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INTRODUCTION
Sleep deprivation is a major public health issue.1 It impairs 

neurobehavioral performance, particularly performance requir-
ing sustained attention.2 Individuals who are sleep deprived 
are at increased risk of motor vehicle accidents and job-related 
injuries.3 The effect of acute sleep deprivation on performance 
has been assessed experimentally using the Psychomotor Vigi-
lance Task (PVT).4 The PVT evaluates response times (RTs) to 
repeated stimuli presented at random intervals. Individuals who 
have increased pressure for sleep have wake-state instability and 
hence may not respond to the stimulus or do so in a tardy man-
ner. The mean number of lapses (RTs greater than 500 msec) on 
this sustained attention task has been shown to be sensitive to 
the effect of sleep loss.5-8 There are, however, large interindivid-
ual differences in sustained attention task performance during 
acute sleep deprivation.9,10 Some individuals show few lapses in 
performance whereas others show a large number of lapses. Re-
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peat testing in the same individual indicates that this differential 
response is a subject-specific biologic trait. In duplicate trials 
of sleep deprivation in the same individual, Van Dongen et al.10 
found that the number of lapses was highly reproducible with an 
intraclass correlation coefficient of 0.675.

The progressive increase in performance lapses on PVT dur-
ing acute sleep deprivation is a surrogate measure for sleep ho-
meostatic drive, i.e., the rate of accumulation of the pressure 
for sleep during wakefulness. Franken et al. have demonstrated 
the heritability of sleep homeostatic drive in mice.11 Electroen-
cephalographic (EEG) delta power (1-4 Hz) during recovery 
sleep after 6 hr of sleep deprivation, a key measure of sleep 
homeostatic drive, was very different between different inbred 
strains, but highly reproducible within a strain. Previous studies 
in human twins have demonstrated that slow wave sleep and 
delta power are under a strong genetic influence.12,13 Extending 
these findings, DeGenarro et al.14 recently measured EEG activ-
ity in the 8-16 Hz range in 10 monozygotic (MZ) and 10 dizy-
gotic (DZ) twin pairs during baseline and recovery nonrapid 
eye movement (NREM) sleep after prolonged wakefulness and 
found high heritability, both at baseline and after sleep depriva-
tion. They did not, however, examine changes in EEG power 
and in particular in delta power that would be required to assess 
sleep homeostasis. Hence, they did not assess this key aspect 
of the phenotype. Although there is evidence of heritability of 
sleep homeostatic drive in mice, no previous studies have in-
vestigated whether this trait is heritable in humans.

A commentary on this article appears in this issue on page 1191.
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To assess whether the rate of performance decrement dur-
ing acute sleep deprivation, i.e. sleep homeostatic drive, is a 
heritable trait in humans, we measured the increase in perfor-
mance lapses on PVT during 38 hr of continuous wakefulness 
in 59 MZ and 41 DZ twin pairs. Some recent studies report that 
polymorphisms in the PERIOD 3 (PER3) and adenosine deami-
nase (ADA) genes explain phenotypic variance in responses to 
total sleep deprivation.15-19 However, findings inconsistent with 
the PER3 results have been reported in individuals subjected 
to partial sleep deprivation.20 To further evaluate the possible 
association between PER3 and ADA polymorphisms and the 
response to sleep deprivation, we compared the PER3 and ADA 
genotypes of our patients with their performance decrement 
during the 38 hr of continuous wakefulness.

METHODS

Participant Recruitment
We screened 358 individuals by telephone from two existing 

registries (Penn Twins Cohort and Mid-Atlantic Twins Registry) 
and from local advertisements in Philadelphia and the surround-
ing metropolitan area. Participants were required to be 18 to 55 
yr of age and have a same-sex twin who was also willing and 
eligible to participate. Twin zygosity was determined initially 
by a standardized questionnaire and then checked by a DNA-
based polymerase chain reaction (PCR) analysis of peripheral 
blood using 12 highly polymorphic short-tandem repeat loci and 
Amelogenin.21 Thirty-three twin pairs were excluded because 
one or both individuals met at least one of the exclusion crite-
ria (see next section). Twenty-five potentially eligible twin pairs 
were excluded because they cancelled or did not keep their first 
scheduled visit. Twenty pairs withdrew from the study after en-
rollment, primarily because of an inability to devote the required 
time. A total of 59 MZ twin pairs (mean age 29.2 ± 6.8 (standard 
deviation, SD) yr; range 18 to 42 yr; 15 male and 44 female 
pairs) and 41 DZ twin pairs (mean age 26.6 ± 7.6 yr; range 19 to 
53 yr, 15 male and 26 female pairs) completed the entire proto-
col. The study was approved by the Institutional Review Boards 
at the University of Pennsylvania and the subcontracted sites 
where the two twin registries were based, the University of Chi-
cago and Virginia Commonwealth University. Written informed 
consent was obtained from each participant. All testing was per-
formed at the University of Pennsylvania.

Exclusion Criteria
Exclusion criteria included an apnea-hypopnea index or pe-

riodic limb movement index ≥ 5 events/hr on a full night di-
agnostic polysomnogram (PSG), the presence of depression as 
indicated by a score > 16 on the Center for Epidemiological Stud-
ies Depression Scale (CES-D),22 irregular work hr or shift work, 
consumption of 2 or more alcoholic drinks per day as assessed 
with the CAGE questionnaire,23,24 use of sedative/hypnotic med-
ications on a regular basis, initiation of a new medication in the 
previous 3 mo, a medical or neurologic condition that would 
prevent traveling to the sleep center, previous diagnosis of ob-
structive sleep apnea or any other sleep disorder, travel across 
a different time zone in the previous 6 wk, blood hemoglobin 
< 11.3 gm/dl, serum bilirubin > 2.0 mg/dl, serum creatinine > 
3 mg/dl, or a positive urine toxicology screening. Individuals 

were excluded if they were taking the following medications: 
methylphenidate, modafinil, antidepressants, or beta-blockers. 
They were also excluded if they were taking medications for 
pain, including aspirin, nonsteroidal anti-inflammatory drugs, 
and COX-2 inhibitors, more than 3 times per wk.

