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Sereina Bodenmann,1 Thomas Rusterholz,1 Roland Dürr,1 Claudia Stoll,1 Valérie Bachmann,1,2 Eva Geissler,1

Karin Jaggi-Schwarz,1 and Hans-Peter Landolt1,2
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Individual patterns of the electroencephalogram (EEG) in wakefulness and sleep are among the most heritable traits in humans, yet
distinct genetic and neurochemical mechanisms underlying EEG phenotypes are largely unknown. A functional polymorphism in the
gene encoding catechol-O-methyltransferase (COMT), an enzyme playing an important role in cortical dopamine metabolism, causes a
common substitution of methionine (Met) for valine (Val) at codon 158 of COMT protein. Val allele homozygotes exhibit higher COMT
activity and lower dopaminergic signaling in prefrontal cortex than Met/Met homozygotes. Evidence suggests that this polymorphism
affects executive functions in healthy individuals. We hypothesized that it also modulates functional aspects of EEG in wakefulness and
sleep. EEG recordings were conducted twice on separate occasions in 10 Val/Val and 12 Met/Met allele carriers (all men) in wakefulness,
and in baseline and recovery sleep before and after 40 h prolonged waking. During sleep deprivation, subjects received placebo and
modafinil in randomized, cross-over manner. We show that the Val158Met polymorphism predicts stable and frequency-specific, inter-
individual variation in brain � oscillations. � peak frequency in wakefulness was 1.4 Hz slower in Val/Val genotype than in Met/Met
genotype. Moreover, Val/Val allele carriers exhibited less 11–13 Hz activity than Met/Met homozygotes in wakefulness, rapid-eye-
movement (REM) sleep, and non-REM sleep. This difference was resistant against the effects of sleep deprivation and modafinil. The data
demonstrate that mechanisms involving COMT contribute to interindividual differences in brain � oscillations, which are functionally
related to executive performance such as counting tendency on a random number generation task in young adults.

Introduction
With the electroencephalogram (EEG) brain electric activity can
be measured repeatedly and with high temporal resolution. Dis-
tinct EEG patterns in healthy individuals such as resting activity
in the � range (�8 –13 Hz) are genetically determined with her-
itability estimates of up to 90% (van Beijsterveldt et al., 1996).
Individual differences in EEG � activity may be related to inter-
individual differences in cognitive functions (Klimesch, 1999).

A normal variation of the EEG is the low-voltage � (LVA) trait
characterized by absence (or clear reduction) of a pronounced �
rhythm in wakefulness (Vogel, 1970). Early linkage studies iden-
tified a genetic locus on chromosome 20q contributing to the
LVA trait (Anokhin et al., 1992). In addition, a functional poly-
morphism in the gene encoding catechol-O-methyltransferase
(COMT) leading to a Val158Met amino-acid substitution was
also associated with an LVA phenotype (Enoch et al., 2003). This

polymorphism causes drastic reduction in enzymatic activity of
COMT protein in prefrontal cortex (Chen et al., 2004), enhances
dopamine D1 receptors availability in corticolimbic structures
(Slifstein et al., 2008), and modifies gray matter volume in hip-
pocampus and dorsolateral prefrontal cortex (Honea et al.,
2009).

Not only the waking EEG, but also the sleep EEG shows dis-
tinct trait-like, interindividual differences (Buckelmüller et al.,
2006; Tinguely et al., 2006). The magnitude of these differences is
even larger than the pronounced effects of prolonged wakefulness
(Tucker et al., 2007). Sleep deprivation increases sleep pressure
and gives rise to reliable, state-specific EEG changes in waking
and sleep (Borbély and Achermann, 2005). Independent of sleep
pressure, heritability in the 8 –16 Hz EEG band in non-rapid-eye-
movement (non-REM) sleep may be as high as 96% (De Gennaro
et al., 2008). This finding corroborates the notion that the sleep
EEG is one of the most heritable traits in humans.

Only two studies are currently available that examined the
effects of allelic variation in candidate genes on both the waking
and sleep EEG. A distinct 1083T�C polymorphism in the aden-
osine A2A receptor gene (ADORA2A) alters EEG activity in the
7–10 Hz range independently of vigilance/sleep state (Rétey et al.,
2005). In contrast, a functional 22G�A substitution in the
adenosine deaminase gene (ADA) and a variable-number
tandem-repeat (VNTR) polymorphism in the PERIOD3 gene
(PER3) affect the EEG primarily in the �/� range (�4 –11 Hz) in
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wakefulness and REM sleep, and in the � range (�0.5–2 Hz) in
non-REM sleep (Rétey et al., 2005; Viola et al., 2007).

