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Abstract

Background—Varenicline has been shown to reduce cigarette craving during a quit attempt.

Objectives—Use BOLD fMRI to explore differences in smoking cue reactivity at baseline and 

after five weeks of varenicline smoking cessation treatment.

Methods—Treatment-seeking nicotine-dependent adult smokers underwent BOLD fMRI scans 

with block presentation of visual smoking, neutral, and rest cues under two conditions: craving or 

resisting the urge to smoke at baseline and following 5 weeks of standard varenicline therapy. 

Data were analyzed using FMRI Expert Analysis Tool, version 5.98 of Functional Magnetic 

Imaging of the Brain Software Library focused on the smoking vs. neutral cue contrast at the 

individual and group level, Z>2.3 with cluster threshold p=0.05.

Results—Twenty-one participants were scanned at baseline and 16 completed the study; 10 were 

abstinent at the 2nd session, confirmed with urinary cotinine. In the Crave Condition no significant 

differences were found between the abstinent and non-abstinent groups at either time point. 

During the baseline Resist Condition, the abstinent group compared to the non-abstinent group 

demonstrated activation in a distributed network involved in alertness, learning and memory. 

Additionally, within the abstinent group, increased activation of the superior frontal gyrus was 

found at baseline compared to week 5.

Conclusion—Successful smoking cessation with varenicline is associated with increased 

activation, prior to a quit attempt, in brain areas related to attentiveness and memory while 

resisting the urge to smoke

Scientific Significance—Varenicline may exert effects by both reducing craving and 

enhancing resistance to smoking urges during cue-elicited craving.
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INTRODUCTION

Current clinical guidelines recommend the use of evidence-based medications during 

smoking quit attempts (1). Varenicline, one of the first-line medications, has been associated 

with significantly higher continuous abstinence rates at one year compared to placebo and 

other first-line therapies including nicotine replacement therapy, and bupropion (2). 

Varenicline is a partial agonist at the α4β2 nicotinic acetylcholine receptor (nAChR) with 

both nicotine-like agonist effects leading to relief of withdrawal symptoms and craving as 

well as receptor blockade attenuating the rewarding effects of smoking (3). For example, 

compared to bupropion or placebo, varenicline has been shown to significantly reduce 

subjective measures of satisfaction with smoking the first cigarette after the target quit date 

(TQD) (4).

Craving during a quit attempt is a challenge for most nicotine-dependent smokers and is a 

factor associated with relapse (5). In addition to the pharmacological rewards from nicotine 

administration, smoking is also maintained by the associations of the pharmacological action 

of nicotine with cues such as the sight of favored cigarette pack or lighter and the sight or 

smell of cigarette smoke (6). In both laboratory and real-world studies, these smoking-

related cues readily induce craving (7,8). Neuroimaging studies have examined regional 

areas of brain activation associated with craving during presentation of smoking-related 

cues. Exposure to smoking-related cues commonly provokes activation in regions 

subserving attention such as the anterior cingulate cortex (ACC), precuneus, and cuneus 

(9,10); the mesolimbic dopamine reward system, known to be activated by addictive drugs 

including the right posterior amygdala, posterior hippocampus, ventral tegmental area, 

nucleus accumbens (NaC); the medial (m) thalamus (11); and areas involved in decision 

making and goal directed behavior such as the prefrontal cortex (PFC) (12). To date, only 

two studies have reported on areas of regional brain activation, while smokers actively 

resisted the urge to smoke during presentation of smoking cues. Brady and colleagues (9) 

found higher activation in the left posterior cingulate cortex (PCC), bilateral precuneus, 

bilateral retrospenial area, bilateral superior frontal gyrus (SFG), and left dorsal ACC 

contrasting resisting to neutral epochs. In contrast, our group did not find significant 

differences in neural activation between craving and resisting without taking into account 

the specific strategy employed to counter the urge to smoke (12).

