
DQB1*0602 predicts interindividual
differences in physiologic sleep, sleepiness,
and fatigue

Namni Goel, PhD
Siobhan Banks, PhD
Emmanuel Mignot, MD,

PhD
David F. Dinges, PhD

ABSTRACT

Objective: The human leukocyte antigen (HLA) DQB1*0602 allele is closely associated with nar-
colepsy, a neurologic disorder characterized by excessive daytime sleepiness, fragmented sleep,
and shortened REM sleep latency. We evaluated whether DQB1*0602 was a novel marker of
interindividual differences by determining its relationship to sleep homeostatic, sleepiness, and
cognitive responses to baseline and chronic partial sleep deprivation (PSD) conditions.

Methods: Ninety-two DQB1*0602-negative and 37 DQB1*0602-positive healthy adults partici-
pated in a protocol of 2 baseline 10 hours time in bed (TIB) nights followed by 5 consecutive 4
hours TIB nights. DQB1*0602 allelic frequencies did not differ significantly between Caucasians
and African Americans.

Results: During baseline, although DQB1*0602-positive subjects were subjectively sleepier and
more fatigued, they showed greater sleep fragmentation, and decreased sleep homeostatic pres-
sure and differentially sharper declines during the night (measured by non-REM EEG slow-wave
energy [SWE]). During PSD, DQB1*0602-positive subjects were sleepier and showed more frag-
mented sleep, despite SWE elevation comparable to negative subjects. Moreover, they showed
differentially greater REM sleep latency reductions and smaller stage 2 reductions, along with
differentially greater increases in fatigue. Both groups demonstrated comparable cumulative de-
creases in cognitive performance.

Conclusions: DQB1*0602 positivity in a healthy population may represent a continuum of some
sleep–wake features of narcolepsy. DQB1*0602 was associated with interindividual differences
in sleep homeostasis, physiologic sleep, sleepiness, and fatigue—but not in cognitive measures—
during baseline and chronic PSD. Thus, DQB1*0602 may represent a genetic biomarker for predict-
ing such individual differences in basal and sleep loss conditions. Neurology® 2010;75:1509–1519

GLOSSARY
ANOVA � analysis of variance; COWAT � Controlled Oral Word Association Test; DS � Digit Span; DSST � Digit Symbol
Substitution Task; HLA � human leukocyte antigen; KSS � Karolinska Sleepiness Scale; MWT � Maintenance of Wakeful-
ness Test; POMS � Profile of Mood States; PSD � partial sleep deprivation; PSG � polysomnography; PVT � Psychomotor
Vigilance Task; SOL � sleep onset latency; SR � sleep deprivation/restriction; SWA � slow-wave activity; SWE � slow-wave
energy; TIB � time in bed; TOL � Tower of London; TSD � total sleep deprivation; VAS � visual analog scale; WASO � wake
after sleep onset.

Subjects undergoing total sleep deprivation (TSD), or chronic partial sleep deprivation (PSD)
whereby sleep is restricted nightly to 3–7 hours, show robust interindividual differences in
response to the same sleep loss conditions.1-6

Genetic polymorphisms may underlie these interindividual differences.7,8 The catechol-O-
methyltransferase Val158Met polymorphism predicted interindividual differences in � oscillations.9
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The adenosine deaminase 22G3A polymor-
phism contributed to interindividual variability
in baseline slow-wave sleep and non-REM slow-
wave activity (SWA), and the adenosine A2A
receptor c.1083T�C polymorphism related to
baseline sleep and wake EEG differences.10 Dur-
ing TSD, the PERIOD3 VNTR polymorphism
predicted slow-wave energy (SWE) and execu-
tive performance differences,11 but during PSD,
it predicted SWE, but not neurobehavioral
differences.6

Although DQB1*0602 positivity closely
relates to narcolepsy, a disorder character-
ized by excessive daytime sleepiness, frag-
mented nighttime sleep, and shortened
REM sleep latency, it is neither necessary
nor sufficient for its development.12,13

DQB1*0602-negative individuals can de-
velop narcolepsy—although rarely with
hypocretin deficiency—and 12%–38% of
DQB1*0602-positive carriers are healthy
sleepers.12,13

In one large study, DQB1*0602-positive
healthy sleepers showed shorter nighttime
REM sleep latency, greater sleep continuity,
and more REM sleep, but no daytime sleepi-

ness differences.12 DQB1*0602 positivity also
associated with more sleep-onset REM sleep
periods and greater REM sleep duration dur-
ing naps.14 DQB1*0602-positive subjects dis-
played subclinical presentations of sleep
features reminiscent of narcolepsy. SWE/
SWA and neurobehavioral performance were
not measured.

