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Chronic alcohol consumption affects multiple cognitive processes sup-
ported by far-reaching cerebral networks. To identify neurofunctional
mechanisms underlying selective deficits, 27 sober alcoholics and 26
age-matched controls underwent resting-state functional magnetic
resonance imaging and neuropsychological testing. Functional con-
nectivity analysis assessed the default mode network (DMN); integra-
tive executive control (EC), salience (SA), and attention (AT)
networks; primary somatosensory, auditory, and visual (VI) input net-
works; and subcortical reward (RW) and emotion (EM) networks. The
groups showed an extensive overlap of intrinsic connectivity in all
brain networks examined, suggesting overall integrity of large-scale
functional networks. Despite these similar patterns, connectivity ana-
lyses identified network-specific differences of weaker within-
network connectivity and expanded connectivity to regions outside
the main networks in alcoholics compared with controls. For AT and
VI networks, better task performance was related to expanded con-
nectivity in alcoholism, supporting the concept of network expansion
as a neural mechanism for functional compensation. For default
mode, SA, RW, and EC networks, both weaker within-network and ex-
panded outside-network connectivity correlated with poorer perform-
ance and mood. Current smoking contributed to some of these
abnormalities in connectivity. The observed pattern of resting-state
connectivity might reflect neural vulnerability of intrinsic networking
in alcoholics and suggests a mechanism to explain signature impair-
ments in EM, RWevaluation, and EC ability.
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Introduction

Alcohol use disorder is a worldwide problem and the number
1 substance abuse problem in the United States of America
(WHO 2011). It affects multiple cognitive processes of atten-
tion (AT), emotion (EM), and decision making supported by
far-reaching neural networks (Bechara 2005; Loeber et al.
2009a, 2009b; Pfefferbaum et al. 2011). Various intrinsic con-
nectivity networks have been identified in the resting brain
(Andrews-Hanna et al. 2010; Laird et al. 2011) and have been
linked to specific neuropsychiatric disorders (Anticevic et al.
2012, 2014). Their potential disruption from chronic alcohol-
ism is only now emerging.

Brain functional networks disrupted in alcoholism (Kamara-
jan et al. 2004; Parks et al. 2010; Beck et al. 2012) include the
default mode network (DMN) (Chanraud et al. 2011, 2012),
the reward (RW) network (Park et al. 2010; Camchong et al.
2013b; Müller-Oehring et al. 2013), and the salience (SA)
network (Sullivan et al. 2013). Camchong et al. (2013a, 2013c)
focused on resting-state connectivity in RW and executive

control (EC) networks in short- and long-term abstinent alco-
holics and provided support for the assumed relationship
between functional connectivity measures and relapse risk.
Park et al. (2010) studied functional network connectivity in
relation to RW prediction errors in alcoholics and found that
abnormal connectivity between striatum and dorsolateral pre-
frontal cortex (dlPFC) predicted impairment in learning and
the magnitude of alcohol craving. Similarly, Courtney et al.
(2013) found that weaker frontostriatal connectivity during a
response inhibition task was related to greater dependence se-
verity in alcoholics. In our own studies, alcoholics, relative to
controls, activated midbrain regions of the RW network more
and showed weaker midbrain connectivity to medial and dorso-
lateral PFC during processing alcohol-related and negative emo-
tional Stroop words (Müller-Oehring et al. 2013) and greater
midbrain-striato-supplementary motor area (SMA) connectivity
during a Stroop task (Schulte et al. 2012). Weaker striatal-
prefrontal and greater midbrain-striatal-SMA connectivity within
RW and motivation circuits in tasks with EC demands may be in-
terpreted as altered networking underlying incentive SA for
alcohol stimuli in alcoholism (Berridge and Robinson 1998;
Yoder et al. 2009; Müller-Oehring et al. 2013).

Schulte at al. (2012) further observed the expected posterior
cingulate cortex (PCC) deactivation in healthy subjects when fo-
cusing on tasks of high attentional load, whereas alcoholics
failed to exhibit Stroop task-induced PCC deactivation. Thus,
during task processing, alcoholics were less able to suppress ac-
tivity in regions typically active during rest. The PCC is consid-
ered a hub involving both resting-state and task-related
networks that function together to support complex behavior
(Leech et al. 2011). The idea that differences in brain activity
and in the functional synchrony between brain regions during
the resting state in alcoholismmay be compensatory and bestow
resources for task processing was supported by the studies of
Chanraud et al. (2011, 2012) and Marinkovic et al. (2009). Also
Parks et al. (2010) and Rogers et al. (2012) observed compro-
mised frontocerebellar functional connectivity in recently abstin-
ent alcoholic patients and recruitment of additional brain areas
for the performance of a simple motor task. Recruitment of add-
itional areas and spatially expanded connectivity, however, may
not always indicate functional compensation and the ability to
engage brain reserve. For example, when a specific pattern of
intrinsic functional connectivity signifies neural coherence ne-
cessary for network efficiency, extended activity to other
regions can be a failure to keep neural coherence confined to
that specific network and result in poor performance levels.
Such forms of network dedifferentiation have been reported in
normal aging (Reuter-Lorenz et al. 2000; Cabeza 2002; Cabeza
et al. 2002, 2005), and in alcoholism where dedifferentiated pat-
terns of frontostriatal connectivity to task demands predicted
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impairments in learning and the magnitude of alcohol craving
(Parks et al. 2010).

These and our own studies provide evidence for disruption
of functional networks in alcoholism. Yet, a systematic study
on the integrity or disruption of multiple resting-state brain
networks in alcoholism in relation to cognition and EM func-
tion has not been done. Based on earlier findings suggesting
that spontaneous fluctuations in the resting-state blood oxygen
level–dependent (BOLD) signal contribute significantly to vari-
ability in behavior (Fox and Raichle 2007), we tested whether
interregional network connectivity was related to neuro-
psychological performance and mood states. By simultaneous-
ly examining multiple intrinsic brain networks, we were in
position to examine the brain’s intrinsic functional architecture
(Smith et al. 2009; Biswal et al. 2010), to discern their similar-
ities and differences in alcoholics from controls, and to test
their potential relevance for cognition and EM.

We hypothesized that the patterns of connectivity in alco-
holics and controls can reveal distinctive neurobiological me-
chanisms: 1) “network deficiency,” that is, less or weaker
connectivity in alcoholics relative to controls that is related to
poorer behavioral outcome; 2) “compensatory neural ability”
and neural mechanism to overcome processing deficiencies in
the main network regions, that is, additional or stronger inter-
regional connectivity in alcoholics relative to controls that is as-
sociated with normal task performance; and 3) “network
dedifferentiation,” that is, when additional or stronger regional
connectivity in alcoholics relative to controls is related to
poorer behavioral outcome.

Materials and Methods

Participants
Groups comprised 27 abstinent alcoholic men and 26 age-matched
control men and women. Task-activated functional magnetic reson-
ance imaging (fMRI) data from 26 alcoholics and 26 controls were pub-
lished previously (Müller-Oehring et al. 2013). Alcoholics were
recruited from local rehabilitation programs; controls were volunteers
from the local community. All subjects were screened with the Struc-
tural Clinical Interview for DSM-IV (SCID) (First et al. 2012) and a clin-
ical examination to rule out other Axis I diagnoses or nonalcohol
substance abuse. In the alcoholic group, 26 participants met DSM-IV
criteria for alcohol dependence and 1 participant met criteria for
alcohol abuse. Of those meeting Dependence criteria, 26 were in early
remission (met criteria within the past 12 months), while 1 was in sus-
tained remission (>12 months, i.e., 375 days). The median number of
weeks since alcoholics last met Dependence criteria was 17 weeks
(mean = 16.0 weeks, standard deviation [SD] = 12.8 weeks). The
median age of alcoholism onset was 25 years (mean = 29.1, SD = 13.6).
Fifty percentage of alcoholics and 0% of controls met DSM-IV depend-
ence for any type of drug dependence. The most common type of drug
dependence among alcoholics was cocaine (endorsed by 35% of alco-
holics), and the median number of weeks since last meeting drug de-
pendence criteria was 102 weeks (mean = 452.5 weeks, SD = 532
weeks). In no case was drug dependence more recent than alcohol de-
pendence. Significantly more alcoholics met DSM-IV criteria for
current nicotine dependence (54%) than did controls (12%), χ2(1) =
10.58, P = 0.003 (Fisher’s exact test). All participants gave written in-
formed consent to participate in this study, which was approved by the
Institutional Review Boards at SRI International and Stanford Univer-
sity School of Medicine.

