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Abstract

In untreated smokers, exposure to cigarette-related cues increases both the intensity of cigarette
craving and relative glucose metabolism of the perigenual/ventral anterior cingulate cortex (ACC).
Given that treatment with bupropion HCI reduces overall cigarette craving levels in nicotine
dependent subjects, we performed a preliminary study of smokers to determine if bupropion HCI
treatment attenuates cue-induced cigarette craving and associated brain metabolic activation. Thirty-
seven, otherwise healthy smokers (20 untreated and 17 who had received open-label treatment with
bupropion HCI) underwent two 18F-fluorodeoxyglucose positron emission tomography scanning
sessions in randomized order—one when presented with neutral cues and the other when presented
with cigarette-related cues. Bupropion-treated smokers had smaller cigarette cue-induced increases
in craving scores on the Urge to Smoke (UTS) Scale and less activation of perigenual/ventral ACC
metabolism from the neutral to the cigarette cue scan than untreated smokers. Thus, in addition to
its known effects on spontaneous cigarette craving and withdrawal symptoms, bupropion HCI
diminishes cue-induced cigarette craving and appears to attenuate cigarette cue-induced ACC
activation. These results are consistent with the known effects of bupropion HCI, including its
enhancement of catecholaminergic neurotransmission.
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1. Introduction

In cigarette smokers attempting abstinence, craving is associated with relapse into usage
(Niaura et al., 1989b; Swan et al., 1996; Killen and Fortmann, 1997; Catley et al., 2000).
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Craving for cigarettes occurs naturally within the first several hours of abstinence in nicotine
dependent smokers (Schuh and Stitzer, 1995; Jarvik et al., 2000), and can also be elicited
reliably in the laboratory through exposure to cigarette-related cues (Sayette and Hufford,
1994; Droungas et al., 1995; Mucha et al., 1998; Morgan et al., 1999; Mucha et al., 1999;
Conklin et al., 2000; Taylor et al., 2000; Brody et al., 2002). Using positron emission
tomography (PET), our group recently reported that exposure to cigarette-related cues results
in regional brain metabolic activation of the perigenual/ventral anterior cingulate cortex (ACC)
in untreated smokers (Brody etal., 2002). We also found positive correlations between intensity
of cigarette craving and relative glucose metabolism in the orbitofrontal cortex (OFC),
dorsolateral prefrontal cortex (DLPFC), and anterior insula. These findings are consistent with
brain imaging studies of exposure to cues for dependent drugs other than nicotine, in which
ACC activation and similar correlations between craving and brain activity have been reported
(Grant et al., 1996; Maas et al., 1998; Childress et al., 1999; Volkow et al., 1999; Garavan et
al., 2000; Sell et al., 2000; Daglish et al., 2001; Kilts et al., 2001; Wexler et al., 2001; Bonson
etal., 2002). While the brain structures that are associated with craving in untreated substance-
dependent subjects have been described, no one has yet reported the effects of standardized
treatment on regional brain activation associated with exposure to drug-related cues. A better
understanding of the neural substrates of medication effects on cue-induced cigarette craving
may, in the future, lead to improved treatments for nicotine dependence.

Bupropion HCl is an effective, first-line medication for nicotine dependence (Hurt et al.,
1997; Jorenby et al., 1999; Fiore et al., 2000). In addition to its overall efficacy for promoting
smoking abstinence, treatment with bupropion HCI results in decreased overall levels of
craving (Durcan et al., 2002) and other symptoms of nicotine withdrawal, such as depression
and irritability (Shiffman et al., 2000). Despite the widespread use of bupropion HCI for
nicotine dependence, no study to date has reported the effects of this medication on brain
function in subjects with nicotine dependence.

In this preliminary study, we compared bupropion-treated with untreated smokers in both
clinical and brain metabolic responses to cigarette-related (compared with neutral) cues. We
also investigated associations between cigarette craving and regional brain metabolism in
bupropion-treated subjects to determine if brain regions that mediate craving in untreated
smokers also mediate craving in treated smokers. We hypothesized that (1) smokers treated
with bupropion HCI would have less overall and cue-induced craving than untreated smokers;
(2) bupropion-treated smokers would have less cue-induced metabolic activation of the
perigenual/ventral ACC [only the ACC was studied here because it is the only region
consistently found to activate in prior drug craving studies and in our previous study of brain
mediation of cigarette craving (Brody et al., 2002)]; and (3) positive correlations between
intensity of craving and regional metabolism in the OFC, DLPFC, and anterior insula (found
in untreated smokers) would remain intact in bupropion-treated smokers.