We evaluated whether DQB1*0602 was a
novel biomarker of differential vulnerability
to homeostatic, sleepiness, and neurobehav-
ioral deficits during chronic PSD—a condi-
tion experienced by millions and associated
with serious health consequences.15

METHODS Participants. A total of 129 subjects partici-
pated in 1 of 2 PSD experiments. Following protocol comple-
tion, subjects were genotyped for the DQB1*0602 allele.
Because this was a retrospective analysis, DQB1*0602-
positive and negative subjects were not matched.
DQB1*0602-positive and negative percentages (table 1) ap-
proximated other studies.13,14,16

Subjects met the following inclusionary criteria: age between
22 and 45 years; physically and psychologically healthy, assessed
by physical examination and history; no clinically significant
blood chemistry abnormalities; drug-free urine samples; good
habitual sleep, between 6.5 and 8.5 hours daily duration with
regular bedtimes, and wake-up times between 6:00 and 9:00
(verified by sleep logs and wrist actigraphy for �1 week before

Table 1 Characteristics of DQB1*0602-negative (�) and DQB1*0602-positive (�) subjects, mean � SD

Characteristic DQB1*0602 � DQB1*0602 � p*

No. (%) 92 (71.3) 37 (28.7)

Age, y 29.7 � 6.9 30.4 � 6.9 0.607

Body mass index, kg/m2 24.66 � 3.55 24.70 � 3.42 0.956

M/F 48/44 15/22 0.235

White/African American/other† 37 (0.76)/52 (0.68)/3 (0.75) 12 (0.24)/24 (0.32)/1 (0.25)

Morningness-Eveningness Composite Scale 40.04 � 5.70a 39.50 � 5.68b 0.629

Beck Depression Inventory 1.43 � 2.09a 1.65 � 2.61 0.625

Eysenck Personality Inventory
(Extraversion subscale)

15.64 � 3.72c 14.63 � 4.09d 0.185

North American Adult Reading Test (IQ) 106.13 � 8.25e 105.48 � 7.86 0.678

Sleep onset by actigraphy, h‡ 23:55 � 0.93a 23:48 � 0.87 0.533

Sleep offset by actigraphy, h‡ 07:55 � 0.97a 07:48 � 0.90 0.548

Sleep midpoint by actigraphy, h‡ 04:00 � 0.35a 04:00 � 0.33 1.000

Total sleep time, h‡ (sleep duration) 8.02 � 0.73a 8.00 � 0.67 0.909

a n � 90.
b n � 36.
c n � 88.
d n � 35.
e n � 87.
* p Values are for the comparison of the 2 groups.
† Allelic frequencies are denoted in parentheses. DQB1*0602 allelic frequencies did not differ significantly between whites
and African Americans.
‡ One week prior to study entry.
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study entry); absence of extreme morningness/eveningnesse1; ab-
sence of sleep or circadian disorders, assessed by questionnairee2

and polysomnography; absence of psychiatric illness or adverse
neuropsychiatric reaction to sleep deprivation; no alcohol or
drug abuse history; and no current use of medical or drug treat-
ments (excluding oral contraceptives).

Standard protocol approvals, registrations, and patient
consents. The protocols were approved by the Institutional
Review Board of the University of Pennsylvania. For all subjects,
written informed consent was obtained according to the princi-
ples expressed in the Declaration of Helsinki prior to entry; all
subjects received compensation for participation.

Experimental design. Subjects participated in an 11- or 16-
day experiment in the Sleep and Chronobiology Laboratory.
Only data from the first 7 nights of the protocols—which were
procedurally identical—were analyzed. On the 2 baseline nights,
subjects received 10 hours time in bed (TIB) from 22:00–8:00;
on the subsequent 5 nights, subjects received 4 hours TIB (4:
00–8:00). Some experimental data from these subjects were
published previously.6

During the protocol, laboratory conditions and scheduled
activities were highly controlled. Ambient light remained at �50
lux during wakefulness, and �1 lux (darkness) during sleep.
Temperature was maintained at 22 � 1 °C. Subjects were con-
tinuously monitored by trained staff. Between performance
bouts, they were restricted from strenuous activities or having
visitors, but could read, play games, watch movies, and interact
with staff to help remain awake. Subjects received 3 standardized
meals/day and an optional evening snack. Caffeine, turkey, ba-
nanas, alcohol, or tobacco were prohibited.

