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Alcohol dependence is a chronic relapsing illness. Alcohol and stress cues have consistently been shown to
increase craving and relapse risk in recovering alcohol dependent (AUD) patients. However, differences in func-
tional connectivity in response to these cues have not been studied using data-driven approaches. Here, voxel-
wise connectivity is used in a whole-brain investigation of functional connectivity differences associated with
alcohol and stress cues and to examine whether these differences are related to subsequent relapse. In Study
1, 45, 4- to 8-week abstinent, recoveringAUDpatients underwent functionalmagnetic resonance imaging during
individualized imagery of alcohol, stress, and neutral cues. Relapse measures were collected prospectively for
90 days post-discharge from inpatient treatment. AUD patients showed blunted anterior (ACC), mid (MCC)
and posterior cingulate cortex (PCC), voxel-wise connectivity responses to stress compared to neutral cues and
blunted PCC response to alcohol compared to neutral cues. Using Cox proportional hazard regression, weaker
connectivity inACC andMCCduring neutral exposurewas associatedwith longer time to relapse (better recovery
outcome). Similarly, greater connectivity in PCC during alcohol-cue compared to stress cue was associated with
longer time to relapse. In Study 2, a sub-group of 30 AUD patients were demographically-matched to 30 healthy
control (HC) participants for group comparisons. AUD compared to HC participants showed reduced cingulate
connectivity during alcohol and stress cues. Using novel data-driven approaches, the cingulate cortex emerged
as a key region in the disruption of functional connectivity during alcohol and stress-cue processing in AUD
patients and as a marker of subsequent alcohol relapse.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alcohol dependence is a chronic relapsing disease that poses a sub-
stantial global health problem (Rehm et al., 2009). Alcohol and stress-
related cues have consistently been shown to increase craving, and re-
lapse rates in recovering alcohol dependent (AUD) patients (Seo et al.,
2013; Sinha, 2009). A better understanding of the neural correlates of
alcohol and stress cues that contribute to relapse may lead to better
treatment strategies for AUD patients.

Functional magnetic resonance imaging (fMRI) studies have largely
converged on the dysregulation of cortico-limbic pathways in response
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to alcohol and stress cues for alcohol dependence (Jasinska et al., 2014).
Some authors have hypothesized that these alterations in cortico-limbic
regions may trigger attention allocation to and reinforcement of drug-
related cues in addicted populations, known as the incentive salience
theory (Berridge and Robinson, 1998). Cortico-limbic regions that are
commonly implicated in reward circuitry (Haber and Knutson, 2010)
include the prefrontal cortex (PFC) (Filbey et al., 2008; Fryer et al.,
2013; Grüsser et al., 2004; Seo et al., 2013), the anterior cingulate cortex
(ACC) (Beck et al., 2012; Claus et al., 2011; Fryer et al., 2013; Seo et al.,
2013), the amygdala (Fryer et al., 2013; Schneider et al., 2001), and
the striatum (Claus et al., 2011; Filbey et al., 2008; Fryer et al., 2013).

However, activation-based fMRI studies are limited as they only
measure the magnitude of activation in a single region, and, thus, pro-
vide an incomplete picture of neural dynamics between regions. Func-
tional connectivity methods overcome these limitations by detecting
synchrony of activations over time, exposing patterns of correlated
brain activity (Smith, 2012), and shed light on the functional architec-
ture of both the healthy and diseased brain (Constable et al., 2013;
Sutherland et al., 2012).
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recent studies of resting state and task-based connectivity in AUD
patients point toward the involvement of large-scale brain networks
in addiction (Camchong et al., 2013a; Camchong et al., 2013b;
Chanraud et al., 2011; Müller-Oehring et al., 2015). These networks
overlap with previously identified brain regions as well as offer poten-
tially new brain regions of interest in addiction research. For example,
the salience network (SN) is composed of two historically studied re-
gions in addiction literature, the insular cortex and the ACC
(Müller-Oehring et al., 2015; Seeley et al., 2007). In contrast, the default
mode network (DMN) characteristically includes the medial PFC
(mPFC), a previously identified brain region (Seo et al., 2013), as well
as the posterior cingulate (PCC), a newly emphasized brain region
(Chanraud et al., 2011) in alcoholism literature. Increasingly, the inter-
play between these networks is being recognized as an important factor
in clinical disorders (Lerman et al., 2014; Uddin, 2014), suggesting a
need to utilize whole brain data-driven approaches in studies of
addiction.

