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    Abstract
Introduction Concurrent electronic nicotine delivery system (ENDS) and cigarette (dual) use is harmful. Identifying longitudinal trajectories of ENDS and cigarette use among dual users can help to determine the public health impact of ENDS and inform tobacco control policies and interventions.

Objectives (1) To identify independent and joint trajectories of ENDS and cigarette use among wave (W) 1 adult dual users across W1 to W5 of the Population Assessment of Tobacco and Health (PATH) Study; and (2) identify W1 predictors of ENDS and cigarette joint trajectory group membership.

Methods We used group-based trajectory modelling to estimate independent and joint trajectories of ENDS and cigarette use from wave 1 (W1; 2013–2014) to wave 5 (W5; 2018–2019) among W1 adult established dual users of ENDS and cigarettes (n=545) from the PATH Study. We used multinomial logistic regression to identify W1 predictors of joint trajectories.

Results Two ENDS (early quitters=66.0%, stable users=34.0%) and three cigarette (stable users=55.2%, gradual quitters=27.3%, early quitters=17.5%) trajectories of W1 were identified. In joint trajectory analysis, 41.6% of participants were early ENDS quitters and stable cigarette users; 14.8% early ENDS quitters and gradual cigarette quitters; 14.6% stable ENDS users and stable cigarette users; 11.2% stable ENDS users and gradual cigarette quitters; 10.3% early ENDS quitters and early cigarette quitters; and 7.4% stable ENDS users and early cigarette quitters. Cigarette and ENDS use frequency, nicotine dependence, cannabis use and other non-combusted tobacco product use predicted trajectory group membership (p values <0.05).

Conclusions Most dual users maintained long-term cigarette smoking or dual use, highlighting the need to address cessation of both products. Continued monitoring of trajectories and their predictors is needed, given ongoing changes to the ENDS marketplace.


	Electronic nicotine delivery devices
	Co-substance use
	Cessation

Data availability statement
Data are available in a public, open access repository. This analysis used data from PATH Public Use Files (PUFs), which are available for download from https://doi.org/10.3886/ICPSR36498.v16.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
	Several studies have examined 1–2-year transitions in electronic nicotine delivery system (ENDS) and cigarette use among dual users, but the stability of these transitions is unknown.



WHAT THIS STUDY ADDS
	Over a 6-year period, early ENDS quitters+stable cigarette users (41.6%) was the most common trajectory; 14.6% of dual users were stable users of both products.

	Cigarette and ENDS use frequency, nicotine dependence, cannabis use and other non-combusted tobacco product use, were associated with trajectory group membership.



HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY
	Cigarette use was more stable than ENDS use among dual users, but continued monitoring of trajectories is needed, given changes to the ENDS marketplace.

	Predictors of trajectory group membership identified here can inform policies and interventions across the tobacco control continuum.




Introduction
The rapid rise in the use of electronic nicotine delivery systems (ENDS) has catalysed a large volume of research into their health risks and impact on combustible cigarette smoking. ENDS have independent health risks, and long-term consequences of ENDS use are unknown given their relative novelty1 2; however, current evidence suggests that these products are less harmful than combustible cigarettes in the short and medium term.2 Randomised controlled trials show that ENDS are effective for smoking cessation in the short term,3 but evidence of their real-world effectiveness is limited. Most observational studies have found no association between ENDS use and smoking cessation; a few studies have found that daily ENDS use is associated with increased smoking cessation.4 Thus, in certain contexts, ENDS could help smokers to quit smoking. However, approximately 50% of adult ENDS users concurrently use cigarettes (hereafter referred to as dual use),5 and dual use is associated with increased health risks.6 7 Identifying patterns of ENDS and cigarette use among dual users can determine the public health impact of ENDS and inform tobacco control efforts.
Analyses of the Population Assessment of Tobacco and Health (PATH) Study data examining 1-to-2 year transitions among adult dual users have shown that roughly 25% remain dual users and approximately 50% switch to exclusive cigarette use; only~5–7% of dual users switch to exclusive ENDS use and~6–12% quit using both products.8–10 However, the long-term stability of these transitions is unknown. Analyses of ENDS and cigarette use over multiple time points allow examination of the stability of use of both products among dual users.
Studies examining tobacco use trajectories among adult tobacco users are limited. Two studies among adult smokers documented three general smoking rate trajectories—namely, stable users, increasers, and decreasers.11 12 One of these studies identified two distinct trajectories of decreasers—shallow and steep.12 Predictors of membership in decreasing (vs stable) trajectories have included more lifetime attempts to quit and the number of cigarettes smoked per day, and greater motivation to quit.12 Among dual users, daily (vs non-daily) ENDS use,13 and perceiving ENDS as less harmful than cigarettes,14 have predicted transitions to exclusive ENDS use; older age of first exposure to tobacco products and lower nicotine dependence have been associated with a greater likelihood of cessation of both products (vs continued dual use).8