Initial Evaluation
At least 2 wk prior to performing the sleep deprivation proto-

col, participants were admitted to the Clinical and Translational 
Research Center for one night to assess their eligibility. Dur-
ing this stay, they underwent a medical history and physical 
examination and completed a battery of standardized question-
naires including the 36-Item Short Form (SF-36),25 Functional 
Outcomes of Sleep Questionnaire (FOSQ),26 Basic Language 
Morningness (BALM) scale,27 Multivariable Apnea Prediction 
(MAP) scale,28 Epworth Sleepiness Scale (ESS),29 Pittsburgh 
Sleep Quality Index (PSQI),30 CES-D,22 and CAGE.23,24 They 
also performed an overnight PSG to rule out sleep apnea and 
periodic limb movement disorder. The following polysomno-
graphic signals were recorded: EEG (C3M2, C4M1, O1M2, 
O2M1), bilateral electrooculograms, chin muscle electromyo-
gram, airflow (nasal pressure and oronasal thermistor), rib cage 
and abdominal movement, bilateral anterior tibialis electro-
myogram, electrocardiogram, pulse oximetry, and body posi-
tion. The PSGs obtained during this initial assessment and the 
subsequent admission for the sleep deprivation protocol were 
scored manually with the aid of computer software by a reg-
istered PSG technologist using American Academy of Sleep 
Medicine (AASM) recommended criteria.31 The technologist 
was blinded to the participant and the participant’s zygosity. 
Female participants were studied during the nonmenstruating 
phases of their menstrual cycle.

Sleep Deprivation Protocol
Patients were instructed to maintain a regular sleep/wake 

schedule in the week prior to the sleep deprivation protocol and 
completed a sleep log and wore a wrist actigraph (AMI Am-
bulatory Monitoring, Inc., Minimotion logger, Ardsley, NY) 
during that week to document their compliance. The actigraph 
recordings were manually scored with the aid of the sleep log 
and computer software.

The sleep deprivation protocol consisted of admission to the 
Clinical and Translational Research Center for 4.5 consecutive 
days. The patients were asked not to smoke or drink alcohol 
for 24 hr prior to and during their admission. During the 4-day 
protocol, they were given regular food and snacks but were not 
allowed to drink caffeinated beverages. Participants were al-
lowed to sleep ad libitum on Days 1 and 2 to further ensure 
they were sleep satiated prior to start of sleep deprivation. They 
performed 4 orientation PVT trials on Day 2 that were not used 
in the analyses. PSGs were performed on the first two nights. 
At 08:00 on Day 3, participants began a 38-hr sleep deprivation 
protocol during which they performed the 10-min PVT at 2-hr 
intervals (19 sessions) starting at 10:00. The participants were 
under continuous surveillance by a trained research assistant 
during the sleep deprivation period. The participants were al-
lowed to walk around the research unit but were not allowed to 
leave the unit. They spent the time watching videos, studying, 
reading, and playing games. They were not allowed to use the 
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telephone, read newspapers, or watch TV in order to avoid any 
extraneous environmental influences on their results. A recov-
ery sleep opportunity that was recorded polysomnographically 
started at 22:00 on Day 4. Patients were allowed to sleep un-
disturbed until they woke up spontaneously the next morning. 
Following the recovery sleep, they were evaluated by a member 
of the research team, discharged, and told not to drive a motor 
vehicle for the next 24 hr. Travel arrangements were made to 
transport the patients home to avoid issues related to residual 
sleepiness. Individuals in each twin pair were studied on dif-
ferent days to prevent their social interaction during the sleep 
deprivation protocol. The twin who was studied first was in-
structed not to share his/her experience with the other twin until 
that person had completed testing. The following signals were 
recorded on the PSGs on Days 1, 2, and 4 of the sleep depri-
vation protocol: EEG (C3M2, C4M1, O1M2, O2M1), bilateral 
electooculogram, and chin muscle electromyogram.

Psychomotor Vigilance Task
The PVT is a conceptually valid, reliable, 10-min task with 

known psychometric properties and minimal practice/learning 
curves.4,5,7 The PVT yields a number of metrics reflecting the 
capacity for sustained attention and vigilance performance and 
is highly sensitive to behavioral alertness.6,32 The primary PVT 
variable used to assess heritability of sleep drive was the num-
ber of RTs per trial that were at least 500 msec (lapses). This 
variable is approximately distributed according to a Poisson 
process. Because the variance of a Poisson process is propor-
tional to its mean value, a variance-stabilizing transformation 
was applied in the form of the sum of the square root of the 
number of lapses plus the square root of this number of laps-
es plus 1. This sum of square roots is hereafter referred to as 
‘transformed lapses’ and was the primary phenotype endpoint 
in this study.

A multiple linear regression model that included terms re-
flecting linear changes over the 38- hr extended wake period 
plus a superimposed sinusoidal circadian rhythm effect with 
frequency fixed at 24 hr was estimated for each patient. The 
following equation describes this model:

E(ΔYit) = βi1*t + ai*cos(2*Π*t/24) + bi*sin(2*Π*t/24)

where ΔYit is the change in the value of the PVT parameter from 
the first time point to time = t for patient i. The use of change 
scores reduced the number of fixed effects to be estimated by 
one. This was appropriate because baseline lapses per trial 
are nearly zero in healthy volunteers and do not discriminate 
among healthy individuals unless challenged by sleep depriva-
tion. The parameter of interest was βi1, the patient-specific av-
erage change (i.e., slope) in performance deficits during sleep 
deprivation. The hypothesis for this study was that that the βi1 
terms would tend to be more similar among MZ pairs than DZ 
pairs. Additionally, supporting analyses were performed on 
three other PVT metrics including median RT, mean of the 10% 
fastest RTs, and the mean reciprocal RT for the 10% slowest 
response times. These metrics are meant to reflect the differ-
ent response subdomains of the RT distribution. These three 
are designed to reflect average response, optimum response, 
and RT in the response-slowing domain, respectively. Analyses 

were also performed on the mean of untransformed lapses over 
the last 12 trials during sleep deprivation in order to compare 
our intraclass correlation coefficient (ICC) results in twins with 
those of Van Dongen et al.10 based on test-retest results within 
the same patient.