However, these studies have examined connections between specif-
ic regions of interest (ROI) or canonical, large-scale networks requiring
a priori knowledge of ROI or network boundaries. An innovative alter-
native, voxel-wise method, called the intrinsic connectivity distribution
(ICD) (Scheinost et al., 2012), eschews pre-defined regions or networks
and examines every voxel's connectivity to every other voxel in the
brain. As voxels are not constrained to a particular ROI or network,
ICD enables characterization of the full range of connectivity for that
voxel and may lead to a more complete picture of the neural correlates
of alcohol and stress cues for recovering AUD patients. Previous studies
have also required the definition of an arbitrary tissue connectivity
threshold whereas ICD characterizes connections across the entire de-
gree curve. Functional connectivity and ICD overcome these limitations
by investigating spatial and temporal patterns between all voxels in the
brain, rather than only focusing on changes in activation. Thus, this
measure provides a strong index of the connectivity of any particular
brain structure allowing connectivity maps of patients to be compared
with healthy controls or to behavioral outcomes such as subsequent
time to relapse.

Using a well-validated, individualized imagery paradigm (Miller et
al., 1987; Sinha, 2009), we investigated differences in ICD associated
with alcohol, stress and neutral/relaxing cue scripts in 45 recovering
AUD patients and associated these differences with relapse. Imagery
scripts were developed from recent experiences described by partici-
pants with alcohol-related, stressful, or neutral/relaxing content. In a
second study, for group comparison purposes, a subgroup of 30AUDpa-
tients was matched for age, sex, and intelligence to 30 healthy control
(HC) participants that underwent an identical imagery paradigm. We
hypothesized that our innovative, data-driven analysis would reveal al-
tered patterns of connectivity consistent with classic addiction regions
described above, and identify new, less well-characterized networks.
Specifically, we hypothesized that the AUD group would show altered
corticolimbic connectivity during alcohol and stress relative to neutral
cue conditions and, ICD connectivity in these regionswould be associat-
edwith relapse. In the second study, we expected to observe differential
connectivity in corticolimbic regions during all script conditions in AUD
patients relative to healthy controls.

2. Materials and methods

All study procedures were approved by the Human Investigation
Committee of the Yale University School of Medicine. All participants
signed a written informed consent form.

2.1. Participants

Study 1: Forty-five recovering AUD patients (10 female, aged 18–50,
M = 37.7) and 30 healthy control individuals (9 female, aged 18–50,
M = 34.5) participated in this study. Task-based fMRI results on this
sample and full details on the participants, imagery method and valida-
tion, and relapse measures were previously published in (Seo et al.,
2013). All AUD patients had a current diagnosis of alcohol dependence
as determined by a Structured Clinical Interview for DSM-IV, and
abstained from alcohol for 4 to 6 weeks (mean = 34 days, SE = 1.14)
while actively engaged in inpatient non-pharmacological substance
abuse treatment. Demographic details are presented in Table S1. Tobac-
co-using AUD patients were allowed to smoke prior to initiating the
fMRI scan and thus, were not nicotine deprived at the time of scan. Pa-
tientswere scanned inweek 5 of treatment andwere discharged shortly
after and referred to outpatient treatment for aftercare. All patients
were followed-up with in-person interviews conducted at 14, 30, and
90 days post-discharge to evaluate relapse outcomes using urine and
breathalyzer samples and the Form 90 Substance Use Calendar based
on the timeline follow-back method (Sobell et al., 1996).

Study 2: For group comparisons, 30 HC participants were demo-
graphically-matched to 30 (8 female, aged 18–50, M = 36.0) of the 45
AUD patients on age, sex, IQ, and lifetime prevalence of psychiatric dis-
orders except for alcohol dependence and smoking status. Smoking sta-
tus was included as a covariate in the group analyses. We chose to
demographicallymatch asmanyAUDpatients as possible to theHCpar-
ticipants instead of comparing all 45 AUD patients to HC as IQ and years
of education were significantly lower in the full AUD group. Matching
allowed us to minimize this potential confound, as the AUD subgroup
was not significantly different from HC participants in several demo-
graphics including age, sex and IQ, but was significantly different in
number of smokers in the AUD versus the HC group (See Table S1).

