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Abstract

Background—~Reducing the nicotine content in cigarettes could improve public health by
reducing smoking and toxicant exposure, but may also have unintended consequences on alcohol
use. The primary objective of this study was to examine the effect of reducing the nicotine content
in cigarettes on alcohol outcomes. The secondary aim was to examine whether the effects of these
cigarettes on alcohol outcomes were mediated by changes in nicotine exposure, smoking behavior,
or withdrawal.

Methods—Between June 2013 and July 2014, we conducted a 7-arm, double-blind, randomized
clinical trial at 10 U.S.-based sites. Daily smokers not currently interested in quitting (7= 839)
were assigned to equally sized groups to smoke for 6 weeks cigarettes containing either normal
nicotine content (NNC; 15.8 mg/g, 9 mg tar), moderate nicotine content (5.2 mg/g nicotine, 9 mg
tar), or very low nicotine content (VLNC; 0.4 to 2.4 mg/g, 9 to 13 mg tar). This investigation
focused on a subsample of current drinkers (/7= 403). Each reduced nicotine content cigarette
condition was compared to the NNC control condition with respect to trajectories over the 6-week
period of average daily alcohol use and occurrence of binge drinking. Moderating variables were
considered. Mediation analyses tested potential explanatory processes including changes in
nicotine exposure, cigarettes per day, and withdrawal.

Results—Over time, reduced nicotine exposure and smoking rate mediated effects of VLNC
cigarette use on reduced alcohol use. There was no evidence of compensatory drinking in response
to nicotine reduction or nicotine withdrawal, even among subgroups expected to be at greater risk
(e.g., relatively heavier drinkers, highly nicotine-dependent individuals).
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Conclusions—The findings suggest that compensatory drinking is unlikely to occur in response
to switching to VLNC cigarettes. In contrast, reducing the nicotine content of cigarettes may
reduce alcohol use (clinicalTrials.gov number, NCT01681875).
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Nicotine; Very Low Nicotine Content Cigarettes; Alcohol Use; Binge Drinking

Cigarette smoking is the leading preventable cause of death in the United States,
contributing annually to at least 480,000 deaths (U.S. Department of Health and Human
Services, 2014). Nicotine is the primary addictive substance in tobacco that sustains
smoking (Corrigall, 1999; Harvey et al., 2004; USDHSS, 1988), and the U.S. Food and Drug
Administration has the authority to implement product standards that drastically reduce,
although not eliminate, the nicotine content of cigarettes (Congress, 2009). Mandating
nicotine levels in cigarettes at or below a level that results in minimal dependence may
reduce the negative public health impact of cigarettes (Benowitz and Henningfield, 1994;
Zeller and Hatsukami, 2009). In line with this hypothesis, randomized trials of very low
nicotine content (VLNC) cigarettes, which contain substantially reduced levels of nicotine in
the tobacco compared to conventional cigarettes (e.g., 16 mg/g; Kozlowski et al., 1998;
Malson et al., 2001), have been shown to reduce nicotine exposure, nicotine dependence,
and smoking (Benowitz et al., 2012; Donny et al., 2007; Hatsukami et al., 2010, 2013a) and
promote abstinence (Hatsukami et al., 2010; Walker et al., 2012).

To fully describe the public health impact of VLNC cigarettes, it is critical to identify
unintended consequences of this strategy on nonsmoking behaviors (Henningfield et al.,
1998). One such behavior is alcohol use, a leading contributor to morbidity and death in the
United States (Danaei et al., 2009; Mokdad et al., 2004). Alcohol and tobacco co-use is
widespread (Falk et al., 2006), and the use of both substances may be causally linked
(Dermody and Donny, 2014; McKee and Weinberger, 2013; Shiffman et al., 1995). Only 1
published study has reported the effect of VLNC cigarette use on drinking (Barrett et al.,
2006). Among college-aged men (7= 15), VLNC cigarettes decreased alcohol use during a
laboratory session relative to normal nicotine content (NNC) cigarettes. The results suggest
that reduced nicotine exposure in the presence of smoking-related sensorimotor cues from
VLNC cigarettes may decrease alcohol intake.

Laboratory studies of nicotine patches also support a link between nicotine and alcohol
consumption; however, the findings are inconsistent. Relative to a 14-mg nicotine patch,
placebo patch decreased drinking among male, but increased drinking among female social
drinkers who were light smokers (1 to 10 cigarettes per day [CPD]; 7= 34; Acheson et al.,
2006). A subsequent study in heavy drinkers (7= 19) who also smoked more heavily (15 to
25 CPD) found that placebo patch (relative to nicotine patch) increased alcohol craving and
decreased latency to drink among males and females (McKee et al., 2008). Thus, acute
changes in nicotine impact drinking, but the direction of the effect may depend on sex, level
of nicotine dependence, or hazardous drinking.

