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Abstract

Rationale: Heavy drinking smokers constitute a sizeable and hard-to-treat subgroup of smokers,
for whom tailored smoking cessation therapies are not yet available. Objective: The present
study used a double-blind, randomized, 2 x 2 medication design, testing varenicline alone
(VAR; 1 mg twice daily), naltrexone alone (NTX; 25 mg once daily), varenicline plus naltrexone,
and placebo for effects on neural activation to cigarette cues in a sample (n=40) of
heavy drinking daily smokers (>10 cigarettes/day). Methods: All participants were tested after a
10-12-day titration period designed to reach steady state on the target medication. Participants
underwent functional neuroimaging (fMRI) for examination of brain responses to visual
smoking-related (vs. neutral) cues. Results: Region of interest (ROI) analyses of brain responses
to Cigarette vs. Neutral Cues indicated that the combination of VAR + NTX was associated with
reduced activation of the bilateral anterior cingulate cortex as compared to placebo and to NTX
alone. Exploratory whole-brain analyses also indicated significant differences in brain activation
during cigarette cues in the active medications versus placebo condition. All medications
suppressed left nucleus accumbens activation relative to placebo, suggesting the possibility
that both medications, either alone or in combination, reduce neural signals associated with
appetitive behavior. Conclusions: Although preliminary, these neuroimaging findings indicate
that clinical studies of the combination of VAR + NTX for heavy drinkers trying to quit smoking
may be warranted.
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Introduction It may be possible to optimize smoking cessation treat-
ments for heavy drinking smokers through the combination of
effective pharmacotherapies for smoking and drinking.
Varenicline, an o4B2 nicotinic acetylcholine receptor
(nAChRs) partial agonist and o7 nAChR full agonist, has
been found to be an effective smoking cessation aid (9).
Its mechanisms of action stem from the stimulation of
dopamine release while competing for nAChR binding,
thereby preventing the full agonist action of nicotine (10).
In the human laboratory, varenicline reduces craving and
withdrawal and attenuates the rewarding effects of smoking
(11-15). Functional neuroimaging studies found that vareni-
cline increases activation of the dorsal anterior cingulate/
medial frontal cortex, and dorsolateral prefrontal cortex
during a working memory task (16) and an emotional
processing task (17). Moreover, varenicline diminished
brain activation in response to smoking cues in the ventral
striatum and medial orbitofrontal cortex (18). Clinically,

Approximately 20-25% of all regular smokers are also heavy
drinkers (1,2). Heavy-drinking smokers experience more
negative health consequences, such as deficits in brain
morphology and functional impairments (3) and greater risk
for various cancers (4) than individuals who are either
smokers only or drinkers only. Alcohol use is thought to
trigger lapses in smoking cessation, as greater alcohol intake
is associated with lower odds of quitting smoking (2,5,6), and
it is estimated that abstinent smokers are five times more
likely to experience a smoking lapse during drinking episodes
than at other times (6). Although heavy-drinking smokers
constitute a distinct sub-population with a unique clinical
profile and treatment needs (7,8), there are no available
treatments tailored to heavy-drinking smokers.
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varenicline was found to be more effective as a smoking
cessation agent than bupropion (9), nicotine replacement
therapy (19), and placebo (9,20-23).
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Naltrexone is an opioid receptor antagonist with efficacy
for the treatment of alcoholism (24). In combination with
counseling and nicotine patches, adjunctive naltrexone
increased cigarette smoking quit rates relative to placebo
but only among participants with higher levels of depressive
symptoms (25) and among women (26,27). Two other studies
found support for the use of naltrexone as an adjunct to
treatment with bupropion and nicotine patch (28,29), while
one study did not support combining naltrexone with
bupropion (30). Recent studies of naltrexone as a stand-
alone smoking-cessation treatment found that it improves
smoking quit rates (31), and may preferentially decrease both
smoking and drinking in heavy-drinking smokers (32).
A neuroimaging study of naltrexone found that it reduces
ventral striatum activation during alcohol cues in alcohol-
dependent individuals (33). More recently, a functional
neuroimaging (fMRI) study of naltrexone found a medication
by genotype interaction on neural responses to alcohol cues
(34). No studies to date have examined the effects of
naltrexone on neural responsivity to cigarette cues, and
more broadly, no neuroimaging or clinical studies have tested
combination of varenicline and naltrexone.

