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Abstract: Functional magnetic imaging (fMRI) studies showed that resting state activity in the healthy
brain is organized into multiple large-scale networks encompassing distant regions. A key finding of
resting state fMRI studies is the anti-correlation typically observed between the dorsal attention net-
work (DAN) and the default mode network (DMN), which—during task performance—are activated
and deactivated, respectively. Previous studies have suggested that alcohol administration modulates
the balance of activation/deactivation in brain networks, as well as it induces significant changes in
oscillatory activity measured by electroencephalography (EEG). However, our knowledge of alcohol-
induced changes in band-limited EEG power and their potential link with the functional interactions
between DAN and DMN is still very limited. Here we address this issue, examining the neuronal
effects of alcohol administration during resting state by using simultaneous EEG-fMRI. Our findings
show increased EEG power in the theta frequency band (4–8 Hz) after administration of alcohol com-
pared to placebo, which was prominent over the frontal cortex. More interestingly, increased frontal
tonic EEG activity in this band was associated with greater anti-correlation between the DAN and the
frontal component of the DMN. Furthermore, EEG theta power and DAN-DMN anti-correlation were
relatively greater in subjects who reported a feeling of euphoria after alcohol administration, which
may result from a diminished inhibition exerted by the prefrontal cortex. Overall, our findings suggest
that slow brain rhythms are responsible for dynamic functional interactions between brain networks.
They also confirm the applicability and potential usefulness of EEG-fMRI for central nervous system
drug research. Hum Brain Mapp 35:3517–3528, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The study of interactions between distant brain regions
is becoming increasingly important, since perception, cog-
nition, and behavior are not just the result of neuronal
computations in isolated brain regions but require the
exchange of information between highly specialized but
distributed neuronal assemblies [Bressler and Menon,
2010]. Functional magnetic resonance imaging (fMRI) stud-
ies in individuals at rest have revealed that the brain has a
hierarchical organization [Lee et al., 2012], and on a large
scale consists of two broad systems that operate in appa-
rent competition or antagonism with each other [Fox et al.,
2005; Fransson, 2006]. These two systems largely overlap
with the default mode network (DMN), which is thought
to support internally oriented processing [Buckner et al.,
2008; Lei et al., 2013; Mantini and Vanduffel, 2013], and
the dorsal attention network (DAN), which primarily
mediates goal-directed attention processes [Corbetta and
Shulman, 2002; Fornito et al., 2012]. Individuals with stron-
ger DMN-DAN anti-correlation displayed shorter and less
variable reaction times during performance of cognitive
control tasks [De Pisapia et al., 2012; Kelly et al., 2008].
Thus, an emerging concept is that increased anti-
correlation between these two brain networks is an index
of efficient cognitive processing [De Pisapia et al., 2012;
Kelly et al., 2008].

To explore the electrophysiological correlates of brain
network activity, several studies have combined fMRI
with concurrent electroencephalography (EEG) to examine
how neuronal oscillations in different frequency bands, the
so-called brain rhythms, contribute to large-scale brain net-
works [Ganzetti and Mantini, 2013; Laufs et al., 2003; Man-
tini et al., 2007b]. However, the relationship between
neuronal oscillations and brain network interactions is still
poorly understood. EEG and fMRI studies have docu-
mented that both brain rhythms and network interactions
can be experimentally modulated by administration of
small amount of alcohol at rest. Specifically, EEG studies
showed that alcohol administration induced an increase in
the power of the theta rhythm [Schwarz et al., 1981],
mainly located over the frontal cortex [Tran et al., 2004]
and persistent up to two hours after ingestion [Ehlers
et al., 1989]. FMRI investigations revealed changes in corti-
cal activation after alcohol intoxication [Calhoun et al.,
2004; Levin et al., 1998]. Dose-dependent increases were
identified in insula, dorsolateral prefrontal cortex, and pre-
central regions, which belong to the DAN; dose-dependent
decreases were observed in middle frontal areas, anterior
and posterior cingulate, precuneus, which are core areas
of the DMN [Calhoun et al., 2004].