Here, we examined the effects of the functional Val158Met
polymorphism of COMT on waking and sleep EEG, and whether
they are modulated by sleep deprivation and the stimulant
modafinil. We found in Val/Val homozygotes compared with
Met/Met homozygotes that individual � peak frequency in wak-
ing is slower, and EEG activity specifically in the 11–13 Hz range
is reduced independently of vigilance/sleep state. The variation in
upper-� activity is present in baseline and after sleep deprivation,
and, in baseline wakefulness, inversely related to a measure of
executive function. The data demonstrate that genetic variation
of COMT predicts robust interindividual differences in func-
tional aspects of the EEG. They suggest that mechanisms involv-
ing dopamine contribute to brain � oscillations in wakefulness
and sleep.

Materials and Methods
Study participants. The study protocol and all experimental procedures
were reviewed and approved by the local ethics committees for research
on human subjects, and performed in accordance with the Declaration of
Helsinki.

Recruitment and demographic characteristics of study participants,
genetic analyses, and all pre-experimental and experimental procedures
are described in a previous report (Bodenmann et al., 2009). In brief, 88
respondents to public advertisements looking for participants in this
study were genotyped for the Val158Met single nucleotide polymor-
phism of COMT (NCBI SNP-ID: rs4680). Twenty-two young men were
prospectively selected based on their genotypes, 10 homozygous Val/Val
allele carriers and 12 homozygous Met/Met allele carriers. Because
COMT enzyme activity differs between male and female individuals and
is downregulated by estrogen (Boudíková et al., 1990; Jiang et al., 2003),
only men were studied. They were matched for age, body-mass-index,
trait anxiety, subjective daytime sleepiness, and diurnal preference
(Bodenmann et al., 2009). All were nonsmokers and moderate consum-
ers of alcohol and caffeine (Bodenmann et al., 2009). They reported
having no medical history of neurological and psychiatric disease, being
in good health and not taking any medication or having consumed illicit
drugs at least 2 months before the study. Questionnaires revealed that
they were good sleepers with regular bedtimes and had no subjective
sleep disturbances. After reception of written informed consent, they
were polysomnographically screened in the sleep laboratory to exclude
poor sleep efficiency and unrecognized sleep disorders, such as sleep
apnea and nocturnal myoclonus.

Pre-experimental procedures. During 2 weeks before the study, partic-
ipants were asked to abstain from all sources of caffeine, to wear a wrist
activity monitor on the nondominant arm, and to keep a sleep-wake and
caffeine diary. For 3 d before and during the experiment, they were
instructed to abstain from alcohol and to maintain regular 8 h sleep/16 h
wake cycles. Bed times were scheduled from 12:00 A.M. to 8:00 A.M. The
timing of bed and rise times was not allowed to deviate for �1 h from
these times. Compliance with these instructions was verified by inspec-
tion of rest-activity plots and sleep-wake diaries. After arrival in the sleep
laboratory, saliva samples for caffeine determination were taken, and the
breath ethanol concentration was measured.

Study protocol. Each subject performed two experimental blocks sep-
arated by 1 week. Each block consisted of 4 nights and 2 d in the sleep
laboratory. After two consecutive 8 h sleep recordings (adaptation and
baseline nights: 12:00 A.M.– 8:00 A.M.), subjects were kept awake for
40 h (constant supervision by members of the research team). During
sleep deprivation, two doses of 100 mg of modafinil and placebo were
administered to each subject in randomized, double-blind, cross-over
manner. The first dose was given 11 h (at 7:00 P.M.) and the second dose
23 h (at 7:00 A.M.) after waking from the baseline night. A 10 h recovery
night (12:00 A.M.–10:00 A.M.) concluded each experimental block.

Waking EEG. The waking EEG was recorded intermittently in 14 ses-
sions at 3 h intervals. The first recording started 15 min after lights-on

from the baseline nights. To record the waking EEG, the participants
were instructed to relax comfortably in a chair and to place their chin on
an individually adjusted head-rest. Each recording consisted of a 3 min
period with eyes closed, followed by a 5 min period with eyes open while
fixating a black dot at a distance of 3 m attached to the wall. When signs
of drowsiness were detected (e.g., reduced EEG � activity or rolling eye
movements), subjects were alerted by addressing them over the inter-
com. One hour before each waking EEG, subjects had to stay in the
laboratory (constant temperature, light intensity �150 lux), and 15 min
before all recordings they were by themselves in their bedroom. The
bioelectric signals [including EEG, bipolar electrooculogram (EOG),
mental electromyogram (EMG), and electrocardiogram (ECG)] were
recorded with Rembrandt Datalab (Version 8; Embla Systems) and the
polygraphic amplifier Artisan (Micromed). Analog signals were condi-
tioned by a high-pass filter (EEG: �3 dB at 0.15 Hz; EMG: 10 Hz; ECG: 1
Hz) and an antialiasing low-pass filter (-3 dB at 67.2 Hz), digitized and
transmitted via fiber-optic cables to a personal computer. Data were
sampled with a frequency of 256 Hz.

