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Abstract

Rationale: Reducing nicotine content in cigarettes to ≤ 2.4 mg per g of tobacco [mg/g] reduces 

smoking behavior and toxicant exposure among adult daily smokers. However, cigarettes with 

similar nicotine content could support continued experimentation and smoking progression among 

young adults who smoke infrequently.

Objectives: This study evaluated the threshold for nicotine in cigarettes that produces reactions 

associated with smoking progression in a sample of young adults who smoke infrequently.

Methods: Young adults (n=87, 18-25 years, 49% female) using tobacco products ≤15 days per 

month completed three counterbalanced, double-blinded sessions, each measuring Positive and 

Negative subjective reactions to fixed doses of smoke from investigational cigarettes containing 

one of three different nicotine contents: normal (NNC; 15.8 mg/g); very low (VLNC; 0.4 mg/g); 

and intermediate (INC; 2.4 mg/g). In a final session, participants chose one of the cigarettes to 

self-administer.

Results: Post-cigarette breath carbon monoxide was greater for VLNC than for NNC (p<.001). 

Positive reactions were greater for NNC than INC (p<.001), and for INC than VLNC (p=.001). 

Negative reactions were greater for NNC than INC and VLNC (both p<.001); INC and VLNC 

did not differ. Cigarette choices did not differ from an even distribution (43% NNC, 25% INC, 

32% VLNC), but choice for NNC or INC was associated with higher ratio of Positive to Negative 

reactions during the NNC and INC fixed-dose sessions, respectively (p<.001).

Conclusions: Reducing nicotine content will likely lower the abuse liability of cigarettes for 

most young, low-frequency smokers. Additional work is needed to determine if compensatory 

smoking may lead to increased toxicant exposure, and if a subset of individuals choosing lower 

nicotine cigarettes may continue to smoke regardless of nicotine content.
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INTRODUCTION

The 2009 Family Smoking Prevention and Tobacco Control Act gave the Food and 

Drug Administration (FDA) the authority to reduce nicotine content in cigarettes if such 

regulatory action is deemed likely to improve the health of the population (U.S. Congress 

2009). Evidence suggests that a nicotine reduction policy would reduce smoking, nicotine 

dependence, and toxicant exposure among daily, adult smoker (Benowitz et al. 2007; Donny 

et al. 2015; Donny, Houtsmuller, and Stitzer 2007; Hatsukami et al. 2010; Hatsukami et 

al. 2013; Hatsukami et al. 2019; Hatsukami et al. 2018). In a landmark 2015 multisite 

study (Donny et al. 2015), smokers assigned to smoke cigarettes with ≤ 2.4 mg of nicotine 

per gram of tobacco (mg/g) for 6 weeks reduced their smoking behavior and exhibited 

decreased exposure to toxicants relative to a control group that smoked normal nicotine 

content cigarettes (i.e. 15.8 mg/g).

Despite the growing literature addressing nicotine reduction among adult, dependent 
smokers (Berman and Glasser 2019; Denlinger-Apte et al. 2019; Higgins et al. 2017; 

Mercincavage et al. 2018; Tidey et al. 2019), far less is known about the potential impact of 

reducing the nicotine content in cigarettes among young adult infrequent smokers (i.e. ≤15 

days per month). According to data from Wave 3 of the Population Assessment of Tobacco 

and Health (PATH) survey, 45.5% percent of cigarette smokers between the ages of 18-24 

smoke 15 or fewer days per month (unpublished analysis), and this age range is a critical 

developmental period for increasing their smoking behavior (U.S. Department of Health 

and Human Services 2014). Furthermore, given differences in both age-related biology and 

history of nicotine exposure, it is unknown whether young adult, low-frequency smokers 

will respond to varying levels of nicotine in the same way as adult, daily smokers (Gellner, 

Belluzzi, and Leslie 2016; Levin et al. 2007; Levin et al. 2003; Schassburger et al. 2016; 

Shram, Li, and Le 2008).