2. Materials and methods
2.1. Subjects

Thirty-seven otherwise healthy smokers (> 20 cigarettes/d) were recruited through local
newspaper advertisements. Twenty subjects had no treatment for smoking cessation prior to
PET scanning and results from that group are reported elsewhere (Brody et al., 2002), while
17 subjects underwent short-term standardized treatment with bupropion HCI (as described
below) prior to PET scanning. Subjects were adults (21-65 years of age) and were screened
initially during a telephone interview in which medical, psychiatric, and substance abuse
histories were obtained. All subjects passing this initial interview were then assessed in person
using screening questions from the Structured Clinical Interview for DSM-1V (First et al.,
1995). Participating subjects met DSM-1V criteria for nicotine dependence, and were excluded
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for any history of or current Axis | psychiatric diagnosis including mood, anxiety, or psychotic
disorders, or history of substance abuse or dependence other than nicotine dependence.
Subjects were also excluded if they were currently taking medication or had any history of or
current medical condition that might affect the central nervous system at the time of scanning
(e.g. current treatment with a beta blocker or analgesic medication, or history of head trauma
or epilepsy). Pregnancy was an exclusion criterion due to the potential risk of radiation
exposure to a fetus. Subjects who occasionally used alcohol, caffeine, or other drugs, but did
not meet criteria for dependence were allowed to participate in the study, but were instructed
to abstain from these substances for 24 h prior to scanning (72 h for marijuana; verified by
urine toxicology screen, if subjects reported a history of drug use). Subjects who drank more
than the equivalent of two cups of coffee per day (200-300 mg caffeine/d) were excluded, as
were subjects who experienced caffeine withdrawal symptoms (such as irritability, flushing,
or headache) associated with cessation of caffeine intake. There was partial temporal overlap
between scanning of the two study groups, with the treated group being scanned during and
after the untreated group. One additional subject completed bupropion treatment, but a major
depressive episode emerged when he quit smoking (a known possibility during smoking
cessation attempts) (Glassman, 1993; Tsoh et al., 2000). Therefore, this subject’s data were
not used in the present study.

experimental design

Both untreated and treated smokers underwent two 18F-fluorodeoxyglucose (FDG) PET
scanning sessions roughly 7-10 days apart, in randomized order, as described in our previous
report on the untreated group alone (Brody et al., 2002). In one PET session, the subject was
presented with neutral cues; and in the other, the subject was presented with cigarette-related
cues. Subjects also underwent a magnetic resonance imaging (MRI) scan in the interval
between PET scans (as described below).

All subjects were interviewed initially to determine smoking history, including current usage,
periods of abstinence, and usage levels during each 5-year period of their lives. The study was
described to subjects at the initial visit, and written informed consent was obtained using a
form approved by the Veterans Affairs Greater Los Angeles Healthcare System Institutional
Review Board. Subjects in the treatment group were provided medication free of charge, and
all subjects were compensated $20 per hour for brain scanning time.

2.3. Standardized bupropion HCI treatment

For treated subjects, an exhaled carbon monoxide (CO) level (Bedfont EC-50
Microsmokerlyzer 11) was obtained at the initial visit as a rough measure of recent cigarette
use. These subjects were then started on a standardized course of bupropion HCI Sustained
Release (SR) formula. They received a supply of this medication for 1 week, and were
instructed to start on one pill per day (150 mg), with the dosage increased to one pill twice
daily after 3 days of treatment. Subjects were instructed to have a target quit date of 8 days
after initiation of treatment. They were also advised of potential side effects of bupropion,
including headache, anxiety, insomnia, dry mouth, and nausea (Jorenby et al., 1999; Settle et
al., 1999). Participants were instructed not to seek complementary interventions (e.g.
counseling or medication) outside of the study.