Neurobehavioral assessments. Subjects performed a com-
puterized neurobehavioral test battery every 2 hours during
wakefulness, which included the following: the Karolinska
Sleepiness Scale (KSS),e3 a Likert-type subjective sleepiness scale;
a visual analog scale of fatigue (VAS)e4 anchored by “fresh as a
daisy” and “tired to death”; the Profile of Mood States
(POMS),e5 a scale assessing transient affective states; the Digit
Symbol Substitution Task (DSST),e6 a cognitive throughput
task; the Digit Span (DS) task,e6 a working memory storage ca-
pacity test, given in forward and backward versions and summed
as a total number correct measure; and the Psychomotor Vigi-
lance Task (PVT), a sustained attention test utilizing reaction
times as a behavioral alertness assay.17 Subjects remained seated
throughout testing, were behaviorally monitored, and were in-
structed to perform to the best of their ability and use compensa-
tory effort to maintain performance. Baseline values were derived
from the second baseline day (B2). Daily values for each perfor-
mance task were calculated by averaging scores from all test
bouts that day.

Other measurements. Before the study, subjects completed
questionnaires on demographic, sleep–wake and circadian-
related variables, and psychosocial/personality traits, including
the Morningness-Eveningness Composite Scale,e1 the Beck De-
pression Inventory,e7 the Eysenck Personality Inventory,e8 and
the North American Adult Reading Test.e9 At partial sleep de-
privation/restriction night 5 (SR5), 4 executive function tests
were administered: the Hayling and Brixton tests,e10 the Con-
trolled Oral Word Association Test (COWAT),e11 and the
Tower of London (TOL).e12 In the 11-day protocol, a modified
Maintenance of Wakefulness Test (MWT15,18)—a physiologic
measure of the ability to resist sleep—was administered at B2
and SR5 (a single trial was conducted between 14:30 and 16:00

hours) using a standard recording montage. Before each trial, the
lights were dimmed to �10 lux and subjects were instructed to
“keep your eyes open and try not to fall asleep.” Each trial was
terminated at the first microsleep (10 seconds of theta activity19)
determined by the C3/A2 derivation or at 30 minutes if sleep
onset did not occur. MWT scores represented either the time
(minutes) to microsleep initiation or 30 minutes (if a microsleep
did not occur).

Sleep architecture. Polysomnography. The polysomno-
graphic (PSG) montage included frontal (Fz), central (C3), and
occipital (O2) EEG, bilateral EOG, submental EMG, and ECG.
Data were recorded from 22:00 to 08:00 hours on B2, and from
04:00 to 08:00 hours on partial sleep deprivation/restriction
night 1 (SR1) and SR5. Records were visually scored in 30-
second epochs using standard scoring criteria20 by a trained
scorer blind to DQB1*0602 typing.

Non-REM EEG SWE and SWA. After artifact rejection,
spectral analysis of the sleep EEG derivations (C3/A2, Fz/A1,
O2/A1) was performed with Fast Fourier Transform in 5-second
bins. Power spectra were averaged across 30-second epochs. For
each night, SWE in the delta band (0.5–4.5 Hz) was totaled over
all epochs of non-REM (visually scored stages 2–4) sleep. Power
in the delta band (SWA) was calculated by dividing SWE by the
number of non-REM sleep epochs. For B2, absolute values were
determined for each hour of sleep for SWE and SWA; for SR1
and SR5, SWE and SWA were normalized by calculating the

percent of the corresponding B2 hour.

Genotyping. Genomic DNA was extracted from whole blood
using Qiagen’s QIAamp DNA Blood Mini Kit (Catalog no.
51106). The presence or absence of DQB1*0602 and not com-
plete HLA-DQB1 typing was determined using amplification
techniques as previously described.21 DQB1*0602 typing for
each subject could be unambiguously determined, although this
typing method does not distinguish extremely rare alleles similar
to DQB1*0602 (frequency �0.5%).

Statistical analyses. Mixed-model analyses of variance
(ANOVAs), with day or hour as the within-subjects (repeated
measures) factor and genotype as the between-group factor, were
used to analyze MWT, PSG, SWA/SWE, PVT, KSS, VAS,
POMS, DSST, and DS data. Greenhouse–Geisser corrections
were applied to all within-subjects effects. One-way ANOVAs
were used to analyze demographic and prestudy measures, PSG,
MWT, cognitive, executive function, and sleep measures during
baseline and PSD. Post hoc comparisons using Bonferroni-
adjusted probabilities examined significant group differences.
SPSS version 15.0 (SPSS Inc., Chicago, IL) was used for statisti-
cal analyses; p � 0.05 was significant.

RESULTS Demographic and prestudy variables.
DQB1*0602 subjects did not differ significantly in
age, body mass index, or sex (table 1). DQB1*0602
frequencies also did not differ between whites and
African Americans (25% vs 32%). Moreover, the
groups did not show differences in IQ,e9 psychoso-
cial/personality traits,e7,e8 prestudy sleep variables, or
circadian phase markers (Morningness-Eveningness
chronotypee1 and sleep midpoint).

