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Abstract

Rationale—We have shown that differences in the level of neural activation to stimuli associated 

with smoking vs. natural rewards, a biomarker related to reward sensitivity, predict treatment 

outcome.

Objectives—This paper examined whether this biomarker moderates the impact of bupropion or 

varenicline on smoking cessation.

Methods—Prior to treatment randomization, smokers (N = 180) in a placebo-controlled trial 

using bupropion and varenicline completed event-related potential recording (late positive 

potential, LPP) while viewing pleasant (P), cigarette (C)-related, and other pictures. We used 

Bayesian models to estimate the probability of interaction between treatment and the LPP for both 

efficacy and comparative effectiveness analyses.

Results—Efficacy analysis showed that smokers with more neural activation to pleasant vs. 

cigarette-related stimuli (P > C) had a 98–99% chance of achieving greater abstinence than 

placebo (OR >1.00), using either medication from the end of treatment (EOT, primary outcome) 

through the 3-month follow-up. Relative to placebo, smokers with higher activation to cigarette-

related vs. pleasant stimuli (C > P) had a 99% chance of increased benefit from varenicline at both 

time points (OR >1), but only 67 and 43% with bupropion at the EOT and 3-month follow-up, 
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respectively. Comparative effectiveness analysis found that smokers with the C > P activation 

pattern had a 95–98% chance of benefit from varenicline vs. bupropion, while P > C smokers had 

a 50–58% chance of similar improvement with varenicline at the EOT and 3 months.

Conclusions—Varenicline appears to be the treatment of choice for smokers with the C > P 

pattern of neural activation, while for those showing P > C, varenicline and bupropion have similar 

efficacy.
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Introduction

Recent work in our laboratory has focused on the relationship between individual 

differences in brain activation to motivationally relevant stimuli and the ability to quit 

smoking (Versace et al. 2012, 2014). This work is based on the supposition that drug-

dependent individuals demonstrate increased sensitivity to drug-related cues and reduced 

sensitivity to natural rewards (Koob and Volkow 2010; Volkow et al. 2010). Using the late 

positive potential (LPP), an event-related potential (ERP) measure of the motivational 

relevance attributed to emotional stimuli (Hajcak et al. 2010; Lang and Bradley 2009), we 

have shown that differences in the level of neural activation to stimuli associated with 

smoking-related vs. intrinsically pleasant stimuli predict treatment outcome (Versace et al. 

2012). In our original report (Versace et al. 2012), smokers showing enhanced brain 

responses to cigarette (C)-related cues and blunted brain responses to intrinsically pleasant 

(P) stimuli (C > P; cluster 2 in our original report) at baseline are less likely to achieve 

smoking abstinence at the 6-month follow-up than smokers with the opposite pattern of 

brain reactivity (P > C; cluster 1 in our original report; see Figure S1 in the Online Resource 

for a plot of the original cluster solution). We subsequently reproduced these cluster findings 

using fMRI data obtained in an independent sample using the same stimuli from the original 

report. We again found that the C > P group achieved lower levels of abstinence than the P > 

C group, while also demonstrating lower levels of activation in the dorsal striatum and the 

medial and dorsolateral prefrontal cortex, areas important for processing reward and 

controlling executive function, respectively (Versace et al. 2014).

Previous research has found that both primary (e.g., fruit juice delivery, erotic picture 

presentation) and secondary (e.g., monetary gain) rewards activate overlapping brain areas 

(Sescousse et al. 2013), while cigarette-related cues also activate the same areas as pleasant 

stimuli (Versace et al. 2011a). Individual variation in the relative magnitude of activity 

produced in these reward-sensitive areas by different categories of stimuli (i.e., cigarette vs. 

