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Abstract

Aims: To estimate the association of longitudinal patterns of e-cigarette use with ciga-

rette smoking abstinence, after accounting for time-dependent confounding and

selection bias.

Design: Secondary analysis of longitudinal national cohort data. Using marginal structural

models and four waves of the population assessment of tobacco and health (wave

1, 2013–14; wave 2, 2014–15; wave 3, 2015–16; wave 4, 2016–18), we estimated the

association of vaping frequency across waves 2 and 3 with 12-month sustained cigarette

smoking abstinence at wave 4, adjusting for time-dependent confounders at waves

1 and 2 and selection bias due to drop-out with inverse probability of treatment and cen-

soring weights.

Setting: United States.

Participants/cases: A total of 5699 adults (18+ years) who smoked cigarettes and did

not vape at wave 1.

Measurements: The exposure was vaping frequency at waves 2 and 3 (non-use, non-

daily use, daily use), representing nine possible combinations of vaping frequency across

two waves. Non-use at both waves was the exposure reference group. The primary out-

come was sustained 12-month cigarette smoking abstinence at wave 4.

Findings: Among 5699 adults who smoked cigarettes at wave 1, a total of 560 (9.8%)

reported smoking abstinence at wave 4. Compared with nonuse at both waves, daily

vaping at both waves [risk ratio (RR) = 3.82, 95% confidence interval (CI) = 2.59–5.64]

and non-use at wave 2 followed by daily vaping at wave 3 (RR = 2.50, 95% CI = 1.66–

3.77) were positively associated with smoking abstinence; non-daily vaping at both

waves was inversely associated with smoking abstinence (RR = 0.28, 95% CI = 0.11–

0.75). Results persisted after accounting for misclassification of e-cigarette use and ciga-

rette smoking abstinence and after restricting to participants with plans to quit smoking.

Conclusions: In a US cohort of adult smokers, longitudinal patterns of vaping frequency

appear to predict smoking abstinence, even after accounting for several sources of
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systematic error. Consistent daily vaping is associated with increased chances of ciga-

rette smoking abstinence, while consistent non-daily vaping is associated with decreased

chances of smoking abstinence.

K E YWORD S

Confounding, e-cigarettes, marginal structural models, misclassification, selection bias, smoking
cessation, vaping

INTRODUCTION

Evidence on whether e-cigarettes are an effective aid for quitting

combustible cigarette smoking is variable [1–3]. While earlier random-

ized trials showed modest efficacy [4–8], recent large-scale trials

report positive effects of e-cigarette use on cigarette smoking absti-

nence compared to no e-cigarette use or standard treatment

(e.g. nicotine replacement therapy, counseling) [9–11]. In contrast,

observational studies show mixed results. A 2020 meta-analysis

reported a pooled odds ratio for the association between e-cigarette

use and cigarette smoking abstinence of 1.10 [95% confidence inter-

val (CI) = 0.94–1.28] among 31 observational longitudinal studies,

indicating an average of no association with substantial heterogeneity

(I2 = 76.3%) [3]. Clear evidence from population-based observational

cohort studies is important for understanding the real-world effective-

ness of e-cigarettes for smoking abstinence in the general population

under naturalistic conditions.

One explanation for inconclusive findings in observational studies

may be due to imprecisely defining e-cigarette exposure [12]. Individ-

uals who vape nicotine daily might be more likely than those who do

not vape nicotine to achieve smoking abstinence, but non-daily vaping

may have no effect or reduce likelihood of smoking abstinence

[13–16]. Daily vaping could be more effective than non-daily vaping if

greater nicotine delivery leads to reduced cigarette cravings. In con-

trast, non-daily vaping may result in continued dual use of both e-

cigarettes and cigarettes and increased nicotine dependence, rather

than full substitution of e-cigarettes for cigarettes [17, 18]. Studies

that do not differentiate between vaping frequency may find null

associations with smoking abstinence due to balancing of inverse and

positive associations.

Additionally, heterogeneity in consistency of vaping over longer

follow-up periods may impact the effectiveness of vaping for ciga-

rette smoking abstinence [19, 20]. For example, vaping daily for

1 month may be less effective for smoking abstinence than vaping

every day for 2 years or longer, particularly as most people take lon-

ger than 1 year to successfully quit smoking cigarettes [21]. Glasser

et al. evaluated vaping patterns at three waves of the population

assessment of tobacco and health (PATH) study and reported that

individuals who used e-cigarettes daily at each wave, or increased

to daily use over follow-up, were more likely than never users to

report smoking abstinence [19]. It is important to identify which

longer-term patterns of vaping are effective for sustained cigarette

smoking abstinence, and whether differences exist by vaping fre-

quency and duration of use.