Unlike daily cigarette smokers—whose smoking is driven largely by the need to maintain 

steady levels of nicotine in order to avoid withdrawal (Cassidy 2019; Baker, Brandon, 

and Chassin 2004)—evidence suggests that smoking behaviors of low-frequency smokers 

are driven by environmental factors (e.g. social setting, use of other drugs and/or alcohol) 

(Shiffman, Dunbar, and Ferguson 2015; Shiffman et al. 2014; Shiffman et al. 2012) to a 

much greater degree than by withdrawal alleviation (Cassidy 2019; Shiffman et al. 2015). 

As such, it is possible that a modest reduction in nicotine content that is sufficient to reduce 

smoking among adult, dependent smokers (e.g., 2.4 mg/g) may not reduce the utility of 

smoking among segments of the young adult population. Furthermore, given that lower 

nicotine contents may reduce some aversive effects that mitigate continued use among 

experimenting smokers (Cassidy et al. 2018; Rios-Bedoya et al. 2009; Wang et al. 1995; 

Zabor et al. 2013), it is possible that a modest reduction in nicotine content could actually 

be preferable to NNC cigarettes for some smokers in this group. Thus, understanding the 

impact of varying nicotine content on both positive and negative reactions to cigarettes in 

this population is critical to fully inform regulatory policy.

Several recent studies have begun to examine the effects of younger age or low-frequency 

smoking on reactions to reduced nicotine content cigarettes (Cassidy 2019; Cassidy et 
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al. 2018; Cassidy et al. 2019; Davis et al. 2019; Shiffman, Kurland, et al. 2018). These 

studies generally suggest that young adult daily smokers would benefit from a reduced 

nicotine content standard (Cassidy et al. 2019); as would older non-daily smokers (Shiffman, 

Kurland, et al. 2018). However, it is worth emphasizing that no study has specifically 

evaluated these questions in a sample of young adults who smoke infrequently.

In the current research, we evaluated acute reactions to cigarette smoke with varying 

nicotine contents among 18-25-year-old individuals who use tobacco 15 or fewer days per 

month in a cross-sectional design. Nicotine contents were selected as the highest (NNC) and 

lowest (VLNC) levels evaluated in a previous multisite trial (Donny et al. 2015), as well 

as an intermediate nicotine content (INC) cigarette of 2.4 mg/g, corresponding to the upper 

limit of the range reducing smoking behavior among adult, daily smokers (Donny et al. 

2015). We hypothesized that INC cigarettes would produce fewer aversive effects than NNC 

cigarettes, but greater positive effects than VLNC cigarettes, and that this increased ratio 

of positive to negative effects would correspond to greater preference for the INC cigarette 

during a final choice session.

METHODS

Inclusion/Exclusion Criteria and Screening

All procedures were approved by the Duke University Medical Center IRB. Participants 

were recruited from the community via online ads and flyers from 2017-2019. Following 

an initial phone screening, eligible participants attended an in-person screening session, 

where written informed consent was obtained, and further eligibility was determined. 

Eligible participants were between the ages of 18-25; generally healthy as determined by 

review of brief medical history, current medications, and vital signs by the study physician; 

used tobacco products between 1-15 days/month for at least 6 months; smoked at least 

5 cigarettes/month; had a breath alcohol value = 0.000 (required at all visits); and had 

their smoking status corroborated by two individuals familiar with their smoking habits. 

Corroborators provided information by phone about their frequency of interaction with the 

participant, as well as estimated frequency in which the participant smokes cigarettes or uses 

other tobacco products (e.g., cigars or e-cigarettes). No corroborator PHI was collected, and 

they were not consented into the study as per our IRB-approved protocol. Participants were 

excluded if they self-reported any unstable medical or psychiatric condition; had a positive 

urine drug screen (excluding THC); made a serious quit attempt in the past 3 months or 

had plans to quit smoking in the next 2 months; currently used products to support tobacco 

cessation; had current or recent alcohol or drug abuse problems; were unable to attend all 

required experimental sessions; had blood pressure >160/100 mmHg or resting heart rate > 

115 bpm; and/or were pregnant, trying to become pregnant, or breastfeeding.