2.2. Imagery paradigm

All participants engaged in an imagery paradigm composed of indi-
vidualized 2-min imagery scripts designed to provoke either alcohol,
stressful, or neutral/relaxing states. Alcohol and stress scripts relative
to neutral have previously been shown to increase craving, anxiety,
heart rate and cortisol levels (Sinha, 2009). Each 2-min script was
based on a personal experience described by the participant and
audiotaped for presentation during scanning session (see Supplemental
material for further information).

Six fMRI trials (2 per condition) were acquired using a block design.
The order of the 3 script conditions were randomized and
counterbalanced across participants. Each script was presented only
once for each participant, and scripts of the same condition were not
presented consecutively. Each trial lasted 5 min, including a 1.5-min
quiet baseline period followed by a continuous 2.5-min imagery period
(2-min read imagery, 0.5-min quiet imagery) and a 1-min quiet recov-
ery. During baseline, participants were instructed to stay still in the
scanner without engaging in any mental activity. To minimize residual
craving/anxiety between trials, all subjects were asked to practice 2-
min progressive relaxation. After relaxation, all participants returned
to baseline levels of subjective craving and anxiety ratings, before
starting the next cue trial, verified by no statistical difference in baseline
ratings across trials.

2.3. Connectivity preprocessing

Images were slice-time and motion corrected using SPM5 (http://
www.fil.ion.ucl.ac.uk). Images were iteratively smoothed until the
smoothness for any image had a full width half maximum of approxi-
mately 6 mm. This iterative smoothing has been shown to minimize
motion confounds associated with resting-state fMRI (Scheinost et al.,
2014a). All further analysis was performed using BioImage Suite (Joshi
et al., 2011) unless otherwise specified. Runswere further preprocessed
individually for connectivity analysis. Several covariates of no interest
were regressed from the data including linear and quadratic drift, six
rigid-body motion parameters, mean cerebral-spinal fluid (CSF) signal,
mean white matter signal, and mean global signal. Finally, the data

http://www.fil.ion.ucl.ac.uk
http://www.fil.ion.ucl.ac.uk


183Y. Zakiniaeiz et al. / NeuroImage: Clinical 13 (2017) 181–187
were temporally smoothedwith a zeromean unit variance Gaussian fil-
ter (cutoff frequency= 0.12 Hz). A graymattermaskwas applied to the
data so that only voxels in the gray matter were used in the calculation.
Finally, for each voxel, time courses were normalized by removing that
time course's mean and dividing by that time course's standard
deviation.

As previously described (Garrison et al., 2016), connectivity analysis
was only performed on the continuous 2.5-min imagery period. The 2-
min active imagery period and 0.5-min passive imagery periodwere ex-
tracted from the full dataset and imagery periods of the same cue trial
were concatenated for further analysis, resulting in approximately
5 min of data for each cue condition. The large amount of continuous
task data allows us to use novel data-driven connectivity methods usu-
ally reserved for resting-state fMRI. Standard block design tasks with
~30 s blocks or event-relateddesign taskswould not provide a sufficient
amount of continuous data for such methods. As each run was individ-
ually processed and normalized, concatenating runs as the same cue tri-
als and performing correlation analysis is the equivalent of performing
correlation analysis for each individually and averaging the resulting
correlation.

2.4. ICD connectivity

To investigate cue related differences in connectivity between AUD
patients, connectivity of each voxel asmeasured by the intrinsic connec-
tivity distribution (ICD)was calculated for each individual participant as
described previously (Scheinost et al., 2012). ICD represents a generali-
zation of the network theory measure of degree. In the context of neu-
roimaging, degree involves correlating the time course for any voxel
with every other voxel time course in the brain and is defined as the
number of connections to that voxel with correlations greater than an
arbitrary threshold (Scheinost et al., 2012). ICD calculates degree over
all possible arbitrary thresholds and then models the change in degree
as the threshold is increased. By examining all possible arbitrary thresh-
olds, ICD is not dependent on a single threshold and eliminates the need
to specify an arbitrary threshold. Specifically, for the current voxel, a his-
togram of all the time series correlations to that voxel was constructed
to estimate the distribution of functional connectivity to that voxel.
This distribution of connectivity was converted to a survival function
and the survival function was fitted with a stretched exponential with
unknown variance, α. As alpha controls the spread of the distribution
of connections, a larger alpha indicates a greater number of high corre-
lation connections. Finally, this process is repeated for all voxels in the
gray matter resulting in a parametric image of the alpha parameter for
each participant.