Prior research has indicated that first-line medications are more efficacious in attenuating 

the ambient craving associated with withdrawal and deprivation than the minimal effect on 

periodic cue-elicited craving (13,14). However, varenicline, compared to placebo, has 

previously been shown in one study to reduce smoking cue-induced response in the ventral 

striatum (VS) and medial orbitofrontal cortex (mOFC) in non-treatment seeking nicotine-

dependent smokers (15). While important, the reduction of craving is only one potential 

strategy in combating nicotine dependence in cigarette smokers. Enhancing smokers’ ability 

to resist the urge to smoke during craving and following cue exposure has the potential to 

improve treatment outcomes. To our knowledge, no studies have previously described the 

effects of varenicline on brain activation patterns while resisting the urge to smoke during 

smoking-related cue exposure.
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We report on the subjective measures and changes in regional activation patterns during cue-

elicited craving and resisting the urge to smoke before and during a smoking quit attempt 

with varenicline. As a result of varenicline’s partial activation of the nAChR, we 

hypothesized that smokers on varenicline would evidence reduced smoking satisfaction and 

craving to smoking cues by subjective measures and reduction in BOLD fMRI activation in 

areas associated with craving during the presentation of smoking cues after 5 weeks of 

treatment with varenicline as compared to baseline. The a priori analysis plan included 

comparison between participants who were able to quit smoking and those who continued to 

smoke to determine if abstinence impacted the effect of varenicline on activation patterns.

MATERIALS AND METHODS

Subjects

Twenty-one right-handed, treatment-seeking nicotine-dependent smokers averaging 35.2 

(SD = 12.1) years of age (12 women and 9 men) and smoking on average 20 (SD = 2.0) 

cigarettes/day were recruited through local community advertisements. All participants gave 

written informed consent as approved by the Medical University of South Carolina (MUSC) 

Institutional Review Board. A subset of participants’ baseline data (n = 15) has been 

previously reported in a description of regional activation patterns in craving and resisting 

the urge to smoke during smoking-related cue exposure prior to any type of smoking 

cessation treatment (12).

Eligible participants met the criteria for nicotine dependence, were motivated to quit 

smoking, and were willing to set a target quit date. Exclusion criteria included use of other 

tobacco products or pharmacotherapy for smoking cessation, previous varenicline failure, 

medical conditions or medications affecting brain function, pregnancy, current significant 

Axis I disorders, other lifetime substance dependence, or substance abuse within the past 30 

days. The Fagerström Test for Nicotine Dependence (FTND) (16), Questionnaire of 

Smoking Urges-Brief (QSU-B) (17), Modified Cigarette Evaluation Questionnaire (mCEQ) 

(18), and Tobacco Use History were administered. Exhaled carbon monoxide levels (≥10 

ppm) were measured with a MicroSmokelyzer (Bedfont Scientific Ltd., Kent, United 

Kingdom) to confirm recent smoking. Subjects participated in two scanning sessions, one at 

baseline and the other at week 5, approximately 1 month after the TQD. Following the initial 

fMRI session and setting a TQD, standard treatment with varenicline was initiated with a 

titration phase at .5 mg per day for 3 days followed by .5 mg twice a day for 4 days. On the 

TQD, varenicline was increased to 1 mg twice a day for the remainder of the study. 

Participants were seen weekly to monitor smoking measures, review smoking diary, 

medication log, and pill count, obtain CO levels, assess adverse effects associated with 

varenicline, and for brief supportive smoking cessation counseling. At week 5, the abstinent 

subgroup included participants with at least a 7-day point-prevalence abstinence rate, CO in 

non-smoking range (≤3 ppm), and negative cotinine levels (<200 ng/ml). The non-abstinent 

subgroup included individuals who completed the study and reported smoking, provided CO 

levels (> 10 ppm) or those who were lost to follow-up with presumed return to smoking. 