intrinsically pleasant) could reflect differences in the underlying reward value (sensitivity) 

an individual places on stimuli in that category. We have speculated that smokers whose LPP 

activity is greater to cigarette vs. intrinsically pleasant stimuli (C > P) may have lower 

hedonic capacity (i.e., the ability to enjoy pleasurable (non-drug) activities and stimuli) and 

hence may be less sensitive to representations of natural rewards. Additionally, enhanced 

brain activity to cigarette-related cues might reflect high motivational relevance attributed to 

these stimuli, potentially due to nicotine-boosted, reward-related brain activity that is 
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otherwise hypoactivated. Though speculative, this interpretation is consistent with the dual-

reinforcement model of nicotine dependence: nicotine is both a primary reinforcer and a 

reinforcement enhancer that magnifies the incentive value of stimuli accompanying nicotine 

delivery (Caggiula et al. 2009). Although there may be other ways to characterize this 

construct, for heuristic purposes, we suggest that the relative differences in responsivity to 

intrinsically pleasant vs. cigarette-related cues reflects underlying sensitivity to the effects of 

natural rewards (i.e., reward sensitivity), which for those with C > P may be partially 

mitigated by smoking.

In the parent study, we demonstrated a differential benefit of varenicline vs. bupropion on 

abstinence (Cinciripini et al. 2013), similar to that seen in other studies (Anthenelli et al. 

2016; Cahill et al. 2013), as well as differential effects on measures of depressive affect and 

smoking reward. Moreover, experimental findings by Brandon et al. (2011) suggest that 

varenicline reduces the reward value of cigarettes, while those of Rustalis et al. (2005) show 

that relative to placebo, bupropion does not. We speculated that C > P smokers are less 

sensitive to intrinsic vs. smoking-related reward and that based on these studies, varenicline 

could be expected to have a greater impact on abstinence among these individuals than on 

those demonstrating P > C. The current secondary analysis evaluates the degree to which 

varenicline may differentially benefit C > P smokers. While several placebo-controlled trials 

have established the effectiveness of both bupropion and varenicline for smoking cessation 

(Anthenelli et al. 2016; Cahill et al. 2013; Hughes et al. 2014), mapping differences in 

treatment outcome to neural markers such as the one proposed here might provide a basis for 

future treatment-matching strategies.

Although large for an ERP study (n = 180), the analyses described in our original report did 

not provide adequate power for testing a medication by reward sensitivity group (C > P vs. P 

> C) interaction using traditional (frequentist) methods of hypothesis testing. Here, we take a 

Bayesian approach to explore this interaction, which, considerations of power aside, offers 

the benefit of determining the probability that such an interaction exists, as opposed to 

making a dichotomous determination (yes/no) regarding its presence using a frequentist 

approach. Frequentist methods rely on a single probability threshold (e.g., p < .05) to reject 

the null hypothesis of no interaction (i.e., reward sensitivity does not moderate the effects of 

medication on abstinence). A Bayesian analysis directly estimates the probability that the 

alternative hypothesis is true (i.e., an interaction does, in fact, exist; Wijeysundera et al. 

2009) and provides estimates for the interaction term (Simon 2002). Although exploratory in 

nature, this analysis can inform the design of future clinical studies and may have direct 

treatment implications because it estimates the probability that one drug more favorably 

benefits a specific subgroup. This allows for calibration of clinical decisions that weigh the 

risk and benefit of a treatment, given the probability of its success. In addition to the 

traditional efficacy question (active drug vs. placebo; Green et al. 2009), we evaluated 

clinical effectiveness (active drug vs. active drug) to estimate the probability that smokers 

with higher levels of activation to cigarette vs. naturally pleasant cues (C > P) would benefit 

more from varenicline than bupropion.
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Methods

Participants

The original clinical sample consisted of N = 294 smokers who participated in a placebo-

controlled trial involving bupropion and varenicline (clinicaltrials.gov identifier: 

NCT00507728), the main results of which have been previously published (Cinciripini et al. 

2013). The ERPs recorded from n = 180 of these smokers provided the basis for our original 

report on reward sensitivity (Versace et al. 2012), and this is a follow-up analysis of that 

same sample. We recruited smokers interested in quitting smoking from the community. 