In summary, given the co-occurrence of smoking and
drinking it has been convincingly argued that heavy drinking
smokers constitute a distinct sub-population of smokers with a
unique clinical profile and treatment needs (7,8). Currently,
there are no available pharmacological treatments tailored to
heavy drinking smokers. Despite the mature status of smoking
cessation research, this subpopulation is significant and
efforts to develop novel treatment approaches for this group
are warranted. One of the ways in which treatments can be
optimized is through the combination of effective pharma-
cotherapies for smoking and drinking. Varenicline is an
effective smoking cessation aid (9) that also reduces alcohol
self-administration in the lab (35), alcohol craving (36), and
alcohol consumption (36,37) in smoking cessation trials.
Naltrexone is a moderately effective treatment for alcohol
problems (24) and has been found to improve smoking quit
rates (31), particularly in heavy drinkers (32). These studies
underscore the reciprocal effects of varenicline and naltrexone
on both smoking and drinking outcomes and suggest that
combining these medications for smoking cessation in heavy
drinking smokers may be a viable and promising alternative.
From a neuroimaging view point, since both medications have
been found to attenuate neural activation to cues in the brain’s
reward circuitry individually, the combination of varenicline
and naltrexone is hypothesized to have additive effects on
neural cue reactivity.

To advance medication development for heavy drinking
smokers, the present study used a neuroimaging paradigm to
test whether these medications, alone and in combination,
would attenuate neural activation to cigarette cues. This study
consisted of double-blind, randomized, 2 x 2 medication
design, testing varenicline alone (1 mg twice daily), naltrex-
one alone (25mg once daily), varenicline plus naltrexone
(I mg twice daily and 25 mg once daily, respectively), and
placebo for their effects on neural response to cigarette versus
control cues in a sample (n=40) of heavy drinking daily
smokers (>10 cigarettes/day). All participants underwent an
fMRI task of neural responses to visual smoking cues after a
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10-12-day titration period designed to reach a steady state on
the target medication dosage. The objective of this study was
to evaluate neural markers of response to the combination of
varenicline plus naltrexone. It was hypothesized that com-
bination pharmacotherapy would be more effective in
attenuating neural activation to cigarette cues in brain regions
previously implicated in smoking and alcohol cue processing
(i.e. nucleus accumbens, insula, precuneus, anterior cingulate
cortex, and the superior frontal gyrus) (38,39). Region of
interest (ROI) analyses were conducted to address the study
goals, followed by exploratory whole brain comparisons.

Methods
Participants

A community-based sample of daily smokers was recruited
via online and print advertisements in the Los Angeles area.
Inclusion criteria were: (1) age between 21 and 55 years;
(2) endorsement of smoking 10 or more cigarettes per day;
(3) current status of heavy drinking according to the National
Institute on Alcohol Abuse and Alcoholism (NIAAA) guide-
lines (40): for men, >14 drinks per week or >5 drinks per
occasion at least once per month over the past 12 months; for
women, >7 drinks per week or >4 drinks per occasion at least
once per month. Exclusion criteria were: (1) more than
3 months of smoking abstinence in the past year; (2) self-
reported use of cocaine, methamphetamine, heroin or other
illicit drugs (other than marijuana) in the previous 60 days or
positive urine toxicology screen at assessment visit; (3) life-
time history of psychotic disorders, bipolar disorders, or
major depression with suicidal ideation; (4) current symptoms
of moderate depression (or higher), indexed by a score >20
on the Beck Depression Inventory-II (BDI-II) (41); (5) current
use of psychiatric medications; (6) ineligibility on physical
exam and laboratory tests; and (7) MRI contraindications/
constraints, including left-handedness.

Demographic information, including age, sex, ethnicity,
and years of education, was collected from all participants.
Also obtained were self-reports of cigarette and alcohol use,
and indices of nicotine and alcohol dependence (Table 1).

Procedures

Interested individuals called the laboratory and completed a
telephone-screening interview. Individuals who were deemed
eligible came to the laboratory for in-person screening. After
receiving a full explanation of study procedures and providing
written, informed consent, participants completed the screen-
ing visit. Carbon monoxide (CO) levels and a urine cotinine
test were used to verify self-reported smoking patterns.
Participants were required to have a Breath Alcohol
Concentration (BrAC) of 0.00 g/dl at the beginning of each
visit. Participants deemed eligible following the in-person
screening completed a physical exam and clinical labs. The
physical examination included inspection, auscultation, per-
cussion and palpation, a medical and psychiatric history, a
review of systems, inquiry about substance use, medication
use and allergies. Vital signs and an EKG were also obtained
and reviewed. Laboratories included: Sodium, potassium,
chloride, carbon dioxide (CO,), serum calcium, serum total
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Table 1. Demographic information, smoking behavior, and alcohol use for the 39 participants included in the analyses.