PER3 and ADA Single-Nucleotide Polymorphisms
The assessment of the polymorphisms of PER3 and ADA 

genes was performed as described previously.15,19 Briefly, the 
genotyping was performed by the PCR and carried out in a vol-
ume of 50 µl containing the following: 50-100 ng of DNA, 5 
units of TaqGold polymerase (Applied Biosystems), 1.5 mM 
MgCl2, 2.5 mM of each triphosphate, and 25 μM of each for-
ward and reverse primer. The following primers were used in 
PER3 genotyping:

PER3 forward: 
5’-CAAAATTTTATGACACTACCAGAATGGCTGAC-3’

PER3 reverse: 
5’-AACCTTGTACTTCCACATCAGTGCCTGG-3’

The following primers were used in ADA genotyping:
ADA-forward, A-specific allele (ADA-F-A): 

5’-CCCAGACGCCCGCCTTCA-3’
ADA-forward, G-specific alele (ADA-F-G): 

5’-CCCAGACGCCCGCCTTCG-3’
ADA-reverse (common to both alleles):

5’-GAACTCGCCTGCAGGAGCC-3
The PCR conditions for the PER3 genotyping included: dena-
turation at 94°C for 1 min, annealing at 55°C for 1 min, elonga-
tion at 72°C for 1 min, 35 cycles. The PCR conditions for the 
ADA genotyping were denaturation at 94°C for 1 min, anneal-
ing at 61°C for 1 min, and elongation at 72°C for 1 min, 35 
cycles. The PCR products were separated on 2% agarose gel 
by electrophoresis followed by staining with ethidium bromide.

Statistical Analyses
Mixed-model analysis of variance (ANOVA) was used to 

compare characteristics between MZ and DZ twins accounting 
for zygosity differences in covariance. This and all subsequent 
modeling was performed using SAS Version 9.2 (SAS Institute, 
Inc., Cary, NC). Three complementary methods were used to 
evaluate heritability: the classic approach based on zygosity dif-
ferences in ICC,33 ANOVA,34 and maximum likelihood estima-
tion of model-specific covariance matrices.35 First, descriptive 
heritability estimates were obtained as h2 = 2(ICCMZ – ICCDZ).33 
Initial descriptive assessments of common environment shared 
variance were determined using the formula C2 = 2*ICCDZ - IC-
CMZ. Negative values of C2 suggest that shared common en-
vironment is not an important factor in explaining within-pair 
correlation and, in those situations, the ADE model rather than 
the ACE model is the preferred model of genetic transmission 
(see discussion of models in the next section).36 These analyses 
were performed with and without controlling for sex, age, and 
sex by age interaction.37 ANOVA methods based on functions 
of within- and among-twin pair mean squares were used to as-
sess validity of the twin model for our data.34 Primary results 
were obtained by using maximum likelihood estimation to 
determine variance components from mixed-effect multilevel 
models (MEMA-VCM).35 This approach produces the same co-
variance expectations as path analysis and structural equation 
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modeling with the exception that variances are not restricted to 
be positive; thus providing an opportunity to identify poor mod-
el fit.38 Using these methods, we assessed the different models 
with the objective of discriminating between different patterns 
of genetic transmission. One model examined was the ACE 
model, which includes additive genetic effects (A), common 
environmental effects (C), and unique individual effects (E). 
Another model—the ADE model—includes additive genetic 
effects (A), dominance genetic effects (D), and unique individ-
ual effects (E). Following McArdle and Prescott,35 the ACE and 

ADE models were formulated by includ-
ing additive genetic variance (σ2

A), vari-
ance arising from dominance effects (σ2

D), 
family-specific variance (σ2

C), and unique 
variance (σ2

A) into the model as random 
effects. These random effects were either 
shared or not shared between twin mem-
bers and were weighted according to zy-
gosity35 to produce the desired variance 
components of the MEMA-VCM models 
using SAS Proc Mixed (SAS Institute, 
Inc., Cary NC). Then, these parameters 
were reestimated using the general pur-
pose nonlinear mixed model algorithm 
in Proc NLMIXED to obtain P values 
and standard errors for desired functions 
of the various components. Although the 
parameter estimates are identical, Proc 
NLMIXED provides asymptotic standard 
errors for the proportions of phenotypic 
variance explained by A+D, A alone, and 
D alone as well as P values for testing null 
hypotheses that each proportion is equal 
to zero assuming the ADE model is true.

RESULTS
The characteristics of the participants 

are detailed in Table 1. A greater per-
centage of DZ twin pairs reported being 
African American (n = 15 pairs; 36.6%) 
compared with MZ twin pairs (n = 7; 
11.9%). There were 3 Asian MZ pairs and 
no Asian DZ pairs. There was one MZ 
pair who self-identified as having more 
than 1 race. There were 48 Caucasian MZ 
pairs (81.5%) and 26 Caucasian DZ pairs 
(63.4%). In the week prior to the sleep 
deprivation protocol, the mean estimated 
daily sleep time on actigraphy was 528 ± 
103 (SD) min in the MZ twins and 502 ± 
101 min in the DZ twins. This difference 
was not significant based on a mixed mod-
el that accounted for unequal within-group 
correlations (P = 0.11). Mean estimated 
daily sleep time was similar in males and 
females (507 ± 102 and 521 ± 103 min, 
respectively).

The polysomnographic results in the 
MZ and DZ twins on Day 2, i.e., just 

prior to the start of the 38-hr sleep deprivation, are shown in 
Table 2. Compared with MZ twins, DZ twins had a greater 
total time in stage N2 sleep (P = 0.016), and latency to stage 
REM (P = 0.040). As reported by previous investigators, sleep 
architecture measures displayed strong broad sense heritability 
(h2)13,14,37 (Table 3).