When examining the association of longer-term vaping patterns

with cigarette smoking abstinence using observational data, one must

account for confounders (i.e. shared risk factors) that vary over time

to estimate a valid effect [22, 23]. However, if time-varying con-

founders simultaneously act as mediators of vaping and cigarette

smoking abstinence (i.e. time-dependent confounding), then use of

traditional regression methods can bias estimates due to conditioning

on causal intermediates or collider stratification bias [22, 23]. There

are numerous factors that could affect e-cigarette use and smoking

abstinence, but also be affected by prior vaping behaviors

(i.e. function as both confounders and mediators), including smoking

frequency and nicotine dependence. To appropriately adjust for time-

dependent confounding researchers can use g-methods, including

marginal structural models (MSMs) [22, 23].

The present study examines the association of e-cigarette use

with cigarette smoking abstinence among US adults, accounting for

vaping frequency and longer-term patterns of e-cigarette use. We

assess the joint association between vaping frequency at two time-

points and combustible cigarette smoking abstinence, reduction in cig-

arette smoking and abstinence from all tobacco products at the end of

follow-up, accounting for time-dependent confounding using MSMs.

We hypothesized that patterns of daily vaping would be associated

with an increased probability of cigarette smoking abstinence and

reduction, while patterns of non-daily vaping would be associated

with a decreased probability of smoking abstinence and reduction.

METHODS

Study population and study design

We use four waves of deidentified public use data from the PATH

study, a US national cohort study on tobacco product use and health.

Between 2013 and 2014, PATH recruited 32 320 adult participants

using a four-stage stratified area probability sample design. Participants

completed computer-assisted follow-up interviews approximately

every 12 months. The study design, sampling process and data collec-

tion methods for PATH have been described in detail previously [24].

The analytical sample included 5699 adults (aged ≥ 18 years) who

were current established cigarette smokers and not currently using e-

cigarettes at wave 1, and completed all four waves of data collection.

Established cigarette smoking was defined as having ever smoked

> 100 cigarettes (in a participant’s life-time) and currently smoking

cigarettes every day or some days at wave 1. Non-current e-cigarette
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use was defined as currently using e-cigarettes ‘not at all’ at wave

1, and includes both never and former e-cigarette users (see Support-

ing information, Figure S1 for inclusion and exclusion flow-chart).

Measures

Primary outcome: cigarette smoking abstinence

The primary outcome was self-reported 12-month sustained cigarette

smoking abstinence at the end of follow-up (wave 4, 2016–18), mea-

sured with the question: ‘In the past 12 months, have you smoked a

cigarette, even one or two puffs?’. Participants were coded as having

the outcome (1) if they responded ‘No’ to smoking even one or two

puffs of a cigarette in the past 12 months at wave 4 and zero

(0) otherwise.

Secondary outcomes

Secondary outcomes included substantial reduction of average ciga-

rette consumption and 12-month abstinence from all tobacco products

(including e-cigarettes). Substantial reduction of cigarette consumption

was defined as ≥ 50% reduction in average cigarettes smoked per day

between waves 1 and 4. Twelve-month tobacco product abstinence

was defined as no past 12-month use of cigarettes, e-cigarettes, cigars,

hookah, pipe tobacco or smokeless tobacco at wave 4.

Exposure: e-cigarette use frequency

Exposure was frequency of current e-cigarette use measured at waves

2 and 3. Waves 2 and 3 data collection occurred approximately 1 year

apart between 2014 and 2015 (wave 2) and 2015 and 2016 (wave 3).

Daily e-cigarette use was defined as currently using e-cigarettes

‘every day’; non-daily use was defined as currently using e-cigarettes

‘some days’ and non-use of e-cigarettes was defined as currently

using e-cigarettes ‘not at all’. We estimated the joint effect of vaping

frequency at waves 2 and 3 on cigarette smoking abstinence at wave

4, representing nine possible patterns of e-cigarette use (Figure 1).

Non-use at both waves was the reference group.

Confounders

We incorporated confounders measured at wave 1 and time-varying

confounders measured at waves 1 and 2 that were variables associ-

ated with both e-cigarette use and smoking abstinence in prior litera-

ture. Time-varying confounder assessment occurred one wave prior

to assessment of the exposure to ensure temporal precedence. Con-

founders measured at wave 1 included socio-demographic character-

istics (age, sex, race/ethnicity, education, income, sexual identity)

[25, 26] and baseline cigarette smoking duration. Time-varying

confounders included cigarette smoking frequency/intensity, nicotine

dependence (composite score of 16 items from the Wisconsin inven-

tory of smoking dependence motives, nicotine dependence syndrome

scale and DSM measure for impaired control) [27], intentions to quit

smoking and cessation-related behaviors (i.e. quit attempts or use of

cessation aids) [28], mental health symptoms [29, 30], other tobacco

and substance use behaviors [31], attitudes/beliefs related to e-

cigarettes [25], tobacco-related social norms [32], living with tobacco

users [33] and diagnosis of tobacco-related diseases [34]. We included

a total of 20 confounders (seven measured at wave 1 and 13 time-

varying) as predictors in inverse probability weights (Supporting infor-

mation, Table S1).