Additionally, each ICDmapwas normalized by subtracting themean
across all voxels and dividing by the standard deviation across all voxels.
This z-score-like normalization does not change the underlying topog-
raphy of connectivity pattern but allows for eachmap to be comparably
scaled across participants (Mitchell et al., 2013).

2.5. Statistical analysis

ICD connectivity maps were warped into common space (see Sup-
plementalmaterial) and analyzed using voxel-wise random effects gen-
eral linear modeling with group modeled as a between subject factor,
cue conditions modeled as within subject factors, and subjects as ran-
dom factors using 3dLME (Chen et al., 2013). Imaging results are
shown at a cluster-level threshold of p b 0.05 family-wise error (FWE)
correction as determined by AFNI's 3dClustSim program (version
16.0.09) using a cluster forming threshold of p = 0.001, 10,000 itera-
tions, a greymattermask, and a smoothness estimated using 3dFWHMx
with the –ACF option. Follow-up seed analyses were based on the ICD
connectivity defined regions of interest. Anatomical locations were lo-
calized using the Yale Brodmann Atlas. Analysis of between group mo-
tion and methods used to minimize motion related confounds can be
found in Supplemental material. Analysis of non-imaging data was per-
formed in R.

2.6. Prospective time to relapse analysis

Relapse was assessed prospectively in the 90 days after completion
of inpatient treatment. The first day of return to alcohol use during
this 90-day follow-up period is considered as the target event and Cox
proportional hazards regression (Walters, 1999), similar to a time-to-
event survival analyses was conducted, as used in our previous studies
(Seo et al., 2013; Sinha et al., 2011). Cox proportional hazard regression
(Walters, 1999) was performed to investigate whether connectivity re-
gions showing cue differences in AUD patients predicted the time to
first alcohol relapse. Average ICD values of clusters identified in the
whole-brain connectivity analysis were extracted and entered as inde-
pendent variables. Preliminary analyses indicated that years of nicotine
smoking and years of alcohol usewere significantly correlated (p b 0.05)
with time to relapse such that a greater number of years of smoking or
alcohol use were associated with quicker relapse. Thus, these were in-
cluded as independent variables to evaluate their specific and indepen-
dent effects.

3. Results

3.1. Study 1: relapse risk and connectivity in alcohol dependent patients

3.1.1. Relapse rates
Of the 45 AUD patients, 44 were successfully followed-up to deter-

mine relapse day. Relapse rates were 29.5% (13 of 44) at day 14, 45.5%
(20 of 44) on day 30 and 70.5% (31 of 44) on day 90. All 45 AUD patients
were included in our analyses.

3.1.2. ICD connectivity of AUD patients
With-in group differences in ICD connectivity were examined in all

45 AUD patients in Study 1 under the 3 different cue conditions. Con-
nectivity results indicated that AUD patients displayed significantly
(p b 0.05 corrected) reduced cingulate cortex connectivity to whole
brain for alcohol and stress cue trials compared to neutral cue trials
(Fig. 1, Table S2). These regions included the anterior,mid, andposterior
cingulate cortex. Three ROIs (ACC, MCC, and PCC) were defined on the
reference brain based our ICD main effects of condition from Fig. 1. Fol-
low-up seed-to-whole brain connectivity analyses revealing connec-
tions from these regions to the whole brain are presented in
Supplemental material and Fig. S1.

3.1.3. Exploratory prospective time to relapse analysis
We examined the relationship between average ICD values of ACC,

MCC, and PCC clusters for each cue condition, and subsequent time to
relapse using Cox proportional hazard regression, after controlling for
years of alcohol use and years of nicotine smoking.

For every unit increase of connectivity in the ACC (p= 0.03, Hazard
Ratio (HR)= 5.4) or MCC (p=0.05, HR= 4.5) during the neutral cues,
AUDpatientswere approximately 5 times and 4 timesmore likely to re-
lapse at the subsequent followup period, respectively (Table S3, Fig. 2).
For every unit increase of the difference in PCC connectivity between al-
cohol cueing and stress cueing (p = 0.04, HR = 0.04), AUD patients
were approximately 25 times less likely to relapse at the subsequent
followup periods (Table S3, Fig. 2). These exploratory results are left
un-corrected for multiple comparisons in order to present preliminary
findings to aid possible future studies.