The EEG signal was recorded from 1 referential (C3A2) and 8 bipolar
derivations along the left and right anteroposterior axes. Artifacts in all
derivations were visually identified (� 1% of all data had to be excluded).
The power spectra (Fast Fourier Transform, Hanning window) of
artifact-free, 50%-overlapping 2 s epochs were computed with MATLAB
(The MathWorks). To compute anteroposterior power gradients, the
spectral values between 0 and 20 Hz (0.5 Hz resolution) were averaged
over homologous frontocentral (F3C3 and F4C4), centroparietal (C3P3
and C4P4), and parieto-occipital (P3O1 and P4O2) derivations. The
mean power spectra of the 5 min periods with eyes open are reported. To
compare the waking EEG in baseline and after sleep deprivation, mean
values recorded at 8:00 A.M., 11:00 A.M., 2:00 P.M., and 5:00 P.M. on
Day 1 and 2, respectively, of prolonged waking were analyzed.

Determination of � peak frequency. To determine individual � peak
frequency in the waking EEG, the recordings at 8:00 A.M., 11:00 A.M.,
2:00 P.M., and 5:00 P.M. of Day 1 of prolonged waking were averaged for
each subject and experimental condition (placebo and modafinil). Rep-
resentative 5 s epochs of Fourier bandpass (6 –12 Hz) filtered EEG in two
individuals with Val/Val and Met/Met genotype in wakefulness are illus-
trated in Figure 1 A. The frequency bin with maximal power between 6
and 12 Hz was visually determined from the average spectra (0.5 Hz
resolution).

Peak frequency could not be unambiguously determined in one indi-
vidual with Val/Val genotype.

Sleep EEG. Continuous recording of EEG, EOG, EMG, and ECG was
performed during all experimental nights in the same way as during
wakefulness. Standard sleep stages (Rechtschaffen and Kales, 1968) were
visually scored for 20 s epochs (C3A2 derivation) with Rembrandt Anal-
ysis Manager (Version 8; Embla Systems). Four second EEG spectra (FFT
routine, Hanning window, 0.25 Hz resolution) of all derivations were
calculated with MATLAB (The MathWorks), averaged over consecutive
5 epochs, and matched with the sleep scores. Twenty second epochs with
movement- and arousal-related artifacts were visually identified and
eliminated. To compute all-night power spectra in non-REM sleep
(stages 1, 2, 3 and 4) and REM sleep, all artifact-free 20 s values were
averaged. The values derived from homologous derivations along the
anteroposterior axis were averaged over the left and right hemispheres.
Non-REM and REM sleep spectra of the two baseline nights did not differ
significantly and were averaged for all analyses. In recovery nights, data
analysis was restricted to the first 8 h of the 10 h sleep opportunities.

Random number generation task. Performance on a random number
generation (RNG) task relies on the subjects’ ability to suppress stereo-
typed responses such as counting and to keep track of recent responses
(Miyake et al., 2000). The outcome variable “adjacency” is thought to
reflect executive functioning including “inhibition” and information
“updating.”

All participants completed during prolonged waking 14 sessions of an
RNG task at 3 h intervals (Gottselig et al., 2006). They orally generated at
each of two paces two random sequences of 225 numbers using the
response alternatives 0, 1, 2, 3, 4, 5, 6, 7, 8, 9. The pace was set by a tone
generated by the computer (slow pace: one number each 1800 ms; fast
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pace: one number each 750 ms). The slow portion of the task always
preceded the fast portion. The entire task lasted for �10 min. Responses
were recorded on a dictation machine and transcribed after completion
of the study. Adjacency on the RNG is reported here. This score reflects
the mean number of ascending and descending response pairs expressed
as a percentage of the total number of generated response pairs at slow
and fast pace. To minimize learning bias (Gottselig et al., 2006), adja-
cency was quantified in each individual in the first experimental RNG
session occurring at 08:30 h after the baseline night in block 1 (the task
was practiced once before the baseline night).

Data analysis and statistics. EEG spectral power in wakefulness and
sleep was computed for consecutive frequency bins and specific fre-
quency bands. The bins and bands are indicated by the encompassing
frequency range (i.e., the 11–13 Hz band encompasses 10.75–13.25 Hz in
waking and 10.875–13.125 Hz in sleep).