Extended reductions in nicotine intake via smoking VLNC cigarettes may introduce
processes that would further impact drinking, such as nicotine withdrawal (Dermody and
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Donny, 2014). On average, withdrawal after switching to VLNC cigarettes increases within
1 day (Buchhalter et al., 2005) and returns to baseline levels within 2 weeks (Hatsukami et
al., 2010, 2013b). While withdrawal tends to be less severe when smoking VLNC cigarettes
compared to smoking abstinence (Buchhalter et al., 2001, 2005; Donny et al., 2007;
Hatsukami et al., 2010), smokers who do not experience complete withdrawal relief may
drink alcohol to cope with withdrawal-related negative mood (Dermody and Donny, 2014).
For instance, in laboratory studies, smoking abstinence has increased drinking among heavy-
drinking smokers relative to wearing a nicotine patch (McKee et al., 2008) or smoking an
NNC cigarette (7= 56; Palfai et al., 2000); however, this effect has not been consistently
replicated (7= 25; Perkins et al., 2000). Moreover, given the transient nature of withdrawal,
any compensatory drinking would likely be short-lived.

Another process that may mediate the effect of extended VLNC cigarette use on alcohol
intake is reduced smoking behavior (Dermody and Donny, 2014). Repeated cigarette and
alcohol co-use may condition cigarettes as a cue for drinking (Shiffman et al., 1995). As
VLNC cigarette use reduces cigarettes smoked per day relative to NNC cigarettes (Donny et
al., 2007, 2015; Hatsukami et al., 2010, 2013a,b), this may impact alcohol use to the extent
that cigarettes cue drinking (Dermody and Donny, 2014). Specifically, smoking cues (e.g.,
smoking-related images, holding a lit cigarette) have been shown to increase drinking urges
among alcohol-dependent smokers, but less so for social drinkers (Drobes, 2002; Palfai et
al., 2000). Thus, particularly among alcohol-dependent or heavy-drinking smokers, VLNC
cigarettes could limit pharmacologic or cue-based primes for drinking, thereby reducing
alcohol use.

Taken together, changes in nicotine exposure, cigarette use, and nicotine withdrawal
symptoms each may independently impact alcohol consumption. While some processes,
such as withdrawal, may increase alcohol use, other processes may decrease use. The
simultaneous contribution of these processes could very likely correspond with a small or
null net effect of VLNC cigarette use on drinking at the population level. As a result,
examining each of these processes is critical for determining whether a nicotine reduction
standard could impact alcohol outcomes among subsets of individuals affected by specific
processes.

To address gaps in the existing literature, the first aim of this study was to determine the
effect of cigarettes varying in nicotine content on drinking over time. It was hypothesized
that VLNC cigarette use would reduce alcohol use. The second study aim was to explore the
mechanisms hypothesized to mediate the effects of VLNC cigarette use on drinking.
Reduced nicotine exposure and smoking behavior were hypothesized to correspond with
reduced alcohol use. Increased withdrawal was expected to increase drinking. A double-
blind, multisite clinical trial of daily smokers not interested in quitting smoking was
completed in which participants were randomly assigned to smoke cigarettes of varying
nicotine content for 6 weeks. In the total study sample, those assigned to VLNC cigarettes
(with 2.4 mg/g nicotine or less) reduced their nicotine exposure and CPD, but did not have
increased withdrawal relative to those assigned to NNC cigarettes (Donny et al., 2015).
Alcohol use data were collected, but have not yet been reported.
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MATERIALS AND METHODS

Participants

From 2013 to 2014, adult daily smokers were recruited using flyers, direct mailings,
television/radio, and other advertisements from 10 sites (University of Pittsburgh, Brown
University, Johns Hopkins University, University of Minnesota Twin Cities, University of
Minnesota Duluth, Duke University, MD Anderson Cancer Center, University of California,
San Francisco, Moffitt Cancer Center, and University of Pennsylvania). Inclusion criteria
included the following: >age 18; smoking =5 CPD; expired carbon monoxide (CO) >8 ppm;
or urine cotinine >100 ng/ml. Exclusion criteria included the following: intention to quit
smoking in next 30 days; regular use of other tobacco products or frequent binge drinking
(i.e., >9 of past 30 days)l; significant or unstable medical/psychiatric conditions; positive
illicit drug toxicology screen other than cannabis; pregnancy/breast-feeding; and exclusively
using “roll-your-own” cigarettes.