Study Design and Procedures

Eligible participants completed a training session, followed by three fixed-dose (FD) 

sessions, and a final choice session. During the training session, participants were 

familiarized with the FD session procedures and completed the controlled puff volume 

apparatus (CPVA) (Levin 1989) procedures using their usual brand cigarette. Procedures 
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during each FD session were the same as the training session, but with a different research 

cigarette (see below) used during each session. During the final choice session, participants 

were re-exposed to each study cigarette and then instructed to choose the one cigarette 

they would most like to smoke during the session. A minimum of four days was required 

to elapse between each session. Participants were asked to abstain from smoking for 24 

hours prior to each session, confirmed with expired breath carbon monoxide (CO) < 6 ppm. 

Individuals who reported past 24-hr tobacco use or who did not meet CO abstinence criteria 

were required to reschedule.

Research Cigarettes

The study utilized SPECTRUM research cigarettes made available through the NIDA 

drug supply. Cigarettes were marked to indicate menthol or non-menthol (participants 

received their preference) but were otherwise devoid of markings indicating condition. 

Three different cigarettes with the following characteristics were used (nicotine content 

approximate and as characterized by both NIDA and CDC; see supplementary information 

for additional details): Normal nicotine content (NNC) cigarettes (15.8 mg/g nicotine 

content); Intermediate nicotine content (INC) cigarettes (2.4 mg/g nicotine content); Very 

low nicotine content (VLNC) cigarettes: (0.4 mg/g nicotine content). Nicotine condition was 

randomized and counterbalanced across the three FD sessions; participants and staff were 

blinded.

Fixed Dose Sessions

At the start of each session breath CO was assessed using Covita Micro+ Smokyerlyzer, 

and urine samples were collected for cotinine analysis. Total cotinine was quantitatively 

analyzed via ultra-performance liquid chromatography tandem mass spectrometry (UPLC

MS/MS). Participants were then seated in a quiet room to complete questionnaires, 

after which baseline measures of vital signs (heart rate, blood pressure) were collected. 

Participants then took a series of 7, 30 mL puffs of cigarette smoke from the CPVA with an 

inter-puff interval of 30 seconds in order to replicate smoking a single cigarette. CO, vitals, 

and subjective reactions were assessed following the dosing trial.

Choice session

Participants were again required to be 24 hours abstinent from smoking prior to the choice 

session. During the choice session, participants first underwent 3 sampling trials to become 

refamiliarized with the effects of the 3 cigarettes. Cigarettes were presented in boxes marked 

with FD session labels (A, B, C). Participants sampled two 30-mL puffs from each of the 

three cigarettes using the CPVA device in A, B, C order, with 15 minutes between each 

cigarette. Thirty minutes after the last sampling trial, participants chose the cigarette “they 

most desired to smoke” and then self-administered that cigarette ad lib. Breath CO and vitals 

were assessed pre- and post-smoking.

Outcome measures

Physiological effects.—As noted above, heart rate, blood pressure, and breath CO were 

assessed pre- and post- cigarette administration at each session, including pre- and post- 
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ad lib smoking of the cigarette chosen by participants during the choice session. Pre- to 

post- changes in CO were quantified as CO boost to provide an index of smoke inhalation. 

Urinary cotinine, collected at the start of each session, was assessed as a confirmation of 

pre-session nicotine exposure.

Subjective effects.—After each FD administration, participants were asked to rate their 

“impressions of the cigarette you just smoked” on a 10-point scale ranging from 1 (Not at 

All) to 11 (Extremely). Questionnaire items were derived from the 8-item Early Smoking 

Experiences questionnaire (Pomerleau, Pomerleau, and Namenek 1998), which has been 

widely used to assess subjective responses to cigarette smoking (Hu, Davies, and Kandel 

2006; Perkins et al. 2008; Rios-Bedoya et al. 2009). Prior research has demonstrated good 

construct and predictive validity of this measure (Haberstick et al. 2011; Rodriguez and 

Audrain-McGovern 2004). Factor analysis has found that items tend to load onto two 

primary factors of Positive (Pleasant sensations, Relaxation, Pleasurable rush or buzz) and 