Analysis

Analyses were conducted using SAS version 9.4. The analysis was not

pre-registered and should be considered exploratory. We calculated

the prevalence of each outcome and the nine e-cigarette exposure

patterns, and examined the distribution of confounders by exposure

groups at each wave and by those retained versus lost to follow-up.

MSMs were used to simultaneously estimate the effect of vaping fre-

quency at two time-points on past-year smoking abstinence at wave

4 while adjusting for time-dependent confounding and selection bias

due to dropout. MSMs incorporate inverse probability of treatment

weights (IPTW) to create a pseudopopulation in which the distribution

of confounders and past exposure is balanced by vaping frequency at

each wave. Under assumptions of exchangeability, positivity, consis-

tency and correct model specification [35, 36], MSMs estimate the

average effect of each e-cigarette exposure pattern on cigarette

smoking abstinence at wave 4 [22].

For each exposure measurement (two per participant), we esti-

mated a stabilized weight equal to the inverse probability that a partici-

pant received the e-cigarette exposure history they received (e.g. non-

use, non-daily use, daily use), given past exposure, smoking abstinence

and covariates [37]. To obtain the weight denominator, a pooled multi-

nomial logistic regression model estimated the predicted probability of

F I G U R E 1 Nine e-cigarette use frequency patterns of exposure
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vaping frequency at waves 2 and 3. Independent variables included all

time-invariant confounders, time-varying confounders measured at the

prior wave, an indicator for time-varying past 12-month smoking absti-

nence prior to wave 4 and a variable for wave to allow for a time-

specific intercept [37]. The same model estimated the weight numera-

tor, excluding time-varying values of covariates. A similar approach esti-

mated stabilized inverse probability of censoring weights (IPCW),

which account for selection bias by creating a pseudopopulation in

which loss-to-follow-up is random with respect to prior exposure and

covariates [38]. The final weight was the product of the IPTW and

IPCW at wave 3 (mean = 1.0, min. = 0.42, max. = 2.7). See Supporting

information, Appendix S1 for weight calculation.

We estimated the joint effect of vaping frequency at waves 2 and

3 by fitting a weighted modified Poisson regression model to produce

risk ratios (RR) and 95% CI comparing each e-cigarette exposure pat-

tern to no current use at both waves (reference) [39]. We used PROC

GENMOD and generalized estimating equations with an independent

correlation matrix for standard errors robust to multiple observations

per person (due to weighting). The model was weighted by the prod-

uct of the IPTW and IPCW and included smoking abstinence at wave

4 as the binary outcome, and the following predictors: separate vari-

ables for vaping frequency at waves 2 and 3, an interaction term

between vaping frequency at waves 2 and 3 and wave 1 confounders.

See Supporting information, Figure S2 for causal diagram and Sup-

porting information, Appendix S1 for MSM equation.

Sensitivity analyses

The analysis may overestimate the association if participants who

vape are more motivated to quit smoking than those who do not

vape. We repeated the primary analyses restricting the sample to par-

ticipants with intentions to quit smoking during the next 12 months at

wave 1. We additionally tested for effect modification on the relative

scale by motivations to quit smoking by examining an interaction term

between intentions to quit smoking and e-cigarette use frequency.

We performed a probabilistic bias analysis to quantify the effect of

underreporting vaping frequency and overreporting 12-month smoking

abstinence on results [40]. Individuals are unlikely to over-report

tobacco-product use or under-report smoking abstinence [41].

Informed by validation studies and assuming non-differential misclassi-

fication [42–44], we defined trapezoidal distributions of misclassifica-

tion probabilities for self-reported e-cigarette use (sensitivity

range = 0.78–1.0, lower/upper mode = 0.85/0.875) and smoking absti-

nence (specificity range = 0.93–1.0, lower/upper mode = 0.95/0.975).

We sampled from the distributions 1000 times and re-estimated MSMs

using record-level Bernoulli trials for each iteration [45].

Secondary analysis

PATH is a complex survey allowing for estimates representative of

the non-institutionalized civilian US population when sample weights

are applied. Sample weights were not incorporated into the primary

analysis because the goal of inverse probability weighting is to

address internal validity rather than external validity

(e.g. generalizability). A caveat to not using sample weights is that esti-

mates are not necessarily generalizable to the US population and

should be interpreted as the average treatment effect for the survey

population. We conducted a secondary analysis to produce estimates

of the average treatment effect for the US population of adults at

wave 4 (2016–18). The final inverse probability weights were multi-

plied by PATH wave 4 sample weights [46]. We re-estimated associa-

tions using PROC SURVEYLOGISTIC and the balanced repeated

replication method and Fay adjustment (ρ = 0.3) for robust standard

errors.

Missing data

The Markov Monte Carlo method of multiple imputation with five

imputed data sets was used to simulate values for missing data

(Supporting information, Appendix S2). Data were missing for < 3% of

participants, except for wave 1 other tobacco (4.3%), poverty level

(7.0%), plans to quit smoking (38.6%, high percentage missing due to

instrument error); wave 2 past 12-month quit attempt (10.1%) and

plans to quit smoking (10.8%).