Inclusion criteria were the following: age of 18–65 years, smoking 5 or more cigarettes per 

day, baseline expired carbon monoxide (CO) level greater than or equal to 6 ppm, fluency in 

English, and having a working telephone. Exclusionary criteria included the following: 

taking psychotropic medication, a current psychiatric disorder (except for nicotine 

dependence), involvement in any smoking cessation activities, contraindications for either 

bupropion or varenicline, or any uncontrolled medical illness. The University of Texas MD 

Anderson Cancer Center Institutional Review Board approved the protocol and informed 

consent.

Procedures

Participants, screened for trial eligibility 1 week before the baseline ERP laboratory session, 

were instructed to smoke ad libitum before the baseline session. At this session, participants 

provided an expired CO sample and completed questionnaires, including the Fagerström 

Test for Nicotine Dependence (FTND; Heatherton et al. 1991). Following application of 

EEG electrodes, participants were instructed to keep their eyes on the screen and to 

minimize movement during the slideshow. Earlier reports summarize details of the screening 

procedure and other assessments not directly pertinent to this paper (Cinciripini et al. 2013; 

Robinson et al. 2013; Versace et al. 2010; Versace et al. 2012).

Picture-viewing task—During the 30-min picture-viewing task, participants viewed one 

of three picture sets composed of four categories, consisting of 24 pleasant (PLE), 

unpleasant (UNP), cigarette-related (CIG), and neutral (NEU) pictures, selected from the 

International Affective Picture System (IAPS) pictures (Lang et al. 2005) and from other 

sets developed by us (Carter et al. 2006; Versace et al. 2011b) and others (Gilbert and 

Rabinovich 1999; Stritzke et al. 2004). The Online Resource and previous reports (Robinson 

et al. 2013) provide further details of the pictures.

ERP data collection analyses and LPP response categorization—As reported 

previously (Versace et al. 2012), based on the amplitude of the LPP recorded at centro-

parietal sites for each picture category (400–700 ms after onset), k-means clustering 

assigned smokers to two classes, characterized by relative differences in brain activation to 

PLE vs. CIG stimuli. In the current report, we refer to the original cluster 1 (N = 99) as P > 

C to designate a higher level of activation in the LPP to pleasant vs. cigarette pictures, while 

cluster 2 (N = 81), denoted C > P, indicates the opposite pattern. The Online Resource 

summarizes details about the EEG analyses and provides a plot of the reward sensitivity 

group by picture category interaction (Figure S2).
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Treatment—All smokers received ten individual behavioral smoking cessation counseling 

sessions over the 12-week active treatment phase, six in-person (30 min each) and four by 

telephone (15 min each). Pharmacotherapy, initiated the day after the first treatment visit, 

followed the recommended dosing for a total of 12 weeks. Our main outcome paper 

(Cinciripini et al. 2013) provides complete details of the clinical trial.

Assessment of abstinence—Collection of abstinence data used a timeline follow-back 

(TLFB) procedure (Brown et al. 1998; Law et al. 2003). In this study, as in the main clinical 

outcome paper (Cinciripini et al. 2013), prolonged abstinence (Hughes et al. 2003) at the end 

of treatment (EOT) served as the primary outcome, and 3-and 6-months post-quit prolonged 
abstinence as secondary outcomes. The common starting point for assessing prolonged 

abstinence was the end of the grace period (i.e., 2 weeks following the quit date). For 

prolonged abstinence, relapse was defined by seven or more consecutive days of smoking or 

smoking at least one cigarette over two consecutive weeks from the end of the grace period 

to a selected future time point (Hughes et al. 2003). Verification of abstinence reports used 

either expired CO <10 ppm or salivary cotinine (<15 ng/ml), with participants unavailable 

for assessment considered non-abstinent.