Negative (Unpleasant sensations, Nausea, Coughing, and Difficulty Inhaling) reactions, 

with the single item Dizziness not loading clearly onto either factor (Perkins et al. 2008; 

Pomerleau, Pomerleau, and Namanek 1998; Bidwell et al. 2012; Rodriguez and Audrain

McGovern 2004). Accordingly, we considered Positive, Negative, and Dizzy reactions as 

separate primary outcomes. Ratio of Positive to Negative reactions (P/N) was also calculated 

to index the relative balance of these effects. Six additional items that have been shown to 

be sensitive to acute nicotine administration (Liking, Satisfying, Want More, Feel the effects, 

How much nicotine, and Irritation) were also included (Perkins et al. 2008).

Statistical Analyses

Acute reactions during FD sessions were analyzed using repeated measures ANOVA. Vitals 

and CO were evaluated in Time (pre versus post) by Condition (NNC, INC, or VLNC) 

models. Cotinine and subjective reactions to cigarettes were analyzed with the single 

Condition factor. Follow-up analyses examined pairwise comparisons to further explore 

the pattern of Condition effects. A Bonferroni correction was applied within each model to 

control for multiple post-hoc comparisons, resulting in a significance threshold of p<0.008 

for models including both pre and post-cigarette assessments, and p<0.017 for models 

with only a single assessment per condition. Effect sizes for F tests are reported as partial 

ηp
2. Effect sizes for pairwise comparisons are reported using Hedge’s gav (Lakens 2013), 

calculated using SPSS statistical software with square root of the average variance of 

measures as standardizer.

For the choice session, overall frequency of choices for each cigarette was compared with 

the null hypothesis of an even distribution of choices across cigarettes using chi-square 

goodness of fit tests. Additional analyses examined associations between cigarette choice, 

subjective reactions, and other participant characteristics using ANOVA, with cigarette 

choice (NNC, INC, or VLNC) entered as a between-subjects factor. A Bonferroni correction 

was applied within each model to account for 9 post-hoc pairwise comparisons, resulting 

in an alpha threshold of p< 0.005. Effect sizes for pairwise comparisons are reported using 

Hedge’s g or Hedge’s gav for between and within-subjects comparisons, respectively.
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RESULTS

Participant characteristics

A total of 181 individuals completed screening, and 98 were enrolled in the study 

(see Figure 1). Nine eligible participants withdrew prior to completion (7 prior to 

randomization); 2 additional participants had baseline and/or pre-experimental session 

cotinine levels > 10 SD above the sample mean and were excluded from analyses, resulting 

in a final sample of 87 participants.

The final sample was 49% female, with mean age of 21.1 (SD=1.6). Reported race was 72% 

white, 2% black, 14% Asian, and 11% more than one race. (Note that numbers total 99% 

due to rounding.) Fifteen percent were of Hispanic ethnicity. Participants smoked an average 

of 8.0 (Min=2; Max=15; SD=3.3) days and 15.2 (Min=5; Max=100; SD=11.9) cigarettes 

per month. Average age of smoking initiation was 17.2 (SD=2.1) and they had smoked 

at their current rate for an average of 11.3 (SD=9.4) months. Thirty-five percent were 

menthol smokers. Seventy-one percent reported use of other tobacco products in the past 

30 days, with an average of 4.5 days of use among those reporting any use (SD=3.5). (See 

supplementary information for additional details on other tobacco product use.) Baseline 

CO level was 3.9 ppm (SD=3.6) at screening, and mean nicotine dependence score as 

measured by the Hooked on Nicotine Checklist (HONC) (Wheeler et al. 2004) was 1.5 

(SD=1.6), indicating low dependence. Mean urinary cotinine level was 49.8 ng/ml (n=63) at 

screening, 33.2 (n=67), 36.8 (n=66), and 39.8 (n=69) ng/ml for the 3 FD sessions in order of 

completion, respectively, and 36.1 ng/ml (n=68) for the choice session. Pre-session cotinine 

levels did not differ across sessions or by condition.