Medication condition — mean (SD) or frequency

Variable All subjects VAR NTX VAR + NTX PLAC
Age 31.41 (8.81) 33.70 (9.26) 28.90 (8.42) 27.40 (4.50) 36.11 (10.48)
Sex — male/female 24/15 713 8/2 4/6 5/4
Ethnicity
Caucasian 25 4 6 7 8
African Am. 7 3 2 1 1
Asian 3 0 2 1 0
Latino 4 3 0 1 0
Education (years) 14.61 (3.76) 13.90 (5.13) 14.00 (4.45) 15.50 (2.92) 15.11 (1.83)
FTND* 5.15 (1.66) 5.20 (1.62) 6.30 (1.16) 4.80 (1.75) 4.22 (1.56)
Cigarettes per day 14.55 (7.45) 12.77 (4.41) 12.85 (5.99) 16.05 (9.65) 16.78 (8.98)
Smoking days per month 29.49 (1.14) 28.80 (1.75) 30.00 (0.00) 29.40 (1.08) 29.78 (0.67)
Alcohol Dependence Scale 12.59 (6.43) 13.20 (5.45) 10.10 (6.12) 15.60 (8.53) 11.33 (4.25)
Drinking days per month 20.54 (7.79) 22.30 (8.62) 19.50 (7.75) 19.50 (6.87) 20.89 (8.81)
Alcohol drinks per drinking day 6.16 (3.22) 5.22 (3.05) 6.08 (3.27) 7.72 (3.70) 5.55 (2.60)

*Significant difference observed between NTX and PLAC groups on FTND (p =0.006; p =0.034, Bonferroni corrected); and between NTX and

NTX + VAR (p =0.034; p=0.204, Bonferroni corrected)

Two of the 40 subjects (both in NTX group) reported using marijuana monthly (on average) and the remaining 38 subjects reported no current use of

marijuana.

protein (TP), serum albumin, liver function assessment,
bilirubin, alkaline phosphatase (ALP), aspartate amino trans-
ferase (AST or SGOT), alanine amino transferase (ALT or
SGPT).

Individuals who passed the physical exam were then
randomized to one of the four medication conditions.
Participants then took the study medication for 9 days and
completed a laboratory-based assessment of craving for
cigarettes after 12h of abstinence and after consuming
alcohol; results of the laboratory component of the study
are reported elsewhere (42). Participants from the laboratory
study were randomly selected from each medication cell
group for screening into the neuroimaging component of the
study. Individuals who were interested and met eligibility
criteria for scanning were provided with an extra 3 days of the
study medication (at target dose) after the laboratory visit and
completed the scan on medication days 10-12. Participants
were not required to abstain from smoking prior to the
neuroimaging session; however, breath alcohol concentration
(BrAC) was required to be 0.00 g/dl. At the time of scanning,
a urine sample was collected to test for riboflavin fluores-
cence indicating medication compliance, and female partici-
pants completed a pregnancy test.

The participants were titrated on varenicline as follows:
days 1-2, 0.5 mg per day, days 3-5, 0.5 mg twice per day, and
days 6-12, 1 mg twice per day. Naltrexone was administered
at 25 mg per day for a period of 12 days. The 25 mg dose was
selected based on study by O’Malley et al. (2009) comparing
three doses of naltrexone (25, 50, and 100 mg/day) as an
adjunct to smoking cessation. This study found medication
effects on drinking at 25 mg/day, which has a more favorable
side-effect profile than the usual 50 mg dose, particularly for
combination pharmacotherapy (43). Placebo pills were
matched to the active medications in number of pills and
packaging. Study medications were packed into opaque
capsules with 50mg of riboflavin, and compliance with
taking the medication was monitored by testing a urine
sample for riboflavin content at each testing session by
examining it under an ultraviolet light (44). Participants were

given a 24-h telephone number to call the physician to discuss
side-effects, and physician office hours were available as
needed. All procedures were approved by the Institutional
Review Board of the University of California, Los Angeles,
USA.

