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Abstract

Introduction: Little is known about the effects of long-term e-cigarette use, particularly the risks
of relapse to cigarette smoking or increased dependence.

Methods: In a 2012-2014 baseline online e-cigarette survey, 1,863 respondents consented

to participate in future research. A follow-up online survey was conducted in 2017-2018 to

assess changes in e-cigarette use behaviors and e-cigarette—related dependence. For both surveys,
exclusive e-cigarette use was defined as only using e-cigarettes in the past 7 days, and poly use
was defined as using both e-cigarettes and other tobacco or nicotine products in the past 7 days.
The Penn State Electronic Cigarette Dependence Index (PSECDI) score was calculated for each
study subject and was used to evaluate e-cigarette dependence. Paired #tests or Pearson correlation
coefficients were used to examine changes in e-cigarette use behaviors or PSECDI scores between
baseline and follow-up. Baseline and follow-up survey data were analyzed in January 2019.

Results: A total of 494 subjects provided complete data on both surveys. At baseline, 402
subjects (81.4%) were exclusive e-cigarette users, and 71 subjects (14.4%) were poly users.
Among baseline exclusive e-cigarette users, the majority (88.3%) continued using e-cigarettes
exclusively, but 37 users (9.2%) became poly users and 1 returned to cigarette smoking at follow-
up. Among baseline poly users, 60.6% became exclusive e-cigarette users at follow-up. The mean
PSECDI score remained similar over time (8.4 at baseline vs 8.3 at follow-up).

Conclusions: Findings suggest that the risk of relapse to cigarette smoking is low, and e-
cigarette-related dependence remains stable in long-term e-cigarette users.
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INTRODUCTION

Cigarette smoking remains the leading cause of premature death in the U.S.1 Although most
smokers desire to quit smoking, and pharmacologic interventions are available, smoking
cessation is frequently unsuccessful owing to nicotine dependence.? E-cigarettes deliver
nicotine via an aerosol, and thus contain much lower concentrations of the known harmful
toxicants found in combustible cigarettes.3-6 Newer e-cigarette devices that have larger
batteries and manual controls can deliver nicotine levels comparable to those obtained by
smoking cigarettes.” Up to 35% of smokers have tried an e-cigarette with an intention to quit
or reduce smoking.8 Although clinical trials to date do not support the use of e-cigarettes

for smoking cessation, some adult smokers have either reduced their cigarette consumption
or successfully transitioned from smoking cigarettes to using e-cigarettes exclusively.®-12

In a cross-sectional study conducted by Foulds et al.,13 current exclusive e-cigarette users
who were former smokers were found to be less dependent on e-cigarettes than they were
when they used cigarettes, implying a reduced dependence from e-cigarette use rather

than cigarette smoking. Based on available evidence, the National Academies of Science,
Engineering, and Medicine concluded that, “there is moderate evidence that risk and severity
of dependence are lower for e-cigarettes than combustible tobacco cigarettes.”® Therefore,
e-cigarettes may be a potential tool to help adult smokers reduce or quit smoking.

Nonetheless, there have been ongoing debates about the effectiveness of e-cigarette use

for smoking cessation, the public health benefits of switching from cigarette smoking to e-
cigarettes, and the health risks of long-term e-cigarette use, including increased e-cigarette—
related dependence, concurrent use with other tobacco products, and unforeseen health
problems.3:6:14-25 Recent systematic reviews indicate that e-cigarette use in adults has
rapidly increased in the U.S., with a prevalence of ever use being 6.2% in 2011 and 14.1%
in 2014.18.26 Because most adult e-cigarette users are either current or former smokers,

the concurrent use of e-cigarettes with other tobacco products—primarily cigarettes—raises
concerns of possible relapse to cigarette smoking.16:27:28 |n May 2016, the U.S. Food

and Drug Administration (FDA) deemed that e-cigarettes meet the definition of “tobacco
products” and are subject to FDA oversight and regulation.?® Because e-cigarettes are
relatively new, there is a great need for longitudinal studies to understand the real-world
evidence of e-cigarette use on smoking cessation and e-cigarette—related dependence.
However, most of the previous studies that assessed e-cigarette use behaviors or dependence
were either cross-sectional studies or longitudinal studies with short study periods and small
sample sizes of exclusive e-cigarette users.30-37