Sleep physiology. Non-REM EEG SWE and SWA. Across
B2, DQB1*0602-positive subjects showed less SWE
in the C3 channel (figure 1A; F1,90 � 6.50, p �
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0.012), but no differences in the Fz (figure 1C;
F1,96 � 3.21, p � 0.077) or O2 EEG derivations
(figure 1F; F1,99 � 0.34, p � 0.560). The
DQB1*0602 groups did not differ in SWA in the C3
(figure 1B; F1,90 � 3.36, p � 0.070), Fz (figure 1D;
F1,96 � 2.74, p � 0.101), or O2 channels (figure 1F;
F1,99 � 0.58, p � 0.449). SWE (C3: F3.22,290.17 �
104.65, p � 0.0001; Fz: F2.44,234.48 � 108.63, p �
0.0001; O2: F1.98,195.98 � 52.27, p � 0.0001), and
SWA (C3: F2.89,260.28 � 90.04, p � 0.0001; Fz:
F1.94,185.82 � 69.39, p � 0.0001; O2: F1.86,184.02 �

43.34, p � 0.0001) dissipated across B2 in all
channels. Moreover, DQB1*0602-positive subjects dem-
onstrated sharper SWE and SWA declines during the
first few hours of sleep in the O2 (SWE: F1.98,195.98 �
3.48, p � 0.033; SWA: F1.86,184.02 � 3.19, p �
0.047), but not in the C3 (SWE: F3.22,290.17 � 1.58,
p � 0.191; F2.89,260.28 � 1.83, p � 0.144) or Fz deri-
vations (SWE: F2.44,234.48 � 0.54, p � 0.622; SWA:
F1.94,185.82 � 0.49, p � 0.607).

SWE and SWA displayed acute responses to PSD
in both groups—evidenced by percentage increases

Figure 1 Hourly slow-wave energy and slow-wave activity during baseline for the DQB1*0602 groups

Mean (�SEM) hourly slow-wave energy (SWE) and slow-wave activity (SWA) derived from the C3 (A, B), Fz (C, D), or O2 (E, F)
channels during baseline for DQB1*0602-negative subjects (open circles) and DQB1*0602-positive subjects (closed cir-
cles). SWE derived from C3 was lower in DQB1*0602-positive subjects (denoted by **, p � 0.05); SWA derived from C3 and
SWE and SWA derived from the Fz channel showed similar trends. As expected, SWE and SWA showed a typical pattern of
dissipation across the baseline night in all 3 channels for both groups (denoted by *, p � 0.05); moreover, DQB1*0602-
positive subjects demonstrated sharper declines in sleep pressure derived from the O2 channel during the first few hours
of the night than DQB1*0602-negative subjects (denoted by †, p � 0.05). In some records, EEG signal quality was insuffi-
cient or contained too much artifact for reliable power spectral analysis. Thus, the final sample sizes were as follows: for
C3, DQB1*0602-negative (n � 68) and -positive (n � 24) subjects; for Fz, DQB1*0602-negative (n � 70) and -positive (n �

28) subjects; for O2, DQB1*0602-negative (n � 74) and -positive (n � 27) subjects.
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above the corresponding B2 hour in all channels.
There were changes across PSD derived from C3 and
Fz for SWE% baseline (C3: F1.86,182.34 � 5.03, p �
0.009; Fz: F2.27,217.91 � 7.26, p � 0.001; figure 2, A
and C) and SWA% baseline (C3: F2.06,202.03 � 5.82,
p � 0.003; Fz: F1.77,171.58 � 5.26, p � 0.008; figure
2, B and D), but not from the O2 channel (SWE%
baseline: F2.25,216.41 � 0.69, p � 0.520; SWA%

baseline: F2.12,201.28 � 0.81, p � 0.453; figure 2, E
and F). These measures showed no differential
changes across PSD in the C3 (SWE% baseline:
F1.86,182.34 � 0.71, p � 0.484; SWA% baseline:
F2.06,202.03 � 1.05, p � 0.354; figure 2, A and B), Fz
(SWE% baseline: F2.27,217.91 � 0.83, p � 0.451;
SWA% baseline: F1.77,171.58 � 0.63, p � 0.517; fig-
ure 2, C and D), or O2 derivations (SWE% baseline:

Figure 2 Slow-wave energy and slow-wave activity during chronic partial sleep deprivation for the
DQB1*0602 groups