A total of 1,270 individuals were eligible via phone screen and provided written informed
consent. In-person screening resulted in 839 eligible and enrolled participants. This study
examined 403 participants (48%) who were randomized to a study cigarette condition
(described below) and reported at the screening visit any alcohol use during the past month
or reported any alcohol use during the 2-week baseline period.

Study Design

The 7-arm, double-blind, randomized trial included a 2-week baseline period and 6-week
experimental period (for additional details, see Donny et al., 2015). During the baseline
period, participants smoked their usual brand of cigarettes. Participants were then randomly
assigned in equal numbers to smoke their preferred choice of menthol or nonmenthol
research cigarettes that varied in nicotine content: 0.4 mg/g; 0.4 mg/g high tar (HT); 1.3
mg/g; 2.4 mg/g; 5.2 mg/g; 15.8 mg/g (defined a priori as the primary control). Average tar
yields were 8 to 10 mg with the exception of 1 of the 0.4 mg/g cigarette conditions that had a
higher tar yield of 13 mg to test the effects of HT cigarettes on smoking outcomes, but this
manipulation was not addressed in this study. A usual cigarette brand condition was included
in the trial, but was not examined in this study as participants who were assigned to these
cigarettes were not blind to nicotine content. Study cigarettes were supplied by the National
Institute on Drug Abuse (NOT-DA-14-004). At each weekly visit during the experimental
period, participants were provided a free 14-day supply of cigarettes (based on CPD at
baseline x14). Additional cigarettes were provided as needed between visits to prevent
constraints on cigarette access. During the experimental period, participants were instructed
not to use other cigarettes, received brief weekly counseling aimed to increase compliance,
and completed weekly laboratory assessments. The study was approved by the institutional
review board at each study site.

Isix individuals were excluded at screening because they exceeded 9 binge drinking episodes in the past 30 days.
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Nicotine Dependence—Nicotine dependence was assessed at the baseline visit as the
sum of responses on the 6-item Fagerstrom Test for Nicotine Dependence (FTND;
Heatherton et al., 1991).

Alcohol Dependence Symptoms—Drinking problems were assessed at the baseline
visit with the Michigan Alcohol Screening Test—Short Form (SMAST; Selzer et al., 1975),
which is scored as the sum of responses to 13 yes/no questions about one’s drinking
difficulties.

Alcohol Outcomes—Standard drinks (each containing about 14 g of pure alcohol such as
one 12 oz beer, 5 0z glass of wine, or 1.5 0z shot of distilled spirits) consumed daily during
the 2 weeks prior to the baseline visit or since the last experimental visit were reported using
an interviewer-administered timeline follow-back (Sobell and Sobell, 1992). Alcohol use
was computed as a weekly average of drinks per day (i.e., first 7 days of baseline period;
days between each weekly visit). Occurrence of any binge drinking was defined as
consuming =5 drinks (men) or =4 drinks (women) within 2 hours.

Smoking Behavior—An interactive voice response (IVR) system automatically called
participants daily to query about the number of cigarettes smoked the previous day.
Participants separately reported study and nonstudy cigarettes smoked. Weekly averages of
daily total CPD (study + nonstudy) were computed (i.e., last 7 days of baseline period; days
between each weekly visit).

Nicotine Exposure—Nicotine exposure biomarkers were assessed at the baseline visit
and at postrandomization weeks 2 and 6 using first void urine samples. Total nicotine
equivalents (TNE), adjusted for creatinine, were computed as the sum of nicotine and 6
metabolites, which included total nicotine, total cotinine, total trans 3’-hydroxycotinine
(sum of the analyte and respective glucuronide conjugate), and nicotine-N-oxide.

Nicotine Withdrawal—Withdrawal symptoms during the past week were measured at
each visit using the Minnesota Nicotine Withdrawal Scale (Hughes and Hatsukami, 1986).
Ratings (none to severe) of symptoms (i.e., irritability, anxiety, depressed mood, craving,
increased appetite, restlessness, insomnia, difficulty concentrating) were reliable
(Cronbach’s as = 0.80) and thus were averaged. During the last week of the baseline period
and first week of the experimental period, participants reported withdrawal daily using the
IVR system. Averages of daily total withdrawal were computed corresponding to the
baseline period and first experimental week.

