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Abstract

Risk for smoking increases in a summative manner corresponding to the number of co-occurring 

vulnerabilities present (cumulative vulnerability). We examined whether cumulative vulnerabilities 

moderate response to reduced nicotine content cigarettes in a secondary analysis of results 

from 775 participants in three 12-week randomized clinical trials examining research cigarettes 

varying in nicotine content (0.4, 2.4, 15.8mg nicotine/g tobacco). Participants were categorized 

as having 0–1, 2–3, or ≥ 4 cumulative vulnerabilities. Vulnerabilities included: rural residence, 

current substance use disorder, current affective disorder, low educational attainment, poverty, 

unemployment, physical disability. The primary outcome was total cigarettes per day (CPD) 
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during Week 12; secondary outcomes included CPD across weeks, toxin exposure, dependence 

severity, craving/withdrawal (17 dependent measures). Results were analyzed using repeated 

measures analysis of covariance and growth-curve modeling. Total CPD during Week 12 increased 

as cumulative-vulnerability increased (P=0.004), and decreased as nicotine content decreased 

(P<0.001), with no significant interaction of cumulative vulnerability and dose (P=0.67). Effects 

on other outcomes generally followed that same pattern. The only exception across the other 

outcomes was on Questionnaire-on-Smoking-Urges Factor-2 ratings for usual-brand cigarettes 

where cumulative vulnerability, dose, and time interacted (P=0.007), with craving at the 0.4 and 

2.4 mg/g doses decreasing over time, but inconsistently across vulnerability categories. Overall, 

we saw little evidence that cumulative vulnerabilities moderate response to reduced nicotine 

content cigarettes suggesting that a policy reducing nicotine content in cigarettes to minimally 

addictive levels could benefit even highly vulnerable smokers including those residing in rural or 

other regions with overrepresentation of co-occurring vulnerabilities.
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Rural America has been disproportionately impacted by chronic health conditions and 

premature death (Case & Deaton, 2015; Woolf & Schoomaker, 2019). There is little question 

that greater prevalence of cigarette smoking in rural compared to more metropolitan 

communities contributes to these disparities (Cepeda-Benito et al., 2018; Doogan et al., 

2017; Nighbor et al., 2018; Roberts et al., 2016). While a complete explanation for these 

disparities remains to be provided, the overrepresentation of socioeconomic (e.g., disability, 

unemployment, lower educational attainment) and psychiatric (e.g., substance use disorders) 

vulnerabilities in rural communities is well recognized to be a contributor to greater 

smoking prevalence (Doogan et al., 2017). These vulnerabilities tend to co-occur, such 

that an appreciable portion of individuals facing one type of disadvantage (e.g., poverty) 

are challenged by an additional (e.g., poverty + low education) or multiple others (e.g., 

poverty + low education + affective disorder) (Gaalema et al., 2018; Higgins et al., 2016). 

Co-occurring vulnerabilities have been demonstrated to predict increasing risk for current 

smoking in an orderly, summative manner in studies of the U.S. population (Gaalema et 

al., 2018; Higgins et al., 2016), with those with greater cumulative vulnerabilities being 

at increased risk for smoking initiation, heavy smoking, greater dependence severity, and 

difficulties quitting (Levanthal et al., 2018). Policies that can successfully reduce cigarette 

smoking in populations facing multiple co-occurring vulnerabilities could substantially 

reduce the overall tobacco-attributable public-health burden and make great strides toward 

reducing disparities in life expectancy.

If policies initiated to reduce smoking prevalence are to benefit rural residents and other 

populations residing in regions with concentrated socioeconomic disadvantage (American 

Psychological Association, 2007), it is important that they impact those with multiple 

co-occurring vulnerabilities to smoking. One such regulatory policy currently under 

consideration by the U.S. Food and Drug Administration (FDA) would cap the maximal 
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nicotine content in cigarettes at a minimally addictive level in order to reduce smoking 

prevalence by making it (a) less likely that adolescents or others who experiment with 

cigarettes will transition to chronic use and (b) easier for current smokers to quit should 

they choose to do so (Gottlieb & Zeller, 2017). Studies in the general population of smokers 

(Donny et al., 2015; Hatsukami et al., 2018) and among those from vulnerable populations 

with psychiatric conditions or socioeconomic disadvantage (Higgins et al. 2017; Higgins 

et al., 2020; Tidey et al., 2017; Tidey et al., 2019) demonstrate that reducing nicotine 

content in cigarettes to very low levels decreases the relative-reinforcing effects of smoking, 

smoking rate, toxin exposure, and nicotine-dependence severity, with minimal evidence 

of sustained compensatory smoking (i.e., smoking adjustments to sustain desired nicotine 

blood levels). The overarching aim of the present study is to examine whether a reduced 

nicotine content policy has potential to reduce smoking in populations with relatively high 

levels of cumulative vulnerability.

To address that aim, this secondary analysis uses data from three randomized clinical trials 

conducted with current daily smokers recruited based on meeting criteria for having (1) a 

current affective disorder, (2) opioid use disorder (OUD), or (3) socioeconomic disadvantage 

among women of reproductive age (Higgins et al., 2020). Rather than analyzing outcomes 

by the vulnerabilities for which participants were recruited into these trials, however, 

we collapsed across trials and categorized participants into three levels of cumulative-

vulnerability severity based on the co-occurrence of 0–1, 2–3, or ≥ 4 of the following seven 

well-established vulnerabilities to cigarette smoking among U.S. adults: (1) rural residence, 

(2) a comorbid substance use disorder (SUD); (3) a current affective disorder; (4) low 

educational attainment; (5) poverty, (6) unemployment, and (7) physical disability (Creamer 

et al., 2019; Doogan, et al., 2017; Fu & Liu, 2019; Garrett et al., 2019; Higgins et al., 2016; 

Leventhal et al., 2019; Parker & Villanti, 2020; Tidey & Miller, 2015). Hereafter, we refer 

to these three categories as low, moderate, and high cumulative vulnerability. We focus on 

four outcome areas in evaluating the effects of reduced nicotine content cigarettes: cigarettes 

smoked per day (CPD), toxin exposure, dependence severity, and craving and withdrawal 

severity for a total of 17 dependent variables as several areas include multiple measures.