3.2. Study 2: group differences between alcohol dependent patients and
healthy control participants

In the second study, we compared a sub-group of 30 AUD patients
with 30 matched HC participants (Table S1) to examine whether



Fig. 1. Main effects of cue condition in AUD patients. Voxel-wise connectivity revealed a significant (p b 0.05 corrected) main effect of cue trials in the cingulate cortex as shown in A)
sagittal slices. These effects were driven by reduced cingulate connectivity during the B) alcohol, and C) stress cue trials compared to the neutral cue trials. Warm colors indicate
regions of significant F statistics for main effects of task. Cool colors indicate regions of significant decreases in tissue connectivity during alcohol and stress cues relative to neutral cue
connectivity. Note that all figures are shown in radiological convention (subject left is image right).
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patterns of the cingulate cortex connectivity in AUD patients were dif-
ferent from those in HC participants. Smoking status was included as a
covariate.

Functional connectivity results revealed a significant (p b 0.05
corrected) cue by group interaction in the mid and posterior cingulate
cortex (Table S4). As shown in Fig. 3, this effect was primarily driven
by a reduction in cingulate connectivity during the alcohol and stress
cue trials for the AUD patients compared to the HC participants and
compared to the neutral cue. Comparisons between all 45 AUD patients
and 30HCparticipants showedqualitatively similar results in the cingu-
late cortex (Fig. S2).
Fig. 2. Estimated survival functions for connectivity predicting relapse. Estimated survival functi
constant) are shown for themean ICD connectivity value and± 1 and 2 standard deviation abo
was significantly (p b 0.05) associatedwith longer time to relapse. C)Greater connectivity in the
with longer time to relapse. These figures of estimated survival functions show the x-axis up to
60 days.
4. Discussion

In two studies, using a well-validated imagery paradigm and a novel
voxel-wise connectivity method, we demonstrated differential connec-
tivity responses to alcohol and stress cues in the cingulate cortex for
AUD patients and their associations with early alcohol relapse, using a
prospective clinical outcomes design.

In the first study, 45 AUD patients exhibited a significant decrease in
cingulate connectivity in responses to alcohol and stress cues compared
to neutral cues. Using relapse from a prospective 90-day follow-up peri-
od, and Cox proportional hazard regression, exploratory analyses
ons for time to relapse (with the number of years of alcohol use and nicotine smoking held
ve/below themean.Weaker connectivity in the A) ACC and B)MCC during neutral cueing
PCCduring alcohol cueing compared to stress cueingwas significantly (pb 0.05) associated
day 60 because all patients who relapsed in the 90-day follow-up period relapsed with-in



Fig. 3.Comparison of AUDpatients andHCparticipants. Voxel-wise connectivity comparisons of 30AUDpatients and30matchedHCparticipants revealed a significant (p b 0.05 corrected)
cue by group interaction. A) The cue by group interaction was observed in mid and posterior cingulate cortex. Warm colors indicate regions of significant F statistics for cue by group
interactions. B) Mean ICD connectivity and C) mean differences between cue conditions from the cingulate cortex regions showing a significant cue by group interaction were
visualized in corresponding bar graphs. Pairwise comparisons of simple contrasts suggest that these main effects and interactions were primarily driven by differences in the alcohol
and stress cue condition. Light grey denotes AUD patients and dark grey denotes HC participants.
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suggests weaker connectivity in the ACC and MCC during neutral cue
exposure were significantly associated with longer period of abstinence
which translated to better recovery outcome. Similarly, greater PCC con-
nectivity during alcohol cues compared to stress cue conditions was as-
sociated significantly with longer time to relapse.

In the second study, group comparisons between a subset of the
AUDpatients andmatchedHCparticipants indicated that cingulate con-
nectivity was significantly different between the groups. Compared to
HC participants, AUD patients showed reduced cingulate connectivity
during the alcohol and stress cue trials and increased cingulate connec-
tivity during the neutral cue trials. These group difference results are
consistent with the Cox proportional hazard regression relapse findings
in that AUD patients who were more similar to healthy controls in
showing greater cingulate connectivity during alcohol cue trials or
weakened connectivity during the neutral cue trials had more days of
abstinence and better recovery period.

