This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information
regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:
http://www.elsevier.com/authorsrights

Author's personal copy

Alcohol 48 (2014) 89e97

Contents lists available at ScienceDirect

Alcohol
journal homepage: http://www.alcoholjournal.org/

Oscillatory spatial proﬁle of alcohol’s effects on the resting state:
Anatomically-constrained MEG
Burke Q. Rosen, Ryan O’Hara, Sanja Kovacevic, Andrew Schulman, Nevena Padovan, Ksenija Marinkovic*
Department of Radiology, University of California, San Diego, 9500 Gilman Dr., MC 0841, La Jolla, CA 92093-0841, USA

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 23 August 2013
Received in revised form
25 November 2013
Accepted 5 December 2013

It has been ﬁrmly established that opening and closing the eyes strongly modulate the electro- and
magnetoencephalography (EEG and MEG) signals acquired during wakeful rest. Certain features of the
resting EEG are altered in chronic alcoholics and their offspring, and have been proposed as biomarkers
for alcoholism. Spontaneous brain oscillations are also affected by pharmacological manipulations, but
the spectral and spatial characteristics of these changes are not clear. This study examined effects of the
eyes-open (EO) and eyes-closed (EC) resting paradigm and alcohol challenge on the spatial proﬁle of
spontaneous MEG and EEG oscillations. Whole-head MEG and scalp EEG signals were acquired simultaneously from healthy social drinkers (n ¼ 17) who participated in both alcohol (0.6 g/kg ethanol for
men, 0.55 g/kg for women) and placebo conditions in a counterbalanced design. Power of the signal was
calculated with Fast Fourier Transform and was decomposed into its constituent theta (4e7 Hz), alpha (8
e12 Hz), and beta (15e20 Hz) frequency bands. High-resolution structural MRI images were additionally
obtained from all participants and used to constrain distributed minimum norm inverse source power
estimates. The spatial estimates of the main generator nodes were in agreement with studies using a
combined fMRI-EEG approach. Alpha band oscillations dominated the spectral proﬁle and their source
was estimated to the medial parieto-occipital area. Power in theta and beta bands was weaker overall
and their sources were estimated to a more focal medial prefrontal area. EO and EC manipulation most
strongly modulated power in the alpha band, but a wide-band power increase was observed during the
EC condition. Alcohol intoxication increased alpha power, particularly during the EC condition. Application of this methodology to cohorts of chronic alcoholics or individuals at risk could potentially provide
insight into the neural basis of oscillatory differences that may be predictive of the vulnerability to
alcoholism.
Ó 2014 Elsevier Inc. All rights reserved.
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Introduction
Spontaneous brain oscillations during wakeful rest have been
investigated extensively with EEG and MEG (Buzsaki, 2006; Hari &
Salmelin, 1997; Nunez & Srinivasan, 2006). In addition to providing
insight into the basic organizational principles of cortical dynamics,
such studies are highly relevant to clinical applications in patient
populations with wide-ranging neurological abnormalities and
communicative abilities (Schomer & Lopes da Silva, 2011). The
frequency spectrum is canonically divided into bands including
theta (4e7 Hz), alpha (8e12 Hz), and beta (15e20 Hz), with functional attributions differing across the spectrum (Nunez &
Srinivasan, 2006). Alpha rhythm is the most prominent oscillatory
feature during resting with eyes closed. It is modulated by opening
or closing the eyes and altering attentional states and it has been
* Corresponding author. Tel.: þ1 858 246 0575; fax: þ1 858 534 1078.
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studied during both passive resting and active task manipulations
(Nunez, Wingeier, & Silberstein, 2001; Pfurtscheller & Lopes da
Silva, 1999). However, it is not clear to what degree these effects
are widely distributed in the cortex, especially in the light of evidence of different generating networks and functional proﬁles of
alpha oscillations (Lopes da Silva, 2011). Most human studies have
used EEG methodology, but its poor spatial resolution precludes
reliable spatial estimates. In recent years there has been an upsurge
of fMRI studies using very low frequency blood oxygen level
dependent (BOLD) signal ﬂuctuations to explore functionally
correlated brain networks (Deco, Jirsa, & McIntosh, 2011; Fox &
Raichle, 2007). Observations that interconnected brain regions