Because the Val158Met polymorphism of COMT invariably affected
EEG activity within the 11–13 Hz range, this report focuses on this fre-
quency band. To estimate possible correlations between 11 and 13 Hz
activity in wakefulness, REM sleep and non-REM sleep, and between
upper-� activity and cognitive performance, Pearson’s product–mo-
ment and Spearman rank correlation coefficients were calculated. Signif-
icant effects of genotype, elevated sleep pressure, modafinil, and EEG
derivation were tested with SAS 9.1 software (SAS Institute). To approx-
imate a normal distribution, absolute EEG power densities were log-
transformed before statistical testing. Two- and three-way mixed-model
ANOVA with the between-subject factor “genotype” (Val/Val vs Met/Met),
the within-subject factors “condition” (baseline, SD-placebo, SD-
modafinil), “treatment” (modafinil, placebo), “session” (14 assessments
during prolonged waking), and “derivation” (FC, CP, PO), as well as
their interactions were performed. The significance level was set at � �
0.05. Only significant effects of factors and interactions are reported.
Two-tailed, paired and unpaired t tests to localize differences within and
between subjects were only performed, if respective main effects or in-
teractions of the ANOVA were significant.

Results
Val158Met polymorphism of COMT predicts difference in �
peak frequency in waking EEG
Not only the presence or absence of � oscillations, but also the
frequency in the waking EEG at which highest � activity occurs
(“� peak frequency”) shows high interindividual variation and is
strongly determined by genetic factors (Smit et al., 2005, 2006).
We found that the Val158Met polymorphism of COMT predicts
a difference in � peak frequency by as much as 1.4 Hz (Fig. 1B).
On average, the � peak occurred at 8.6 � 0.5 Hz (n � 9) in
Val/Val allele carriers and at 10.0 � 0.3 Hz (n � 12) in Met/Met
allele carriers. Centering the power spectra at each individual’s
peak frequency removed the genotype-dependent difference
in absolute � activity (data not shown), indicating that the
differences in � peak frequency and upper � power are not
independent.

Val158Met polymorphism of COMT affects the EEG in
frequency-specific manner
To examine whether the Val158Met polymorphism of COMT
affects the EEG, baseline recordings in wakefulness, REM sleep
and non-REM sleep were compared between homozygous Val/
Val and Met/Met allele carriers. The brain oscillations showed the
typical vigilance/sleep state-dependent modulation in both geno-
types (Landolt, 2008). However, the genetic variation of COMT
affected the EEG in frequency-specific manner. Thus, indepen-
dent of state, the Val allele carriers invariably showed lower
power than the Met allele carriers within the upper � range in
wakefulness, REM sleep and non-REM sleep (Figs. 1F, 2A). The
EEG differences were restricted to the � range and invariably

present in two independent baseline recordings 1 week apart. In
wakefulness, centering the power spectra at each individual’s
peak frequency removed the genotype-dependent difference
in absolute � activity (data not shown), indicating that the
differences in � peak frequency and upper � power are not
independent.

To find out whether the difference in the upper � range was
inter-related between wakefulness and sleep, correlation analyses
of absolute 11–13 Hz power values were performed. These anal-
yses revealed associations between wakefulness and REM sleep
(Fig. 2G), and between REM sleep and non-REM sleep (Fig. 2H).
These data demonstrate that the Val158Met polymorphism of
COMT predicts interindividual differences in EEG upper �
power, not only in wakefulness but also in sleep, and that activity
in this frequency range is correlated between wakefulness and
sleep states.

Genotype-dependent difference in 11–13 Hz activity is
independent of sleep pressure and modafinil
Given that � activity in the waking EEG is affected by time of day,
elevated sleep pressure and the stimulant modafinil (Aeschbach
et al., 1999; Dumont et al., 1999; Cajochen et al., 2002; Chapotot
et al., 2003), we investigated the evolution of 11–13 Hz power in
Val/Val and Met/Met genotypes during 40 h prolonged wakefulness.