Mean (�SEM) hourly slow-wave energy (SWE) and slow-wave activity (SWA) as a percentage of baseline at the same corre-
sponding hour derived from the C3 (A, B), Fz (C, D), or O2 (E, F) channels at partial sleep deprivation/restriction night 1 (SR1)
and partial sleep deprivation/restriction night 5 (SR5) for hour 1 (H1) and hour 2 (H2) for DQB1*0602-negative subjects
(open circles) and DQB1*0602-positive subjects (closed circles). SWE and SWA increased from SR1 to SR5 for the C3 and
Fz channels (denoted by *, p � 0.05). There were no group differences or differential changes across nights. In some
records, EEG signal quality was insufficient or contained too much artifact for reliable power spectral analysis. Thus, the
final sample sizes were as follows: for SR1 and SR5 C3, DQB1*0602-negative (n � 72) and -positive (n � 28) subjects; for
SR1 and SR5 Fz, DQB1*0602-negative (n � 72) and -positive (n � 27) subjects; for SR1 and SR5 O2, DQB1*0602-
negative (n � 72) and -positive (n � 26) subjects.
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F2.25,216.41 � 1.88, p � 0.150; SWA% baseline:
F2.12,201.28 � 0.72, p � 0.496; figure 2, E and F).
The groups did not differ in SWE% baseline (F1,98 �
1.73, p � 0.191) or SWA% baseline (F1,98 � 0.14,
p � 0.708) from the C3 (figure 2, A and B), Fz
(SWE% baseline: F1,96 � 2.71, p � 0.103; SWA%
baseline: F1,97 � 2.51, p � 0.116; figure 2, C and D)
or O2 channels (SWE% baseline: F1,96 � 0.30, p �
0.587; SWA% baseline: F1,95 � 1.80, p � 0.183;
figure 2, E and F).

Polysomnography. Across B2, SR1, and SR5,
DQB1*0602-positive subjects showed significantly
more awakenings and stage 2 sleep, less SWS (partic-
ularly stage 3 sleep), and a trend toward later sleep
onset latency (SOL) (genotype effect across nights;
table 2 footnotes). At B2, they had significantly less
stage 3 sleep and a tendency for a longer REM sleep
latency. At SR1, DQB1*0602-positive subjects dis-
played more disrupted sleep, with significantly less
stage 3 and more stage 2 sleep, and a tendency for
more nighttime awakenings. At SR5, disrupted sleep

remained apparent in these subjects: they showed sig-
nificantly more awakenings and wake after sleep on-
set (WASO), and less stage 3 and more stage 2 sleep
(table 2).

The groups showed differential PSG responses to
PSD (night � genotype effect; table 2 footnotes).
DQB1*0602-positive subjects showed greater REM
sleep latency and smaller stage 2 reductions. Both
groups displayed significant responses consistent
with sleep loss and homeostatic drive increases: sleep
efficiency and SWS increased, while TST, SOL,
REM sleep latency and duration, WASO, and stages
1 and 2 sleep decreased.

Subjective sleepiness and fatigue. PSD produced in-
creases in KSSe3 sleepiness (figure 3A; F2.94,373.09 �

122.63, p � 0.0001) and VASe4 fatigue scores
(figure 3B; F2.39,303.83 � 87.36, p � 0.0001) for
both groups across days. DQB1*0602-positive sub-
jects had greater sleepiness (F1,127 � 16.77, p �

0.0001) and fatigue (F1,127 � 7.66, p � 0.006) rat-

Table 2 Polysomnographic sleep measures during B2, SR1, and SR5 for DQB1*0602-negative (�) and DQB1*0602-positive (�) subjects,
mean � SD

Sleep measure

Baseline night (B2) Sleep restriction night 1 (SR1) Sleep restriction night 5 (SR5)

DQB1*0602 � DQB1*0602 � p* DQB1*0602 � DQB1*0602 � p* DQB1*0602 � DQB1*0602 � p*

Total sleep time, min 519.19 � 49.62 501.34 � 69.26 0.127 226.19 � 8.06 224.66 � 11.19 0.409 232.74 � 6.79 231.69 � 7.82 0.461

Sleep efficiency, % 86.78 � 8.35 84.57 � 11.47 0.257 94.35 � 3.41 93.81 � 4.48 0.480 96.93 � 2.84 96.51 � 3.30 0.491

Latency to sleep onset,
min

16.34 � 15.71 22.68 � 28.59 0.131 3.34 � 3.86 3.93 � 5.93 0.526 1.94 � 3.30 2.41 � 3.67 0.485

Latency to REM sleep,
mina

71.53 � 33.35 84.69 � 41.62 0.081 52.77 � 29.27 56.06 � 29.37 0.583 42.37 � 24.12 41.13 � 32.45 0.817

WASO, min 52.68 � 45.25 68.32 � 67.55 0.154 6.06 � 7.75 7.49 � 8.07 0.374 2.65 � 2.67 4.41 � 6.83 0.042

Awakenings, nb 14.35 � 10.13 18.29 � 14.40 0.102 3.48 � 3.20 4.79 � 3.89 0.062 2.31 � 2.03 3.83 � 3.87 0.006