METHODS

Methods of the parent RCTs have been reported previously (Higgins et al., 2020) and are 

only briefly described here.

Participants

Participants in these multisite (Brown University, Johns Hopkins University, University 

of Vermont), RCTs were 775 adult, daily smokers who provided informed consent to 

participate in one of three parallel trials examining reduced nicotine content cigarettes in 

smokers from vulnerable populations. Study inclusion criteria common across the three 

trials were participants had to report daily smoking of ≥ five cigarettes for ≥ 1 year with 

limited current use of other tobacco products (< 10 days in past month), report no current 

illicit drug use other than marijuana, no intention to quit smoking within the next 30 days, 

and provide a breath CO sample > 8 ppm. Inclusion criteria specific to smokers with (a) 
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affective disorders were males and females ages 18–70 years who met Mini-International-

Neuropsychiatric-Interview (MINI) (Sheehan et al., 1998); (b) smokers with OUD were 

males and females ages 18–70 years who were currently receiving opioid-maintenance 

treatment and stable on their maintenance dose; (c) disadvantaged women of reproductive 

age were females only, ages 18–44 years, with highest academic degree being ≤ high school.

Procedures

Trial participants were assigned to one of three research cigarettes identical in appearance 

but varying in nicotine content: 0.4, 2.4 and 15.8 mg of nicotine per g tobacco, averaged 

across menthol/non-menthol cigarettes which differed slightly in nicotine content (Donny 

et al., 2015). The 15.8 mg/g dose is representative of nicotine levels in many commercial 

cigarettes and served as the control condition.

Participants completed a two-visit, one-week baseline. During 1st-baseline visit they 

received a free supply of usual-brand cigarettes for use during the subsequent week to 

establish baseline-smoking rate. The supply was 150% of self-reported smoking rate to 

accommodate increases or missed visits. Participants used an interactive-voice-response 

(IVR) system daily to report prior-day cigarette consumption, other tobacco/nicotine use, 

and nicotine-withdrawal symptoms. IVR adherence was compensated at $1.00/call plus 

$10.00 bonuses for 7-days consecutive calls.

Participants received first supply of study cigarettes at the 2nd-baseline session. They 

reported to clinic weekly for 12 weeks to return unused study cigarettes and be resupplied 

with study cigarettes. Participants received twice the number of cigarettes used during 

baseline to accommodate smoking-rate increases. At 2nd baseline and Week-2, −6, and −12 

visits, first-void morning urine specimens, and blood/breath samples were collected to assess 

nicotine/toxin exposure.

Smoking Vulnerabilities Included in Assessing Cumulative Vulnerabilities

The seven vulnerabilities examined were listed above. Each was defined dichotomously 

(yes-no): (1) rural residence based on a county-level classification from the Office of 

Management and Budget called the Rural Urban Continuum Codes, which classifies 

respondents as urban if they were from core counties that are part of an urbanized area 

with a population size > 10,000 or an outlying county with 25% or more of its labor 

force tied to a core county by commuting flows; respondents not residing in an urban 

area are classified as rural; (2) meets diagnostic criteria for a current SUD in addition to 

cigarette smoking (limited to OUD because presence of any other current SUD was an 

exclusion criterion in the parent study); (3) a current affective disorder as specified by MINI 

assessment (i.e., presence vs. absence of ≥ 1 current affective disorder); (4) low educational 

attainment based on participant report of maximal years of education completed (i.e., < 12 

years or graduate-equivalence diploma; (5) current poverty based on participant-reported 

family annual income (i.e., < vs. ≥ U.S. federal poverty cut-point); (6) unemployment 

based on participant endorsement of “unemployed” from a list of employment-status options 

(i.e., unemployed vs. other; (7) physically disabled based on participant endorsement of 

“disabled” from a list of employment-status options (i.e., disabled vs. other).
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Outcomes

We examined how study baseline smoking characteristics varied corresponding to the three 

cumulative-vulnerability categories. Analyses of trial outcomes included mean Total CPD 

(Study + Non-study CPD), Study CPD, and Non-study CPD. Total CPD during Week 

12 was the primary outcome. Secondary outcomes included changes in Total, Study, 

and Non-study CPD across study weeks, toxin exposure including breath CO, urinary 

cotinine, urinary NNAL (marker of tobacco-specific n-nitrosamine exposure), nicotine-

dependence severity based on Fagerström-Test-for-Nicotine-Dependence (FTND) total 

scores (minus item 4 on CPD) and Wisconsin-Inventory-of-Smoking-Dependence-Motives 

(Brief WISDM) total scores and primary- and secondary-dependence motives (PDM, SDM) 

subscale scores, Questionnaire-on-Smoking-Urges-Brief (QSU-Brief) Factor-1 and Factor-2 

subscale scores for study and usual-brand cigarettes, and Minnesota-Tobacco-Withdrawal-

Scale (MTWS) total scores and Desire-to-Smoke item. Moderation was inferred based on 

significant interactions of cumulative-vulnerability and dose (cigarette nicotine content) or 

cumulative-vulnerability, dose, and time (assessment week). Note that the definition of 

low educational attainment criterion is lower than the criterion used in the parent trial on 

disadvantaged women where high-school graduates were eligible. We did so to focus on the 

educational attainment level with greatest smoking risk in the U.S., which is < 12 years or 

GED (Substance Abuse and Mental Health Services Administration, 2016).