Subjects met weekly with the P.1. for medication management visits (15 min), which consisted
of distribution of medication to the subject, titration of dosage, discussion of medication
compliance, review of side effects, and monitoring of cigarette usage. To isolate the effects of
bupropion HCI, no counseling for cessation of tobacco use took place during these visits.
Treatment was provided for a minimum of 4 weeks prior to PET and MRI scanning (mean 5.6
[+ 1.4] weeks).
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2.4. Rating scales, craving induction, and PET image acquisition

PET sessions commenced between 13:00 and 16:00 h, and subjects were instructed to smoke
as per their current habit until the time of each scanning session. The Hamilton Depression
(Hamilton, 1967) and Anxiety (Hamilton, 1969) Rating scales (HAM-D and HAM-A) were
then administered to all subjects, along with the Shiffman-Jarvik Scale (Shiffman and Jarvik,
1976), to measure cigarette withdrawal symptoms. Immediately prior to injection of FDG,
exhaled CO levels were measured, to approximately quantify recent cigarette use. This rating
scale period (including CO monitoring) lasted 30 min so that cue exposure began when smokers
would be expected to have mild craving that could either be stimulated by cigarette-related
cues or unaffected by neutral cues, and that would not to be confounded by the acute effects
of nicotine intake.

Subjects then received an injection of 10 mCi FDG over a 30-s period into the right antecubital
vein, while seated 100 cm in front of a video monitor in a room adjacent to the PET camera.
During the subsequent 30-min uptake period of FDG, subjects either watched the cigarette cue
video and held one of their own cigarettes in the dominant hand, or watched the neutral (nature
video) and held a neutral object (pen) in the dominant hand. The videos for this study consisted
primarily of material that elicited differing intensities of cigarette craving in smokers in earlier
work (Droungas et al., 1995). The cigarette-cue video depicts a man and woman smoking in a
variety of situations (e.g. during breakfast, while waiting for a bus, sitting at a desk) on a day
when the man is going on a job interview. The neutral video presented educational material
about birds. Because these videos did not last for the full 30-min uptake period, additional
videotaped material from our laboratory was added to the original videos. For the cigarette-
cue condition, the remaining video depicted writing a letter while smoking a cigarette with the
camera positioned to provide the first person point of view. In this portion of the video, a
cigarette is lit on camera and a lighter and ashtray are seen. For the neutral video, additional
educational material about nature was shown.

During the FDG-uptake period, the Urge to Smoke (UTS) Scale (Jarvik et al., 2000) was
administered every 10 min. This scale consists of 10 craving-related items with analog ratings
(0 = definitely not to 6 = definitely) and takes approximately 1 min to complete, with increased
urges indicated by higher values (Sweeney et al., 1996).

After the 30-min uptake period, emission scanning commenced. A 1-min transmission scan
was obtained for positioning, using a 58Ge external source, followed by a 40-min emission
scan. PET images were acquired with the ECAT 953 tomograph (CTI-Siemens, Knoxville,
TN) with 31 slices in the two-dimensional mode, in a dimly lit, quiet room. The average
transaxial resolution was 5-6 mm FWHM, plane spacing 3.125 mm, and axial FOV 10.8 cm.
Reconstruction was performed using filtered back-projection with an automatically computed
attenuation correction. Immediately after each PET session and at a 1-week follow-up visit,
subjects were interviewed to determine whether cue exposure resulted in a worsening of
nicotine dependence.

2.5. MRI scanning, PET-to-MRI realignment, and region of interest drawing

The MRI scan had the following specifications: three-dimensional Fourier-transform spoiled-
gradient-recalled acquisition with TR =30 ms, TE = 7 ms, 30° angle, 2 acquisitions, 256x192
view matrix. The acquired volume was reconstructed as roughly 90 contiguous, 1.5-mm thick
transaxial slices.

MRI and PET scans were retrieved onto a SUN Ultra one Workstation (SUN Microsystems,
Mountain View, CA), and were coregistered for more precise localization of hand-drawn
regions of interest. PET-to-MRI coregistration was performed using MEDx 3.3 (Sensor

Psychiatry Res. Author manuscript; available in PMC 2009 November 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brody et al.

Page 5

Systems Inc, Sterling, VA), a UNIX-based medical image visualization and analysis program.
Within MEDX, the Automated Image Registration method was used for PET-to-MRI
coregistration (\Woods et al., 1993).

