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Abstract

Background

More smokers report using e-cigarettes to help them quit than FDA-approved

pharmacotherapy.

Objective

To assess the association of e-cigarettes with future abstinence from cigarette and tobacco

use.
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Design

Cohort study of US sample, with annual follow-up.

Participants

US adult (ages 18+) daily cigarette smokers identified at Wave 1 (W1; 2013–14) of the

PATH Study, who reported a quit attempt before W2 and completed W3 (n = 2443).

Exposures

Use of e-cigarettes, pharmacotherapy (including nicotine replacement therapy), or no prod-

uct for last quit attempt (LQA), and current daily e-cigarette use at W2.

Analysis

Propensity score matching (PSM) of groups using different methods to quit.

Outcome measures

12+ months abstinence at W3 from cigarettes and from all tobacco (including e-cigarettes).

30+ days abstinence at W3 was a secondary outcome.

Results

Among daily smokers with an LQA, 23.5% used e-cigarettes, 19.3% used pharmacotherapy

only (including NRT) and 57.2% used no product. Cigarette abstinence for 12+ months at

W3 was ~10% in each group. Half of the cigarette abstainers in the e-cigarette group were

using e-cigarettes at W3. Different methods to help quitting had statistically comparable 12+

month cigarette abstinence at W3 (e-cigarettes vs no product: Risk Difference (RD) = 0.01,

95% CI: -0.04 to 0.06; e-cigarettes vs pharmacotherapy: RD = 0.02, 95% CI:-0.04 to 0.09).

Likewise, daily e-cigarette users at W2 did not show a cessation benefit over comparable

no-e-cigarette users and this finding was robust to sensitivity analyses. Abstinence for 30+

days at W3 was also similar across products.

Limitations

The frequency of e-cigarette use during the LQA was not assessed, nor was it possible to

assess continuous abstinence from the LQA.

Conclusion

Among US daily smokers who quit cigarettes in 2014–15, use of e-cigarettes in that attempt

compared to approved cessation aids or no products showed similar abstinence rates 1–2

years later.

Introduction

Preventing and reducing use of cigarettes and all tobacco is a major public health goal [1, 2].

While no e-cigarettes have been approved by the Food and Drug Administration (FDA) for
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smoking cessation to date, adult smokers may try e-cigarettes more frequently than FDA-

approved pharmacotherapy aids [3]. A number of systematic reviews [4–7] as well as reports

in 2018 from the U.S. National Academies’ of Sciences, Engineering, and Medicine (NASEM)

[8], Public Health England [9], and the 2020 Surgeon-General’s report [10] have focused on

the potential role of e-cigarettes in cigarette smoking cessation. A lack of consistent findings

highlights the need for more evidence. An important point is the suggestive evidence [8, 10]

that daily e-cigarette use is more likely than non-daily use to be associated with increased

smoking cessation. While a recent randomized trial [11] in the United Kingdom indicated that

e-cigarettes were more efficacious in achieving 12+ months cigarette abstinence than nicotine

replacement therapy (NRT), longitudinal population-level studies are needed to identify

whether the use of e-cigarettes as a method to quit cigarettes is associated with increased suc-

cessful cigarette cessation at the population level.

The Population Assessment of Tobacco and Health (PATH) Study [12] is a large, nationally

representative longitudinal study that collects detailed measures of tobacco use and related

information annually. Using the first two waves of the PATH Study, Benmarhnia et. al. [13]

reported that using e-cigarettes to help quit smoking was associated with higher concurrent

cigarette abstinence, although non-daily cigarette smokers were included so the results may

not generalize to daily smokers. Two other studies leveraging PATH data [14, 15] reported

that daily e-cigarette use was associated with an increase in smoking cessation. However, nei-

ther restricted their sample to those who made a quit attempt, as recommended by NASEM

[8], and hence introduced significant bias into the assessment [16]. As the PATH Study did

not measure frequency of e-cigarette use for the last quit attempt (LQA), Berry’s analysis [14]

assumed that those who made a recent quit attempt using e-cigarettes and who still used them

daily at W2, were representative of all daily e-cigarette users at the time of the quit attempt.

However, this group excludes many quitters who relapsed between the LQA and W2, and thus

stopped using e-cigarettes daily, potentially leading to an upward bias [17] in the observed ces-

sation at W2.

Observational studies do not randomly assign individuals to an exposure, and characteris-

tics associated with self-selection may confound analyses [8, 18] We used propensity score

matching (PSM) [19] to adjust for non-comparability between those who used different meth-

ods to quit. PSM is a statistical technique used to reduce bias due to confounding variables in

observational studies. PSM seeks to obtain comparable exposed and unexposed subjects by

matching each subject in the exposed group with unexposed controls, using a set of a priori
identified potential confounders. For each e-cigarette user, PSM aims to find a closely matched

smoker who did not use e-cigarettes to quit and compare average cessation outcomes to

account for confounding variables. Thus, PSM allows differences in the outcome of interest to

be more likely attributed to the exposure of interest.

We used data from PATH Study Wave 1 (W1) adult (18+ years) daily cigarette smokers

who, at W2, reported a quit attempt in the past year, as well as the method used to quit on the

LQA (Fig 1). We address the following hypotheses:

Hypothesis 1: Use of ENDS to help quit during the LQA will be associated with greater absti-

nence duration at Wave 3 for a) cigarettes and b) all tobacco products, compared to PSM

controls who did not use ENDS to help quit during the target LQA.

Hypothesis 2: Those who were daily users of ENDS at Wave 2 (.i.e. at some time after the start

of their LQA) will be more likely to be cigarette abstinent at Wave 3 than non-e-cigarette

users who were similarly successful at the same point in the quit attempt.

PLOS ONE E-cigarettes and pharmacotherapy during attempts to quit cigarette smoking

PLOS ONE | https://doi.org/10.1371/journal.pone.0237938 September 2, 2020 3 / 16

https://doi.org/10.1371/journal.pone.0237938


As secondary analyses for both hypotheses, we will also use PSM controls who used no

products to help quit on the target LQA, and PSM controls who used pharmacotherapy but

not ENDS to help quit on the target LQA as comparison.