Data Analysis

Comparisons of baseline characteristics between cumulative-vulnerability categories were 

conducted using Chi-Square tests for categorical variables and Kruskal-Wallis tests 

for continuous variables. Analysis of covariance was used to examine the effects of 

cumulative-vulnerability category and dose on Total CPD during Week 12, adjusting for 

baseline values. Additional covariates included age, sex, and menthol-cigarette use, and 

parent-trial vulnerable population. Secondary outcomes were analyzed using linear-mixed 

models. Outcomes assessed weekly or biweekly used a growth-curve model, assuming an 

unstructured covariance matrix. Outcomes assessed less frequently were analyzed using 

repeated measures analysis of variance, assuming compound symmetry. Outcomes not 

normally distributed were transformed for analysis, with square-root transformation used 

for urine cotinine and log-10 transformation for NNAL. Initial models included all 2-way 

interactions of cumulative-vulnerability category, dose, and time, and the 3-way interactions 

of these factors, which were removed if not significant with alpha at P<.05. Significant 

effects were followed with pairwise comparisons using Bonferroni correction. Participants 

not completing the study were excluded in analyses-of-covariance models but included 

in linear-mixed models, with estimates of missing data produced using the maximum-

likelihood method. Statistical analyses were conducted using SAS version 9.4 statistical 

analysis software (SAS Institute, Inc., Cary, NC, USA).

RESULTS

Distribution of Vulnerabilities Across Cumulative-Vulnerability Categories

There were significant differences in how the three populations recruited for the parent 

trials were distributed across the cumulative-vulnerability categories (Table 1). Participants 

Higgins et al. Page 5

Prev Med. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from the trials on affective disorders and disadvantaged women were distributed with most 

in the low (40.34% and 52.84%, respectively), intermediate percentages in the moderate 

(35.92% and 32.52%), and least in the high (20.86% and 16.04%) cumulative-vulnerability 

categories, while the distribution ran in the opposite direction among smokers from the trial 

on OUD, with a majority of participants in the high (63.10%), an intermediate percentage 

in the moderate (32.55%), and least in the low (6.82%) cumulative-vulnerability categories. 

Notably, there was representation from each parent trial in each cumulative-vulnerability 

category.

The seven vulnerabilities that contributed to the cumulative-vulnerability categories were 

generally distributed in an inverted u-shaped manner with relatively lower percentages 

in the low and high categories and intermediate percentages in the moderate category 

(Table 1). The risk factor with the largest percentage of participants assigned to the 

high cumulative-vulnerability category was physical disability (50.86%), followed by 

unemployment (46.96%), SUD (45.38%), poverty (43.46), lower educational attainment 

(39.71%), rural residence (31.72%), and affective disorders (27.41%).

Regarding sociodemographic characteristics not treated as vulnerabilities in the analysis, 

mean age increased and the percentage of women decreased significantly as number of 

cumulative vulnerabilities increased, while race/ethnicity and marital status did not vary 

significantly by cumulative-disadvantage category (Table 1).

Distribution of Smoking Characteristics Across Cumulative-Vulnerability Categories

Baseline mean age of initiating daily smoking decreased significantly while mean CPD, 

breath CO, urine-cotinine levels, and nicotine-dependence severity all increased significantly 

corresponding to increasing cumulative vulnerabilities (Table 1). Use of mentholated 

cigarettes, nicotine-metabolite ratio, and use of tobacco products other than cigarettes did 

not vary significantly by cumulative-vulnerability category.

Trial Outcomes

CPD

There were significant main effects of cumulative vulnerability (F[2,609]=6.16, P=0.002) 

and dose (F[2,609]=22.85, P<0.001) on total CPD at Week 12 (Figure 1, upper and 

lower panels for cumulative vulnerability and dose effects, respectively), but no significant 

interaction (F[4,609]=0.96, P=0.43). Mean CPD collapsed across doses was lower among 

those in the low compared to moderate and high cumulative-vulnerability categories 

(Ps=0.02 and 0.001, respectively), with no significant difference between the moderate 

and high categories (P=0.36). Smoking rates at the 0.4 and 2.4 mg doses collapsed across 

cumulative-vulnerability categories were each significantly below those at 15.8 mg/g dose 

(Ps<0.001) but did not differ from each other (P=0.11) (see Week 12, Figure 1, lower panel).

When examining effects on total CPD across the 12-week study period, cumulative 

vulnerability interacted significantly with time (F[2,7450]=3.17, P=0.04) (see results across 

repeated assessments in Figure 1, upper panel), but not dose (F[4,753]=0.60, P=0.66) 

nor dose and time (F[4,7446]=0.81, P=0.52). Collapsed across cigarette doses, there is a 
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significant decreasing linear slope across weeks in the low category (−0.20, 95%CI: −0.34 to 

0.05, P<0.001) but not in the moderate (−0.00, 95%CI: −0.10 to 0.09, P=0.97) or high (0.05, 

95%CI: −0.09 to 0.18, P=0.52) cumulative-vulnerability categories (Figure 2, upper panel). 

Effects of cigarette dose interacted significantly with time (F[2,7450]=28.30, P<0.001). 

Collapsed across vulnerability categories, the negative linear slopes over time seen at the 

0.4 (−0.28, 95%CI: −0.39, −0.17, P<0.001) and 2.4 mg/g (−0.12, 95%CI: −0.24 to 0.003, 

P=0.04) doses differed significantly (Ps<0.001) from the increasing slope seen at the 15.8 

mg/g dose (0.30, 95%CI: 0.19 to 0.42, P<0.001). The 0.4 and 2.4 mg/g doses did not differ 

significantly from each other (P=0.40).