FD sessions: CO and Physiological Measures

Across sessions, CO levels robustly increased from pre- to post-cigarette administration, 

F(1,86)=318.8, p<.001, ηp
2 = .79 (Figure 2). Main effects of Condition, F(2,172)=8.6, 

p<.001, ηp
2 = .09, and a Time x Condition interaction, F(2,172)=10.0, p<.001, ηp

2= .10, 

were observed. This interaction was due to a significant difference between conditions 

post-exposure, such that post-cigarette CO was greater in the VLNC condition compared 

with the NNC condition, t(86)=4.4, p<.001, Hedge’s gav = .40. Post-cigarette CO in the INC 

condition was intermediate to the VLNC and NNC conditions, but direct comparisons did 

not survive Bonferroni correction, t(86)= −2.7, p=.009, Hedge’s gav = .22, and t(86)=2.3, 

p<.05, Hedge’s gav = .17, for VLNC and NNC, respectively. There were no pre-exposure 

differences between conditions.

Heart rate did not increase from pre to post exposure, but a main effect of Condition, 

F(2,170)=7.4, p<.001, ηp
2 = .08, and a Time x Condition, F(2,170)=11.1, p<.001, ηp

2 = 

.12, interaction were observed (Figure 2). Follow-up comparisons indicated no pre-exposure 

differences in heart rate, whereas a higher post-cigarette heart rate were observed in the 

NNC condition compared with the INC, t(86)=3.6, p<.001, Hedge’s gav = .39, and VLNC, 

t(86)=5.3, p<.001, Hedge’s gav = .56, conditions. No difference was observed between 

INC and VLNC, t(86)=1.8, p=.08. Similar Condition, and Time x Condition effects were 
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observed for systolic and diastolic blood pressure (see supplementary information, eFigure 

1).

FD sessions: Subjective Reactions

Strong effects of Condition were observed for subjective reactions following smoke 

administration (Figure 3), including Positive reactions, F(2,172)=21.4, p<.001, ηp
2 = 

.20; Negative reactions, F(2,172)=11.9, p<.001, ηp
2 = .08; and Dizziness, F(2,172)=34.3, 

p<.001, ηp
2 = .29. Pairwise comparisons indicated that ratings for all three measures 

were significantly higher in the NNC condition compared with both the INC and VLNC 

conditions (all p’s < .001), whereas ratings for the INC cigarette were higher than the 

VLNC cigarette only for Positive reactions, t(86)=3.4, p=.001 (see eTable 1 for effect 

sizes). However, P/N ratio did not differ between cigarette conditions. A similar pattern was 

observed for additional items (see supplementary information, eFigure 2 and eTable 2).

Cigarette choice

During the choice session, 43% of participants chose the NNC cigarette, 25% chose the 

INC cigarette, and 32% chose the VLNC cigarette. There were no significant differences 

in the frequency of choices across doses (i.e., observed frequency of choices did not 

differ significantly from an even distribution) (Chi-square=3.9, p=.14). Participants took 

an average of 12.6 (SD=5.0) puffs during the choice session; number of puffs and CO boost 

did not differ by cigarette choice.

We next examined whether the P/N ratio during each FD session was associated with 

cigarette choice during the choice session. The effect of cigarette condition on P/N ratio 

varied as a function of cigarette choice, as evidenced by significant Choice X Condition 

interaction, F(4,168)=5.2, p<.001, ηp
2 = .11 (Figure 4). In particular, participants who chose 

the NNC cigarette reported a significantly greater P/N ratio for NNC compared with both 

INC, t(36)=3.1, p<.005, Hedge’s gav = .54, and VLNC, t(36)=3.0, p<.005, Hedge’s gav = 

.71. For those who chose the INC cigarette, P/N ratio was greater for INC than for VLNC, 

t(21)=3.6, p<.005, Hedge’s gav = .854. The comparison with NNC was in the predicted 

direction but did not survive correction, t(21)=2.9, p<.01, Hedge’s gav = .85. No differences 

were observed for VLNC choosers.

