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Summary

Background—Electronic nicotine delivery systems (ENDSs) are used by some smokers to 

reduce cigarette consumption, but their effectiveness is uncertain. We aimed to examine the extent 

to which ENDSs or a non-nicotine cigarette substitute influence tobacco-related toxicant exposure 

and cigarette consumption in smokers interested in smoking reduction.
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Methods—We did a four-arm, parallel-group, randomised controlled trial at two sites in the USA 

(Penn State University, Hershey, PA, and Virginia Commonwealth University, Richmond, VA). We 

enrolled adults aged 21–65 years who smoked more than nine cigarettes per day (for at least the 

past year), with exhaled CO of more than 9 parts per million at screening, who were not currently 

using an ENDS, and who were interested in reducing smoking but not quitting. Participants were 

randomised (site-specific with allocation concealment; 1:1:1:1) to receive either a cartomiser-

based, pen-style ENDS (eGo-style) paired with 0, 8, or 36 mg/mL liquid nicotine (participants and 

researchers masked to concentration) or a non-ENDS cigarette-shaped plastic tube that delivered 

no nicotine or aerosol (cigarette substitute; unmasked) for 24 weeks. Conditions were chosen to 

reflect a range of nicotine delivery including none (cigarette substitute and 0 mg/mL ENDS), low 

(8 mg/mL), and cigarette-like (36 mg/mL), and all conditions were paired with smoking reduction 

instructions. The primary outcome was concentration of the tobacco-specific carcinogen 

metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL; urinary total) collected at 

randomisation and at 4, 12, and 24 weeks. Multiple imputation with and without covariate 

adjustment was used in addition to sensitivity analyses. This trial is registered with 

ClinicalTrials.gov, NCT02342795.

Findings—Between July 22, 2015, and Nov 16, 2017, 684 individuals were screened and 520 

(76%) were enrolled and randomised. 188 (36%) of 520 participants were lost to follow-up by 

week 24; attrition did not differ by study group (39 [30%] of 130 in the cigarette substitute group, 

56 [43%] of 130 in the ENDS with 0 mg/mL nicotine group, 49 [38%] of 130 in the ENDS 8 

mg/mL group, and 44 [34%] of 130 in the ENDS 36 mg/mL group). Urinary total NNAL at 24 

weeks in the ENDS with 36 mg/mL nicotine group was 210∙80 pg/mg creatinine (95% CI 163·03–

274·42) compared with 346·09 pg/mg creatinine (265·00–455·32) in the cigarette substitute group 

(p=0·0061). No other significant differences between groups were observed for any time point for 

urinary total NNAL. Serious adverse event frequency was similar across groups (12 events in 12 

participants [9%] in the ENDS with 36 mg/mL nicotine group, seven events in six participants 

[5%] in the 8 mg/mL group, 11 events in ten participants [8%] in the 0 mg/mL group, and 13 

events in 13 participants [10%] in the cigarette substitute group), and all of these were deemed 

unrelated or unlikely to be related to study product use. There was one death between 

randomisation and 24 weeks (suicide; in the ENDS with 0 mg/mL nicotine group).

Interpretation—Use of an ENDS with cigarette-like nicotine delivery can reduce exposure to a 

major pulmonary carcinogen, NNAL, even with concurrent smoking. Future ENDS trials should 

involve products with well characterised nicotine delivery, including those with nicotine delivery 

approaching that of a cigarette.

Introduction

Electronic nicotine delivery systems (ENDSs) heat a nicotine-containing liquid to form an 

inhalable aerosol.1 Although the health effects of long-term ENDS use remain unclear,2 

ENDSs might reduce smokers’ consumption of cigarettes and associated toxicant exposure. 

Large-scale randomised controlled trials (ie, with >500 participants) of ENDSs have 

examined their effects on smoking cessation and indicate that ENDS use can result in 

modest improvements in cigarette smoking cessation rates when used alone or combined 

with a nicotine patch, compared with using a nicotine patch alone.3,4 When individual 
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counselling is also provided, ENDS use can almost double cigarette smoking cessation rates 

relative to nicotine replacement therapy.5 Findings from other trials suggest that ENDS use 

can reduce cigarette smokers’ exposure to tobacco smoke toxicants such as the carcinogen 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) or CO.6–10 A limitation of these 

previous randomised trials is that the nicotine delivery profile of the ENDSs used was either 

unknown4,5,8,9 or far less (eg, about one tenth) than that of a combustible cigarette.3,6,7,10 If 

the ENDS nicotine delivery is unknown or very low it is possible that larger effects could be 

obtained with use of an ENDS with higher or known nicotine delivery.