In a previous online e-cigarette survey conducted in 2012-2014, a total of 1,863 people
consented to participate in future research.13:38-40 These people were recontacted in 2017
for a follow-up online survey designed to assess how their e-cigarette use behaviors may
have changed.#! Along with their existing baseline data, a large cohort of long-term
e-cigarette users was established. The goals of this longitudinal study were to examine if
e-cigarette users would maintain exclusive e-cigarette use or relapse to cigarette smoking
and if e-cigarette-related dependence would increase over time.
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Study Population

Measures

The original study population in the baseline survey was ever e-cigarette users aged =18
years.13 Briefly, study subjects were recruited through various online sources and were
invited to complete an online survey of e-cigarette use. About 7,000 people responded to
that survey in 2012-2014, and 98.2% were ever cigarette smokers. A total of 1,863 study
subjects consented to participate in future research and provided their contact information.
Beginning in January 2017, these people were recontacted and invited to participate in

an online follow-up e-cigarette survey. A unique link to the follow-up survey was sent to
each individual via their e-mail address. Multiple strategies, including online natifications
posted at the E-Cigarette Forum website, repeated e-mail invitations, or phone contacts to
remind people to complete the follow-up survey, were utilized to recruit study subjects.
The survey was administered using Penn State Research Electronic Data Capture.#2 Implied
consent was used for the follow-up survey, and no study compensation was provided.

The Pennsylvania State University College of Medicine IRB approved this study (IRB #:
STUDY00005398).

The follow-up survey was developed to assess the following domains: sociodemographics,
past or current e-cigarette use behaviors (reasons for using e-cigarettes, length and
frequency of e-cigarette use, device characterization, and e-cigarette liquids and flavor use),
e-cigarette-related dependence, tobacco use history, and the use of other tobacco or nicotine
products in the past 7 days. Identical questions and responses were asked in both surveys
for sociodemographics, e-cigarette-related dependence, the use of other tobacco or nicotine
products, and some e-cigarette use behaviors.13:38.41

To evaluate changes in e-cigarette use behaviors, repeated 7-day point prevalence measures
were used to categorize study subjects as exclusive e-cigarette users, poly users, and ex-e-
cigarette users at baseline and follow-up.#3 Study subjects were classified into 5 groups
according to their past-7-day use of e-cigarettes and other tobacco or nicotine products
(including any cigarettes, chewing tobacco, snuff/dipping tobacco, snus, pipe tobacco, or
other nicotine products such as patch, gum, lozenge, inhaler, or nasal spray). “Exclusive
e-cigarette users” were subjects who had used only e-cigarettes, “poly users with other
nicotine products” were subjects who used both e-cigarettes and any other nicotine product,
“poly users with other tobacco products” were those who had used both e-cigarettes and
any other tobacco product, “ex—e-cigarette users with cigarettes” were subjects who did not
use an e-cigarette but consumed cigarettes, and “other ex—e-cigarette users” were subjects
who did not use an e-cigarette or any cigarettes. The e-cigarette use behavior at baseline was
compared with the follow-up behavior to evaluate if an individual’s e-cigarette use behavior
persisted or changed over time.

To assess if e-cigarette—related dependence would increase, the Penn State Electronic
Cigarette Dependence Index (PSECDI) scores at baseline and follow-up were calculated
for each subject. PSECDI was developed according to individuals’ responses to 10 questions
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referring to their current use of e-cigarettes (or their peak use of e-cigarettes for ex—e-
cigarette users).13 The PSECDI score, ranging from 0 to 20, indicated users’ dependence
levels on their e-cigarettes: 0-3, no dependence; 4-8, low dependence; 9-12, medium
dependence, and =13, high dependence.

Statistical Analysis

RESULTS

All variables used in the analyses were measured at both surveys. The means and
percentages were presented to describe population characteristics at baseline and follow-
up. Two-sided, paired ~tests for continuous variables, and McNemar’s tests or chi-square
tests for categorical variables were used to assess statistical differences at p<0.05. The
relationship between the baseline and follow-up PSECDI scores were examined using
Pearson correlation coefficients. In this study, the existing baseline survey data and the
follow-up survey data collected between January 2017 and May 2018 were analyzed in
January 2019 using SAS, version 9.4.