Measures

The following individual differences measures were admin-
istered during the screening visit: (a) a demographics
questionnaire used to collect information on age, sex, marital
status, SES, ethnicity, income, and education; (b) the Beck
Depression Inventory-II (BDI-II) administered at screening to
identify and exclude individuals with current feelings of
active suicidality and those with moderate to severe symp-
toms of depression; (c) frequency and quantity of alcohol/
drug use; (d) a Smoking History Questionnaire to collect
detailed history of nicotine use and quit attempts; (e) the
Fagerstrom Test of Nicotine Dependence (FTND) to assess
nicotine dependence (45); and (f) the Time Line Follow Back
(TLFB) to assess smoking and alcohol use over the past
30 days (46).

Cigarette cues task

While in the scanner, participants underwent a cigarette cues
task which consisted of viewing videotaped cues, developed
on the basis of work by Brody et al. (47). Similar tasks have
been widely used in neuroimaging studies of tobacco users
(48-52). Stimuli consisted of first-person perspective color
videos with smoking content (e.g. person smoking a cigarette)
or control content (e.g. person writing in a journal), each
lasting 45 sec. The paradigm consisted of 12 video cue trials
(6 cigarette and 6 neutral) pseudorandomly presented across
participants (first video always neutral), followed by an urge-
rating period for a maximum of 10 sec or until key press, 1 sec
of response feedback, and a 10-sec rest period before
initiation of the next trial. During the urge-rating period,
participants were instructed to rate their current urge to smoke
using a scale of 1 (no urge at all) to 4 (very high urge) using a
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Table 2. Locations of significant activation for the Cigarette cues versus Neutral Cues contrast across all participants (n=39) (whole-brain

cluster-corrected at Z>2.3, p<0.05).

Brain region Hemisphere Cluster voxels Max Z X Y V4
Precuneus/thalamus/putamen/accumbens (L)/caudate/anterior R 57355 4.01 2 —70 28
cingulate cortex/superior frontal gyrus/middle frontal
gyrus/inferior frontal gyrus
Lingual gyrus R 4.00 12 =70 —6
Occipital pole L 3.98 —26 —100 —-12
Intracalcarine cortex R 3.96 14 —78 4
Middle temporal gyrus R 3.96 58 —40 —6

X, Y, and Z MNI coordinates indicate the location of peak voxel activation (or local maxima for subregions) within each cluster. R, right; L, left.

Figure 1. Brain activation for Cigarette Cues versus Neutral Cues
contrast across all participants (n =39). Areas of activation included the
left nucleus accumbens, and bilateral precuneus, thalamus, and caudate
(see Table 2 for full list of regions). Z-statistic maps are whole-brain
cluster-corrected, Z>2.30, p =0.05. Coordinates are in MNI space, and
the brain is displayed in radiological convention (left =right).

4-button response box placed in their right hand. The
presentation of all stimuli and response collection were
programmed using MATLAB (Mathworks, Natick, MA,
USA) and Psychtoolbox (www.psychtoolbox.org) on an
Apple MacBook running Mac OSX (Apple Computers,
Cupertino, CA, USA). Visual and auditory stimuli were
presented using MRI-compatible goggles and headphones
(Resonance Technologies, Van Nuys, CA, USA). The task
averaged approximately 12 min in length with a 1-min break
at the halfway point.