Figure 1 shows the mean change in transformed PVT lapses 
on the trials performed every 2 hr during the 38-hr sleep depri-
vation period in all MZ and DZ twins using the results on the 
first trial at 2 hr as the reference. The results reveal the com-

Table 1—Mean ± SD of participant characteristics

Measure
Total

(n = 200)

Monozygotic 
twins (MZ)
(n = 118)

Dizygotic 
twins (DZ)

(n = 82)

Mixed 
modela 
P value

Age (yr) 29.9 ± 7.2 28.9 ± 6.9 26.5 ± 7.5 0.101
Height (cm) 168.0 ± 11.7 166.2 ± 10.5 171.0 ± 12.8 0.070
Weight (kg) 69.1 ± 13.9 68.6 ± 14.8 69.9 ± 12.8 0.560
BMI (kg/m2) 24.2 ± 4.3 24.3 ± 4.6 23.9 ± 3.7 0.603
CES-D total score 14.9 ± 4.0 14.5 ± 3.7 15.4 ± 4.3 0.180
ESS total score 5.7 ± 3.2 5.3 ± 2.8 6.2 ± 3.8 0.150
Global PSQI Score 3.7 ± 2.2 3.5 ± 2.0 3.8 ± 2.4 0.465
AHI (events/hr) 1.8 ± 1.4 1.6 ± 1.4 2.0 ± 1.4 0.139
PLMI with arousal (events/h) 1.8 ± 5.1 2.1 ± 6.1 1.0 ± 3.2 0.103

aMixed-model analyses of variance that accounted for correlations within family pairs but allowed for 
variances and covariances to differ between MZ and DZ were used to compare groups (MZ vs. DZ). 
Covariance parameters were estimated using restricted maximum likelihood to reduce bias. Total n = 
200 unless otherwise specified: height (n = 176), weight (n = 180), CES-D (n = 198), ESS (n = 192), 
and PSQI Global (n = 194). AHI, apnea-hypopnea index; BMI, body mass index; CES-D, Center 
for Epidemiologic Studies Depression Scale; ESS, Epworth Sleepiness Scale; PLMI, periodic limb 
movement index; PSQI, Pittsburgh Sleep Quality Index; SD, standard deviation.

Table 2—Mean ± SD of polysomnogram results on the night prior to the start of the 38-hr sleep 
deprivation

Measure
Total

(n = 200)

Monozygotic 
Twins

(n = 118)

Dizygotic 
Twins

(n = 82)

Mixed 
modela 
P value

 Total recording time (min) 489.6 ± 40.9 474.9 ± 40.5 486.3 ± 40.8 0.139
Total sleep time (min) 405.0 ± 58.7 399.4 ± 57.7 415.2 ± 59.2 0.110
 Sleep efficiency (%) 84.7 ± 9.9 84.1 ± 9.9 85.4 ± 10.0 0.427
 Wake after sleep onset (min) 73.7 ± 49.0 77.5 ± 48.5 71.4 ± 52.1 0.588
 Arousal index (events/hr) 12.7 ± 5.7 12.8 ± 5.8 12.5 ± 5.6 0.813
 Time in stage N1 (min) 14.9 ± 13.5 15.1 ± 15.9 14.4 ± 9.0 0.717
 Time in stage N2 (min) 243.3 ± 42.8 236.2 ± 37.0 253.6 ± 48.3 0.016
 Time in stage N3/4 (min) 57.7 ± 27.8 59.4 ± 30.7 55.4 ± 23.1 0.386
 Time in NREM stage (min) 316.0 ± 44.8 310.8 ± 41.8 323.4 ± 48.0 0.091
 Time in REM stage (min) 89.9 ± 28.8 86.6 ± 28.6 91.8 ± 29.2 0.494
 Sleep latency (min) 2.9 ± 4.5 3.2 ± 5.3 2.6 ± 3.1 0.381
 Latency to stage 2 (min) 3.3 ± 6.0 3.7 ± 7.3 2.8 ± 3.3 0.289
 Latency to stage 3/4 (min) 33.7 ± 47.3 37.1 ± 57.0 28.9 ± 27.3 0.223
 Latency to REM stage (min) 110.4 ± 55.4 117.6 ± 61.2 100.0 ± 44.1 0.040

aMixed-model analyses of variance that accounted for correlations within family pairs but which 
allowed for variances and covariances to differ between MZ and DZ were used to compare groups 
(MZ vs. DZ). NREM, nonrapid eye movement; REM, rapid eye movement; SD, standard deviation.
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bined homeostatic and circadian effects on PVT 
performance as assessed by lapses. The progres-
sive increase in the number of lapses per trial 
in both groups starting after 14 hr of sleep de-
privation (22:00) reflects the increasing homeo-
static drive to sleep. The plateau in the change 
in lapses following 24 hr of sleep deprivation 
(i.e., at 08:00) and the subsequent decrease in 
the last several trials reflects the effects of a cir-
cadian signal for alertness superimposed on the 
increasing homeostatic drive to sleep.

Analysis of Genetic Effects on the Mean Change 
in Transformed PVT Lapses

The individual linear slopes of the change in 
PVT-transformed lapses accounting for circadi-
an effects over the period of extended wakeful-
ness in the MZ and DZ twin pairs are shown in 
Figure 2. The panels reveal a substantial range 
of responses to sleep deprivation as previously 
reported.10 A greater similarity of results within 
MZ twin pairs than within DZ twin pairs is visu-
ally apparent.

The ICCs of the linear slopes of the change in transformed 
PVT lapses and other PVT outcome measures in the MZ and 
DZ twins are shown in Table 4. There was 85.5% of the total 
variance in PVT transformed lapses in DZ twins that was due to 
variance within pairs, whereas only 43.8% of the total variance 
in the MZ twins was due to variance within pairs. The heritabil-
ity value (h2) for the linear slopes of the change in transformed 
PVT lapses was 0.836. Heritability estimates were generally 
similar for males and females. Heritability of other measures 
from the PVT ranged from 0.374 to 0.70 (Table 4).