Statistical approach

Analysis of abstinence data—Logistic regression (PROC GENMOD; SAS v. 9.3; SAS 

Institute, Inc., Carey, NC, USA) modeled smoking cessation as a function of LPP responses 

(P > C vs. C > P), treatment (bupropion, varenicline, placebo), and the interaction of LPP 

and treatment. Two types of interactions were tested: (1) an efficacy analysis, comprised of 

the LPP × bupropion (vs. placebo) and LPP × varenicline (vs. placebo) interactions, and (2) 

a comparative effectiveness analysis involving the LPP × varenicline (vs. bupropion) 

interaction. Follow-up tests of simple effects within the two LPP categories characterized the 

respective interactions.

Bayesian reasoning represents estimates and accompanying uncertainty regarding the true 

population parameter in the form of a probability distribution. The posterior distribution 

resulting from the analysis summarizes the current state of the evidence for a given 

hypothesis. Mathematically, this posterior distribution is a function of a prior distribution 

and the observed data. The current analysis takes the perspective that prior distributions are 

simply another model assumption which should be subject to evaluation (Gelman 2011; 

Spiegelhalter et al. 2004). Doing so permits assessing the degree to which the data supports 

the hypotheses, assuming different levels of skepticism (Parmar et al. 1996). Data are 

evaluated using two sets of prior distributions, each reflecting divergent prior perspectives 

regarding the true probability that an interaction exists between treatment and reward 

sensitivity. Both prior distributions are neutral and centered on the null hypothesis. Vague 

priors regard the existence of the interaction with considerable uncertainty; skeptical, 

informative priors regard the chance of an interaction as extremely unlikely (i.e., <2.5%).

Distributions of logistic regression coefficients in the log form are approximately normal 

(Spiegelhalter et al. 2004). Vague, neutral priors assume a distribution for each logistic 

regression coefficient that is approximately normal (mean = 0, variance = 1 × 106) in the log 
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form. The prior distribution is centered on the null hypothesis of no effect (i.e., 

exponentiating the mean of the prior yields an OR = 1.0), with a corresponding 95% credible 

interval that has upper and lower limits of +1960 and −1960, respectively (i.e., OR = 1.65 × 

10851 and 6.06 × 10−852). Vague, neutral priors support a broad range of plausible parameter 

values and characteristically provide estimated values similar to those based on frequentist, 

maximum likelihood estimates (for comparative purposes, we provide parameter estimates 

from both approaches for the efficacy analysis of prolonged abstinence in Table S1 in the 

Online Resource). What differs across the two approaches is the interpretation of these 

values? In particular, evaluation of the 95% confidence limits for the frequentist estimates of 

the interaction term indicates whether an interval excludes the null hypothesis (crosses 1.0). 

Failure to reject the null hypothesis would result in the frequentist conclusion that the study 

found no evidence of an interaction. The interpretive difference is best illustrated by 

comparing the 95% credible and confidence limits for the Bayesian and frequentist 

estimates, respectively, which, again, are very similar to each other in absolute magnitude. 

The interpretation of the frequentist 95% confidence interval is widely known: with the 

repetition of the same study/experiment multiple times, the frequentist 95% confidence 

interval is that range of values that captures the true parameter 95% of the time. Importantly, 

the frequentist approach remains silent regarding the relative probabilities that various values 

within the 95% confidence interval represent the true parameter value: a value at the center 

of the confidence interval is indistinguishable from one at the extremes in terms of the 

relative probability that it is the true, governing parameter. The Bayesian 95% credible 

interval based on the posterior distribution, however, does precisely this: it permits the 

articulation of the relative probabilities that various values in different regions of the interval 

constitute the true, governing parameter. By definition, the Bayesian posterior distribution is 

a probability density that integrates to one: the differential height of the density for the 

various parameter estimates it covers is an indication of the relative probability that one 

estimate is more or less likely than another. An investigator wishing to calculate the 

probability that a given parameter estimate exceeds some value (e.g., an OR = 1) may simply 

calculate the area under the curve for the posterior distribution that exists above the value. 

Therefore, even if the 95% credible interval does not exclude the null value (e.g., OR = 1), 

this need not bring inquiry to an end, as the Bayesian approach still permits an estimate that 

the true, governing parameter exceeds the null value. Since estimates from vague, neutral 

priors maximize the weight given to the current data and minimize the weight of prior 

evidence, they provide the basis for the reported Bayesian estimates.