Statistical Analyses

Analyses were conducted in the structural equation modeling framework using Mplus 7.2
(Muthén and Muthén, 1998-2012). Missing data were accounted for using maximum-
likelihood estimation. Cutoff of p< 0.05 was used for statistical significance.
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Latent growth curve models of weekly alcohol use and binge drinking were modeled with
intercept factor loadings fixed to 1. Slope factor loadings were fixed to reflect equally
spaced visits and intercept at baseline. Conventional cutoff criteria for fit was used,
including root mean square error of approximation (RMSEA) < 0.05 and comparative fit
index (CFI) = 0.95 (Browne et al., 1993; Hu and Bentler, 1999). Chi-square test was not
used due to sensitivity to large samples. Linear, quadratic, and piecewise2 trajectories were
compared using relative fit (better fit with smaller RMSEA, Akaike information criterion
(AIC), and Bayesian information criterion (BIC), and CFI/Tucker Lewis index (TLI) closer
to 1) or chi-square testing for nested models.

The effect of nicotine content on drinking was evaluated by regressing the slope(s) of each
alcohol outcome on a dummy-coded predictor comparing the NNC control (coded as “0”) to
each reduced nicotine condition (coded as “1”). Non normal alcohol use distribution was
accounted for using bootstrapped corrected confidence intervals (Cls; 500 draws; Hoyle,
2014; Yung and Bentler, 1996). Covariates included sex, age, minority status, and baseline
CPD and FTND (without CPD item).

Moderation analyses, using product terms, examined whether the effects of VLNC cigarette
use on drinking differed based on sex, baseline levels of alcohol outcome (latent intercept
variable), nicotine dependence, and alcohol problems. Continuous moderators were mean-
centered. Only significant interactions are reported in the results and were probed using
simple slope analyses.

Next, mediation analyses examined the effect of combined VLNC cigarette conditions (0.4
to 2.4 mg/g) on intermediate processes (i.e., nicotine exposure, withdrawal, CPD) and, in
turn, the effect of intermediate processes on drinking. Statistical significance was determined
using bootstrapping (MacKinnon et al., 2004).

TNE were examined as a mediator at weeks 2 and 6, controlling for baseline TNE. Changes
in withdrawal and CPD were tested as mediators using parallel process models, which
estimated relations between latent growth curves of the mediator and outcome (Cheong et
al., 2003). If model fit was acceptable, the same trajectory shape was chosen for the
mediator as the dependent variable. An additional mediation model was estimated for
withdrawal, examining whether 1VR-assessed week 1 withdrawal mediated the association
between VLNC cigarette use and week 1 alcohol outcomes (controlling baseline period
IVR-assessed withdrawal and aforementioned covariates). Sex and baseline nicotine
dependence and alcohol problems were tested as moderators using product terms for both
pathways in the mediated effect. Baseline level of latent alcohol outcome was not examined
as a moderator due to estimation challenges associated with the complexity of the model
(i.e., testing 3 latent variable interactions alongside up to 6 latent variables for each model).
Only significant moderators are reported.

2For the piecewise model, the inflection point was chosen a priori at week 2 (factor loadings: 0, 1,2,2,2,2,2&0,0,0, 1, 2, 3, 4) due
to the hypothesized time frame of withdrawal and nicotine reduction, instances when mediators were measured (i.e., nicotine exposure
assessed at baseline, weeks 2 and 6), and model identification (i.e., latent linear slope factors need minimum of 3 indicators for
identification purposes).
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RESULTS

Participant Characteristics

On average, at the baseline visit, participants (/7= 403) were 39.24 years of age, smoked
14.98 CPD, and were moderately nicotine dependent (Table 1). Approximately 57.9% were
male, 57.8% were non-Hispanic White, 65.3% completed at least some college, and 52.9%
were menthol smokers. Participants averaged 0.98 standard drinks per day, and 11.7%
reported at least 1 binge drinking episode in the past week. Prevalence of high-risk drinking
(i.e., consumed above NIAAA guidelines of 14 drinks per week for men and 7 for women)
was 18.5% for men and 21.2% for women. Nearly 25% reported a history of problem
drinking (SMAST > 4). Relative to the nondrinkers (who were excluded from this study),
current drinkers smoked fewer CPD and were less nicotine dependent, younger, less likely to
smoke menthol cigarettes, and less likely to be of minority race or ethnicity (ps < 0.05). No
gender differences on drinking status were detected. Retention at week 6 was 92% (7= 370).
From weeks 1 to 5, IVR and in-person visit completion rates were 92 to 99 and 87 to 98%,
respectively.

The Impact of Reduced Nicotine Content Cigarettes on Alcohol Use

Alcohol Use Trajectories—The best-fitting model was piecewise, XZ =66.99, p<0.001;
RMSEA = 0.07 (0.05, 0.09); CFI = 0.97; TLI = 0.98; AIC = 8,115; BIC = 8,167.3 On
average, alcohol use increased from baseline to week 2 (SI; = 0.08, 99% ClI: 0.02, 0.16, p<
0.001), with no significant variability (Sl; variance equaled zero); thereafter, it did not
change (i.e., weeks 2 to 6; Sl, = 0.002, 95% CI: —-0.03, 0.03, p> 0.10), but demonstrated
significant variability (SL, variance = 0.04, 99%ClI: 0.004, 0.09).