To our knowledge, no randomised, controlled trial has yet examined the extent to which an 

ENDS, with a cigarette-like nicotine delivery profile, is associated with reduced tobacco-

related toxicant exposure in long-term smokers. There are many examples of ENDSs that 

deliver little or no nicotine.11,12 However, ENDSs that deliver nicotine at high levels are now 

easily accessible. For instance, in a previous study, when a commercially available 

approximately 7-watt ENDS was paired with a 36 mg/mL liquid nicotine, 64 participants 

who had ten inhalations from it showed a mean plasma nicotine concentration increase of 

13·0 ng/mL (SD 14·3), approaching that from a cigarette smoked under similar conditions 

(eg, 15·0–20·0 ng/mL).13

We aimed to evaluate the effects of an ENDS paired with 0, 8, or 36 mg/mL liquid nicotine 

(as in the study by Hiler and colleagues13), or a non-ENDS cigarette substitute that delivers 

no nicotine or aerosol as a control, on measures of tobacco-related toxicant exposure, 

nicotine exposure, and cigarette consumption in smokers interested in cigarette smoking 

reduction.

Methods

Study design

We did a four-arm, parallel-group, randomised, controlled trial at two sites in the USA: Penn 

State University, Hershey, PA, and Virginia Commonwealth University, Richmond, VA. The 

study was approved by the institutional review board at each site. All authors vouch for the 

fidelity of the trial to the protocol, which has been published previously.14 There was one 

major protocol change approved by both sites in October, 2016, which was a change to the 

number of participants to be enrolled at each site (originally 260 participants each), in 

response to recruitment challenges at the Richmond site.

Participants

Participants were recruited via study advertisements that were distributed through a variety 

of print, radio, online, and other methods. Inclusion criteria were age 21–65 years, more than 

nine filtered cigarettes smoked per day for at least the past year, exhaled CO of more than 9 

parts per million (ppm) at screening, no attempt to quit in the past 30 days, interest in 

reducing cigarette smoking but not planning to quit completely in the next 6 months, and 

ability to read and write English. All participants provided written informed consent before 

enrolling. Exclusion criteria included use of any tobacco cessation medication in the past 30 

days, use of any non-cigarette nicotine delivery product in the past 7 days, use of an ENDS 
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for 5 days or more in the past 28 days, use of hand-rolled cigarettes, pregnancy or 

breastfeeding, unstable or major medical condition in the past 12 months, disorders or use of 

medication that might affect safety or biomarker data, known allergy to propylene glycol or 

vegetable glycerin, and use of marijuana or any illicit or prescription drugs for non-medical 

use weekly or more frequently in the past 3 months (further details are published elsewhere).
14

Randomisation and masking

The study statistician (M-SY) prepared site-specific randomisation lists using the sample 

function in R version 3.2.0 (blocks of eight). These lists were uploaded onto a study-specific 

website that interfaced with the data collection and management system (REDCap). Only 

unmasked researchers at each site with no participant contact accessed their list to prepare 

cartomisers for dispensing. Participants were randomly assigned in-person and in real-time 

using an electronic function within REDCap to one of four conditions (1:1:1:1): an ENDS 

paired with cartomisers containing 0, 8, or 36 mg/mL liquid nicotine (administered double-

blind) or a cigarette substitute that delivered no nicotine or aerosol (unmasked). Participants 

and researchers who enrolled participants and who collected outcome data were masked to 

which liquid nicotine concentration was assigned among individuals in ENDS groups, and 

all cartomisers were identical except for the liquid placed within them. Masking success was 

not evaluated systematically. Researchers who analysed the data were not masked to 

condition assignment.

Procedures

Following successful pre-screening via telephone, participants completed an in-person 

screening session to obtain informed consent and confirm eligibility. Approximately 1 week 

later, eligible individuals completed a baseline visit (week 0) and were randomly assigned to 

one of the four study conditions and asked to attend subsequent clinic visits at 1, 2, 4, 8, 12, 

16, 20, 24, 28, and 36 weeks. Provision of the condition-specific product lasted for 24 weeks 

(intervention period). There was a 12-week follow-up period after the intervention period for 

each condition (appendix p 13). Participants were instructed to use study products as often 

as desired in place of cigarettes during the intervention period in combination with smoking 

reduction instructions (advised to reduce by 50% in weeks 0–2, by 75% in weeks 3–8, and 

continued maintenance or reduction in weeks 9–24). Following the intervention period, 

participants were advised to cease all cigarette smoking in weeks 25–36. Compliance with 

smoking reduction instructions was encouraged but not incentivised or penalised. Study 

product provision concluded at 24 weeks, and at this visit participants were eligible to 

receive the alternate product to that which they were originally assigned (appendix p 9). 

Eligible participants completing all visits could receive up to US$400 via gift cards.

ENDS conditions involved an eGo-style 3·3–4·1 volt, 1100 milliampere-h battery with an 

integrated automatic inhalation counter paired with a 1·5-ohm, dual-coil, 510-style opaque 

cartomiser (approximately 7-watt; both manufactured by SmokTech, Shenzhen, China). 

Each cartomiser contained 1 mL of a flavoured liquid (participant-selected at randomisation: 

tobacco or menthol; selected flavour could not be changed during the intervention period) 

with a 70:30 propylene glycol to vegetable glycerin ratio and containing 0, 8, or 36 mg/mL 
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freebase nicotine (AVAIL Vapor, Richmond, VA, USA). The nicotine delivery profile of 

these ENDS and liquid nicotine combinations was characterised in the clinical laboratory 

(ie, ten directed inhalations) with a mean plasma nicotine increase of –0·1 ng/mL (SD 1·5) 

for 0 mg/mL liquid nicotine, 6·0 ng/mL (SD 6·6) for 8 mg/mL, and 13·0 ng/mL (SD 14·3) 

for 36 mg/mL.13 Cartomisers were provided in child-proof containers that allowed for use of 

three cartomisers per day initially. Cartomiser supply was modified at the 4-week study visit 

based on individual use behaviour during the previous weeks (ie, according to the number of 

returned used and unused cartomisers) for the remaining intervention period.