Assessing the robustness of the conclusions based on vague, neutral priors, we present 

reanalyses of the same models using skeptical, informative priors. Skeptical, informative 

prior distributions are constructed in the log form, are centered at the null hypothesis of no 

effect (i.e., OR = 1.00; ln [1] = 0), and follow a normal distribution with a specified 

variance. Here, we took the position that an interaction is an extremely unlikely occurrence. 

Thus, the variance for the skeptical, informative prior was specified such that the log odds 

ratio for each subgroup effect, as estimated using vague, neutral priors, has only a 2.5% 

chance of occurring (Dixon and Simon 1991; Simon and Freedman 1997; Simon et al. 1996; 

Simon 2002; Spiegelhalter et al. 2004).
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Results

Baseline demographics, smoking, and affective characteristics

Table 1 summarizes the baseline demographic and smoking characteristics for each of the 

treatment groups, according to LPP grouping. Cross tabulation and ANOVA evaluated 

variation on baseline measures as a function of LPP group, treatment group, and their 

interaction. No statistically reliable main effects for LPP group, treatment group, or the LPP 

by treatment group interaction on any of demographic variables emerged (see the Online 

Resource, “Analysis of LPP responses within treatment group” section, for additional 

details).

Abstinence results

Figure 1 presents the prolonged abstinence rates for LPP groups (P > C vs. C > P) as a 

function of the treatment group and time point. Table 2 lists the posterior probabilities for 

the interaction between the LPP group (P > C vs. C > P) and treatment, for both the efficacy 

(placebo as reference) and comparative effectiveness analyses (bupropion as reference; 

Figures S3 and S4 show posterior distributions at the EOT). Please see Table S2 for posterior 

probabilities for the interaction and Tables S3 and S4 for simple effects concerning other 

abstinence definitions.

Efficacy analysis—Using vague neutral priors (Table 2), the probability of an interaction 

between the LPP group (P > C vs. C > P) and treatment (bupropion vs. placebo) was 84 and 

90% at the EOT and 3 months and nearly 70% at 6 months, suggesting a differential effect 

for bupropion on abstinence rates as a function of reward sensitivity, particularly at the EOT 

(our primary outcome point) and 3-month follow-up. For varenicline, the chance of an LPP 

group × treatment (varenicline vs. placebo) interaction was 59 and 64% at the EOT and 3 

months, and 74% at 6 months, suggesting that the LPP group strongly moderated the effect 

of bupropion but not varenicline vs. placebo, at the EOT and 3 months with the 

disappearance of the effect by a 6-month follow-up.

These differences are more clearly noted in the analyses of the simple effects of treatment 

within each of the LPP subgroups. Table 3 provides the odds ratio, 95% credible interval, 

and the posterior probability that the parameter estimate exceeds an OR of 1.00 at each of 

the selected time points (Figures S4 and S5 depict posterior densities at the EOT). Among P 

> C smokers, those randomized to either bupropion or varenicline have a >98% chance of 

achieving a higher level of abstinence relative to placebo (i.e., probability of OR >1) through 

the 3-month follow-up. At the 6-month follow-up, the posterior probability of achieving 

abstinence was 96% for varenicline and 83% for bupropion (i.e., probability of OR >1). The 

calculated ORs for P > C smokers, similar for each drug vs. placebo, suggest a comparable 

benefit from either medication through the 6-month follow-up. The results were quite 

different for C > P smokers. Relative to placebo, smokers with larger brain responses to 

cigarette-related vs. pleasant stimuli (C > P) had a 99% chance of achieving increased 

abstinence across all time points when treated with varenicline (i.e., probability of OR >1), 

but when treated with bupropion, C > P smokers had only a 67% chance of increased 

abstinence (i.e., OR >1) at the EOT and a 43 and 49% chance at the 3- and 6-month follow-
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ups. As shown in Table 3, ORs for C > P smokers for each drug vs. placebo were much 

higher for varenicline than bupropion (see Table S2 for other abstinence measures).