Subject groups matched in age and handedness (23 right-handed
subjects in each group; 2 nonright and 1 left-handed controls; and 1
nonright and 3 left-handed alcoholics) (Crovitz and Zener 1962)
(Table 1). Groups also did not differ in VI acuity (Bach 2007), body

mass index, and physiological measures including heart rate and blood
pressure (Table 1). Additional clinical scales presented to all partici-
pants were the Alcohol Use Disorders Identification Test (AUDIT)
(Babor et al. 2006), Short Item Scale Alcohol Craving Questionnaire-
Revised Version (ACQ-R) (Drobes and Thomas 1999; Raabe et al.
2005); State-Trait Anxiety Inventory (STAI) (Spielberger 1983), Beck
Depression Inventory (BDI-II) (Beck et al. 1996), Rosenberg Self-
Esteem Scale (Rosenberg 1989), and the Barratt Impulsiveness Scale
(Barratt et al. 1995). As expected, alcoholics exhibited higher AUDIT
scores, greater state and trait anxiety, more depressive symptoms,
higher impulsivity, and lower self-esteem than controls (Table 1).

Neuropsychological Assessment
The Wechsler Test of Adult Reading (WTAR) test (Wechsler 2001) was
administered to estimate verbal intelligence quotients (IQ) and the
Mini Mental State Exam subtests (MMSE-2 expanded version) (Folstein
and Folstein 2010) to estimate processing speed and story memory.
The Wechsler Memory Scale (Wechsler 1987) subtests provided esti-
mates of verbal (digit span) and visuospatial (block span) working
memory, and the Trail Making Test (Reitan and Wolfson 1985) for
perceptual-motor processing speed (Trails A, B). Compared with age-
matched controls, alcoholics had lower verbal IQ estimates, slower
perceptual-motor processing speed (Trails A, B), and worse verbal
(digit span) and visuospatial (block span) working memory. Alcoholics
did not differ from controls in MMSE processing speed and story
memory (Table 1).

Magnetic Resonance Imaging
Structural and functional magnetic resonance (MR) imaging data were
acquired using a clinical whole-body GE 3T scanner. During the
resting-state fMRI scan session, participants were instructed to lie

Table 1
Study sample description: demographics, cognition, and emotion

Demographics, clinical characteristics CTL ALC P

Women/men (n) 9/17 9/18 0.92a

Age (years) 49 ± 11 50 ± 9 0.76
Education (years) 16 ± 2 14 ± 2 0.008
Socioeconomic status 29 ± 13 40 ± 13 0.003
Handedness (Crovitz) 23 ± 11 24 ± 15 0.69
Visual acuity 1.9 ± 0.6 1.6 ± 0.5 0.31
Body mass index 27 ± 4 27 ± 7 0.76
Heart rate 72 ± 12 77 ± 11 0.11
Blood pressure

Systolic 126 ± 14 128 ± 18 0.77
Diastolic 73 ± 7 76 ± 12 0.24

Age at alcoholism onset (years) – 29 ± 13 –

Lifetime alcohol consumption (kg) 61 ± 93 926 ± 578 0.0001
AUDIT Score 2.5 ± 2 26.6 ± 9.5 0.0001
Alcohol Craving (ACQ-R) score 12.1 ± 7.6 7.8 ± 2.6 0.002

Cognition
Verbal IQ (WTAR) 107 ± 12 100 ± 12 0.036
Digit Span, Total Score 17.6 ± 4.7 14.3 ± 3.5 0.007
Block Span, Total Score 17.5 ± 3.6 14.3 ± 2.3 0.001
Processing speed (MMSE) 0.17 ± 0.38 0.19 ± 0.4 0.87
Story memory (MMSE) 15 ± 6 12.8 ± 4.6 0.14
Trails A 24 ± 7 34 ± 15 0.004
Trails B 57 ± 25 84 ± 40 0.007

Emotion
State Anxiety Score (STAI-S) 28 ± 8.6 33 ± 9.7 0.032
Trait Anxiety Score (STAI-T) 30 ± 7.2 42 ± 11.2 0.0001
Depressive Symptoms Score (BDI-II) 3 ± 3.2 11 ± 7.2 0.0001
Impulsivity Score (Barratt) 55 ± 8 63 ± 11 0.004
Self-esteem Score (Rosenberg) 26 ± 4.3 20 ± 5.4 0.0001

Note: Mean and standard deviation for each group: controls (CTL), and alcoholics (ALC); t-tests
were applied to test for group differences; statistical significance level was set at P< 0.05
(italics).
SES, Socioeconomic Status: higher scores represent lower SES (range, 11–77) (Hollingshead and
Redlich 1958), ACQ-R, Alcohol Craving Questionnaire (Drobes and Thomas 1999); IQ, Intelligence
Quotient, n, number, Handedness Inventory: scores 14–32 right-handed, 50–70 left-handed
(Crovitz and Zener 1962).
aχ2 test.
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relaxed with their eyes open and not to think about anything in
particular.

Data Acquisition and Analyses
Whole-brain structural and functional MRI data were acquired with an
8-channel head coil at a 3T GE whole-body scanner. Subject motion
was minimized by following best practices for head fixation, and
image series were inspected for residual motion. Whole-brain fMRI
data were acquired with a T2*-weighted gradient echo-planar pulse se-
quence (2D axial, echo time [TE] = 30 ms; repetition time [TR] = 2200
ms; flip angle = 90°; in-plane resolution = 3.75 mm; thick = 5 mm; skip
= 0 mm; locations = 36; field of view [FOV] = 240 mm; number of excita-
tions [NEX] = 1). A dual-echo fast spin-echo (FSE) sequence (2D axial;
TR = 5000 ms; TE = 17/102 ms; thick = 5 mm; skip = 0 mm; xy matrix =
256; flip angle = 90°; locations = 36; FOV = 240 mm; 1 NEX) was used
for spatially registering the fMRI data. A field map for correction of
spatial distortions in the echo-planar images was generated from a
gradient-recalled echo sequence pair (TR = 460 ms, TE = 3/5 ms,
thickness = 5 mm, skip = 0 mm, locations = 36).

Image preprocessing was performed using the Statistical Parametric
Mapping (SPM8) software package (Wellcome Department of Cogni-
tive Neurology; www.fil.ion.ucl.ac.uk/spm/software/spm8/). The
fMRI analysis focused on the whole brain. The functional images were
subjected to geometric distortion (field map) correction and motion
correction. The FSE structural images were co-registered to the mean
unwarped and motion-corrected functional image for each subject, and
functional and structural images were normalized to Montreal Neuro-
logical Institute (MNI) space. Normalized structural images were seg-
mented into gray matter, white matter, and cerebrospinal fluid images.
Functional volumes were smoothed with a Gaussian kernel of 8 mm
full-width at half-maximum. Preprocessed individual images were then
included into functional connectivity analysis for group comparison,
using the SPM-based conn toolbox (www.nitrc.org/projects/conn/).
Before averaging individual voxel data, the waveform of each brain
voxel was filtered using a band-pass filter (0.0083/s < f < 0.15/s) to
reduce the effect of low-frequency drift and high-frequency noise.
Motion parameters were carefully considered in the analyses using the
component-based noise correction method (CompCor) of noise reduc-
tion along with the efficient rejection of motion and artifactual time
points allowing for better interpretation of functional connectivity results
for correlated networks (Whitfield-Gabrieli and Nieto-Castanon, 2012).
These images were then included in a second-level between-groups,
random-effects analysis.

