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Abstract

Background and Aims—Young adults show the highest rates of escalating drinking, yet the
neural risk mechanisms remain unclear. Heavy drinkers show variant functional magnetic
resonance imaging (fMRI) blood oxygen level-dependent (BOLD) response to alcohol cues,
which may presage increasing drinking. In this longitudinal study, we ascertained whether BOLD
response to alcohol pictures predicted subsequent heavy drinking among college students.

Methods—~Participants were forty-three 18- to 21-year-olds in the United States who underwent
BOLD scanning and completed monthly substance use surveys over the following year.
Participants were categorized according to baseline and follow-up drinking into 13 continuously
moderate drinkers, 16 continuously heavy drinkers, and 14 transitioners who drank moderately at
baseline but heavily by follow-up. During fMRI scanning at baseline, participants viewed alcohol
and matched non-alcohol beverage images.

Results—We observed group differences in alcohol cue-elicited BOLD response in bilateral
caudate, orbitofrontal cortex, medial frontal cortex/anterior cingulate and left insula
(clusters>2619ml, voxel-wise F(2,40)>3.23, p<.05, whole-brain corrected p<.05), where
transitioners hyperactivated compared with moderate and heavy drinkers (all Tukey p<.05).
Exploratory factor analysis revealed a single brain network differentiating those who subsequently
increased drinking. Exploratory regressions showed that, compared with other risk factors (e.g.,
alcoholism family history, impulsivity), BOLD response best predicted escalating drinking
amount and alcohol-related problems.

Conclusions—Neural response to pictures of alcohol is substantially enhanced among United
States college students who subsequently escalate drinking. Greater cue-reactivity is associated
with larger increases in drinking and alcohol-related problems, regardless of other baseline factors.
Thus, neural cue-reactivity could uniquely facilitate identifying individuals at greatest risk for
future problematic drinking.
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Hartford, CT 06106, alecia.dager@yale.edu.
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fMRI Response to Alcohol Pictures Predicts Subsequent Transition to
Heavy Drinking in College Students

Method

Participants

In the United States, 18-25-year-olds show the highest prevalence of escalating alcohol
consumption and dependence (AD) (1). For instance, 16% of 21-year-olds disclose past-
month heavy drinking, a 5-fold increase from age 17 (1), and 6% of 18-25-year-olds report
past-year AD. It is critical to characterize the neurobiological features subserving
accelerating drinking during this vulnerable period.

Functional magnetic resonance imaging (fMRI) studies suggest neural indicators of AD risk
in reward-related and other brain regions. Non-dependent individuals with a family history
of AD under-activate during monetary reward anticipation, demonstrating altered reward
sensitivity that may underlie alcoholism liability (2, 3). Abnormal inhibition-related
activation is associated with AD risk (4) and predicts subsequent escalating drinking in
adolescents (5, 6). Impulsivity and reward sensitivity may interact in AD (7) further
perpetuating risk. However, these may be general risks for addictive behaviors, rather than
specific vulnerabilities for AD (8). Thus, exploring alcohol-related reward may provide
additional insight into alcoholism risk.

In response to alcohol cues, individuals with AD activate cue-reactive networks including
amygdala, anterior cingulate (ACC), ventromedial prefrontal cortex (VMPFC), ventral
striatum/nucleus accumbens, dorsal striatum, and orbitofrontal cortex (OFC) (9, 10) and this
feature may presage intensifying drinking. Our study of college students suggested that
neural cue-reactivity reflects personal drinking experience rather than pre-existing risks such
as alcoholism family history (11). Additionally, teenagers with AD exhibit similar cue-
induced activation as adults with AD (12). Together, these findings could indicate that cue-
reactivity develops early in the course of drinking, and may help predict accelerating use.
Indeed, greater cue-elicited brain response was associated with relapse following treatment
(13), highlighting the utility of cue-reactivity in predicting increasing drinking.
Alternatively, others suggest that social drinkers show stronger activation to alcohol cues
than non-dependent heavy drinkers (10, 14), signifying shifts in cue-reactivity as drinking
progresses. Characterizing neural response to alcohol cues across different phases of
drinking may improve models of addiction and provide a unique marker predicting
escalating drinking.