Methods

Data source

The PATH Study is conducted by the National Institute on Drug Abuse, partnering with the

Food and Drug Administration’s Center for Tobacco Products, through a contract with

Westat. Audio computer-assisted self-interviews (ACASI) in English and Spanish assess

tobacco use and associated health behaviors, with data collection in their place of residence at

approximately annual intervals. W1 (2013–14) used a stratified, address-based, area-probabil-

ity sample, oversampling for adult tobacco users, young adults (ages 18 to 24 years), and Afri-

can-American adults. In the first wave, the PATH Study interviewed 32,320 adults with

approximately equal distribution of men and women. There were 19,299 non-Hispanic

Whites, 4,496 non-Hispanic Blacks, 5,536 Hispanics, 966 Asians and 1,269 from non-Hispanic

multiracial groups. Response rates, based on participation at W1, were: household screener,

54.0%; adult interview W1, 74%; 1-year follow-up (W2, 2014–15), 83.2%; and 2-year follow-up

(W3, 2015–16), 78.4%. Study methodology is described at https://doi.org/10.3886/Series606.

Fig 1. Data collection schema to investigate the role of e-cigarettes and pharmacotherapy during attempts to quit cigarette smoking in the PATH

Study.

https://doi.org/10.1371/journal.pone.0237938.g001
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Further details regarding the PATH Study design and methods have been previously published

[12]. The Westat Institutional Review Board approved the study, and all respondents aged 18+

years provided written informed consent.

Tobacco use

At W1, W2, and W3, the PATH Study assessed ever use and current use (every day, somedays

or not at all) of the following tobacco products: cigarettes, e-cigarettes, cigars, pipes, hookah

and smokeless products. For each product, ever users who responded “not at all” to the current

use question were asked, “About how long has it been since you last smoked/used [product]?”

At W2, all product users were asked, ““In the past 12 months, have you stopped [product] use

for one day or longer because you were trying to quit?” For all products used, respondents

were asked, “The last time you stopped in the past 12 months because you were trying to quit,

how long did you stop for?”

Methods used to quit

At each wave, current smokers received this introduction, “Thinking back to the last time you

tried to quit cigarettes in the past 12 months” followed by the three separate queries, “did you

use an e-cigarette to help you quit?”; “did you use a nicotine patch, gum, inhaler, nasal spray,

lozenge or pill?”; “did you use Chantix, varenicline, Wellbutrin, Zyban, or bupropion?”.

Our hierarchical analytic structure starts with comparing those who used an e-cigarette on

the LQA (n = 566) with all “others” (n = 1877). About 20% (n = 116) of those who used an e-

cigarette on the LQA also used a pharmaceutical aid; however, with this group separated out,

the propensity models did not converge due to the small sample size. Additional sensitivity

analyses showed no group differences with and without this group included. Therefore, cate-

gories were combined into a single e-cigarette use group. In the next stage of the approach, we

consider two sub-groups among the “others”: those who did not use any product on the LQA

(n = 1435), and those who used a pharmaceutical aid (but no e-cigarette) (n = 442). We define

a daily e-cigarette group as those who used e-cigarettes for the LQA and were daily e-cigarette

users at W2 (n = 162) and compare them to non-e-cigarette users on both LQA and W2

(n = 1598). This daily e-cigarette group is missing respondents who were daily e-cigarette

users at LQA but discontinued daily use by W2. Abstinence duration at an earlier time-point

is a strong predictor of abstinence 1 year later [20]. To control for this potential confounding,

we stratify by W2 abstinence duration status (quit 30+ days or not).

Study covariates

Prior to analysis, we identified candidate W1 variables that might be related to use of cessation

aids [21], or e-cigarettes [22], or study outcomes. Briefly, these included sociodemographic

variables, cigarette smoking history, nicotine dependence [23], quitting history, timing of

LQA, relative perceived harm (cigarettes, e-cigarettes), social variables (smoke-free home,

exposure to other smokers), and other covariates (symptoms for externalizing and internaliz-

ing mental health problems [24] and smoking-related health conditions). Measurement details

for these are in Supplement 1 in S1 Material and the univariate distribution by method used to

quit is in Supplement 2 in S1 Material.

Statistical analyses

For population analyses, we used all-waves weights from the PATH Study Restricted Use Files

to obtain estimates that are representative of the civilian, non-institutionalized US population
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at the time of W1 while considering censoring across waves. For unadjusted population esti-

mates for each comparison group, weighted percentages and Wilson confidence limits (CLs)

for proportions were calculated, using balanced repeated replication with Fay adjustment (ρ =

0.3) [25] in SAS (version 9.4).

To model abstinence by method used to quit, we use 1:1 Propensity Score Matching (PSM)

[19, 26]. The propensity score (PS) is the probability of group membership conditional on

observed covariates, estimated from logistic regression. For each analysis, we assumed a miss-

ing-at-random pattern for covariates as all covariates were measured prior to the assessment of

the exposure and/or outcome. Missing data was imputed using the Mice package in R (R

Foundation for Statistical Computing, Vienna, Austria, version 3.5.1). Given the correlation

between covariates, for each PS model we implemented variable selection using the LASSO

and the Akaike Information Criterion [27, 28]. For inference, we used multiple bootstrap repli-

cations with the number determined by a jackknife quality estimate <0.1 [29]. This resulted in

1500 models for the binary exposure comparisons of e-cigarette vs no e-cigarette use as well as

no product use, and 2000 models for comparisons of e-cigarettes with pharmaceutical aids as

well as for the stratified daily e-cigarette use comparisons. Each PS model had a different

imputed dataset with a different set of covariates.

Using the PS, we matched each exposed respondent to the unexposed control respondent

with the nearest PS value using the R package MatchIt, with all PS differences required to be

within either 0.1 or 0.2 based on the lowest standardized difference averaged across the

selected covariates after matching [30]. Supplement 3 in S1 Material shows the improvement

from PSM, using kernel density plots for randomly selected bootstrap examples, as well as box-

plots of the standardized mean difference between groups across the bootstrap samples, before

and after matching. When more than half of bootstrap samples had mean between-group dif-

ferences with a > 0.1 standard deviation, that covariate was determined to be substantially

unbalanced. Associations were estimated by logistic regression, including a group indicator

and fixed effects for each matched exposure pair. We report the mean from the distribution of

the bootstrap models as the central estimate, with bootstrap percentile confidence intervals.