show increased activity levels during the resting state have led
some to propose that the default mode network (DMN) subserves a
baseline mode of brain function (Gusnard & Raichle, 2001; Raichle
et al., 2001). However, the neurophysiological underpinnings of the
DMN and the ways in which it relates to brain oscillatory activity
remain unclear. In an effort to combine advantages of both methods
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and investigate EEG generating networks, some studies have
employed concurrent recordings of the EEG and the BOLD signal
and examined correlations between the BOLD and power ﬂuctuations in different EEG frequency bands (Ullsperger & Debener,
2010). The most reliable ﬁnding is the negative correlation between the occipital alpha activity and the BOLD activity in the visual
cortex (Becker, Reinacher, Freyer, Villringer, & Ritter, 2011; Bridwell,
Wu, Eichele, & Calhoun, 2013; Feige et al., 2005; Goldman, Stern,
Engel, & Cohen, 2002; Laufs et al., 2006; Mantini, Perrucci, Del
Gratta, Romani, & Corbetta, 2007; Mo, Liu, Huang, & Ding, 2013;
Moosmann et al., 2003; Olbrich et al., 2009). However, combining
fMRI data with EEG data reveals intrinsic ambiguities in spatiospectral mapping. As a consequence, studies differ in the number
of extracted alpha components and vary in their spatial estimates of
other bands such as theta or beta (Ben-Simon, Podlipsky, Arieli,
Zhdanov, & Hendler, 2008; de Munck, Goncalves, Mammoliti,
Heethaar, & Lopes da Silva, 2009; Mantini et al., 2007; Olbrich
et al., 2009). These inconsistencies may be related to the relative
temporal insensitivity of the BOLD signal and dependence on the
assumptions of a particular analysis model. Even though the BOLD
signal is an excellent mapping tool, its temporal resolution is
limited by the fact that it reﬂects neural changes only indirectly via
neurovascular coupling (Buxton, 2002). Furthermore, the BOLD
signal’s direct dependence on the hemodynamic response renders
it highly sensitive to vasoactive inﬂuences during pharmacological
manipulations (Iannetti & Wise, 2007). During alcohol challenge
studies, intoxication may affect cerebral blood ﬂow and confound
the neural activity with vascular changes (Rickenbacher, Greve,
Azma, Pfeuffer, & Marinkovic, 2011). And yet, gaining a better understanding of the neural basis of alcohol’s effects on brain function
is of great importance. Consequently, in the context of pharmacological manipulations, there is a great advantage in relying on
methods that are free of vascular confounds such as EEG and MEG.
Even though these two methods reﬂect the same postsynaptic
currents directly, they are sensitive to different biophysical properties of the signal and therefore provide complementary information (Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa,
1993). Given its superior temporal resolution, the combined MEG/
EEG approach provides accurate insight into oscillatory dynamics of
the signal. Furthermore, reasonable spatial estimates can be obtained when physiologically appropriate solution constraints are
applied (Dale & Halgren, 2001; Dale & Sereno, 1993).
There is extensive evidence of the EEG signal’s sensitivity to
pharmacological manipulations, including alcohol (Bauer & Bauer,
2011; Porjesz & Begleiter, 1996). Because of the high heritability of
individual characteristics of resting EEG (van Beijsterveldt & van
Baal, 2002), resting EEG has been used extensively in studies of
chronic alcoholics and their offspring, with some of its aspects
proposed as biological markers of the predisposition to develop
alcoholism (Begleiter & Porjesz, 2006; Porjesz et al., 2005;
Rangaswamy & Porjesz, 2008). The present study employed a
within-subject factorial design to examine effects of both eyes-open
(EO) and eyes-closed (EC) resting states and alcohol challenge vs.
placebo on spontaneous oscillations as measured simultaneously by
MEG and EEG. One study (Nikulin, Nikulina, Yamashita, Rossi, &
Kähkönen, 2005) recorded MEG/EEG and examined the effects of
alcohol (0.8 g/kg) compared to placebo during EO and EC. The
overall power in the lower alpha (8e10 Hz) was increased, and beta
power (17e25 Hz) was decreased by alcohol in the EC condition. The
aim of the present study was to extend these ﬁndings by estimating
cortical sources of the principal frequency bands including theta,
alpha, and beta during resting and as a function of intoxication and
eyes-open or closed (EOC) states. We employed a distributed,
anatomically constrained MEG (aMEG) approach (Dale et al., 2000;
Lin et al., 2004). The aMEG method combines whole-head high-