RESULTS

Among 5699 adults who smoked cigarettes and who were not cur-

rently using e-cigarettes at wave 1, a total of 560 (9.8%) reported

12-month abstinence from cigarettes at wave 4. Additionally, 1690

(29.7%) reported ≥ 50% reduction in cigarette consumption and

411 (7.2%) reported 12-month abstinence from all tobacco products

(including e-cigarettes) at wave 4. All participants who reported

12-month abstinence were classified as substantially reducing cigarette

consumption, except for 45 participants who reported smoking 0 ciga-

rettes/day at wave 1. The most prevalent vaping pattern was no cur-

rent e-cigarette use at both waves (n = 4521, 79.3%), followed by non-

daily use at wave 2 and no current use at wave 3 (n = 497, 8.7%). Daily

use at both waves represented 1.4% of participants (n = 79) (Table 1).

Compared to participants who reported no current e-cigarette

use, participants who vaped with any frequency were younger

(< 34 years), smoked cigarettes for shorter duration and were more

likely to believe that e-cigarettes are less harmful than cigarettes, live

with a tobacco user, use illicit drugs and have high internalizing mental

health problems (Table 2). Compared to participants who vaped non-

daily, participants who vaped daily had higher income and were

heavier smokers with greater nicotine dependence. Participants who

vaped daily were less likely to use other tobacco products or mari-

juana than participants who vaped non-daily. Retained participants

were more likely to be female and have higher externalizing mental

health problems than participants lost to follow-up (Supporting infor-

mation, Table S2).

3132 HARLOW ET AL.



E-cigarette use patterns and 12-month sustained
smoking abstinence

Table 3 presents results on 12-month cigarette smoking abstinence at

wave 4 by vaping frequency patterns. A RR > 1.0 indicates exposure

was associated with increased probability of smoking abstinence,

while a RR < 1.0 indicates exposure was associated with decreased

probability of smoking abstinence.

Compared to no current e-cigarette use at both waves, consistent

non-daily e-cigarette use at both waves was associated with 72%

lower probability of 12-month smoking abstinence at wave

4 (RR = 0.28, 95% CI = 0.11–0.75). In contrast, consistent daily e-

cigarette use at both waves was associated with nearly four times the

probability of 12-month smoking abstinence (RR = 3.82, 95%

CI = 2.59–5.64) relative to no current e-cigarette use over follow-up.

No current e-cigarette use at wave 2 followed by daily use at wave

3 was also positively associated with smoking abstinence at wave

4 (RR = 2.50, 95% CI = 1.66–3.77).

Daily e-cigarette use at wave 2 followed by no current e-cigarette

use at wave 3 indicated a positive association (RR = 1.81, 95%

CI = 0.89–3.65), and no current e-cigarette use at wave 2 followed by

non-daily use at wave 3 indicated an inverse association with smoking

abstinence (RR = 0.60, 95% CI = 0.34–1.07), although confidence inter-

vals were consistent with a range of effects, including no association.

Estimates for the remaining exposure patterns indicated no association

with smoking abstinence (non-daily wave 2/non-use wave 3 RR = 0.90,

95% CI = 0.66–1.24) or were too imprecise to draw meaningful conclu-

sions (daily wave 2/non-daily wave 3 RR = 1.65, 95% CI = 0.54–5.00;

non-daily wave 2/daily wave 3 RR = 1.36, 95% CI = 0.55–3.35).

E-cigarette use patterns and substantial reduction in
cigarette smoking

Compared to no current e-cigarette use over follow-up, non-daily use

at both waves was associated with 28% lower probability of smoking

reduction at wave 4 (RR = 0.72, 95% CI = 0.23–1.00) (Table 4). Daily

e-cigarette use at either wave or both waves was positively associated

with substantial reduction in cigarette smoking. For example, com-

pared to no current e-cigarette use over follow-up, weighted RRs

were 2.49 (95% CI = 2.12–2.93) for daily use at both waves and 2.03

(95% CI = 1.67–2.47) for no use at wave 2 and daily use at wave 3.

E-cigarette use patterns and tobacco product
abstinence

Most vaping patterns were associated with a lower probability of

abstinence from all tobacco products at wave 4, although estimates

were imprecise with wide confidence intervals (Table 5). Daily e-

cigarette use at wave 2 followed by no current e-cigarette use at

wave 3 was the only exposure pattern positively associated with

abstaining from all tobacco products (RR = 2.05, 95% CI = 0.95–4.42).

However, given the wide confidence intervals, results for all tobacco-

product abstinence should be interpreted with caution.

Sensitivity analyses

Restricting to participants with plans to quit smoking in the next year

resulted in similar but slightly attenuated and more imprecise esti-

mates, and we found no evidence of interaction between e-cigarette

use frequency and intentions to quit smoking (interaction term P-

value = 0.74, Supporting information, Table S3). The bias analysis sug-

gested non-differential misclassification of e-cigarette exposure and

smoking abstinence is expected, on average, to bias RRs towards the

null (Supporting information, Table S4).

