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15). Assessing volumes in specifi c regions of the amyg-
dala, hippocampus, and ventral striatum after only 1 week 
of alcohol abstinence, Wrase and colleagues (16) recently 
reported smaller amygdala volumes in relapsed compared 
with abstinent alcoholics. While this previous research sug-
gests a role for alcohol-related brain atrophy in the chronic, 
relapsing nature of the illness, no previous study has 
assessed whether brain volumes during sustained alcohol 
abstinence are predictive of time to alcohol relapse.

In this study, building on previous research, we assessed 
gray matter volumes using automated segmentation 
and registration of high-resolution MR structural brain 
images; a whole-brain analysis implemented voxel-based 
morphometry to assess gray matter volume differences 
of alcohol-dependent men and women receiving inpa-
tient treatment after 1 month of abstinence, as compared 
with social-drinking healthy comparison subjects. All 
alcohol-dependent patients were then followed prospec-
tively with face-to-face interviews at 14, 30, and 90 days 
after discharge from inpatient treatment to assess alcohol 

The mechanisms underlying the chronic, relaps-
ing nature of alcoholism are not well understood. Several 
medications are effi cacious in the treatment of alcoholism 
and in initiating abstinence (1), but more than two-thirds 
of alcohol-dependent individuals return to drinking within 
weeks or months of initiating recovery (2, 3). While psycho-
social factors contribute to relapse susceptibility (2), there 
is increasing interest in the neurobiological markers that 
account for the chronic, relapsing nature of the illness.

Previous evidence clearly indicates chronic alcohol-
related neurotoxicity and brain atrophy. MRI studies exam-
ining lobular volumes or regions of interest fi nd smaller 
volumes most consistently in the cortical gray matter of 
the frontal lobes or fronto-temporal region (4–6) but also in 
posterior cortical regions (7, 8), subcortical regions (7), and 
the cerebellum (9). Whole-brain voxel-wise analyses sup-
port the existence of gray matter defi cits in each of the cor-
tical lobes (10–13), the thalamus, and the cerebellum (11, 
12). More severe gray matter defi cits have been reported 
in alcoholics who relapse than in those who abstain (14, 
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Objective: Alcoholism is associated with 
gray matter volume defi cits in frontal and 
other brain regions. Whether persistent 
brain volume defi cits in abstinence are 
predictive of subsequent time to alcohol 
relapse has not been established. The 
authors measured gray matter volumes 
in healthy volunteers and in a sample of 
treatment-engaged, alcohol-dependent 
patients after 1 month of abstinence and 
assessed whether smaller frontal gray 
matter volume was predictive of subse-
quent alcohol relapse outcomes.

Method: Forty-fi ve abstinent alcohol-
dependent patients in treatment and 50 
healthy comparison subjects were scanned 
once using high-resolution (T1-weighted) 
structural MRI, and voxel-based morphom-
etry was used to assess regional brain 
volume differences between the groups. 
A prospective study design was used to 
assess alcohol relapse in the alcohol-de-
pendent group for 90 days after discharge 
from 6 weeks of inpatient treatment.

Results: Signifi cantly smaller gray mat-
ter volume in alcohol-dependent patients 
relative to comparison subjects was seen 
in three regions: the medial frontal cor-
tex, the right lateral prefrontal cortex, 
and a posterior region surrounding the 
parietal-occipital sulcus. Smaller medial 
frontal and parietal-occipital gray matter 
volumes were each predictive of shorter 
time to any alcohol use and to heavy 
drinking relapse.

Conclusions: These fi ndings are the fi rst 
to demonstrate that gray matter volume 
defi cits in specifi c medial frontal and pos-
terior parietal-occipital brain regions are 
predictive of an earlier return to alcohol 
use and relapse risk, suggesting a signifi -
cant role for gray matter atrophy in poor 
clinical outcomes in alcoholism. Extent of 
gray matter volume defi cits in these re-
gions could serve as useful neural mark-
ers of relapse risk and alcoholism treat-
ment outcome.
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tinued abstinence. During week 1, patients underwent an initial 
medical evaluation and provided demographic data and a psy-
chosocial history. During week 2, they were interviewed using the 
Structured Clinical Interview for DSM-IV (19) to assess psychiat-
ric and substance use diagnoses. Baseline alcohol-related assess-
ments, including alcohol use for the 90 days preceding admission, 
were also conducted. Patients underwent a single structural MRI 
scan after 1 month of alcohol abstinence during their inpatient 
treatment stay (the mean time abstinent at the time of MRI scan-
ning was 35.12 days [SD=7.3] for the alcohol-dependent group 
and 44.26 days [SD=30.42] for the comparison group).