We applied a Bonferroni adjustment for multiple comparisons made for each outcome

measure.

Sensitivity analyses

For each of our main comparisons, we undertook a series of sensitivity analyses using multi-

variable logistic regression on the full sample (Supplement 4 in S1 Material). The main set of

sensitivity analyses for cigarette abstinence repeated the PSM analyses and included 10 com-

parisons (see Figs 2 and 3 and S4 Supplement in S1 Material). We report timing of LQA across

methods used to quit [31] (Supplement 5 in S1 Material), and present the main sensitivity anal-

yses stratified by a binary LQA recall variable (secondary set 1, Supplement 4 in S1 Material,

20 comparisons). For our hypothesis on daily e-cigarette use, the way that the PATH Study

estimates daily e-cigarette use may induce possible survivorship bias, so we conducted an addi-

tional set of sensitivity analyses. While others have restricted the LQA to within a month of the

survey [31], our approach is to use two counterfactual scenarios to explore the sensitivity of

our findings. In one scenario, we assume that daily e-cigarette users at W2 represent half of

those who were daily on the LQA (supported by a recent randomized trial [10]), thus, in our

study, all who reported e-cigarette use on the LQA are assumed to have started as daily users.

The second scenario assumes that there were no other daily e-cigarettes users apart from those

identified at Wave 2.
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Results

Study population

Of the 9021 daily cigarette smokers identified at W1, 2770 of these reported a recent quit

attempt at W2 and 2443 completed W3 (Fig 1). Some 23.5% reported use of e-cigarettes as

method to quit smoking on LQA. A pharmaceutical aid but not an e-cigarette was used by

19.3%, of whom 60.5% used only NRT, 17% used only prescription medications and 22.5%

used both. The no product group was 57.2%. Many covariates differed between these groups

(Supplement 2 in S1 Material). Comparing the e-cigarette and pharmaceutical groups over the

2000 matching models, there were 10 covariates that were substantially unbalanced in the pop-

ulation data with the top three being age, pack years and relative perceived harm of e-cigarettes

(for the full list see Supplement 3 in S1 Material). Comparing e-cigarettes and no product

groups over 1500 matching models, there were 13 covariates that were substantially unbal-

anced in the population data with the top three being relative perceived harm of e-cigarettes,

nicotine dependence and race.

Abstinence outcomes by product (unadjusted)

At W3 follow-up, there were no differences in the proportions who were abstinent from ciga-

rettes for 12+ months (~10%) or for 30+ days at W3 (~16%), nor was there a difference in cur-

rent cigarette smoking (~80–85%) whether the method used to quit was e-cigarettes,

pharmaceutical aids, or neither product (Table 1).

Fig 2. Net risk differencea between matched samples of e-cigarette users and comparison groups in cigarette

abstinence for 12+ months at W3. aRisk difference is the difference between the risk of an outcome in the exposed

group and the unexposed group. Confidence intervals in this figure are Bonferroni adjusted to account for the 10

different comparisons that were undertaken in Fig 2 and Fig 3. For example, this adjustment means that the CIs for the

e-cigarette vs no e-cigarette comparison in Fig 2 changed from -0.02 to 0.05. to a more conservative -0.03 to 0.07.

https://doi.org/10.1371/journal.pone.0237938.g002
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Fig 3. Net risk differencea between matched samples of e-cigarette users and comparison groups in cigarette

abstinence for 30+ days at W3. aRisk difference is the difference between the risk of an outcome in the exposed group

and the unexposed group. Confidence intervals in this figure are adjusted to account for the 10 different comparisons

that were undertaken in Fig 2 and Fig 3. For example, this adjustment meant that the CIs for the e-cigarette vs no e-

cigarette comparison in Fig 3 changed from -0.02, 0.07 to a more conservative -0.03 to 0.09.

https://doi.org/10.1371/journal.pone.0237938.g003

Table 1. Weighted U.S. population estimatesa of abstinence outcomes at wave 3 by product used on last quit attempt among PATH Study W1 daily smokers who

made a quit attempt prior to W2b.

Cessation Outcome by E-Cigarette Use on Last Quit Attempt Reported at W2

E-cigarette Used for

LQAd
No E-cigarette Used for LQA

No Pharmaceutical on

LQA

Any Pharmaceutical Aid for

LQAf
Overall

n = 566e n = 1435 n = 442 n = 1877

Weighted % (95% CL) Weighted % (95% CL) Weighted % (95% CL) Weighted % (95%

CL)

Abstinence Outcome

W3 abstinent all tobaccoc,d (incl. e-cigarettes)

12+ mo

3.2 (2.0–5.1) 7.7 (6.3–9.5) 5.8 (3.7–8.8) 7.2 (6.0–8.7)

W3 cigarette abstinent 12+ mod 9.6 (7.1–13.0) 10.2 (8.5–12.1) 7.4 (5.1–10.7) 9.5 (8.1–11.1)

W3 cigarette abstinent 30+ days 17.3 (14.2–21.1) 16.9 (14.7–19.3) 13.8 (10.8–17.5) 16.1 (14.2–18.2)

W3 current cigarette smoker 79.7 (75.8–83.2) 80.7 (78.1–83.1) 85.0 (81.0–88.3) 81.8 (79.6–83.8)

Abbreviations: CL, Wilson Confidence Limit; LQA, last quit attempt; W1, PATH Study Wave 1; W2, PATH Study Wave 2; W3, PATH Study Wave 3
a Weighted U.S. population estimates derived using the balanced repeated replication method with Fay adjustment.19 Confidence Limits are not Bonferroni adjusted.
b Sample includes PATH Study W1 daily smokers (U.S. adults aged 18+) who reported a quit attempt in the past year at W2 and completed W3 (n = 2443).
c All tobacco includes cigarettes, e-cigarettes, cigars (traditional, cigarillo & filtered), pipes, hookah, snus or other smokeless products.
d For the e-cigarette group, the difference between cigarette abstinence and tobacco abstinence (9.6–3.2 = 6.4%), was mainly made up by continued e-cigarette use (5%).
e The e-cigarette group (n = 566) includes e-cigarette users who also used a pharmaceutical aid (n = 116). The comparison group was stratified between those who did

use the product (other than e-cigarettes) and those who did not (no product group), as a sensitivity analysis. No differences between these groups were found
f The pharmaceutical aid group does not include 116 users who also used an e-cigarette

https://doi.org/10.1371/journal.pone.0237938.t001
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For the outcome of abstinence from all tobacco products including e-cigarettes, those who

used e-cigarettes for the LQA were less likely to be abstinent for 12+ months, compared to

those who quit without e-cigarettes (3.2%; 95% CL, 2.0–5.1 vs 7.2%; 95% CL, 6.0–8.7)

(Table 1). However, for the e-cigarette group, an additional 5.0% (95% CL, 3.3–7.5%) were not

tobacco abstinent only because they used e-cigarettes at W3 (i.e. 5.0% of 9.6% = 52% of e-ciga-

rette group abstinent from cigarettes were still e-cigarette users).