Exploratory analyses on predictors of subjective effects and choice

Cigarette choice was not associated with any demographic or smoking history variables 

(eTable 3). However, choice for lower nicotine content cigarettes was associated with lower 

average cotinine levels across experimental sessions (significant linear effect, F1,80 = 4.3, 

p<.05), and lower average CO boost across FD sessions, (significant linear effect, F1,84 = 

5.4, p<.05 (Figure 5). Pairwise comparisons indicated that individuals choosing the VLNC 

cigarette had lower average cotinine levels, t(540.30)= −2.1, p<.05, and lower CO boost, 

t(61)= −2.3, p<.05, relative to NNC choosers. INC choosers had cotinine and CO boost 

levels that were intermediate to the other two groups, but did not differ significantly.
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DISCUSSION

We assessed, under double-blind conditions, subjective and physiological reactions to fixed 

doses of cigarette smoke with varying nicotine content among young adults who use tobacco 

products 15 or fewer days per month. After completing the three FD sessions, participants 

completed a final session during which they chose a cigarette to smoke. Dose response 

effects of nicotine content were observed for subjective reactions with participants rating 

NNC cigarettes as more pleasant, more unpleasant, and resulting in greater dizziness than 

lower nicotine content cigarettes. The largest proportion of the sample chose to smoke NNC 

cigarettes, though the frequency of choices did not differ significantly across doses.

Overall, results from each of our primary outcome measures (subjective fixed dose reactions, 

physiological fixed dose reactions, and cigarette choice) yield a somewhat mixed picture 

with regard to the potential benefits and/or risks of VLNC cigarettes for young adult, low 

frequency smokers. With respect to subjective reactions, we observed that our sample rated 

both Positive and Negative effects of VLNC and INC cigarettes lower than they did NNC, 

although the overall ratio of Positive to Negative effects did not differ between conditions. 

To the extent that Positive effects influence reinforcement and drive continued smoking 

(Hu, Davies, and Kandel 2006; Pomerleau 1995; Sartor et al. 2010), these data suggest that 

low-frequency young adult smokers would find VLNC less appealing than NNC and would 

likely decrease their use of cigarettes were a VLNC product standard mandated in cigarettes. 

In terms of Negative reactions, the literature is mixed as to whether aversive reactions 

are protective against continued use (Agrawal et al. 2014; Urban 2010; Sartor et al. 2010; 

Zabor et al. 2013). Some evidence suggests that intensity of subjective reactions, rather 

than Positive or Negative valence, is most predictive of progression to smoking (Pomerleau, 

1995), further supporting the conclusion that INC and VLNC cigarettes are both likely to 

have lower abuse liability than NNC. Alternatively, if aversive effects serve as a deterrent to 

continued smoking, then it is possible that lower nicotine levels could be tolerated by some 

individuals who otherwise might find smoking prohibitively unpleasant. Interestingly, direct 

comparisons between INC and VLNC cigarettes indicated that Positive, but not Negative, 

effects were greater for INC. This suggests that selecting the lowest possible nicotine 

content could minimize abuse potential by achieving the lowest possible positive effects 

without further reducing the negative side effect profile beyond that of an intermediate level 

of nicotine.

In light of these subjective reactions data, it is interesting that more than half of the sample 

chose INC or VLNC cigarettes during the choice session. Given the limited exposure to 

each cigarette condition prior to the choice session, it is possible that these responses were 

made at random. However, it is important to note that choice appeared to be influenced 

by subjective reactions during FD sessions. In particular, individuals in the NNC and 

INC choice groups exhibited a higher P/N ratio for the cigarette they chose compared 

to the cigarettes they did not, strengthening the conclusion that cigarette choice, to some 

extent, reflected actual preference. Importantly, the hypothesis that our sample of younger, 

low frequency smokers might actually prefer INC over the NNC cigarettes, given fewer 

unpleasant effects, was not supported by the choice data. However, there also was no 

clear preference for the NNC cigarettes during the choice session, and more than half of 
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smokers chose to self-administer lower nicotine options. Although it is unclear if such 

preferences would emerge following repeated use in a naturalistic setting, these data raise 

the possibility that not all young, low-frequency smokers will experience the same degree 

of benefit of reduced smoking in response to a nicotine reduction policy. In particular, 

if some individuals continue to smoke for reasons that are not clearly linked to nicotine 

administration, additional public health measures may be needed to fully curb combusted 

cigarette use in this group (e.g. public health campaigns, targeted warning labels).