density MEG and distributed source modeling with high-resolution
MRI and cortical reconstruction, which relies on a realistic head
shape obtained for each participant (Dale et al., 2000; Dale & Sereno,
1993). EEG signal was acquired simultaneously to provide a direct
comparison with previous evidence.
Methods
Participants
Seventeen healthy, non-smoking, right-handed volunteers (9
men, mean [SD] age ¼ 28.3  5.4 years) completed all sessions of
this study. None reported alcohol or drug-related problems, serious
head injury, head trauma, seizures, neuropsychiatric, or other
medical problems, and none was taking any psychoactive medications at the time of the study. They did not have alcoholism-related
symptoms as assessed by the Short Michigan Alcoholism Screening
Test (SMAST) (Selzer, Vinokur, & van Rooijen, 1975) and were
negative for family history of alcoholism and drug abuse. Subjects
reported light-to-moderate alcohol use in social situations,
imbibing 2.3  0.8 drinks 1.7  0.9 times per week. The study’s
procedures were approved by the Institutional Review Board of the
University of California at San Diego, and written informed consent
was obtained from each subject prior to the experiment. Subjects
were compensated for their participation and provided with
transportation to and from the laboratory.
Experimental protocol
Each participant took part in four sessions conducted on separate days including the MEG familiarization session, two recording
sessions with beverage administration, and an MRI scan. Over the
course of a beverage-free introductory session, subjects completed
a battery of questionnaires. The participants were queried on their
handedness (Oldﬁeld, 1971) and medical history as well as their
alcohol drinking habits, including the frequency and quantity of
alcohol consumption (modiﬁed from Cahalan, Cisin, & Crossley,
1969), the magnitude of their response to alcohol (Self-rating of
the Effects of Alcohol, SRE, Schuckit, Smith, & Tipp, 1997), and the
severity of their alcoholism-related symptoms (SMAST, Selzer et al.,
1975). In addition, their disinhibitory and novelty-seeking traits
were assessed by the Zuckerman Sensation Seeking Scale
(Zuckerman, 1971) and Eysenck Impulsiveness and Venturesomeness Scale (Eysenck & Eysenck, 1978). At this time, subjects practiced experimental tasks (to be reported separately) and were
familiarized with the experimental setup. They completed a mock
recording with the purpose of reducing situation-induced arousal
effects in the ensuing experimental sessions (Maltzman &
Marinkovic, 1996).
Subsequently, participants took part in both alcohol and placebo
sessions in a counterbalanced manner in the within-subject design.
Upon arrival to the lab, participants were queried about their
compliance with the requirement to refrain from drinking for 48 h
and from food for 3 h before each session. They provided urine
samples for multi-drug screening and women were additionally
tested for pregnancy. All tests were negative. Subjects imbibed
either an alcohol beverage (0.60 g/kg for men, 0.55 g/kg for women,
presented as a cocktail containing vodka [Grey Goose] as 20% v/v in
orange juice), or a placebo beverage (the same volume of orange
juice with the glass rim swabbed with vodka). Throughout the
session, the subjects’ breath alcohol concentration (BrAC) was
monitored with a breathalyzer (Draeger, Inc.), except during scanning due to electronic interference with the MEG device. At that
time, a Q.E.D. Saliva Alcohol Test (OraSure Technologies, Inc.) was
used to measure BrAC. Participants rated their moods and feelings
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with the Biphasic Alcohol Effects Scale (BAES) (Martin, Earleywine,
Musty, Perrine, & Swift, 1993) at baseline, and on the ascending and
descending limbs of their BrAC. The resting state measurement was
started about 1 h after the beverage was administered. At this time,
the average BrAC level was 0.060  0.01%, indicating that the signal
acquisition took place at or near the peak of the blood alcohol curve.
At the end of the session, subjects rated the alcohol content of the
beverage, their perceived level of intoxication, and their feelings of
nausea and dizziness on 1e5 Likert scales. High-resolution structural MR images were obtained from all participants in a separate
session.
Data acquisition
Structural MRI
Structural images were acquired with a 1.5 T General Electric
EXCITE HG whole-body scanner. The acquisition protocol included a
conventional 3-plane localizer, calibration scan, and 2 highresolution T1-weighted IR-FSPGR scans (TR ¼ 8.5 s, TE ¼ 3.75 ms,
TI ¼ 500 ms, ﬂip angle ¼ 10 , FOV ¼ 240, 166 sagittal slices, 1.2 mm
slice thickness, in-plane resolution 0.94  0.94 mm). Each person’s
cortical surface was reconstructed from these structural images
with FreeSurfer, https://surfer.nmr.mgh.harvard.edu/ (Dale, Fischl,
& Sereno, 1999; Fischl, Sereno, & Dale, 1999). Inner skull surface
was used for a boundary element model of the volume conductor in
the forward calculations. Each subject’s grayewhite matter surface
was morphed into average space after aligning their cortical sulcalgyral patterns (Fischl, Sereno, Tootell, & Dale, 1999). The solution
space was approximated by w5000 free-rotating dipoles spaced
w7 mm apart.
MEG
A whole-head Elekta Neuromag Vectorview system housed in an
IMEDCO-AG magnetically shielded room was used to acquire MEG
data. A continuous signal was recorded from 204 channels (102
pairs of planar gradiometers) at a 1000 Hz sampling rate and with
minimal ﬁltering (0.1e200 Hz). Four head-position indicator coils
were afﬁxed to the scalp. Their positions, along with those of the
nasion, bilateral pre-auricular points, and numerous random head
points were digitized with a 3Space Isotrak II system for later
precise co-registration with MR images. Subjects were seated
comfortably in the scanner and were in a state of relaxed but alert
wakefulness. The resting state data were collected during two 2min intervals as the subjects focused on a ﬁxation cross (eyes
open, EO), or kept their eyes closed (EC).
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pass ﬁltered at 100 Hz and downsampled to 500 Hz. Noisy and ﬂat
channels were removed, and the data were epoched into 4-sec
periods of clean data as determined by careful visual inspection.
The complex power spectrum of each epoch was then computed
using a multitapered Fast Fourier Transform with Hanning tapers
(Oostenveld et al., 2011) and averaged across trials. The number of
epochs was equated across both beverage and EOC conditions in
order to eliminate potential bias. Group averages of sensor space
spectral power proﬁles for the factors of beverage and EOC for the
MEG and EEG are shown in Figs. 1 and 4, respectively.
MEG source estimates were calculated in 1 Hz increments for
the frequency range spanning 1e50 Hz. Source power was estimated using the spectral dynamic statistical parametric mapping
approach (Lin et al., 2004) in conjunction with applying anatomically constrained minimum norm estimation (Dale et al., 2000;
Kovacevic et al., 2012; Marinkovic, Rosen, Cox, & Kovacevic, 2012).
Empty room data were pooled across sessions and used to generate
the noise covariance matrix, thereby avoiding any bias in the inverse solution against spontaneous brain oscillations. The sourcespace solution was noise-sensitivity normalized with an identity
matrix. For each subject and each frequency, a map of spectral
source power was calculated across epochs. Group and frequency
band average source estimate maps for theta (4e7 Hz), alpha
(8e12 Hz), and beta (15e25 Hz) are shown in Fig. 2. Region-ofinterest (ROI) analysis was used to examine the statistical signiﬁcance of the observed effects and to probe for interactions between
EOC and beverage factors for each frequency band. ROIs were
selected based on the overall group average across all subjects, EOC,
and beverage conditions. They comprised dipole locations with
most notable source power in each frequency band. These ROIs
were applied to all subjects with an automatic spherical morphing
procedure (Fischl, Sereno, Tootell, et al., 1999) in a manner blind to
individual activations. Estimates of spectral source power were
averaged across the cortical dipoles within each ROI for each subject, EOC condition, and beverage condition within the three