Secondary analysis

The multiplication of PATH wave 4 sample weights and inverse proba-

bility weights produced slightly stronger estimates for daily e-cigarette

use patterns and slightly attenuated estimates for non-daily use pat-

terns, but did not markedly alter conclusions (Supporting information,

Table S5).

DISCUSSION

In this study of US adults who smoked cigarettes at baseline, partici-

pants who subsequently and consistently used e-cigarettes daily were

more likely to report 12-month abstinence from cigarette smoking

after 2 years than participants who reported no current e-cigarette

use over follow-up. Participants who consistently used e-cigarettes

non-daily were less likely to report cigarette smoking abstinence than

participants who reported no current e-cigarette use. Results were

robust to adjustment for time-dependent confounding, selection bias

due to loss to follow-up and misclassification of e-cigarette use and

T AB L E 1 Patterns of e-cigarette use over follow-up among 5699
adults who smoke cigarettes and do not currently use e-cigarettes at
wave 1

E-cigarette use wave 2 E-cigarette use wave 3 n (%)

Non-use Non-use 4521 (79.3)

Non-daily use Non-use 497 (8.7)

Non-use Non-daily use 231 (4.0)

Non-daily use Non-daily use 157 (2.8)

Non-use Daily use 90 (1.6)

Daily use Daily use 79 (1.4)

Daily use Non-use 59 (1.0)

Non-daily use Daily use 39 (0.7)

Daily use Non-daily use 26 (0.5)

Estimates presented in descending order as unweighted frequencies

(percentages) among adults not lost to follow-up.
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T AB L E 2 Wave 1 covariates by e-cigarette use frequency at waves 2–3 among 5699 adults who smoke cigarettes and do not currently use
e-cigarettes at wave 1

Covariates measured at wave 1

Wave 2 e-cigarette use frequency Wave 3 e-cigarette use frequency

Non-use
(n = 4842)

Non-daily
(n = 693)

Daily
(n = 164)

Non-use
(n = 5077)

Non-daily
(n = 414)

Daily
(n = 208)

Female sex 50.8 51.8 45.1 50.7 53.5 46.6

Age, years

18–34 39.0 51.4 48.2 39.4 51.7 51.4

35–54 38.3 36.6 40.2 38.8 32.4 35.1

≥ 55 22.7 12.0 11.6 21.8 15.9 13.5

Race/ethnicity

Non-Hispanic black 17.5 12.0 6.1 17.2 13.5 4.8

Non-Hispanic white 62.8 68.3 76.2 62.8 69.8 78.4

Non-Hispanic Asian or other race 6.3 7.4 9.2 6.5 6.5 8.6

Hispanic 13.4 12.3 8.5 13.5 10.1 8.2

Sexual identity

Lesbian, gay, bisexual+ 8.0 11.7 11.0 8.0 11.8 13.0

Straight 92.1 88.3 89.0 92.0 88.2 87.0

Education

< High school or equivalent 29.8 29.3 25.0 30.2 25.8 20.6

Some college or Associate’s degree 59.5 61.2 67.7 59.0 66.2 71.2

≥ Bachelor’s degree 10.7 9.5 7.3 10.8 8.0 8.2

Poverty status

< 100% poverty level 42.0 49.5 37.2 42.5 48.5 38.9

≥ 100% poverty level 58.0 50.5 62.8 57.5 51.5 61.1

Duration regular cigarette smoking

Never smoked regularly 7.0 4.6 4.3 6.8 6.0 3.9

< 18 years (median) 43.6 54.0 52.4 44.1 53.4 53.4

≥ 18 years (median) 49.4 41.4 43.3 49.1 40.6 42.8

Daily cigarette smoker 78.6 82.3 89.0 78.9 82.9 85.1

Smoking intensity, cigs per day

1–10 52.9 50.4 45.7 52.4 55.3 46.6

11–19 15.8 17.3 14.0 16.0 16.0 13.0

≥ 20 31.3 32.3 40.2 31.6 28.7 40.4

Plans to quit smoking in the next year 59.3 58.3 59.2 59.4 58.0 56.3

Made a smoking quit attempt in past year 46.0 48.5 48.8 46.2 45.9 52.4

Nicotine dependence score (16-item),

median (IQR)

53 (28–75) 59 (34–78) 66 (44–86) 53 (3–75) 56 (34–78) 63 (41–81)

Used NRT in past 12 months 10.2 11.5 9.8 10.1 11.8 15.4

Used prescription cessation aid in past

12 months

4.2 5.9 6.1 4.3 5.1 8.2

Perceived harm of e-cigarettes relative to cigarettes

Less harmful 43.1 54.3 58.5 44.0 49.5 58.2

Equally or more harmful 56.9 45.7 41.5 56.0 50.5 41.8

Lives with a tobacco user 54.9 63.4 62.8 55.5 60.4 62.5

General view of tobacco among peers

Positive 10.8 10.3 6.7 10.8 10.4 6.7

Neutral 31.5 38.2 36.6 31.9 37.4 36.1

(Continues)
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smoking abstinence. Findings persisted among participants with plans

to quit smoking at baseline.