A total of 742 study subjects answered the follow-up survey, forming the basis for this
longitudinal study (crude retention rate, 39.8%). Subjects (/7=248) with missing values in
key variables or with inconsistent responses in age and sex were excluded. This left 494
subjects with a mean follow-up time of 3.7 years (SD=0.7; range, 2—6 years) for the
analyses. The baseline characteristics between the current study population (7=494) and
the target population (1,863 people from the baseline survey) were also compared. There
were no differences in sociodemographics, but there was a higher proportion of baseline
exclusive e-cigarette users in this study compared with the target population (81.4% vs
70.6%, p<0.0001).

As nearly all of the study subjects were ever smokers, 346 (70.2%) answered that they
started e-cigarette use with an intention to quit smoking. However, at the follow-up, the

top 2 reasons to use an e-cigarette were the perceived less-harmful health effects (36.4%)
and using e-cigarettes to quit smoking or avoid relapsing (31.4%) (Appendix Table 1,
available online). According to the reported past-7-day use of e-cigarettes and other products
at follow-up, 412 (83.4%) subjects were categorized as exclusive e-cigarette users, 14
(2.8%) were poly users with other nicotine products, 59 (11.9%) were poly users with other
tobacco products, and 9 (1.8%) were ex—e-cigarette users. For poly users with other tobacco
products, the most frequently used tobacco product was cigarettes (/7=52, 88.1%), with an
average use of 3.7 days during the 7-day span and an average of 6.3 cigarettes per day. In all,
22 subjects smoked cigarettes every day in the past 7 days, with a mean consumption of 9.9
cigarettes per day. The use of chewing tobacco, snuff/dipping tobacco, snus, or pipe tobacco
was not common (11.9%). Among the 9 ex—e-cigarette users who did not use an e-cigarette
in the past 7 days at follow-up, 3 smoked cigarettes exclusively every day with an average of
13.3 cigarettes per day, and 6 did not use any product.

Table 1 presents comparisons of sociodemographics and e-cigarette use, at follow-up,
between 412 exclusive e-cigarette users and 59 poly users with other tobacco products.
Compared with poly users, exclusive e-cigarette users were older, predominately white, and
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had a higher income level. Regarding e-cigarette—use behaviors, exclusive e-cigarette users
were more likely to report using e-cigarette to quit smoking or avoid relapsing (33.7% vs
17.0%) and had a higher proportion of daily e-cigarette use in the past 30 days (93.9% vs
66.1%) but were less likely to report that it was hard to keep from using e-cigarette (14.8%
vs 25.4%) (all p<0.05). Changes in the characteristics between baseline and follow-up were
also assessed in these 2 groups. Fewer poly users reported at follow-up that the top reason to
use an e-cigarette was to quit smoking or avoid relapsing (30.5% vs 17.0%) compared with
those at the baseline survey. Subjects in both groups had used 5 or more new devices since
the baseline survey (all p<0.05). Although the mean PSECDI score remained similar over
time in both groups, there were noticeable changes and wide variations in the 10 questions
regarding e-cigarette—related dependence. At follow-up, exclusive e-cigarette users were less
likely to feel that it was hard to quit e-cigarettes (32.4% at baseline vs 20.2% at follow-up,
p<0.0001) but were more likely to report that it was hard to keep from using e-cigarettes
(10.7% vs 14.8%, p=0.04). More poly users, however, reported strong cravings to use
e-cigarettes (35.6% vs 55.9%, p=0.003) or that it was hard to keep from using e-cigarettes
(15.3% vs 25.4%, p=0.04) at follow-up.