EEG
The EEG signal was recorded simultaneously with the MEG to
verify concordance with previous studies using the EOC paradigm.
Electrodes were placed at the Fz, Cz, Pz, C3, and C4 sites. The
reference electrode was afﬁxed to the tip of the nose and the
ground to the underside of each subject’s forearm. A bipolarly
referred electro-oculogram (EOG) was also recorded to assist in
data quality control. Electrode impedance was kept well below 5 kU
in all sessions. Sixteen subjects yielded good quality EEG data sets
across both beverages, and these data were analyzed in the sensor
space using the same method applied to the MEG, as described
below.
Data processing and analysis
The MEG and EEG data were analyzed with custom-made
MATLAB routines in addition to publicly available algorithms
including FieldTrip (Oostenveld, Fries, Maris, & Schoffelen, 2011)
and MNE (http://martinos.org/mne/). Continuous data were low-

Fig. 1. Sensor-space group average proﬁles of spectral power acquired with MEG
gradiometers positioned over the frontal, central, posterior, and left and right lateral
areas of the head. Average power spectra for the four conditions resulting from the
within-subject factorial design incorporating the factors of eyes-open (EO) and eyesclosed (EC) and beverage (alcohol [Alc] and placebo [Plac]) are superimposed.
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Fig. 2. Group and frequency average maps of source estimates for theta (q), alpha (a), and beta (b) frequency bands are shown in the upper panel. The lower panel shows group
average spectral distribution plots of the source power estimates averaged across cortical dipoles within each region of interest (ROI), shown in arbitrary units. Estimates for the
eyes-closed (EC) and eyes-open (EO) for alcohol (Alc) and placebo (Plac) conditions are superimposed. The ROIs comprise dipole locations with the most notable group average
source power in each frequency band, including posteromedial cortex (pMC) and pericalcarine cortex (pCalc) for alpha bands, and rostral anterior cingulate cortex (rACC) for theta
and beta bands, as marked with vertical gray overlays.

frequency bands (Fig. 2). Repeated-measures ANOVAs were carried
out for MEG ROIs and EEG channels with beverage and EOC as
within-subject factors for each frequency band (SPSS, 2001).

Results
Mood ratings and post-experiment questionnaire
Self-ratings obtained with the BAES questionnaire (Martin et al.,
1993) and post-experiment Likert-scale ratings violated the
assumption of normality and were analyzed with a non-parametric
related-samples Friedman test (SPSS, 2001).
The BAES ratings obtained on the ascending and descending
BrAC phases were analyzed relative to baseline for the effects of
beverage and phase. Overall, participants reported feeling more
sedated (c2 ¼ 7.1, p < 0.01) and less stimulated (c2 ¼ 4.8, p < 0.05) at
the end of the experimental session. They reported feeling signiﬁcantly more stimulated (c2 ¼ 4.8, p < 0.05) and “high” (c2 ¼ 11.3,
p < 0.001) under alcohol as compared to placebo.
As a part of the post-experiment questionnaire, participants
rated the beverage content on the Likert scale ranging from 1