Research on ENDS and cigarette smoking trajectories and their predictors has primarily focused on youth and young adults,15 16 and analyses of adult ENDS users are needed.
Additionally, given the high prevalence of dual use and transitions between ENDS and cigarette use,8–10 it is important to understand how trajectories for both products are related among dual users. Identifying joint trajectories of ENDS and cigarette use, and their predictors, can help to determine the long-term public health impact of ENDS and inform tobacco control policies and interventions. To fill these gaps in the literature, the objectives of this analysis were to: (1) identify independent and joint trajectories of ENDS and cigarette use among wave (W) 1 adult dual users across W1 to W5 of the PATH Study; and (2) identify W1 predictors of ENDS and cigarette joint trajectory group membership. Predictors included sociodemographics, behavioural characteristics, and risk perception.

Methods
Data source
This analysis used W1 to W5 of the PATH adult survey public use files.17 PATH is a nationally representative, longitudinal study of tobacco use in the civilian, non-institutionalised US population. W1 data collection took place between September 2013 and December 2014, and follow-up surveys were conducted annually (W2: October 2014–2015, W3: October 2015–2016, W4: December 2016–January 2018, W5: December 2018–November 2019). A detailed description of the PATH Study methodology can be found elsewhere.18 This analysis was determined to be non-human subjects research by the George Washington University institutional review board.

Sample
To be included in the analysis, participants had to be a current established ENDS user (ever used an e-cigarette, has used fairly regularly, and currently uses every day or some days) and a current established smoker (ever smoked a cigarette, smoked >100 cigarettes in lifetime, and currently smokes every day or some days) at W1 (n=996). Participants missing W1 ENDS use, smoking status, predictors, or sample weights were excluded from the analysis (n=451), resulting in an analytic sample of 545. Participants excluded (vs included) from the analytic sample, were more likely to be male, and use other non-combusted tobacco products (p values<0.05) (online supplemental table 1).
Supplemental material
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Measures
Outcomes
Due to differences in PATH survey wording across waves, ENDS use was defined as current established use of e-cigarettes (yes/no) at W1, and current established use of e-cigarettes, e-cigars, e-pipes, e-hookahs, and other electronic nicotine products (yes/no) from W2 onwards. Cigarette use was defined as current established use of cigarettes (yes/no) at all waves.

W1 Predictors
Sociodemographic characteristics included age (18–24, 25–44 and ≥45 years), sex (male, female), race/ethnicity (non-Hispanic white, other) and education (less than high school, completed general educational development or high school, and completed some college or more). Behavioural (ie, tobacco, ENDS, and substance use) characteristics included daily ENDS use (yes/no), daily cigarette use (yes/no), every day or some day use of other combusted tobacco products (yes/no) and non-combusted tobacco products (yes/no), nicotine dependence (1–5 scale), and past 30-day use of cannabis (yes/no) and alcohol (yes/no). We also examined ENDS risk perception (less vs as/more harmful than cigarettes). More details on variable coding and definitions are provided as online supplemental material 1.