The cigarette substitute condition involved a non-combustible, unflavoured, plastic, tube-

shaped, patented product designed to provide a draw resistance and physical appearance like 

a cigarette (QuitSmart; Hillsborough, NC, USA), and was similar to a product tested as part 

of a quitline provision (Better Quit).15 The cigarette substitute contained no nicotine or 

tobacco and produced no aerosol. Of note, this similar product (Better Quit) tested as part of 

a quitline provision did not significantly increase rates of smoking abstinence.15 In this 

group, participants were provided with two cigarette substitutes at randomisation, which 

were replaced as needed.

In all groups, participants were instructed to avoid using tobacco products other than their 

study product or their usual cigarettes. Brief directions regarding best practices for cigarette 

substitution were provided to all participants. There was no penalty or incentive for non-

compliance or compliance regarding participant engagement in other tobacco use. 

Participants could discontinue study product use or request additional study product at any 

time during the intervention period without penalty. Participants who reported being unable 

to use their study product for more than 2 weeks not by choice (eg, restricted in the home or 

other environment) were considered for withdrawal by the principal investigator. Additional 

details regarding study product conditions, instructions, and blinding procedures are 

provided in the appendix (p 9).

Outcomes

The primary outcome was tobacco-related toxicant exposure to the potent lung carcinogen 

NNK, as indexed by the sum of its urinary metabolite 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanol (NNAL) and its glucuronides (total NNAL; pg/mg creatinine) collected at 

randomisation and at 4, 12, and 24 weeks. The long half-life of NNAL (eg, terminal half-life 

10–18 days)16 and its status as a carcinogen provide distinct advantages over other measures 

of tobacco-related exposure such as exhaled CO, including the ability of NNAL to serve as a 

correlate of tobacco’s carcinogenic effects. A secondary outcome was nicotine exposure via 

urine cotinine (ng/mg creatinine) collected at the same timepoints. A single void (spot) urine 

sample was collected at each visit for these outcomes. Time of collection varied between and 

within participants. Urine samples for total NNAL and cotinine were analysed using liquid 

chromatography tandem mass spectrometry techniques derived from previously validated 

methods.17,18 Other secondary outcomes included glutathione (via blood samples) and 8-

Isoprostanes (urine and exhaled breath condensate samples); these results will be reported 

elsewhere. Exhaled CO was measured at each in-person visit and used as a quantitative 

indicator of recent tobacco smoke exposure (Vitalograph BreathCO monitor; Vitalograph, 
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Lenexa, KS, USA; measured in ppm). Pulmonary function tests were done at randomisation, 

4, 12, 24, and 36 weeks, and baseline measures were included in adjusted analyses as 

described in the statistical analysis section.

Self-reported number of cigarettes smoked per day and daily study product use (ENDS 

inhalations; cigarette substitute use in times, defined approximately as a period of use lasting 

about 15 inhalations or 10 min)19 were assessed at each in-person visit using a 7-day 

timeline follow-back procedure (adapted from the literature)20 supplemented with paper 

diaries completed daily by participants between visits. In addition, various measures 

assessing, for example, nicotine dependence, tobacco abstinence symptoms, and 

environmental tobacco smoke exposure were administered throughout the study (appendix p 

9). Some of these variables were included in the adjusted analyses as described in the 

statistical analysis section.

Adverse events were recorded at and between visits, when participants reported any negative 

changes to their physical or mental health, including hospitalisation or emergency care after 

the first in-person visit. All adverse events were reviewed by a physician at each site and 

were characterised by symptom, time course, severity, expectedness, relatedness, and 

seriousness.

Statistical analysis

The complete statistical analysis plan is provided in the appendix (pp 172–187). Sample size 

determination was based on previous urinary total NNAL data.21 To detect an effect size of 

58·59 pg/mL (SD 125·54) for pairwise comparisons between groups, 130 participants per 

group were needed to provide 80% power at a significance level of 0·008, which accounts 

for the six pairwise comparisons planned between groups, and for 20% attrition.

Baseline characteristics were first compared between groups to identify imbalances 

following randomisation (appendix p 27). We also examined baseline characteristics by site, 

which indicated significant differences, leading to the inclusion of site as a covariate in all 

adjusted analyses (appendix p 31). Data normality was examined for all four outcomes and 

only urinary total NNAL and urinary cotinine were adjusted using Box-Cox transformation.
22 Missing data for urinary total NNAL, urinary cotinine, exhaled CO, and cigarettes 

smoked per day collected during the intervention period were imputed using multiple 

imputation. We first assessed baseline covariates associated with missing urinary total 

NNAL. The conditional regression model used to impute missing data consisted of the 

urinary total NNAL, urinary cotinine, exhaled CO, number of cigarettes smoked per day, 

covariates associated with missing NNAL, and covariates of interest (appendix pp 9–10).
23,24 Five completed imputation datasets were created. The same linear mixed-effect models 

were applied to every dataset, and results from the datasets were pooled to construct 

statistical inferences.