On the basis of the EEG and fMRI findings mentioned
above, we hypothesized that the anti-correlation between
DMN and DAN may be increased after alcohol adminis-
tration, and that this change may be related to changes in
neuronal oscillations, particularly in the theta frequency
band. To test this hypothesis, we conducted a simultane-

ous EEG-fMRI study in healthy subjects at rest, who were
administered a moderate dose of either alcohol or placebo.
This resting-state experiment allowed us to gain new
insights into how specific neuronal oscillations sustain
functional interactions between large-scale networks.

MATERIALS AND METHODS

Participants

Fifteen healthy subjects (seven females) participated in
both alcohol and placebo sessions in a counter-balanced
manner. All participants, recruited from the local commu-
nity through advertisements, ranged between 21 and 24
years (mean 5 22.2, SD 5 1.2) of age. They were without
any history of psychiatric or neurological illness as con-
firmed by psychiatric clinical assessment. All had normal
or corrected-to-normal vision, and free from any neurolog-
ical or psychiatric disorder. All recruited subjects con-
sumed alcohol less than two times a month and fewer
than 100 mL at a time, and were therefore classified as
light or moderate drinkers. Participants who met criteria
for alcohol abuse or dependence, or who had never drunk
alcohol were excluded from the experiment. Participants
were instructed to refrain from smoking and from con-
suming any food or drink containing alcohol and/or caf-
feine for 24 h before scanning, and to eat a light meal
(avoiding fatty food) on the morning of the scanning day.
Written informed consent was obtained after detailed
explanation of the study protocol, which was approved by
the Ethics Committee of Southwest University. All proce-
dures were conducted in accordance with the sixth revi-
sion of the Declaration of Helsinki.

Experiment Design and Euphoria Rating

Drinks were made with orange or kiwifruit juice to con-
stant volume of 350 mL. For the alcohol session only, alco-
hol was added according to an individually tailored dose
of 0.7 ml/kg. This quantity was calculated based on
weight to reach a moderate blood alcohol concentration
(BAC). BAC was measured using a hand-held breathalyzer
calibrated using an ethanol breath standard sample dis-
pensing device.

The alcohol and placebo recording sessions were carried
out on two separate days. In the alcohol session, a simulta-
neous EEG-fMRI recording was taken 60 min after alcohol
administration. In the placebo session, an identical record-
ing was taken exactly at the same time of day to avoid
confounds from circadian variability. The participant was
instructed to simply lie inside the scanner with eyes
closed. She/he was also asked to remain awake during the
experiment. No visual or auditory stimuli were presented
at any time during the functional scanning.

After each EEG-fMRI recording session, the participant
rated the change in the level of euphoria compared to his/
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her condition before drinking (22: largely decreased
euphoria; 21: moderately decreased euphoria; 0: no
change; 1: moderately increased euphoria; 2: largely
increased euphoria). Subsequently, she/he was brought to
a room where she/he watched movies, surfed the internet,
rested or slept. Food and water were also provided. A
medical doctor determined when it was safe for the partic-
ipant to leave and discharged her/him.

Simultaneous EEG/fMRI Recording

The EEG was digitized at 5 kHz, referenced online to
FCz using a nonmagnetic MRI-compatible EEG system
(BrainAmp MR plus, Brain products, Munich, Germany).
All 32 electrodes were ring-type sintered nonmagnetic
Ag/AgCl electrodes, placed on the scalp according to the
international 10/20 system. An additional electrode was
dedicated to the electrocardiogram (ECG). The EEG ampli-
fier, along with a rechargeable power pack was placed
about 15 cm outside the bore. The amplified and digitized
EEG signal was transmitted via fiber optic cables to the
recording computer placed outside the scanner room.