Figure 1. Val158Met genotype of COMT predicts � peak frequency in waking EEG. A, Rep-
resentative 5 s examples of bandpass (6 –12 Hz) filtered EEG traces in wakefulness in two
matched individuals with Val/Val and Met/Met genotype (C3A2-derivation). The traces were
selected from the waking EEG recording at 14:00 h on day 1 of prolonged waking in the first
experimental week. Different dominant frequencies in � bursts are apparent. B, � peak fre-
quency was defined in each individual as the frequency bin with maximum power between 6
and 12 Hz (C3A2-derivation; average of 5 min waking EEG recordings at 0.25, 3, 6, and 9 h
waking; 0.5 Hz resolution). Data represent means � SEM in Val/Val (open and filled black bars,
n � 9) and Met/Met (open and filled gray bars, n � 12) genotypes. � peak frequency was
highly stable within COMT genotype (Val/Val: placebo condition, 8.6 � 0.5 Hz, modafinil con-
dition, 8.6 � 0.5 Hz; Met/Met: placebo condition, 10.0 � 0.3 Hz, modafinil condition: 10.0�0.3
Hz). Two-way mixed-model ANOVA: genotype: F(1,19) �6.75, *p�0.02; treatment: F(1,19) �0.74,
p � 0.4; genotype � treatment: F(1,19) � 0.74, p � 0.4.
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Upper � activity was invariably lower in
Val/Val allele carriers than in Met/Met al-
lele carriers throughout extended wake-
fulness (Fig. 3). Independent of genotype,
11–13 Hz activity showed a diurnal mod-
ulation (session: F(13,192) � 13.79, p �
0.0001; genotype � session: F(13,192) �
0.54, p � 0.9), and was slightly increased
especially after the second dose of modafi-
nil administration (treatment: F(1,70.5) �
11.04, p � 0.002; genotype � treatment:
F(1,70.5) � 0.0, p � 0.9).

To further examine the effects of sleep
loss and modafinil on the genotype-
dependent difference in 11–13 Hz power
in wakefulness, REM sleep and non-REM
sleep, the EEG in baseline and after sleep
deprivation was compared. Upper � ac-
tivity in wakefulness at analogous times of
day (Fig. 4A) and in non-REM sleep (Fig.
4C) differed among the conditions
(baseline, SD-placebo, SD-modafinil).
However, ANOVA disclosed no signifi-
cant genotype � condition interactions
(F(2,40) � 2.8, p � 0.07 in all vigilance/
sleep states), indicating that COMT geno-
type modulates upper � activity regardless
of elevated sleep pressure and modafinil
intake during sleep deprivation.

Genotype-dependent difference
in 11–13 Hz activity is independent
of EEG location
Because of the regionally different expres-
sion patterns of COMT in the CNS, the
Val158Met polymorphism is thought to
modulate dopaminergic neurotransmis-
sion most prominently in frontal cortex
(Akil et al., 2003; Chen et al., 2004). More-
over, the distribution of EEG � activity is
not uniform over the scalp and differs be-
tween wakefulness and sleep (Tinguely et
al., 2006). To investigate whether the
genotype-dependent difference between
Val/Val and Met/Met allele carriers varies
with scalp location, we analyzed upper �
activity in frontocentral, centroparietal,
and parieto-occipital bipolar derivations.
In baseline, EEG 11–13 Hz power showed
posterior predominance in REM sleep
(derivation: F(2,38.9) � 4.76, p � 0.02), and
frontal predominance in non-REM sleep
(derivation: F(2,39.6) � 30.81, p � 0.0001)
(Fig. 5). The anteroposterior difference in
non-REM sleep was also present in the recovery night after sleep
deprivation, regardless of placebo and modafinil intake during
preceding wakefulness (derivation: F(2,25.5) � 21.34, p � 0.0001
and F(2,28.6) � 38.32, p � 0.0001, respectively). The regional
power distribution was independent of genotype (genotype �
derivation: p � 0.25 in all vigilance/sleep states and conditions).
In other words, the Val158Met polymorphism of COMT affects
11–13 Hz activity in wakefulness, REM sleep and non-REM in-
dependently of EEG location.

Waking 11–13 Hz activity and RNG task performance
are correlated
Previous work suggests that dopamine levels in the prefrontal cortex
and the Val158Met polymorphism of COMT modulate executive
functions in healthy individuals (Tunbridge et al., 2006; Dia-
mond, 2007). In accordance with this view, Val/Val homozygotes
tended to perform worse than Met/Met homozygotes on an RNG
task, which requires to inhibit stereotyped responses such as
counting (percentage of adjacent response pairs: 27.1 � 2.3 vs