Participants were reimbursed a nominal amount for study participation, and received two 
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additional months of varenicline treatment following study completion to comply with 

current recommendations for length of therapy.

fMRI Procedures

The cue-elicited craving paradigm, image acquisition parameters, procedures, and 

processing methods were fully described previously (12). Briefly, participants were exposed 

to two separate fMRI runs with 24s blocks of five smoking-related pictures or five neutral 

pictures, interleaved with rest blocks (24s) and self-rating of craving (6s) using a handpad at 

baseline and following each block. Each run had a total of 24 blocks, eight smoking-cue, 

eight rest, and eight neutral blocks; no blocks were repeated in immediate succession. All 

participants received the same order of blocks and pictures. During the initial fMRI run, 

participants were instructed to “allow yourself to crave when you see the smoking related 

pictures.” In a separate immediately subsequent run, participants were instructed to “resist 

the urge to smoke when you see the smoking pictures by any means you find helpful.”

Functional scanning was performed with a 3.0-T Siemens Trio scanner utilizing a standard 

multislice single-shot gradient echo EPI sequence with the following parameters: TR = 2.2 s, 

TE = 35 ms, 64 × 64 matrix, 3×3×3 mm voxels, 328 volumes, and 36 ascending transverse 

slices with ascending transverse slices with approximate AC-PC alignment.

fMRI Data Analysis

Functional MRI analysis was completed using FMRI Expert Analysis Tool (FEAT), version 

5.98 of Functional Magnetic Imaging of the Brain (FMRIB) Software Library using standard 

statistical approaches focusing on the smoking versus neutral cues contrast from the crave 

and resist conditions (12). Prior to analysis, FSL pre-statistics processing included removal 

of non-brain with Brain Extraction Tool (BET), motion correction with Motion Correction 

FMRIB Linear Image Registration Tool (MCFLIRT) (19), spatial smoothing with a 

Gaussian kernel of FWHM 8 mm, and grand-mean intensity normalization of the entire 4D 

dataset by a single multiplicative factor, highpass temporal filtering (Gaussian-weighted 

least-squares straight line fitting, with sigma = 50.0s). Participant data were excluded due to 

excessive movement (greater than 3 mm) during the scanning runs. Based on this criterion, 

one participant was excluded entirely from data analysis. An additional participant’s data 

was excluded from the resist condition as participant appeared to fall asleep or kept eyes 

closed and did not display any visual activation comparing smoke versus rest contrast.

A first-level analysis was performed to examine each individual’s data from the crave and 

resist conditions, comparing blocks of smoking-related and neutral cue exposure. Imaging 

data gathered during the self-rating and rest conditions were excluded from the analysis. 

Voxels were thresholded at Z > 2.3 with cluster threshold set at p = .05.

Upper-level analyses were completed using FEAT FMRIB’s Local Analysis of Mixed 

Effects (FLAME 12) using the individual feat directories with the same statistical threshold 

to estimate inter-session and inter-subject random-effects component of the mixed effects 

variance (20). FILM with local autocorrelation correction was used to complete the time-

series statistical analysis (21). Upper-level analyses focused on the smoking versus neutral 
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contrast in both the crave and resist conditions, including the group at large at baseline, the 

abstinent versus non-abstinent subgroups at baseline and at week 5 of a smoking quit 

attempt with varenicline, and between the two time points in each subgroup.

RESULTS

Smoking Outcomes

Varenicline was well tolerated by all of the participants. The most common adverse effects 

were nausea (38%) and insomnia (19%). One participant required a dosage reduction 

following titration to 1 mg in the morning and .5 mg in the evening due to insomnia. At 

week 5, 47.6% (n 10) were included in the abstinent subgroup. The remaining participants 

who either continued to smoke at a reduced level (n = 6) or dropped out of the study (n = 5) 

with presumed return to smoking were considered non-abstinent As seen in Table 1, at 

baseline no significant differences were found between the abstinent and non-abstinent 

subgroups in age, gender, cigarettes/day, and education. A racial difference was found with 

more Caucasians in the abstinent subgroup compared to the non-abstinent subgroup (p = .

03); the small number of participants limits the ability to infer that race accounted for any of 

the group differences. To note, some previous research, but not all (22), has indicated that 

African-American smokers may have a more difficult time quitting smoking and are more 

likely to drop out of smoking cessation trials (23,24).