Stage 1 duration, min 53.72 � 25.70 53.34 � 31.74 0.947 15.33 � 9.82 13.51 � 9.12 0.356 9.12 � 5.84 8.37 � 6.46 0.535

Stage 1, % TST 10.37 � 4.90 10.75 � 6.12 0.731 6.86 � 4.41 6.09 � 4.27 0.391 3.95 � 2.59 3.62 � 2.80 0.533

Stage 2 duration, min 275.66 � 47.32 274.53 � 61.59 0.917 96.43 � 27.71 108.57 � 30.97 0.040 95.41 � 30.74 107.13 � 30.45 0.059

Stage 2, % TSTc 53.20 � 8.14 54.68 � 9.12 0.401 42.69 � 12.26 48.49 � 14.06 0.028 41.06 � 13.27 46.36 � 13.47 0.050

Stage 3 duration, mind 43.40 � 17.66 34.26 � 18.31 0.016 33.80 � 13.58 25.60 � 12.00 0.003 34.59 � 15.82 28.59 � 11.68 0.045

Stage 3, % TSTd 8.40 � 3.53 6.94 � 3.64 0.053 14.91 � 5.92 11.41 � 5.38 0.003 14.83 � 6.76 12.35 � 5.13 0.053

Stage 4 duration, min 27.94 � 26.72 22.06 � 25.82 0.292 30.08 � 25.90 27.65 � 29.30 0.657 34.29 � 28.05 32.11 � 32.09 0.711

Stage 4, % TST 5.33 � 5.10 4.44 � 5.37 0.415 13.28 � 11.33 12.15 � 12.70 0.636 14.67 � 11.96 13.73 � 13.65 0.707

SWS duration, mine 71.34 � 36.81 56.32 � 37.03 0.054 63.88 � 27.55 53.25 � 32.56 0.075 68.88 � 29.83 60.70 � 32.38 0.315

SWS, % TST 13.73 � 7.08 11.38 � 7.21 0.118 28.20 � 12.02 23.56 � 14.14 0.075 29.51 � 12.66 26.08 � 13.74 0.185

REM sleep duration,
min

118.44 � 28.02 117.10 � 33.32 0.828 50.51 � 15.93 49.29 � 15.70 0.708 58.66 � 16.36 55.39 � 15.66 0.190

REM sleep, % TST 22.69 � 4.53 23.18 � 5.15 0.617 22.30 � 6.89 21.84 � 6.57 0.737 25.17 � 7.00 23.80 � 6.57 0.321

Abbreviations: SWS � slow-wave sleep; TST � total sleep time; WASO � wake after sleep onset.
a Night � genotype interaction (F1.68,170.04 � 3.40, p � 0.044).
b Genotype effect (F1,101 � 5.09, p � 0.026).
c Night � genotype interaction (F1.92,194.13 � 3.10, p � 0.049) and genotype effect (F1,101 � 4.27, p � 0.041).
d Genotype effects (stage 3 duration: F1,101 � 9.40, p � 0.003; stage 3 % TST: F1,101 � 7.93, p � 0.006).
e Genotype effect (F1,101 � 3.80, p � 0.050).
* p Values are for the comparison of the 2 groups. Equipment problems resulted in some data loss. Final sample sizes were as follows: at B2, DQB1*0602 � (n �

86) and DQB1*0602 � (n � 31); at SR1, DQB1*0602 � (n � 83) and DQB1*0602 � (n � 34); at SR5, DQB1*0602 � (n � 86) and DQB1*0602 � (n � 35).
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ings across days, though they showed no differential
responses to PSD (KSS: F2.94,373.09 � 0.83, p �
0.475; VAS: F2.39,303.83 � 0.61, p � 0.574). They
were more sleepy and fatigued at B2 and across PSD
(table e-1 on the Neurology® Web site at www.neu-

rology.org). Similarly, DQB1*0602-positive subjects
rated themselves as more fatigued on an unrelated
scale (POMS-Fatiguee5) across days (F1,127 � 5.94,
p � 0.016), with differentially larger sleep loss re-
sponses (F2.17,276.13 � 3.88, p � 0.019; figure 3C).