A high-resolution T1-weighted structural volume was
acquired using a 3T Siemens Trio scanner. The 3D spoiled
gradient recalled (SPGR) sequence used the following param-
eters: TR/TE 5 8.5/3.4 ms, FOV5240 3 240 mm2, flip
angle 5 12�, acquisition matrix 5 512 3 512, thickness51 mm
with no gap. The high-resolution T1-weighted structural vol-
ume provided an anatomical reference for the functional
scan. Subsequently, fMRI scanned 200 functional volumes,
using an EPI sequence with the following parameters:
TR/TE 5 1,500/29 ms, FOV 5 192 3 192 mm2, flip
angle 5 90�, acquisition matrix 5 64 3 64, thickness/
gap 5 5/0.5 mm, in-plane resolution 5 3.0 3 3.0 mm2, axial
slices 5 25. The first six volumes were discarded to ensure
steady-state longitudinal magnetization. Head movements
were minimized by using a cushioned head fixation device.

EEG Data Processing

EEG data was preprocessed to remove gradient and bal-
listocardiographic (BCG) artifacts. The FMRIB toolbox in
EEGLAB (www.sccn.ucsd.edu/eeglab) was used for off-
line correction of the MRI imaging artifact [Niazy et al.,
2005]. This software implements the adaptive artifact sub-
traction (AAS) method, in which the MRI imaging artifact
waveforms are segmented, averaged and iteratively sub-
tracted from the EEG signals [Allen et al., 2000]. Subse-
quently, data were down-sampled to 250 Hz and digitally
filtered within the 1 to 30 Hz frequency band using a Che-
byshev II-type filter with 40 dB attenuation and zero-
phase distortion. We further examined the EEG signals,
and we removed data segments clearly contaminated by
muscle activity. Accordingly, only 190 to 275 s (225 6 32 s)
of continuous EEG recordings were remained. The EEG
data were processed using temporal independent compo-

nent analysis (ICA) to attenuate BCG artifact, the ocular
and the residual imaging artifact [Mantini et al., 2007a].

The filtered EEG recordings were re-referenced to aver-
age reference for further analyses. A digital FFT-based
power spectrum analysis (Welch technique, Hanning win-
dowing function, no phase shift) computed power density
of the EEG rhythms. The following standard band fre-
quencies were studied: delta (2–4 Hz), theta (4–8 Hz),
alpha 1 (8–10.5 Hz), alpha 2 (10.5–13 Hz), beta 1 (13–20
Hz), and beta 2 (20–30 Hz). These band frequencies were
selected on the basis of previous relevant EEG studies
[Lukas et al., 1986; Sanz-Martin et al., 2011]. In order to
approximate a normal distribution, the power value was
transformed into logarithms (10 3 log10 (lv2/Hz)) before
statistical analysis.

FMRI Data Processing

The resting state fMRI data were preprocessed using
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/), developed by
the Welcome Department of Cognitive Neurology, Lon-
don, UK. The preprocessing steps included slice timing,
head motion correction, spatial normalization, smoothing,
and linear trend removal. Two subjects were excluded due
to excessive (>1 mm) head motion during scanning, leav-
ing us with 13 subjects for our analyses.

After fMRI data preprocessing, we performed spatial
ICA using GIFT (http://icatb.sourceforge.net/) [Calhoun
et al., 2001a] to retrieve resting state networks and subse-
quently identify our networks of interest. The optimal
number of components was set to 20, which was estimated
using the minimum description length criterion [Li et al.,
2007]. Previous fMRI studies using ICA suggested that 20
independent components can provide a reliable represen-
tation of large-scale networks [Calhoun et al., 2001b; Zuo
et al., 2010]. After data reduction by principal component
analysis (PCA), we performed ICA decomposition on con-
catenated datasets using the Extended Infomax algorithm.
Independent components (ICs) and time courses were
back-reconstructed for each subject, and the mean spatial
maps for each group were transformed to z-scores for dis-
play purposes. We employed the DAN and DMN maps
from one of our previous resting state fMRI studies [Man-
tini et al., 2013] as spatial templates for component classifi-
cation. The selected networks corresponded to those
components with the largest spatial correlations with the
templates [Chang et al., 2013; Mantini et al., 2009] and
with correlation values at least double that of all other net-
works. We visually inspected all ICs to confirm that the
automated IC selection worked correctly [Zuo et al., 2010].
The time-courses of the selected components were used as
input for correlation analyses.