In this longitudinal study, we ascertained whether blood oxygen level-dependent (BOLD)
fMRI response to alcohol pictures predicted subsequent drinking among college students.
We hypothesized that moderate drinkers who transitioned to heavy drinking (transitioners)
would show greater baseline BOLD response to alcohol images than those who remained
continuously moderate drinkers within cue-reactive networks, including dorsal and ventral
striatum, VMPFC, and OFC. We also predicted that transitioners would show similar
activation as individuals who were continuously heavy drinkers.

Participants were first-year students from two local colleges, recruited via school email,
flyers, and classroom visits to participate in the Brain and Alcohol Research in College
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Students (BARCS) study (11). Participants provided written informed consent, approved by
the institutional review boards at Central Connecticut State University, Trinity College,
Hartford Hospital, and Yale University. A representative subset of 411 individuals, all free
from MRI contraindications, underwent neuroimaging, and 132 were randomly selected to
undergo alcohol cue-reactivity BOLD imaging. As part of the ongoing study, participants
completed online monthly substance use surveys. Participants in the current study were
selected from 63 individuals who completed =5 surveys during the year following scanning
and met additional exclusion criteria, including current schizophrenia or bipolar disorder,
history of seizures or significant head injury, <10 lifetime experiences with alcohol, not
meeting our criteria for drinking groups (described below), and excessive motion during
scanning (>4.5 mm displacement).

Participants were divided into three groups according to baseline and 12-month follow-up
drinking quantity and frequency, based on similar studies by our group and others (5, 11).
Baseline heavy drinking comprised binge drinking (=4 drinks/occasion for females, =5
drinks/occasion for males) =13 of the past 26 weeks, and averaging =30 drinks/month (7
drinks/week) in the 6 months before scanning. Baseline moderate drinking encompassed
binge drinking <13 of the previous 26 weeks, averaging <30 drinks/month, and never
meeting criteria for AD. Participants completed monthly online surveys detailing their
alcohol use; data from the year following scanning determined follow-up group. Congruent
with baseline designations, follow-up heavy drinking included =30 drinks and >4 binges in a
month. The final sample included 43 participants: (i) 13 moderate drinkers who drank
moderately at baseline and follow-up; (ii) 14 transitioners who drank moderately at baseline,
but heavily at follow-up; and (iii) 16 heavy drinkers, who drank heavily at baseline and
follow-up (Table 1).

Baseline measures—At baseline, we ascertained lifetime and past 6-month drinking and
dependence diagnoses using an in-house interview that incorporates questions from the
SSAGA (15) and the alcohol use module of the SCID (16), current and past DSM-IV
diagnoses of anxiety, psychotic, mood and other substance use disorders using the MINI
(17), family history of AD using the Family History Assessment Module (FHAM) (18),
cigarette smoking with the Fagerstrom Test of Nicotine Dependence (19), and handedness.
Mood during the month of scanning was assessed using the Spielberger State-Trait Anxiety
Index (STAI) (20) and Beck Depression Inventory (BDI) (21). At the scan, participants
provided urine toxicology samples, negative breathalyzer screens, and negative pregnancy
screens (females).

Follow-up measures—For one year following scanning, participants completed monthly
online surveys assessing alcohol and other drug use in the preceding month, including
number of drinking days, binges, and typical and maximum drinks/occasion. Drug use was
reported on a 6-point scale from “never” to “>20" uses for each of several drugs (marijuana,
cocaine, LSD, sedatives, stimulant medications, pain medications). Alcohol-related
consequences were assessed with items from the Brief Young Adult Alcohol Consequences
Questionnaire (BYAACQ) (22) on a 4-point scale indicating the number of times an
individual experienced hangovers, feeling sick, pass-outs, memory black-outs, missing class,
waking in unexpected places, impaired schoolwork, and needing a drink upon waking.
Participants also completed the STAI and BDI monthly.