When a mixed-model ANOVA was used to filter out poten-
tial bias due to among-pair phenotypic differences in age and 
sex, estimates of heritability (h2) increased from 0.836 to 0.882 
for the slope of the change in transformed lapses and also in-
creased slightly for the other PVT outcome variables. The pro-
portion of variance explained by common (shared) environment 
factors can be estimated using the equation 2(ICCDZ) – ICCMZ 
(Table 4). For slope of transformed lapses, this value was equal 
to -0.308 based on age- and sex-adjusted heritability. The nega-
tive value supports a genetic transmission model that includes 
dominance effects rather than common environmental effects.37

When the slopes were subjected to heritability analysis us-
ing the ANOVA approach,34 there was no significant difference 
in mean values between MZ and DZ (t(96) = -1.06, P = 0.29). 
Furthermore, the variance of within-twin means did not vary 
between MZ and DZ (F(40,58) = 1.19, P = 0.54). An essential 
assumption in the analysis of twins data is that total phenotype 
variance is the same for MZ and DZ. There was no evidence 
of zygosity differences in total phenotype variance (P = 0.67) 
using ANOVA. The average of the estimate of heritability was 
0.715, similar to the classic approach value of h2 = 0.836 re-
ported previously.

Finally, the slopes of the change in transformed lapses were 
used to estimate parameters of alternative genetic transmission 
models based on maximum likelihood estimation (Table 5).35 
This analysis confirmed the ICC-based analysis; that is, there 

is no evidence that common environmental factors contributed 
significantly to the phenotypic variance. This is not surprising 
because the PVT was designed to reflect intrinsic neurologic 
functional ability and to be relatively uninfluenced by extrinsic 
factors that are shared between the twins. The estimated com-
mon environmental variance in the ACE model was negative. 
Given this finding and the large negative value of common envi-
ronment variance derived from ICC analysis, we focused on the 
parameter estimates from the ADE model. In the ADE model, 
the additive genetic variance (A) explained 31.5% of phenotype 
variance, the dominance genetic variance (D) explained 19.7% 
of the variance, and the remainder was environmental variance 
(E) unique to the individual. Therefore, total variance due to 
genetic effects was 51.2%. When age, sex, and age by sex inter-
action were added to the model, the estimated dominance vari-

Table 3—Intraclass correlation coefficients and h2 value for polysomnographic measures 
obtained on the night prior to the sleep deprivation period with and without adjustment for age 
and sex

Polysomnographic measure ICCMZ
a ICCDZ h2

h2 
(adjusted)c

Common 
environment 
(adjusted)d

Sleep efficiency 0.561 0.074 0.974b 0.931 -0.360
Wake after sleep onset (min) 0.579 0.091 0.976 0.930 -0.342
Time in stage 1 0.699 0.324 0.750 0.737 -0.044
Time in stage 2 0.447 0.170 0.554 0.571 -0.107
Time in stage 3/4 0.646 0.241 0.809 0.955 -0.398
Latency to stage 3/4 0.296 0.000 0.592 0.611 -0.305
Latency to REM 0.242 0.315 -0.145 -0.217 0.450
Arousal index 0.635 0.412 0.447 0.417 0.192
Time in REM stage 0.467 0.205 0.524 0.499 -0.014

aICC, intraclass correlation = σ2
B / (σ2

W+σ2
B); bh2, heritability = 2(ICCMZ – ICCDZ); cAdjusted for 

age, sex, and age by sex interaction; dCommon environment variance = 2 (ICCDZ) – ICCMZ. 
Negative values suggest that common environmental effects are likely not very important and 
that genetic dominance effects may be present. REM, rapid eye movement.

Figure 1—Mean ± standard deviation change in transformed 
Psychomotor Vigilance Task (PVT) lapses on the trials performed every 2 
hr during the 38-hr sleep deprivation period in the monozygotic (MZ, open 
diamond) and dizygotic (DZ, closed circle) twin pairs. Results on the 1st 
trial at 2 hr were used as the reference. See text for details.
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ance vanished and all genetic variance was additive (50.5%). 
This finding was further explored by reestimating the ADE us-
ing SAS Proc NLMIXED to obtain estimated standard errors 
for the quantities of interest. In the ADE model, the proportions, 
standard errors, and P values for A, D, and A+D were 0.197 
(standard error [SE] = 0.767, P = 0.80), 0.315 (SE = 0.777, 
P = 0.69), and 0.511 (SE = 0.084, P < 0.0001), respectively. The 
fact that the SEs are very large relative to the estimated propor-
tions for both A and D reflects that with the available sample 
sizes, it is difficult to partition total genetic variance into A and 
D. In contrast, the small SE for the proportion of variance ex-
plained by A+D with P < 0.0001 provides substantial evidence 

that an important fraction of phenotypic variance 
is explained by genetic transmission based on the 
twin model. In summary, these results provide sub-
stantial evidence (P < 0.0001) of overall genetic 
transmission that is associated with A or D or both, 
but with this dataset it is not possible to definitively 
conclude whether A or D is most important.

Analysis of Genetic Effects on Secondary 
Phenotype Endpoints

The grand mean of transformed lapses over 
the last 24 hr (i.e., last 12 PVT trials) of the 38-hr 
sleep deprivation protocol was used by Van Don-
gen et al.10 in a study of normal patients who per-
formed a sleep deprivation protocol similar to that 
of the current study on two separate occasions to 
assess whether the response varied between indi-
viduals but was stable within an individual. Using 
mixed-effect models to estimate test-retest ICC 
on the same individual, those authors found an 
ICC = 0.675. Using the mean of the past 24 hr (12 
trials) in our study resulted in ICC values of 0.540 
(MZ) and 0.157 (DZ) and an h2 = 0.766. Thus, the 
ICC in MZ twins is similar in magnitude to that for 
repeated trials in the same individual.

Heritability for the three secondary outcomes 
based on phenotype slopes were h2 = 0.770 for the mean of the 
10% fastest RTs; h2 = 0.423 for the mean of the reciprocal 10% 
slowest RTs; and h2 = 0.374 for the median RT (Table 4). Heri-
tability estimates were generally larger for phenotypes defined 
as slopes compared to grand means. The heritability estimates 
were generally similar for males and females (data not shown).