MRI data acquisition, preprocessing, and registration

Neuroimaging was conducted using a 3 Tesla Siemens Trio
MRI scanner. The protocol began with initial structural scans
followed by a series of three functional paradigms, including
the cigarette cues task. A T2-weighted, high resolution,
matched-bandwidth, anatomical scan (MBW) (TR, 5s;
TE, 34 ms; FOV, 192 mm; matrix, 128 x 128; sagittal plane;
slice thickness, 4 mm; 34 slices) and a magnetization-prepared
rapid-acquisition gradient echo (MPRAGE) were acquired for
each subject to enable registration (TR, 1.9s; TE, 2.26 ms;
FOV, 250 mm; matrix, 256 x 256; sagittal plane; slice thick-
ness, 1 mm; 176 slices). The orientation for MBW and
echoplanar image (EPI) scans was oblique axial to maximize
brain coverage. The cigarette-cues scan included 100 func-
tional T2*-weighted EPIs (slice thickness, 4 mm; 34 slices;
TR, 2s; TE, 30ms; flip angle, 90°; matrix, 64 x 64; FOV,
192 mm; voxel size, 3 x 3 x 4mm3). The first six volumes
collected were discarded to allow for T1 equilibrium effects.
FSL 4.1 (FMRIB’s Software Library, www.fmrib.ox.ac.uk/
fsl) was used for the imaging analyses. EPI images were
motion corrected using the Motion Correction Linear Image
Registration Tool (McFLIRT, Version 5.0) with the estimated
motion parameters entered as covariates in the general linear
model. The images were high-pass filtered (100-s cut-off) in
the temporal domain using a Gaussian-weighted straight line
with the FMRI Expert Analysis Tool (FEAT, Version 5.63).
Non-brain tissue/skull removal was conducted for both
structural and functional images with the Brain Extraction
Tool (BET). The EPI images were first registered to the
MBW, then to the MPRAGE using affine linear transform-
ations, and finally into standard (Montreal Neurological
Institute, MNI avgl52 template) space for between subject
analyses. Linear registrations using FSL’s FLIRT were refined
with FNIRT nonlinear registration (53). Data from one
subject (in the placebo group) was excluded from further
analyses due to excessive motion (exceeding 3mm of
translation) resulting in a final sample of 39 individuals.
Regions of interest (ROIs) were chosen based on the
findings of two large meta-analyses examining brain activa-
tion during smoking and alcohol cue exposure tasks (38,39).
ROIs identified for analyses were the left nucleus accumbens,
ventral anterior insula, precuneus, bilateral rostral anterior
cingulate cortex, and the right superior frontal gyrus. The left
NAcc, the subcortical region of interest, was defined
anatomically on an individual basis using automated seg-
mentation procedures implemented in FSL’s FMRIB’s
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Table 3. Comparisons of parameter estimates from the Cigarette versus Neutral Cues contrast between active medication groups versus placebo group
within each region of interest. Listed are mean parameter estimates and 95% confidence intervals (CI).

Medication condition

Variable VAR

NTX VAR +NTX

Left nucleus accumbens

Ventral anterior insula

Precuneus

Bilateral rostral anterior cingulate Cortex
Right superior frontal gyrus

—10.69 (—29.65; 8.27)

—8.75 (—26.34; 8.84)

—20.47 (=31.13; —9.81)**

—12.57 (-30.81; 5.67)®
—1.78 (—16.36; 12.79)*

—22.75 (=34.34; —11.15)%* —16.88 (—27.37; —6.40)%*
—8.78 (—29.39; 11.83) —9.49 (—28.13; 9.15)
13.75 (—6.07; 33.58)° —2.08 (—20.01; 15.84)
~3.69 (—19.54; 12.16) —17.32 (=31.65; —2.99)*A
—5.18 (—24.30; 13.95) —19.21 (—36.50; —1.92)%

All results are for ANCOVAs controlling for FIND score; *p<0.05; **p<0.01. “Significant difference between VAR +NTX vs. VAR alone;
BSignificant difference between NTX alone vs. VAR alone. **Please note that if a Bonferroni correction was implemented using a p value threshold
of p<0.01 then the results for the anterior cingulate cortex and precuneus would remain statistically significant.

35 4

30 - [ & |

20 -
15 -
10 -
5
0
na
-10 -

VAR+NTX

Cigarette vs. Neutral Cue - Left NAcc

30 -

25 -

—
— %

20 4

15 -
10 -
5 -
0 -
5
-10

VAR+NTX

Cigarette vs. Neutral Cue - Bilateral ACC

35 - .,

30 -

25 -
20 -
15 -
10 -
5 -
0 -
5
-10 -

VAR+NTX

Cigarette vs. Neutral Cue - Right SFG

Figure 2. Adjusted means and standard error of the mean for the nucleus accumbens (NAcc) (a), right superior frontal gyrus (SFG) (b), and bilateral
rostral anterior cingulate cortex (ACC) (c) ROI analyses of the Cigarette versus Neutral Cues contrast (controlling for FTND score). Significant group

differences are indicated by * for p<0.05 and ** for p <0.01.

Integrated Registration and Segmentation Tool (FIRST) (54).
FIRST was applied to each participant’s high resolution
structural image (MPRAGE). The resultant NAcc ROIs were
registered from native space to standard space and used to
extract data from each participant’s Cigarette Cues vs. Neutral
Cues contrast image.