Impulsivity is a significant risk for AD (8), and may influence cue-reactivity (23). We
obtained impulsivity measures we have linked to alcoholism risk and substance dependence
(2, 24-27). Based on our previous principal components analysis on a separate sample (24),
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we computed five factors: (i) “Self-reported behavioral activation” included the Behavioral
Inhibition System/Behavioral Activation System (28) drive, fun, and reward,; (ii) “Self-
reported compulsivity and reward/punishment sensitivity” comprised the Padua Inventory of
obsessive-compulsive symptoms (29) total and Sensitivity to Punishment and Sensitivity to
Reward Questionnaire (30) punishment and reward scores; (iii) “Self-reported impulsivity”
included the Barratt Impulsiveness scale (BIS-11) (31) attention, motor, and nonplanning
and Sensation Seeking Scale-Form V (32) total; (iv) “Behavioral temporal discounting”
included the Experiential Discounting Task (33) and Behavioral Inhibition System/
Behavioral Activation System inhibition score; and (v) “Behavioral risk taking” included the
Balloon Analog Risk Task (34) total pumps adjusted average.

Alcohol Pictures Task

The Alcohol Pictures Task (11, 35) comprised 22 alcohol and 22 non-alcohol beverage
images matched on valence, arousal, image complexity, brightness, and hue, with each
image presented twice (see Figure 1). There were 44 degraded stimuli serving as a visual
baseline. Each picture appeared for 1750ms with intermittent fixation periods (250-
4250ms). Total task length was 5:54. Participants indicated whether they liked, disliked, or
felt neutral about each image; ratings and reaction times were logged via fiber-optic
response box.

Image Acquisition

Functional images were collected axially with a Siemens 3T Allegra scanner using an
echoplanar image gradient-echo pulse sequence (TR/TE=1500/28m:s, flip angle=65°,
FOV=24x24cm, matrix=64x64, in-plane resolution=3.4x3.4mm, effective slice
thickness=5mm, 30 slices, whole-brain coverage). A sagittal T1 MPRAGE structural image
was also acquired (TR/TE/T1=2300/2.74/900msec, flip angle=8°, slab thickness=176mm,
FOV=176x256mm, matrix=176x256x176, voxel size=1mm3, pixel band-width=190Hz,
scan time=10:09).

Image Processing

Functional images were preprocessed and modeled in SPM5 (http://www.fil.ion.uCM.ac.uk/
spm/software/spmb5/). Images were slice-time corrected, realigned, spatially normalized to
Montreal Neurological Institute (MNI) space, resampled to 3x3x3mm voxels, and smoothed
with a 5mm full-width, half-maximum Gaussian filter. Participants with movement >4.5mm
were excluded. Events were modeled using a synthetic hemodynamic response function
comprising two gamma functions (36). BOLD response was modeled for alcohol images,
non-alcohol beverage images, and degraded images while covarying for motion and linear
trends. Individual datasets were transformed to Talairach space (37) in AFNI (38) for group
analysis.

Statistical Analyses

Demographic and Behavioral Analyses—Continuous demographic, behavioral,
drinking data and impulsivity factor scores were compared between groups using ANOVA
and post-hoc pairwise comparisons, Tukey-corrected at a.=.05. Categorical variables were
examined using pairwise Fisher exact tests, Bonferroni-corrected at a=.05. Group
differences in drinking at baseline (averaged over 6 months pre-scan) and follow-up
(averaged over 7-12 months post-scan) were examined with repeated measures ANOVA
examining drinking group, time (baseline vs. follow-up), and their interaction. We examined
group differences in BY AACQ scores, marijuana use, and other drug use during the follow-
up period (average score/month over all 12 months) with Kruskal-Wallis tests. To
understand changes in marijuana or other drug use during follow-up, for each group, we
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compared use/month for post-scan months 1-6 vs. 7-12 using Wilcoxon signed rank tests.
Responses to Alcohol Pictures Task stimuli were investigated with repeated measures
ANOVA with picture type (alcohol, non-alcohol) and picture rating (like, dislike, neutral) as
within-subjects factors, and group as the between-subjects factor. Reaction times were
analyzed with repeated measures ANOVA modeling picture type and drinking group.