Re-estimating the posterior distribution of these interactions using skeptical priors initially 

assumes that the interaction has only a 2.5% chance of occurring. Table 2 shows the final 

posterior probability estimates using skeptical informative priors for an interaction of 

bupropion and reward sensitivity were 75% at the EOT, 85% at 3 months, and 60% at 6 

months. Comparable values for varenicline ranged from 54 to 64% over time. These results, 

which are more conservative because they assume only a 2.5% chance of an interaction of 

the observed magnitude with vague, neutral priors, show a similar pattern of an increased 

chance of an interaction between bupropion and LPP and a lower chance of interaction 

between varenicline and LPP. As in the earlier case, this relationship disappears by the 6-

month measurement point.

Comparative effectiveness—Using vague neutral priors, Table 2 shows the probability 

of an LPP group (P > C vs. C > P) × treatment (varenicline vs. bupropion) interaction was 

90% at the EOT, 96% at 3 months, and 88% at the 6-month follow-up (See Supplement 

Table S2 for other abstinence measures). Analysis of simple effects (Table 4, Figure S7 

depicts posterior distributions at the EOT) indicated that C > P smokers benefited more from 

varenicline than bupropion (i.e., OR >1.00): 95% chance at the EOT and ≥98% at the 3- and 

6-month follow-ups. However, P > C participants had a 50% chance of differential benefit 

from varenicline relative to bupropion (i.e., OR >1.00) at the EOT, 58% at 3 months, and 

82% at 6 months (see supplement Table S4 for other abstinence measures).

Using skeptical, informative priors, initially assuming only a 2.5% chance of an interaction, 

identified with vague priors, we found that the corresponding posterior probabilities were 

71% at the EOT, 57% at the 3-month follow-up, and 64% at the 6-month follow-up. Thus, 

while the probability for the interaction is nearly 90% or greater at all three time points 

using vague neutral priors, a more conservative, skeptical approach results in posterior 

probability estimates that an effect exists (OR >1) of 60–70%.

Discussion

This secondary data analysis from a previous clinical trial (Cinciripini et al. 2013) evaluated 

the interaction of LPP response to cigarette and pleasant stimuli with pharmacotherapy 

(varenicline or bupropion) on smoking cessation outcome. Previously having shown that 

smokers with relatively higher levels of brain activation to cigarette compared to naturally 

pleasant stimuli quit smoking less often than those with the opposite pattern (Versace et al. 

2012), we hypothesized that this divergence might reflect a lower sensitivity to natural 

rewards. The current paper examined the probabilities of that interaction using Bayesian 

statistical modeling, as an alternative to frequentist methods of hypothesis testing.

The results of our efficacy analyses (varenicline or bupropion vs. placebo), using vague 

neutral priors, suggest that P > C smokers demonstrate comparable likelihoods of 

successfully abstaining at the EOT (our primary outcome) and at the 3-month follow-up 

when treated with either varenicline or bupropion, whereas C > P smokers are more likely to 
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abstain if given varenicline. By the 6-month follow-up, both groups favor varenicline relative 

to placebo. Importantly, however, the comparative effectiveness analysis (bupropion vs. 

varenicline) showed the probability of an LPP group × treatment interaction exceeded 87%, 

and simple effects analyses indicated this was due to a higher probability of abstinence (i.e., 

OR >1.00) for C > P smokers taking varenicline (99% chance of OR >1.00) vs. bupropion 

(43–67% of OR >1.00), across all time points. P > C smokers showed a similar probability 

of benefit from either varenicline (96–98% chance of OR >1.00) or bupropion (83–99% 

chance of OR >1.00) across time points. Using highly conservative skeptical informative 

priors, the posterior probabilities of the LPP group × treatment interactions were lower at all 

time points, although to be clear, this set of assumptions represents an extremely 

conservative, initial estimate of 2.5% regarding the existence of an interaction of the same 

magnitude as that observed with vague neutral priors. Nevertheless, the overall consistency 

in direction and magnitude, across time, for both sets of assumptions (vague neutral or 

skeptical priors), suggests that the likelihood of interaction at the EOT and 3 months, in 

particular, is indeed quite robust.