This study contributes to prior findings in the literature of a posi-

tive association between daily vaping and cigarette smoking absti-

nence, but inverse associations between non-daily vaping and

smoking abstinence [13, 14, 16, 47]. This study enhances the litera-

ture by examining vaping frequency at multiple time-points, which

revealed important heterogeneity that would have been missed had

exposure been operationalized as binary and limited to a single time-

point. For example, the benefits of daily vaping on smoking abstinence

were stronger for participants who used e-cigarettes daily at two

waves compared to those who used e-cigarettes daily at one wave.

Additionally, consistent non-daily e-cigarette use at two waves was

the only vaping pattern associated with lower likelihood of cigarette

T AB L E 2 (Continued)

Covariates measured at wave 1

Wave 2 e-cigarette use frequency Wave 3 e-cigarette use frequency

Non-use
(n = 4842)

Non-daily
(n = 693)

Daily
(n = 164)

Non-use
(n = 5077)

Non-daily
(n = 414)

Daily
(n = 208)

Negative 57.7 51.5 56.7 57.3 52.4 57.2

Diagnosis of tobacco-related disease 46.9 46.2 39.6 47.0 43.0 41.8

Past 30-day other tobacco product use 24.2 34.9 28.7 24.5 36.5 32.2

Past 30-day alcohol use 58.4 58.3 62.2 58.4 59.2 57.7

Past 30-day marijuana use 21.1 25.0 17.7 20.9 27.0 23.1

Past 30-day other drug use 11.2 15.2 15.9 11.4 16.2 13.5

Internalizing mental health problems

Low 52.4 43.4 43.3 52.3 41.8 40.9

Medium 25.5 26.1 26.2 25.3 26.8 29.8

High 22.1 30.5 30.5 22.4 31.4 29.3

Externalizing mental health problems

Low 59.9 51.2 49.4 59.7 48.3 50.5

Medium 24.2 26.3 33.5 24.3 29.2 26.4

High 15.9 22.5 17.1 16.0 22.5 23.1

Estimates presented as unweighted percentages except where indicated. NRT = nicotine replacement therapy; IQR = interquartile range.

T AB L E 3 E-cigarette use and 12-month cigarette smoking abstinence at wave 4 among 5699 adults who smoke cigarettes and do not
currently use e-cigarettes at wave 1: results from crude and marginal structural models

E-cigarette use wave 2 E-cigarette use wave 3 % Smoking Abstinent

Crude MSMa

RR 95% CI RR 95% CI

Any Any 9.8 – – – –

Non-use Non-use 9.8 1.0 Ref 1.0 Ref

Non-daily use Non-use 7.7 0.78 0.56–1.07 0.90 0.66–1.24

Non-use Non-daily use 5.2 0.54 0.31–0.94 0.60 0.34–1.07

Non-daily use Non-daily use 2.6 0.26 0.10–0.68 0.28 0.11–0.75

Non-use Daily use 22.2 2.28 1.53–3.38 2.50 1.66–3.77

Daily use Daily use 31.7 3.25 2.33–4.55 3.82 2.59–5.64

Daily use Non-use 13.6 1.38 0.72–2.64 1.81 0.89–3.65

Non-daily use Daily use 15.4 1.36 0.54–3.45 1.36 0.55–3.35

Daily use Non-daily use 11.5 1.17 0.40–3.41 1.65 0.54–5.00

MSM = marginal structural model; RR = risk ratio; CI = confidence interval.
aAdjusted for wave 1 values of sexual identity, education, income, race/ethnicity, sex, age, smoking duration, smoking intensity, smoking frequency, quit

attempt in past 12 months, plans to quit smoking in next 12 months, past 12-month use of nicotine replacement therapy or prescription cessation aid, past

30-day use of alcohol, marijuana or other drugs, past 30-day use of other tobacco products, high internalizing and/or externalizing mental health

symptoms, perceived harm of e-cigarettes, lives with a tobacco user, peer opinion of tobacco and past 12-month diagnosis of tobacco-related disease.

Additionally weighted by inverse probability and censoring weights adjusting for time-varying confounders and censoring.
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smoking reduction. Examination of longer-term patterns of e-cigarette

use with smoking abstinence is relevant to a target trial framework

[48], because exposure patterns have parallels to treatment regimens

that could be evaluated in randomized trials if deemed feasible and

ethical.