Seed Region Selection
Seed regions were selected from the automated anatomical labeling
(aal) template (www.fil.ion.ucl.ac.uk/spm/ext/), which is an atlas
widely used for manual macroanatomical parcellation of the single
subject MNI-space template brain (Tzourio-Mazoyer et al. 2002) (www.
gin.cnrs.fr/ spip.php?article217). For 7 networks, bilateral seed
regions were selected from the aal template, and matched those re-
ported by Raichle (2011): the PCC for the DMN, superior frontal gyri
(SFG) for the EC network, anterior cingulate cortex (ACC) for the SA
network, superior parietal lobe (SPL) for the dorsal AT network, post-
central gyrus (PCG) for the somatosensory (SS) network, Heschl’s
gyrus for the auditory (AU) network, and calcarine for the VI network.
For the EM network, bilateral amygdala was selected from the aal tem-
plate as seed region of interest (ROI) (Phan et al. 2002), and for the RW
network the bilateral nucleus accumbens (NAcc) because it is consid-
ered a hub in the dopaminergic RW system (Demos et al. 2012). The
NAcc seed region was built by using the MarsBaR toolbox in SPM to
create 6 mm spherical ROI images centered at MNI coordinates x =−9,
y = 6, z =−4 (left NAcc) and x = 9, y = 6, z =−4 (right NAcc) and based
on anatomical coordinates defined in a stereotactic investigation of the
human NAcc (Neto et al. 2008).

Second-Level Between-Groups, Random-Effects Analysis
Seed-to-voxel connectivity maps for each group were derived via indi-
vidual time series correlations of activity over 135 time points, an index
of synchronous activity. Within-group analyses were conducted where

seed-to-voxel correlations for each group met a strict combined
peak-and-extent threshold with a peak of P≤ 0.001 and, in addition,
the cluster level (extent threshold) required a significance level of
P < 0.05 Family-wise error (FWE) corrected for multiple comparison
(reported in Table 2). Here, to test for group similarities in functional
connectivity, conjunction analyses was performed identifying clusters
of connectivity that can be observed in both groups, that is, the group
overlap or similarity of the connectivity pattern. Further, to depict
regions of “more or less expanded” connectivity, the within-group con-
nectivity map of one group was masked by the connectivity map of the
other group, thereby showing clusters of connectivity unique to that
group. The focus of this study on the resting brain of alcoholics
defined whether the respective masked analysis depicted clusters of
“expanded” or “restricted” connectivity relative to controls. Also for the
masked analyses, we used the strict statistical threshold that combined
peak (Ppeak≤ 0.001) and extent (PFWE-corrected < 0.05), with the mask
thresholded at P = 0.05 (reported in Table 3). Finally, to test for group
differences in functional connectivity, between-group contrast analyses
were performed with standard cluster-forming statistical thresholds for
combined peak intensity and spatial extent set at peak threshold of
Puncorrected < 0.01 with an extent threshold of PFWE-corrected < 0.05
(Poline et al. 1997) and reported in Table 4.

Statistical Analyses
To examine the relationships predicted between intrinsic network con-
nectivity and clinical and behavioral measures, we used 2-tailed
Pearson correlations in each group separately. Correlation analyses tar-
geted the relationship between mood, performance, and connectivity
strength for regions that differed by group either in extent or strength
of connectivity. Significant Pearson correlations were confirmed by
Spearman’s Rho correlation coefficients. FDR correction for multiple
correlations was performed for the number of cognitive and EM vari-
ables tested for each interregional connectivity measure, and reported
in Tables 5 and 6 (Benjamini et al. 2001).

Results

Functional Brain Networks
Both groups showed largely overlapping seed-to-voxel con-
nectivity maps for all networks tested (Table 2; Fig. 1). Group
differences emerged for 6 of the 9 networks (Tables 3, and 4;
Fig. 2): the default mode, EC, AT, SA, SS, and RW networks,
but not for the EM, AU, and VI networks.

Self-Referential Network

Default Mode Network
Both groups showed PCC connectivity with lateral temporo-
parietal areas, medial and dorsolateral prefrontal cortices, and
cerebellum. Relative to controls, alcoholics showed expanded
PCC connectivity with right hippocampus, middle temporal
gyrus and pole, and restricted PCC connectivity with right
medial frontal gyrus (Table 3). The between-group contrast
analysis (Table 4) revealed significantly greater PCC connectiv-
ity in alcoholics than controls to VI cortices and weaker con-
nectivity to dorsal striatal regions including the caudate
nucleus (head) and parts of the ACC (Fig. 2). Altered regional
PCC connectivity in alcoholics was not correlated with per-
formance and mood measures.

Cortical Integrative Function Networks

Executive Control Network
Both groups showed SFG connectivity with bilateral frontal,
middle cingulate, lateral parietal and temporal cortices, and cere-
bellar regions. Alcoholics showed expanded SFG connectivity
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with the cuneus, right superior temporal, and medial frontal gyri
than controls, and restricted SFG connectivity with the left
middle cingulate cortex (MCC), orbitofrontal regions, and the in-
ferior parietal lobe (Table 3). The between-group contrast re-
vealed significantly greater SFG connectivity strength with
occipital areas including cuneus, fusiform, and VI association
cortices in alcoholics (ALC) than controls (CTL), and weaker SFG
connectivity strength with a right MCC region extending into the
caudate body (Table 4).

Consistent with the dedifferentiation hypothesis, greater
SFG-cuneus connectivity correlated with poorer visuospatial
working memory (block span) (Table 5) and more depressive
symptoms (BDI) (Table 6). Weaker SFG–MCC connectivity corre-
lated with slower perceptual-motor processing speed (i.e., longer
time to complete Trails A) (Table 5), higher anxiety, more depres-
sive symptoms (Table 6), and younger age at alcoholism onset (r
= 0.43, P = 0.025).

Salience Network
Both groups showed ACC connectivity with frontal and striatal
brain regions; controls additionally exhibited ACC–bilateral
temporoparietal cortical connectivity. Alcoholics showed

expanded ACC connectivity with bilateral frontostriatal regions
than controls and restricted connectivity with bilateral inferior
parietal lobe (IPL), MCC, PCC, precuneus, and thalamus
(Table 3). The between-group contrast revealed significantly
greater ACC connectivity with frontalstriatal regions including
the caudate head and inferior prefrontal, orbitofrontal, dorsal
anterior cingulate cortices, and weaker ACC–thalamic connect-
ivity in alcoholics than controls (Table 4).

Greater ACC–frontostriatal (IFG/caudate) connectivity in al-
coholics correlated with poorer visuospatial working memory
(block span), and more expanded ACC–frontostriatal (caudate/
mFG) connectivity with slower perceptual-motor processing
speed (Trails A). Weaker ACC–thalamus connectivity in alco-
holics correlated with poorer verbal and visuospatial working
memory (digit span and block span). In addition, more re-
stricted ACC–thalamus, ACC–IPL, and ACC–MCC connectivity
correlated with lower verbal and visuospatial working memory
(Table 5).