fMRI Analyses—Group comparisons of BOLD response contrast to alcohol vs. non-
alcohol beverage images were conducted in AFNI (38) using whole-brain ANOVA.
Multiple comparisons corrections used cluster volume and voxel thresholding, determined a
priori through Monte Carlo simulation (39): significant clusters comprised 2619ul (97
voxels, voxel-wise F(2,40)>3.23, p<.05; whole-brain a=.05). To interpret ANOVA results,
we extracted average BOLD response in each cluster for each participant, and conducted
planned all-pairwise comparisons (Tukey p<.05) in SPSS. Post-hoc analyses of alcohol
images vs. implicit baseline and non-alcohol beverage images vs. implicit baseline in SPSS
further characterized group effects. Because our prior work indicated that degraded image
contrasts did not aid interpretation (11), we did not include these contrasts in group
comparisons. Within each group difference cluster, separate exploratory two-factor
ANOVASs examined sex, family history of AD, or recent drug use (positive urine toxicology
screen) as additional covariates.

Exploratory Analyses—Exploratory analyses characterized whether baseline BOLD
response to alcohol pictures predicts subsequent escalating drinking or alcohol-related
consequences, above and beyond other known risk factors. First, an exploratory factor
analysis of group ANOVA BOLD results identified the underlying composition of brain
networks involved, and reduced the number of variables and multicollinearity in subsequent
analyses. For each participant, average BOLD response to alcohol vs. non-alcohol beverage
images was extracted from each ANOVA cluster and analyzed in SPSS. We used principal
axis factoring with varimax rotation and Kaiser normalization, retaining factors with
eigenvalues >1 and variables with communalities >.5. Factor scores were computed for each
participant. Next, bivariate correlations examined the relationships between change in
drinks/month, follow-up BYAACQ scores, and several possible predictor variables selected
given their roles in alcoholism risk (8, 40-42), including fMRI factor scores, baseline
drinks/month, binges/month, maximum lifetime drinks/occasion, age of first drink, and
impulsivity factor scores. Baseline variables that correlated to follow-up alcohol variables
were examined in step-wise regressions determining the best predictors of subsequent
drinking and alcohol-related consequences. These step-wise analyses were conducted in
those who were moderate drinkers at baseline (n=27) because we wanted to identify features
underlying the transition from moderate to heavy drinking.

Demographic and Behavioral Results

Groups were statistically similar on age, sex, race, family history of AD, and history of
substance use disorders, baseline and follow-up STAI and BDI scores, and impulsivity
factor scores (Table 1). Heavy drinkers showed higher rates of past psychiatric disorders
than transitioners (p=.019, non-significant at Bonferroni-corrected a=.05) and more
marijuana and other drug use days/month during follow-up than moderate drinkers and
transitioners. No group showed a change in marijuana (Wilcoxon p=.47, p=.09, p=.70 for
moderate, transitioners, and heavy drinkers, respectively) or other drug (Wilcoxon p=1, p=.
32, p=.11 for moderate, transitioners, and heavy drinkers) use during follow-up. Groups
showed similar proportions of positive toxicology screens; all positives were for
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cannabinoids except two for prescribed medications. All but two participants were right
handed.

There was a groupxtime interaction for drinks/month [F(2,40)=5.59, p=.007]: heavy
drinkers showed more baseline and follow-up drinks/month than others (Tukey p<.001), and
transitioners demonstrated a greater change in drinks/month between baseline and follow-up
than others (Tukey p<.05, Table 1). Heavy drinkers showed more binges/month than others
([F(2,40)=32.35, p<.001, Tukey p<.05]. Paired sample t-tests indicated that transitioners
showed significant increases in drinks/month [t(13)=4.91, p<.001] and binges/month
[t(13)=3.56, p=.003], while other groups did not significantly change drinks/month or
binges/month.

