding region motif repeating in 4 or 5 units—in response to TSD using a small
group of the same subjects specifically recruited for the homozygotic versions of this
polymorphism. Compared with the 4-repeat allele (PER34/4; 14 subjects), the longer, 5-
repeat allele (PER35/5; 10 subjects) was associated with higher sleep propensity including
SWA in the sleep EEG both before and after TSD and worse cognitive performance, as
assessed by a composite score of 12 tests, following TSD [38]. A subsequent report—using
the same 24 subjects—clarified that the PER35/5 overall performance deficits were selective:
they only occurred on certain executive function tests, and only at 2-4 hours following the
melatonin rhythm peak, from approximately 6-8 am [39]. Such performance differences
were hypothesized to be mediated by sleep homeostasis [38,39]. Another publication using
the same subjects showed that PER35/5 subjects had more slow-wave sleep and elevated
sympathetic predominance and a reduction of parasympathetic activity during baseline sleep
[40]. These studies found no significant differences in the melatonin and cortisol circadian
rhythms, PER3 mRNA levels, or in a self-report morningness-eveningness measure [38,39],
although another study using these same subjects found PER3 expression and sleep timing
were more strongly correlated in PER35/5 subjects [41].

A subsequent neuroimaging study found that 27 healthy subjects categorized according to
homozygosity for the PER3 VNTR genotype (15 PER34/4 subjects, 12 PER35/5 subjects)
showed markedly different cerebral blood flow profiles using blood oxygenation level
dependent functional magnetic resonance imaging (BOLD fMRI) and corresponding
differences in vulnerability of executive function performance in response to TSD [42].
More studies examining the relationship of the neural mechanisms mediating trait-like
differential vulnerability to sleep deprivation with selective candidate genes (beyond the
PER3 VNTR polymorphism) are warranted.

The PER3 findings in TSD may not generalize to responses to chronic PSD. We recently
evaluated whether the PER3 VNTR polymorphism contributed to sleep homeostatic
responses and cumulative neurobehavioral deficits during chronic PSD in PER34/4 (40% of
our population), PER34/5 (49% of our population) and PER35/5 (11% of our population)
healthy adults [29]. During chronic PSD, PER35/5 subjects had slightly but reliably elevated
sleep homeostatic pressure as measured by NREM SWE compared with PER34/4 subjects.
The PER34/4, PER34/5 and PER35/5 genotypes also demonstrated large, but equivalent
cumulative increases in sleepiness and cumulative decreases in cognitive performance and
physiological alertness, with increasing daily inter-subject variability in all genotypes. In
contrast to the aforementioned data in TSD [38,39], the PER3 VNTR variants did not differ
on baseline sleep measures or in their physiological sleepiness, cognitive, executive
functioning or subjective responses to chronic PSD. Thus, the PER3 VNTR polymorphism
does not appear to be a genetic marker of differential vulnerability to the cumulative
neurobehavioral effects of chronic PSD. It remains possible, however, that the PER35/5

genotype may contribute to differential neurobehavioral vulnerability to acute TSD because
it involves wakefulness at a specific circadian time in the early morning hours (6-8 am),
when subjects in the PSD study were asleep [29].
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3.2. DQB1*0602 Allele Predicts Interindividual Differences in Physiological Sleep Structure,
Sleepiness and Fatigue in PSD

The human leukocyte antigen DQB1*0602 allele, found in 12-38% of healthy adult sleepers
in the general population, is closely associated with narcolepsy, a sleep disorder
characterized by excessive daytime sleepiness, fragmented sleep, and shortened REM
latency, although it is neither necessary nor sufficient for its development [43,44].

In one large study, DQB1*0602 positive healthy sleepers showed shorter nighttime REM
sleep latency, greater sleep continuity, and more REM sleep, but no differences in daytime
sleepiness [43]. Positivity for DQB1*0602 also was related to more sleep-onset REM sleep
periods and greater REM sleep duration during naps [45]. Thus, DQB1*0602 positive
subjects displayed subclinical presentations of some sleep features that were reminiscent of
narcolepsy.

We evaluated whether DQB1*0602 was a novel marker of differential vulnerability to
homeostatic, sleepiness and neurobehavioral deficits during chronic PSD in healthy sleepers
positive and negative for DQB1*0602 [30]. DQB1*0602 positive subjects showed decreased
sleep homeostatic pressure with differentially steeper declines, and greater sleepiness and
fatigue during baseline. During chronic PSD, positive subjects displayed SWE elevation
comparable to negative subjects, despite higher sleepiness and fatigue. DQB1*0602 positive
subjects also had more fragmented sleep during baseline and PSD and showed differentially
greater REM sleep latency reductions and smaller stage 2 reductions, along with
differentially greater increases in fatigue [30]. Both groups demonstrated comparable
cumulative decreases in cognitive performance and increases in physiological sleepiness to
chronic PSD, and did not differ on executive function tasks [30].