At baseline, most of this study population was exclusive e-cigarette users (=402, 81.4%),
whereas 17 (3.4%) were poly users with other nicotine products, 71 (14.4%) were poly
users with other tobacco products, and only 4 (0.8%) were ex—e-cigarette users (Figure 1).
Among 402 baseline exclusive e-cigarette users, most (/7=355, 88.3%) maintained exclusive
e-cigarette use at follow-up and 5 (1.2%) switched to being a poly user with other nicotine
products, but 37 (9.2%) became poly users with other tobacco products, primarily involving
cigarettes. Furthermore, 1 baseline exclusive e-cigarette user relapsed to smoking cigarettes
only, and 5 quit using any products. Most baseline poly users with other nicotine products
switched to exclusive e-cigarette use (/7=12, 70.6%) at follow-up. Among 71 baseline poly
users with other tobacco products, 60.6% (/7=43) switched to using e-cigarettes exclusively
at follow-up, and 20 (28.2%) remained poly users; however, 2 (2.8%) returned to exclusive
cigarette smoking. Two baseline ex—e-cigarette users became exclusive e-cigarette users at
follow-up, 1 stopped using any products, and 1 became a poly user with other tobacco
products.

To understand the factors that may contribute to the maintenance of exclusive e-cigarette

use or a relapse to cigarette smoking, sociodemographics and e-cigarette—use behaviors were
compared using the 2 surveys among 355 baseline exclusive e-cigarette users/follow-up
exclusive e-cigarette users, 37 baseline exclusive e-cigarette users/follow-up poly users with
other tobacco products, and 43 baseline poly users with other tobacco products/follow-up
exclusive e-cigarette users (Table 2). The mean number of devices used between baseline
and follow-up increased in all 3 groups (p<0.05). The mean number of e-cigarette use

times per day was reduced among baseline exclusive e-cigarette users/follow-up exclusive
e-cigarette users (24.5 vs 21.4). More baseline poly users/follow-up exclusive e-cigarette
users reported daily e-cigarette use at follow-up (55.8% vs 95.3%). For baseline exclusive
e-cigarette users/follow-up exclusive e-cigarette users and baseline poly users/follow-up
exclusive e-cigarette users, compared with their baseline e-cigarette use behaviors, they were
more likely to use advanced e-cigarette devices (with a button or battery voltage control, or a
“mod” e-cigarette) at follow-up.
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Overall, the mean PSECDI score remained unchanged over time (8.4 at baseline vs 8.3 at
follow-up, £=0.49), indicating low to moderate dependence in these long-term e-cigarette
users (Table 3). Study subjects were also classified according to changes in their e-cigarette—
use behaviors, and there were no significant differences in the mean PSECDI scores across
all groups. The mean PSECDI score was significantly correlated between baseline and
follow-up (p<0.0001).

DISCUSSION

In this study of 494 e-cigarette users with about 4 years of follow-up, e-cigarette use
behaviors appeared to be well established. Most exclusive e-cigarette users at baseline
continued using e-cigarettes exclusively on a daily basis, and the risk of relapse to
cigarette smoking was low. Consistent with previous findings that frequent e-cigarette use
is associated with quitting smoking,11:30:31.35.36 this study also provides new evidence that
once users have switched to e-cigarettes, many are able to maintain exclusive e-cigarette
use over a long period (up to 6 years in this study). Because virtually all of the study
subjects were ever smokers, and approximately 30% reported that they used e-cigarettes
to support smoking abstinence, the findings suggest that e-cigarette use could facilitate
smoking cessation in adult smokers.

At follow-up, only a small proportion (9.4%) of the baseline exclusive e-cigarette users
reported using cigarettes (with or without e-cigarette use), but almost two thirds of the
baseline poly users transitioned to exclusive e-cigarette users. To understand the factors
affecting e-cigarette—use behaviors, multiple characteristics at baseline and follow-up were
examined, and the results suggest that changes in e-cigarette devices may play an important
role in supporting continuation of exclusive e-cigarette use.#? Advanced generations of
e-cigarette devices yield a higher nicotine concentration that is comparable to combustible
tobacco products and also allow users to have a better control of e-cigarette use.”44 Thus,
switching to advanced devices also may have helped poly users successfully quit other
tobacco products and use e-cigarettes exclusively on a daily basis. A small proportion

of study subjects (3.4% at baseline) used both e-cigarettes and other nicotine products
(primarily over-the-counter products for nicotine-replacement therapy). As most (70.6%)
of them switched to exclusive e-cigarette use at follow-up, poly use with other nicotine
products may represent a transitioning stage to exclusive e-cigarette use as well.