The results have practical implications for determining a course of pharmacotherapy and for 

the analysis of clinical trial data using Bayesian analytical methods. From a treatment 

perspective, our results suggest that a neural biomarker of reward sensitivity using the LPP 

may be a useful pretreatment tool in determining medication assignment. Smokers with 

larger brain responses to naturally rewarding than to cigarette-related stimuli (i.e., P > C) 

seem to demonstrate a similar probability of benefit from either bupropion or varenicline at 

the end of treatment and at the 3-month follow-up, though these effects diverge at 6 months. 

Those with larger brain responses to cigarette-related stimuli than to naturally rewarding 

stimuli (i.e., C > P) show a greater probability of benefit conferred by varenicline at all time 

points. Clinically, varenicline seems to be the better treatment choice between these two 

alternatives for C > P smokers, especially if we wish to maximize early treatment success. 

For P > C smokers, since either medication may be effective, treatment choice may depend 

on other factors, such as having a contraindication for one medication (i.e., seizure disorder 

for bupropion or significant renal impairment in the case of varenicline), or having a higher 

probability of certain adverse events in one or the other treatments (GI disturbance with 

varenicline). Cost might be another factor in determining treatment choice, as both 

bupropion and nicotine replacement therapy (NRT) have generic equivalents. Such factors 

favor the use of bupropion for P > C smokers or an equally effective low-risk treatment, such 

as NRT, given that large-scale clinical trials and meta-analyses have established statistical 

equivalence between NRT and bupropion (Mills et al. 2012; Piper et al. 2009; Stead et al. 

2012).

Our findings inform and support current models of dependence that emphasize impaired 

reward circuitry as a primary mechanism associated with chronic drug use: chronic drug use 

will result in the eventual hypoactivation of the dopaminergic system and the regulatory 

pathways that modulate dopaminergic activity (Volkow et al. 2010), leading, in turn, to 

diminished sensitivity to the effects of natural rewards (e.g., food, sex) and enhanced 

reactivity to drug-related stimuli. Measuring neural activation in the presence of both drug-

related and non-drug-related pleasant cues, we have shown that such a process is manifest in 

a large subgroup of smokers. We have also shown the potential of varenicline to ameliorate 
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the adverse effects of this process on treatment outcome. Varenicline acting as a partial 

dopamine agonist at the α2β4 nicotinic receptor (Coe et al. 2005) may offset the diminished 

responsiveness of the dopaminergic system, particularly when nicotine, a potent yet often 

short-lived dopaminergic agonist, is withdrawn. Evidence suggests that strong stimulation of 

dopaminergic pathways may offset drug use in animal models of cocaine (Thanos et al. 

2008) and alcohol (Thanos et al. 2004) dependence.

The current paper highlights the usefulness of Bayesian statistical approaches in the analyses 

of early-stage clinical trials and suggests potential applications to clinical decision making 

and subgroup analyses. Addressing treatment interactions using conventional (frequentist) 

methods requires as much as a fourfold increase in sample size over the requirement to 

evaluate main effects (Brookes et al. 2004). Subgroup analyses using Bayesian approaches, 

while valuable in their own right, might be used to justify the commitment of additional 

resources for a larger conventional trial. By estimating the probability of differential 

treatment benefit within subgroups, we can assign a probability to the alternative hypothesis, 

rather than relying on a dichotomous probability threshold (.05) to reject the null hypothesis. 