(deﬁnitely not alcohol) to 5 (deﬁnitely alcohol). They discerned the
content with ratings at 4.7  0.5 under alcohol and 1.7  0.8 under
placebo (c2 ¼ 17.0, p < 0.001). On a scale ranging from 1 (not at all)
to 5 (very much), participants reported feeling moderately intoxicated under alcohol (2.6  0.8) and not at all under placebo
(1.1  0.2) (c2 ¼ 15.0, p < 0.001). Whereas alcohol intoxication did
not increase the feeling of nausea, participants reported being
slightly, but signiﬁcantly more dizzy under alcohol (1.8  0.6) than
under placebo (1.2  0.7) (c2 ¼ 8.3, p < 0.01).
MEG spectral power source estimates
Group average maps of theta (4e7 Hz), alpha (8e12 Hz), and
beta (15e20 Hz) source power estimates are shown in Fig. 2. Alpha
power was estimated to the posteromedial cortex (pMC) and the
pericalcarine cortex (pCalc) bilaterally, whereas theta and beta
powers were primarily estimated to the bilateral rostral anterior
cingulate cortex (rACC). Spectral distribution plots for these ROIs
are shown in the lower panel of Fig. 2. As there were no hemispheric differences, source estimates were averaged across symmetrical ROIs and used for statistical comparisons.

Fig. 3. Effects of the factors of EC, EO, and beverage on source MEG estimates for the ROIs relevant for the three frequency bands were evaluated with repeated-measures ANOVAs. A
wide-band power decrease was observed during the eyes-open (EO) condition. The effects of alcohol intoxication were primarily reﬂected in increased alpha power during the eyesclosed (EC) condition. yp < 0.05; *p < 0.01; **p < 0.001.
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Fig. 4. Grand average EEG spectral distribution plots are superimposed for each eyes-closed (EC), eyes-open (EO), and beverage condition for the signal recorded at Pz. Opening of
the eyes resulted in a wideband decrease in alpha power. Alcohol intoxication marginally increased alpha power only under the EC condition. yp < 0.05; *p < 0.01; **p < 0.001.

EOC effects

EEG

Group averages of spectral power in sensor space are shown in
Fig. 1 and spatial estimates of the principal generators are shown in
Fig. 2. Resting theta power was estimated to rACC and was reduced
signiﬁcantly in the EO condition as shown with the main effect of
EOC, F(1,16) ¼ 9.7, p < 0.01 (Fig. 3). Alpha power was estimated to
the posteromedial cortex (pMC) and pericalcarine area (pCalc). As
expected, opening of the eyes decreased alpha power signiﬁcantly
in both ROIs, F(1,16) ¼ 21.9, p < 0.001 and F(1,16) ¼ 22.1, p < 0.001.
Beta power source was estimated primarily to the rACC. It was
marginally reduced by opening of the eyes, F(1,16) ¼ 6.3, p < 0.05.

Grand average spectral distributions for each EOC and beverage
condition as recorded at Pz are shown in Fig. 4. Repeated-measures
ANOVA was performed on the band average power in each of the
three frequency bands. Power under the EC condition was consistently greater than under the EO condition across all three bands
with F(1,15) ¼ 25.9, p < 0.001 (theta), F(1,15) ¼ 9.5, p < 0.01 (alpha),
and F(1,15) ¼ 12.6, p < 0.01 (beta). Alcohol had no effect on power in
the theta and beta bands, but it marginally increased alpha band
power only under the EC condition, F(1,15) ¼ 4.6, p < 0.05.
Discussion

Alcohol effects
Alcohol intoxication did not affect power in the theta frequency
band. The strongest effects of alcohol intoxication were visible in
the alpha frequency band as alcohol intoxication increased alpha
power in both pMC [F(1,16) ¼ 14.5, p < 0.01] and pCalc
[F(1,16) ¼ 9.9, p < 0.01]. However, this effect was particularly
apparent during EC. As shown in Fig. 3, there was a signiﬁcant
interaction between the factors of beverage and EOC in the pCalc
area, F(2,32) ¼ 8.9, p < 0.01, due to the alcohol-induced alpha power
increase under the EC condition only, F(1,16) ¼ 11.0, p < 0.01. Beta
power was marginally increased by alcohol in rACC only under the
EC condition, F(1,16) ¼ 5.9, p < 0.05. Similarly, alcohol increased
beta power in the pMC and pCalc under EC, F(1,16) ¼ 11.8, p < 0.01,
and F(1,16) ¼ 8.6, p < 0.01, respectively.