To examine unbiased regions of interest for the cortical
areas we used a ‘‘leave-one-out’” procedure that allows
definition of functional ROIs that are independent of the data
extracted from them (55). Thirty-nine whole-brain one-
sample t-tests were run for the Cigarette Cues vs. Neutral
Cues contrast images. For each #-test, one participant was left
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Table 4. Locations of significant activation for the Cigarette cues versus Neutral Cues contrast for all significant medication group comparisons:
placebo (PLAC) vs. varenicline alone (VAR) (A); placebo vs. naltrexone alone (NTX) (B); placebo versus combined varenicline and naltrexone
(VAR + NTX). No other significant medication group comparisons were observed. All analyses were whole-brain cluster-corrected at Z>2.3, p <0.05.

Brain region Hemisphere Cluster voxels Max Z X Y zZ
(A) Cigarette Cues vs. Neutral Cues — PLAC vs. VAR

Cerebellum R 1849 3.34 18 —60 -30
Brain stem R 3.04 14 -36 —40

Precentral gyrus/insula R 1115 3.16 60 14 30
Inferior frontal gyrus R 3.14 54 16 32
Central opercular cortex R 3.12 48 —14 22
Postcentral gyrus R 2.94 56 —-10 36

(B) Cigarette Cues vs. Neutral Cues — PLAC vs. NTX

Precentral gyrus/postcentral gyrus/superior frontal gyrus L 1562 3.44 —34 —6 58

Precentral gyrus/middle frontal gyrus R 1196 3.26 50 6 40
Inferior frontal gyrus R 291 52 14 30

(C) Cigarette Cues vs. Neutral Cues — PLAC vs. VAR + NTX

Frontal pole R 3281 3.42 4 56 0
Paracingulate gyrus R 3.37 4 50 —4
Anterior cingulate gyrus R 3.1 10 22 26
Frontal pole R 3.04 36 42 12
Postcentral gyrus/middle frontal gyrus/superior frontal gyrus/ L 3191 3.42 —62 —18 36
insula/putamen/caudate/accumbens
Supramarginal gyrus L 3.23 —58 -30 46
Central opercular cortex L 3.18 —58 —12 8
Superior parietal lobule L 3.14 —38 —48 58

Precentral Gyrus R 2983 3.62 56 10 26
Postcentral gyrus R 3.36 54 —12 24
Insula R 3.24 34 6 6

Cerebellum R 2756 3.68 12 —62 —24

Thalamus L 1247 3.17 —10 —26 16
Thalamus/hippocampus R 3.1 8 —26 0

X, Y, and Z MNI coordinates indicate the location of peak voxel activation (or local maxima for subregions) within each cluster. R, right; L, left.

out, and a spherical ROI (8 mm radius) was defined around
the peak voxel for each region. The left-out participant’s data
was extracted from this spherical ROIL. Anatomically defined
masks from the Harvard-Oxford Probabilistic Brain Atlas
were used to constrain the search space for finding the peak
voxel within the a priori determined anatomical regions
(e.g. superior frontal gyrus). The mean peak voxels from the
precuneus were located at x =2.4, y=—65.6, z=29.2, for
superior frontal gyrus at x=—1.7, y=156.0, and z=29.7, for
anterior cingulate cortex at x=—0.3, y=28, and z=12.4,
and for the right anterior insula at x=42.6, y=10, and
z=—10.3 (MNI coordinates).

Statistical analyses

Statistical analyses on the fMRI data were performed using a
multi-stage approach to implement a mixed-effects model
treating  participants as a random-effects variable.
Explanatory variables for the cigarette-cues task were created
by convolving stick functions representing the onset of the
cigarette cue period for each trial type with a double-gamma
hemodynamic response function (HRF) in FEAT. The events
modeled included: Cigarette Cue and Neutral Cue exposure.
The onset for each event was set at the initiation of the video
cue with duration of 45sec. Temporal derivatives were
included as covariates of no interest to improve statistical
sensitivity. The Cigarette Cues vs. Neutral Cues contrast was
computed, and the resulting Z-statistic images were thresh-
olded with cluster-based corrections for multiple comparisons

according to the theory of Gaussian Random Fields with a
cluster-forming threshold (height threshold) of Z>2.30 and a
probability threshold of p <0.05 (56). The following two sets
of analyses were conducted: (1) ROI Analyses: Planned
comparisons between medication groups on ROI data were
conducted using independent r-tests on medication group
means adjusted for FTND score; and (2) Whole Brain
Analyses: Exploratory analyses of medication effects in the
whole-brain were conducted by entering medication group
(i.e. VAR, NTX, VAR + NTX, and PLAC) as a second-level
predictor variable on the contrast map. Anatomical localiza-
tion within each cluster (maximum Z statistics and MNI
coordinates) was verified using the FSL Harvard-Oxford
probabilistic atlas.