Abstinence outcomes at W3 by daily use of e-cigarettes at W2 (unadjusted)

Daily e-cigarette users who were 30+ days abstinent at W2 were not different from the no e-

cigarette control at W3 for 12+ month cigarette abstinence (~45%), 30+ days cigarette absti-

nence (~60%), or current smoking (~35%) (Table 2). None in the daily e-cigarette use group

(n = 56) and 45% (95% CL, 36.8–53.5%) of the no e-cigarette group (n = 162) were abstinent

from all tobacco for 12+ months at W3.

Among daily e-cigarette users who were less than 30 days abstinent at W2, very few were

cigarette abstinent for 12+ months at W3. A higher proportion of the daily e-cigarette group

(n = 106) compared to no e-cigarette group (n = 1169) were abstinent for 30+ days at W3

(16.9%; 95% CL,11.0–25.2 vs 8.6%; 95% CL, 6.8–10.7).

PS adjusted net risk difference in 12+ month cigarette abstinence at W3

The PS-matching achieved excellent covariate balance between each of the study comparison

groups, as seen from the kernel density plots and the covariate balance grids (Supplement 3 in

S1 Material). There was no net difference in the 12+ months cigarette abstinence rates (Fig 2)

between the e-cigarette user group and the matched no e-cigarette controls (Risk Difference

(RD), 0.02, [adj. 95% CI, -0.03 to 0.07]), the matched no product controls (RD, 0.01 [adj. 95%

CI, -0.04 to 0.06]), or the matched pharmaceutical aid control (RD, 0.02 [adj. 95% CI,-0.04 to

0.09]). Similarly, there was no net risk difference between the W2 daily e-cigarette group and

Table 2. Weighted U.S. population estimatesa of abstinence at wave 3 for e-cigarette use on LQA and daily use at wave 2 compared to no e-cigarette use, stratified

by abstinence level at W2: The PATH Study sampleb.

W2 Cigarette Abstinence Status for Daily E-cigarette Group vs No E-Cigarette Group

Cigarette Abstinent 30+ Days at W2 Not Cigarette Abstinent 30+ Days at W2

E-cig to quit and daily at W2,

n = 56

No e-cig at LQA or W2,

n = 162

E-cig to quit and daily at W2,

n = 106

No e-cig at LQA or W2,

n = 1169

Weighted % (95% CL) Weighted % (95% CL) Weighted % (95% CL) Weighted % (95% CL)

Wave 3 Study Outcome

12+ mo abstinent tobaccoc (including

e-cigarettes)

0.0 (0.0) 45.0 (36.8–53.5) 0.0 (0.0) 1.7 (1.0–3.0)

Cigarette abstinent 12+ months 43.7 (31.6–56.7) 52.9 (44.1–61.5) � 1.8 (1.1–3.0)

Cigarette abstinent 30+ days 55.7 (42.7–67.9) 64.1 (55.0–72.3) 16.9 (11.0–25.2) 8.6 (6.8–10.7)

Current cigarette smoker 38.1 (26.5–51.2) 34.9 (26.8–44.0) 77.3 (68.5–84.3) 89.6 (87.3–91.5)

Abbreviations: CL, Wilson Confidence Limit; e-cig, e-cigarette; LQA, last quit attempt; W1, PATH Study Wave 1; W2, PATH Study Wave 2; W3, PATH Study Wave 3
a Weighted U.S. population estimates derived using the balanced repeated replication method with Fay adjustment [19].. Confidence limits are not Bonferroni adjusted.
b This analysis is limited to the subsample who used an e-cigarette to quit and were daily users at W2 (6.7% of sample) and the control group who did not use an e-

cigarette to quit and were not using an e-cigarette at W2. Neither group excludes those who used a pharmaceutical aid to quit.
c All tobacco includes cigarettes, e-cigarettes, cigars (traditional, cigarillo & filtered), pipes, hookah, snus or other smokeless products

� Estimate suppressed because it has low statistical precision. It is based on a denominator sample size of less than 50, or the coefficient of variation of the estimate or its

complement is larger than 30%

https://doi.org/10.1371/journal.pone.0237938.t002
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the matched no e-cigarette control, regardless of whether they were 30+ days abstinent at W2

(RD, -0.02 [adj. 95% CI, -0.38 to 0.36]) or not (RD, 0.02 [adj. 95% CI, -0.04 to 0.08]).

PS adjusted net risk difference in 30+ days cigarette abstinence at W3

There was no net risk difference in 30+ days cigarette abstinence at W3 between the e-cigarette

group and either the no e-cigarette control (RD, 0.03 [adj. 95% CI, -0.03 to 0.09]), the no prod-

uct control (RD, 0.03 [adj. 95% CI, -0.03 to 0.09]) or the pharmaceutical aid control (RD, 0.03

[adj. 95% CI, -0.05 to 0.13]) (Fig 3). Among the daily e-cigarette use subgroup who were absti-

nent for 30+ days at W2, there was no risk difference for daily e-cigarette users compared to

the no e-cigarette control (RD, -0.06 [adj. 95% CI, -0.44 to 0.32]). Similarly, no difference was

observed for those who were not 30+ days cigarette abstinent at W2 (RD, 0.10 [adj. 95% CI,

-0.02 to 0.23]).