Data analysis
Group-based trajectory modelling (GBTM) was used to identify ENDS and cigarette use trajectories using the Stata traj plug-in.19 20 GBTM is a semiparametric approach that can be used to identify unobserved groups that follow similar behavioural trajectories using maximum likelihood estimation. It is an application of a finite mixture model, which assumes that the population is composed of a mixture of a finite number of unobserved discrete groups. GBTM allows trajectory shapes to vary across groups and can accommodate observations with incomplete data. Similar to latent class growth analysis, GBTM assumes no random effects within groups.20

Logit models were used to model each outcome separately. Time was treated as a continuous variable, with W1 coded as 0. To streamline the model building process, we followed Nagin’s recommended two-step approach.20 The objective of step 1 was to identify the optimal number of groups (j). In step 2, different j-group models were estimated, allowing trajectory shapes to vary across groups. We examined zero-order (ie, constant), linear, and quadratic trajectories. Based on prior studies, we expected that there would be one group of stable users for each product.8–10 Therefore, all models examined included at least one zero-order trajectory.
Model selection relied on the following fit indices: Bayesian information criteria (BIC) (a higher value—that is, less negative value indicated better fit), average posterior probability of group membership (avePP)>0.7, odds of correct classification (OCC)>5, and close correspondence between the estimated probability of group membership and the proportion assigned to that group based on the posterior probability of group membership.20 These statistical criteria, together with domain knowledge and theoretical plausibility, informed final model selection. Given the limited number of time points (n=5) and based on prior studies of tobacco use trajectories among adults,11 12 we planned to run models comprising up to four groups. However, for ENDS, the three-group model failed to converge and for cigarettes, the four-group model did not converge. Therefore, in step 2, we examined various two-group models for ENDS and three-group models for cigarettes. Online supplemental table 2 presents parameter estimates and fit statistics for all estimated models.
We examined weighted descriptive characteristics of the overall sample and differences in characteristics between ENDS and cigarette trajectories separately, using Χ2 tests for categorical variables and simple linear regression for continuous variables. We then conducted a joint trajectory analysis to obtain probabilities that link trajectory groups across the two behaviours.20 We used multinomial logistic regression to identify predictors of ENDS and cigarette joint trajectories.
As recommended by the PATH Study user guide, we used sample weights and the balanced repeated replications method for variance estimation with Fay’s adjustment of 0.3 for all descriptive and regression analyses. As the traj plug-in does not enable the use of replicate weights, only sample weights were used for analyses of trajectories. Analyses used W5: adult – W1 cohort all-waves weights. All analyses were conducted using Stata 14.


Results
Of the 545 participants included in the analysis, 541 had complete data on ENDS use at all five waves (n=4 had data for four waves) and 544 participants had complete data for cigarette use at all five waves (n=1 had data for four waves). Table 1 shows W1 sample characteristics. The sample was 51.3% between 25 and 44 years, 53.7% male, 76.9% non-Hispanic white; 56.7% completed at least some college. The majority of participants (75.6%) smoked cigarettes daily, 33.4% used ENDS daily, 39.1% used other combusted tobacco products, 11.9% used non-combusted tobacco products, 62.5% alcohol, and 24.6% cannabis. The majority (81.5%) perceived ENDS as less harmful than cigarettes. The proportion of participants using ENDS decreased over the first four waves (W1=100%, W2=59.3%, W3=42.5%, W4=35.2%) and slightly increased at W5 (41.0%). The proportion of participants using cigarettes also decreased across waves, but decreases were steadier (W1=100%, W2=86.9%, W3=80.7%, W4=76.7%, W5=67.9%).
View this table:	View inline
	View popup



Table 1 Weighted W1 descriptive characteristics of the overall sample and by ENDS and cigarette trajectories



Trajectories

ENDS: A two-group model was found to be the best fitting model (BIC= –1346.73). As shown in figure 1A, the larger group was early quitters (66.0%; avePP=0.97, OCC=13.89), defined as those whose probability of ENDS use approached 0 between W1 and W3. The smaller group (34.0%; avePP=0.91, OCC=19.79) was stable users, who maintained ENDS use across waves.
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Figure 1 (A) Electronic nicotine delivery system (ENDS) and (B) cigarette trajectories of wave 1 (W1) ENDS and cigarette dual users across W1–W5: Population Assessment of Tobacco and Health Study.




Cigarettes: A three-group model was selected (BIC= –942.45). Figure 1B shows the three groups. The largest group was stable users (55.2%; avePP=0.89, OCC=6.22), who maintained cigarette use across waves; 27.3% were gradual quitters (avePP=0.84, OCC=14.54), defined as individuals whose probability of cigarette use decreased steadily across waves; 17.5% were early quitters (avePP=0.91, OCC=49.18), whose probability of cigarette use approached 0 between W1 and W3.