The current study utilized aMEG to investigate the spectral and
spatial characteristics of resting state networks as a function of
alcohol intoxication and in the presence or absence of visual sensory
input. The spectral power of the acquired signal was decomposed
into its constituent theta, alpha, and beta frequency bands. Consistent with other evidence, oscillations in the alpha range (8e12 Hz)
were dominant and maximal over the posterior scalp, and their
source was estimated to a broad medial parieto-occipital area. Power
in theta and beta bands was weaker overall and their sources were
estimated to originate from a more focal medial frontal area. Opening
and closing the eyes most strongly modulated power in the alpha
band, but a wide-band power increase was observed during the EC
condition. Although the effect of alcohol intoxication was weaker
overall, it increased alpha power particularly during the EC condition.
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Alpha oscillations are most prominent during periods of wakeful
rest, especially when the eyes are closed, precluding any visual
sensory stimulation. Animal experiments indicate that the alpha
oscillations are mainly generated in the visual cortex and are
propagated by intracortical connections, with different laminar
organization underlying speciﬁc alpha rhythm functional proﬁles
(Bollimunta, Chen, Schroeder, & Ding, 2008; Lopes da Silva, 2011).
Alpha rhythm emerges from an active interaction with the visual
thalamic nuclei within a thalamo-cortical re-entrant network
(Chatila, Milleret, Rougeul, & Buser, 1993; Hughes & Crunelli, 2005).
The striking alpha suppression upon opening of the eyes is a classical effect (Adrian & Matthews, 1934) which reﬂects the thalamocortical visual input (Bollimunta, Mo, Schroeder, & Ding, 2011;
Hughes & Crunelli, 2005). This visual stimulation could be
partially mediated by the RAS, reﬂecting widespread cortical
engagement (Palva & Palva, 2007). Indeed, alpha power has been
proposed as a measure of resting-state arousal as it is negatively
correlated with skin conductance levels (Barry, Clarke, Johnstone,
Magee, & Rushby, 2007). The alpha rhythm is also modulated by
cognitive tasks and initially it was conceptualized as an index of
“cortical idling” and inactivity (Pfurtscheller, Stancák, & Neuper,
1996). Such a view, however, does not fully account for recent evidence indicating that increased alpha is predictive of errors
(Hanslmayr et al., 2007), whereas decreased alpha power is associated with attention (Thut, Nietzel, Brandt, & Pascual-Leone, 2006).
Similarly, an MEG study showed that an increase in prestimulus
alpha power estimated to the parieto-occipital sulcus was associated with attenuated visual discrimination ability (van Dijk,
Schoffelen, Oostenveld, & Jensen, 2008). Therefore, it has been
proposed that increasing alpha activity reﬂects active attentional
suppression (Rihs, Michel, & Thut, 2007), with attentional capacity
ﬂuctuating as a function of a “pulsed inhibition” tied to alpha cycles
(Mathewson, Gratton, Fabiani, Beck, & Ro, 2009). On that view,
alpha may reﬂect a modulating gate function inﬂuencing visual
perception and attention (Jensen & Mazaheri, 2010; Lopes da Silva,
2011). The neurochemical basis of alpha oscillations has been
investigated in animal and human imaging studies. In addition to
the cholinergic input (Lörincz, Crunelli, & Hughes, 2008), GABAergic transmission mediates phasic inhibition and may underlie
modulating or gating inﬂuences in the thalamo-cortical networks
(Lopes da Silva, 2011). Recent MEG studies have examined the
effects of GABA on alpha oscillations by administering benzodiazepines that result in enhanced GABA efﬁcacy. Whereas spontaneous
alpha oscillations in the visual cortex were augmented in one study
(Hall, Barnes, Furlong, Seri, & Hillebrand, 2010), they were reduced
by increased GABA levels in another (Ahveninen et al., 2007). These
contradictory ﬁndings may have resulted from differences in drug
type, dosing, nonlinear effects, or experimental and model
parameters.
The most prominent effect of beverage in the current study is an
increase in alpha power in the posteromedial and visual cortices,
particularly during the eyes-closed state, conﬁrming other similar
ﬁndings (Nikulin et al., 2005). Given that acute alcohol enhances
GABA-ergic function (Nevo & Hamon, 1995; Santhakumar, Wallner,
& Otis, 2007), it would be expected that alcohol would increase
alpha oscillations to the extent that they are mediated by GABA.
Indeed, the highest density of GABA-ergic neurons is found in the
human primary visual cortex (Zilles, Palomero-Gallagher, &
Schleicher, 2004), which is the strongest estimated cortical generator of alpha oscillations. Alpha oscillations are generated by a
resonating circuit comprising thalamic nuclei, nucleus reticularis
thalami, and cortical neurons (Amzica & Lopes da Silva, 2011). The
thalamic cells alternate between depolarizing and hyperpolarizing
phases maintaining oscillatory generation (Bollimunta et al., 2011;
Hughes & Crunelli, 2005; Steriade, Domich, Oakson, & Deschênes,