PS adjusted net risk difference for 12+ month all tobacco abstinence at W3

The proportion with 12+ months abstinence from all tobacco (including e-cigarettes) was 3

percentage points lower in the e-cigarette group than in either the matched no e-cigarette con-

trol (RD, -0.03 [adj. 95% CI, -0.06 to 0.00]) or the matched no product control (RD, -0.03,

[adj. 95% CI, -0.06 to 0.00]), although the upper CL for both included zero. A similar lower

12+ month tobacco abstinence was observed between e-cigarette users and matched pharma-

ceutical cessation aid control (RD, -0.04 [adj. 95% CI, -0.08 to 0.01]) although the upper confi-

dence interval for this estimate crossed zero (Fig 4).

Fig 4. Net risk differencea between matched samples of e-cigarette users and comparison groups in tobacco

abstinence (including e-cigarettes) for 12+ months at W3. aRisk difference is the difference between the risk of an

outcome in the exposed group and the unexposed group. Confidence intervals in this figure are Bonferroni adjusted to

account for the 3 different comparisons that were undertaken in Fig 4. For example, this adjustment meant that the CIs

for the e-cigarette vs no e-cigarette comparison in Fig 4 changed from -0.05 to -0.004 to a more conservative -0.06 to

0.00.

https://doi.org/10.1371/journal.pone.0237938.g004
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Sensitivity analyses (supplement 4 in S1 Material)

The first set of sensitivity analyses (Supplement 4 in S1 Material) assessed the main study com-

parisons using logistic regression among all US daily smokers, adjusted for the same set of con-

founders as the PSM analyses. Results were consistent with the PSM findings, with the

exception that daily e-cigarette users who had not quit for 30+ days at W2 were identified as

more likely to be abstinent for 30+ days at W3 than the no e-cigarette controls. The secondary

set 1 of sensitivity analyses identified that the daily e-cigarette users who were less than 30+

days quit at W2 but who were quit for 30+ days at W3 had an LQA earlier in the W1- W2 time

period, and, hence, had relapsed at W2. The secondary set 2 tested two hypothetical assump-

tions of who were daily e-cigarette users on the LQA among those who had quit in the month

prior to W2. Neither assumption tested suggested that daily e-cigarette use for the LQA was

associated with 12+ month cigarette cessation at W3.

Discussion

In this large representative sample of US daily cigarette smokers with a recent quit attempt, we

found no evidence to support our first hypothesis, that ENDS would be associated with

increased abstinence duration from either cigarettes or any tobacco. Twelve-month cigarette

abstinence was ~10% and comparable across all methods used to quit, and the finding was

robust to different sensitivity analyses. Over half of those who used e-cigarettes to try to quit

were still using e-cigarettes at W3 follow-up.

Similarly, our results did not support our second hypothesis, that daily use of ENDS at

Wave 2 would be associated with increased cigarette abstinence. Recent evidence has suggested

that e-cigarettes might need to be used daily to increase cessation rates among daily smokers

[32] The PATH Study did not ask about frequency of use of e-cigarettes on the last quit

attempt. Rather, current daily use was available for the time of the interview, which, in this

sample was a median of 138 days (95% CL, 129–148) from LQA (see Supplement 5 in S1 Mate-

rial). In a recent randomized trial of e-cigarettes used for cessation [11], 53% of the e-cigarette

group still used e-cigarettes daily at the 4-week study time-point. Further, evidence from NRT

studies suggests that discontinuation of a cessation product is often associated with relapse to

smoking, although the causal direction may go either way [33]. Because length of cessation at

an intermediate time-point from a quit attempt is a major predictor of long-term success [20],

for the daily e-cigarette use analysis, we stratified use at W2 by 30+ day cigarette abstinence at

W2 and observed no differences in 12+ month cigarette abstinence rates.

We conducted additional sensitivity analyses by limiting the analysis to those who reported

cigarette quit attempts within one month of the W2 interview [34] and tested two hypothetical

scenarios of who were daily e-cigarette users on the LQA. Sample sizes were small but these

sensitivity analyses did not suggest that daily e-cigarette use made a difference in W3 cigarette

abstinence rates.

There were mixed results on whether daily e-cigarette use at W2 was associated with 30

+ days abstinence at W3. Both the unadjusted population estimates and the sensitivity analyses

suggested that there might be such an association (the secondary sensitivity analysis indicated

that such an association was limited to those who had relapsed by W2), but no association was

present in the PSM analysis. The PSM result is similar to that of a recent non-representative

observational study [35] that dual use of cigarettes and e-cigarettes is not associated with

improved long-term abstinence rates. If an association exists, the mechanism is not clear and

is likely complex and beyond the scope of this paper.

The results for e-cigarettes as a method to quit smoking in this population-based cohort dif-

fer from the conclusion in a recent randomized controlled trial [11]. In the trial, the e-cigarette
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group included 4 weeks of counseling and abstinence at one year was higher than in the NRT

comparison group (18% vs 10%). Randomized trials are well suited for demonstrating efficacy,

but they do not always translate to the general population [8, 36]. Reasons for this include that

the optimal cessation aid package tested in trials is rarely what is implemented at the popula-

tion level [37]. Further, the selection criteria for randomized trials may limit generalizability to

the population.36 In addition, different measurement methods may result in different out-

comes between randomized trials and population-based studies. Previous studies of NRT have

also found clear evidence of efficacy in trials [38] but these have not translated consistently to

the general population level for effectiveness of NRT [37]. Understanding what leads to the dif-

ferences between these types of studies is important to optimize the public health potential and

ways to deliver these interventions. The e-cigarette market is highly diverse and is evolving. As

such, the findings here may not extend to newer, more efficient e-cigarette designs, some of

which may deliver nicotine as effectively as cigarettes [39]. Our data show that the majority of

smokers try to quit without use of an e-cigarette or pharmaceutical aid, and this is as effective

as any other method. However, only 10% were able to stay abstinent for 12+ months from any

method used to quit, indicating major room for improvement.

A strength of this study is that it is a large representative sample of the US population that is

being followed longitudinally. As such, it provides evidence of the current real-world benefit

of e-cigarettes and FDA-approved pharmacotherapy as they were used at the time by US daily

smokers. We used 3 waves of data and so were able to identify daily smokers at W1, assess

method used to quit at W2, and assess abstinence outcomes at W3. This study used PS match-

ing to obtain an excellent balance across groups on the many covariates associated with meth-

ods used to quit. This addresses a common criticism of causal inference from observational

studies [18, 40]. In addition, the results were robust to a variety of sensitivity analyses as dem-

onstrated in the Supplemental Tables in S1 Material.