Heritability of Morningness-Eveningness
The Basic Language Morningness (BALM) questionnaire 

was used to obtain a quantitative assessment of self-report 
preference for morning versus evening.27 This instrument has a 
range from 13 (extreme preference for evening) to 55 (extreme 

Table 4—Intraclass correlation coefficients for PVT measures over the 38-hr sleep 
deprivation in MZ and DZ twin pairs

PVT Measure ICCa h2
h2 

(adjusted)c

Common 
environment 
(adjusted)d

Slope of change in 
transformed lapses

MZ 0.562
0.836b 0.882 -0.308

DZ 0.145

Slope of change in median 
reaction time

MZ 0.381
0.374 0.369 0.019

DZ 0.194

Slope of change in mean of 
reciprocal slowest 10%

MZ 0.562
0.423 0.432 0.030

DZ 0.205

Slope of change in mean of 
fastest 10%

MZ 0.442
0.700 0.778 -0.334

DZ 0.058

Mean transformed lapses 
over last 24 hr (12 trials)

MZ 0.597
0.622 0.704 -0.093

DZ 0.285

aICC, intraclass correlation = σ2
B / [σ2

W+σ2
B]. bh2, heritability = 2(ICCMZ – ICCDZ). cAdjusted 

for age, sex, and age by sex interaction. dCommon environmental variance = (2 times 
ICCDZ) minus ICCMZ. Negative values suggest that common environmental effects are likely 
not very important and that genetic dominance effects may be present. DZ, dizygotic; MZ, 
monozygotic; PVT, Psychomotor Vigilance Task.

Figure 2—The individual linear slopes of the change in Psychomotor Vigilance Task (PVT) transformed lapses during the sleep deprivation period in the 
monozygotic (MZ, left panel) and dizygotic (DZ, right panel) twin pairs. Data for each MZ and DZ twin pair are plotted together on the abscissa. In each panel, 
the pairs are ordered by the magnitude of their impairment (averaged over each pair), with the most resistant twin pair on the left and the most vulnerable 
twin pair on the right. The panels reveal substantial differences in individual responses to sleep deprivation. As is visually apparent, the intraclass correlation 
revealed greater similarity within MZ twin pairs than within DZ twin pairs. There was 56.2% of the total variance in the MZ twins that was due to variance 
between pairs whereas only 14.5% of the total variance in DZ twins was due to variance between pairs. ICC, intraclass correlation.
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preference for morning). The ICC values for MZ and DZ twins 
were 0.508 and 0.305, respectively, resulting in an h2 of 0.407. 
The value is still large but is less than half the value found for 
slope of transformed lapses (h2 = 0.836).

Association With PER3 and ADA Polymorphisms
Genotyping was performed in 180 patients (age 28.2 ± 7.2 

yr; BMI 24.1 ± 41 kg/m2) in whom DNA samples were avail-
able. These included 42 MZ and 34 DZ twin pairs plus 3 indi-
viduals (1 MZ, 2 DZ). One patient of these 180 was missing 
PER3 genotype due to insufficient sample quantity and 3 pa-
tients were missing ADA genotype. Seventy-eight patients had 
the PER3 4/4 genotype, 79 had the PER3 4/5 genotype, and 22 
had the PER3 5/5 genotype. The PER3 genotype frequencies 
were in Hardy-Weinberg equilibrium.39

Analyses using mixed-model repeated measures were used 
to compare among PER3 genotypes (PER3 5/5, PER3 4/5, 
and PER3 4/4) accounting for the difference in MZ and DZ 
within-pair covariance. Figures 3 and 4 summarize the analysis 
of the PER3 genotype/PVT phenotype association. There was 
no evidence that the PER3 gene explained variance in human 
vigilance responses to 38 hr of total sleep deprivation. Statis-
tical significance of PER3 for explaining phenotypic variance 
was assessed for an additive model with genotype defined as 
the number of “5” type alleles (0, 1, 2); a model that assumed 
dominance for the 5-type allele coded as 1 if either allele was 
a 5-type and coded as zero otherwise; and an analogous model 
for “4” type dominance. The phenotype transmission model 
measure with the smallest P value was an additive model using 
the slope measure (P = 0.18) that was derived using a regres-
sion model accounting for both the homeostatic and circadi-
an components. However, the estimated slope was -0.01226 
(SE = 0.008122) such that increasing the number of “5” alleles 
reduced, rather than increased, the rate of accumulation of per-
formance deficits.

A similar analysis was used to assess evidence of PER3 as-
sociation with baseline. Initially, the first trial during the depri-
vation, i.e., the trial used as baseline when comparing changes 
from baseline, was defined as baseline. The analysis was re-
peated using the mean of the first two, three, four, and five ob-
servations. Using only the first observation, the dominant 4 
model was significant with F(1,135) = 4.93, P = 0.03, and mean 

difference equal to -0.77 (SE = 0.35). In the categorical model, 
mean baseline transformed lapses were signficantly lower for 
4/4 versus 5/5 (P = 0.03) and for 4/5 versus 5/5 (P = 0.05). 
However, the significance of the dominant 4 model disappeared 
when baseline was defined as the mean of two (P = 0.16) or 
three (P = 0.47) or more observations.

For ADA, 151 patients had the ADA G/G genotype, 24 had 
the ADA A/G genotype, and 2 had the rare ADA A/A genotype. 
The rare A/A homozygote limited the ability to assess ADA 
genetic transmission models. Nonetheless, the ADA genotype 
frequencies were in Hardy-Weinberg equilibrium.39 Analyses 
using mixed-model repeated measures were used to compare 
among ADA genotypes accounting for the difference in MZ and 
DZ within-pair covariance. There was no evidence that vari-
ants in the ADA gene explained variance in human vigilance 

Table 5—Maximum likelihood estimation of variance components from 
mixed-effects multilevel models for slope of transformed Psychomotor 
Vigilance Task lapses over 38 hr of total sleep deprivation.