Healthy comparison subjects completed demographic, diag-
nostic, and alcohol-related assessments in the course of two to 
three baseline assessment appointments and were then admitted 
for a 3-day hospital stay at the Yale General Clinical Research Cen-
ter at Yale-New Haven Hospital for participation in a laboratory 
study. Within 2 weeks after discharge, they underwent a single 
structural MRI scan (Figure 1).

MRI Data Acquisition and Preprocessing

Data for each participant consisted of one sagittally acquired 
high-resolution T

1
-weighted magnetization-prepared rapid gra-

dient echo scan (voxel size=1 mm3, fi eld of view=256×256, data 
acquisition matrix=256×256).

Image segmentation and registration were performed using, 
respectively, the segmentation algorithm (the New Segment pro-
cedure) and the DARTEL registration algorithm incorporated 
in the current release of Statistical Parametric Mapping (SPM8, 
Wellcome Department of Cognitive Neurology; http://www.fi l.
ion.ucl.ac.uk/spm). New Segment is an extension of the default 
Unifi ed Segmentation algorithm retained from SPM5 (20). Uni-
fi ed Segmentation combines tissue classifi cation, bias correction, 
and image registration steps in an iterative procedure. New Seg-
ment improves the registration model and includes additional 
tissue probability maps to better model CSF and other nonbrain 
voxels. DARTEL (21) is a high-dimensional, diffeomorphic regis-
tration algorithm that has performed well in a comparison of reg-
istration algorithms (22). With DARTEL we expected to increase 
registration accuracy, thereby increasing sensitivity and improv-
ing localization in our comparisons of alcohol-dependent and 
healthy comparison subjects.

As a fi rst processing step, to provide better initial estimates for 
the segmentation algorithm, the SPM8 Display function was used 
to manually set the image space origin to the anterior commissure 

relapse outcomes. We expected to fi nd gray matter volume 
defi cits in the alcohol-dependent relative to the healthy 
 comparison group and an association between gray 
matter volume defi cits and prior history of chronic alco-
hol abuse. Furthermore, because medial frontal regions 
play an important role in behavioral control and decision-
making functions that are likely to contribute to relapse 
risk (17, 18), we specifi cally hypothesized that gray matter 
volume defi cits in these regions would be independently 
predictive of shorter time to alcohol relapse.

Method

Participants

Forty-fi ve treatment-seeking individuals (35 men and 10 
women) 18–50 years of age who met DSM-IV criteria for current 
alcohol dependence were admitted to the Clinical Neuroscience 
Research Unit of the Connecticut Mental Health Center for 6 
weeks of inpatient treatment and participation in research. Fifty 
healthy comparison subjects (28 men and 22 women 18–50 years 
of age) were recruited from the community through local adver-
tisements. Comparison subjects consumed up to 25 alcoholic 
drinks per month (fewer than 7 drinks/week), had negative urine 
toxicology screens on admission to the study, and did not meet 
criteria for current or lifetime abuse or dependence for alcohol or 
any illicit drug. Alcoholic participants did not meet DSM-IV cri-
teria for current dependence on psychoactive substances other 
than alcohol or nicotine or for any other axis I disorder. Individu-
als taking any medication for medical or psychiatric problems 
were excluded from the study, and women were excluded from 
the study if they were using any hormone-based form of birth 
control or were peri- or postmenopausal. All participants under-
went a complete medical evaluation to ensure good physical 
health, and the study was approved by the Human Investigation 
Committee of the Yale University School of Medicine.

Procedures

Alcohol-dependent patients were admitted to the Clinical Neu-
roscience Research Unit, a locked, smoke-free inpatient treat-
ment research facility with limited access to visitors. All patients 
participated in specialized substance abuse treatment, and urine 
and breath tests were conducted at least weekly to ensure con-

FIGURE 1. Schedule of Procedures for Alcohol-Dependent Patients and Healthy Comparison Subjects in a Study of Gray 
Matter Volume and Time to Alcohol Relapsea
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a Alcohol-dependent patients had been in inpatient treatment and abstinent for at least 1 month at the time of MRI scanning. Comparison 
subjects were assessed within 2 weeks after a research hospital stay. Alcohol-dependent patients were prospectively followed after treatment 
and participated in face-to-face interviews 14, 30, and 90 days after discharge to assess alcohol relapse outcomes.



