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Smoking in pregnancy increases the risk of adverse birth out-
comes such as low birthweight, placental abruption, preterm 
birth, miscarriage and neonatal or sudden infant death1–4. The 

need to identify stop-smoking interventions that help pregnant 
women who smoke is made even more urgent by the fact that the 
link between smoking and socioeconomic disadvantage is particu-
larly strong in women who are pregnant5.

To date, two stop-smoking medications have been tested with 
pregnant women who smoke. Nine placebo-controlled trials evalu-
ated the efficacy of nicotine replacement therapy (NRT)6–14 and 
two trials evaluated bupropion15,16, showing only limited effects for 
NRT and no effect for bupropion17. These results could be due to 
low treatment adherence and, in the case of NRT, also to limited 
nicotine delivery. Nicotine is metabolized faster in pregnant women 
who smoke than in women who smoke and are not pregnant, and 
standard NRT dosing might be too low8,18–21.

Electronic cigarettes (e-cigarettes) are devices that deliver nico-
tine and flavorants in an aerosol that is created by heating propylene 
glycol and vegetable glycerol22. E-cigarettes can be seen as a form 
of NRT, although they are a consumer rather than pharmaceutical 
product. E-cigarettes may have several potential advantages over 
traditional NRT products, such as nicotine patches and gum, in that 

they enable individuals who smoke to titrate nicotine intake to their 
needs, select flavors they like, and retain a degree of enjoyment that 
they previously obtained from smoking22–26. E-cigarettes are more 
popular than traditional NRT products among people who are try-
ing to stop smoking27,28, and the first few trials comparing the two 
treatments in non-pregnant participants suggest that e-cigarette 
are more effective than NRT for aiding smoking cessation29,30. The 
use of e-cigarettes as a quitting aid has also increased in pregnant 
women who smoke31–33, although the efficacy and safety of such use 
is unknown.

The use of e-cigarettes in women who are pregnant raises simi-
lar concerns about the potential harmful effects of nicotine on the 
developing fetus to those regarding the use of nicotine patches or 
chewing gum. The use of medicinal NRT products to help preg-
nant women to stop smoking is approved in a number of countries 
because although NRT contains nicotine, tobacco smoke also con-
tains many other toxins with documented teratogenic effects34–39. 
The evidence that nicotine is teratogenic is also only available from 
animal studies36. It is currently not clear whether nicotine has det-
rimental effects in pregnancy when used at doses consumed by 
humans who smoke. Two recent reviews concluded that existing 
data do not provide clear evidence on whether the use of NRT during  
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pregnancy is harmful to the fetus1,40. Given that the issue has not 
been definitively settled, and given that e-cigarette aerosol contains 
other chemicals in addition to nicotine41, objective data on preg-
nancy outcomes in women who switch from smoking to e-cigarette 
use are urgently needed.

Here, we compare the efficacy and safety of e-cigarette and NRT 
patches when used to help pregnant women who smoke to attain pro-
longed abstinence from smoking in a randomized controlled trial.

Results
Recruitment took place between 11 January 2018 and 7 November 
2019. Participants were recruited from 23 hospital sites across 
England and one National Health Service Stop Smoking Service in 
Scotland. Participant characteristics are listed in Table 1. Participants 
had a median age of 27 years, smoked 10 cigarettes per day, and were 
on average 15.7 weeks pregnant. The profiles of participants in the 
two study arms were similar. Figure 1 shows the flow of participants 
through the trial. We were able to establish self-reported smoking 
status at the end of pregnancy, via direct contact or hospital records, 
in 531 (93%) and 516 (91%) participants in the e-cigarette and NRT 
arms, respectively.

Primary outcome. Useable saliva samples were obtained from 108 
of 196 self-reported abstinent participants at the end of pregnancy 
(55.1%; 66 in the e-cigarette arm and 42 in the NRT arm). Of those 
providing saliva samples, 13 also provided a carbon monoxide 
reading, while seven participants provided carbon monoxide read-
ings only.