Our results suggest that cingulate connectivity plays a significant
role in the neural response to alcohol and stress cues and may contrib-
ute to subsequent relapse. The cingulate cortex coordinates a vast num-
ber of behaviors through anatomical connections to many cortical and
subcortical regions of the brain (Bush et al., 2000; Leech and Sharp,
2014). These behaviors and connections are typically implicated in ad-
diction and relapse. The vACC is anatomically connected to the OFC, nu-
cleus accumbens, amygdala, hippocampus, and hypothalamus and is
involved in affective and emotional processing (Bush et al., 2000;
Leeman et al., 2009). The dACC is anatomically connected to the lateral
prefrontal cortex, parietal cortex, and is involved in external attention,
decision-making, and inhibition (Bush et al., 2000). The PCC is anatom-
ically connected to limbic structures (i.e. hippocampus and
parahippocampus), lateral prefrontal cortex, and parietal cortex and is
involved in internally directed attention (Leech and Sharp, 2014). As al-
cohol and stress cues are known to engage these circuits and behaviors
in AUD patients (Jasinska et al., 2014; Sinha, 2009), it is notable that the
cingulate cortex emerged as the key region from our analysis.

The cingulate cortex contributes to a diverse set of large-scale func-
tional networks. The PCC is a node in the DMN, the dACC is a node in the
salience network, and middle portions of the cingulate are nodes in the
central executive or frontoparietal network (FPN) (Yeo et al., 2011).
These three networks have been linked to the competition between in-
ternally and externally directed attention (Uddin, 2014). The DMN at-
tends to internal thoughts; whereas, the FPN attends to external
stimuli. The salience network acts as a switch between the two
(Uddin, 2014). The scripted cue trials used in this study are internally
generated images of external cue contexts designed to provoke inter-
nally focused emotions such as anxiety and craving. Our results may re-
flect alterations in the dynamics of internal and external attention
associated with alcohol addiction just as emerging research on nicotine
dependence has shown (Cole et al., 2010; Lerman et al., 2014;
Sutherland et al., 2012).

Consistent with our results, maladaptations of functional response
to alcohol and stress cues in the ACC are commonly implicated in alco-
hol dependence and are correlatedwith relapse (Claus et al., 2011; Fryer
et al., 2013; Seo et al., 2013). Functional alterations in the ACC are con-
sistent across other addiction subtypeswith analogous findings in stim-
ulant (Camchong et al., 2014), nicotine (Jasinska et al., 2014) and
cocaine dependent patients (Garavan et al., 2000). In addition to func-
tional changes, genetic variants in the ACC circuitry (Hong et al., 2010)
and morphological features of the ACC (Cheetham et al., 2014;
Mashhoon et al., 2014) can increase relapse risk. Therefore, the ob-
served connectivity difference in the ACC for AUD patients may
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representmaladaptations of functional connections from the ACC to ex-
ternal and internal attention circuitry described above.

While the ACC is a well-studied region in addiction circuitry, emerg-
ing evidence suggests that the PCC also plays a role in addiction and re-
lapse (Jasinska et al., 2014; Ma et al., 2011). In task-based studies, PCC
activity has been shown to differ in response to drug cues (Chase et
al., 2011; Engelmann et al., 2012) and has been linked with relapse in
cocaine addicts (Kosten et al., 2005) and tobacco users (Loughead et
al., 2015). Connectivity studies of AUD patients compared to controls
have also shown altered PCC connectivity (Chanraud et al., 2011;
Müller-Oehring et al., 2015). Together, these results provide further ev-
idence that alterations in the PCC are a core component in addiction and
relapse.

The PCC plays a crucial role in adjusting behaviors in reward contin-
gencies (Pearson et al., 2011) such as the presentation of alcohol cues. In
our study, only the contrasts involving alcohol cues predicted subse-
quent relapse,whereby smaller differences in PCC connectivity between
the alcohol condition and the stress conditions indicated greater risk of
relapse (Fig. 3). The PCC connectivity was also reduced in the alcohol
compared to neutral condition (Fig. 1) in the AUD subjects. This result
may indicate an impaired ability tomake flexible PCC connections in re-
sponse to different emotional stimuli and difficulties with adjusting al-
cohol-related behaviors (e.g., craving, urge to drink) in AUD
individuals, thereby increasing risk of relapse.