Network interactions during alcohol and placebo ses-
sions were assessed by computing pair-wise correlations
between the time-courses of DMN and DAN components.
Before computing correlations between time-courses, we
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removed the effects of spurious signal variations, includ-
ing head-movement parameters and average signals aris-
ing from the ventricles, white matter and whole brain (the
so-called global signal), by means of linear regression [Van
Dijk et al., 2010]. As the use of the global signal is a con-
troversial issue [Fox et al., 2009], we also repeated our
analysis without global signal regression and tested if the
results remained. The correlation values were transformed
to z-values using the Fisher’s r-to-z transform before fur-
ther statistical analyses.

Statistical Analysis

The paired t-test was used for euphoria rating to
identify significant changes between alcohol and placebo

sessions. A statistical analysis was conducted for EEG
power values and fMRI network interactions in different
subjects using a two-factor analysis of variance
(ANOVA). One within-subject factor is beverage (alcohol
and placebo), and another is frequency band (EEG) or
network pair (fMRI). We also employed post hoc paired
t-tests to further identify significant changes between
alcohol and placebo sessions. The differences were con-
sidered significant if the associated probability was
below 0.05, after correction for multiple comparisons
using the Bonferroni method. We used the Spearman
correlation to assess the correspondence between fMRI
network interactions and grand averaged EEG power
across subjects. We also calculated Spearman correlations
between fMRI network interactions and single-channel

Figure 1.

Selection of independent components (ICs) using DAN and

DMN templates. The DAN (a) and DMN (b) templates are col-

ored red and blue respectively, and are overlaid onto a standard

cortical model (left and right lateral, left and right medial, and

dorsal views). (c) The scatter plot shows the spatial correlations

between each IC map and the templates maps (red dots for

DAN, blue dots for DMN). The selected ICs are indicated with

a black arrow. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

r Lei et al. r

r 3520 r

http://wileyonlinelibrary.com


EEG power to identify the spatial distribution of EEG-
fMRI coupling.

RESULTS

Self-Reports of Alcohol Effects

All subjects drank full doses of either alcohol or placebo
without feeling discomfort. In the placebo administration
session, the BAC was 0.00 mg/dl for all subjects and the
level of euphoria remained unchanged. In the alcohol
administration session, the BAC was 57.08 6 6.41 mg/dl
just before the scan. The subjective rating of ethanol-
induced euphoria was significantly increased (t 5 3.950,
P 5 0.0019) compared to the placebo session. Four subjects
reported a feeling of greatly heightened euphoria after
administration of alcohol, and were also more talkative
than before the session. Six subjects experienced a moder-
ate increase of euphoria, whereas two subjects reported no
difference and one subject reported diminished ethanol-
induced euphoria after alcohol consumption.

Increased DMN-DAN Anticorrelation

By applying spatial ICA to resting-state fMRI data, we
identified the dorsal attention network (DAN), as well as
two networks corresponding to the DMN. These were
selected from among the 20 components retrieved by ICA

using independent DAN and DMN templates obtained
from a previous study [Mantini et al., 2013]. Specifically,
we selected the independent components using a spatial
map largely overlapping with the network template, as
measured by spatial correlation (Fig. 1). This selection was
then confirmed by careful visual inspection of the IC
maps.

Overall, the spatial distribution of the three selected net-
works was for the most part similar between alcohol and
placebo sessions (Fig. 2). The first network, which corre-
sponded to the DAN, included the right part of the infe-
rior precentral sulcus and two bilateral pairs of frontal eye
fields, and the middle temporal motion complex. The sec-
ond network corresponded to the anterior portion of the
DMN (aDMN), and encompassed medial prefrontal cortex,
posterior cingulate/retrosplenial cortex and bilateral infe-
rior frontal gyrus. The third network overlapped more
closely with the posterior part of the DMN (pDMN) and
encompassed precuneus, posterior cingulate cortex, and
bilateral angular cortex (Fig. 2 and Table I).