There are several limitations. The PATH Study does not assess the frequency of use of e-cig-

arettes at the LQA nor does it track the outcomes associated with a particular attempt to quit

smoking. A limitation of any observational study is unmeasured confounding that is uncorre-

lated with the covariates included in the PS model. Quit attempt data are recalled retrospec-

tively and abstinence is self-reported; however, in the past, population studies of smoking

behavior have been shown to be reasonably valid [41, 42]. Moreover, the small sample size of

the 20% of e-cigarette users who also use a pharmaceutical aid did not allow for examining an

e-cigarette only group compared to a pharmaceutical aid only because propensity score models

did not converge; however, sensitivity analyses found no difference between these groups, sug-

gesting this issue did not have a major impact on the results. The PATH Study also queried

quit attempts that generally occurred between 2014 and 2015 and cessation results with prod-

ucts and device types used at that time might not generalize to products available more

recently.

Conclusion

In this representative sample of the US population, those who used e-cigarettes as a method to

quit cigarette smoking had similar 12+ months cigarette abstinence rates, assessed 1–2 years

after the quit attempt, compared to those who used FDA-approved cessation aids or no prod-

uct at all. However, over half those who used e-cigarettes in their quit attempt still used e-ciga-

rettes a year later. Further studies can identify under what conditions, if any, e-cigarettes

might assist in the public health effort to increase smoking cessation at the population level. It

is important to continue to follow this population sample as e-cigarettes have evolved rapidly,
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and the process of cigarette cessation can take many years before the long-term effects of a

potential new method to quit become clear.
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S. Niaura, Carolina Ramôa, Eva Sharma, Marushka L. Silveira, Cassandra A. Stanton,

Michael B. Steinberg, Ethel Taylor, Maansi Bansal-Travers, Dennis R. Trinidad, Lisa D.

Gardner, Andrew Hyland, Samir Soneji, Karen Messer.

PLOS ONE E-cigarettes and pharmacotherapy during attempts to quit cigarette smoking

PLOS ONE | https://doi.org/10.1371/journal.pone.0237938 September 2, 2020 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237938.s001
https://doi.org/10.1371/journal.pone.0237938


References
1. US Department of Health and Human Services. Reducing Tobacco Use: A Report of the Surgeon Gen-

eral. Atlanta, GA: US Department of Health and Human Services, Centers for Disease Control and Pre-

vention, National Center for Chronic Disease Prevention and Health Promotion, Office on Smoking and

Health; 2000.

2. Lindson-Hawley N, Hartmann-Boyce J, Fanshawe TR, Begh R, Farley A, Lancaster T. Interventions to

reduce harm from continued tobacco use. Cochrane Database Syst Rev. 2016; 10:CD005231. https://

doi.org/10.1002/14651858.CD005231.pub3 PMID: 27734465

3. Caraballo RS, Shafer PR, Patel D, Davis KC, McAfee TA. Quit Methods Used by US Adult Cigarette

Smokers, 2014–2016. Prev Chronic Dis. 2017; 14:E32. https://doi.org/10.5888/pcd14.160600 PMID:

28409740

4. El Dib R, Suzumura EA, Akl EA, et al. Electronic nicotine delivery systems and/or electronic non-nico-

tine delivery systems for tobacco smoking cessation or reduction: a systematic review and meta-analy-

sis. BMJ Open. 2017; 7(2):e012680. https://doi.org/10.1136/bmjopen-2016-012680 PMID: 28235965

5. Kalkhoran S, Glantz SA. E-cigarettes and smoking cessation in real-world and clinical settings: a sys-

tematic review and meta-analysis. Lancet Respir Med. 2016; 4(2):116–128. https://doi.org/10.1016/

S2213-2600(15)00521-4 PMID: 26776875

6. Hartmann-Boyce J, McRobbie H, Bullen C, Begh R, Stead LF, Hajek P. Electronic cigarettes for smok-

ing cessation. Cochrane Database Syst Rev. 2016; 9:CD010216. https://doi.org/10.1002/14651858.

CD010216.pub3 PMID: 27622384

7. Villanti AC, Feirman SP, Niaura RS, et al. How do we determine the impact of e-cigarettes on cigarette

smoking cessation or reduction? Review and recommendations for answering the research question

with scientific rigor. Addiction. 2018; 113(3):391–404. https://doi.org/10.1111/add.14020 PMID:

28975720

8. National Academies of Sciences Engineering and Medicine. Public Health Consequences of E-Ciga-

rettes. Washington, DC: The National Academies Press;2018.

9. McNeill A, Brose LS, Calder R, Bauld L, Robson D. Evidence review of e-cigarettes and heated tobacco

products 2018. A report commissioned by Public Health England. London: Public Health England;

2018.

10. US Department of Health and Human Services. Smoking Cessation. A Report of the Surgeon General.

Atlanta, GA: US Department of Health and Human Services, Centers for Disease Control and Preven-

tion, National Center for Chronic Disease Prevention and Health Promotion, Office on Smoking and

Health 2020.

11. Hajek P, Phillips-Waller A, Przulj D, et al. A Randomized Trial of E-Cigarettes versus Nicotine-Replace-

ment Therapy. N Engl J Med. 2019; 380(7):629–637. https://doi.org/10.1056/NEJMoa1808779 PMID:

30699054

12. Hyland A, Ambrose BK, Conway KP, et al. Design and methods of the Population Assessment of

Tobacco and Health (PATH) Study. Tob Control. 2017; 26(4):371–378. https://doi.org/10.1136/

tobaccocontrol-2016-052934 PMID: 27507901

13. Benmarhnia T, Pierce JP, Leas E, et al. Can e-Cigarettes and Pharmaceutical Aids Increase Smoking

Cessation and Reduce Cigarette Consumption? Findings from a Nationally Representative Cohort of

American Smokers. Am J Epidemiol. 2018.