Attention Network
Both groups showed SPL connectivity with precuneus, oc-
cipitotemporal, premotor, and prefrontal regions. Alcoholics

Table 2
Functional network overlap in ALC and CTL

K BA/nucleus x y z T-score

Default mode network
L PCC/precuneus/hippocampal formation 9691 23, 27 −6 −52 38 37.42
L Middle temporal/angular 3529 21, 39 −52 −60 18 11.63
L Middle temporal/inferior temporal 993 20, 21 −56 −28 −8 5.33
R Superior temporal /angular 2640 22, 39 56 −58 26 9.82
R Middle temporal/inferior temporal 665 20, 21 68 −38 −2 4.56
L Middle frontal/medial superior frontal 4048 46, 9, 10 −34 20 40 6.35
R Middle frontal/superior frontal 931 46, 9 28 40 42 6.15
R Cerebellum 222 Area 9 10 −52 −46 5.32a

Executive control network
L SFG/middle frontal /medial superior frontal 25 110 8, 9, 10, 46 −22 48 36 20.35
R Angular/inferior parietal 1468 39, 40 50 −54 30 7.97
L Angular/inferior parietal 1784 39, 40 −50 −64 38 6.71
L PCC/middle cingulate cortex 1502 23 −6 −50 28 5.48
L Cerebellum 275 Crus 2 −28 −82 −34 5.04

Salience network
L ACC/middle orbitofrontal/medial superior frontal/middle cingulate cortex/insula/caudate/putamen 24 734 24, 32, 10, 11, 23, 48 −10 44 8 28.20
R Supramarginal/angular 239 39, 40, 42 54 −48 32 4.75

Attention network
L SPL/inferior parietal lobe 17 949 7, 40 −24 −70 54 20.01
R Inferior temporal/fusiform 2242 20, 37 58 −56 −12 7.31
L Precentral/middle frontal 1015 6, 8 −28 −4 48 7.26
R Precentral/middle frontal 830 6 28 −4 42 7.13
R Frontal inferior operculum 312 44 54 10 28 5.43
R Frontal middle and inferior operculum 863 11, 47 30 38 −20 5.26
L Precentral 350 6, 44 −48 4 24 5.06
R Fusiform 378 37 30 −52 −16 4.98

Somatosensory network
L Postcentral/rolandic operculum/insula/superior, middle temporal/middle cingulate/supplementary motor area 40 460 3, 4, 6, 20, 21, 23, 43, 48 −60 −6 16 20.91
R Lingual/inferior occipital and temporal 2283 18, 37 30 −96 −12 8.04

Cerebellum 783 Area 8 12 −72 −48 5.92
Auditory network
R Heschl/rolandic operculum/superior temporal/paracentral/postcentral/thalamus 33 550 48, 41, 43, 3, 4 46 −16 10 23.92
R ACC/medial prefrontal 242 10, 11, 24, 25 2 38 −2 5.51

Visual network
R Calcarine/inferior, middle, and superior occipital/fusiform/hippocampus/ parahippocampus/precuneus/angular 26 638 17, 18, 19, 20, 21, 30, 37, 7 12 −80 8 23.05

Reward network
L NAcc/caudate/putamen/insula/ACC/medial prefrontal 11 317 25, 10, 32, 48 −8 6 −4 31.37

Emotion network
L Amygdala/hippocampus, parahippocampus/inferior and middle temporal gyri and pole/midbrain 21 404 34, 20, 21, 38 −26 0 −16 29.60
R Supplementary motor area 608 6 6 −14 58 4.78
R Postcentral/rolandic operculum/superior temporal 770 43 58 −6 30 4.74

Note: Conjunction analysis: statistical significance (T-score) of clusters functionally connected to the cortical seed (bolded) in each group and their location in Montreal Neurological Institute (MNI) space
(mm).
Functional connectivity network overlap using (exclusive) conjunction analysis with a combined peak-and-extend threshold set at peak P< 0.001 and extent PFWE-corrected < 0.05.
aFor regions with a significant peak threshold of PFWE-corrected < 0.05; k= number of synchronously activated brain voxel.
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Figure 1. Intrinsic network similarities in alcoholics (ALC) and controls (CTL). (a) Self-referential default mode network (DMN) (posterior cingulate cortex seed, PCC) and integrative
function networks: executive control (EC) network—superior frontal gyrus (SFG) seed, salience (SA) network—anterior cingulate cortex (ACC) seed, dorsal attention (AT) network
—superior parietal lobe (SPL) seed; (b) primary input function networks: somatosensory (SS) network—postcentral gyrus seed, auditory (AU) network—Heschl gyrus seed, visual
(VI) network—calcarine gyrus seed; and (c) subcortical emotion and reward networks: reward (RW)—nucleus accumbens (NAcc) seed, emotion (EM)—amygdala seed. A result
output image was created for each within-group analysis for each seed’s connectivity map with the same statistical threshold for all analyses (combined peak-and-extent threshold
with peak P< 0.001 and extent PFWE-corrected < 0.05). Brain regions showing synchronized BOLD activity with the seed are marked: red for ALC, green for CTL, and yellow when
functionally connected in both groups (overlap). MNI z-coordinates indicate slice locations.
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showed expanded SPL connectivity with left precentral and
middle frontal gyri, bilateral postcentral and supramarginal
gyri, and temporal cortex regions, and restricted SPL connect-
ivity with left inferior frontal and orbitofrontal gyri, and to
cerebellar regions (Table 3). The between-group contrast re-
vealed significantly greater SPL–precentral gyrus connectivity
in alcoholics than controls (Table 4); the large cluster included
bilateral thalamus, left frontoparietal motor, premotor, SS, and
superior temporal cortices, and the insula.

In contrast with the networks supporting the neural
dedifferentiation hypothesis, for the AT network, more
expanded SPL–left middle frontal gyrus (lMFG) connectivity
in alcoholics correlated with fewer depressive symptoms
(BDI) supporting the compensatory hypothesis (Table 6).
More restricted SPL–cerebellar connectivity in alcoholics

correlated with faster visuospatial coordination (Trails B)
(Table 5).

“Overlay of self-referential and integrative function net-
works” revealed both segregated and partially overlapping net-
works, with regions selectively connected within one network
and other regions linking 2 or more networks. The regions
sharing connectivity with several networks were centered in
the DMN: the PCC, cuneus, lateral parietal, and medial pre-
frontal regions (Fig. 2, left upper panel).

Primary Input Function Networks

Somatosensory Network
Both groups showed PCG connectivity with precentral regions
with a large cluster extending frontally to SMAs, inferior and

Table 3
Masked contrast analysis: statistical significance (T-score) of clusters (k) in ALC (relative to CTL) showing spatially “expanded” or “restricted” functional connectivity and their location in MNI space

Network-seed K BA/nucleus x y z T-score

Default mode network—PCC
Expanded R Hippocampus 182 20, 37 28 −30 −4 6.15a

R Temporal (middle) 249 21 72 −24 −6 5.25
Restricted L ACC, medial prefrontal 144 10, 32 4 48 16 6.27a

Executive control network—SFG
Expanded R Temporal (superior, middle), cuneus 151 21, 22 64 −18 −4 5.38a

R Frontal (superior) 320 6, 8 20 4 52 4.95
Restricted L Middle cingulate cortex (MCC) 624 23 −6 −16 38 7.17

L Postcentral/IPL 185 2, 3 −48 −50 36 5.92a

L Orbitofrontal 267 47 −42 20 −10 5.47
Salience network—ACC
Expanded L Orbitofrontal 1969 11, 47 −22 26 −6 7.93
Restricted L IPL, angular 639 39, 40 −52 −54 42 6.77

R IPL, supramarginal 175 40 56 −48 44 5.32
R Frontal (medial superior) 409 9, 10 14 54 34 5.89
R Middle cingulate cortex (MCC) 1357 23 14 −22 34 5.44
L Thalamus 790 −6 −8 4 5.49

Attention network—SPL
Expanded L Precentral 1874 6 −28 −14 56 6.66

R Postcentral 136 3, 4 34 −36 70 5.45a

L Frontal (middle) 297 46 −38 44 28 5.02
R Supramarginal/insula 360 40, 48 46 −30 32 4.72
R Temporal pole 449 36 36 4 −36 4.72

Restricted L Orbitofrontal/rectus 223 11 −2 54 −26 5.61a

L Orbitofrontal 429 11 −18 22 −28 5.19
L Cerebellum 191 Area 8 −34 −44 −44 5.40a

Somatosensory network—postcentral
Expanded L SPL 441 7 −30 −54 58 6.37

L Occipital (superior) 356 19 −12 −92 36 6.21
R Frontal (superior) 132 6 16 2 56 5.66a

R SPL/IPL 330 7, 40 32 −52 56 5.58
R Cerebellum/fusiform 1278 Area 6, 19 20 −62 −16 5.42

Restricted L Temporoparietal junction 193 21, 39, 41 −46 −44 16 5.64a

L Temporal (middle, inferior) 707 20 −58 −24 −18 4.97
Auditory network—Heschl
Restricted L Hippocampus 194 20 −34 −10 −16 6.19a