We also examined the functional interactions between the
three networks. On a general level, we found positive corre-
lations between aDMN and pDMN, whereas the correlation
between these two networks and the DAN was negative
(Figs. 3 and 4). We conducted a two-factor ANOVA on
these correlations, testing for main effects and interaction of
beverage (alcohol and placebo) 3 network pair (aDMN-
DAN and pDMN-DAN). This anlaysis showed a main
effect of beverage (F(1,12) 5 7.04, P 5 0.0108). No significant

Figure 2.

Group-level maps for the anterior and posterior DMN (aDMN and pDMN, respectively) and the

DAN in (a) placebo and (b) alcohol sessions. Brain areas with intensities of two standard devia-

tions greater than the mean are shown. The aDMN, pDMN, and DAN are colored in blue, red,

and green, respectively. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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effect of network pair (F(1,12) 5 3.6, P 5 0.0637), or interaction
between beverage and network pair (F(1,12) 5 0.4,
P 5 0.5286), was found. Paired t-tests between correlations
in the alcohol and placebo sessions indicated a significant
increase, from 20.21 to 20.44, in anticorrelation between
the DAN and aDMN (P 5 0.0043). Similarly, we found an
increase in anticorrelation between DAN and pDMN, from
20.12 to 20.26, which was however not significant
(P 5 0.0737). Finally, an analysis of correlation without
global signal regression revealed the same effects.

The EEG Signature of the Anticorrelation

We analyzed the absolute power spectrum of the EEG
recordings across subjects, thereby assessing which band

the main spectral changes induced by alcohol intoxication
occur in. By directly comparing the results for the alcohol
and placebo sessions, we observed a clear increase in the
power of the theta rhythm (Fig. 5). Thus, we sought to test
the hypothesis that this increased theta power in the alco-
hol session is accompanied by an increased DMN-DAN
anti-correlation. Consistent with this hypothesis, we found
a significant relationship (r 5 20.7692, P 5 0.0033) between
the aDMN-DAN anticorrelation and the grand-average
EEG theta power across subjects (Fig. 6). However, we did
not find a similar relationship between the pDMN-DAN
anti-correlation and the grand-average EEG theta power
(r 5 20.0055, P 5 0.9928). Furthermore, it is likely that this
effect can be ascribed to the prefrontal theta rhythm, as
suggested by a parallel analysis conducted for each EEG
recording rather than using grand-average EEG activity
(Fig. 6).

Neither the correlation between the euphoria ratings
and changes in DMN-DAN interaction, nor the correlation
between the euphoria ratings and theta power were signif-
icant. However, they were both close to significance
(P 5 0.0517 and P 5 0.0721, respectively). Interestingly, the
four subjects who reported feeling intense euphoria after
alcohol consumption had the largest overall changes in
aDMN-DAN interaction and theta EEG power (see pink
diamonds outlined in black in the top-left panel of Fig. 6).

The specificity of this effect in the theta band was dem-
onstrated by replicating the same analysis for different fre-
quency bands (Fig. 7). Before that, we conducted a two-
factor ANOVA on absolute power of EEG, testing for
main effects and interaction of beverage (alcohol and pla-
cebo) 3 frequency band (delta, theta, alpha 1, alpha 2,
beta 1, and beta 2). The ANOVA results showed a signifi-
cant main effect of frequency band (F(5,13) 5 30.62,
P< 0.001), but not of beverage (F(1,13) 5 0.44, P 5 0.509).
Furthermore, the interaction between the two factors was
not significant (F(5,13) 5 0.08, P 5 0.9958). Paired t-tests
between placebo and alcohol sessions only revealed a sig-
nificant difference in theta rhythm (P 5 0.0095). The Spear-
man’s correlation analysis between EEG power and
aDMN-DAN anti-correlation revealed no correlation in
other frequency bands (delta: P 5 0.0673, alpha 1:
P 5 0.2799, alpha 2: P 5 0.5536, beta 1: P 5 0.0881, and beta
2: P 5 0.8206).