14. Berry KM, Reynolds LM, Collins JM, et al. E-cigarette initiation and associated changes in smoking ces-

sation and reduction: the Population Assessment of Tobacco and Health Study, 2013–2015. Tob Con-

trol. 2019; 28(1):42–49. https://doi.org/10.1136/tobaccocontrol-2017-054108 PMID: 29574448

15. Kalkhoran S, Chang Y, Rigotti NA. Electronic Cigarette Use and Cigarette Abstinence Over Two Years

among U.S. Smokers in the Population Assessment of Tobacco and Health Study. Nicotine Tob Res.

2019.

16. Pierce JP, Messer K, Leas E, Kealey S, White MM, Benmarhnia T. A source of bias in studies of e-ciga-

rettes and smoking cessation Nicotine Tob Res. 2019 in press.

17. van Walraven C, Davis D, Forster AJ, Wells GA. Time-dependent bias was common in survival analy-

ses published in leading clinical journals. J Clin Epidemiol. 2004; 57(7):672–682. https://doi.org/10.

1016/j.jclinepi.2003.12.008 PMID: 15358395

18. Shiffman S, Gitchell JG. RE: Effectiveness of Pharmaceutical Smoking Cessation Aids in a Nationally

Representative Cohort of American Smokers. J Natl Cancer Inst. 2018; 110(10):1141. https://doi.org/

10.1093/jnci/djy025 PMID: 29506226

19. Austin PC, Jembere N, Chiu M. Propensity score matching and complex surveys. Stat Methods Med

Res. 2016; 27(4):1240–1257. https://doi.org/10.1177/0962280216658920 PMID: 27460539

PLOS ONE E-cigarettes and pharmacotherapy during attempts to quit cigarette smoking

PLOS ONE | https://doi.org/10.1371/journal.pone.0237938 September 2, 2020 14 / 16

https://doi.org/10.1002/14651858.CD005231.pub3
https://doi.org/10.1002/14651858.CD005231.pub3
http://www.ncbi.nlm.nih.gov/pubmed/27734465
https://doi.org/10.5888/pcd14.160600
http://www.ncbi.nlm.nih.gov/pubmed/28409740
https://doi.org/10.1136/bmjopen-2016-012680
http://www.ncbi.nlm.nih.gov/pubmed/28235965
https://doi.org/10.1016/S2213-2600%2815%2900521-4
https://doi.org/10.1016/S2213-2600%2815%2900521-4
http://www.ncbi.nlm.nih.gov/pubmed/26776875
https://doi.org/10.1002/14651858.CD010216.pub3
https://doi.org/10.1002/14651858.CD010216.pub3
http://www.ncbi.nlm.nih.gov/pubmed/27622384
https://doi.org/10.1111/add.14020
http://www.ncbi.nlm.nih.gov/pubmed/28975720
https://doi.org/10.1056/NEJMoa1808779
http://www.ncbi.nlm.nih.gov/pubmed/30699054
https://doi.org/10.1136/tobaccocontrol-2016-052934
https://doi.org/10.1136/tobaccocontrol-2016-052934
http://www.ncbi.nlm.nih.gov/pubmed/27507901
https://doi.org/10.1136/tobaccocontrol-2017-054108
http://www.ncbi.nlm.nih.gov/pubmed/29574448
https://doi.org/10.1016/j.jclinepi.2003.12.008
https://doi.org/10.1016/j.jclinepi.2003.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15358395
https://doi.org/10.1093/jnci/djy025
https://doi.org/10.1093/jnci/djy025
http://www.ncbi.nlm.nih.gov/pubmed/29506226
https://doi.org/10.1177/0962280216658920
http://www.ncbi.nlm.nih.gov/pubmed/27460539
https://doi.org/10.1371/journal.pone.0237938


20. Gilpin EA, Pierce JP, Farkas AJ. Duration of smoking abstinence and success in quitting. J Natl Cancer

Inst. 1997; 89(8):572–576. https://doi.org/10.1093/jnci/89.8.572 PMID: 9106646

21. Willems RA, Willemsen MC, Nagelhout GE, de Vries H. Understanding smokers’ motivations to use evi-

dence-based smoking cessation aids. Nicotine Tob Res. 2013; 15(1):167–176. https://doi.org/10.1093/

ntr/nts104 PMID: 22573725

22. US Department of Health and Human Services. E-Cigarette Use Among Youth and Young Adults. A

Report of the Surgeon General. Atlanta, GA: US Department of Health and Human Services, Centers

for Disease Control and Prevention, National Center for Chronic Disease Prevention and Health Promo-

tion, Office on Smoking and Health; 2016.

23. Strong DR, Pearson J, Ehlke S, et al. Indicators of dependence for different types of tobacco product

users: Descriptive findings from Wave 1 (2013–2014) of the Population Assessment of Tobacco and

Health (PATH) study. Drug Alcohol Depend. 2017; 178:257–266. https://doi.org/10.1016/j.drugalcdep.

2017.05.010 PMID: 28675817

24. Dennis ML, Chan YF, Funk RR. Development and validation of the GAIN Short Screener (GSS) for

internalizing, externalizing and substance use disorders and crime/violence problems among adoles-

cents and adults. Am J Addict. 2006; 15 Suppl 1:80–91.

25. Judkins DR. Fay’s Method for Variance Estimation. J Off Stat. 1990; 6(3):223.

26. Austin PC, Grootendorst P, Anderson GM. A comparison of the ability of different propensity score mod-

els to balance measured variables between treated and untreated subjects: a Monte Carlo study. Stat

Med. 2007; 26(4):734–753. https://doi.org/10.1002/sim.2580 PMID: 16708349

27. Tibshirani R. Regression shrinkage and selection via the lasso. J R Stat Soc Series B Stat Methodol

1996; 58(1):267–288.

28. Heinze G, Wallisch C, Dunkler D. Variable selection—A review and recommendations for the practic-

ing statistician. Biom J. 2018; 60(3):431–449. https://doi.org/10.1002/bimj.201700067 PMID:

29292533

29. Efron B S C. The jackknife estimate of variance. Ann Stat. 1981; 9(3):586–596.

30. Wang Y, Cai H, Li C, et al. Optimal caliper width for propensity score matching of three treatment

groups: a Monte Carlo study. PLoS One. 2013; 8(12):e81045. https://doi.org/10.1371/journal.pone.