1987; Steriade, McCormick, & Sejnowski, 1993). The thalamic
alpha generating circuit probably relies on the GABA-ergic intrinsic
currents, lh and lt, much as does sleep spindle generation (Destexhe
& Sejnowski, 2003; McCormick, 1992). These currents are inactivated when thalamic cells are depolarized during waking, and
especially in the presence of visual stimulation in the case of the
lateral geniculate nucleus (LGN), resulting in decreased alpha power (Steriade et al., 1993). Hyperpolarization induced by removal of
visual stimulation may reactivate the critical currents, which is
enhanced by alcohol-induced increased GABA function (Nevo &
Hamon, 1995; Santhakumar et al., 2007). Consequently, alpha oscillations are particularly sensitive to the effects of alcohol in the
absence of visual stimulation.
In addition to GABA, alcohol is known to affect other neurotransmitter systems. For instance, glutamatergic excitatory effects
are suppressed by acute intoxication (Nevo & Hamon, 1995).
Thalamocortical input from the lateral geniculate nucleus to the
visual cortex is mediated by metabotropic glutamate receptors
(Govindaiah, Venkitaramani, Chaki, & Cox, 2012), and the excitability of the visual cortex is inversely proportional to alpha power,
whereby opening of the eyes results in increased cortical excitability and suppression of alpha power (Romei, Rihs, Brodbeck, &
Thut, 2008). By modulating both ion channels and receptors,
alcohol can alter synaptic events at multiple levels of regulation and
with multiple neurotransmitters (Vengeliene, Bilbao, Molander, &
Spanagel, 2008). Therefore, alcohol-induced increase of alpha
power may result from combined inﬂuences of increased GABA
inhibition and reduced glutamatergic excitation (Fitzgerald &
Nestler, 1995; Vengeliene et al., 2008). Recent ﬁndings of genetic
studies suggest that alcoholism and the vulnerability to alcoholism
are associated with the GABRA2 receptor gene which may mediate
alterations in brain oscillations resulting from the inhibition/excitation imbalance (Porjesz et al., 2005; Porjesz & Rangaswamy,
2007; Winterer et al., 2003).
In a fully crossed design, the present study manipulated the level
of visual input (EOC state) and acute alcohol intoxication. The
strongest effect was attenuation of wideband power upon eye
opening, with the most prominent effects on alpha oscillations
(Osipova, Hermes, & Jensen, 2008; Romei, Brodbeck, et al., 2008).
Traditionally, the EO-induced alpha suppression, also termed
“alpha block” (Niedermeyer, 1999), has been interpreted as a
replacement by higher frequencies which is indeed suggested by
visual inspection of the raw EEG signal. However, numerical comparisons indicate a decrease in wideband power upon opening the
eyes, albeit the decrease in the beta band is usually smaller than in
the alpha band (Barry et al., 2007; Heister et al., 2013; Ishii et al.,
2013). Overall, effects of the pharmacological manipulation with
moderate alcohol intoxication were weaker than the EOC effects,
with alcohol increasing power in alpha and beta bands, especially
under the eyes-closed condition. Our observation of alcoholinduced alpha increase is consistent with other evidence obtained
with EEG (Kaplan, Hesselbrock, O’Connor, & DePalma, 1988;
Lansbergen, Dumont, van Gerven, Buitelaar, & Verkes, 2011;
Lukas, Mendelson, Kouri, Bolduc, & Amass, 1990). Furthermore,
the increase in alpha power during alcohol challenge is higher in
the offspring of alcoholics (Cohen, Porjesz, & Begleiter, 1993; Ehlers
& Schuckit, 1991). Studies not administering beverages have reported alpha power reduction in chronic alcoholics (Saletu-Zyhlarz
et al., 2004) as well as in the offspring of alcoholics (Finn & Justus,
1999). Dispositional factors such as impulsivity could further
interact with alcohol effects. In the current study, the occipital
alpha during EC was negatively correlated with behavioral disinhibition traits such as venturesomeness, r ¼ 0.57, p < 0.01
(Eysenck & Eysenck, 1978), and adventure seeking, r ¼ 0.59,
p < 0.01 (Zuckerman, 1971). Negative association was observed
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across both beverage conditions, suggesting that more impulsive
individuals have lower alpha power overall. In the context of GABAergic mediation of alpha rhythm, this ﬁnding is consistent with
reports of a negative correlation between impulsivity and GABA
concentration (Boy et al., 2011), and it provides insight into
neurophysiological underpinnings of dispositional differences. It is
well known that the impulsivity trait is reliably associated with
alcohol use and dependence (Aragues, Jurado, Quinto, & Rubio,
2011; Sher & Trull, 1994). Indeed, inability to maintain inhibitory
control over drinking is considered fundamental to hazardous
drinking and abuse (Field, Wiers, Christiansen, Fillmore, & Verster,
2010; Lyvers, 2000). As a premorbid trait, impulsivity may predispose individuals to a spectrum of conduct disorders including
alcohol dependence (Begleiter & Porjesz, 2006; Nigg et al., 2006),
and evidence suggests that the same genetic pathways may
mediate both addiction and impulsivity (Bevilacqua et al., 2010;
Goldman, Oroszi, & Ducci, 2005). All these lines of evidence
converge with the idea that GABA-mediated alpha is attenuated in
individuals who are more impulsive and more likely to develop
alcohol dependence. Resting EEG is stable and highly heritable