DISCUSSION

In this study we employed simultaneous EEG-fMRI to
investigate the acute effects of alcohol on band-limited
EEG power and their potential link with the functional
interactions between DAN and DMN. Alcohol intoxication
yielded an increased DMN-DAN anti-correlation, which
was related to increased neuronal oscillations in the theta
(4–8 Hz) band. Furthermore, increased theta power and
increased DMN-DAN interactions were most prominent
for participants who reported feeling intense euphoria,

TABLE I. Peak foci for the group-level DAN, aDMN and

pDMN defined by ICA on alcohol and placebo sessions

together

Regions MNI coordinates
No.
voxels

aDMN
Medial prefrontal cortex 21 58 9 518
Posterior cingulate/

retrosplenial cortex
23 49 29 66

Dorsal medial prefrontal cortex 28 50 34 360
L Anterior temporal lobe 255 210 220 34
L Inferior frontal gyrus 243 26 28 267
R Inferior frontal gyrus 45 32 213 189
L lateral parietal cortex 253 267 27 62
R lateral parietal cortex 56 265 32 22

pDMN
Posterior cingulate cortex 22 248 28 248
L Posterior inferior parietal lobule 249 260 33 132
Precuneus 1 260 42 1023
L Angular 254 263 33 470
R Angular 45 263 48 151

DAN
R Inferior precentral sulcus 51 8 33 57
R Ventral inferior parietal sulcus 38 280 23 32
L Frontal eye fields 224 22 56 11
R Frontal eye fields 24 22 56 14
L Middle temporal

motion complex
251 266 27 62

R Middle temporal
motion complex

54 254 26 63

L Superior occipital gyrus 218 266 59 43
R Superior occipital gyrus 26 256 60 68
L Superior parietal lobule 231 248 52 400
R Superior parietal lobule 38 246 54 572
L Inferior parietal sulcus 225 269 51 558
R Inferior parietal sulcus 23 260 58 215

The significance threshold was set to P< 0.01 FDR-corrected, with
a minimum cluster size equal to10 adjacent voxels.
DAN, dorsal attention network; aDMN, anterior default mode
network; pDMN, posterior DMN; L, left hemisphere; R, right
hemisphere.
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suggesting inhibition exerted by the prefrontal cortex was
diminished. On a more general level, our findings regard-
ing alcohol-induced changes in neuronal (EEG) and hemo-
dynamic (fMRI) measures support the idea that slow brain
rhythms are primarily responsible for dynamic functional
interactions between distinct brain networks [Ganzetti and
Mantini, 2013].

Our EEG results revealed a relative power increase
between alcohol and placebo conditions in the theta band
(see Fig. 5), as already documented in early EEG investiga-

tions [Ehlers et al., 1989; Sanz-Martin et al., 2011; Schwarz
et al., 1981; Tran et al., 2004]. More recent studies have
related this specific EEG signature to an increased sensa-
tion of euphoria induced by alcohol. Specifically, Tran and
colleagues interpreted this finding as a result of low corti-
cal arousal during the ascending phase of alcohol intoxica-
tion [Tran et al., 2004], whereas Schwartz and coworkers
suggested that the theta power increase is instead due to a
de-inhibition [Schwarz et al., 1981]. A further issue left
unresolved by EEG studies concerns the neuronal

Figure 3.

Anterior (blue) and posterior (red) DMN and the DAN (green)

in a single subject (placebo session). Brain areas with intensities

of two standard deviations above the mean are shown in the

spatial maps. The time courses of the networks were first

regressed out global signal and then displayed with the same col-

ors of the corresponding maps. Note that the anterior part of

DMN (aDMN) positively correlates with the posterior part of

DMN (pDMN) and negatively correlates with the DAN. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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generators of this specific theta-band activity. A magno-
toencephalography study suggested that sources of theta
rhythm are located along the frontal midline, in the pre-
frontal medial superficial cortex and anterior cingulate cor-
tex (ACC) [Asada et al., 1999]. However, our EEG scalp
topography data showed that theta power differences
between alcohol and placebo were not confined to the fron-
tal cortex, but extended to, and are more prominent over,
the posterior parietal cortex (see the topography at 6 Hz in
Fig. 5). This suggests that modulations in the power of
brain rhythms induced by alcohol intoxication may reflect
different neuronal processes, even in the same frequency
band. For instance, it has also been proposed that the theta
rhythm is a marker of fatigue [Craig et al., 2012]. Increased
theta power is often accompanied by lower cognitive
capacity and control, as reflected by slower reaction times
and by attentional lapses [Klimesch, 1999; Makeig and
Jung, 1996]. Neuroimaging studies are warranted to under-
stand which brain systems are affected by alcohol intoxica-
tion, and in combination with EEG investigations can help
to disentangle the neuronal mechanisms involved.