The Effect of Nicotine Reduction on Alcohol Use Trajectories—During the first 2
weeks, the moderate nicotine condition (5.2 mg/g) exhibited a significantly smaller increase
in drinking relative to the NNC cigarette condition (Table 2).4 The 0.4 mg/g condition
demonstrated a qualitatively smaller, but nonsignificant, increase in alcohol use relative to
the NNC control condition. During the last 4 weeks, no conditions differed from NNC
control, regardless of covariates (ps > 0.10). When the intercept for the alcohol use trajectory
was centered at week 6, there were no significant differences in week 6 alcohol use between
the NNC cigarette and reduced conditions (s > 0.10; results not shown). The combined
VLNC conditions (0.4 to 2.4 mg/g) showed a qualitatively smaller increase during the first 2
weeks compared to the NNC condition (p < 0.10) and no difference during the last 4 weeks,
regardless of covariates.® There were no significant moderators (s > 0.10).

3Linear trajectory model fit was x2 = 89.10, p < 0.001; RMSEA = 0.08 (0.07, 0.10); CFI = 0.96; TLI = 0.97; AIC = 8,135; BIC =
8,181, and quadratic trajectory model fit was XZ =80.92, p<0.001; RMSEA = 0.09 (0.07, 0.11); CFI = 0.96; TLI = 0.96; AIC =
8,135; BIC = 8,199.

4Only 13.2% of the nondrinkers at baseline (who were excluded from these analyses) reported drinking any alcohol during the 6-week
trial, and their drinking status during the trial was not predicted by VLNC cigarette use (logistic regression odds ratio = 0.97, p=
0.95).

5Analyses were repeated with the outcome average number of drinks per drinking day, which was highly correlated with the
concurrent values for average drinks per day used in the primary analyses (s5 0.75 to 0.82). The pattern of findings for the reduced
nicotine content cigarette conditions and combined VLNC cigarette conditions relative to the control cigarette was replicated.
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The Impact of Reduced Nicotine Content Cigarettes on Binge Drinking

Modeling Binge Drinking Trajectories—The best-fitting model was linear, XZ =
125.76, p=0.37; AIC =1,921; BIC = 1,941.5 0n average, binge drinking did not change
(slope = 0.10, 95% CI: —0.03, 0.23), but the significant individual variability in the slope
suggested that some individuals increased and others decreased their binge drinking.

The Effect of Nicotine Reduction on Binge Drinking Trajectories—Reduced
nicotine content cigarettes were unrelated to binge drinking slope, regardless of covariates
(Table 2). One nonsignificant trend in the 0.4 mg/g condition suggested increased binge
drinking (p = 0.08), which is suspected to be spurious.7 There were no significant
differences at week 6 (ps: 0.19 to 0.97). The combined VLNC conditions did not differ in
binge drinking slope from NNC condition (¢ = 0.76). There were no significant moderators
(5: 0.14 10 0.92).

Mediators of Effect of VLNC Cigarettes on Alcohol Use

Nicotine Exposure—VLNC cigarette use was associated with lower TNE at week 2 than
NNC cigarette use (Fig. 1).8 TNE were not associated with changes in alcohol use. Thus,
mediation was not supported. VLNC cigarette use was associated with significantly lower
week 6 TNE, which, in turn, was associated with relative reductions in alcohol use from
weeks 2 to 6. The significant pathways were consistent with mediation, in which reduced
nicotine exposure corresponded with reduced alcohol use (a8 =-0.02, p< 0.05, 95% CI:
-0.04, -0.001).

Sex moderated the association with VLNC cigarette use on TNE at week 2 (p< 0.01) and
week 6 (p < 0.05). The VLNC cigarette effect on TNE was strongest for females. History of
problem drinking moderated the association between week 6 TNE and alcohol use during
the last 4 weeks (p < 0.05). Individuals endorsing a history of more drinking problems
demonstrated a stronger association between lower TNE and drinking (1 SD above mean:
ap=-0.03, 95%CI: -0.08, —0.004) than those who endorsed fewer problems (1 SD below:
af=-0.01, 95%Cl: —0.03, 0.01).