(Smit, Posthuma, Boomsma, & Geus, 2005; van Beijsterveldt & van
Baal, 2002). Additionally, the heritability index increases under
acute intoxication (Sorbel, Morzorati, O’Connor, Li, & Christian,
1996). Therefore, studies investigating acute alcohol effects on
brain oscillations, together with studies on chronic alcoholics and
at-risk populations, can provide valuable contributions to a better
understanding of alcohol neurotoxicity and genetic predisposition
toward alcoholism.
In the present study, alcohol intoxication exerted its effects
primarily on the alpha band but it also increased power in the beta
band without affecting the theta band. An increase in alcoholinduced beta power during resting has been reported in chronic
alcoholics (Coutin-Churchman, Moreno, Añez, & Vergara, 2006;
Rangaswamy et al., 2002). Indirect support for those observations
is provided by a positive association between beta power and
drinking rate. In this study, beta power correlated with the typical
drinking rate under alcohol, r ¼ 0.62, p < 0.005, but not under
placebo, r ¼ 0.15, ns, suggesting that the beta power is associated
with the amount of alcohol that is regularly consumed. Since it has
also been observed in the offspring of alcoholics, beta increase has
been proposed as a predictive endophenotype for the vulnerability
to alcoholism (Rangaswamy et al., 2004).
Our results corroborate the effects of alcohol on the alpha band
reported by Nikulin et al. (2005), but contradict them in the beta
band. However, we fully concur with their conclusion that the MEG
signal is more sensitive than EEG to the effects of alcohol during
wakeful rest, because in the present study alcohol only marginally
increased EEG alpha during the EC condition. As an extension of
those ﬁndings, our study employed the aMEG method which
combines distributed source modeling and MRI-based cortical
reconstruction. This multimodal approach made it possible to estimate the spatial context from which the sensitivities to EOC and
alcohol intoxication arise. Previous MEG studies of spontaneous
oscillations relied on dipole models to estimate the source of alpha
power. In agreement with our results, they estimated sources in the
posterior medial cortex (Ciulla, Takeda, & Endo, 1999; Hari &
Salmelin, 1997; Manshanden, De Munck, Simon, & Lopes da Silva,
2002; Osipova et al., 2008; Williamson & Kaufman, 1989). Our
study has additionally estimated principal theta and beta generators to rACC. More recently, numerous studies have employed
concurrent recordings of EEG and BOLD to investigate the spatial
distribution and oscillatory characteristics of resting state networks. Extensive literature indicates that a network of regions is
active during the resting state that is associated with selfreferential thoughts, memory, and mind wandering (Gusnard,
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Akbudak, Shulman, & Raichle, 2001; Mason et al., 2007). Very low
frequency ﬂuctuations of the BOLD signal (<0.1 Hz) are synchronized among the principal regions of the DMN, including posteromedial and medial prefrontal cortices as well as parietal regions
(Buckner, Andrews-Hanna, & Schacter, 2008). The EEG signal is
analyzed as power ﬂuctuations, making it possible to obtain correlations with low frequency BOLD signal (Mantini et al., 2007).
Despite these signiﬁcant methodological differences in the analysis
of the temporally sensitive EEG signal, our spatial estimates are
consistent with studies showing that the main activation foci are in
anterior and posterior medial prefrontal, and pericalcarine cortices
across alpha, theta, and beta bands (Bridwell et al., 2013; Mantini
et al., 2007; Olbrich et al., 2009; Scheeringa et al., 2008). These
observations lend strong support to the inverse estimates provided
by the aMEG method employed in the current study. The main
advantage of the MEG signal is that it directly reﬂects postsynaptic
current ﬂow in the dendrites of cortical neurons and can thus be
used to examine momentary changes in neural activity due to
ﬂuctuating state of arousal, cognitive demands, or pharmacological
effects (Cohen & Halgren, 2009; Hämäläinen et al., 1993; Lewine &
Orrison, 1995). Several studies have reported a negative correlation
between the BOLD signal and alpha power during resting (Feige
et al., 2005; Goldman et al., 2002; Laufs et al., 2006; Moosmann
et al., 2003). Simultaneous acquisition of the near infrared spectroscopy (NIRS) signal along with the EEG and fMRI reveals that the
increased alpha in the posterior cortex is associated with metabolic
deactivation (Moosmann et al., 2003), which is compatible with the
idea of decreased neural activity (Pfurtscheller et al., 1996).
In summary, our results substantiate previous evidence of the
strong modulatory inﬂuence of eyes-open/eyes-closed states on
wideband spectral characteristics and are consistent with reports of
alcohol-induced increases in alpha power. Our study extends previous evidence by providing spatial estimates of the main generator
nodes for the alpha (posteriomedial and pericalcarine cortex),
theta, and beta bands (medial prefrontal cortex), which are in
agreement with fMRI-BOLD studies. When applied to chronic alcoholics or individuals at risk, this methodology could provide
insight into the neural basis of oscillatory differences that may be
predictive of the vulnerability to alcoholism.
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