Effects of cumulative vulnerability and dose on study and Non-study CPD were consistent 

with those reported above for Total CPD (not shown). There were significant main effects 

of cumulative vulnerability (Fs[2,757]≥ 4.47, Ps=0.01), but no significant interactions 

of cumulative vulnerability with dose (Fs[4,753]≤0.70, Ps≥0.59), time (Fs[2,7447]≤2.39, 

Ps≥0.09), or dose and time (Fs[4,7447]≤0.82, Ps>0.51). Effects of cigarette dose interacted 

significantly with time (Fs[2,7452]≥3.67, Ps≤0.03).

Biomarkers of Toxin Exposure

There was no significant main effect of cumulative vulnerability on breath CO 

(F[2,738]=1.70, P=.18) nor interactions of cumulative vulnerability with dose (F[4,738]=.61, 

P=0.65), time (F[2,7082]=1.18, P=0.31), or dose and time (F[4,7082]=0.77, P=0.55) (Figure 

2, upper panel). Effects of cigarette dose on breath CO interacted with time across the 

12-week study period (F[2,7088]=10.48, P<0.001) (Figure 2, lower panel), with steeper 

negative linear slopes over time at the 0.4 (−0.31, 95%CI: −0.40 to −0.23) and 2.4 mg/g 

doses (−0.25, 95%CI: −0.34 to −0.16) than 15.8 mg/g (−0.05, 95%CI: −0.13 to 0.04) 

(P<0.001, P=0.004, respectively); the 0.4 and 2.4 mg/g doses did not differ from each other 

(P=0.93).

There were significant main effects of cumulative vulnerability on urine cotinine and NNAL 

(Fs[2,652]≥9.52, Ps<0.001), but no significant interactions of cumulative vulnerability 

with dose (Fs[4,648]≤1.34, Ps≥0.25), time (Fs[2,569]<1.68, Ps≥0.19), or dose and time 

(Fs[4,569]≤0.49, Ps≥0.74) for either outcome (Figure 3, upper and lower left panels). 

Collapsed across doses, levels in the low cumulative-vulnerability category were less than 

those in the moderate (Ps≤0.003) and high (Ps<0.001) categories in analyses for both 

cotinine and NNAL; levels in the moderate and high categories did not differ significantly in 

analyses on cotinine (P=0.32) but did in NNAL analyses (P=0.03). Cigarette dose also had 

a significant main effect on urine cotinine and NNAL (Fs[2,655]=26.21, P<0.001) (Figure 

3, upper and lower right panels). Collapsed across cumulative-vulnerability categories, urine 

cotinine and NNAL levels at the 0.4 and 2.4 mg/g doses were below levels at 15.8 mg/g 

(Ps<0.001) and levels at the 0.4 and 2.4 mg/g doses did not differ from each other (Ps≥0.75).

Dependence Severity

There was a significant interaction of cumulative vulnerability and time on FTND 

total scores (F[2,3157]=5.15, P=0.006) (Figure 4, upper left panel) but not cumulative 

vulnerability and dose (F[4,717]=0.02, P = 0.99) or cumulative vulnerability, dose, and time 
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(F[4,3151]=1.47, P =0.20). Collapsed across doses, there was a steeper linear slope over 

time in scores in the low cumulative-vulnerability category (−0.03, 95%CI: −0.04 to −0.01) 

than in the high (0.01, 95% CI: −0.01 to 0.02) (P=0.004) but not the moderate category 

(−0.01, 95%CI: −0.02 to −0.00) (P=0.33); there was no significant difference between slopes 

in the moderate and high categories (P=0.09). Cigarette dose had a significant main effect 

on FTND total scores (F[2,717]=6.94, P=0.001) (Figure 4, upper right panel). Collapsed 

across vulnerability categories and time, scores at the 0.4 and 2.4 mg/g doses were each 

significantly below those at 15.8 mg/g (P=0.01 and P<0.001, respectively) but did not differ 

from each other (P=0.99).

Cumulative vulnerability had a significant main effect on WISDM total scores 

(F[2,721]=4.04, P=0.02) (Figure 4, lower left panel), but there were no significant 

interactions of cumulative vulnerability with dose (F[4,717]=1.10, P=0.36), time 

(F[2,3151]=0.30, P=0.74), or dose and time (F[4,3151]=1.86, P=0.12). Collapsing across 

doses, mean scores in the low vulnerability category fell below scores in the moderate and 

high categories (Ps<0.05); the moderate and high categories did not differ (P=.99). Effects 

of Cigarette dose on WISDM total scores interacted with time (F[2,3151]=3.35, P=0.04) 

(Figure 4, lower right panel); linear slopes of the 0.4 mg/g dose approached although did not 

reach a significant difference with 15.8 mg/g after Bonferroni correction (P=0.06); the 0.4 

and 2.4 mg/g doses did not differ (P=0.99) nor did the 2.4 and 15.8mg/g doses (P=0.21).

There was no significant main effect of cumulative vulnerability nor interactions of 

cumulative vulnerability with dose (F[4,717]=0.60, P=0.66), time (F[2,3150]=2.38, P=09), 

or dose and time (F[4,3150]=1.83, P=0.12) on WISDM PDM subscale scores (not shown). 

Cigarette dose had a significant main effect (F[2,721]=3.47, P=0.03) with mean scores at the 

0.4 and 2.4 mg/g doses falling significantly below those at 15.8 mg/g (P<0.001 and P=0.003, 

respectively) (not shown).

There were no significant main effects of cumulative vulnerability or dose, nor interactions 

of those two factors with each other or time on the WISDM SDM subscale (Ps>0.15) (not 

shown).