Nicotine Withdrawal—The best-fitting latent growth curve model for withdrawal was
piecewise function with a freely estimated week 1 factor loading, XZ =35.52, p=0.01;
RMSEA = 0.05; 90% CI: 0.03 to 0.08; CFI = 0.98; TFI = 0.97. There was a significant
increase in withdrawal symptoms during the first 2 weeks (slope 1 = 0.07, SE = 0.02, p<
0.001); thereafter, withdrawal decreased (slope 2 = —-0.04, SE = 0.01, p< 0.001).

The parallel process model used to test mediation is depicted in Fig. 2. VLNC cigarette use
was not associated with withdrawal during the first 2 weeks (a1 = —0.01, p> 0.10), nor was
withdrawal associated with changes in alcohol use (8, = 0.51, p> 0.10). During the last 4

6Quadratic trajectory model fit was XZ =119.95, p< 0.41; AIC =1,923; BIC = 1,959, and piecewise was XZ =120.72, p=0.39; AIC
=1,924; BIC = 1,960. Quadratic and piecewise slope and variance terms were nonsignificant.

The difference in slope between the 0.4 mg/g and NNC control condition was nonsignificant when only examining the first 5 weeks
of the trial (p=0.73).

The analyses excluded 5 individuals with missing or outlying values (i.e., baseline TNE <3), which is lower than that would be
expected for a daily smoker.
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weeks, VLNC cigarette use did not predict withdrawal (a, = —0.002, p> 0.10), and
withdrawal was not associated with alcohol use (8, = 0.51, p> 0.10). Thus, withdrawal was
not a mediator. There were no significant moderators (ps > 0.10).

Week 1 IVR-assessed withdrawal was also not a mediator as it was not predicted by VLNC
cigarette use, and in turn, it was unrelated to week 1 alcohol use (8= 0.01, p> 0.10).

Cigarettes Per Day—The best-fitting latent growth curve model for CPD was piecewise
with a freely estimated week 1 factor loading, XZ =40.64, p=0.001; RMSEA = 0.06; 90%
Cl: 0.04 to 0.09; CFI = 0.98; TFI = 0.98. On average, CPD increased during the first 2
weeks (6 =10.26, SE = 0.06, p< 0.001) and then did not change (4 =-0.08, SE = 0.07, p=
0.22).

The mediating role of CPD was investigated using the model depicted in Fig. 2. VLNC
cigarettes reduced CPD during the first 2 weeks relative to NNC cigarettes (aq = -1.32, p<
0.01, 95% CI: —2.07, —0.60), but CPD did not affect alcohol use (5, = 0.02, p> 0.10, 95%
Cl: —0.006, 0.06), which does not support mediation. During the last 4 weeks, VLNC
cigarette use was associated with reduced CPD (a, = —0.66, p< 0.01, 95% CI: —0.99,
-0.32), which, in turn, was associated with reductions in alcohol use (8, = 0.07, p< 0.05,
95% CI: 0.001, 0.30). This corresponded with a significant mediating pathway in which
reduced CPD in response to VLNC cigarette use was associated with reduced alcohol use
(apBp = —0.05, p<0.05, 95% CI: -0.24, —0.002). No significant moderators were identified
(ps>0.05).

Unique Mediating Pathways—As both TNE and CPD mediated the effects of VLNC
cigarettes on alcohol use, they were examined simultaneously using the model in Fig. 3 to
determine unique mediating effects. Unique mediating effects were observed for both TNE
and CPD. VLNC cigarette use was associated with reduced TNE levels at week 6, which, in
turn, was associated with reductions in alcohol use from week 2 to week 6 (a8 = —0.02,
95%Cl: —-0.05, —0.003). Similarly, VLNC cigarette use was associated with significant
reductions in CPD between weeks 2 and 6 relative to the NNC control condition, which, in
turn, was associated with concurrent reductions in alcohol use (a8 = —0.05, 95% CI: —0.18,
-0.01).

Mediators of Effect of VLNC Cigarettes on Binge Drinking

Nicotine Exposure—Week 6 TNE was not significantly associated with change in binge
drinking (8= 0.0001, p> 0.10); therefore, mediation was not supported. No moderators
were identified (ps > 0.08).

Nicotine Withdrawal—Mediation was not supported using the parallel process model
depicted in Fig. 4 because VLNC cigarettes were not associated with changes in withdrawal
(ps > 0.10) and changes in withdrawal were unrelated to changes in binge drinking (8; =
-0.59, p=0.37; B> = —0.04, p=0.98). There were no significant moderators (gs > 0.10).