Figure 2. Val158Met polymorphism of COMT modulates EEG 11–13 Hz activity in wakefulness and sleep. A–C, Absolute EEG
power densities (C3A2-derivation) in baseline of the placebo condition in wakefulness (A, average of 5-min recordings at 0.25, 3,
6, and 9 h waking), REM sleep (B, all-night power spectrum), and non-REM sleep (C, all-night power spectrum of stages 1– 4). D–F,
Corresponding values in the modafinil condition. Placebo and modafinil conditions occurred in random order, 1 week apart.
Triangles at the bottom of the panels indicate frequency bins, which differed significantly between Val/Val (n � 10, black lines)
and Met/Met (n � 12, gray lines) genotypes ( p � 0.05, unpaired, two-tailed t tests). G–I, Relationships in 11–13 Hz activity
between wakefulness and REM sleep (G), REM sleep and non-REM sleep (H ), and non-REM sleep and wakefulness (I ). Linear
regression lines were fitted to log-transformed mean absolute power density values in homozygous Val/Val (black circles, n � 10)
and Met/Met (gray triangles, n � 12) allele carriers. rp, Pearson’s product–moment correlation coefficient. Very similar correlation
coefficients were obtained by computing Spearman rank-correlation analyses (data not shown).
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21.9 � 1.4; p � 0.06, two-tailed, unpaired t test). Moreover,
11–13 Hz activity in the waking EEG and counting tendency on
the RNG were negatively correlated (Fig. 6). This finding indi-
cates that subjects with relatively higher EEG upper-� activity in
rested wakefulness show relatively better performance on the
RNG task.

Discussion
Here we show that the functional Val158Met polymorphism of
COMT predicts stable interindividual variation in brain � oscil-
lations in wakefulness and sleep. � peak frequency in the waking
EEG is 1.4 Hz lower in Val/Val genotype than in Met/Met geno-
type. Moreover, homozygous Val/Val allele carriers invariably
exhibit less EEG power in the 11–13 Hz band than individuals
with Met/Met genotype in wakefulness, REM sleep, and non-
REM sleep. This difference is stable in two recordings 1 week apart
and resistant against experimental interventions such as sleep
deprivation and modafinil. The data support a role for COMT
in modulating the generation of � oscillations in healthy men.

The importance of genetic factors for individual patterns of
spontaneous waking EEG is emphasized by a large amount of
findings. Twin studies suggest that individual � frequency (IAF)
is genetically determined and shows high heritability (Posthuma
et al., 2001; Smit et al., 2006). Our study identified the first
genetic marker contributing to differences in IAF. It revealed that
a functional genetic variation of COMT causes a large and stable
difference in � peak frequency between two groups of homozy-
gous Met/Met and Val/Val genotypes (Figs. 1A, 2). In addition,
the genotypes also showed a robust difference in absolute
upper-� activity in the 11–13 Hz range. When adjusting the
power spectra with respect to each individual’s � peak frequency,
EEG power in �/� range did no longer vary between the geno-
types. This finding suggests that genetic influences on IAF and
absolute � activity are not independent.

Although twin studies have long shown that heritability of
EEG �, �, �, and � oscillations in waking is substantial (Stassen et
al., 1987; van Beijsterveldt et al., 1996; Smit et al., 2006; Enoch et
al., 2008), very little is know about the genes underlying distinct

EEG traits. Early linkage analyses identified a genetic locus on the
distal part of chromosome 20q to modulate � activity (Anokhin
et al., 1992; Steinlein et al., 1992). It is likely, however, that mul-
tiple genes contribute to “� phenotypes,” and a few candidate
genes were indeed found to affect � oscillations. One recent study
indicated that the gene on chromosome 5q13-14 of corticotro-
phin releasing hormone-binding protein (CRH-BP) modulates �
activity in isolated Plains American Indians and Caucasians
(Enoch et al., 2008). Moreover, a functional variation in exon 7 of
the gene on chromosome 6 encoding the human GABAB receptor
(GABABR1) also influences EEG voltage in the � range (Winterer
et al., 2003).

Our group previously observed that genetic variation in
ADORA2A affects high-�/low-� oscillations in frequencies en-
compassing the 7–9.5 Hz band (Rétey et al., 2005). Human ge-
nome sequencing has shown that this gene is located on
chromosome 22q11.2, in proximity to COMT. The Val158Met

Figure 3. Val158Met genotype of COMT predicts EEG 11–13 Hz activity in waking during 40 h
prolonged wakefulness. Starting 15 min after wakening from the baseline nights, 14 waking
EEG recordings at 3 h intervals were completed in each individual. Ticks on the x-axis are
rounded to the nearest hour. Dashed vertical lines indicate 100 mg of modafinil or placebo
administration. Val/Val genotype (n � 10): black circles, placebo condition; black dots, modafi-
nil condition. Met/Met genotype (n � 12): gray circles, placebo condition; gray dots, modafinil
condition. EEG activity in the 11–13 Hz range was consistently lower in Val/Val than Met/Met
allele carriers (genotype: F(1,20) � 7.58, p � 0.012).