Four regions of interest (ROIs) were drawn bilaterally on MRI and transferred onto coregistered
PET scans (Fig. 1). Based on a priori hypotheses derived from the literature cited above, these
regions were the ventral ACC, OFC, DLPFC, and anterior insula. The ventral half of the ACC
was drawn in approximately 11 planes. The OFC, consisting of the medial and lateral orbital
gyri, was drawn in approximately 14 planes. The DLPFC consisted of the dorsal portion of the
middle frontal gyrus, and was drawn in approximately 11 planes. The anterior insula region

was drawn as the anterior half of insular cortex in approximately 17 planes. Whole brain was
also drawn so that ratios of ROI/global metabolism could be calculated for statistical analysis.

2.6. Statistical analyses

Mean (+ standard deviation) scores for all clinical rating scales were determined for the neutral-
and cigarette-cue scans within the untreated and bupropion-treated groups. To determine
similarities and differences between the untreated and bupropion-treated groups, Student’s t-
tests were performed for clinical ratings at the time of scanning (mean cigarettes/d, exhaled
CO levels, HAM-D, HAM-A, Shiffman-Jarvik Scale, UTS scale, and difference between the
neutral and cigarette-cue scan in UTS scale).

For analyzing PET data, separate statistical analyses were performed using the computer
software program Statistical Parametric Mapping (SPM99) and hand drawn ROIs. Both
methods were used to examine differences between groups in regional brain activation from
the neutral- to the cigarette-cue conditions (group-by-condition interaction), and to determine
associations between subjective craving and regional brain metabolism for the treated group
(associations between craving and regional metabolism were reported previously for the
untreated group (Brody et al., 2002)). Results from both methods were used and compared,
given the limitations of each (Steinmetz and Seitz, 1991; Friston et al., 1994; Nadeau and
Crosson, 1995; Rajkowska and Goldman-Rakic, 1995). Thus, four primary analyses were
performed — SPM and ROI for group-by-condition interactions, and SPM and ROI for
associations between craving and normalized metabolism in the treated group.

For the SPM analysis of group-by-condition interaction, the Z-statistic was determined to
identify regions that had significantly different between-group activations in response to
cigarette-related (compared with neutral) cues. Within-group analyses were also performed
with SPM to assess effect of condition, in order to determine which group changes accounted
for the interactions in the preceding analysis. A significance threshold of P<0.005 (2>2.72),
uncorrected, was used for this analysis, along with a minimum extent threshold of 25 voxels.
This threshold is similar or identical to those used in other published studies using PET and
SPM to examine drug craving (Sell et al., 2000; Kilts et al., 2001; Bonson et al., 2002; Brody
et al., 2002). Locations of significant voxels were determined by mapping coordinates onto
group mean images of study PET and MRI scans, the PET template accompanying the SPM
program, and a standard atlas (Talairach and Tournoux, 1988). The mapping of coordinates
onto the mean PET scan of actual study subjects is reported here if discrepancies were found
between these localization methods. Results are presented using the voxel of peak significance.

For the ROI analysis of group-by-condition interaction, Student’s t-tests were performed for
the a priori regions (left and right ventral ACC), with change in normalized metabolic rate
(ROl/global) as the variable of interest. Identical statistical tests were performed using the ROIs
drawn for the correlational analysis (below) as control regions. The statistical criterion for ROI
tests of the two a priori regions and six control regions (left and right OFC, DLPFC, and anterior
insula) was P<0.05 (two-tailed), a threshold similar or identical to other hypothesis-driven PET
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analyses in this line of research (Grant et al., 1996; Childress et al., 1999; Volkow et al.,
1999).

Based on significant results from the group-by-condition analyses, a secondary analysis was
performed using SPM and ROIs and similar statistical methodology. As an approximate
measure of resting differences in ACC metabolism between untreated and bupropion-treated
smokers, a comparison of normalized ACC metabolism during the neutral cue scans was
performed between untreated and bupropion-treated smokers (effect of group).

To determine associations between craving and regional metabolism in the bupropion-treated
group, we examined the within-subject dependence of relative regional metabolism on craving
(UTS score), using SPM99 and ROIs in a similar manner to our previous report on untreated
smokers (Brody et al., 2002). For the SPM analysis, an ANCOVA was performed with UTS
score as the covariate. Using the SPM option of multi-subject covariate only, this design
determined the main effect of covariate within the bupropion-treated group, with voxels
considered significant at P<0.005, uncorrected for multiple comparisons. For the ROl analysis,
this relationship was determined with Pearson correlation coefficients between change in UTS
score and change in normalized ROI value from the neutral to the cigarette-cue scans for the
three hypothesized ROIs (OFC, DLPFC and anterior insula) bilaterally. The significance
threshold for ROI calculations was P<0.05 (two-tailed).