RANDO, HONG, BHAGWAGAR, ET AL.

Am J Psychiatry 168:2, February 2011  ajp.psychiatryonline.org 185

and align each image with the plane of the anterior and posterior 
commissures. Default settings were used for segmentation. No 
skull stripping was applied prior to segmentation.

Because manual segmentation is considered the gold standard 
for evaluating the quality of automated tissue classifi cation (see, 
for example, references 23 and 24), the resulting segmentations 
were validated visually (25, 26). Particular attention was given to 
the thickness of the cortical surface, which was compared visually 
to each participant’s native space image as well as to a published 
report of cortical thickness (27). Gray matter segmentation dem-
onstrated appropriate face validity in all images.

The segmentation procedure produced rigid-body aligned tis-
sue segments for each image. The gray and white matter segments 
were input into DARTEL. DARTEL registers the tissue segments to 
a template generated from their own mean. Because these images 
have been warped to the space of the mean image, an additional 
step normalized the warped images to Montreal Neurological 
Institute template space. The default parameter settings were 
also used in the DARTEL registration, which include resampling 
to 1.5-mm3 voxels to reduce memory demands for the large num-
ber of parameters estimated by the registration algorithm. Final 
outputs were modulated gray matter segments (1.5-mm3 voxels) 
smoothed using an 8-mm Gaussian fi lter. Gaussian smoothing 
reduces the effects of residual misregistration on potential group 
differences and reduces departures from normality that may 
occur at some voxels (28).

Prospective Follow-Up Interviews

On discharge from the inpatient unit, all alcohol-dependent 
participants were given appointments for follow-up interviews 
14, 30, and 90 days after discharge. Reminders were sent the 
week before each appointment. Alcohol use was assessed at 
each appointment using the timeline follow-back method (29, 
30) on the Substance Use Calendar (31), an instrument that has 
been validated in drug-abusing samples (32) and widely used in 
assessing alcohol use outcomes in treatment research (33). Urine 
samples (to assess for the alcohol metabolite ethyl glucuronide, 
detectable for approximately 80 hours after alcohol consump-
tion) and breath samples were also obtained at each follow-up 
appointment. In addition, patients provided permission to con-
tact three individuals close to them who had knowledge of their 
alcohol use, to obtain collateral information in the event that the 
patients were lost to follow-up. Of the 45 patients who completed 
the MRI scan, one patient was lost to follow-up and not included 
in the relapse analyses. Two patients attended the 14- and 30-day 
follow-up interviews but not the 90-day follow-up, and both had 
relapsed by day 30. Two patients attended only the 14-day follow-
up, and collateral information on alcohol use was obtained for 
the missing follow-up period. Overall, follow-up rates were 98% 
at day 14, 93% at day 30, and 89% at day 90.

To capture both initial relapse (any use) and relapse to heavy 
alcohol use (34), relapse was examined using dichotomous vari-
ables of any use (no use versus any use) and heavy alcohol use 
(5 drinks per occasion for men and 4 drinks per occasion for 
women versus no return to heavy drinking). Data on alcohol use 
were computed using the follow-up Substance Use Calendar, col-
lateral information, and urine and breath test results. Based on 
these data, two relapse outcome measures were computed: time 
to relapse was defi ned as the fi rst day of any alcohol use after 
discharge from inpatient treatment; and time to relapse to heavy 
drinking was defi ned as the fi rst day of heavy drinking (5 drinks 
for men and 4 drinks for women).

Data Analysis

Statistical parametric maps were created in SPM8 to perform 
between-group comparisons using the smoothed, modulated, 
normalized gray matter tissue segments output by DARTEL. 

A general linear model was created with diagnostic group (alco-
hol-dependent patients or comparison subjects) as the factor of 
interest. Covariates included age, sex, and estimated total intra-
cranial volume, which was calculated by summing voxel-wise the 
native space gray, white, and CSF segments for each subject. The 
analysis compared gray matter volume differences adjusted for 
age effects, as well as the infl uence of sex and individual differ-
ences on global brain size.