Figure 4. Genotype-dependent difference in 11–13 Hz activity is independent of vigilance
state, sleep pressure, and modafinil. A–C, EEG activity in 11–13 Hz band in wakefulness (A),
REM sleep (B), and non-REM sleep (C) (C3A2-derivation). Values in wakefulness represent an
average of 5 min waking EEG recordings at 0.25, 3, 6, and 9 h waking (Baseline, mean of placebo
and modafinil condition) and at 24, 27, 30, and 33 h waking with prior 2 � placebo (SD-
Placebo) or 2 � 100 mg of modafinil intake (SD-Modafinil). Values in REM sleep and non-REM
sleep (stages 1– 4) represent all-night values in Baseline (mean of two baseline nights), and in
recovery nights after 40 h prolonged wakefulness with 2 � placebo (SD-Placebo) or 2 � 100
mg of modafinil intake (SD-Modafinil). Means � SEM in Val/Val (black bars, n � 10) and
Met/Met (gray bars, n � 12) genotypes. *p � 0.03 (ANOVA: genotype: F(1,20) � 6.18). Activity
in the 11–13 Hz range differed among the conditions in waking (condition: F(2,40) � 6.65, p �
0.004) and non-REM sleep (condition: F(2,40) � 4.82, p � 0.02).
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polymorphism of COMT is in linkage-
disequilibrium with other COMT polymor-
phisms and immediately flanking DNA
(Mukherjee et al., 2008). It may, therefore,
be more than a simple coincidence that
also the Val158Met polymorphism was
associated with a low-voltage � (LVA)
phenotype (Enoch et al., 2003). These au-
thors found in middle-aged women that
LVA was more prevalent in Met/Met ge-
notype than in Met/Val and Val/Val geno-
types. In contrast, we observed in the
present study that Met/Met allele carriers
exhibit higher 11–13 Hz activity than Val/
Val allele carriers. The disagreement be-
tween the studies may reflect differences
in sex and age of study participants, EEG
acquisition and analyses, definition of �
frequency band, time-of-day of and
time-awake preceding the EEG record-
ings. It was previously suggested that
sex, age, and disease states modulate the
effects of the Val158Met polymorphism of
COMT on cortical functions (Diamond,
2007; Bodenmann et al., 2009; Prata et al.,
2009). Our findings in young men may,
thus, not be generalizable to other
populations.

The difference in 11–13 Hz activity be-
tween the COMT genotypes was not only
present in wakefulness, but also in REM
sleep and non-REM sleep. Moreover, in-
dividual power values in this frequency
range were significantly correlated be-
tween wakefulness and REM sleep, and
REM sleep and non-REM sleep, but not
between non-REM sleep and waking (Fig.
1G–I). These associations support the no-
tion obtained from multichannel EEG re-
cordings that REM sleep is an intermediate
state between wakefulness and non-REM
sleep (Tinguely et al., 2006). The regional power distributions in
these vigilance/sleep states before and after sleep deprivation sug-
gest that three broad frequency bands (1– 8 Hz, 9 –15 Hz, 16 –24
Hz) are largely independent of state and sleep pressure (Tinguely
et al., 2006). In accordance with this view, we found a state-
independent difference in 11–13 Hz activity in a single C3A2-
derivation, in baseline, and after prolonged wakefulness (Fig. 4),
as well as after extension of our analyses to multiple locations
along the anteroposterior axis (Fig. 5). An occipital predomi-
nance in upper-� activity in wakefulness and REM sleep, in con-
trast to frontocentral � in non-REM sleep, is well documented.
These state-related differences were previously interpreted to
hint to different underlying processes (Tinguely et al., 2006). Our
genetic data also support the hypothesis that common mecha-
nisms also contribute to 11–13 Hz oscillations despite different
EEG topography in distinct vigilance/sleep states.

The enzyme COMT plays an important role in metabolizing
cortical dopamine (Karoum et al., 1994). The functional
Val158Met polymorphism in the gene encoding COMT leads to
three to fourfold reduction in enzyme activity, and is associated
with altered cortical dopamine (Lachman et al., 1996; Chen et al.,
2004), dopamine D1 receptors availability in corticolimbic re-