Questionnaire-on-Smoking-Urges (QSU)-Brief Ratings for Study and Usual-brand 
Cigarettes

There were significant main effects of cumulative vulnerability on QSU-Brief Factor-1 and 

Factor-2 ratings for Study cigarettes (Fs[2,742] ≥17.85, Ps<0.001) (Table 2, Sections A & 

B), but no significant interactions of cumulative vulnerability with dose (Fs[4,738]≤1.21, 

Ps≥0.31), time (Fs[2,3168]≤1.44, Ps≥0.24), or dose-by-time (Fs[4,3168]≤1.84, Ps≥0.12). 

Collapsed across doses, craving ratings increased in an orderly manner as cumulative 

vulnerability increased (Ps ≤0.004). Effects of cigarette dose interacted significantly with 

time on QSU-Brief Factor-1 and Factor-2 ratings for Study cigarettes (Fs[2,3174]≥8.33, 

P<0.001) (Table 2, Sections A & B), with linear slopes over time at the 0.4 mg/g and 2.4 

mg/g doses differing from 15.8 mg/g (Ps≤0.02) but not each other (Ps≥.79).

There was no significant main effect of cumulative vulnerability (F[2,741]=1.59, P=0.21) 

nor interaction of cumulative vulnerability with dose (F[4,737]=0.46, P=0.76) time 
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(F[2,3168]=1.32, P=0.27) or dose and time (F[4,3168]=1.31, P=0.27) on QSU-Brief Factor 

1 ratings of Usual-brand cigarettes (Table 2, Section C). Effects of cigarette dose interacted 

with time (F[2,3174]=5.71, P<0.01), with linear slopes at the 0.4 and 2.4 mg/g doses 

differing significantly from 15 mg/g (Ps≤0.04) but not each other (P=0.99).

Effects of cumulative vulnerability on QSU-Brief Factor-2 ratings of Usual-brand cigarettes, 

interacted significantly with dose, and time (F[4,3168]=3.52, P=0.007) (Figure 5). This 

three-way interaction was due to variability in whether craving at the 0.4 or 2.4 mg/g 

doses showed significant negative linear slopes across time and within which vulnerability 

category they did so. The 0.4 mg/g dose did so within the low (−0.03, 95%CI: −0.07 to 

−0.001, P=0.04) and moderate (−0.05, 95%CI: −0.07 to −0.02, P<0.001) categories, but not 

the high category (0.004, 95%CI: −0.03 to 0.04, P=0.82). The 2.4 mg/dose did so within 

the high category (−0.04, 95%CI: −0.08 to −0.004, P=0.03) but not low (−0.04, 95% CI: 

−0.08 to 0.001, P=0.06) or moderate (0.01, 95% CI: −0.01 to 0.04, P=0.35). There were 

no significant linear slope changes at the 15.8 mg/g dose in any cumulative-vulnerability 

category: −0.01 (95%CI: −0.05 to 0.02, P=0.54), 0.02 (95%CI: −0.001 to 0.04, P=0.06), 

and −0.01 (95%CI: −0.04 to 0.03, P=0.71) within the low, moderate, and high cumulative-

vulnerability categories, respectively.

MNWS Desire to Smoke and Total Score Ratings for Study Cigarettes

There was no significant main effect of cumulative vulnerability (F[2,741]=1.68, P=0.19) 

nor interaction of cumulative vulnerability with dose (F[4,737]=0.78, P=0.54), time 

(F[2,3168]=1.61, P=0.20), or dose and time (F[4,3168]=1.20, P=0.31) on Desire-to-Smoke 

ratings (not shown). Effects of cigarette dose interacted with time (F[2,3174]=4.51, P=0.01) 

(not shown), with the negative linear slope over time being significantly steeper at the 0.4 

mg/g dose (−0.06, 95%CI: −0.07 to −0.04) compared to 15.8 mg/g (−0.03, 95%CI: −0.04 

to −0.01) (P=0.009). The linear slope at the 2.4 mg/g dose (−0.04, 95%CI: −0.05 to −0.02) 

did not differ significantly from 0.4 mg/g (P=0.21) or 15.8 mg/g (P=0.90). There were no 

significant main effects of cumulative vulnerability, dose, nor interactions of those factors 

with each other or time on MNWS Total Scores.

DISCUSSION

The overarching aim of the present study was to examine whether response to reduced 

nicotine content cigarettes was moderated by the presence of multiple co-occurring 

vulnerabilities to smoking. In addressing that question we replicated prior findings 

from U.S. national samples demonstrating that severity of a broad range of smoking 

characteristics increases in an orderly manner as the cumulative number of co-occurring 

vulnerabilities to smoking increase (Gaalema et al., 2018; Higgins et al., 2016; Leventhal et 

al., 2018) and extended them to a sample consisting exclusively of smokers recruited from 

vulnerable populations. Indeed, the significant positive associations between cumulative 

vulnerability and severity of smoking characteristics in the present study were seen across a 

broad range of baseline smoking characteristics, including age at initiation of daily smoking, 

CPD, toxin exposure, and dependence severity as well as 12 of the 17 trial outcomes. 

In combination, the prior and present studies on cumulative vulnerability provide a 
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compelling body of empirical evidence on the fundamental role of cumulative vulnerability 

in accounting for individual differences in smoking risk and severity. Indeed, the overarching 

purpose of the present study was to examine whether cumulative vulnerability would 

significantly moderate how participants respond to reducing the nicotine content of 

cigarettes to minimally addictive levels. We saw no evidence of significant moderation 

across 16 of the 17 dependent measures examined including the primary outcome (total CPD 

during Week 12).