Previous fMRI studies identified global decreases in
cortical activation after alcohol administration. However,
activity levels in the DMN and DAN were found to be
largely unaffected by alcohol administration [Esposito
et al., 2010; Khalili-Mahani et al., 2012]. Note that our

fMRI analyses were not focused on activity levels in the
DMN and DAN, but on the coupling between the time
courses of these two networks. It should be mentioned
that our study is not the first to examine changes in large-
scale brain networks after alcohol administration. For
instance, it was reported that inter-regional connectivity
within frontal-temporal-basal ganglia and the cerebellum
was impaired during simulated driving [Rzepecki-Smith
et al., 2010]. Furthermore, another fMRI study on alcohol
intoxication reported a dose-dependent increase in DAN
activity and a dose-dependent decrease in activity in the
precuneus/posterior cingulate, a core area of the DMN,
during a visual perception task [Calhoun et al., 2004].
Based on the above findings and on the fact that the DMN
and the DAN are respectively deactivated and activated
during the performance of several cognitive tasks, we rea-
soned that the DMN-DAN anti-correlation should increase
after alcohol administration. Our EEG-fMRI results (Fig. 6)
confirmed this hypothesis, and provided us with a possi-
ble electrophysiological correlate of this DMN-DAN
interaction.

Simultaneous EEG-fMRI has already been shown to be a
valid tool with which to examine how changes in neuronal
oscillations may be linked to functional interactions within
and between brain networks [Mantini et al., 2007b; Lei
et al., 2010, 2011b, 2012]. A large number of simultaneous
EEG-fMRI studies revealed widespread negative correla-
tions between band-limited EEG power and BOLD activity
in the neocortex, but also produced positive correlations,
as in the thalamus, for example [Goldman et al., 2002; Wu
et al., 2010]. Specifically, the theta rhythm showed negative
correlation with BOLD activity in the prefrontal cortex
near the ACC [Martinez-Montes et al., 2004]. The negative
correlations were extended to other areas that together
form the default mode network [Scheeringa et al., 2008]. In
our previous EEG-fMRI study in subjects at rest, we docu-
mented that multiple brain rhythms can account for activ-
ity within fMRI resting state networks [Mantini et al.,
2007b]. During a condition of eyes-closed rest, for instance,
alpha power showed a significant inverse relationship
with the strength of connectivity between DMN and DAN
[Chang et al., 2013].

Importantly, by using simultaneous EEG-fMRI we com-
pared electrophysiological and hemodynamic measures of
brain activity without confounds that are always present
when the same participant is tested on the same experi-
ment at two separate times [Debener et al., 2006]. It is
indeed important to note that differences in participant’s
mood, vigilance, and behavior are likely to result in differ-
ent patterns of brain activity. Furthermore, it would have
been impossible to have in our study identical BAC levels
in the same participant for separate EEG and fMRI acqui-
sition sessions. The above factors would have made the
EEG and fMRI data collected separately in the same par-
ticipant not perfectly comparable.

In our study, we found two networks to be largely over-
lapping with the DMN, one more anterior (aDMN) and

Figure 4.