The whole-brain statistical analysis was conducted using ran-
dom fi eld-based cluster-size testing (35) and family-wise error 
rate correction for multiple comparisons. The cluster-size test 
increases sensitivity, relative to voxel intensity-based tests, for 
spatially extended signals (36), and low thresholds increase the 
power of these tests for signals of large spatial extent (37). The 
analysis of cluster extent also better characterizes the spatially 
distributed nature of group differences within spatially smoothed 
data (38). Clusters were formed from contiguous voxels exceeding 
an uncorrected one-tailed threshold of p<0.025. The family-wise 
error-corrected threshold for signifi cant cluster size was set at a 
one-tailed p<0.025.

To examine whether specifi c gray matter volume defi cits are 
predictive of alcohol relapse outcomes, signifi cant clusters of gray 
matter volume differences between the alcohol-dependent and 
comparison groups identifi ed in SPM analyses were converted 
to masks to extract gray matter volume measures for each region 
of interest using MarsBar (http://marsbar.sourceforge.net). 
The region-of-interest masks and ImCalc (in SPM8) were used 
to extract the modulated gray matter voxels within each mask. 
A MATLAB script (MathWorks, Natick, Mass.; G. Ridgway, 2008, 
http://www.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m) 
totaled gray matter volume (in milliliters) for each subject within 
each signifi cant cluster.

Baseline demographic characteristics, depressive symptoms, 
and alcohol use measures were examined for signifi cant associa-
tions with specifi c regions with gray matter volume differences 
observed in the alcohol-dependent relative to the comparison 
group and whether they were associated with measures of alco-
hol relapse. If any demographic characteristic, depressive symp-
tom, or alcohol use measure was signifi cantly associated with 
the relapse outcome measures, it was included as a covariate to 
examine the independent association between specifi c regional 
gray matter volume measures and the specifi c alcohol relapse 
measure. Time to relapse (any alcohol use) and time to relapse 
to heavy drinking were the two dependent measures examined 
using Cox proportional hazards regression (39).

Results

There were no differences between the alcohol-depen-
dent and healthy comparison groups in sex, race, and 
lifetime prevalence of mood and anxiety disorders. The 
patient group was older on average and had a lower mean 
IQ than the comparison group (Table 1), and these mea-
sures were included as covariates in the group differ-
ence analyses and in the relapse prediction analyses. As 
expected, the patient group also had a signifi cantly higher 
mean number of days of alcohol use, a greater mean num-
ber of drinks per day, and a greater mean number of years 
of alcohol use.

Group Differences in Voxel-Based Morphometric 
Analyses

As shown in Table 2 and Figure 2, the alcohol-depen-
dent group showed signifi cantly lower gray matter volume 
than the comparison group in three regional clusters: the 
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cuneus regions and the posterior cingulate (family-wise 
error p<0.009, cluster size=6,886 voxels). Montreal Neuro-
logical Institute space coordinates from SPM output were 
converted to Talairach coordinates (40) using the Non-
linear Yale Montreal Neurological Institute to Talairach 
Conversion Algorithm (41). Anatomical regions for coor-
dinates within signifi cant clusters were identifi ed using 
the Automated Anatomy Library (42) for Montreal Neuro-
logical Institute space and confi rmed using the Talairach 

lateral prefrontal cortex, including the right dorsolat-
eral and inferolateral prefrontal cortex (family-wise error 
p<0.004, cluster size=8,060 voxels); a medial frontal cluster 
including the dorsal anterior cingulate gyrus, the medial 
and lateral superior frontal gyrus (including the supple-
mentary and presupplementary areas), the middle fron-
tal gyrus, and the posterior cingulate gyrus (family-wise 
error p<0.013, cluster size=6,513 voxels); and a parietal 
and occipital cortex cluster including the precuneus and 

TABLE 2. Regions Within Gray Matter Volume Clusters in Which Alcohol-Dependent Patient Volumes < Healthy Comparison 
Subject Volumesa

Cluster pb
Voxels in 
Cluster

Cluster 
Volume (ml) Brodmann’s Areas

Lateral prefrontal: inferior frontal gyrus, middle frontal gyrus, 
 superior frontal gyrus

0.004 8,060 27.20 10, 11, 45, 46

Parietal-occipital: precuneus, cuneus, posterior cingulate gyrus 0.009 6,886 23.24 17, 18, 19, 23/31
Medial frontal: paracentral lobule, superior frontal gyrus, 
 anterior cingulate gyrus

0.013 6,513 21.98 5, 6, 24/32

a Using the Nonlinear Yale MNI to Talairach Conversion Algorithm (41).
b Family-wise error rate cluster p value.