3.1. Sample characteristics and clinical results

Prior to treatment, the bupropion-treated and untreated groups were similar in age, number of
cigarettes smoked per day, number of years smoking, and exhaled CO levels (Student’s t test,
all P>0.05) (Table 1). The groups were also similar in sex, handedness, and interval between
scans. HAM-D and HAM-A scores were low overall, and were similar between groups (see
Table 1, Student’s t-tests, all P>0.05).

Following treatment, bupropion-treated smokers had lower Urge to Smoke (UTS) Scale scores
during both the neutral and cigarette-cue sessions (both Student’s t-tests, P<0.0005) and less
of a difference in UTS from the neutral to the cigarette-cue conditions than untreated smokers
(Student’s t-test, two-tailed, P=0.05) (Table 1), indicating that bupropion-treated smokers had
reduced overall craving levels and diminished cigarette cue-induced craving compared with
untreated smokers. The bupropion-treated group reported smoking fewer cigarettes per day,
had lower exhaled CO levels, and had lower scores on the Shiffman-Jarvik Scale than untreated
smokers during both conditions (Student’s t-tests, P<0.0005 for cigarettes/day and CO levels,
and P<0.05 for the Shiffman-Jarvik Scale), indicating that bupropion-treated smokers had
reduced cigarette use and withdrawal symptoms. Five bupropion-treated subjects met full
criteria for having quit smoking (7-day self-report of abstinence and an exhaled CO of <8
ppm) (Jarvik et al., 1997), while the majority of the remainder of the group had diminished
usage. No subjects reported a worsening of their nicotine dependence related to cigarette cue
exposure.

3.2. PET results: brain metabolic changes associated with cue presentation

In the SPM analysis of group-by-condition interaction, untreated and bupropion-treated

smokers had significantly different metabolic activation from the neutral to the cigarette-cue
scans in the perigenual ACC (Z=3.25, x y z coordinates=—2 40 20, P=0.001; 25 voxels) (roughly
corresponding to Brodmann areas [BA] 24/32) (Fig. 2). The untreated group alone had an area
of ACC activation (183 voxels), including a voxel of peak significance (Z=3.86, xy z=-2 46
18), with a similar location to the difference between groups found here. These results indicate
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that untreated smokers had significantly more ACC activation than bupropion-treated smokers
in response to cigarette-related (compared with neutral) cues. Unexpectedly, the left lateral
posterior temporal lobe had a greater metabolic activation in the treated than the untreated
group (Z=3.50, xy z=—54 —34-24,P=0.001, 43 voxels for the interaction). No other significant
differences in metabolic activation or deactivation between study groups were found.

In the ROI analysis examining the group-by-condition interaction, effects for both the left and
right ventral ACC were significant (P<0.05 for both). These effects were due to ACC activation
in the untreated group (left 0.034 [+0.051] and right 0.030 [+0.050]), without significant
activations or deactivations in the bupropion-treated group (left —0.007 [+£0.065] and right
—0.001 [+0.043]) (Fig. 3). No control regions had significant group-by-condition interactions
(all P’s>0.16).

In the secondary analysis comparing neutral state normalized metabolism between untreated
and bupropion-treated smokers, SPM revealed that bupropion-treated smokers had higher
normalized metabolism in the right ventral ACC (Z=3.08, x y z=12 52 16, P=0.002) than
untreated smokers. In the ROI analysis, bupropion-treated smokers had higher normalized
metabolism than untreated smokers in both the left (1.13 [+£0.04] vs. 1.08 [+0.06], P=0.01) and
right (1.15 [£0.04] vs. 1.09 [+0.07], P=0.001) ventral ACC (Fig. 3). These results indicate that
bupropion-treated smokers had higher ventral ACC metabolism in the neutral state than
untreated smokers.