0081045 PMID: 24349029

31. Borland R, Partos TR, Cummings KM. Systematic biases in cross-sectional community studies may

underestimate the effectiveness of stop-smoking medications. Nicotine Tob Res. 2012; 14(12):1483–

1487. https://doi.org/10.1093/ntr/nts002 PMID: 22318689

32. Giovenco DP, Delnevo CD. Prevalence of population smoking cessation by electronic cigarette use sta-

tus in a national sample of recent smokers. Addict Behav. 2018; 76:129–134. https://doi.org/10.1016/j.

addbeh.2017.08.002 PMID: 28802179

33. Schlam TR, Cook JW, Baker TB, et al. Can we increase smokers’ adherence to nicotine replacement

therapy and does this help them quit? Psychopharmacology (Berl). 2018; 235(7):2065–2075.

34. Kasza KA, Hyland AJ, Borland R, et al. Effectiveness of stop-smoking medications: findings from the

International Tobacco Control (ITC) Four Country Survey. Addiction. 2013; 108(1):193–202. https://doi.

org/10.1111/j.1360-0443.2012.04009.x PMID: 22891869

35. Sweet L, Brasky TM, Cooper S, et al. Quitting Behaviors among Dual Cigarette/E-cigarette Users and

Cigarette Smokers Enrolled in the Tobacco User Adult Cohort (TUAC). Nicotine Tob Res. 2018.

36. Motschman CA, Gass JC, Wray JM, et al. Selection criteria limit generalizability of smoking pharmaco-

therapy studies differentially across clinical trials and laboratory studies: A systematic review on vareni-

cline. Drug Alcohol Depend. 2016; 169:180–189. https://doi.org/10.1016/j.drugalcdep.2016.10.018

PMID: 27863344

37. Leas EC, Pierce JP, Benmarhnia T, et al. Effectiveness of Pharmaceutical Smoking Cessation Aids in a

Nationally Representative Cohort of American Smokers. J Natl Cancer Inst. 2018; 110(6):581–587.

https://doi.org/10.1093/jnci/djx240 PMID: 29281040

38. Rosen LJ, Galili T, Kott J, Goodman M, Freedman LS. Diminishing benefit of smoking cessation medi-

cations during the first year: a meta-analysis of randomized controlled trials. Addiction. 2018; 113

(5):805–816. https://doi.org/10.1111/add.14134 PMID: 29377409

39. Hajek P, Pittaccio K, Pesola F, Myers Smith K, Phillips-Waller A, Przulj D. Nicotine delivery and users’

reactions to Juul compared with cigarettes and other e-cigarette products. Addiction. 2020; 115

(6):1141–1148. https://doi.org/10.1111/add.14936 PMID: 31994254

40. Hernan MA, Robins JM. Estimating causal effects from epidemiological data. J Epidemiol Community

Health. 2006; 60(7):578–586. https://doi.org/10.1136/jech.2004.029496 PMID: 16790829

PLOS ONE E-cigarettes and pharmacotherapy during attempts to quit cigarette smoking

PLOS ONE | https://doi.org/10.1371/journal.pone.0237938 September 2, 2020 15 / 16

https://doi.org/10.1093/jnci/89.8.572
http://www.ncbi.nlm.nih.gov/pubmed/9106646
https://doi.org/10.1093/ntr/nts104
https://doi.org/10.1093/ntr/nts104
http://www.ncbi.nlm.nih.gov/pubmed/22573725
https://doi.org/10.1016/j.drugalcdep.2017.05.010
https://doi.org/10.1016/j.drugalcdep.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28675817
https://doi.org/10.1002/sim.2580
http://www.ncbi.nlm.nih.gov/pubmed/16708349
https://doi.org/10.1002/bimj.201700067
http://www.ncbi.nlm.nih.gov/pubmed/29292533
https://doi.org/10.1371/journal.pone.0081045
https://doi.org/10.1371/journal.pone.0081045
http://www.ncbi.nlm.nih.gov/pubmed/24349029
https://doi.org/10.1093/ntr/nts002
http://www.ncbi.nlm.nih.gov/pubmed/22318689
https://doi.org/10.1016/j.addbeh.2017.08.002
https://doi.org/10.1016/j.addbeh.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28802179
https://doi.org/10.1111/j.1360-0443.2012.04009.x
https://doi.org/10.1111/j.1360-0443.2012.04009.x
http://www.ncbi.nlm.nih.gov/pubmed/22891869
https://doi.org/10.1016/j.drugalcdep.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/27863344
https://doi.org/10.1093/jnci/djx240
http://www.ncbi.nlm.nih.gov/pubmed/29281040
https://doi.org/10.1111/add.14134
http://www.ncbi.nlm.nih.gov/pubmed/29377409
https://doi.org/10.1111/add.14936
http://www.ncbi.nlm.nih.gov/pubmed/31994254
https://doi.org/10.1136/jech.2004.029496
http://www.ncbi.nlm.nih.gov/pubmed/16790829
https://doi.org/10.1371/journal.pone.0237938


41. Pierce JP, Dwyer T, DiGiusto E, et al. Cotinine validation of self-reported smoking in commercially run

community surveys. J Chronic Dis. 1987; 40(7):689–695. https://doi.org/10.1016/0021-9681(87)90105-6

PMID: 3597671

42. Patrick DL, Cheadle A, Thompson DC, Diehr P, Koepsell T, Kinne S. The validity of self-reported smok-

ing: a review and meta-analysis. Am J Public Health. 1994; 84(7):1086–1093. https://doi.org/10.2105/

ajph.84.7.1086 PMID: 8017530

PLOS ONE E-cigarettes and pharmacotherapy during attempts to quit cigarette smoking

PLOS ONE | https://doi.org/10.1371/journal.pone.0237938 September 2, 2020 16 / 16

https://doi.org/10.1016/0021-9681%2887%2990105-6
http://www.ncbi.nlm.nih.gov/pubmed/3597671
https://doi.org/10.2105/ajph.84.7.1086
https://doi.org/10.2105/ajph.84.7.1086
http://www.ncbi.nlm.nih.gov/pubmed/8017530
https://doi.org/10.1371/journal.pone.0237938