We can further increase the confidence in our findings by specifying a probability level to 

establish benefit. In our case, we emphasized findings where the benefit of a particular 

treatment for a subgroup (i.e., C > P) equaled or exceeded 70%. Doing so a priori, in a phase 

2 trial, allows for a principled go-no-go decision for moving forward with a larger phase 3 

trial, as recently discussed by the FDA for evaluating efficacy of new medications (Berry 

2005; Goodman 2005; Lipscomb et al. 2005; O’Neill 2006; Temple 2005; US Food and 

Drug Administration 2004).

Limitations of the current paper relate primarily to the secondary nature of the analysis. 

Given that the specification of the subgroup analysis did not occur a priori, a cautious 

interpretation of these findings as hypotheses generating seems warranted. Moreover, as 

additional evidence accrues, characterizing the LPP groups in other ways should permit 

exploration of alternative explanations for its predictive value, including questionnaire and 

behavioral measures of anhedonia, reward valuation, and experience, as well as different 

methods for forming such subgroups. Finally, the relatively small cell sizes of the LPP 

groups within certain treatment condition should temper the degree to which these findings 

generalize to the broader population. An ongoing clinical trial in our group will provide a 

better opportunity to address these issues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Prolonged abstinence at the end of treatment (EOT) and at the 3- and 6-month follow-ups by 

the LPP group (P > C/C > P) and treatment [placebo (PLA), bupropion (BUP), varenicline 

(VAR)] for a P > C and b C > P
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Table 3

Summary of the probabilities of simple effects for the Bayesian efficacy analysis at the end of treatment (EOT) 

and at the 3- and 6-month follow-ups

OR 95% CBI LCL 95% CBI UCL p(odd ratio >1)

Prolonged abstinence at the EOT

  P > C

    Varenicline 2.151 1.069 9.738 0.981

    Bupropion 2.254 1.214 8.593 0.991

  C > P

    Varenicline 3.784 1.248 12.776 0.991

    Bupropion 1.369 0.326 5.604 0.670

Prolonged abstinence at 3 months

  P > C

    Varenicline 3.155 1.079 9.825 0.982

    Bupropion 2.864 1.099 7.733 0.985

  C > P

    Varenicline 4.252 1.354 15.436 0.994

    Bupropion 0.866 0.150 4.296 0.430

Prolonged abstinence at 6 months

  P > C

    Varenicline 2.630 0.876 8.161 0.957

    Bupropion 1.627 0.602 4.552 0.829

  C > P

    Varenicline 4.759 1.248 24.354 0.990

    Bupropion 0.965 0.104 7.011 0.486

The reference group is placebo. The odds ratio and 95% credible interval (CBI) upper confidence limit (UCL) and lower confidence limit (LCL) 
are shown. The credible intervals estimate the relative probabilities that the parameter estimates fall within this range. P > C refers to smokers with 
higher LPP responses to pleasant than to cigarette-related stimuli; C > P refers to the smokers with higher brain responses to cigarette-related 
stimuli than to pleasant stimuli
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Table 4

Summary of the probabilities of simple effects for the comparative effectiveness analysis at the end of 

treatment (EOT) and at the 3- and 6-month follow-ups

OR 95% CBI LCL 95% CBI UCL p(OR >1)

Prolonged abstinence at the EOT

  P > C: varenicline vs. bupropion 1.000 0.363 2.298 0.498

  C > P: varenicline vs. bupropion 2.815 0.826 10.527 0.950

Prolonged abstinence at 3 months

  P > C: varenicline vs. bupropion 1.108 0.403 3.077 0.578

  C > P: varenicline vs. bupropion 5.089 1.262 25.562 0.990

Prolonged abstinence at 6 months

  P > C: varenicline vs. bupropion 1.615 0.578 4.571 0.819

  C > P: varenicline vs. bupropion 5.261 1.055 38.671 0.980

The odds ratio and 95% credible interval (CBI) upper confidence limit (UCL) and lower confidence limit (LCL) are shown. The credible intervals 
estimate the relative probabilities that the parameter estimates fall within this range. P > C refers to smokers with higher LPP responses to pleasant 
than to cigarette-related stimuli; C > P refers to the smokers with higher brain responses to cigarette-related stimuli than to pleasant stimuli
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