One potential explanation for this consistency of response to reduced nicotine content 

cigarettes across the different levels of cumulative vulnerability is the shared role that 

nicotine reinforcement plays in promoting and sustaining daily smoking across different 

levels of severity. For example, we previously examined whether preference for smoking 

cigarettes varying in nicotine content differed by nicotine-dependence severity using 

a concurrent-choice procedure in a double-blind, multi-site study with daily smokers 

recruited from the same vulnerable populations as in the present study (Higgins et 

al., 2018). Participants reliably chose to smoke higher over lower nicotine content 

cigarettes independent of whether they were categorized as low, moderate, or high nicotine-

dependence severity using the Heaviness of Smoking Index (Higgins et al., 2018). Said 

differently, preference for higher over lower nicotine content cigarettes did not differentiate 

between differing levels of dependence severity. As such, perhaps it is not surprising that 

smokers who share that preference for higher over lower nicotine content cigarettes would 

also show a qualitatively similar response to reductions in nicotine content.

The one instance where cumulative vulnerability did interact with the effects of reduced 

nicotine content cigarettes in the present study was on QSU-Brief Factor 2 ratings of 

Usual-brand cigarettes. In that one instance there was variability across the three-cumulative 

vulnerability categories regarding which of the two reduced nicotine content cigarettes 

decreased craving for usual-brand cigarettes across the 12-week study period, with the 

0.4 mg/g dose but not the 2.4 mg/g dose doing so in the low- and moderate-severity 

vulnerability categories and the reverse in the high-severity category. Three-way interactions 

are often difficult to interpret and this one is no exception. At a minimum, this observation 

suggests that a policy that reduces the nicotine content of commercial cigarettes to 

minimally addictive levels may leave some smokers with ongoing craving for the negative 

reinforcing effects of their Usual-brand cigarettes, and that this outcome may vary by 

cumulative vulnerability in combination with the nicotine-content level that is adopted as the 

standard. We anticipate that smokers with the highest level of cumulative vulnerability, and 

associated dependence severity, may be most impacted considering their greater smoking 

volume and possible physical dependence and withdrawal. If that was the case here, it 

was not sufficiently robust to be detected in the MNWS. Nevertheless, regarding possible 

withdrawal-like effects when transitioning to reduced nicotine content cigarettes, it is 

important to note that there is empirical evidence that they can be managed effectively 

through supplemental use of nicotine replacement therapy (NRT) (e.g., AhnAllen et al., 

2015; Keith et al., 2017; McClernon et al., 2016).

Successful reduction of smoking prevalence over time has been disproportionately 

concentrated among populations without socioeconomic or health-related disadvantages or 
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from non-rural regions (e.g., Drope et al., 2018). Reducing trends in smoking prevalence 

in recent years have been far less substantial among those with 1 or 2 vulnerabilities, 

and the prevalence of smoking has remained static amongst those with 3+ vulnerabilities 

(Leventhal et al., 2019). These concerning trends suggest that existing tobacco control and 

regulatory policies are disproportionately less effective for populations facing cumulative 

vulnerabilities, resulting in a widening of health disparities for these groups. The current 

findings provide no evidence that the potentially powerful policy of reducing nicotine 

content in cigarettes that is under consideration at the federal level would disproportionately 

benefit only the non-vulnerable. Hence, there is no reason to believe that this policy 

would further widen disparities, and instead might serve to reduce smoking and associated 

disparities in populations facing multiple vulnerabilities.

While we believe the results of the present study are encouraging, some limitations 

merit mention. First, study participants in the parent trials were not recruited to be 

nationally representative and thus interactions between cumulative vulnerability involving 

characteristics not represented in the present sample may be revealed in the context of 

a national policy. Second, as we noted regarding the parent trials (Higgins et al., 2020), 

the goal of a reduced nicotine content policy is to eventually eliminate use of combusted 

cigarettes. Ideally, current smokers would eventually quit, but we recognize that some may 

be unable or unwilling to completely discontinue nicotine use. Thus when we note that 

the evidence from the current study suggests that a reduced nicotine policy has potential 

to benefit even highly vulnerable smokers, we mean that in the framework articulated in 

FDA’s Nicotine Focused Framework (Gottlieb & Zeller, 2017) wherein the policy would be 

implemented in a context in which, for example, non-combusted sources of nicotine (e.g., 

NRT, other smoking-cessation medications, e-cigarettes, heat-not-burn products) would be 

readily available to facilitate cessation or to function as substitutes for combusted cigarettes.

Overall, we believe the current study provides additional strong empirical evidence that a 

national policy that reduces the nicotine content of cigarettes to minimally addictive levels 

has the potential to benefit smokers from highly vulnerable populations including smokers 

residing in rural or other regions with overrepresentation of co-occurring vulnerabilities to 

smoking.
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Figure 1. 
Total Cigarettes Per Day by Cumulative Vulnerabilities and Nicotine Dose Across Study 

Week

Upper panel (A) shows mean number of total cigarettes (Study + Non-study) smoked per 

day (CPD) for each of the three cumulative-vulnerability categories (low, moderate, high) 

collapsed across nicotine-content cigarette doses (0.4, 2.4, and 15.8 mg/g) by study week. 