The primary unadjusted analysis used linear mixed-effect models. The dependent variables 

were urinary total NNAL, urinary cotinine, exhaled CO, and number of cigarettes smoked 

per day. Fixed effects for the primary analysis included study condition, time, and their 

interaction. A random effect was included for within-participant dependence. Pairwise 
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comparisons with Bonferroni adjustment were done, first between groups at each timepoint 

(six comparisons; p<0·0083), and second within groups relative to baseline (number of 

comparisons varies by outcome). The secondary adjusted analysis used linear mixed-effect 

models with the same fixed and random effects. Adjusted analyses included covariates from 

participant demo graphics (including age, sex, race and ethnicity, and site) and other baseline 

measures that were selected through examination of their associations with the outcome of 

interest during preliminary screening. We did sensitivity analyses (unadjusted and adjusted) 

with all available data (intention-to-treat population); with participants who completed visits 

at randomisation, 4, 12, and 24 weeks (per-protocol population); with baseline-carried-

forward data; and with last-observation-carried-forward data. All point estimates and 95% 

CIs at every visit were obtained from the results of linear mixed-effect model analyses. 

Back-transformation was done through the inverse of the normalisation for estimates and 

95% CI of urinary total NNAL and urinary cotinine.

To characterise study product use, 7-day timeline follow-back data were used to dichotomise 

participants into two groups on the basis of whether they used the study product in the past 

week before the visit (yes or no). Frequencies were compared between groups at each 

timepoint and within groups relative to the 1-week visit using χ2 tests or Fisher’s exact tests 

as appropriate. Three analyses were done: intention-to-treat with imputation, using the 

assumption that participants with missing data on study product use (ie, due to not attending 

that visit) were not using their study product; intention-to-treat with no imputation; and per-

protocol. Bonferroni adjustment was applied to all pairwise comparisons.

All adverse events were examined descriptively by serious or severe status (severity was 

graded using National Cancer Institute Common Terminology Criteria for Adverse Events 

version 4 and 5), symptom, condition, and time (at randomisation, intervention period, and 

follow-up period).

For all analyses, the overall type I error was set at 0·05. SAS (version 9.4) was used for all 

analyses. This trial is registered with ClinicalTrials.gov, NCT02342795, and was monitored 

by an independent data and safety monitoring board (appendix p 8).

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report.

Results

Between July 22, 2015, and Nov 16, 2017, 684 individuals were screened and 520 (76%; 

320 from Penn State University and 200 from Virginia Commonwealth University) were 

randomised to one of the four groups (130 [25%] per group; figure 1, table, appendix pp 27–

30). Baseline characteristics were balanced between the groups. 188 (36%) of 520 

participants were lost to follow-up by week 24; attrition did not differ by group (39 [30%] of 

130 in the cigarette substitute group, 56 [43%] of 130 in the ENDS with 0 mg/mL nicotine 

group, 49 [38%] of 130 in the ENDS with 8 mg/mL nicotine group, and 44 [34%] of 130 in 

the ENDS with 36 mg/mL nicotine group; p=0·15). Compared with participants who 
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completed the study, the 188 participants who did not attend the 24-week visit were more 

likely to be younger (mean age 43·6 years [SD 11·8] vs 47·7 years [SD 11·3]; p=0·0001), 

have a lower level of education (p=0·030), have smoked for fewer years (mean 14·5 years 

[SD 12·3] vs 17·6 years [SD 13·5]; p=0·012), have started smoking at an earlier age (mean 

age 16·3 years [SD 3·7] vs 17·4 years [SD 4·7]; p=0·0032), and be more cigarette dependent 

(Penn State Cigarette Dependence Index mean 13·8 [SD 2·7] vs 13·2 [SD 3·1]; p=0·013; 

appendix p 35). Those who did not complete the study also had higher forced vital capacity 

indexed via pulmonary function tests at baseline compared to those who completed the study 

(p=0·043), likely to be due to their younger age. Reasons for study withdrawal by group and 

study period are provided in the appendix (p 39).

At the 24-week visit, urinary total NNAL was significantly lower for the ENDS with 36 

mg/mL nicotine group (210∙80 pg/mg creatinine [95% CI 163·03–274·42]) than in the 

cigarette substitute group (346·09 pg/mg creatinine [265·00–455·32]; p=0·0061; figure 2A; 

appendix p 62); no other significant differences in urinary total NNAL between groups were 

observed at this timepoint (332·43 pg/mg creatinine [95% CI 254·31–437·78] in the 0 

mg/mL nicotine group; 271·21 pg/mg creatinine [95% CI 196·99–377·36] in the 8 mg/mL 

nicotine group) or any other timepoint. For the ENDS with 36 mg/mL nicotine group, 

compared with baseline (389·13 pg/mg creatinine [95% CI 305·93–497·90]), NNAL 

decreased significantly at 12 weeks (238·96 pg/mg creatinine [188·35–304·93]; p=0·0014) 

and 24 weeks (210∙80 pg/mg creatinine [95% CI 163·03–274·42]; p=0·0005; appendix p 72). 