Due to the low return of saliva samples, validated prolonged 
abstinence rates in the intention-to-treat analysis were low (39 of 
571 (6.8%) versus 25 of 569 (4.4%) in the e-cigarette and NRT arms, 
respectively) and did not differ significantly between the two study 
arms (Table 2, Bayes factor = 2.69, indicating that the data are insen-
sitive). Pre-specified per-protocol and multiple-imputation analyses 
yielded similar results, but in the pre-specified sensitivity analysis 
excluding abstinent participants who regularly used non-allocated 
products, the difference between the two study arms was sig-
nificant (39 of 571 (6.8%) versus 20 of 569 (3.6%), Table 2, Bayes 
factor = 10.0).

Secondary outcomes. Relative risk (RR) favored the e-cigarette arm 
to a similar extent for self-reported abstinence (63 of 571 (11.0%) 
in the e-cigarette arm versus 44 of 569 (7.7%) in the NRT arm; 
P = 0.06) and for validated point prevalence abstinence at the end of 
pregnancy (58 of 571 (10.2%) in the e-cigarette arm versus 40 of 569 
(7.0%) in the NRT arm; P = 0.06) (Table 2). Statistical significance 
was reached, however, only for self-reported abstinence at 4 weeks 
(89 of 571 (15.6%) in the e-cigarette arm versus 61 of 569 (10.7%) 
in the NRT arm; RR = 1.45, 95%CI: 1.07–1.97, P = 0.02) and for 
self-reported point prevalence abstinence at the end of pregnancy 
(118 of 571 (20.7%) in the e-cigarette arm versus 78 of 569 (13.7%) 
in the NRT arm; RR = 1.51, 95%CI: 1.16–1.96, P = 0.002).

In a pre-specified sensitivity analysis we excluded abstinent par-
ticipants who used non-allocated products. Of the participants who 
self-reported point prevalence abstinence at the end of pregnancy, 
six in the e-cigarette arm and 25 in the NRT arm were regularly 
using non-allocated products (Supplementary Table 1). The differ-
ences between the two study arms in this sensitivity analysis were 
significant for all outcomes: self-reported abstinence at 4 weeks (88 
of 570 (15.4%) in the e-cigarette arm versus 48 of 556 (8.6%) in the 
NRT arm; P = 0.001), self-reported prolonged abstinence at the end 
of pregnancy (61 of 569 (10.7%) in the e-cigarette arm versus 31 of 
556 (5.6%) in the NRT arm; P = 0.002), validated abstinence at the 
end of pregnancy (56 of 569 (9.8%) in the e-cigarette arm versus 29 
of 558 (5.2%) in the NRT arm; P = 0.004) and self-reported point 
prevalence abstinence at the end of pregnancy (112 of 565 (19.8%) 

in the e-cigarette arm versus 53 of 544 (9.7%) in the NRT arm; 
P < 0.001) (Table 2).

There was no difference between the study arms in the propor-
tion of non-abstaining women with validated reduction of smok-
ing at the end of pregnancy by at least 50% compared with baseline  
(12 of 453 (2.7%) in the e-cigarette arm versus 12 of 491 (2.4%) in 
the NRT arm; P = 0.84). Self-reported smoking reduction was sig-
nificantly more frequent in the e-cigarette arm than in the NRT arm 
(192 of 453 (42.4%) in the e-cigarette arm versus 166 of 491 (33.8%) 
in the NRT arm; P = 0.007) (Supplementary Table 2).

Table 3 lists the data on treatment adherence in the two study 
arms. Approximately 30% of participants did not set a target quit 
date, and this proportion was similar in the two study arms. The 
uptake of support phone calls was low in both study arms. Product 
use was initially also low in both study arms but higher in the 
e-cigarette arm. More participants in both arms used their prod-
ucts during pregnancy, with use higher in the e-cigarette arm, in 
which one-third of the participants used e-cigarettes at the end of 
pregnancy.