Figure 5. Genotype-dependent difference in 11–13 Hz activity is independent of EEG location along the anteroposterior axis of
the cortex. EEG activity in 11–13 Hz band in wakefulness (top panels), REM sleep (middle panels), and non-REM sleep (bottom
panels). Values in wakefulness represent an average of 5 min waking EEG recordings at 0.25, 3, 6, and 9 h waking (Baseline, mean
of placebo and modafinil condition) and at 24, 27, 30, and 33 h waking with prior 2 � placebo (SD-Placebo) or 2 � 100 mg of
modafinil intake (SD-Modafinil). Values in REM sleep and non-REM sleep (stages 1– 4) represent all-night values in Baseline (mean
of two baseline nights), and in recovery nights after 40 h prolonged wakefulness with 2 � placebo (SD-Placebo) or 2 � 100 mg of
modafinil intake (SD-Modafinil). Means � SEM in Val/Val (black bars, n � 10) and Met/Met (gray bars, n � 12) genotypes.
Striped bars, Frontocentral derivation (FC). Open bars, Centroparietal derivation (CP). Filled bars, Parieto-occipital derivation (PO).
EEG 11–13 Hz activity was lower in Val/Val than in Met/Met allele carriers in all vigilance states, as well as sleep pressure and
treatment conditions (genotype: F(1,19.6) � 5.21, p � 0.04). Values were lower in FC than CP and PO in REM sleep in baseline, and
higher in FC than CP and PO in non-REM sleep regardless of sleep deprivation and drug intake (derivation: F(2,38.9) � 4.76, p �
0.02). #p � 0.05, ##p � 0.01, ###p � 0.0001 (paired, two-tailed t tests).

Figure 6. Relationship between the EEG power in the 11–13 Hz range in wakefulness
and adjacency on a RNG task in homozygous Val/Val (n � 10, black dots) and Met/Met
(n � 12, gray dots) allele carriers of COMT. To minimize a possible learning bias, EEG
power and RNG performance in the first administration of EEG and RNG testing after the
baseline night in block 1 were considered. A linear regression line was fitted through 22
individual data points. Pearson product–moment and Spearman rank correlation analyses
suggest an association: rp � �0.42, p � 0.053 and rs � �0.45, p � 0.04. Note that
adjacency values are plotted on an inverse scale (low adjacency, better performance; high
adjacency, worse performance).
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gions (Slifstein et al., 2008), and gray matter volume in hip-
pocampus and dorsolateral prefrontal cortex (DLPFC) (Honea et
al., 2009). Because “induced” (eyes open vs eyes closed) and
“spontaneous” EEG � activity is correlated with fMRI-BOLD
signal changes in distributed networks including hippocampus
and DLPFC (Ben-Simon et al., 2008), our findings may be com-
patible with the notion that genetically induced changes in dopa-
minergic signaling contribute to the variation in � oscillations
associated with the Val158Met polymorphism of COMT. The
stimulant modafinil also interferes with dopaminergic neurotrans-
mission (Qu et al., 2008; Volkow et al., 2009). Consistent with our
data, the only other study investigating modafinil-induced EEG
changes in sleep-deprived humans found no change in upper-� ac-
tivity during wakefulness (Chapotot et al., 2003). To better under-
stand the roles for dopamine and COMT in modulating functional
brain activity, changes in waking and sleep EEG after interaction
with dopamine and COMT activity should be further investigated in
genetically characterized individuals.

Healthy carriers of the 158Val allele of COMT were previously
found to less efficiently avoid perseverative errors than carriers of
the Met allele on tasks of executive functioning (Egan et al., 2001;
Malhotra et al., 2002). In accordance with these data, we observed
slightly higher counting tendency in Val/Val homozygotes than
in Met/Met homozygotes on a task, in which subjects are in-
structed to generate random sequences of numbers and avoid
counting. Because individuals with faster IAF and higher upper-�
activity may show better cognitive and memory performance
than individuals with relatively slower IAF and less � activity
(Klimesch, 1999), we investigated the association between 11 and
13 Hz activity in waking and the proportion of adjacent response
pairs, i.e., counting, on the RNG task. Based on the observed
negative correlation, it may be speculated that individual differ-
ences in upper-� EEG activity could reflect individual differences
in executive function. Such associations need to be interpreted
with caution (Posthuma et al., 2001). Nevertheless, it is interest-
ing to note that a VNTR in PER3 not only affects (low-frequency)
� activity in REM sleep (Viola et al., 2007), but also moderates
early morning executive functioning after sleep deprivation
(Groeger et al., 2008).

Together, our study demonstrates that the Val158Met
polymorphism of COMT predicts robust interindividual dif-
ferences in � peak frequency in wakefulness, and 11–13 Hz
EEG activity in wakefulness and sleep. These findings suggest
that mechanisms involving dopamine contribute to brain � os-
cillations in healthy individuals. The same genetic variation of
COMT plays a role in individual differences in cognitive perfor-
mance and was previously associated with neuropsychiatric dis-
ease (Tunbridge et al., 2006). Future studies may investigate
whether � EEG alterations in patient populations constitute en-
dophenotypes of distinct neuropsychiatric disorders.
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