In particular, AUD patients appear to have altered cingulate connec-
tivity to the alcohol and stress cue. Our group contrast results from the
second study show that AUDpatients respond to alcohol and stress cues
in a differentmanner thanHCparticipants, but connectivity patterns are
similar to HC participants for neutral cue conditions. Alcohol cues elicit
reward responses in the brain (Gilman et al., 2008). Studies have report-
ed alcohol-related neuroadaptive changes in the brain circuits of alcohol
dependent individuals (Breese et al., 2011), such that continued alcohol
abuse increases incentive salience toward alcohol stimuli by altering the
neural connectivity in reward and salience circuits (Robinson and
Berridge, 2008). Together, our findings of reduced cingulate connectiv-
ity specific to alcohol cue in AUD patients suggest that prolonged alco-
hol consumption in AUD individuals may sensitize and alter cingulate
connectivity in response to alcohol cues, probably resulting from their
incentive salience to alcohol-associated stimuli. Further, our findings
suggest that AUD patients with cingulate connectivity most similar to
HC participants appear to have the most favorable relapse outcomes,
emphasizing the crucial role of intact cingulate connectivity in main-
taining alcohol abstinence.

Taken together, the current study using the ICD analysis sheds new
light on the understanding of alcoholismbyproviding neural connectiv-
ity evidence thatmay underlie brain activity patterns using convention-
al task-based fMRI method. We report that that altered cingulate
connectivity significantly contribute to alcohol-related pathology that
is also significant for clinical outcomes of early relapse risk. Our prior
task-based study identified hyperactivity in the vmPFC and parietal cor-
tex (including the precuneus) during neutral states as key predictors of
early relapse (Seo et al., 2013). The vmPFC and parietal lobes are ana-
tomically interconnected with the cingulate cortex with the former
more connected with the ACC and the latter with the PCC (Beckmann
et al., 2009). Excessive connectivity during neutral states in the cingu-
late cortex may result in increased information transfer and processing,
which may lead to hyper-reactivity in these regions. These results sug-
gest that alcoholism may be characterized by abnormal activity in the
medial PFC and precuneus (Seo et al., 2013), with underlying altered
cingulate connectivity that bridges between these regions. Our finding
highlights the importance of using ICD in understanding more compre-
hensive picture of alcohol pathology.

This study has several strengths including well-matched groups,
successful prospective follow-up of AUD patients 90 days post-dis-
charge from treatment, a well-validated individualized imagery task,
and a novel, voxel-wise data-driven connectivity method. This study
also has several limitations including a largely male population, the
lack of pre-treatment connectivity data, and the lack of resting-state
fMRI data. Sex differences in connectivity (Scheinost et al., 2015) and
cue reactivity (Seo et al., 2011) exist in healthy individuals, and, thus,
may mask subtle changes in AUD connectivity. Research suggests that
nicotine use can alter network dynamics of the cingulate in possibly
similar ways (Cole et al., 2010; Lerman et al., 2014; Sutherland et al.,
2012). Given the extensive comorbidity between alcohol and nicotine
addiction found in general and clinical populations as well as in current
study, it may be difficult to fully disentangle effects of alcohol depen-
dency from effects of nicotine usage. However, it should be noted that
the current study included smoking status as a covariate, and within
the AUD group, cingulate connectivity predicted early relapse, suggest-
ing a significant contribution of chronic alcohol abuse over and above
nicotine effects with important clinical implication for alcohol addiction
pathology. Comparisons of pre- and post-treatment data with paired
connectivity methods (Scheinost et al., 2014b) could improve
connectivity's predictive power of relapse and the assessment of treat-
ment efficacy. Unlike standard block or event-related imagery para-
digms, our imagery paradigm included two 2.5-min blocks of
continuous imagery data providing a sufficient amount of data for ro-
bust data-driven connectivity analyses. While this approach could be a
strength allowing for the exploration of the neurobiology of relapse
due to alcohol and stress cues, task-based fMRI studies can be limited
in a clinical setting (Constable et al., 2013). Future studies should addi-
tionally examine resting-state connectivity to more comprehensively
understand the clinical profile of alcohol addiction.

5. Conclusions

Functional connectivity of the cingulate cortex was identified as a
key factor in the neurobiological response to alcohol and stress cues in
AUDpatients and amarker of later relapse. Alterations in the connectiv-
ity of the cingulate and future relapse predictions were revealed natu-
rally from this data-driven analysis without the need for a priori seed
or network definitions. Our results point to a potentially promising fu-
ture of voxel-wise connectivity as amarker of relapse and for improving
our understanding of this important disorder.
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