TABLE 1. Demographic and Clinical Characteristics of Alcohol-Dependent Patients and Healthy Comparison Subjects in a 
Study of Gray Matter Volume and Time to Alcohol Relapse

Characteristic Alcohol-Dependent Patients (N=45) Healthy Comparison Subjects (N=50)

N % N %
Male 35 77.8 28 56.0
Caucasian 30 66.7 28 56.0
Lifetime prevalence of psychiatric disorders
 Any mood disorder  6 13.3  3  6.0
 Any anxiety disorder  4  8.9  2  4.0

Mean SD Mean SD
Agea (years)  38.20   7.74   31.14   9.04
Estimated IQb     108.4   8.77 115.3   7.13
Prior alcohol use
 Baseline days of alcohol use per montha  19.38   9.46    4.12   5.33
 Number of drinks per montha 390.82 286.60   10.95   8.34
 Number of drinks per daya  15.54   8.75    2.22   1.38
 Years of alcohol usea  18.62   8.65    8.36   8.52
a Alcoholic patients > comparison subjects, p<0.0001.
b Alcoholic patients < comparison subjects, p<0.0003.

FIGURE 2. Signifi cant Clusters of Gray Matter Volume Defi cit in Alcohol-Dependent Patients Relative to Healthy Compari-
son Subjectsa
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a Family-wise error p<0.025. Panel A shows the right lateral prefrontal cortex with crosshairs at Montreal Neurological Institute (MNI) coordi-
nates x=51, y=40, z=19 (Brodmann’s area 46; dorsolateral prefrontal cortex). Panel B shows the medial frontal cortex with crosshairs at MNI 
coordinates x=–5, y=1, z=50 (Brodmann’s area 24; anterior cingulate gyrus). Panel C shows the posterior region, including the area surround-
ing the parietal-occipital sulcus, with the crosshairs at MNI coordinates x=8, y=–58, z=18 (Brodmann’s area 31; posterior cingulate). These 
results were overlaid on the SPM template single_subj_T1 in MNI space. Only statistically signifi cant clusters are displayed.
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medial frontal cluster (hazard ratio=0.52) and in the pari-
etal-occipital cluster (hazard ratio=0.52), there was a 48% 
increase in risk of earlier relapse. Similarly, for relapse to 
heavy drinking, Cox proportional hazards regression anal-
yses indicated that gray matter volume was signifi cantly 
associated with time to relapse to heavy drinking in the 
medial frontal cluster (χ2=4.66, df=5, 44, p<0.04; hazard 
ratio=0.56, 95% CI=0.33–0.95) and the parietal-occipital 
cluster (χ2=7.56, df=5, 44, p<0.006; hazard ratio=0.55, 
95% CI=0.36−0.84) and fell short of signifi cance in the 
lateral frontal cluster (χ2=2.91, df=5, 44, p<0.09; hazard 
ratio=0.74, 95% CI=0.52–1.05). Smaller gray matter vol-
ume in the medial frontal and the parietal-occipital clus-
ter predicted shorter time to relapse to heavy drinking (by 
44% and 45%, respectively). Figure 3 illustrates the esti-
mated survival functions for the gray matter volume mean 
and the mean plus one and two standard deviations in 
either direction for the medial frontal cluster (Figure 3A) 
and the parietal occipital cluster (Figure 3B) with covari-
ates kept constant.

In addition, nonparametric receiving operator charac-
teristic (ROC) analysis was applied to assess the sensitiv-
ity and specifi city with which gray matter volume for each 
of the three region clusters identifi ed those who relapsed 
compared with those who did not. The ROC curves for the 
medial frontal, lateral frontal, and parietal-occipital clus-
ters are shown in Figure 3C. Logistic regression analyses 
indicated signifi cant probabilities for classifying those 
who relapsed and those who did not for each of the three 
regions, along with the optimal cutoff values for gray mat-
ter volume for each cluster.