ACE model Proportion
Adjusted 

proportiona

Additive genetic variance 0.669 0.755
Common environmental variance -0.157 -0.255
Error variance 0.489 0.498

ADE model Proportion
Adjusted 

proportiona

Additive genetic variance 0.315 0.505
Dominance genetic variance 0.197 -0.003
Error variance 0.489 0.498

aAdjusted for age, sex, and age by sex interaction.
Figure 3—Mean ± SD change in transformed Psychomotor Vigilance 
Task (PVT) lapses on the trials performed every 2 hr during the 38-hr 
sleep deprivation period by PER3 genotype (5/5, 4/5, and 4/4). Results 
on the first trial at 2-hr were used as the reference. GT, genotype. See 
text for details.
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responses to 38 hr of total sleep deprivation. No differences 
were present in the slope of transformed lapses for the categori-
cal model (P = 0.58), additive model (P = 0.38), and dominance 
model that compared AG+AA versus GG (P = 0.31). No asso-
ciation was present between ADA polymorphism and the trans-
formed lapses on the first trial during the deprivation.

DISCUSSION
The results of this study in twins show that behavioral im-

pairment produced by sleep deprivation is a highly heritable 
trait in humans. We found a strong heritable component to the 
decrements in PVT performance during continuous sleep de-
privation. Over the 38-hr sleep deprivation period, MZ twins 
showed within-pair concordance in the rate of increase in per-
formance lapses on PVT that was significantly higher than that 
of DZ twins. The concordance was close to that previously de-
scribed for repeat trials in the same individual.10 Analysis of 
phenotypes by comparison of ICCs revealed a heritability (h2) 
of 0.836. A value was obtained using an ANOVA approach in 
which the average of the within-pair and between-pair estimates 
was equal to 0.715. Finally, maximum likelihood estimation of 
the ADE genetic transmission model resulted in an estimate of 
genetic heritability of 0.512. These results demonstrate for the 
first time the important influence of heritability on sleep ho-
meostasis in humans.

Our study represents one of the largest comparisons of sleep 
architecture in MZ and DZ twins and supports previous reports 
that certain aspects of sleep architecture in humans are likely to 
be under genetic control.13,14,40-43 On the PSG performed on the 
night prior to the 38-hr sleep deprivation, we found broad sense 
heritability (h2) values of at least 0.499 for the following mea-
sures: duration of time in all stages of NREM and stage REM 
sleep, sleep efficiency, and wakefulness after sleep onset. Webb 
and Campbell44 recorded sleep in 14 MZ and 14 DZ twin pairs 
and found that sleep latency, awakening measures, stage chang-
es, and REM amounts were more highly correlated in MZ than 
in DZ twins. Linkowski and colleagues41,42 performed 3 consec-
utive nights of overnight sleep EEG recordings in 11 MZ and 
15 DZ twin pairs and showed that a significant portion of the 
variance in stages N2 and N4 sleep was genetically determined. 
Further studies in 35 MZ and 14 DZ twins revealed significant 
genetic influences for duration of stage N3 and REM sleep.40 
DeGennaro et al.14 have recently shown that EEG frequencies 
between 8 and 16 Hz exhibit heritabilities as high as 96%, both 
during baseline sleep and in sleep after sleep deprivation, po-
tentially making this one of the most heritable traits in humans.

With respect to response to sleep deprivation, Van Dongen 
et al.10 demonstrated that this response is a stable trait charac-
teristic based on, among other measures, the mean number of 
(untransformed) lapses over PVT trials during the last 24 hr of 
a 38-hr sleep deprivation protocol. Using mixed-effect models 
to estimate test-retest ICC in the same individual, these authors 
found an ICC of 0.675. In comparison, the ICC among our MZ 
twin pairs for this measure was 0.540. In a mixed model that 
controlled for order and baseline, the test-retest ICC found by 
Van Dongen et al.10 was reduced to 0.611. In our analysis, ad-
justing for age and sex left the ICC nearly unchanged. Thus, 
that the ICC from a test-retest experiment on the same patient 
was only slightly larger than the ICC derived from two different 

albeit essentially genetically identical individuals, can be inter-
preted as support for the hypothesis that genetics plays a major 
role in explaining the phenotypic variance between individuals 
in this trait.

Heritability was assessed using three complementary ap-
proaches, the classic approach based in ICCs, the ANOVA ap-
proach based on within- and between-pair mean squares, and a 
modeling approach that requires estimation of parameters asso-
ciated with a specified genetic transmission model. The use of 
multiple methods facilitates comparisons with earlier literature. 
More importantly, because these methods differ with regard to 
their assumptions, differences among results reveal possible 
violations of assumptions enabling a refinement of models 
used to obtain estimates. All three methods, however, led to the 
same conclusion, i.e., that heritability of the response to sleep 
deprivation is high. The classic approach’s major advantage is 
its simplicity in computation. The classic approach is comple-
mented by the ANOVA approach because the ANOVA approach 
includes assessments of the validity of the twins model as ap-
plied to the data at hand. The maximum likelihood approach 
allows the specification of various genetic transmission models 
and permits the computations of standard errors and P values.

These results in humans confirm the seminal study of Fran-
ken et al.11 that the response to sleep deprivation in mice is a 
highly heritable trait. Using recombinant inbreds between 
strains with different amounts of rebound of EEG delta power 
during recovery sleep after sleep deprivation, a quantitative 
trait locus for that trait that was genome-wide significant was 
identified on mouse chromosome 13.11 The locus accounted for 
49% of the genetic variance in that trait. An in-silico analysis of 
the quantitative trait locus in mice identified a number of likely 
candidate genes.45 Currently, however, we do not know which 
gene variants are responsible for this trait.