There was a picture typexratingxgroup interaction [F(4,80)=6.24, p<.001]: heavy drinkers
“liked” alcohol images more than other groups, and moderate drinkers “disliked” alcohol
images more than heavy drinkers (Tukey p<.05, Table 2). Groups did not differ on responses
to non-alcohol beverage pictures. There were no reaction time effects of group, picture type,
or their interaction.

fMRI Results

We observed group differences in BOLD response to alcohol vs. non-alcohol beverage
images in VMPFC/ACC, bilateral OFC, bilateral caudate, left insula, and left precentral
gyrus [F(2,40)>3.23, p<.05, Table 3, Figure 2]. In each region, transitioners showed greater
BOLD response to alcohol vs. non-alcohol beverage images compared to other groups
(Tukey p<.05). Follow-up tests confirmed this was not due to group differences in response
to non-alcohol beverage images. In the left anterior insula/inferior frontal gyrus, although
transitioners showed greater activation to alcohol relative to non-alcohol images, heavy
drinkers showed greater response to non-alcohol beverages than to alcohol images, and
greater response to non-alcohol images compared to other groups [F(2,40)=3.82, p<.03;
Tukey p<.05]. Exploratory ANOVAs demonstrated no effect on BOLD response of the
covariates sex, family history of AD, or positive urine toxicology screen (all ps>.10), and all
group differences remained significant with these covariates included.

Exploratory Results

The exploratory factor analysis included the five group ANOVA fMRI clusters. The Kaiser-
Meyer-Olkin measure of sampling adequacy was 0.84 for the overall model (range=0.81-
0.88 for each cluster), and Bartlett’s test of sphericity was significant (x2(10)=161.69, p<.
001), confirming the appropriateness of using factor analysis, despite the relatively small
sample size. The factor structure resulted in sufficient communalities for each variable
(range=0.60-0.77). All five fMRI regions loaded onto one factor with an eigenvalue of 3.54,
accounting for 78% of the total variance. This fMRI factor score was utilized in the
following step-wise regressions.

Bivariate correlations among moderate drinkers and transitioners revealed that change in
drinks/month was related to fMRI factor scores [r=.72, p<.001] and to lifetime maximum
drinks in 24 hours [r=.45, p=.019], but not to baseline drinks/month or binges/month, age of
first drink, total lifetime drinks, or impulsivity factor scores. Step-wise regressions
determined that fMRI factor scores accounted for 52% of the variance in change in drinks/
month [F(1,25)=26.87, p=.72, p< .001] and maximum lifetime drinks was excluded from the
model.

Follow-up BYAACQ scores were correlated to fMRI factor scores [r=.51, p=.006], baseline
drinks/month [r=.52, p=.006], and the impulsivity factor “self-reported compulsivity and
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reward/punishment sensitivity” [r=.47, p=.014], but not to other tested variables. The final
model contained two of these three predictors, and was reached in four steps (Table 4).
fMRI factor scores uniquely accounted for 26% of the variance in subsequent BYAACQ
scores, self-reported compulsivity and reward/punishment sensitivity accounted for 22%,
and baseline drinks/month was excluded.

Discussion

This study characterized the relationship between neural response to alcohol picture cues
and escalating drinking among college students. Participants underwent scanning during
their first college year and completed monthly substance use surveys over the following
year, capturing the period of greatest susceptibility to intensifying drinking (1). Compared to
individuals who consistently remained moderate or heavy drinkers, those who increased
from moderate to heavy drinking over the following year showed hyperactivation of
networks associated with cue-reactivity in AD, including dorsal striatum, VMPFC, ACC,
OFC, and insula (9, 10). Groups showed comparable activation to non-alcohol beverage
images, indicating specific hyperactivation to alcohol cues, and not to appetitive stimuli in
general. Moreover, greater cue-reactivity predicted larger increases in drinking and more
alcohol-related problems, beyond other measured risk factors. Thus, cue-reactivity may
provide a unique mechanism to identify individuals at greatest risk for subsequent
problematic drinking.

Cue-reactivity and its associated circuitry may represent one feature within an addiction
framework positing an imbalance among networks underlying reward, motivation, learning
and memory, interoceptive awareness, and cognitive control (43). This model suggests that
enhanced motivation for drug acquisition over-engages interconnected regions including
dorsal striatum, medial OFC, ACC, and insula (43). In our factor analysis, activation of
these regions contributed to a single factor, consistent with work indicating this circuitry in
alcohol cue-reactivity (10). Our findings corroborate this model, demonstrating that hyper-
reactivity of this network underlies subsequent escalating use.