A third major finding of this study is that, despite the CPVA procedure during FD sessions, 

post-cigarette CO levels were greater in the VLNC condition than for NNC, raising concerns 

that compensatory smoking could increase toxicant exposure. However, it is important to 

note that whereas compensation typically involves changes in frequency of smoking or 

puff volume, neither of these were possible under the controlled laboratory conditions 

imposed here. Given that the CVPA procedure prevented a compensatory increase in puff 

volume, these data suggest that individuals were likely titrating their depth or duration of 

inhalation in response to nicotine content (Zacny et al. 1987). Importantly, it is unclear 

based on these data whether this titration reflects an increased inhalation under VLNC 

conditions, or a limiting of inhalation during the NNC condition. The CVPA procedure 

could have delivered higher puff volumes than some participants were accustomed to, 

thereby contributing to decreased inhalation to offset aversive effects with higher nicotine 

content. It is also important to note that while previous studies conducted with adults 

have found some evidence of compensation following a single laboratory administration of 

VLNC versus NNC cigarettes (Strasser et al. 2007), these effects have not been sustained 

following repeated use (Denlinger-Apte et al. 2020; Donny et al. 2015; Donny, Houtsmuller, 

and Stitzer 2007; Macqueen et al. 2012). As such, further research examining topography 

and CO boost following repeated administration would be necessary to determine whether 

any meaningful compensation that could contribute to increased toxicant exposure would be 

observed in this population.

Whereas previous research has examined subjective and behavioral reactions to VLNC 

cigarettes among adolescent daily smokers (Cassidy et al. 2019; Colby et al. 2019) and, 

separately, in adult, intermittent smokers (Shiffman, Kurland, et al. 2018; Shiffman, Mao, 

et al. 2018), this is the first study to examine these questions among low-frequency, 

young adult smokers. This study included several strengths, including focus on a unique, 

understudied population and well-powered within-subjects experimental design. However, 

several limitations should be noted. First, it is possible that aspects of the experimental 

design may have affected the reactions and preferences for each cigarette condition. In 

particular, the CPVA procedure allowed for standardization of smoke exposure, but may 

have prevented participants from titrating their intake to preferred levels as they would 

under naturalistic conditions. As such, some participants may have experienced greater 

aversive effects and shifted their preference away from the NNC cigarette under these 

laboratory, fixed-dose conditions. The finding that individuals choosing the VLNC cigarette 

had lower average cotinine and CO boost compared with NNC choosers provides some 

support for this interpretation, suggesting that some smokers within our sample may have 

been accustomed to a lower puff volume and nicotine intake. It is also notable that the INC 

and VLNC cigarettes had slightly lower tar levels than NNC (1.5 mg difference). Although 
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this difference is well within the range of variability found in commercial cigarettes, and is 

far lower than studies manipulating tar levels to investigate its effects (Donny et al. 2015), 

it is possible that this could have contributed to lower aversive effects. It is also possible 

that the brief sampling procedure at the start of the choice session, intended to refamiliarize 

participants with each cigarette, could have contributed to satiety among these low frequency 

smokers, prompting some individuals to shift their preference to a lower nicotine cigarette.

Relatedly, given participants’ limited exposure to the study cigarettes, it is unclear how 

responses might change with repeated use. Although provision of experimental cigarettes 

for an extended period of ad lib use raises ethical concerns in a sample of low-frequency 

smokers, examining subjective responses and use characteristics (e.g., cigarette preference, 

puff topography) following repeated sampling would provide additional information about 

potential impact of a VLNC cigarette standard. An additional important limitation is that 

we were unable, despite specific and significant efforts, to recruit a sample representing the 

racial make-up of our surrounding region, potentially limiting generalizability. Moreover, it 

is unclear whether our findings will generalize to adolescents who may be initiating smoking 

at younger ages than those in our sample. Finally, while our sample size was large for testing 

within-subject comparisons, our ability to make inferences about individual differences that 

might contribute to variability in patterns of responses was limited.