Discussion

Our fi ndings in this study indicate signifi cantly smaller 
gray matter volume in medial frontal, lateral prefrontal, 
and posterior parietal-occipital regions of the brain in a 
sample of alcohol-dependent patients engaged in inpa-
tient treatment after 1 month of abstinence relative to 
healthy comparison subjects. The observed gray matter 
volume defi cits were located in the medial frontal cor-
tex, including the medial frontal gyrus and the anterior 
cingulate gyrus, but extending laterally in the superior 
and middle frontal gyri, the lateral prefrontal regions, 
primarily including the dorsolateral and inferolateral pre-
frontal cortex, and lastly a posterior region centered on 
the parietal-occipital sulcus, overlapping the precuneus, 
cuneus, and posterior cingulate regions. No areas were 
found in which the alcohol-dependent sample had larger 
gray matter volume than the comparison group. These 
results are consistent with previous studies and provide 
further evidence of gray matter volume reductions in 
1-month abstinent recovering alcoholics relative to com-
parison subjects. Modest signifi cant correlations were also 
observed between volume defi cit in alcoholic patients and 
number of years of alcohol use and between volume def-

Daemon (43) for Talairach space within the WFU (Wake 
Forest University) PickAtlas (44). No clusters were found 
for which volumes in the alcohol-dependent group were 
signifi cantly larger than in the comparison group.

Correlation of Regional Volume Differences With 
Baseline Alcohol Use Measures

After controlling for sex, a signifi cant negative correla-
tion was observed between volume in the medial frontal 
cluster and both the number of years of alcohol use (r=
−0.38, df=42, p<0.01) and the number of days of alcohol 
use during the 90 days preceding treatment (r=−0.32, 
df=42, p<0.03). Volume in the lateral prefrontal cluster 
also correlated signifi cantly with both the number of years 
of alcohol use (r=−0.32, df=42, p<0.03) and the number of 
days of alcohol use during the 90 days preceding treat-
ment (r=−0.32, df=42, p<0.03). No signifi cant correlations 
were observed between gray matter volume in the pari-
etal-occipital cluster and baseline alcohol use measures.

Relapse Rates

Alcohol use information pooled from the Substance 
Use Calendar, urine and breath test results, and collateral 
information indicated that relapse rates were 25% (11/44) 
at day 14, 43% (19/44) at day 30, and 68% (30/44) at day 90.

Regional Volume Difference and Prediction of 
Relapse Outcomes

Age, IQ , gender, and years of education as well as clini-
cal variables such as lifetime mood disorders, lifetime 
anxiety disorders, depressive symptom scores on the Beck 
Depression Inventory, lifetime years of alcohol use, and 
baseline alcohol use measures (total use, number of days 
of use, and amounts per occasion of use) were assessed 
independently for prediction of relapse using propor-
tional hazard regression models. Greater number of years 
of alcohol use (χ2=6.37, df=1, 44, p<0.01; hazard ratio=1.06, 
95% CI=1.01–1.11) and greater amount of total alcohol 
use in the baseline 90-day period (χ2=4.24, df=1, 44, p<0.04; 
hazard ratio=1.001, 95% CI=1.00–1.001) were each signifi -
cantly predictive of shorter time to alcohol relapse. Vari-
ables that predicted shorter time to relapse but fell short 
of statistical signifi cance included higher age (χ2=2.66, 
df=1, 44, p<0.10; hazard ratio=1.04, 95% CI=0.99–1.09) and 
lower IQ (χ2=2.64, df=1, 44, p<0.10; hazard ratio=0.97, 95% 
CI=0.93–1.01).