3.3. PET results: associations between craving and regional brain metabolism in the
bupropion-treated group

In the SPM analysis of within-subject dependence of relative regional metabolism on craving
in the bupropion-treated group, positive associations were found in the posterior left (Z=3.30,
Xy z=—40 32 -8, P=0.002) and right (Z=3.28, x y z=46 32 —10, P=0.001) OFC (Fig. 4).
Unexpected positive associations were also found in the left (Z=4.37, x y z=—52 —16 —24,
P<0.0005) and right (Z=4.25, x y z=60 —30 —10, P<0.0005) lateral temporal lobe, and right
ACC (Z=4.27, xy z=2 48 0, P<0.0005). An unexpected negative association was found in the
right post-central gyrus (Z=6.35, x y z=42 —22 50, P<0.0005). In the ROI analysis, a positive
correlation was found between change in UTS and change in normalized metabolism in the
right OFC (Pearson r=0.50, P=0.04). No other significant correlations between UTS and ROI
values were found.

4. Discussion

In this study, smokers treated with bupropion HCI had lower overall cigarette craving and less
cue-induced cigarette craving than untreated smokers. This diminished cue-induced cigarette
craving was accompanied by reduced activation of perigenual/ventral ACC metabolism,
possibly related to increased neutral state metabolism in this region. In bupropion-treated
smokers, intensity of craving was associated with normalized metabolism in the OFC
bilaterally [similar to untreated smokers (Brody et al., 2002)], indicating that this region may
mediate urge to smoke regardless of treatment status.

The clinical findings here extend previous research on the effects of bupropion HCI treatment
for nicotine dependence. While decreased overall levels of cigarette craving and withdrawal
have been reported in prior studies of bupropion-treated smokers (Shiffman et al., 2000; Durcan
et al., 2002), the finding of diminished cigarette cue reactivity has not yet been reported and
may provide an additional explanation for the efficacy of bupropion HCI, since responsiveness
to cigarette-related cues contributes to relapse in smokers attempting to quit (Niaura et al.,
1989a).
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Attenuation of cigarette cue-induced ACC activation is consistent with reports of the
mechanism of action of bupropion HCI. Among its many reported properties, bupropion
inhibits pre-synaptic reuptake of norepinephrine (NE) (Cooper et al., 1994; Horst and Preskorn,
1998) and dopamine (DA) (Horst and Preskorn, 1998; Nomikos et al., 1989; Meyer et al.,
2002), and increases NE release (Dong and Blier, 2001). The effect of bupropion is greater on
NE reuptake and inhibition of NE cell firing than on these mechanisms within the DA system
(Cooper et al., 1994; Dong and Blier, 2001; Meyer et al., 2002). Many studies demonstrate
that NE cells originating in the locus ceruleus and DA cells originating in the ventral tegmental
area innervate the ventral ACC directly, in an overlapping distribution (Levitt et al., 1984;
Takada and Hattori, 1987; Mitchell et al., 1994; Sesack et al., 1998; Williams and Goldman-
Rakic, 1998; Ciliax et al., 1999; Mundorf et al., 2001) (though the NE system is widespread
throughout the entire cortex, while the DA system projects primarily to the nucleus accumbens
and forebrain) (Levitt et al., 1984). Treatment with medications that block reuptake of NE and
DA have been shown to increase extracellular concentrations of these catecholamines (Page
and Lucki, 2002) and to prevent stress-induced surges in NE and DA release (Dazzi et al.,
2001, 2002a,b). These reports mirror the results of the current study in which elevated baseline
ACC activity was found in bupropion-treated smokers (possibly due to enhanced extracellular
catecholamine concentration leading to increased metabolism), accompanied by attenuated
ACC activation in response to cigarette cues (possibly due to diminished surges in
catecholamine release), although alteration of ACC reactivity through indirect cortical or
thalamic mechanisms are also possible explanations for study results.

The unexpected finding here of greater activation (from the neutral to the cigarette-cue scans)
in treated than untreated smokers in the left posterior lateral temporal lobe may reflect functions
of this region that are more responsive to videotaped cigarette cues in the treated group. In
other functional imaging studies, activation of this region has been associated with recognizing
the meaning of an object (Whatmough et al., 2002), recognizing images of the human body
(Downing et al., 2001), listening to complex sentences (Michael et al., 2001), and visual
recognition of speech (Bernstein et al., 2002). The present study indicates that treated smokers
may have been more able to attend to these aspects of the cigarette cue video (which had several
scenes of subjects conversing while smoking) than untreated smokers (who may have been
focused on urge to smoke during the cigarette cue video).