Most notably, transitioners hyperactivated the caudate within the dorsal striatum, which
mediates habit and compulsive drug-seeking (14, 44-46). Addiction models propose that
caudate involvement in cue-reactivity may indicate shifting from initial reward-motivated
phases of drug use to habit-driven stages (9, 11, 14). In the current study, enhanced caudate
response predated heavy drinking, and may represent early stages of procedural learning and
automatic processing contributing to compulsive use.

Transitioners showed augmented VMPFC/ACC response, which may underlie attention and
motivation in alcohol cue-reactivity (9, 13, 47). Altered interactions between ACC and
striatum may reflect shifting attention and motivation toward drug-related stimuli,
contributing to addiction (43). Cue-induced VMPFC/ACC response may also link context
and reward expectations (47). Consistent with this view, VMPFC/ACC cue-reactivity
predicts craving (47) and relapse following treatment (13). Similarly, we previously
suggested that VMPFC/ACC hyperactivation among heavy drinking college students may
underlie greater attention and motivation for alcohol, which could subserve escalating
drinking (11); our current results support this hypothesis.

In the context of cue-reactivity, OFC may signal drug availability and trigger anticipation of
use, subserving drug-related decision-making (48). OFC cue-reactivity is stronger in non-
treatment seeking individuals than in those in treatment, possibly reflecting intentions of use
among current users (48). Similarly, among cocaine-dependent individuals, inhibiting
craving corresponded to decreased cue-induced OFC metabolism, which could signify
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attempts to re-evaluate reinforcers and reduce expectancies of use (43). Thus, heightened
OFC reactivity in transitioners could indicate cue-elicited expectation of consumption and
biased decision-making (43, 48), contributing to increased drinking.

Finally, transitioners exhibited heightened insula activation, which underlies subjective
interoceptive experiences, and relates to drug craving (49). Among methamphetamine users,
insula response during decision-making was linked to relapse (50), highlighting its role in
predicting drug use trajectories. Cue-induced insula activation may reflect conscious
awareness of bodily and emotional states provoked by cues, contributing to stronger urges
and drug seeking (49). Insula response to alcohol cues distinguishes non-dependent heavy
drinkers from light drinkers, perhaps serving as a pre-diagnostic marker of maladaptive
drinking (51). Indeed, our results suggest that insula cue-reactivity in moderate drinkers
foreshadows the emergence of heavy drinking.

Heavy drinkers demonstrated less BOLD response than transitioners and similar activation
as moderate drinkers. There may be several reasons for this. Heavy drinkers reported
“liking” the alcohol images more than other groups did, and more than non-alcohol images;
therefore, diminished cue-reactivity in heavy drinkers did not reflect poor subjective
response to the images. Others have also reported stronger alcohol cue-elicited activation in
social drinkers than heavy non-dependent drinkers (10, 14). Alcohol cue-induced BOLD
response may reflect cue salience, motivation, and expectation of use following cue
exposure (43). Although heavy drinkers here “liked” the alcohol images, the stimuli may not
have engaged the same salience and motivational processes as in transitioners. Heavy
drinkers may also be driven by different factors, including negative reinforcement, that are
not captured by our paradigm. For instance, in AD adults, stress-induced BOLD response,
rather than alcohol cue-elicited response, predicted alcohol craving and relapse following
treatment (52). Additionally, heavy drinkers did not change their drinking overall, and our
exploratory step-wise regressions demonstrated that cue-elicited BOLD response was more
strongly associated with increasing subsequent alcohol involvement than baseline drinking.
In support of this, others suggest that cue-reactivity predicts increased drinking following
treatment, regardless of intake levels (13).