Our findings are consistent with a prior PATH study by Glasser

et al. [19], who found that using e-cigarettes daily at each wave was

associated with long-term cigarette smoking abstinence [19]. Our

study expands upon prior findings by incorporating an additional data

wave, a more comprehensive set of e-cigarette use patterns and

T AB L E 4 E-cigarette use and substantial reduction in cigarette smoking by wave 4 among 5699 adults who smoke cigarettes and do not
currently use e-cigarettes at wave 1: results from crude and marginal structural models

E-cigarette use wave 2 E-cigarette use wave 3 % Substantial reductionb

Crude MSMa

RR 95% CI RR 95% CI

Any Any 29.8 – – – –

Non-use Non-use 28.7 1.0 Ref 1.0 Ref

Non-daily use Non-use 28.5 1.01 0.87–1.16 1.0 0.87–1.16

Non-use Non-daily use 29.4 1.04 0.85–1.28 1.01 0.82–1.25

Non-daily use Non-daily use 19.8 0.66 0.48–0.92 0.72 0.52–1.00

Non-use Daily use 58.2 2.02 1.68–2.43 2.03 1.67–2.47

Daily use Daily use 72.5 2.52 2.18–2.91 2.49 2.12–2.93

Daily use Non-use 40.7 1.42 1.04–1.93 1.42 1.01–2.00

Non-daily use Daily use 40.5 1.40 0.91–2.16 1.43 0.91–2.24

Daily use Non-daily use 38.5 1.34 0.82–2.18 1.69 1.07–2.65

MSM = marginal structural model; RR = risk ratio; CI = confidence interval.
aAdjusted for wave 1 values of sexual identity, education, income, race/ethnicity, sex, age, smoking duration, smoking intensity, smoking frequency, quit

attempt in past 12-months, plans to quit smoking in next 12 months, past 12-month use of nicotine replacement therapy or prescription cessation aid, past

30-day use of alcohol, marijuana or other drugs, past 30-day use of other tobacco products, high internalizing and/or externalizing mental health

symptoms, perceived harm of e-cigarettes, lives with a tobacco user, peer opinion of tobacco, past 12-month diagnosis of tobacco-related disease.

Additionally weighted by inverse probability and censoring weights adjusting for time-varying confounders and censoring.
bSubstantial reduction is ≥ 50% reduction in average cigarettes smoked/day between waves 1 and 4.

T AB L E 5 E-cigarette use and 12-month abstinence from all tobacco products at wave 4 among 5699 adults who smoke cigarettes and do not
currently use e-cigarettes at wave 1: results from crude and marginal structural models

E-cigarette use wave 2 E-cigarette use wave 3 % Tobacco abstinentb

Crude MSMa

RR 95% CI RR 95% CI

Any Any 7.2 – – – –

Non-use Non-use 7.9 1.0 Ref 1.0 Ref

Non-daily use Non-use 6.0 0.76 0.53–1.09 0.95 0.67–1.36

Non-use Non-daily use 3.0 0.38 0.18–0.80 0.42 0.20–0.89

Non-daily use Non-daily use 1.3 0.16 0.04–0.63 0.20 0.05–0.82

Non-use Daily use 3.3 0.42 0.14–1.28 0.51 0.16–1.61

Daily use Daily use 1.3 0.16 0.02–1.11 0.17 0.02–1.25

Daily use Non-use 11.9 1.49 0.74–3.01 2.05 0.95–4.42

Non-daily use Daily use 2.6 0.33 0.05–2.29 0.30 0.05–1.78

Daily use Non-daily use 3.9 0.48 0.07–3.31 1.08 0.15–7.85

MSM = marginal structural model; RR = risk ratio; CI = confidence interval.
aAdjusted for wave 1 values of sexual identity, education, income, race/ethnicity, sex, age, smoking duration, smoking intensity, smoking frequency, quit

attempt in past 12 months, plans to quit smoking in next 12 months, past 12-month use of NRT or prescription cessation aid, past 30-day use of alcohol,

marijuana or other drugs, past 30-day use of other tobacco products, high internalizing and/or externalizing mental health symptoms, perceived harm of e-

cigarettes, lives with a tobacco user, peer opinion of tobacco, past 12-month diagnosis of tobacco-related disease. Additionally weighted by inverse

probability and censoring weights adjusting for time-varying confounders and censoring.
bOutcome includes no use of combustible cigarettes, e-cigarettes, cigars, pipe tobacco, hookah or smokeless tobacco in past 12 months at wave 4.
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robust control for time-dependent confounding, selection bias and

misclassification. The current study’s findings coupled with prior liter-

ature [13, 14, 16, 19, 47] highlight that daily and non-daily vaping are

distinct behaviors and should be treated separately in studies on

tobacco-use.

There are potential explanations for the divergent relationships of

daily and non-daily vaping with smoking abstinence. Daily vaping results

in a greater dose of nicotine than non-daily use, which could reduce cig-

arette smoking frequency and cravings. Nicotine satiation would be par-

ticularly important in the context of acute situations that trigger

smoking relapse (e.g. stressful events, alcohol use). Non-daily vaping

might not provide the necessary nicotine dose to fully curb cigarette

cravings and withdrawal. E-cigarettes’ promise as a cessation aid lies

predominantly in their use as a substitute for cigarettes. Most individuals

who are established cigarette smokers tend to smoke cigarettes daily

[49], and thus non-daily vaping is unlikely to result in behavioral changes

needed to substitute for daily smoking. Dual use of e-cigarettes and cig-

arettes may increase nicotine dependence relative to no e-cigarette use,

as individuals are exposed to nicotine from both products [17].