Thus, DQB1*0602 associated with inter-individual differences in sleep homeostasis,
physiological sleep, sleepiness and fatigue, but not cognitive responses, during baseline and
PSD. DQB1*0602 may be a genetic marker for predicting such individual differences in
both basal (fully-rested) and sleep loss conditions; moreover, its positivity in healthy
subjects may represent a continuum of some sleep-wake features of narcolepsy, though more
research is needed. The influence of the DQB1*0602 allele on sleep homeostatic and
neurobehavioral responses has not yet been examined in healthy subjects undergoing acute
TSD or replicated in an independent sample of individuals undergoing chronic PSD.

3.3. Catechol-O-Methyltransferase (COMT) Val158Met Polymorphism: Role of a Cognitive
Gene in Differential Vulnerability to TSD and Chronic PSD

The valine158methionine (Val158Met) polymorphism of the catechol-O-methyltransferase
(COMT gene), replaces valine (Val) with methionine (Met) at codon 158 of the COMT
protein. As a result of this common substitution, activity of the COMT enzyme, which
modulates dopaminergic catabolism in the prefrontal cortex, is reduced 3-to-4-fold in
COMT Met carriers compared with Val carriers, translating into more dopamine availability
at the receptors and higher cortical dopamine concentrations [46]. This COMT
polymorphism functionally predicts less efficient prefrontal cortex functioning and poor
working memory performance in healthy subjects who have the high-activity Val allele
[47-50].

In sleep and neurodegenerative disorders, the COMT Val158Met polymorphism has been
linked to daytime sleepiness. Val/Val female narcoleptic patients fell asleep two times faster
than the Val/Met or Met/Met genotypes during the multiple sleep latency test (MSLT) while
the opposite was true for males [51]. Met/Met narcoleptic patients also showed more sleep
onset REM periods during the MSLT while Val/Val subjects showed less sleep paralysis
[51] and were more responsive to modafinil's stimulating effects [52]. Met/Met and Val/Met
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Parkinson's disease subjects demonstrated higher subjective daytime sleepiness than Val/Val
subjects [53].

In healthy men, the COMT Val158Met polymorphism also was associated with sleep
physiology. In acute TSD, this polymorphism predicted interindividual differences in brain
alpha oscillations in wakefulness and 11–13 Hz EEG activity in wakefulness, rapid-eye
movement (REM) and non-REM sleep [54]. It also modulated the effects of the wake-
promoting drug modafinil on subjective well-being, sustained vigilant attention and
executive functioning, and on 3.0-6.75 Hz and >16.75 Hz activity in non-REM sleep, but
was not associated with subjective sleepiness, slow-wave activity or slow-wave sleep
changes in recovery sleep following TSD or at baseline [55,56].

We recently evaluated whether COMT Val158Met polymorphism contributed to cumulative
neurobehavioral deficits and sleep homeostatic responses during chronic PSD in Met/Met
(15% of our population), Val/Met (50% of our population) and Val/Val (35% of our
population) healthy adults [31]. MetMet subjects had differentially larger declines in NREM
SWE—the putative homeostatic marker of sleep drive—compared with Val/Met and Val/
Val subjects. The genotypes did not differ significantly at baseline in demographic
characteristics, habitual sleep, circadian phase, cognitive performance, or physiological or
subjective sleepiness [31]. All genotypes demonstrated comparable cumulative decreases in
cognitive performance, and increases in subjective and physiological sleepiness to chronic
PSD, with increasing daily inter-subject variability. The genotypes also did not differ on
executive function tasks. The COMT Val158Met polymorphism related to individual
differences in sleep homeostatic, but not neurobehavioral, responses to chronic PSD [31].
Thus, the COMT Val158Met polymorphism may be a novel genetic marker for predicting
such differential sleep responses resulting from sleep deprivation, though replication studies
are needed.

3.4. Adenosine Genes: Role for Predicting Individual Differences and Response to Total
Sleep Deprivation

Several studies have investigated the role of select adenosine-related candidate genes in
individual differences and in response to acute TSD. Rétey et al. [57] found that the
22G→A polymorphism of the adenosine deaminase gene (ADA) was associated with
enhanced slow-wave sleep and NREM SWA, contributing to interindividual variability in
baseline sleep. Specifically, individuals with the G/A genotype (7 subjects) showed 30
minutes more slow-wave sleep than subjects with the G/G genotype (7 subjects) and
consistent with this finding, SWA was higher in G/A than G/G subjects. This polymorphism
also related to differential responses to TSD: individuals with the G/A genotype (about 13%
of the population) showed poorer performance on the PVT, higher sleep pressure, increased
sleepiness and reduced vigor [58].

This group also found that the c.1083T>C polymorphism of the adenosine A2A receptor
gene (ADORA2A) related to objective and subjective differences in the effects of caffeine
on NREM sleep after TSD, with the C/C genotype (32% of the population) showing
particular sensitivity to disturbed sleep after caffeine [59]. The polymorphism also
associated with individual differences in various measures of baseline EEG during sleep and
wakefulness [57]. While promising, replication of these data in independent samples is
needed; in addition, the role of these two genetic variants in response to chronic PSD has not
yet been investigated.