Figure 3 Neurobehavioral performance during baseline and chronic partial sleep deprivation for the
DQB1*0602 groups

Mean (�SEM) scores per trial on the (A) Karolinska Sleepiness Scale (KSS), (B) “fresh-tired” visual analog scale (VAS), (C)
Profile of Mood States (POMS)-Fatigue scale, and (D) Psychomotor Vigilance Task (PVT) lapses (�500 msec reaction times)
per trial, (E) total number correct per trial on the Digit Symbol Substitution Task (DSST) and on the (F) Digit Span (DS) task,
during baseline (B) and each partial sleep deprivation/restriction night (SR1–SR5) for DQB1*0602-negative subjects (open
circles) and DQB1*0602-positive subjects (closed circles). Overall, DQB1*0602-positive subjects were more sleepy and
fatigued as indicated by higher KSS, VAS, and POMS-Fatigue scores (denoted by **, p � 0.05). These scores all increased
across chronic PSD (denoted by *, p � 0.05). Notably, the DQB1*0602-positive subjects also showed differentially larger
increases in fatigue across chronic PSD than DQB1*0602-negative subjects (Panel C; denoted by †, p � 0.05). By contrast,
although both groups showed increased PVT lapses (denoted by *, p � 0.05) and intersubject variability across chronic PSD,
there were no differential responses in lapses nor did one group show more lapses at baseline or during chronic PSD. DSST
scores failed to show significant changes across chronic PSD, or differential changes across days or group differences. DS
total correct scores declined across chronic PSD (denoted by *, p � 0.05), but did not show significant group differences or
differential changes.
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PSD increased POMS-Fatigue ratings across days in
both groups (F2.17,276.13 � 84.27, p � 0.0001).
POMS-Fatigue scores did not differ during baseline,
though DQB1*0602-positive subjects had higher
scores during chronic PSD (table e-1).

Physiologic sleepiness. Contrasting subjective sleepi-
ness scores, MWT scores15,18 did not differ between
groups (F1,88 � 0.76, p � 0.385) or show differential
changes to PSD (F1,88 � 0.72, p � 0.398), although
both groups were less able to resist sleep following sleep
loss (F1,88 � 41.93, p � 0.0001). The groups did not
differ at baseline or SR5 (table e-1).

Cognitive performance and executive functioning.
PSD induced significant cognitive performance defi-
cits across days as demonstrated by increases in
PVT17 lapses (�500 msec reaction times) and in
variability for both groups across PSD (figure 3D).
Although both groups increased lapses across days
(F2.44,310.38 � 71.75, p � 0.0001), there were no
differential responses in lapses (F2.44,310.29 � 1.45,
p � 0.234) or group differences across days (F1,127 �

0.03, p � 0.860). Moreover, lapses and other PVT
measures—errors, fastest 10% and median reaction
times, response speed—did not differ significantly
between groups during B2 or PSD (table e-1).

The groups showed no differential changes in
DSSTe6 performance across PSD (F2.92,371.02 �

0.91, p � 0.433) nor did scores change across days
(F2.92,371.02 � 1.55, p � 0.203) or differ between
groups across days (F1,127 � 0.000, p � 0.986; fig-
ure 3E). There were no B2 or PSD differences in
DSST performance (table e-1). Similarly, there were
no differential changes on DSe6 total performance
across PSD (F2.79,353.91 � 0.23, p � 0.863) or group
differences across days (F1,127 � 0.55, p � 0.460)
although scores changed across days (F2.79,353.91 �

3.69, p � 0.014; figure 3F). Moreover, the groups
did not differ on DS performance during B2 or PSD
(table e-1).

The Hayling,e10 Brixton,e10 COWAT,e11 and
TOLe12—executive function tests measured at SR5—
showed no group differences (figures e-1 and e-2).

DISCUSSION DQB1*0602-positive subjects
showed decreased sleep homeostatic pressure with
differentially steeper declines, and greater sleepi-
ness and fatigue during baseline. During PSD,
positive subjects displayed SWE elevation compa-
rable 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 fa-

tigue. Cumulative decreases in cognitive perfor-
mance were comparable between groups during
PSD. Thus, DQB1*0602 associated with interin-
dividual differences in sleep homeostasis, physio-
logic sleep, sleepiness, and fatigue, but not
cognitive responses, during baseline and PSD.
DQB1*0602 may be a genetic marker for predict-
ing such individual differences; moreover, its pos-
itivity in healthy subjects may represent a
continuum with narcoleptic sleep–wake features.

Both groups showed greater physiologic sleepiness,
sleep homeostasis, and self-rated sleepiness and fatigue,
and poorer performance on the DS and PVT, across
PSD. Thus, PSD produced substantial changes in these
measures characteristic of cumulative sleep loss, thereby
validating our phenotype.1,4,6,8,22–25

DQB1*0602-positive subjects showed greater
sleepiness and fatigue during baseline and PSD. Our
results concur with a study that found that positive
subjects with insomnia had poorer perceptions of
sleep quality and degree of restfulness.26 Such symp-
toms may be part of a subclinical, but not pathologic
continuum of daytime sleepiness (the most debilitat-
ing symptom of narcolepsy and a requirement for its
diagnosis27), and may have utility for predicting re-
sponses in DQB1*0602 carriers in work or opera-
tional settings.