After controlling for age, IQ, years of alcohol use, and 
total alcohol use in the 90 days preceding inpatient treat-
ment, smaller gray matter volume remained signifi cantly 
predictive of shorter time to relapse for the medial frontal 
cluster (χ2=6.7, df=5, 44, p<0.009; hazard ratio=0.52, 95% 
CI=0.31–0.85) and the parietal-occipital cluster (χ2=9.28, 
df=5, 44, p<0.002; hazard ratio=0.52, 95% CI=0.34−0.79). 
Smaller gray matter volume fell short of signifi cance for 
the lateral frontal cluster (χ2=4.74, df=5, 44, p<0.06; hazard 
ratio=0.68, 95% CI=0.48–0.96). The hazard ratios indicated 
that for each 1-ml reduction in gray matter volume in the 
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FIGURE 3. Estimated Survival Risk Functions and Receiver Operating Characteristic Curves for Gray Matter Volumes in 
Specifi c Signifi cant Brain Regions in Alcohol-Dependent Patients (N=44)a
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a Panels A and B present estimated survival risk functions (with mean age, IQ, and baseline total amount of alcohol consumed held constant) for 
mean gray matter volumes as well as for volumes one and two standard deviations above and below the mean for the medial frontal cluster 
(panel A; cluster χ2=6.7, p<0.009; hazard ratio=0.52, 95% CI=0.31–0.85) and the parietal-occipital cluster (panel B; χ2=9.28, p<0.002; hazard 
ratio=0.52, 95% CI=0.34-0.79). Although the survival function was a 90-day analysis, the graphs are cut off at day 60 because all alcohol-
dependent patients with gray matter volumes two standard deviations below the mean for each of the two regions relapsed by day 60. For 
patients with volumes two standard deviations above the mean in the medial frontal cluster, the estimated survival function at day 60 spans 
a 0.68 (68%) proportion of surviving relapse, and for those with volumes two standard deviations above the mean in the parietal-occipital 
cluster, a 0.66 (66%) proportion, whereas for patients with volumes two standard deviations below the mean, the estimated survival function 
at day 60 for both regions spans only a 0.02% chance of surviving relapse. Panel C shows receiver operating characteristic (ROC) curves for the 
medial frontal (area under the curve=0.83; 95% CI=0.65–0.96), lateral frontal (area under the curve=0.75, 95% CI=0.55–0.89), and parietal-
occipital clusters (area under the curve=0.70, 95% CI=0.49–0.86). The optimal gray matter volume cutoff values are circled in the ROC curves 
for each of the three regions that best differentiated between those who relapsed and those who did not (medial frontal cluster: χ2=7.04, 
df=1, 44, p<0.008; odds ratio=0.25, 95% CI=0.09–0.70; correctly classifi ed 80% of relapsers at a 93.3% sensitivity and 50% specifi city; optimal 
cutoff value=8.41; lateral frontal cluster: χ2=4.23, df=1, 44, p<0.04; odds ratio=0.56, 95% CI=0.32–0.97; correctly classifi ed 71% of relapsers 
at a 83.3% sensitivity and 42.9% specifi city; optimal cutoff value=10.6; parietal-occipital cluster: χ2=3.86, df=1, 44, p<0.05; odds ratio=0.47, 
95% CI=0.22–0.99; correctly classifi ed 66% of relapsers at a 90% sensitivity and 14.3% specifi city; optimal cutoff value=10.4).



RANDO, HONG, BHAGWAGAR, ET AL.

Am J Psychiatry 168:2, February 2011  ajp.psychiatryonline.org 189

the entire sample when compared to the low-impulsivity 
participants. It is possible that overall gray matter volume 
loss in Brodmann’s area 24/32, as well as the degree of gray 
matter recovery during abstinence, may have an effect on 
impulse control and risk of relapse. The presupplemen-
tary (Brodmann’s area 6) and supplementary motor areas 
are involved in switching response sets when task rules 
change (thus altering a stimulus-response association) 
but also in error and confl ict processing. Humans with 
lesions in these regions demonstrate impaired switching 
between response sets (54), which could result in diffi cul-
ties in adaptively responding to alcohol cues in the envi-
ronment and thus an elevated risk of relapse.

Although not hypothesized, we also found signifi cantly 
smaller gray matter volume in the alcohol-dependent 
group in a region surrounding the parietal-occipital sul-
cus and extending anteriorly into the posterior cingulate 
gyrus. Gray matter volume defi cits relative to comparison 
subjects have been previously observed in the parietal 
and occipital lobes of long-term abstinent alcoholics (6 
months to 21 years [55]). Our alcohol-dependent sample 
had been abstinent for 1 month at the time of their imag-
ing sessions, so our fi nding is consistent with evidence of 
persistent defi cits in posterior gray matter volume. The 
impact of dysfunction in parietal-occipital areas on alco-
hol use and relapse is unclear. However, in a functional 
MRI study (56), abstinent alcohol-dependent patients 
showed signifi cantly lower activation to visual stimuli in 
the occipital lobes bilaterally. In a study using multiple 
regression analyses to examine the relative contributions 
of tasks assessing visuoperceptual processes, explicit 
declarative memory, and frontal executive function in the 
performance of a visuoperceptual learning task (57), the 
results suggested that male alcoholics invoked executive 
processes to perform at normal levels, while male control 
subjects used basic visuoperceptual processes. Alcohol-
dependent individuals therefore may be using frontal 
executive processes to compensate for defi cits in visual 
processing. Interestingly, the authors suggested that the 
ineffi cient use of higher executive processes to perform a 
low-level cognitive task could leave insuffi cient reserves 
of higher-level attentional capacity available for addi-
tional cognitive demands. To the extent that these exec-
utive processes are unavailable to alcohol-dependent 
individuals because they are being used to compensate 
for defi cits in visual processing, the resources neces-
sary to exert cognitive control may be unavailable, thus 
increasing vulnerability to alcohol use. Our fi nding that 
reduced gray matter volume in visual processing areas 
of alcohol-dependent subjects predicted shorter time to 
relapse is consistent with this explanation. The fact that 
smaller gray matter volume in this region predicted alco-
hol relapse outcomes suggests a need to examine struc-
tural and functional atrophy in this region more closely 
in both those at risk for alcohol dependence and those at 
greatest risk of relapse.