Despite these limitations, our results provide additional support for a VLNC product 

standard in combusted cigarettes, and suggest that reducing nicotine content will lower 

the positive subjective effects—and likely the abuse liability—of cigarettes for the majority 

of young adult, low frequency smokers. These benefits are likely to be strengthened by 

choosing a threshold well below 2.4 mg/g in order to achieve the greatest reduction in 

positive effects. Although a majority of participants chose lower nicotine content cigarettes 

during the choice session, there was no clear preference for any one cigarette condition; 

as such these data do not provide evidence to suggest that the general population of 

young, low-frequency smokers would be at increased risk of continued smoking if the 

FDA were to enact a new, VLNC cigarette standard. Moreover, even if VLNCs sustain 

some experimentation within this population, reducing nicotine to non-addictive levels may 

still prevent a transition to dependent smoking. Additional work is needed to determine if 

a subset of individuals choosing lower nicotine content cigarettes may continue to smoke 

regardless of nicotine content, and to ensure that compensatory smoking does not occur with 

longer-term use.
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Fig 1. 
Flow of participants from completion of initial telephone screening to inclusion in final 

sample for analysis.
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Fig 2. 
Expired breath carbon monoxide, ppm (top panel), and heart rate, bpm (bottom panel), taken 

before (striped bars) and after (solid bars) administration of cigarettes with normal nicotine 

content (NNC), intermediate nicotine content (INC), and very low nicotine content (VLNC) 

during fixed dose sessions. Error bars represent standard error of the mean. ***Indicates 

statistical significance of p < .001.
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Fig 3. 
Ratings of subjective reactions assessed following admininstration of cigarettes with normal 

nicotine content (NNC), intermediate nicotine content (INC), and very low nicotine content 

(VLNC) during fixed dose sessions. All items were assessed on a 10-point scale ranging 

from 1 to 11. Positive and Negative reactions are composite scales representing average 

of 3 items and 5 items, respectively. Positive to Negative ratio was calculated as Positive 

reactions composite scale divided by Negative reactions composite scale. Error bars 

represent standard error of the mean. ***Indicates statistical significance of p < .001.
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Fig 4. 
Subjective reactions, characterized as ratio of Positive to Negative Effects, to administration 

of normal nicotine content (NNC; black bars), intermediate nicotine content (INC; striped 

bars), and very low nicotine content (VLNC; white bars) during fixed dose sessions, plotted 

by cigarette choice during the final choice session. Error bars represent standard error of 

the mean. **Indicates statistical significance of p < .005. Positive to Negative ratio was 

significantly greater for the NNC cigarette relative to INC and VLNC cigarettes among 

those who went on to choose the NNC cigarette. Positive to Negative ratio was significantly 

greater for the INC cigarette relative to VLNC cigarettes among those who went on to 

choose the INC cigarette. Positive to Negative ratio did not differ between fixed dose 

cigarettes among those who chose the VLNC cigarette.
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Fig 5. 
Physiological indices of smoking among those who chose to smoke the cigarette with 

normal nicotine content (NNC), intermediate nicotine content (INC), or very low nicotine 

content (VLNC) during the final choice session. (Top panel) Average boost in expired breath 

carbon monoxide (CO), ppm, during fixed dose sessions, calculated as difference in CO 

from pre- to post-cigarette administration. (Bottom panel) Average urinary cotinine, ng/mL, 

assessed at the start of experimental sessions. All error bars represent standard error of 

the mean. *Indicates statistical significance of p < 0.05. Participants who chose the NNC 
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cigarette had significantly greater average CO boost and greater average pre-session cotinine 

than those who chose the VLNC cigarette, whereas no difference was observed among those 

who chose the INC cigarette.
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