Differences between daily and non-daily vaping may also be the

result of residual confounding. Non-daily vaping could reflect a phe-

notype of e-cigarette users whose objective is to use e-cigarettes

recreationally or for convenience rather than to quit smoking ciga-

rettes. People who vape daily may be more motivated to quit smoking

than those who vape non-daily or not at all. Findings persisted after

restricting to participants with plans to quit smoking cigarettes; how-

ever, there is probably heterogeneity in quitting motivation among

those with plans to quit smoking, resulting in residual confounding.

Some researchers believe that observational studies on e-cigarette

use and cigarette smoking abstinence should be restricted to partici-

pants who report a quit attempt to ensure similar motivations across

exposure groups [28]. Others believe that such an approach is too

restrictive, and precludes the ability to make inferences about the

impact of e-cigarettes at the population level [50]. To this point, we

found no evidence that the association of daily vaping with smoking

abstinence was moderated by motivations to quit smoking, suggesting

potential benefits of daily vaping even among smokers who did not

originally intend to quit smoking. Furthermore, motivation to quit

could be a causal intermediate between e-cigarette use and smoking

abstinence. Individuals may not have intentions to quit smoking prior

to using e-cigarettes but could subsequently develop or increase quit

motivations because of their experience with vaping.

Compared to no current e-cigarette use over follow-up, nearly all

e-cigarette patterns were inversely associated with abstinence from

all tobacco products (including e-cigarettes). These findings are driven

by sustained e-cigarette use at wave 4. While certain patterns of e-

cigarette use may aid smoking abstinence, vaping may contribute to

longer-term nicotine dependence. Prior studies, including randomized

controlled trials (RCTs), indicate that many people continue vaping

after quitting cigarette smoking [9, 51]. In addition, there is some evi-

dence that vaping among former cigarette smokers is associated with

smoking relapse [52–54]. Daily vaping patterns were more rare in the

current study population than non-daily patterns, and the reduction in

quit rate among non-daily users was substantial. Therefore, the popu-

lation benefits of daily vaping for smoking abstinence may be out-

weighed by the harms of non-daily patterns. Assessment of the net

population effect on smoking must also account for the potential role

of e-cigarettes in relapse among former smokers and in fostering new

initiators of cigarettes among youth [55].

This study has some limitations. The prevalence of e-cigarette use

was rare, resulting in imprecise estimates for some joint exposure pat-

terns. Sparse data precluded the ability to evaluate effect measure

modification by socio-demographic factors or smoking history/behav-

iors. Clinical relevance of the secondary outcome of ≥ 50% reduction

in average cigarette consumption differs, depending on baseline

smoking intensity and various smoking-related diseases. For example,

smoking has a curvilinear relationship with cardiovascular disease, and

reductions at lowest levels of exposure may be the most clinically rel-

evant for lowering disease risk [56, 57]. However, reductions at higher

levels of cigarette exposure have important implications for nicotine

dependence and eventual cessation. There is substantial variation

across e-cigarette devices in nicotine concentration and type

(e.g. protonated versus free-base), which could contribute to non-

differential exposure misclassification if vaping frequency is used as a

proxy for actual nicotine exposure. There are other product character-

istics important to the effect of vaping on smoking abstinence that

were not examined, including intensity of use during vaping sessions,

flavors and/or device type. Additionally, we did not include measures

of reasons for using e-cigarettes in our analysis and all measures were

self-reported by participants. Informed by an internal validation study

[44], we assumed that the misclassification probabilities used in the

bias analysis were non-differential. However, given the prospective

design, misclassification of smoking abstinence might be differential

with respect to e-cigarette exposure.

CONCLUSION

Results of this study revealed important heterogeneity in the associa-

tion of e-cigarette use with cigarette smoking abstinence, smoking

reduction and tobacco-product abstinence by longitudinal patterns of

vaping frequency. After accounting for time-dependent confounding

and selection bias, consistent daily vaping was associated with four

times the probability of sustained 12-month smoking abstinence com-

pared to no current e-cigarette use over 2 years of follow-up. Partici-

pants who reported consistent non-daily vaping at two waves were

72% less likely to achieve cigarette smoking abstinence than non-

users. Most longitudinal patterns of e-cigarette use were associated

with a lower likelihood of tobacco-product abstinence due to sus-

tained vaping at the end of follow-up. Results highlight that daily and

non-daily vaping are distinct behaviors with divergent relations with

cigarette smoking abstinence. Data are informative to ongoing consid-

eration of how to regulate e-cigarettes by the US Federal Drug

Administration in the context of ongoing review of pre-market appli-

cations. Future studies and RCTs should compare the effect of varying

regimens of e-cigarette use frequency and duration on tobacco
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abstinence to determine patterns of use that aid in cigarette smoking

cessation while preventing long-term vaping dependence.
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