icit and baseline number of days of alcohol use prior to 
treatment. More importantly, using a prospective follow-
up study design and after controlling for the infl uence of 
demographic variables (age and IQ) and alcohol use his-
tory variables (years of alcohol use and total amount of 
alcohol used for the 90-day period preceding treatment), 
smaller gray matter volume in the medial frontal cluster 
and the posterior-occipital cluster were each predictive of 
shorter time to any alcohol relapse and to heavy drinking 
relapse. In addition, the medial frontal cluster most accu-
rately classifi ed relapsers versus nonrelapsers at 80%, with 
a sensitivity of 93.3% and a specifi city of 50%.

In support of our hypothesis, our fi ndings indicated 
that smaller gray matter volume within two regions of 
medial frontal cortex cluster—the dorsal anterior cingu-
late (Brodmann’s area 24/32) and the presupplementary 
(Brodmann’s area 6) and supplementary motor regions—
was predictive of shorter time to relapse and greater 
relapse risk in the alcohol-dependent sample. The medial 
frontal cortical regions are involved in cognitive control 
with top-down processing of sensory inputs, internal 
states, thoughts, and actions that guide behavior in pur-
suit of internal goals (45). Cognitive control makes pos-
sible fl exible, adaptive task-relevant behavior when more 
automatic responses are inadequate or inappropriate in 
the interest of long-term goals. Effective cognitive control 
therefore transcends habitual stimulus-response asso-
ciations (46). Although this study did not establish a link 
with functional impairment, the volume defi cits in the 
medial frontal cortical cluster would suggest disruption 
of cognitive control functions associated with atrophy 
in these regions. Greater atrophy in these brain regions 
could therefore weaken a recovering alcohol-dependent 
patient’s ability to override strong, habitual responses to 
environmental cues, stress, or otherwise cognitively chal-
lenging situations and increase his or her susceptibility to 
relapse, as observed with the association between brain 
atrophy in this region and relapse risk.

More specifi cally, the dorsal-caudal region of the ante-
rior cingulate (Brodmann’s area 24), which was part of 
the medial frontal cortex cluster that predicted alcohol 
relapse, makes up the anterior cingulate cognitive division 
(47). Evidence suggests a role for the anterior cingulate 
cognitive division in maintaining attention to goal-rele-
vant stimuli when distracting stimuli confl ict with these 
goals (48), and the inhibition of incorrect actions or facili-
tation of correct responses (49). Defi cits in these execu-
tive functions are characteristic of poor impulse control 
(50) and are known to occur with addiction (51). Altered 
impulse control has been observed in recently abstinent 
alcohol-dependent individuals (52). In a recent study 
using low-resolution brain electromagnetic tomography 
(53), abnormalities in Brodmann’s areas 24 and 32, as 
measured by reduced visual P3 amplitudes, were observed 
in alcohol-dependent patients relative to comparison 
subjects, and in the high-impulsivity participants from 
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this study is the fi rst to link gray matter volume defi cits in 
a sample of treatment-receiving alcoholics early in absti-
nence to subsequent time to relapse, and to provide pre-
dictive estimates of relapse risk. The fi ndings provide clear 
evidence that smaller gray matter volumes in specifi c 
medial frontal and posterior brain regions play an impor-
tant role in alcoholism relapse risk and clinical outcome.
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