An increased dependence level has been one of the primary concerns regarding the

health risks of e-cigarettes.1415.17.19.2045 The PSECDI, a validated measure of e-cigarette—
related dependence, was used in this study to evaluate if e-cigarette users would develop
higher levels of dependence.13 Consistent with other studies,32:33:35.36.46 g_cigarette users
reported only low to moderate dependence levels at follow-up. The study also showed that
e-cigarette—related dependence remained stable over time, even among long-term exclusive
e-cigarette users. Although there is no consensus on the methods to measure e-cigarette—
related dependence,*’48 the PSECDI includes multiple domains of e-cigarette use (quantity
and frequency of use, withdrawal symptoms, craving/urge to use, and impaired control) that
are recommended by the Tobacco Center of Regulatory Science expert group.#’ Several
questions related to e-cigarette—related dependence, however, did show a wide range of
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responses and also suggested a possible increased dependence (e.g., hard to keep from
using e-cigarettes) in some e-cigarette users. Therefore, further methodologic development
is needed to better understand e-cigarette—related dependence.

Although this study indicates that e-cigarette use could result in smoking abstinence and that
there is no increased e-cigarette—related dependence, e-cigarettes are not harmless, and the
risks and benefits of e-cigarette use need to be carefully evaluated to inform public health
efforts for tobacco control. In clinical practice, the FDA-approved smoking-cessation aids
should still be the top choice for smokers.#® However, for adult smokers who are unable

to quit, using e-cigarettes may lead to the reduction or cessation of cigarette smoking and
sub-sequently less exposure to tobacco-related toxicants.>6

Several caveats need to be discussed. First, the study population consisted of e-cigarette
users who volunteered to participate in both surveys and was not truly representative of
general e-cigarette users. The study findings may be different from other cohort studies
with different sampling frames. Moreover, the study’s retention rate was 39.8%, and it is
possible that exclusive e-cigarette users were more likely to participate in the follow-up
survey. Ex—e-cigarette users may also be excluded owing to missing data. Therefore, the
number of poly users or ex—e-cigarette users who returned to cigarette smoking may be
underestimated. Second, recall bias is a common challenge for survey research. With self-
reported information, an accurate assessment of e-cigarette—use behaviors during a long
follow-up period may not be possible. However, as the survey questions focused on use
behaviors during the past 7 days, recall bias does not appear to be a major limitation.

Third, repeated measures of the 7-day point prevalence were used to define exclusive e-
cigarette use and poly use because the 7-day point prevalence was associated with prolonged
measures of smoking abstinence.3 It is also unlikely that a poly user would remain abstinent
for 7 days at both surveys. The high proportion of daily e-cigarette users (in the past 28

or 30 days) further supports using the 7-day point prevalence as a practical measure to
assess stable e-cigarette—use behaviors. However, the 7-day point prevalence may not be

a good measure for new or occasional e-cigarette users. A longer time frame would be

ideal to capture fluctuations in e-cigarette or poly use behaviors and to define long-term
smoking abstinence.®0 Finally, biological samples or medical record data were not collected
to validate smoking status or to evaluate clinical outcomes related to e-cigarette use. There
is also a lack of data to examine how dependence level had changed after smokers switched
to using e-cigarettes exclusively. Future cohort studies should include relevant biomarkers
or conduct medical examinations to assess e-cigarette—related dependence, to measure the
health effects of exposure to potentially harmful constituents of e-cigarettes, and to validate
self-reported smoking abstinence.26:4551 Despite these limitations, this study contributes to
a better understanding of e-cigarette—use behaviors and dependence in a large sample of
long-term e-cigarette users.
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CONCLUSIONS

This study indicates that e-cigarette—use behaviors remain stable in long-term e-cigarette
users and that the risk of relapse to cigarette smoking is low. Furthermore, there is no
evidence of increased e-cigarette—related dependence. However, with the implementation of
FDA regulations on e-cigarettes, more longitudinal studies are needed to evaluate smoking
abstinence, e-cigarette—related dependence, and clinically relevant health outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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