Goel and Dinges Page 6

Acta Astronaut. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5. Other Candidate Genes Relating to Response to Sleep Loss
The orexin-hypocretin system is involved in normal regulation of sleep and wakefulness and
is disturbed in narcolepsy [60]. The -909 C/T polymorphism of the prepro-hypocretin/
prepro-orexin (HCRT) gene is associated with an increased risk of sudden onset of sleep/
sleep attacks in Parkinson's patients, although it is not associated with susceptibility to
narcolepsy [61,62]. We found that the HCRT -909 C/T polymorphism associated with
differences in sleep homeostasis (measured by SWE) during fully-rested baseline conditions
and differences in physiological sleepiness (measured by the Maintenance of Wakefulness
Test) and sleep structure during both basal and PSD conditions (Goel et al, unpublished).
The C/C genotype (12% of our population) appears particularly buffered from the
physiological, but not the cognitive performance effects of sleep restriction.

The T3111C polymorphism of CLOCK, a core circadian gene, has been associated with
aspects of sleep, sleepiness, and morningness-eveningness in healthy adults [63-65] and with
insomnia in bipolar disorder and major depressive disorder [66]. We found that the CLOCK
T3111C polymorphism predicted individual differences in executive functioning
performance on the Tower of London, which assesses planning and problem solving
abilities, and sleepiness and mood differences during sleep loss, whereby 3111C carriers
(40% of our population) showed the deficits (Goel et al, unpublished). The CLOCK T3111C
polymorphism may be a genetic marker for a cognitive-mood diathesis more so than a sleep-
circadian diathesis, since it did not predict sleep homeostatic or circadian measures relative
to PSD.

In summary, a number of common genetic polymorphisms involved in circadian, sleep-
wake, and cognitive regulation appear to underlie inter-individual differences in basal (fully-
rested) sleep parameters and homeostatic regulation of sleep in response to sleep loss (both
chronic restriction and acute total sleep deprivation) in healthy adults.

4. Future Directions
Because of reported differences in behavioral, sleep homeostatic and physiological
responses to chronic PSD and acute TSD [4,67,68], it is possible that specific candidate
genes play different roles in the degree of vulnerability and/or resilience to the
neurobehavioral and homeostatic effects of acute TSD and chronic PSD. In support of this
possibility, and as reviewed above, we found that the PERIOD3 VNTR polymorphism
related to individual differences in sleep homeostatic (i.e., NREM SWE) but not
neurobehavioral responses to chronic PSD [29]. This same genetic polymorphism has also
been associated with individual differences in sleep homeostatic and executive performance
responses to acute TSD [38,39]. In addition, we recently found that the COMT Val158Met
polymorphism predicted individual differences in sleep homeostatic responses to chronic
PSD [31], but such prediction has not been found to acute TSD [55]. Future studies are
needed to explore this critical avenue of research and to determine predictors of those
individuals most vulnerable to the neurobehavioral effects of both types of sleep loss.

Thus far, most candidate gene studies involving sleep physiological and neurobehavioral
variables have used smaller sample sizes and typically have only examined homozygotic
individuals. Larger sample sizes and assessment of phenotype-genotype relationships in both
homozygous and heterozygous individuals are needed to definitively determine whether
such candidate genes involved in regulation of sleep-wake, circadian and cognitive functions
are associated with inter-individual neurobehavioral responses to sleep loss across an entire
population. Moreover, replication of findings in independent samples is required to
determine whether findings are reliable and are not due to chance. Finally, other genetic
approaches, including dual candidate gene techniques and GWAS studies, are needed to
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complement single candidate gene methods, for assessing individual differences at baseline
as well as in response to sleep loss.

In upcoming years, we will continue to actively search for other potential genetic markers of
basal sleep measures and of sleep homeostatic and neurobehavioral differential vulnerability
to sleep deprivation. Among other advantages, identification of such markers will provide a
viable means to determine astronauts and individuals in the general population who may
need more who may need effective countermeasures (e.g., caffeine, naps, etc) early and
repeatedly. Genetic markers may also identify those individuals who can tolerate longer
periods with little or no sleep without developing the unstable cognitive performance found
in more vulnerable individuals.

5. Conclusions
The impairing effects of sleep loss on a variety of neurobehavioral functions are well-
established consequences of sleep deprivation. They include fatigue and sleepiness and
unstable wakefulness; deficits in attention, working memory and executive functions;
reduced mood-affect regulation; and increased accidents and injuries. However, there are
substantial differences among people—including astronauts—in the extent to which they
experience such deficits when sleep deprived. Common genetic variations (polymorphisms)
involved in sleep-wake, circadian, and cognitive regulation may serve as markers for
prediction of inter-individual differences in sleep homeostatic and neurobehavioral
vulnerability to sleep restriction in healthy adults. Identification of such genetic predictors—
as determined from candidate gene and other types of genetic studies—will help identify
astronauts most in need of fatigue countermeasures in space flight and inform medical
standards for obtaining adequate sleep in space.
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Highlights

• We review individual differences in response to sleep loss.

• We discuss the role of candidate gene variants in response to sleep restriction.

• We discuss how genetic markers may identify astronauts needing
countermeasures.
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