L Olfactory 307 25 −2 16 −12 5.12
Visual network—calcarine
Expanded R Occipital (inferior) 648 19 48 −76 −10 6.02

R Orbitofrontal 264 47 34 30 −14 5.98
R Precuneus 742 5 14 −48 58 5.93
R Postcentral 543 3 60 −12 48 5.29

Restricted L Precentral 160 6 −42 0 46 5.68a

L Midbrain 317 RN, STN −2 −26 −4 5.44
Reward network—NAcc
Expanded R Olfactory/rectus/caudate 1434 11, 25 10 18 −14 7.24

L Temporal (inferior, middle) 197 20 −56 −28 −18 5.54a

Restricted L Amygdala 330 34 −22 −6 −12 9.74
R Amygdala 261 34 22 −4 −14 6.70
L Rolandic operculum 735 48 −46 −22 16 4.53
L Angular 236 39 −46 −72 32 4.16

Emotion network—amygdala
Expanded L Postcentral 219 3 −52 −24 60 5.44a

Restricted L MTG 287 21, 22 −50 −38 4 4.76

Note: Functional connectivity for masked contrast analysis using a combined peak-and-extend threshold of peak P< 0.001 and extent PFWE-corrected < 0.05.
aFor regions with a significant peak threshold of PFWE-corrected < 0.05; k= number of synchronously activated brain voxel.
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dorsolateral prefrontal regions, and posterior to supramargi-
nal, temporal, and fusiform gyri, VI association areas, insula,
and cerebellar regions. Alcoholics showed more expanded
PCG connectivity with bilateral parietal lobes, left cuneus, su-
perior and middle occipital gyrus, right lingual gyrus, and the
cerebellum, and less expanded connectivity with the left tem-
poroparietal junction (TPJ) and the left inferior temporal gyrus
(Table 3). The between-group contrast revealed significantly
greater PCG connectivity to bilateral occipital and cerebellar
regions in alcoholics than controls (Table 4). More restricted
postcentral–left TPJ connectivity in alcoholics correlated with
lower self-esteem (Table 6).

None of the connectivity maps for seeds placed in Heschl’s
gyrus (AU network), or calcarine (VI network) revealed signifi-
cant group differences. Here, groups exhibited similar resting-
state connectivity maps with only some variation in their spatial
extent.

Auditory Network
Both groups showed Heschl’s gyrus connectivity with medial
temporal cortex including insula, hypocampus, amygdala, and
superior and middle temporal regions, to bilateral premotor
and motor areas, to medial frontal areas including ACC, medial
prefrontal and olfactory gyri, and to occipital regions including
primary and secondary VI cortex, and the PCC. Although
masked contrast analyses showed restricted connectivity to the
left hippocampus and olfactory gyrus in alcoholics (Table 3),
the between-group contrast did not reveal statistically different
connectivity maps. No significant relationships to mood and
performance measures were observed.

Visual Network
Both groups showed calcarine connectivity with bilateral occipi-
tal, medial temporal, medial inferior prefrontal, and left pre-
motor cortices. Despite expanded calcarine connectivity with
occipital, parietal, and right orbitofrontal regions, and restricted
connectivity with left motor cortex and bilateral midbrain
regions in alcoholics than controls (Table 3), the between-group
contrast did not reveal statistically different calcarine functional

connectivity strengths between groups. More expanded calcar-
ine–inferior orbitofrontal connectivity in alcoholics correlated
with better visuospatial working memory (block span) suggest-
ing a positive effect from calcarine-based connectivity expansion
on performance (Table 5), yet with less self-esteem (Table 6).

“Overlay of primary input function networks” revealed a
segregated VI network and largely overlapping SS and AU net-
works. The main regions sharing connectivity within these
primary input function networks were pre- and postcentral
gyri and the insula (Fig. 2, left middle panel).

Subcortical Reward and Emotion Function Networks

Reward Network
Both groups showed NAcc connectivity with bilateral medial
prefrontal regions including inferior prefrontal, orbitofrontal,
and anterior cingulate regions, and with medial temporal
regions including the insula, parahippocampal and entorhinal
gyri, and the hippocampus. Masked contrast analyses revealed
expanded NAcc connectivity with bilateral medial and inferior
prefrontal gyri and left inferior temporal gyrus in alcoholics,
and restricted connectivity with bilateral amygdala, left medial
temporal, angular, and middle occipital gyri (Table 3). The
between-group contrast revealed significantly weaker NAcc–
amygdala and NAcc–angular gyrus connectivity in alcoholics
than controls (Table 4).

More expanded NAcc–medial PFG connectivity in alcoholics
correlated with higher trait anxiety scores and more restricted
NAcc–left amygdala connectivity with higher alcohol craving
(ACQ-R), significantly different from controls. Weaker NAcc–left
amygdala connectivity correlated with lower self-esteem, and
weaker NAcc–left IPL connectivity with more depressive symp-
toms (BDI), significantly different from controls (Table 6).

Emotion Network
Both groups showed amygdala connectivity with temporal,
medial frontal, temporoparietal, extrastriate, and subcortical
regions including the midbrain, thalamus in controls, pallidum
and putamen in alcoholics. Despite more expanded amygdala–

Table 4
Group contrast analysis: Statistical significance (T-score) of clusters for differences between ALC and CTL in functional connectivity between the seed and the cluster location (x y z) in MNI space (mm)

K BA/nucleus x y z T-score

Default mode network—PCC
ALC > CTL R Occipital (inferior, middle, superior) 2794 18, 19 38 −86 4 3.91
CTL > ALC R Caudate 1219 4 −2 20 5.31

Executive control network—SFG
ALC > CTL R Cuneus/occipital (middle, superior) 1187 18, 19 10 −80 22 4.08
CTL > ALC R MCC/insula/caudate 3140 23, 48 16 −2 26 4.52

Salience network—ACC
ALC > CTL R Caudate/orbitofrontal/frontal (superior, medial) 1233 10, 11 16 26 0 4.55

L Inferior orbitofrontal/caudate 1063 11, 47 −22 26 −6 4.45
CTL > ALC R Thalamus 1271 12 −16 0 4.80

Attention network—SPL
ALC > CTL L Pre- and postcentral 3063 4, 6 −32 −18 68 4.50

Somatosensory network—postcentral
ALC > CTL R Cerebellum/lingual/calcarine 864b area 4_5, 17 10 −48 −6 3.60

Reward network—NAcc
CTL > ALC L Amygdala, parahippocampus, hippocampus 512 20, 34, 35, 36 −22 −6 −12 6.13a

L Angular/IPL 1385 7, 39 −48 −70 36 4.11

Note: For analysis group differences beween controls (CTL) and alcoholics (ALC), using a combined peak-and-extend threshold corrected for multiple comparisons PFWE-corrected < 0.05 (Poline et al. 1997).
BA, Brodman area; PCC, posterior cingulate cortex; SFG, superior frontal gyrus; ACC, anterior cingulate cortex; SPL, superior parietal lobe; NAcc, nucleus accumbens, IPL, inferior parietal lobe.
aFor regions with a significant peak threshold of PFWE-corrected < 0.05.
bRegion with trend at PFWE-corrected = 0.058; k, number of synchronously activated brain voxel.
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Figure 2. Intrinsic network differences in alcoholics (ALC) relative to controls (CTL). Left panels: Illustration of network segregation and overlap for (a) self-referential (DMN–PCC
seed) and integrative function networks (EC–SFG seed, SA–ACC seed, AT–SPL seed), (b) primary input function networks (SS–postcentral seed, AU–Heschl seed, VI–calcarine
seed), and (c) subcortical emotion and reward networks (RW–NAcc seed, EM–amygdala seed). A result output image was created from group conjunction analysis for each seed’s
connectivity map with the same statistical threshold for all analyses (combined peak-and-extent threshold with peak P< 0.001 and extent PFWE-corrected < 0.05). Right panels: For
each network, illustration of altered seed-to-voxel connectivity in ALC relative to CTL: marked red when “expanded” and green when “restricted” for masked contrast analysis
(Table 3); for group contrast analysis (Table 4), regions are labeled in the figure and marked in red when ALC> CTL and green when CTL > ALC; combined peak-and-extent
threshold corrected for multiple comparisons PFWE-corrected < 0.05 (Poline et al. 1997). MNI z-coordinates indicate slice locations.