Results

All urine samples tested positive for riboflavin and all
participants had a BrAC of 0.00 g/dl at each visit. There were
no serious adverse events during the study. The medication
groups did not differ on average subjective craving ratings to
cigarette or control cues during the scan (ps>0.05).
The medication groups did not differ significantly on
withdrawal (57), CO level pre-scan, CO level post-scan, or
hours since last cigarette prior to scanning; nor did they differ
on days since last alcohol intake (ps> 0.05). A total of 57.5%
of the sample drank alcohol the day before the scan, 32.5%
drank two days before, and 10% drank three days before.
In addition, there were no significant correlations between
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cigarettes per day, drinks per drinking day, or total drinks
during the medication titration period and ROI activation
from the Cigarette vs. Control Cues contrast (described in
detail below). Whole-brain analysis of the Cigarette
Cues versus Neutral Cues contrast across all participants
revealed significant activation in brain regions implicated in
cue reactivity, including the left nucleus accumbens, and
bilateral precuneus, thalamus, and caudate nucleus (Table 2,
Figure 1).

A priori ROI analyses

A priori defined ROI analyses of the Cigarette versus Neutral
Cues contrast revealed significant medication effects, con-
trolling for FTND score, in the precuneus, left nucleus
accumbens, bilateral rostral anterior cingulate cortex, and
right superior frontal gyrus (Table 3, Figure 2). No medica-
tion effects were observed for the ventral anterior insula.
Exploratory hierarchical linear regression analyses predicting
ROI activation from the cigarette versus control cues contrast
from in-scanner participant ratings of craving during the task
revealed a significant relationship between craving and insula
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activation across all participants, while controlling for
medication group and FTND score (3= —0.347, t=—2.10,
R? change =0.108, p =0.04).

Exploratory whole brain analyses

Regions of activation from the Cigarette Cues vs.
Neutral Cues contrast were found to differ when
comparing the placebo group to the medication groups.
VAR alone was associated with less activation in the
precentral gyrus, right insular cortex, left thalamus, and
right caudate as compared to placebo (Table 4, Figure 3).
NTX alone was associated with less activation in the right
insular cortex, right putamen, right caudate, bilateral
precentral gyrus, and right inferior frontal gyrus as compared
to placebo (Table 4, Figure 4). The combination of
VAR + NTX was associated with less activation to cigarette
versus control cues in the bilateral orbitofrontal cortex, insular
cortex, thalamus, caudate, and cerebellum, as compared to
placebo (Table 4, Figure 5). Areas of overlap across
medication group comparisons (for visualization purposes)
are presented in Figure 6.

Figure 3. Brain activation for the Placebo versus Varenicline groups
from the Cigarette Cues versus Neutral Cues contrast. Areas of activation
included the precentral gyrus, right insular cortex, left thalamus, and
right caudate (see Table 4 for full list of regions). Z-statistic maps are
whole-brain cluster-corrected, Z>2.30, p=0.05. Coordinates are in
MNI space, and the brain is displayed in radiological
convention (left =right).

Zz
230 BN 344

Figure 4. Brain activation for Placebo versus Naltrexone groups from the
Cigarette Cues versus Neutral Cues contrast. Areas of activation
included right insular cortex, right putamen, right caudate, bilateral
precentral gyrus, and right inferior frontal gyrus (see Table 4 for full list
of regions). Z-statistic maps are whole-brain cluster-corrected, Z > 2.30,
p=0.05. Coordinates are in MNI space, and the brain is displayed in
radiological convention (left =right).
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Discussion

The present study used a cue-exposure functional neuroima-
ging paradigm to elucidate whether a combination of effective
medications for smoking cessation (VAR) and for alcohol
misuse (NTX) would be superior to monotherapy and placebo
at reducing neural response to cigarette cues among heavy
drinking smokers. The greatest separation between the
combination group (VAR +NTX) and placebo was found
for the right superior frontal gyrus and the bilateral anterior
cingulate cortex. Specifically, the combination group showed
significant attenuation of right superior frontal gyrus

Figure 5. Brain activation for Placebo versus Varenicline + Naltrexone
groups from the Cigarette Cues versus Neutral Cues contrast. Areas of
activation included bilateral orbitofrontal cortex, insular cortex, thal-
amus, caudate, and cerebellum (see Table 4 for full list of regions). Z-
statistic maps are whole-brain cluster-corrected, Z>2.30, p=0.05.
Coordinates are in MNI space, and the brain is displayed in radiological
convention (left =right).