After adjusting for relevant covariates, these significant differences (in the 36 mg/mL group 

vs cigarette substitute and 36 mg/mL group vs baseline) persisted (appendix pp 14, 62, 72). 

Sensitivity analyses were largely consistent with the multiple imputation analyses. In 

unadjusted models for the intention-to-treat, per-protocol, and baseline-carried-forward 

analyses and unadjusted and adjusted models for last-observation-carried-forward analyses, 

total NNAL at 24 weeks did not differ between the ENDS with 36 mg/mL nicotine and 

cigarette substitute groups. For the adjusted model for the baseline-carried-forward analysis 

and unadjusted and adjusted models for the last-observation-carried-forward analyses, the 

ENDS with 36 mg/mL nicotine group had significantly lower urinary total NNAL than the 0 

mg/mL group at 24 weeks (appendix pp 15–16, 68–71). There were no significant 

differences at any timepoint between groups for urinary cotinine (figure 2B; appendix p 82). 

For the ENDS with 8 mg/mL nicotine group, compared with baseline (1729·53 ng/mg 

creatinine [95% CI 1423·04–2102·03]), urinary cotinine significantly decreased at 4 weeks 

(1279·92 ng/mg creatinine [1045·16–1567·42]; p=0·0054), 12 weeks (1092·94 ng/mg 

creatinine [876·82–1362·31]; p=0·0009), and 24 weeks (1157·95 ng/mg creatinine [910·95–

1471·93]; p=0·0099; appendix p 92). After adjusting for relevant covariates, reductions 

compared with baseline for the ENDS with 8 mg/mL nicotine group persisted, and one 

additional significant reduction compared with baseline was observed at 12 weeks for the 

cigarette substitute group (appendix pp 17, 92). Sensitivity analyses were relatively 

consistent, with significant reductions compared with baseline for the ENDS with 8 mg/mL 

nicotine group observed at varying timepoints in unadjusted and adjusted models (appendix 

pp 93–96). For the adjusted models for the intention-to-treat and baseline-carried-forward 

analyses at 4 weeks, the ENDS with 8 mg/mL nicotine group had significantly lower 

cotinine than the 36 mg/mL group (appendix pp 18–19, 93, 95).
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Significant differences between groups were observed at every post-randomisation timepoint 

for exhaled CO (figure 3A, appendix p 102). Exhaled CO in the ENDS with 8 mg/mL 

nicotine group was significantly lower than in the cigarette substitute group at 1, 2, 4, 8, 16, 

and 20 weeks and lower than in the 0 mg/mL group at 1, 2, 4, 12, 16, and 20 weeks (all p 

values <0·0083); estimates at 20 weeks were 16·56 ppm (95% CI 14·21–18·91) in the ENDS 

with 8 mg/mL nicotine group versus 20·71 ppm (18·78–22·65) in the cigarette substitute 

group and 21·02 ppm (18·74–23·29) in the 0 mg/mL group. Exhaled CO in the ENDS with 

36 mg/mL nicotine group was significantly lower than in the cigarette substitute group at 1, 

4, 8, 16, 20, and 24 weeks and lower than in the 0 mg/mL group at 4, 12, 16, 20, and 24 

weeks (all p values <0·0083); estimates at 24 weeks were 16·93 ppm (14·50–19·35) in the 36 

mg/mL group versus 20·79 ppm (18·67–22·90) in the cigarette substitute group and 21·31 

ppm (19·27–23·36) in the 0 mg/mL group. Within groups, exhaled CO was significantly 

lower for the ENDS with 8 mg/mL nicotine and 36 mg/mL groups at all post-randomisation 

timepoints compared with baseline, with the exception of at 24 weeks for the 8 mg/mL 

group (p values <0·003; appendix p 117). A significant decrease in exhaled CO compared 

with baseline also was observed for the 0 mg/mL group at 2 weeks (p=0·0062). After 

adjusting for relevant covariates, trends in exhaled CO between and within groups were 

relatively consistent, but there were several additional significant reductions within the 

ENDS with 0 mg/mL nicotine and cigarette substitute groups compared with baseline 

(appendix pp 20, 103, 117). Sensitivity analyses had similar overall trends, with some 

variation in the significance of differences between the ENDS with 36 mg/mL nicotine 

group vs 0 mg/mL and vs cigarette substitute groups at 24 weeks (appendix pp 21–22, 105–

116, 118–120).