The finding here of a positive correlation between craving and OFC metabolism adds to the
many reports of this association in untreated substance-dependent subjects (Volkow et al.,
1991, 1999; Sell et al., 2000; Daglish et al., 2001; Bonson et al., 2002; Brody et al., 2002). The
link between drug craving and OFC activity is the most common association found in this type
of functional imaging work, and has led to the hypothesis that the OFC mediates drive and
compulsive behavior associated with drug dependence (Volkow and Fowler, 2000). This region
is also thought to mediate decision making that leads to reward (London et al., 2000; O’Doherty
etal., 2001a; Ernst et al., 2002) and to act as a secondary processing center for gustatory (Zald
etal., 1998; O’Doherty et al., 2001b) and olfactory (Zatorre et al., 1992; Levy et al., 1997;
Zald and Pardo, 1997) stimuli. These putative functions of the OFC may help explain the
consistent positive association between metabolism in this region and craving.

There are three central limitations of this study. The primary one is the absence of double-
blind, placebo-controlled treatment, which would control for aspects of treatment other than
the pharmacological effect of bupropion (e.g. patient motivation and expectations, visits with
a physician, and repeated administration of rating scales). Another limitation is the inability to
distinguish between effects of diminished cigarette usage vs. bupropion HCI treatment, so that
study results may be due to administration of bupropion HCI, diminished cigarette usage (and
resultant decreases in carbon monoxide levels), or both. To separate these effects, sample sizes
will be needed that are large enough to have adequate power to distinguish quitters from non-
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quitters. In addition, the absence of PET and cigarette-cue response data on the bupropion-
treated group prior to treatment precluded a direct assessment of pre-treatment between-group
differences in ACC metabolism or ACC reactivity. However, prior to treatment, the bupropion-
treated group was similar to the untreated group in all demographic and rating scale
measurements, and cigarette-related cues have consistently been shown to heighten cigarette
craving in untreated smokers (Sayette and Hufford, 1994; Droungas et al., 1995; Mucha et al.,
1998, 1999; Morgan et al., 1999; Conklin et al., 2000; Taylor et al., 2000). Other limitations
of the PET scanning and cue exposure procedures are described in our earlier report (Brody et
al., 2002).

Despite these limitations, this study also had several strengths that enhance confidence in the
findings. First, study samples were free of psychiatric, neurological, substance abuse, and other
medical comorbidities (other than nicotine dependence) that could affect PET scanning results.
Second, the sample size for a study of this type was relatively large, which enhanced power to
detect group differences. And third, substantial overlap in the results was found between two
methods of data analysis, which enhances the validity of the findings. To summarize, this study
provides preliminary evidence that bupropion HCI attenuates cue-induced cigarette craving
and associated ACC activation; additional studies, including both placebo control and repeated
imaging, will be needed to confirm and expand upon these results.
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Ventral ACC
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Fig. 1.

Regions of interest drawn on a study subject’s magnetic resonance image for transfer onto co-
registered PET scans. Images are presented from dorsal (top) to ventral (bottom). DLPFC =
dorsolateral prefrontal cortex; ACC = anterior cingulate cortex; Ant = anterior; OFC =
orbitofrontal cortex.
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Untreated smokers alone

Bupropion-treated smokers
alone

Difference between
Untreated and Bupropion-
treated

Fig. 2.

Statistical parametric mapping results for the untreated smoker group alone (n=20) showing
significant activation (P<0.005) of the perigenual anterior cingulate cortex (ACC) from the
neutral to the cigarette-cue conditions (Panel 1). Panel 2 shows a small area of activation in
the bupropion-treated group (n=17) alone. Panel 3 shows the ACC region of activation that

was greater for untreated than bupropion-treated smokers.
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Region of interest analysis showing activation from the neutral to the cigarette-cue state of

normalized left (panel 1) and right (panel 2) ventral anterior cingulate cortex (ACC)

metabolism for untreated (red), but not bupropion-treated (blue), smokers. A higher mean
neutral state ACC metabolic rate is seen in the bupropion-treated than the untreated group.
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Fig. 4.

Statistical parametric mapping analysis showing regions with significant associations
(P<0.005) between subjective craving and regional metabolism for the bupropion-treated
smoker group alone (n=17). These regions included the orbitofrontal cortex (OFC) and anterior
cingulate cortex (ACC).
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