Figure 6. Brain activation from the Cigarette
Cues versus Neutral Cues contrast
(whole-brain cluster-corrected, Z > 2.30,
p=0.05) for the Placebo versus Varenicline
groups (yellow), Placebo versus Naltrexone
groups (blue), and Placebo versus P
Varenicline + Naltrexone groups (red),

for visualization purposes. (For interpretation
of the references to color in this figure
legend, the reader is referred to the web
version of the article at http://informahealth-
care.com/ada.)

Am J Drug Alcohol Abuse, Early Online: 1-10

activation relative to placebo but did not differ from VAR
alone and NTX alone. Regarding the bilateral anterior
cingulate ROI, however, the combination group differed
significantly from placebo and from VAR alone, showing
lower activation to Cigarette versus Neutral Cues. These
differences are intriguing as anterior cingulate activation was
found to increase when smokers were instructed to suppress
their craving (58,59). Thus it is plausible to hypothesize that
the greater attenuation of anterior cingulate activation by the
combination of VAR + NTX may have clinical benefits by
attenuating craving for cigarettes. Importantly, ROI analyses
indicated that all medications suppressed left nucleus
accumbens activation relative to placebo, suggesting the
possibility that both medications, alone and in combination,
reduce neural signals associated with appetitive behavior.

Exploratory whole brain analyses indicated that VAR was
associated with less activation than placebo in the precentral
gyrus, right insular cortex, left thalamus, and right caudate;
a pattern of results that is consistent with recent fMRI studies
of VAR (16-18). Naltrexone, in turn, reduced activation in the
right insular cortex, right putamen, right caudate, bilateral
precentral gyrus, and right inferior frontal gyrus compared to
placebo, which was in line with studies of naltrexone’s neural
effects in alcohol-dependent individuals (33,34). At the whole
brain level, the combination of VAR + NTX was associated
with reduced neural activation in the bilateral orbitofrontal
cortex, insular cortex, thalamus, caudate, and cerebellum,
compared to placebo. Together, these findings provide
converging evidence, albeit preliminary, that the combination
of VAR+NTX may be associated with attenuation of
activation to Cigarette versus Neutral Cues in brain regions
that play a critical role in addiction broadly, and cigarette cue-
reactivity in particular (38,39).

These results must be interpreted in the context of
the study strengths and limitations. Strengths include the
randomized, double-blind, placebo-controlled design and the
combination of experimental pharmacology with neuroima-
ging. The well phenotyped sample of community heavy
drinkers, who smoke daily, is also a strength. Limitations
include the reliance on non-treatment seeking smokers and
the relatively small sample size for an fMRI study.
In addition, we selected a 25 mg/day dose of naltrexone on
the basis of literature indicating this was a promising
adjunctive dosage (43); however, since this study began,
multiple reports have favored a 50 mg/day dose of naltrexone
over the low-dose of 25mg/day used in this study.
In particular, a clinical trial by Toll et al. (2010) found that
naltrexone at 25 mg/day was not significantly different from
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placebo (60). Further, recent smoking cessation trials of
naltrexone at 50 mg/day have shown a benefit of naltrexone
over placebo on quit rates as well as post-cessation weight
gain (31,61). Thus future studies of naltrexone in combination
with varenicline should consider the standard dose of 50 mg/
day as opposed to the low-dose naltrexone implemented in
this study. Nevertheless, the combination of experimental
psychopharmacology with neuroimaging to guide clinical
studies of addiction represents a promising approach
to screening novel medications, and combinations thereof
(62-64). In particular, neuroimaging studies of pharma-
cotherapies for addiction are useful in demonstrating that
these medications reach critical brain targets known for their
involvement in the pathophysiology of the disorder, which in
turn provides a proof-of-concept of their plausibility.

On balance, these preliminary results advance medication
development for heavy drinking smokers by suggesting that
the combination of VAR + NTX may be superior to placebo,
and at times superior to monotherapy, in attenuating neural
responsivity to cigarette versus control cues. Clinical studies
of this combination for heavy drinkers trying to quit smoking
appear warranted and may ultimately improve clinical care for
a sizeable and hard-to-treat subgroup of smokers.
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