Significant differences between groups in number of cigarettes smoked per day were 

observed at every post-randomisation timepoint (figure 3B; appendix p 127). The number of 

cigarettes smoked per day in the ENDS with 36 mg/mL nicotine group was significantly 

lower than in the cigarette substitute group at 1–24 weeks (p values <0·0003); estimates at 

24 weeks were 7·43 cigarettes per day (95% CI 6·14–8·71) in the ENDS with 36 mg/mL 

nicotine group versus 11·23 (9·76–12·71) in the cigarette substitute group. The number of 

cigarettes smoked per day in the ENDS with 0 mg/mL nicotine group was significantly 

lower than in the cigarette substitute group at 4, 8, and 16 weeks (p values <0·0083); 

estimates at 16 weeks were 9·26 cigarettes per day (7·92–10·60) in the ENDS with 0 mg/mL 

nicotine group versus 11·77 (10·46–13·08) in the cigarette substitute group. At 4 weeks, the 

number of cigarettes smoked per day was significantly lower in the 8 mg/mL group (10·41 

[95% CI 9·11–11·71]) than in the cigarette substitute group (13·26 [12·03–14·50]; 

p=0·0021). Within all groups, the number of cigarettes smoked per day significantly 

decreased over time compared with baseline (p values <0·0001; appendix p 142). After 

adjusting for relevant covariates, the numbers of cigarettes smoked per day in all ENDS 

groups were significantly lower than in the cigarette substitute group at all post-

randomisation timepoints, with the exception of the ENDS with 8 mg/mL nicotine group at 

12 weeks (p values <0·0083; appendix pp 23, 128). Sensitivity analyses showed similar 

patterns, with stronger effects noted for nicotine-containing ENDS groups compared with 

the cigarette substitute group in unadjusted models; following adjustment, there were more 
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between-group differences for all ENDS groups compared with the cigarette substitute 

group (appendix pp 24–25, 130–141, 143–146).

Study product use (ENDS or cigarette substitute) declined significantly relative to baseline 

in all groups by the 12-week visit across all analysis methods (p values <0·0071; appendix 

pp 26, 153–155). When individuals with missing data for each visit were assumed not to be 

using study product, few differences between groups emerged, but when analyses were 

restricted to only available data or individuals who attended visits at baseline and 4, 12, and 

24 weeks, study product use rates were significantly greater for ENDS groups, particularly 

the 36 mg/mL nicotine group, compared with the cigarette substitute group (p values 

<0·0083; appendix pp 150–152).

Serious adverse events and associated withdrawals from the study were similar in frequency 

between groups over 36 weeks: 13 events (13 participants [10%], two withdrawals) in the 

cigarette substitute group; 11 events (ten participants [8%], four withdrawals) in the ENDS 

with 0 mg/mL nicotine group; seven events (six participants [5%], two withdrawals) in the 8 

mg/mL group; and 12 events (12 participants [9%], one withdrawal) in the 36 mg/mL group 

(appendix pp 167–168). All serious adverse events were deemed unrelated or unlikely to be 

related to study product use. One participant died (0 mg/mL group; suicide). The frequency 

of adverse events graded as severe or higher was also similar across groups over 36 weeks: 

26 events (22 participants [17%]) in the cigarette substitute group; 34 events (24 participants 

[18%]) in the ENDS 0 mg/mL nicotine group; 22 events (16 participants [12%]) in the 8 

mg/mL group; and 31 events (25 participants [19%]) in the 36 mg/mL group (appendix p 

167). Only four severe adverse events were judged as possibly, probably, or definitely related 

to study product use: hypertension (0 mg/mL group), dyspnoea (8 mg/mL group), cough and 

syncope (8 mg/mL group), and cough (36 mg/mL group; appendix p 168–171). The most 

common severe or life-threatening adverse events were hypertension (37 events [32 

participants], hypertriglyceridaemia (12 events [12 participants]), pneumonia (five events 

[five participants]), and depression (five events [four participants]).

Discussion

Provision of an ENDS with a cigarette-like nicotine delivery profile (36 mg/mL liquid 

nicotine)13 was associated with reduced urinary total NNAL, exhaled CO, and cigarette 

consumption over 24 weeks among smokers who were encouraged to reduce their smoking. 

Participants who received an ENDS with 8 mg/mL liquid nicotine showed some similar 

effects but not to the same extent, highlighting the importance of ENDS nicotine delivery 

capability. In the 0 mg/mL and cigarette substitute groups there was little change in tobacco-

related toxicant exposure. Study product use declined during the intervention period but did 

not differ significantly between ENDS groups. Serious adverse events that occurred during 

the trial were judged not related or not likely to be related to study product use. These 

findings are consistent with previous randomised, controlled trial results regarding the 

ability of ENDS to reduce tobacco smoke toxicant exposure with few safety concerns.6–9

To our knowledge, the demonstration of ENDS nicotine delivery profile or dose-related 

effects on toxicant exposure is unique to this study. Greater effects for nicotine-containing 
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ENDSs compared with placebo ENDSs have been noted among other randomised trials,
3,4,25,26 but only two have tested differences in tobacco smoke exposure and behaviour 

between two active ENDS nicotine concentrations, with few or no significant differences 

noted.10,27 The use of ENDS conditions with known nicotine delivery profiles strengthens 

our study conclusions regarding nicotine dose-related effects similar to that observed for 

nicotine replacement therapy for cessation-related outcomes28 (ie, benefits of combination 

nicotine replacement therapy using the patch and a fast-acting form and higher-dose [21 mg] 

nicotine patches). Our findings also highlight the importance of characterising ENDS 

nicotine delivery before testing in a trial. Importantly, because ENDS nicotine delivery is a 

function of the interaction between device design, liquid constituents, and user behaviour,29 

simply putting 36 mg/mL liquid nicotine into any ENDS is not sufficient to ensure a 

cigarette-like nicotine delivery profile. Indeed, some ENDS device and liquid combinations 

might use lower or higher power, or lower or higher liquid nicotine concentration, to obtain 

what this study reveals as a potentially crucial component of using ENDSs effectively as a 

harm-reduction strategy: cigarette-like nicotine delivery.