At baseline, both subgroups were moderately nicotine-dependent as measured by the FTND 

and experienced similar levels of ambient craving and smoking satisfaction as measured by 

the mCEQ (Table 2). Likewise, no statistically significant differences were seen between the 

two subgroups in the QSU-B factor 1, a measure of positive reinforcement for smoking, 

QSU-B factor 2, a measure of negative reinforcement for smoking or the total QSU-B. After 

5 weeks of varenicline treatment during a smoking quit attempt, both the abstinent and non-

abstinent subgroups experienced a significant decrease compared to baseline in the level of 

nicotine dependence, smoking satisfaction, ambient craving, and QSU-B measures (Table 

2). A significant decline in CO levels was seen in the abstinent subgroup but not the non-

abstinent subgroup. Both subgroups had significant declines in smoking satisfaction 

following treatment; however, the significance was greater in the abstinent smokers. As seen 

in Table 2, comparison between the two subgroups at week 5 revealed a significant 

reduction in smoking satisfaction of the last cigarette, based on the mCEQ questionnaire, 

and marginally significant reduction ambient craving in the abstainers compared to the non-

abstainers. No other differences in smoking measures were seen following 5 weeks of 

varenicline treatment between the two subgroups.

Craving and Resisting the Urge to Smoke Neuroimaging Findings

Overall Group—During the crave condition at baseline, activation was seen in regions 

associated with craving including the PFC, ACC, PCC, precuneus, and left lingual cortex 

supporting our previous work (12). At week 5, similar regions of the PFC, ACC, PCC, and 

precuneus were found to be activated while on varenicline. When comparing the crave 

condition at baseline to week 5, no significant differences were discovered. During the 

baseline resist condition, activation was found in the PFC and left OFC. At week 5, the 
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overall group demonstrated activation in the bilateral thalamus; however, no statistically 

significant differences were found when comparing baseline and week 5 of the entire group.

Abstainers and Continued Smokers—During the crave condition at baseline, no 

statistically significant differences were noted between those who were later able to abstain 

and the non-abstainers. At baseline during the resist condition, the abstinent subgroup 

compared to the non-abstinent subgroup demonstrated activation in the right insular cortex 

and possibly right putamen, left anterior thalamus, bilateral middle cingulate, and PCC part 

of the distributed network involved in alertnes, learning, and memory as seen in Figure 1 

and Table 3.

In the abstinent subgroup, no significant differences were found between baseline and week 

5 on varenicline in crave condition. Of particular interest, in the resist condition, greater 

activation was found in bilateral SFG extending into the PFC at baseline compared to week 

5 in the abstinent subgroup, supporting the view that the SFG is involved in the inhibitory 

modulation of cue-elicited craving. (Figure 2; coordinates reported in Table 3). No areas of 

greater activation were found comparing week 5 to baseline in the abstinent subgroup. No 

statistically significant differences were found in either the crave or resist condition between 

the two time points in the non-abstinent subgroup.

DISCUSSION

Our findings indicated several differences between crave and resist conditions and abstainers 

and non-abstainers in conjunction with varenicline treatment. After 5 weeks on varenicline, 

both subgroups reported a statistically significant decline in ambient craving. 

Mechanistically, varenicline’s action on dopamine may account for the decrease in 

subjective craving. Low dopamine levels have been associated with craving and withdrawal 

symptoms from nicotine, both associated with relapse (25). Varenicline, a partial agonist at 

α4β2 nAChR, produces a sustained moderate increase in mesolimbic dopamine levels 

alleviating the reduced dopamine levels found during abstinence and quit attempts (26). We 

were unable to detect significant differences in the brain regional activation pattern in the 

crave condition between the abstinent and non-abstinent subgroups or between the two time 

points in either subgroup. These results suggest that while both subgroups reported less 

subjective craving, areas associated with attention and reward continued to be activated. 

This unconscious activation to smoking-related cues may be a key factor for the frequent 

slips and relapses during smoking quit attempts.