Similarly, VLNC cigarette used was unrelated to week 1 withdrawal (o = 0.45, p> 0.10),
which, in turn, was unrelated to week 1 binge drinking (8= 0.01, p> 0.10).
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Cigarettes Per Day—Changes in CPD during the first 2 weeks (8; = 0.002, p=0.90) or
last 4 weeks (B, = 0.02, p= 0.67) were unrelated to changes in binge drinking. Thus,
mediation was not supported. No moderators were identified (o5 > 0.10).

DISCUSSION

Enacting a low nicotine product standard for cigarettes is expected to improve public health
by reducing exposure to nicotine and harmful smoke constituents (Benowitz and
Henningfield, 1994; Zeller and Hatsukami, 2009). We found no evidence of compensatory
alcohol use or binge drinking in response to nicotine reduction in cigarettes, even among
subgroups expected to be at higher risk (e.g., heavier smokers and drinkers). In fact, during
the first 2 weeks, there was a smaller initial increase in alcohol use in the moderate nicotine
condition and a similar qualitative trend for the VLNC cigarette condition; no significant
differences were seen after 6 weeks.

This investigation also suggests that a nicotine reduction standard could further improve
public health by reducing alcohol use among individuals who reduce their nicotine exposure
and smoking rate. Specifically, VLNC cigarette use significantly reduced nicotine exposure,
which, in turn, was associated with reduced alcohol use. These findings are consistent with
and extend prior laboratory research in which smoking VLNC cigarettes reduced alcohol use
(Barrett et al., 2006). The current findings extend this work by indicating that this relation is
due, at least in part, to pharmacological effects of nicotine. Similarly, VLNC cigarette use
reduced CPD compared to NNC cigarette use, which, in turn, was also associated with
reduced alcohol use. The mediating role of CPD was independent of the effect of nicotine
exposure on drinking and was expected as prior work implicates cigarettes as a cue for
alcohol craving (Drobes, 2002). Thus, similar to prior legislations targeting smoking that
have reduced drinking (McKee and Weinberger, 2013), regulation reducing the nicotine
content of cigarettes may reduce alcohol use specifically through its effects on nicotine and
cigarette exposure.

VLNC cigarettes did not impact binge drinking. The differential relations between CPD and
nicotine with alcohol use and binge drinking were not predicted, and prior research
supporting an effect of VLNC cigarettes on alcohol self-administration has not reported
effects for binge drinking (Barrett et al., 2006). Our findings suggest that for smokers whose
typical drinking patterns resemble our sample (i.e., not frequent binge drinkers), changes in
nicotine exposure due to VLNC cigarette use may reduce alcohol use, but may not impact
binge drinking.

This investigation had several methodological strengths. The use of VLNC cigarettes, in
which participants receive sensorimotor cues associated with smoking but not
pharmacological effects of nicotine, enabled us to examine independent contributions of
nicotine and smoking behavior in explaining effects on drinking. Additional investigations
of VLNC cigarettes could provide insight into the effects of nicotine, when obtained
alongside other tobacco constituents, on alcohol metabolism, reinforcement, and subjective
effects. Furthermore, the impact of VLNC cigarettes on drinking was examined
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longitudinally. Finally, the large multisite design, including a diverse population of daily
smokers, allowed for examining individual differences.

This study also had limitations. Self-report measures of alcohol use are susceptible to factors
that may have led to the initial increase in alcohol use seen in all study conditions.9 These
factors may include reporting bias (such as from social desirability), chance fluctuations in
drinking during the 1-week baseline period, and having more disposable income during the
experiment (due to study payments and obtaining free cigarettes) to buy alcohol.
Compliance with study cigarettes could not be guaranteed as usual brand cigarettes were
freely available in participants’ natural environments. While all participants reported the use
of study cigarettes, on average, participants also self-reported smoking <2 nonstudy CPD—
which may be underreported (Benowitz et al., 2015). The use of nonstudy cigarettes may
have led to underestimated associations between VLNC cigarette use, nicotine reduction,
withdrawal, and alcohol outcomes. The present analyses partly addressed this limitation by
demonstrating that reductions in nicotine exposure measured by biomarkers were associated
with reduced alcohol use. Future research may benefit from efforts to reduce noncompliance
to better estimate the effect of a nicotine reduction policy, under which conventional
cigarettes would be unavailable.

Furthermore, causal inferences cannot be made based on the statistical mediation tests. The
relations between the mediators and alcohol outcomes are likely bidirectional, as alcohol use
also increases smoking behavior (Barrett et al., 2013; Mintz et al., 1985). For instance, the
supported mediating roles of CPD and nicotine exposure may have in part been due to the
effect of alcohol use on smoking and noncompliance; however, baseline drinking and
alcohol problems did not impact the strength of intervention effects on drinking or
intermediate processes. Thus, it is unlikely that the observed effects are entirely explained by
these reverse pathways. Similarly, the effect of other constituents in the cigarettes on
drinking cannot be ruled out, such as acetaldehyde—a constituent of cigarette smoke, as
well as a metabolite of alcohol (Salaspuro and Salaspuro, 2004). Additional research is
needed to disaggregate the effects of cigarettes as a cue to drink from other aspects of
smoking.