4162 Resting Brain of Alcoholics • Müller-Oehring et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/25/11/4155/2366345 by guest on 10 April 2024



postcentral cortical and less expanded amygdala–left middle
temporal gyrus (lMTG) connectivity in alcoholics (Table 3), no
significant group differences emerged for amygdala-seeded
connectivity maps. Also, significant relationships were not
forthcoming between altered regional amygdala connectivity
in alcoholics, performance, and mood measures.

“Overlay of subcortical RW and emotion function networks”
revealed mainly segregated networks that shared functional
connectivity in 2 regions: the caudate and medial prefrontal
cortex (Fig. 2, left lower panel).

Premorbid Factors, Smoking, and Nonalcohol Drug Use
To test whether “potential premorbid differences” contributed
to the observed group differences in functional network con-
nectivity, we correlated verbal IQ, education, and socio-
economic status (SES) (Hollingshead and Redlich 1958) with
interregional connectivity for regions showing group differ-
ences in strength and spatial extent (see Tables 3 and 4). Sig-
nificant relationships were observed for verbal IQ (WTAR), an
estimate of premorbid general cognitive ability.

For the DMN, lower verbal IQ in ALC was associated with
weaker PCC–caudate (ALC: r = 0.40, P = 0.038; CTL: r =−0.14,
ns; interaction: z = 2.74, P = 0.006) and more expanded PCC–
right hippocampal connectivity (ALC: r =−0.39, P = 0.042; CTL:
r = 0.23, ns; interaction: z =−3.14, P = 0.002). For the EC
network, lower verbal IQ in ALC was associated with weaker
SFG–MCC connectivity (ALC: r = 0.48, P = 0.011; CTL: r =−0.01,
ns; interaction: z = 2.6, P = 0.009) and for the SA network, with

more restricted ACC–MCC (r = 0.39, P = 0.046; CTL: r = 0.07, ns;
z = 1.67, P = 0.09) and ACC–left IPL connectivity (r = 0.65, P <
0.0001; CTL: r = 0.18, ns; z = 2.94, P = 0.003). Although only the
ACC–left IPL connectivity relationship survived correction for
multiple comparisons, these correlations in alcoholics differed
significantly from those in controls, except for the ACC–MCC
connectivity. To test whether premorbid factors explained con-
nectivity differences between groups, we used education, SES,
and verbal IQ as covariates in multivariate analyses of covari-
ance (MANCOVAs) for the DMN, EC, and SA networks and
found that group differences (ALC vs. CTL) remained stable for
each network (DMN: Pillai’s trace F5,43 = 8.49; P < 0.0001; EC
network: Pillai’s trace F6,42 = 13.6; P < 0.0001; SA network:
Pillai’s trace F7,41 = 5.20; P < 0.0001), and cluster (all Ps < 0.05).

To test the relation between “tobacco smoking” and interre-
gional connectivity strength, we used a multivariate analysis of
variance (MANOVA) with smoking history as grouping variable:
nonsmoking controls (n = 23), alcoholic smokers (n = 15), and
alcoholic nonsmokers (n = 12) (Pillai’s trace for group: F4,94 =
10.48, P < 0.016) and post hoc least square difference (LSD) ana-
lyses for between-group differences. Weaker connectivity
strength in ALC than CTL was even weaker in smoking alco-
holics driving the group difference in the DMN in regions with
restricted PCC–ACC/mPFG connectivity (F2,47 = 3.50, P = 0.038;
post hoc LSD test: ALC P = 0.082, smoking ALC P = 0.017), in
the AT network for restricted SPL–left cerebellum (F2,47 = 7.18,
P = 0.002; post hoc LSD test: ALC P = 0.063, smoking ALC
P < 0.0001) and SPL–left orbitofrontal connectivity (F2,47 = 4.48,

Table 5
Pearson correlation results between cognitive measures and connectivity strength in whole group (ALL), alcoholics (ALC), controls (CTL), and interactions between the 2 groups, for regions of interest (ROI)
by group differences in functional connectivity

Analysis Connectivity Seed—ROI Cognition ALL ALC CTL Interaction

Default mode network
Group contrast ALC > CTL PCC—rMOG Trails A R 0.40* 0.45 −0.07 z= 1.88

P 0.003 0.019 ns 0.03
Executive control network

Group contrast ALC > CTL SFG—Cuneus Block Span r −0.42* −0.45 0.03 z=−1.75
P 0.002 0.019 ns 0.04

CTL > ALC SFG—MCC Trails A r −0.46* −0.53* 0.05 z=−2.19
P 0.001 0.005 ns 0.014

Salience network
Group contrast ALC > CTL ACC—IFC/caudate Block Span r −0.42* −0.39 −0.03 z=−1.30

P 0.002 0.045 ns 0.096
CTL > ALC ACC—Thalamus Digit Span r 0.37* 0.51* −0.04 z= 2.05

P 0.008 0.006 ns 0.02
Block Span r 0.36* 0.46 −0.05 z= 1.88

P 0.01 0.016 ns 0.03
Masked contrast Expanded ACC—Caudate/mFG Trails A r 0.37* 0.43 −0.02 z= 1.64

P 0.006 0.027 ns 0.05
Restricted ACC—Thalamus Digit Span r 0.37* 0.50* 0.03 z= 1.78

P 0.007 0.008 ns 0.038
Block Span r 0.32 0.46 −0.09 z= 2.02

P 0.02 0.015 ns 0.022
ACC—IPL Block Span r 0.34 0.39 −0.04 z= 1.54

P 0.016 0.048 ns 0.062
ACC—MCC/cuneus Digit Span r 0.26 0.40 −0.06 z= 1.64

P 0.062 0.039 ns 0.05
Attention network

Masked contrast Expanded SPL—cerebellum-8 Trails B r 0.11 0.39 0.13 z= 0.96
P ns 0.045 ns 0.17

Visual network
Masked contrast Expanded Calcarine—Inf OFG Block Span r −0.16 0.51* −0.20 z= 2.60

P ns 0.007 ns 0.0047

Note: For ROIs derived from group contrast analysis (see Table 4) the direction of connectivity differences is indicated by ALC> CTL and CTL> ALC; for ROIs derived from masked contrast analysis (see
Table 3) the direction of connectivity differences is indicated by ‘expanded’ and “restricted” in ALC relative to controls.
PCC, posterior cingulate cortex; MCC, middle cingulate cortex; ACC, anterior cingulate cortex; SFG, superior frontal gyrus; mSFG, medial superior frontal gyrus; IFG, inferior frontal gyrus; mFG, medial frontal
gyrus; Inf OFG, inferior orbitofrontal gyrus; IPL, inferior parietal lobe.
*Significant FDR corrected for multiple comparisons (Benjamini et al. 2001).
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P = 0.017; post hoc LSD test: ALC P = 0.07, smoking ALC P =
0.006), and in the VI network for more restricted calcarine–pre-
central connectivity (F2,47 = 4.25, P = 0.02; post hoc LSD test:
ALC P = 0.058, smoking ALC P = 0.009). In contrast, more ex-
panded connectivity patterns in ALC, not evident in CTL, were
attenuated by smoking in the DMN for the PCC–right MTG con-
nectivity (F2,47 = 7.08, P = 0.002; post hoc LSD test: ALC P =
0.001, smoking ALC P = 0.07), and in the SS network for post-
central–occipital (F2,47 = 3.04, P = 0.05; post hoc LSD test: ALC P
= 0.018, smoking ALC, ns) and postcentral–SPL connectivity
(F2,47 = 4.87, P = 0.012; post hoc LSD test: ALC P = 0.004,
smoking ALC P = 0.075). We used ANCOVAs to test whether
tobacco smoking accounted significantly for the observed func-
tional connectivity differences between groups; group differ-
ences remained stable for each network: DMN: Pillai’s trace
F5,46 = 7.32; P < 0.0001; AT network: Pillai’s trace F8,43 = 5.30; P
< 0.0001; VI network: Pillai’s trace F7,44 = 7.52; P < 0.0001; SS
network: Pillai’s trace F8,43 = 3.80; P = 0.002), and most cluster
(Ps < 0.05), except for 1 cluster of the DMN: PCC–medial pre-
frontal (F1,50 = 2.69, P = 0.11), and 2 clusters in the AT network:
SPL–left cerebellum (F1,50 = 1.38, P = 0.25), and SPL–right tem-
poral pole (F1,50 = 2.21, P = 0.14). Thus, tobacco smoking did
not explain main functional network differences between alco-
holics and controls but significantly accounted for the variance
between groups for PCC–medial prefrontal connectivity in the
DMN, and SPL–cerebellar and temporal lobe connectivity in the
AT network.