Data points are arithmetic means ± SEM. Data points not sharing a superscript letter differed 

significantly in post-hoc testing and in slope of linear trends. Lower panel (B) shows mean 
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number of Total cigarettes (Study + Non-study) smoked per day (CPD) for each of the three 

nicotine-content-cigarette doses collapsed across cumulative-vulnerabilities categories (low, 

moderate, high) by study weeks. Data points are arithmetic means ± SEM. Data points not 

sharing a superscript letter differed in post-hoc testing at Week 12; data points not sharing a 

superscript number differed in linear slopes over time.
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Figure 2. 
Expired Breath Carbon Monoxide by Cumulative Vulnerabilities and Nicotine Dose Across 

Study Week

Upper panel (A) shows mean expired breath carbon monoxide (CO) values for each of the 

three cumulative vulnerability categories (low, moderate, high) collapsed across study weeks 

and nicotine-content-cigarette doses. Data points are means + SEM. Data points not sharing 

a superscript letter differed significantly in post-hoc testing. Lower panel (B) shows expired 

breath carbon monoxide (CO) values for each of the three nicotine-content-cigarette doses 
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(0.4, 2.4, and 15.8 mg/g) at baseline and across study weeks. Data points are means + 

SEM. Data points not sharing a superscript letter differed in slope of linear trends across the 

12-week study period.
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Figure 3. 
Biomarkers of Exposure as a Function of Cumulative Vulnerabilities and Nicotine Dose

Upper left panel (A) shows mean total urinary cotinine values in each of the three 

cumulative vulnerability categories (low, moderate, high) collapsed across the three nicotine-

content-cigarette doses (0.4, 2.4, and 15.8 mg/g). Upper right panel (B) shows mean total 

urinary cotinine values for each of the three nicotine content doses collapsed across the three 

cumulative-vulnerability categories. Data points are geometric means ± SEM. Data points 

not sharing a superscript letter differed significantly in post-hoc testing. Lower left panel (C) 

shows mean total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) values in each of 

the three cumulative vulnerability categories (low, moderate, high) collapsed across the three 

nicotine-content-cigarette doses. Lower right panel (D) shoes mean total NNAL values for 

each of the three study cigarette doses collapsed across the three cumulative-vulnerability 

categories. Data points are geometric means ± SEM. Data points not sharing a superscript 

letter differed significantly in post-hoc testing.
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Figure 4. 
Nicotine Dependence by Cumulative Vulnerabilities and Nicotine Dose

Upper left panel (A) shows Fagerström Test for Nicotine Dependence (FTND) total scores 

(minus item 4) by cumulative-vulnerability categories (low, moderate, high) across study 

weeks collapsing across cigarette-nicotine-content dose (0.4, 2.4, and 15.8 mg/g). Data 

points are least-square means ± SEM. Data points not sharing a superscript letter differed 

significantly in post-hoc testing. Upper right panel (B) shows FTND total scores (minus item 

4) by cigarette-nicotine-content dose collapsing across cumulative-vulnerability categories. 

Data points are arithmetic means ± SEM. Data points not sharing a superscript letter 

differed significantly in post-hoc testing. Lower left panel (C) shows Wisconsin Inventory of 

Smoking Dependence Motives (WISDM) total scores by cumulative-vulnerability categories 

collapsing across cigarette-nicotine-content dose. Data points are least-square means ± 

SEM. Data points not sharing a superscript letter differed significantly in post-hoc testing. 

Lower right panel (D) shows WISDM total scores by cigarette-nicotine-content dose at 

bi-weekly assessments collapsing across cumulative-vulnerability categories. Data points are 

arithmetic means ± SEM. Doses not sharing a superscript differed in slope of linear trends.
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Figure 5. 
Questionnaire of Smoking Urges Factor 2 Scores for Usual Brand Cigarettes by Cumulative 

Vulnerabilities

Mean (±SEM) Questionnaire-on-Smoking-Urges (QSU) Factor-2 scores across repeated 

assessments during the 12-week study for each of the three dose conditions among 

participants in the low (upper panel), moderate (middle panel), and high (lower panel) 
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cumulative-vulnerability categories. Data points are arithmetic means ± SEM. Doses not 

sharing a superscript differed in slope of linear trends.
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Table 1.

Participant Characteristics
1

Overall Cumulative Vulnerability Categories P-value

n = 775 low (n=176) moderate (n=412) high (n=187)

Population < 0.0001

 Affective Disorders 258 (33.29)
71 (40.34)

a
148 (35.92)

b
39 (20.86)

c

 Opioid Use Dependent 260 (33.55)
12 (6.82)

a
130 (31.55)

b
118 (63.10)

c

 Disadvantaged Women 257 (33.16)
93 (52.84)

a
134 (32.52)

b
30 (16.04)

c

Age (M ± SD) 35.59 ± 11.05
33.19 ± 9.12

a
35.25 ± 11.21

a
38.58 ± 11.73

b < 0.0001

Gender (% Female) 551 (71.10)
138 (78.41)

a
296 (71.84)

a
117 (62.57)

b 0.004

Race/Ethnicity 0.74

 Non-Latino White 630 (82.14)
148 (84.57)

a
329 (80.84)

a
153 (82.70)

a

 Non-Latino Black 68 (8.87)
11 (6.29)

a
39 (9.58)

a
18 (9.73)

a

 Latino 23 (3.00)
6 (3.43)

a
14 (3.44)

a
3 (1.62)

a

 Non-Latino Other or >1 race 46 (6.00)
10 (5.71)

a
25 (6.14)

a
11 (5.95)

a

Education < 0.0001

 8th Grade or Less/Some High 
School

102 (13.16)
2 (1.14)

a
49 (11.89)

b
51 (27.27)

c

 High School Graduate/Equivalent/
Some college

570 (73.55)
132 (75.00)

a
310 (75.24)

b
128 (68.45)

c

 2-Year Associate’s Degree 38 (4.90)
10 (5.68)

a
24 (5.83)

b
4 (2.14)

c

 College Graduate/4-Year Degree/
Graduate Degree

65 (8.39)
32 (18.18)

a
29 (7.04)

b
4 (2.14)

c

Marital Status 0.09

 Married 112 (14.45)
29 (16.48)

a
66 (16.02)

a
17 (9.09)

b

 Never married 461 (59.48)
107 (60.80)

a
243 (58.98)

a
111 (59.36)

b

 Divorced or Separated/Widowed 202 (26.06)
40 (22.73)

a
103 (25.00)

a
59 (31.55)

b

Primary smoker of mentholated 
cigarettes

351 (45.29)
70 (39.77)

a
201 (48.79)

b
80 (42.78)

a,b 0.10

Cigarettes smoked per day (M ± SD) 17.79 ± 9.18
14.74 ± 6.78

a
17.39 ± 8.87

b
21.56 ± 10.49

c < 0.0001

Urine Cotinine Level, ng/ml (M ± 
SD)