A limitation of our study was participant attrition. To mitigate bias, we used multiple 

imputation,30 did sensitivity analyses to detect any underlying patterns in missing data, and 

examined the influence of adjustment for baseline covariates. Another limitation was that 

study product use declined during the trial, and use of other nicotine or tobacco products 

during the intervention was discouraged but possible. However, we asked about product use 

at each visit and did not penalise non-compliance. In addition, as previous ENDS use was 

not an exclusion criterion, it is possible that participants assigned to an ENDS might have 

guessed their condition assignment, particularly in the 0 mg/mL nicotine group due to the 

absence of oral or throat sensations or other physiological effects. Perceived condition-

related effects or absence of such effects could have influenced tobacco use behaviours and 

related toxicant exposure. Individuals assigned to ENDS conditions were also restricted to 

tobacco or menthol flavoured liquid for the duration of the trial; inability to switch or vary 

liquid flavours as well as other less user-friendly features of the ENDS or cartomiser used 

might have decreased the likelihood for these study products to substitute for cigarettes most 

effectively. There was inconsistency between self-reported cigarette consumption, which 

was lower in all groups, and urinary total NNAL (lower in the 36 mg/mL nicotine group 

only) and exhaled CO (primarily lower in the 8 mg/mL and 36 mg/mL groups). Nonetheless, 

sustained reductions in cigarette smoking among those assigned to 36 mg/mL (58% 

reduction at week 24 compared with baseline; 7·43 cigarettes per day at week 24 vs 17·76 at 

baseline) were accompanied by significant reductions in urinary total NNAL (46% 

reduction; 210∙80 pg/mg creatinine at week 24 vs 389·13 pg/mg creatinine at baseline) and 

exhaled CO (23% reduction; 16·93 ppm at week 24 vs 21·94 ppm at baseline). Thus, despite 

participant attrition and reduced study product use over time, condition-related toxicant 

exposure reductions persisted. The participants in this trial also attended numerous visits and 

received encouragement to reduce their cigarette smoking. It is therefore unclear if these 

results would also apply to smokers using ENDSs for cigarette reduction without such 

support. Lastly, study participants were daily smokers who were interested in smoking 

reduction but not quitting, and they did not have unstable medical or psychiatric conditions. 
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Given that smokers are disproportionately affected by mental health problems, these 

population characteristics might limit generalisability to the wider population of smokers.

There are concerns from some in the public health and scientific community that many 

smokers who try ENDSs continue to smoke cigarettes at the same time, referred to as dual 

use. One of the main concerns is that dual use might result in greater exposure to nicotine 

and other harmful toxicants found in cigarette smoke and ENDS aerosol. Our results are 

somewhat reassuring on this point, as we found no evidence of greater nicotine, NNAL, 

exhaled CO exposure, or serious adverse events among participants practicing dual use 

while trying to reduce their cigarette consumption.

In this trial, where smoking reduction was encouraged over 24 weeks with multiple visits 

and assessments, we found that an ENDS was most likely to help smokers reduce toxicant 

exposure and cigarette consumption when it was capable of delivering nicotine at levels 

similar to that of a cigarette. The pattern of adverse events and toxicant exposure suggests 

there is little basis for concern regarding the use of these ENDS and liquid nicotine 

combinations over 24 weeks, even when participants also smoked cigarettes. Future ENDS 

trials should involve products with well characterised nicotine delivery, including ENDSs 

with nicotine delivery approaching that of a cigarette.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

A systematic search of all available electronic nicotine delivery system (ENDS) literature 

was done by the Committee on the Review of the Health Effects of Electronic Nicotine 

Delivery Systems organised by the National Academies of Sciences, Engineering, and 

Medicine in 2017. On the subject of harm reduction, the committee identified studies that 

prospectively evaluated changes in health outcomes (including toxicant exposure) among 

smokers who completely switched from cigarettes to ENDS use (15 longitudinal 

observational studies or crossover experimental studies) and among concurrent cigarette 

and ENDS users (two longitudinal observational studies, one laboratory study, and one 

cross-sectional study). The committee concluded that there was conclusive evidence that 

use of an ENDS as complete substitute for cigarettes reduces exposure to cigarette-

associated toxicants and carcinogens. Dual cigarette and ENDS use was not associated 

with smoking fewer cigarettes compared with smoking cigarettes only, but there was 

some indication that ENDS use could help maintain smoking reduction. To add to this 

previous evidence, we sought to identify studies that more closely approximated our 

study design (randomised controlled trials) and evaluated toxicant exposure and smoking 

behaviour outcomes. On Sept 25, 2020, we searched MEDLINE using the same 

keywords as the previous committee search: “e-cig*”, “ecig*”, “electronic nicotine*”, 

“electronic cigarette*”, “vape*”, “vaper*”, “vaping*”, and “e-liquid*” with the additional 

criteria of “randomized controlled trial” (publication type).