In human studies, much attention has focused on polymor-
phisms of the clock gene, PER3. This gene is not in the quan-
titative trait locus found in mice. The major polymorphism 
in PER3 that has been investigated is different numbers of a 
tandem repeat in the coding region.46,47 Individuals can have 
either 4 repeats or 5 repeats.17 Previous studies, albeit with a 
very small sample size, reported that individuals with the 5/5 
genotype (n = 10) had differences in sleep homeostasis com-
pared with those with the 4/4 genotype (n = 15).15,16,48 In com-
parison with the 4/4 genotype, the 5/5 genotype had shorter 
slow latency; increased delta power; increased slow wave sleep 
and delta power following sleep deprivation; more inhibition 
of REM sleep rebound following sleep deprivation15; increased 
sympathatic activity during sleep deprivation as determined by 
assessment of heart rate variability48; and greater decrease in 
cognitive performance at a specific time of day, i.e., 2-4 hr after 
the peak of the melatonin rhythm.16 A separate report on another 
sample of 15 individuals with the 4/4 genotype and 12 with the 
5/5 genotype found that there were regional differences in brain 
activation during an executive function test after sleep depriva-
tion as assessed by functional MRI.49

Although our results showed that the mean transformed 
lapses for baseline defined as the first observation only was 
significantly lower for individuals with the PER3 4/4 versus 
5/5 genotype, statistical significance dissipated when baseline 
was defined as mean of the first several morning trials. We also 
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found no difference in the decrement in PVT performance dur-
ing sleep deprivation between the 4/4 homozygotes, 4/5 hetero-
zygotes, and the 5/5 homozygotes. Our results are in agreement 
with the report of Goel et al.20 who found no difference between 
4/4 homozygotes (n = 52), 4/5 heterozygotes (n = 63) and 5/5 
homozygotes (n = 14) in circadian phase, physiologic sleep 
structure or decreases in cognitive performance during chronic 
partial sleep loss. Goel et al.20 did find a slight difference in 
slow wave EEG activity between genotypes during chronic par-
tial sleep deprivation.

We did not find an association between ADA genotypes and 
performance decrement in PVT performance during sleep de-
privation. Rétey et al.19 reported that the ADA gene is associ-
ated with interindividual variability in sleep architecture and 
the sleep EEG in a very small sample of normal patients.19 Slow 
wave sleep was longer and sleep was more intense in seven pa-
tients with the G/A genotype compared with seven patients with 
the G/G genotype. Bachmann et al.18 confirmed previous find-
ings from their group but, in contrast with our findings, found 
that patients with the G/A genotype (n = 11) had a slower RT 
and produced more lapses on PVT than G/G genotype patients 
(n = 11) at baseline and throughout prolonged wakefulness. 
Their analysis did not separate the circadian effects on perfor-
mance from homeostatic drive, as we have done. 

The studies that indicated a difference in sleep homeosta-
sis and performance decrements between individuals with 
these different PER3 and ADA genotypes had small sample 
sizes.15,16,18,19,48 As has been shown by Ioannidis et al.,50 genetic 
association studies with small samples often fail to replicate. 
Small studies can lead, therefore, not only to false- negative 
but also false-positive results. Ioannidis et al.50 in the report of 
genetic association studies found statistically significant dis-
crepancies in a high proportion of genetic association studies 
(5 of 7 cases) when the sample size of the first publication was 
less than 150 cases/control individuals compared with 3 of 29 
studies when the sample size was more than 150.

Our h2 value for responses on the BALM, a subjective 
morningness-eveningness questionnaire, was 0.407. These re-
sults are similar to those reported by previous investigators.51-53 
Although the h2 value for the morningness-eveningness ques-
tionnaire was about half that of sleep homeostatic drive as we 
measured it, it cannot be inferred that heritability of the latent 
morningness-eveningness trait is also half that for homeostatic 
sleep drive. The questionnaire is not likely to be a perfect mea-
sure of the trait, thus diminishing apparent heritability. In ad-
dition, lower values for heritability of circadian phase would 
not be surprising because timing of sleep will be influenced by 
environmental factors related to the demands of normal life, 
whereas our studies of the change in performance during sleep 
deprivation sought to minimize environmental influences on 
this aspect of the phenotype.

Regarding the effect of PER3 phenotype on diurnal prefer-
ence, we found a weak signal supporting that more five alleles 
were associated with more morningness. This was primarily 
driven by the homozygous 4/4. Some previous studies,54-57 but 
not all,58,59 report that the PER3 polymorphism predicts diurnal 
preference, such that the individuals homozygous for the long 
allele were more likely to be morning type. Our study adds fur-
ther support to the association.

That sample sizes in human studies evaluating response to 
sleep deprivation are small is not surprising. Determining this 
phenotype is extremely expensive. In our own study it required 
initial detailed assessment of patients including an in-laborato-
ry sleep study to rule out sleep disorders before patients con-
ducted the study. The study protocol involved a total of almost 
5 days in our laboratory. It is, therefore, not feasible to do this 
in the large number of patients, potentially 100s to 1000s, that 
are required to identify relevant gene variants in human studies. 
Given the demonstration of a major quantitative trait locus for 
sleep homeostasis in mice,11 an alternative strategy is to first 
study mice. New mouse resources such as the large panel of 
knockout mice,60 the Collaborative Cross project,61,62 and Di-
versity Outbred mice63 facilitate identifying the genetic basis 
for sleep homeostasis in mice.

Our study has potentially important occupational and clini-
cal implications. Individuals who are sleep deprived are at 
increased risk of motor vehicle accidents and job-related in-
juries.64 Knowing the specific gene variants responsible for 
this differential vulnerability to sleep deprivation could be 
used in a genetic-based approach to personalized medicine – 
optimizing daytime function by tailoring the work and sleep 
schedules to the individual. Furthermore, we propose that our 
findings may help explain the differential vulnerability to ex-
cessive daytime sleepiness in patients with obstructive sleep 
apnea despite their having a similar severity of the disorder on 
polysomnographic testing.

In conclusion, our study shows that response to sleep de-
privation in humans is a highly heritable trait. These results 
demonstrate, for this first time, the heritability of sleep homeo-
static drive in humans. As reported by previous investigators, 
we found strong heritability of several polysomnographic mea-
sures related to latency to sleep stages and sleep stage duration. 
Weaker heritability was observed in diurnal preference. We did 
not find an association between the tandem repeat polymor-
phism of the PER3 gene or variants of the ADA gene and the 
rate of increase in performance lapses during sleep deprivation 
or diurnal preference. Further studies are required to identify 
the genetic basis for this highly heritable trait of increasing per-
formance lapses with sleep deprivation.
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