Finally, 6 frequent binge drinkers (>9 times per month) were excluded from the study at
screening, which may have partly contributed to the lack of association between study
variables and binge drinking. Our subgroup analyses suggest individuals with a history of
problem drinking show greater reductions in alcohol use in response to VLNC cigarette use.
Relatedly, defining binge drinking based on NIAAA Council recommendations (NIAAA,
2004) may underestimate heavy-drinking episodes (Corbin et al., 2014). Additional work
examining the tolerability of VLNC cigarettes among heavier or problem drinkers is
warranted, particularly beyond 6 weeks as the effects on alcohol use appear to increase over
time.

9Alcohol use also increased in the usual brand condition (not examined in this paper), and the change in alcohol use did not
significantly differ between the usual brand and NNC cigarette control condition.
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In light of these strengths and limitations, this study demonstrated that a reduced nicotine
product standard could positively impact related health risk behaviors like drinking. Among
many smokers, it appears that reducing the nicotine content of cigarettes would not lead to
compensatory drinking. Instead, over time through a combination of reduced nicotine
exposure and smoking behavior, a broader positive impact on public health may be observed
through corresponding reductions in alcohol use.
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Fig. 1.

The mediating role of nicotine exposure in the effect of very low nicotine content (VLNC)
cigarette use on alcohol use. INT 5| ¢ is the intercept of the alcohol use trajectory; SL1a ¢ is
the slope for the first 2 weeks of the alcohol use trajectory; SL2 ¢ is the slope for the last 4
weeks of the the alcohol use trajectory. TNE (total nicotine equivalents) were observed
values at baseline, week 2, and week 6. The fit of the mediation model was acceptable (X2 =
116.66, p< 0.001; RMSEA = 0.045, 90% CI: 0.03, 0.06, CFl =0.98, TLI = 0.98).
Significance testing was completed using bias-corrected confidence intervals. The following
pathways were estimated but are not included in the figure to improve readability:
correlation between baseline levels of alcohol use with alcohol use slope terms, correlations
between biomarkers at weeks 2 and 6, and the effect of nicotine biomarkers at baseline on

the 2 alcohol slopes.
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Fig. 2.

Pagrallel process model testing the mediating pathways between very low nicotine content
(VLNC) cigarette use and alcohol use. INTy is the intercept of the mediator trajectory; SLy
is the slope of the mediator trajectory; INT 5 ¢ is the intercept of the alcohol outcome
trajectory; SLa ¢ is the slope of the alcohol outcome trajectory. Some estimated paths are
not depicted to simplify the model, including SL1y, and SL2), regressed on INT 5| ¢, and
SL1a;c and SL24 ¢ regressed on INTp.
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Fig. 3.

Tr?e unique mediating effects of nicotine exposure and changes in cigarettes per day on
alcohol use. Abbreviations include TNE (total nicotine equivalents), CPD (cigarettes per
day), BSL (baseline), WK (week), and VLNC (very low nicotine content cigarettes). The
change in alcohol use and CPD from baseline to week 2 and weeks 2 to 6 (represented by
corresponding circles in the figure) were estimated using piecewise latent growth curve
models. The resulting model demonstrated adequate fit (Xz =478.80, p<0.001; RMSEA =
0.07, 90% ClI: 0.06, 0.08, CFI = 0.95, TFI = 0.94). Several variables and pathways were
excluded from the diagram to simplify the figure, including the following: Intercepts of CPD
and alcohol use were allowed to correlate with each other and predicted the slope terms of
the parallel process; baseline TNE was included as a covariate for effects on weeks 2 and 6
TNE and change in alcohol use, and the relations of all other covariates with TNE, changes
in CPD, and alcohol use including gender, FTND score (minus CPD), minority status, and
age.
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Fig. 4.
Parallel process model testing the mediating pathways between very low nicotine content

(VLNC) cigarette use and binge drinking. INTy is the intercept of themediator trajectory;
SL is the slope of themediator trajectory; INT 5 ¢ is the intercept of the alcohol outcome
trajectory; SLa ¢ is the slope for the alcohol outcome trajectory. Some estimated paths are
not depicted to simplify the model, including SL1y; and SL2y, regressed on INT a; ¢, and
SL1a c regressed on INT.
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