We identified 137 articles, of which 19 were trials that involved ENDS provision under 

non-acute or laboratory conditions and assessed tobacco-related toxicant exposure or 

smoking behaviour. Few of the studies involved large samples (four studies had >500 

participants) or extended ENDS provision (eight studies had ≥12 weeks), and among this 

subset, all studies measured changes in smoking behaviour but only one reported ENDS-

associated changes in tobacco-related toxicant exposure other than exhaled CO. In this 

latter trial, daily smokers were randomly assigned to use either a 3·0–4·2 voltage ENDS 

loaded with 2·0% nicotine cartridges (and asked to avoid cigarettes, although smoking 

was permitted) or their preferred brand of cigarettes for 12 weeks with periodic in-person 

assessments. Urinary total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) was 

significantly lower in the ENDS group compared with the cigarette group at 4, 8, and 12 

weeks of follow-up. Compliance in the ENDS group was relatively high with 123 (40%) 

of 306 participants meeting the criteria of reporting no cigarettes smoked via diary and 

having exhaled CO ≤8 ppm) on 80% or more of study days. Thus, this report showed that 

use of a nicotine-containing ENDS was associated with reduced exposure to tobacco-

related toxicants among smokers who were fairly intervention adherent. Across many 

randomised trials, ENDS use has been associated with smoking cessation or reduction 

and with decreases in exhaled CO. Several reports aimed to address the role of ENDS 

nicotine content on measures of smoking behaviour change and exposure with some 

suggestion that a nicotine-containing ENDS can increase rates of smoking cessation or 

reduction compared with a nicotine-free or placebo ENDS. Often these comparisons have 

not found differences by ENDS nicotine content. Crucially, there are few data on nicotine 
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delivery profile for the majority of nicotine-containing ENDSs that have been tested in 

these trials, which further challenges the interpretation of the role of ENDS nicotine 

content.

Added value of this study

This study addresses the need for a large-scale randomised, controlled trial of an ENDS 

with known nicotine delivery capability. Our study design builds on specific gaps in the 

literature including the use of an extended intervention period (24 weeks), multiple 

tobacco-related biomarkers of exposure (urinary total NNAL, urinary cotinine, and 

exhaled CO), ENDS conditions with varying nicotine delivery profile, and a non-nicotine 

and non-aerosol control condition (cigarette substitute). Our ability to make comparisons 

between groups and across time on multiple outcome measures strengthens our 

conclusion that an ENDS with cigarette-like nicotine delivery is more effective than an 

ENDS with lower nicotine in reducing tobacco-related toxicant exposure or cigarette 

consumption. This information is crucial to inform future studies and randomised trials 

aiming to test ENDS-related effectiveness in smokers and for regulators considering the 

effect of restrictions on ENDS-related nicotine content or delivery.

Implications of all the available evidence

Previous trials and our findings indicate that ENDSs with nicotine can help some 

smokers cease or reduce their smoking and associated toxicant exposure. This study 

suggests that an ENDS with cigarette-like nicotine delivery might provide greater 

benefits than an ENDS with lower nicotine delivery for smokers interested in behaviour 

change under specific conditions. Future studies should use ENDSs with well 

characterised nicotine delivery to allow for more informed public health and regulatory 

recommendations.

Cobb et al. Page 17

Lancet Respir Med. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Trial profile
ENDS=electronic nicotine delivery system. NNAL=4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanol.
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Figure 2: Biomarkers of tobacco-related exposure
(A) Urinary total NNAL over time. (B) Urinary cotinine over time. ENDS=electronic 

nicotine delivery system. NNAL=4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol. Analyses 

were unadjusted. Estimates with 95% CI were obtained via back-transformation to the 

original scale following Box-Cox transformation and multiple imputation. Filled symbols 

indicate a significant difference relative to week 0 within that group (Bonferroni correction 

α=0·017; three comparisons with week 0 were done for each group). Six between-group 

comparisons were done at each timepoint (Bonferroni correction α=0·0083); asterisks 
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indicate a significant difference relative to the cigarette substitute group for that group at that 

timepoint.
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Figure 3: Exhaled CO and cigarettes smoked per day
(A) Exhaled CO over time. (B) Number of cigarettes smoked per day over time (average of 

the previous 7 days). ENDS=electronic nicotine delivery system. ppm=parts per million. 

Analyses were unadjusted and represent estimated means with 95% CI following multiple 

imputation. Filled symbols indicate a significant difference relative to week 0 within that 

group (Bonferroni correction α=0·0063; eight comparisons with week 0 were done for each 

group). Six between-group comparisons were done at each timepoint (Bonferroni correction 

α=0·0083); asterisks indicate a significant difference relative to the cigarette substitute group 
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for that group at that timepoint; number signs indicate a significant difference relative to the 

0 mg/mL group for that group at that timepoint.
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