Limited research has examined the effect of medications on resisting the urge to smoke 

during cue exposure. A recent laboratory study found that among heavy, automatic smokers 

(within the first 5 minutes of waking), varenicline enhanced the ability to resist the urge to 

smoke and decreased subsequent smoking when presented with the opportunity to smoke 

(27). McClernon and colleagues demonstrated reduced activation of the SFG during cue-

elicited craving following treatments aimed at reducing or extinguishing cue responsiveness 

(28,29). Our finding of increased activation of the SFG while resisting the urge to smoke at 

baseline compared to week 5 in successful quitters is of particular interest. To our 

knowledge, this is the first report of reduced activation of the SFG while resisting the urge to 
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smoke during a successful quit attempt with varenicline. This finding supports recent 

research into the role of the SFG in both excitatory and inhibitory modulations of craving 

and cue reactivity (30).

Although exploratory, these preliminary findings suggest that varenicline’s potential to 

enhance cognition may be beneficial to a subset of smokers during a quit attempt. In chronic 

smokers, abstinence has been shown to impair cognitive function, which is restored with 

nicotine administration (31). During abstinence from smoking, varenicline, compared to 

placebo, has been shown to improve cognitive performance, including working memory and 

sustained attention (32). In addition to its α4β2 nAChR activity, varenicline is a full agonist 

of α7 nAChR. In animal studies, selective α7 nAChR agonists activate neurons in the PFC 

and nucleus accumbens shell, areas important for cognitive function (33). As such, the 

significant reduction in SFG and distributed network of insula, anterior thalamus, and 

cingulated cortex following smoking cessation/reduction may represent the cognitive 

enhancing properties of varenicline. By week 5, even in the presence of cue-elicited craving, 

resisting the urge to smoke is easier to modulate and no regional areas of activation were 

greater compared to baseline.

Our study has both strengths and limitations. Strengths include the within-subject design and 

assessment at two time points during a smoking quit attempt on varenicline. The study 

utilized subjective measures of smoking behavior combined with functional imaging of 

craving and resisting the urge to smoke. The majority of previous neuroimaging research has 

focused on cue-elicited craving only; examination of underlying neural substrates of 

resisting urges to smoke is also critical to the development of more effective treatments. 

Adherence was confirmed by self-report, a medication diary, and pill count. However, it is 

possible that not all of the participants took the medication as prescribed. An additional 

limitation is CO measure which is relatively imprecise in confirming abstinence and it is 

possible that participants smoked between visits. At the week 5 imaging visit, abstinence 

was verified by both CO monitoring and urinary cotinine, increasingly the likelihood of 

detecting smoking. The small sample size may have restricted our ability to detect subtle 

group changes in the BOLD signal, and the lack of a control group inhibits our ability to 

distinguish between the effects of abstinence and action of varenicline. The truest control 

group would be an unaided quit attempt without the use of any medication; however, this is 

impractical as the majority of unaided quit attempts result in a return to smoking. Small 

sample size in the subgroup analysis necessitates replication with a larger sample size. The 

addition of cognitive measures would also be beneficial.

In sum, varenicline’s combination of pharmacological effects as a partial agonist may not 

only ameliorate withdrawal symptoms and craving but also improve cognition, thus aiding 

in employing strategies to cope with craving and not giving into the urge to smoke.
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FIGURE 1. 
Resist condition at baseline (smoke-neutral contrast): areas of regional activation in the 

abstinent group greater than the non-abstinent group.
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FIGURE 2. 
Resist condition in the abstinent group (smoke-neutral contrast): areas of regional activation 

that were greater at baseline compared to week 5.
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TABLE 1

Demographic characteristics and baseline measures.

Characteristics Abstinent group, (n = 10) Non-abstinent group, (n = 11) p-Value

Age, mean (SD) 34.8(13.07) 35.55(11.72) .89

Gender, % male 30.0 54.5 .26

Cigarettes/day, mean (SD) 20.45(5.83) 17.27(4.29) .18

Education, % some college 70.0 81.8 .92

Race, % Caucasian 100 63.6 .03
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