Finally, we tested the relation between “nonalcohol drug use”
and interregional connectivity strength using a MANOVA with
controls (n = 26), alcoholics without drug use co-morbidity (ALC,
n = 14), and ALC with drug use (ALC +D, n = 13) as the grouping
variable (Pillai’s trace for group: F8,96 = 3.71, P = 0.026) and con-
ducted post hoc LSD analyses for between-group differences.
Connectivity was similar in alcoholics with and without drug use
for all regions (all Ps > 0.05). Connectivity differences between
ALC and CTL remained significant for both ALC subgroups (ALC
vs. CTL, ALC +D vs. CTL; post hoc LSD, all Ps < 0.05) except for 2
regions in the AT network for which ALC but not ALC +D dif-
fered from controls: SPL–left cerebellum (F2,47 = 6.24, P = 0.004;
post hoc LSD test: ALC P = .001, ALC +D ns) and SPL–left orbito-
frontal connectivity (F2,47 = 5.28, P = 0.008; post hoc LSD test:
ALC P = 0.002, ALC +D P = 0.11). When using an ANCOVA with
nonalcohol drug use as covariate, we found the group difference
confirmed for all clusters (Ps < 0.05) of the AT network (Pillai’s
trace F7,44 = 7.52; P < 0.0001).

Discussion

Functional relationships within the living human brain demon-
strate consistent patterns of well-organized ongoing, intrinsic
activity across both space and time (Biswal et al. 1995; Greicius
et al. 2003; Fox et al. 2005; Fox and Raichle 2007; Raichle
2011). The basic level of organization within 9 intrinsic resting-
state functional brain networks was preserved in individuals

Table 6
Pearson correlation results between mood measures and connectivity strength in whole group (ALL), alcoholics (ALC), controls (CTL), and interactions between the 2 groups, for regions of interest (ROI) by
group differences in functional connectivity

Analysis Connectivity Seed—ROI Mood ALL ALC CTL Interaction

Executive control network
Group contrast ALC > CTL SFG—Cuneus BDI-2 r 0.57* 0.40 0.18 z= 0.82

P 0.0001 0.05 ns 0.21
CTL > ALC SFG—MCC STAI-T r −0.42* −0.44 0.24 z=−2.43

P 0.002 0.025 ns 0.008
Masked contrast Restricted SFG—MCC BDI-2 r −0.64* −0.53* −0.37 z= 0.68

P 0.0001 0.007 0.078 0.25
STAI-S r −0.40* −0.40 −0.12 z=−1.03

P 0.004 0.045 Ns 0.15
Attention network

Masked contrast Expanded SPL—lMFG BDI-2 r 0.08 −0.43 0.13 z=−2.02
P ns 0.03 ns 0.022

Reward network
Group contrast CTL > ALC NAcc—lAmygdala Rosenberg r 0.52* 0.41 0.20 z= 0.82

P 0.0001 0.033 ns 0.21
NAcc—lIPL BDI-2 R −0.62* −0.55* 0.01 z=−2.16

P 0.0001 0.004 ns 0.015
Masked contrast Expanded NAcc—mPFC STAI-T r 0.48* 0.43 0.09 z= 1.27

P 0.0001 0.027 ns 0.1
Restricted NAcc—lAmygdala ACQ-R r −0.54* −0.61* 0.04 z=−2.57

P 0.0001 0.001 ns 0.005
Somatosensory network

Masked contrast Restricted Postcentral—lTPJ Rosenberg r 0.33 0.50* −0.30 z= 2.95
P 0.016 0.009 Ns 0.0016

Visual network
Masked contrast Expanded Calcarine—lMOG/MTG Rosenberg r −0.48* −0.43 −0.17 z=−0.99

P 0.0001 0.025 ns 0.16
Calcarine—Inf OFG Rosenberg r −0.48* −0.50* 0.05 z=−2.05

P 0.0001 0.008 ns 0.02

Notes: Becks Depression Inventory-II total score (BDI) (Beck et al. 1996); Alcohol Craving Quesionnaire (ACQ-R) Short Form (Drobes and Thomas 1999); State-Trait Anxiety Inventory (STAI), trait anxiety
(-T), state anxiety (-S) (Spielberger 1983); Self-esteem Scale (Rosenberg 1989). The Barratt Impulsivity Scale (BIS) (Barratt et al. 1995) measure did not correlate with the connectivity strength of regions
that were differently connected in alcoholics relative to controls.
For ROIs derived from group contrast analysis (see Table 4), the direction of connectivity differences is indicated by ALC > CTL and CTL > ALC; for ROIs derived from masked contrast analysis (see
Table 3), the direction of connectivity differences is indicated by ‘expanded’ and ‘restricted’ in ALC relative to controls.
MCC, middle cingulate cortex; SFG, superior frontal gyrus; MFG, middle frontal gyrus; mFG, medial frontal gyrus; Inf OFG, inferior orbitofrontal gyrus; SPL, superior parietal lobe; IPL, inferior parietal lobe;
TPJ, temporoparietal junction; IOG, inferior occipital gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus.
*Significant FDR corrected for multiple comparisons (Benjamini et al. 2001).
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with chronic alcoholism. Despite this substantial overlap in the
intrinsic functional network organization, alcoholics showed
network-specific patterns of functional connectivity differing
in strength and spatial extent from controls that had behavioral
and emotional correlates.

While weaker and restricted interregional activation syn-
chrony in any network generally related to poorer performance
and mood states in alcoholics, the relationship between greater
and expanded connectivity performance and mood was
network-specific. For the default mode, EC, and SA networks,
greater and more expanded connectivity was related to poorer
performance. Alcoholics appeared to have difficulty confining
neural coherence within these networks and were synchronous-
ly activating regions outside these specialized systems. This may
be seen as a form of functional network dedifferentiation in al-
coholism (Kramer et al. 1989; Schulte et al. 2010b), similar to de-
differentiation processes in aging that are marked by less
distinctive activation patterns in frontal and posterior brain
regions and less effective transfer of information from one
region to the next (Goh 2011). In contrast, greater and more ex-
tended connectivity in AT and VI networks in alcoholics were in-
dicative of neural compensatory mechanisms to overcome
impairment and achieve better performance levels.

Self-referential Functional Networking in Alcoholism
For the DMN, the main connected nodes of the PCC were bilat-
eral medial and dorsolateral prefrontal and temporoparietal cor-
tices, with the addition of cerebellar regions, consistent with the
main DMN regions described in healthy subjects (Biswal et al.
1995; Buckner et al. 2008; Fox et al. 2005) and alcoholics (Chan-
raud et al. 2011). Although we found substantial overlap in
DMN connectivity maps of alcoholics and controls, group differ-
ences emerged for greater PCC–occipital cortex and weaker
PCC–caudate connectivity. Alcoholics further showed restricted
connectivity to bilateral medial prefrontal regions, consistent
with previous reports (Courtney et al. 2013), and more ex-
panded connectivity to superior, middle, and medial temporal
gyri. This is particularly notable for the hippocampus given the
relatively small size of the structure. Parts of the hippocampal
formation (Raichle and Snyder 2007; Buckner et al. 2008) and
the temporal lobe (Sämann et al. 2011) have been inconsistently
reported as regions of the DMN suggesting a loose integration
into this network in healthy controls. During the resting state,
hippocampal regions seem to lack a direct functional connec-
tion with cortical DMN nodes, but are indirectly connected with
the PCC via the parahippocampal gyrus (Ward et al. 2014). Our
finding that hippocampal network expansion and weaker PCC–
caudate connectivity strength in alcoholics correlated with lower
verbal IQ suggests that premorbid factors shape DM network-
ing, even though they did not contribute significantly to the ob-
served between-group variance in DMN connectivity.
Considering the reciprocal relationships of DMN connectivity
during task and resting state (Andrews-Hanna et al. 2010), and
the role of alternative DMN pathways for performance enhance-
ment during task processing (Chanraud et al. 2011, 2012), the
observed DMN pattern in alcoholics may signify inefficient
neural networking, potentially occurring premorbidly, for inte-
grating and utilizing neurofunctional resources.