Under basal, fully rested homeostatic pressure
conditions, DQB1*0602-positive subjects had lower
SWE and SWA—putative markers of sleep ho-
meostasis. By contrast, narcoleptic subjects have
comparable or higher baseline SWA than
controls.28-30 Our baseline differences were not sus-
tained during PSD, indicating that positive subjects
possess fully intact, efficient homeostatic responses to
sleep loss. Equivalent responses have been reported
in DQB1*0602-positive narcoleptic subjects,28,29 and
in another study, relatively greater SWA responses
were observed in narcoleptic subjects than controls30

(DQB1*0602 typing was not performed). Different
genes may modulate basal vs evoked homeostatic re-
sponses in healthy sleepers; therefore, other genetic
markers may influence differential vulnerability in
SWA/SWE responses to PSD.

DQB1*0602-positive subjects showed more frag-
mented sleep during baseline and PSD—as indicated
by more nocturnal awakenings, WASO, and stage 2
sleep, and less SWS, but did not differ in TST or REM
sleep latency or duration. Our findings concur with
those demonstrating that DQB1*0602-positive subjects
with insomnia had more nighttime awakenings.26

Moreover, DQB1*0602-positive narcoleptic subjects
showed more disrupted nighttime sleep (reduced SE,
increased WASO, awakenings, and stage 1 sleep), less
stage 2, shorter nocturnal REM sleep and SOL, more
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REM sleep, and more daytime objective sleepiness ab-
normalities (decreased SOL and increased number of
sleep-onset REM sleep periods on the MWT and
MSLT) than DQB1*0602-negative narcoleptic subjects
or controls.27,28,30–33 DQB1*0602 positivity may relate
to common sleep changes such as disturbance of sleep
maintenance mechanisms found in healthy subjects and
narcoleptic subjects.

Our data contrast those from a study that found that
DQB1*0602-positive subjects showed shorter REM
sleep latency and greater sleep continuity (e.g., better
SE, decreased stage 1 sleep and WASO), and no differ-
ences in subjective or physiologic sleepiness measures
(Stanford and Epworth Sleepiness Scales, MSLT).12

Study design differences might explain these contrast-
ing results. While the aforementioned study employed a
large sample (n � 525), because of its epidemiologic
design, it did not utilize adaptation/saturation nights,
and did not impose prestudy regularized sleep–wake cy-
cles—factors which significantly affect PSG and sleepi-
ness measures.12 Indeed, the reported REM sleep
abnormalities12 may be eliminated when DQB1*0602-
positive subjects are well-rested during baseline (this
study), and may be replaced by increased sleepiness and
sleep fragmentation; as such, our results highlight the
importance of insuring well-rested conditions in clinical
PSG studies to eliminate possible effects on outcome
measures. Further studies are needed to resolve these
discrepancies.

Since narcolepsy associates with genes other than
DQB1*0602,13 including HLA-DR2,34 T-cell recep-
tor � locus,21 and tumor necrosis factor–�,35 it is not
surprising that DQB1*0602-positive healthy subjects
do not show all the same deficits—even to a lesser
degree—than narcoleptic subjects. DQB1*0602 may
be involved in common features shared between pos-
itive normal sleepers and narcoleptic subjects,
whereas other genes may influence disparate features.
Alternatively, sleep variables may be mediated by in-
dividuals’ immune and infectious status, which may
differ between positive and negative subjects. HLA
alleles modulate susceptibility to many infectious and
autoimmune diseases.36

DQB1*0602 does not mediate individual differ-
ences in cognitive performance. These findings sharply
contrast sleep homeostatic, physiologic sleep, sleepiness,
and fatigue differences, and concur with findings that
homeostatic sleep responses to deprivation are not re-
flected in waking neurobehavioral or cognitive respo-
nses.1,6,37,38 Which genes mediate individual differences
in cognitive performance during PSD remains
unknown.

Despite our relatively large sample size compared
to other genetic studies using sleep deprivation pro-
tocols,9,11,38,39 our results should be considered pre-

liminary. As is true for the aforementioned studies,
our findings should be replicated in a separate sample
using an identical protocol—replication is critical for
validation and avoiding false-positives in candidate
gene studies.40

DQB1*0602—closely linked to the neurologic dis-
order narcolepsy—predicted interindividual differences
in sleep homeostasis, physiologic sleep, and sleepiness
and fatigue in healthy adults. DQB1*0602, therefore,
may be a genetic marker for determining responses in
the general population to basal conditions and
chronic PSD—a condition associated with signifi-
cant health consequences and experienced worldwide
by millions of individuals frequently due to work and
social obligations.
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