Table 1 shows differences in W1 characteristics between the two ENDS trajectories and the three cigarette trajectories. Daily ENDS users, daily cigarette users and cannabis users were more likely to be early ENDS quitters than stable ENDS users. W1 mean nicotine dependence was higher for early ENDS quitters than for stable ENDS users. W1 daily cigarette users were more likely to be stable cigarette users than gradual or early cigarette quitters. W1 mean nicotine dependence was also higher for stable cigarette users than for gradual or early cigarette quitters.

Joint trajectories

Table 2 presents results from the joint trajectory analysis. Participants had the highest probability of being early ENDS quitters+stable cigarette users (41.6%), followed by early ENDS quitters+gradual cigarette quitters (14.8%), and stable ENDS users+stable cigarette users (14.6%). Less common were harm reduction trajectories of stable ENDS users+gradual cigarette quitters (11.2%), and stable ENDS users+early cigarette quitters (7.4%); 10.3% were early ENDS quitters+early cigarette quitters.
View this table:	View inline
	View popup



Table 2 Joint probabilities of ENDS and cigarette trajectory group membership from W1 to W5 among W1 ENDS users: PATH Study




Table 3 shows W1 predictors of joint trajectory membership. Both stable cigarette user joint trajectories (ie, stable cigarette users+stable ENDS users and stable cigarette users+early ENDS quitters) were combined into a single group, as both trajectories are harmful. This stable cigarette users group was used as the reference group, as comparisons against this group could indicate which variables are potentially important for interventions to target. The following four comparisons were made:
View this table:	View inline
	View popup



Table 3 W1 Predictors of ENDS and cigarette joint trajectories: PATH Study W1–W5




Stable ENDS users+gradual cigarette quitters versus stable cigarette users. Non-daily (vs daily) cigarette users had higher odds of being stable ENDS users+gradual cigarette quitters than stable cigarette users.

Stable ENDS users+early cigarette quitters versus stable cigarette users. W1 dual users who used ENDS daily (vs non-daily), had lower nicotine dependence and did not use cannabis had higher odds of being stable ENDS users+early cigarette quitters than stable cigarette users.

Early ENDS quitters+gradual cigarette quitters versus stable cigarette users. Non-combusted tobacco users had higher odds of being early ENDS quitters+gradual cigarette quitters than stable cigarette users.

Early ENDS quitters+early cigarette quitters versus stable cigarette users. Non-daily cigarette users had higher odds of being early ENDS quitters+early cigarette quitters than stable cigarette users.