Integrative Functional Networking in Alcoholism
The EC network is a prominent network that subserves a wide
range of cognitive control functions and is associated with the

dlPFC as the main network node located in middle and SFG.
The EC network is affected in alcohol-dependent individuals
contributing to dysfunctions in conflict processing, error moni-
toring, and response inhibition (Fein and Di Sclafani 2004).

Nevertheless, during rest, alcoholics and controls showed a
substantial overlap in SFG connectivity to bilateral lateral and
medial parietal, temporal, and cerebellar regions. Compared
with controls, alcoholics showed expanded connectivity to
medial frontal, right temporal, and cuneus/extrastriate cortical
regions, and restricted connectivity with left parietal and infer-
ior frontal regions in addition to weaker connectivity with
MCC, insula, and caudate body areas. Weaker and restricted
SFG–MCC connectivity correlated with higher depression and
anxiety scores, and slower perceptual-motor processing speed,
particularly in alcoholics relative to controls, and was asso-
ciated with younger age at alcoholism onset. A recent fMRI
study (Schulte et al. 2012) showed that the MCC plays a role in
modulating the frontoparietal EC system to adapt to the need
of flexibly switching responses during Stroop conflict process-
ing. Here, alcoholics exhibited weaker PCC–MCC connectivity
and greater midbrain–MCC connectivity than controls, espe-
cially for response switches, than controls. Thus, MCC connect-
ivity appears to be a neural mechanism participating in the
modulation of regional networking to changing EC demands.
That SFG–MCC connectivity during rest was even weaker in al-
coholics with earlier alcoholism onset further suggests vulner-
ability of these network dynamics involved in an optimal
balance between cognitive labor and leisure (see, e.g., Kool
and Botvinick 2014), that is, between mind wandering and EC.
A pronounced reduction of this network capability, whether as
a predisposition or consequence of alcoholism, can potentially
impede cognition and emotional well-being.

Closely associated with the EC network is the SA network.
Activity in the ACC has been associated with SA, as in the de-
tection of errors and novel stimuli (Carter et al. 1998), motiv-
ational SA (Harsay et al. 2012), EM and RW (Nishijo et al. 1997;
Bush et al. 2000, 2002), and when performance monitoring
becomes necessary (Ridderinkhof et al. 2004). Consistent with
other studies, synchronous activity in the ACC-based SA
network involved medial and inferior frontal, insular (Taylor
et al. 2009), and parietal regions (Downar et al. 2002), and the
striatum (caudate, putamen) (Gradin et al. 2013), and was
highly overlapping in alcoholics and controls. Alcoholics
showed greater and more expanded frontostriatal SA network
connectivity involving the caudate nucleus and medial, inferior
frontal regions, more expanded connectivity with orbitofrontal
regions, and further exhibited thalamo-cortical network reduc-
tion including weaker and restricted connectivity with the thal-
amus, medial superior frontal, MCC, and cuneus regions, with
most of them related to poorer verbal and visuospatial
working memory. Weaker ACC–MCC and restricted ACC–left
IPL connectivity was further related to lower verbal IQ in alco-
holics, but not in controls, suggesting that SA network reduc-
tion in alcoholics was modulated by premorbid factors, even
though they did not explain the group difference in interregio-
nal connectivity. Disruption of functional network connectivity
between frontostriatal network nodes relevant for response in-
hibition has been previously demonstrated in chronic alco-
holics (Courtney et al. 2013; Müller-Oehring et al. 2013). Our
study demonstrates that, even during rest, ACC-seeded con-
nectivity, and especially reduced synchrony, is highly predict-
ive of performance level in abstinent alcoholics.
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Chronic alcohol consumption can affect AT by limiting the
capacity to process goal-relevant information and impeding
frontoparietal circuitry (Petit et al. 2012). In the current study,
connectivity analyses confirmed SPL–occipital and SPL–frontal
connectivity in both groups, with weaker connectivity to tem-
poral regions and extended connectivity to superior occipital,
parietal, and frontal regions. A moderate correlation indicated
fewer depressive symptoms with more expanded SPL–left
MFG connectivity in alcoholics and provided limited support
for a compensatory role of AT network expansion.

“Primary input function network” showed some differences
in strength and expansion of connectivity patterns in alcoholics
compared with controls that were more pronounced in the SS
network and least evident in the AU network. Only in the VI
network was more expanded calcarine–inferior orbitofrontal
connectivity related to better visuospatial working memory
performance implicating compensatory recruitment to support
a specific function maintained by this network. Overall,
primary input functional networks appeared to be less vulner-
able to the effects of alcohol than integrative functional net-
works.

Subcortical Emotion and Reward Functional Networking
in Alcohol Dependence
Networks comprising EM with the amygdala as the main node
(Hariri et al. 2003), and RW with the ventral striatum, in par-
ticular the NAcc (Cauda et al. 2011), as a main node, have been
implicated in chronic alcoholism (Makris et al. 2008; Schulte
et al. 2010a; O’Daly et al. 2012). Herein, EM network connect-
ivity was highly similar in alcoholics and controls with only
minor variations. Nonetheless, the RW network showed sig-
nificantly extended frontostriatal (medial prefrontal/caudate)
connectivity and less synchronized activity to limbic (amyg-
dala, hippocampus) and parietal regions in alcoholics, which
was associated with higher anxiety, more depressive symp-
toms, and increased alcohol craving, particularly in alcoholics
relative to controls. Together, these associations suggest a role
for RW system functional integrity in EM regulation and poten-
tially relapse prediction (Camchong et al. 2013b).

These functional brain network data provide initial evidence
for alcohol-related effects on multiple intrinsic networks; yet,
alcoholism today often occurs in concert with other addictions.
Although we did not find indication that the observed connect-
ivity differences in alcoholics were driven by additional nonal-
cohol drug use, tobacco smoking was a relevant factor
associated with weaker and more restricted interregional con-
nectivity within DMN, AT, and VI networks. In addition, for
the DMN, SA, and EC networks, we found evidence for pre-
morbid estimates of cognitive ability in alcoholics to shape in-
terregional connectivity, potentially contributing to
neurofunctional vulnerability of networks relevant for addict-
ive behaviors.

Conclusion

Overall, our findings provide evidence that alcoholism affects
the resting default mode, EC, SA, AT, RW, and SS networks, but
leaves EM, VI, and AU networks relatively spared when not
performing a directed task. The observed alcohol-related con-
nectivity differences reflect altered functional organization in
multiple networks, which can impair preparation for switching

between network functions and for exerting EC when needed.
For only the AT and VI networks did our data compare with
previous evidence for better task performance heralded by
greater connectivity in alcoholism. Disruption of these 2 net-
works may be a mechanism underlying the commonly de-
tected alcoholism-related impairments of selective AT and
visuospatial processing supported by these networks. Pattern
of extended connectivity in alcoholism to regions outside the
main networks suggests that the neural representations under-
lying different cognitive and emotional processes become less
selective and their neural signature less distinct. We propose
that this constellation of altered intrinsic networking is a bio-
logical marker of chronic alcoholism and mechanism to
explain signature impairments in EC, cognitive switching, RW
evaluation, and visuospatial processing.
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