4929.35 ± 3771.79
4329.94 ± 3193.98

a
4958.97 ± 3823.61

a,b
5430.12 ± 4088.13

b 0.03

NMR (% with NMR >= 0.31) 526 (73.06)
115 (67.65)

a
279 (73.04)

a,b
132 (78.57)

b 0.07

Breath CO level (M ± SD) 18.02 ± 9.85
16.91 ± 8.98

a
17.69 ± 10.17

a
19.77 ± 9.74

b 0.002

Age started smoking regularly (M ± 
SD)

16.14 ± 3.97
16.73 ± 4.03

a
16.10 ± 3.63

a
15.66 ± 4.54

b 0.0002

Fagerstrom Test for Cigarette 
Dependence (M ± SD)

5.56 ± 2.35
4.72 ± 2.19

a
5.51 ± 2.35

b
6.45 ± 2.19

c < 0.0001

Heaviness of Smoking Index (M ± 
SD)

3.49 ± 1.54
2.96 ± 1.40

a
3.42 ± 1.58

b
4.13 ± 1.36

c < 0.0001
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Overall Cumulative Vulnerability Categories P-value

n = 775 low (n=176) moderate (n=412) high (n=187)

Used Other Tobacco Products, Last 
30 days

117 (17.67)
24 (14.63)

a
63 (18.16)

a
30 (19.87)

a 0.45

Vulnerabilities

 Substance use 260 (33.55)
12 (6.82)

a
130 (31.55)

b
118 (63.10)

c < 0.0001

 Affective disorder 394 (50.84)
83 (47.16)

a
203 (49.27)

a,b
108 (57.75)

b 0.09

 Low education 408 (52.65)
25 (14.20)

a
221 (53.64)

b
162 (86.63)

c < 0.0001

 Unemployed 230 (29.72)
3 (1.70)

a
119 (28.95)

b
108 (57.75)

c < 0.0001

 Disabled 116 (14.99)
0 (0.00)

a
57 (13.87)

b
59 (31.55)

c < 0.0001

 Poverty 405 (53.29)
14 (8.14)

a
215 (53.48)

b
176 (94.62)

c < 0.0001

 Rural 145 (18.71)
15 (8.52)

a
84 (20.39)

b
46 (24.60)

b 0.0002

1
Unless otherwise indicated, data are expressed as number (percentage)

a,b,c
Measures not sharing a superscript letter differed significantly in post-hoc testing

NOTE: results that do not share superscript letters are significantly different from each other
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Table 2.

Questionnaire on Smoking Urges (QSU)–brief Ratings

Main Effect Weeks

1 3 5 7 9 11

Panel A: QSU Factor-1 Study Cigarettes

Cum. Vul.

low 2.7 ± 0.13a -- -- -- -- -- --

moderate 3.24 ± 0.08b -- -- -- -- -- --

high 3.72 ± 0.17c -- -- -- -- -- --

Dose

0.4 mg/g -- 3.10 ± 0.11 3.02 ± 0.11 2.83 ± 0.11 2.89 ± 0.12 2.74 ± 0.11 2.75 ± 0.12a

2.4 mg/g -- 3.39 ± 0.12 3.26 ± 0.12 3.27 ± 0.13 3.27 ± 0.13 3.12 ± 0.14 3.01 ± 0.14a

15.8 mg/g -- 3.42 ± 0.12 3.52 ± 0.12 3.51 ± 0.12 3.56 ± 0.12 3.60 ± 0.13 3.53 ± 0.13b

Panel B: QSU Factor-2 Study Cigarettes

Cum. Vul.

low 1.72 ± 0.10a -- -- -- -- -- --

moderate 2.10 ± 0.07b -- -- -- -- -- --

high 2.55 ± 0.09c -- -- -- -- -- --

Dose

0.4 mg/g -- 2.14 ± 0.09 2.11 ± 0.09 2.00 ± 0.09 2.05 ± 0.09 1.96 ± 0.09 1.95 ± 0.10a

2.4 mg/g -- 2.21 ± 0.10 2.13 ± 0.09 2.13 ± 0.10 2.15 ± 0.11 2.11 ± 0.11 2.12 ± 0.11a

15.8 mg/g -- 2.10 ± 0.08 2.21 ± 0.09 2.23 ± 0.10 2.24 ± 0.10 2.30 ± 0.11 2.30 ± 0.11b

Panel C: QSU Factor-1 Usual-brand Cigarettes

Cum. Vul.

low 3.71 ± 0.11a -- -- -- -- -- --

moderate 3.93 ± 0.70a -- -- -- -- -- --

high 3.86 ± 0.10a -- -- -- -- -- --

Dose

0.4 mg/g -- 4.18 ± 0.11 3.96 ± 0.12 3.90 ± 0.12 3.71 ± 0.13 3.67 ± 0.13 3.59 ± 0.13a

2.4 mg/g -- 4.27 ± 0.13 4.11 ± 0.13 4.01 ± 0.14 4.05 ± 0.14 3.84 ± 0.14 3.79 ± 0.14a

15.8 mg/g -- 3.72 ± 0.18 3.77 ± 0.12 3.70 ± 0.13 3.72 ± 0.13 3.70 ± 0.13 3.69 ± 0.13b
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