Discussion
To our knowledge, this is one of the first studies to examine joint trajectories of ENDS and cigarette use among adult dual users. We identified two ENDS and three cigarette trajectories. The majority of participants (66.0%) were early ENDS quitters, and 34.0% were stable ENDS users. Conversely, for cigarettes, the majority were stable users (55.2%), followed by gradual quitters (27.3%) and early quitters (17.5%). The cigarette trajectories identified here are similar to smoking rate trajectories identified among adult smokers.11 12 However, we identified only one quitting trajectory for ENDS use; a large proportion of dual users stopped using ENDS early (only 59.3% used ENDS at W2).
Joint trajectory analysis showed that 41.6% of participants were early ENDS quitters+stable cigarette users. This is consistent with studies using multistate transition modelling, which found that cigarette use is more stable than ENDS use.21 22 However, it is important to note that salt-based ENDS that deliver high levels of nicotine increased in popularity only around the middle of W4 (2017).23 Although data on specific device type were unavailable, it is likely that many participants used earlier generation ENDS devices that are less efficient at delivering nicotine. Thus, the lack of stability in ENDS use, as well as less frequent ENDS use relative to cigarette use at W1 (33.4% daily ENDS use vs 75.6% daily cigarette use), might be because these products did not provide as much satisfaction as cigarettes, which is a common reason cited by dual users for discontinuing ENDS use.24 25 Interestingly, the early quitter trajectories for ENDS and cigarettes exhibited a slight increase from W4 to W5. It is unclear whether this increase is real or a statistical artefact, and analyses using future waves are needed to determine if additional trajectories emerge and joint probabilities of ENDS and cigarette use change in response to changes in the ENDS marketplace.
The joint probability for stable use of both products was 14.6%. Previous analyses examining transitions among dual users across waves found that the majority maintained dual use or switched to exclusive cigarette use.8–10 Our findings indicate that these two transition patterns are relatively stable, underscoring an urgent need to address cessation of both products. Non-daily cigarette use was associated with higher odds of membership in joint trajectories, characterised by quitting both products (ie, early ENDS quitters+early cigarette quitters) as well as quitting cigarettes only (ie, stable ENDS users+gradual cigarette quitters vs stable cigarette users). Reduction of quitting and abrupt quitting interventions have comparable long-term smoking quit rates.26 Our findings suggest that smoking reduction could help dual users to quit using both products; additionally, for those smokers unable or unwilling to quit using nicotine, cutting down on smoking could help them switch to exclusive ENDS use.
Only 7.4% of participants belonged to the joint trajectory of stable ENDS users+early cigarette quitters. However, this group is arguably most important from a harm reduction perspective, as it is marked by quickly switching to exclusive ENDS use. Daily ENDS users, those with lower nicotine dependence, and those not using cannabis were more likely to belong to this group (vs being stable cigarette users). Further research is needed to test experimentally whether interventions to encourage more frequent ENDS use among dual users promotes smoking cessation, given that daily ENDS use was associated with smoking cessation in this and prior observational studies.4 Our findings also suggest that interventions for dual users might benefit from promoting cannabis abstinence and offering pharmacotherapy. An observational study found that dual users have high interest in pharmacotherapy, and it could help them quit cigarette and ENDS use.27

Additionally, 14.8% of dual users were early ENDS quitters+gradual cigarette quitters. However, non-combusted tobacco product use was associated with membership in this group (vs being stable cigarette users). This suggests that some dual users might find non-combusted products other than ENDS more appealing and achieve smoking cessation by switching between alternative nicotine delivery systems. To determine if this is the case, future studies could assess reasons for using and discontinuing various non-combusted tobacco products.
Sociodemographic characteristics did not differ across trajectory groups. However, the PATH public use files provide a limited number of categories for sociodemographic variables to preserve confidentiality. Further disaggregating these categories might reveal differences. As with any longitudinal study, the PATH Study experienced attrition. The smaller sample size might have reduced the precision of some estimates, reflected in wider confidence intervals. It is also possible that tobacco users were more likely to drop out of the study than non-users, which could bias findings; however, the longitudinal weights account for attrition.
Our measurement of product use status did not take into consideration use between assessment time points. More intensive data collection methods, such as ecological momentary assessment, could enable more nuanced modelling of product use trajectories. Product use status was based on self-report and was not biochemically verified. Additionally, we examined W1 predictors of trajectories. Future research is needed to examine time-varying predictors, which could capture how dynamic variables (eg, frequency of ENDS and cigarette use) are related to various trajectories. As this study was observational, associations between predictors and trajectory group membership cannot be regarded as causal evidence. A strength of this study is the use of a US nationally representative sample over a 6-year period, which allows for generalisation of findings to the broader US civilian, non-institutionalised population. As one of the first studies to examine joint trajectories of ENDS and cigarette use among adult dual users, findings have implications for tobacco control policies and interventions.

Conclusions
Of two ENDS (stable users and early quitters) and three cigarette (stable users, gradual quitters, early quitters) trajectories identified in a nationally representative sample of adult dual users, participants were most likely to belong to the early ENDS quitters+stable cigarette users joint trajectory; only 7.4% of dual users belonged to the stable ENDS users+early cigarette quitters joint trajectory, suggesting that before 2019, ENDS use did not contribute to substantial smoking cessation at the population level. Continued monitoring of trajectories and their predictors is warranted considering the rapid evolution of the ENDS marketplace.

Data availability statement
Data are available in a public, open access repository. This analysis used data from PATH Public Use Files (PUFs), which are available for download from https://doi.org/10.3886/ICPSR36498.v16.

Ethics statements
Patient consent for publication
Not applicable.
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