Our factor analysis demonstrated that several regions associated with cue-reactivity (9, 10)
activated as a single factor that differentiated individuals who transitioned from moderate to
heavy drinking and also was the primary predictor of change in drinking amount. This is of
critical importance in identifying individuals at risk for escalating drinking, particularly as
risk factors such as baseline drinking and impulsivity were unrelated to subsequent drinking.
Further, the best model predicting alcohol-related consequences included fMRI response and
the impulsivity factor, self-reported compulsivity and reward/punishment sensitivity. Our
previous work in separate samples linked this same impulsivity factor to substance use risk
and dependence (24-27) and to reward-related fMRI response in individuals at familial risk

).

There are several strengths and limitations to this study. Despite the modest sample size, our
novel longitudinal design linked neural cue-reactivity to subsequent drinking and alcohol-
related problems. Baseline drinking was unrelated to alcoholism family history or
impulsivity, two considerable risks for AD. Family history was unrelated to BOLD response
or to change in drinking amount, nonetheless, this risk factor should be examined further in
fMRI studies of alcoholism liability. Moreover, additional risk factors, including
externalizing behavior, drinking motives, and other personality features, were not examined,
but may moderate the relationship between cue-reactivity and drinking. As with any small
preliminary study, replication and extension studies will be needed. Studies with multiple
imaging time-points should characterize cue-reactivity throughout the course of initiation,
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escalation, maintenance, and decline of drinking. We hope that the current study lays the
groundwork for such investigations.

In sum, we identified the first longitudinal evidence that amplified cue-elicited brain
response predicts the emergence of heavy drinking in previously moderate college drinkers.
This over-activation was observed in cue-reactive regions subserving habit formation,
decision-making, motivation and attention, and was the most significant predictor of
subsequent drinking and alcohol-related problems, consistent with models implicating these
circuits in the development of addiction (43). Given that young adults are at elevated risk for
escalating consumption and persistent future problem drinking, BOLD response to alcohol
cues may help identify vulnerable individuals before the onset of maladaptive drinking.
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Figure 1.
Sample task stimuli.
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Figure2.

(a) Between groups differences in BOLD response to alcohol vs. non-alcohol beverage
images (clusters>2619ul, 97 voxels, voxel-wise F(2,40)>3.23, p<.05, whole-brain corrected
p<.05). Post-hoc analyses revealed that in all clusters, transitioners showed greater response
to alcohol vs. non-alcohol beverage images compared to continuously moderate and
continuously heavy drinkers (Fig 2b). (b) Average BOLD response to alcohol vs. non-
alcohol beverage images within each significant cluster in each group (OFC: orbitofrontal
cortex, ACC: anterior cingulate cortex, L: left). Positive BOLD response indicates greater
response to alcohol vs. non-alcohol beverage images, negative BOLD response indicates
greater response to non-alcohol vs. alcohol images. *For each cluster, Transitioners >
Continuously moderate drinkers and Transitioners > Continuously heavy drinkers, p<.

05; 8Group BOLD response (single sample t-test) significantly different from 0, p<.05. Error
bars represent +1 standard error.
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Table 2
Alcohol Pictures Task responses
Continuously Transitioned to  Continuously Heavy
Moderate Drinkers Heavy Drinkers Drinkers
M(SD) M (SD) M (SD)

Alcohol picture responses (number)

Liked b 6.69 (4.85) 16.36 (12.69) 26.44 (11.68)

Dislike & 17.77 (13.08) 14.64 (13.08) 6.31 (5.91)

Neutral 14.46 (11.68) 9.64 (11.49) 6.38 (6.49)
Non-alcohol picture responses (number)

Like 25.46 (11.22) 27.93 (9.81) 24.44 (10.54)

Dislike 8.85 (9.06) 9.14 (9.08) 8.75 (7.52)

Neutral 6.08 (6.64) 5.29 (5.85) 5.69 (5.38)
Alcohol picture reaction time (ms) 905.39 (76.76) 902.49 (126.86) 859.74 (109.05)
Non-alcohol picture responses (ms) 897.75 (95.62) 921.57 (114.98) 860.68 (98.93)

aContinuoust moderate drinkers # Continuously heavy drinkers (Tukey p < .05)

bTransitioners # Continuously heavy drinkers (Tukey p < .05)
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