Increased anti-correlation between DMN and DAN. The bar

plots show the correlation coefficients (mean 6 standard error)

between DAN and the anterior and posterior part of DMN in

alcohol and placebo sessions. Significant changes between condi-

tions were assessed by means of paired t-tests. Double asterisks

indicate significant differences (P< 0.01). [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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one posterior (pDMN). Though many resting state studies
have described a single DMN, a distinction between
aDMN and pDMN has been previously reported [Damoi-
seaux et al., 2008; Lei et al., 2013]. Interestingly, we found
aDMN to be more strongly anti-correlated with the DAN
compared to pDMN. Furthermore, the strength of the
interaction between aDMN and DAN was correlated with
the power of the theta rhythm but not that of other
rhythms, and was more prominent over prefrontal areas
(Fig. 4). Insofar as both our EEG and fMRI findings con-
verge on medial frontal areas, it is tantalizing to link them

to the reported effects of alcohol on the reward system,
particularly the ACC. Alcoholism has often been linked
with decreased grey matter volume [Makris et al., 2008]
and decreased neural activity in the reward circuit [De
Greck et al., 2009; Wrase et al., 2007]. Decreased activa-
tions in ACC and cerebellum were found during a work-
ing memory task after moderate alcohol intoxication
[Gundersen et al., 2008]. Also, acute alcohol intoxication
impaired behavioral performance and selectively attenu-
ated ACC activation during conflict-inducing tasks [Marin-
kovic et al., 2011]. In our study, the lack of DMN

Figure 5.

Power spectra of all channels in (a) placebo and alcohol (b) sessions, and their difference (c).

For the difference between alcohol and placebo, the topographies of EEG are illustrated in 3, 6,

10, 12, 18, 25 Hz. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6.

Relationship between changes in DMN-DAN anti-correlation

and theta power EEG activity across subjects. (a) The pink line

indicates the correlation between change in anti-correlation

between DAN and aDMN, whereas each pink diamond repre-

sents a single subject. The green dotted line indicates the corre-

lation between change in anti-correlation between DAN and

pDMN, whereas each green circle represents a given subject. A

pink diamond outlined in a black circle represents an individual

reporting intense euphoria. (b) The correlation between theta

rhythm power in each EEG channel and anti-correlation

between DAN and DMN is represented in a topographical EEG

map. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7.

The grand-average absolute powers (mean 6 standard error) and topographies of EEG bands

(delta, theta, alpha 1, alpha 2, beta 1, and beta 2) in placebo and alcohol sessions. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

r Lei et al. r

r 3526 r

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


suppression, mainly in medial frontal areas, may be
related to the excitatory (or dis-inhibitory) effects of alco-
hol. Many behavioral studies have shown euphoric sensa-
tions after alcohol consumption to be a correlate of
diminished self-inhibition [Levin et al., 1998; Schwarz
et al., 1981]. Accordingly, our results lend support to the
idea that reduced inhibitory control induced by alcohol
intoxication is reflected by a larger functional interaction
between DMN and DAN, possibly implemented at the
neuronal level by oscillations in the theta band.

Our simultaneous EEG-fMRI study of alcohol intoxica-
tion has permitted us to obtain valuable information
regarding the possible link between neuronal oscillations
and functional interaction between brain networks. How-
ever, it is important to mention that our study has a num-
ber of limitations. Firstly, EEG data collected during fMRI
scanning are contaminated by strong artifacts. We have
attenuated artifacts in the data, but this procedure may
have also suppressed some brain activity. Secondly, we
used a 32-channels EEG system, which does not permit
accurate source localizations. For this reason, we analyzed
EEG recordings using grand averages over channels, and
we did not examine EEG activity in the source space [Lei
et al., 2011b]. Thirdly, applying ICA to fMRI data captures
only a part of brain activity, and because we also focused
on DAN and DMN, the effects of alcohol on other net-
works should be examined in future studies [Lei et al.,
2011a]. Finally, although our results linking EEG theta and
the DMN-DAN interaction are quite specific, our findings
need to be replicated in a larger group of subjects.

In conclusion, we used simultaneous EEG-fMRI to
investigate the relationship between changes in neuronal
oscillations and functional interactions between resting
state networks, following alcohol intoxication. Specifically,
we found that heightened DMN-DAN anti-correlation was
related to an increase in the power of the theta rhythm.
Importantly, our findings support the concept that slow
brain rhythms are responsible for dynamic functional
interactions between distinct brain networks. They also
confirm the applicability and potential usefulness of
resting-state EEG-fMRI for central nervous system drug
research.
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