Table 3 also lists the data on product use during the study. 
Regarding the current use of any nicotine product (allocated or 
unallocated) at the end of pregnancy by participants self-reporting 
point prevalence abstinence from smoking, 58 of the 118 abstinent 
participants in the e-cigarette arm (49.2%) reported using a nico-
tine product (57 allocated and 1 non-allocated) while 15 of the 78 
abstinent participants in the NRT arm (19.2%) reported such use (5 
allocated, 8 non-allocated and 2 both) (χ2(1 d.f.) = 18.0, P < 0.001).

Of the 238 participants in the NRT arm who reported  
using NRT since the last support call, 236 (99.2%) used patches, 

Table 1 | Baseline sample characteristics

E-cigarettes 
(n = 571)

NRT (n = 569)

Age (years), median (IQR) 26.6 (22.5–30.9) 27.3 (23.6–31.1)

Education, n (%)

 Primary and secondary school 229 (40.1) 234 (41.1)

 Further education 288 (50.4) 273 (48.0)

 Higher education 54 (9.5) 62 (10.9)

Employed, n (%) 274 (48.0) 257 (45.2)

Ethnicity, n (%)

 White British 513 (89.8) 495 (87.0)

 Other 58 (10.2) 74 (13.0)

Cigarettes per day, median 
(IQR)

10 (7–15) 10 (7–15)

FTCD score, mean (s.d.) 4.0 (2.1) 4.3 (2.1)

Cotinine (ng ml−1) median 
(IQR)a

111 (75.8–165) 118 (73.9–176)

Lives with person who smokes, 
n (%)

342 (59.9) 328 (57.6)

Past treatment, n (%)b

 Champix 69 (12.1) 79 (13.9)

 NRT 268 (46.9) 273 (48.0)

 Zyban 7 (1.2) 5 (0.9)

 None 272 (47.6) 267 (46.9)

Tried e-cigarettes in the past, 
n (%)

288 (50.4) 267 (46.9)

FTCD, Fagerstrom test of cigarette dependence. aE-cigarettes, n = 529; NRT, n = 531 (cotinine at 
baseline was missing for 80 participants (7.0%), 53 due to insufficient samples and 27 due to loss 
at the hospital or in the mail). bMore than one treatment could be selected.

NaTURE MEDICINE | VOL 28 | MAy 2022 | 958–964 | www.nature.com/naturemedicine 959

http://www.nature.com/naturemedicine


Articles Nature MediciNe

including 16 who used a combination of patches with other NRT 
products; one used only an inhaler and one used only mouth spray. 
Of 351 patch products dispensed by the study team, only 29 (8.3%) 
were for 10 mg nicotine patches, while the rest were for the 15 mg 
nicotine patches.

The 344 participants in the e-cigarette arm who used e-cigarettes 
during at least one of the initial 4 weeks almost exclusively used 
refillable e-cigarettes (94.2%) (Supplementary Table 3). Most used 
e-cigarette liquids with a higher nicotine content (11–20 mg ml−1) 
and with tobacco and fruit flavors. For the 244 participants who 
provided information on their products at 4 weeks and at the end 
of pregnancy, the nicotine concentration in their e-cigarette liq-
uids decreased significantly over time (Bhapkar χ2(2 d.f.) = 32.0, 
P < 0.001).

Safety data were available from 1,110 of the 1,140 women in the 
study (97.4% of the sample; 556 of 571 in the e-cigarette arm versus 
554 of 569 in the NRT arm, 97.4% in each arm). A total of 39 partici-
pants (20 in the e-cigarette arm and 19 in the NRT arm) delivered 
infants at non-study sites and no data were available on birthweight 
for 10 of them and on gestational age and birthweight for 29. Two 
women (one in each arm) had an elective termination and were 
excluded from the analyses. There were 1,095 singleton births and 
13 pairs of twins (9 pairs in the e-cigarette arm and 4 pairs in the 
NRT arm).

Regarding the singleton births, the mean birthweight and rates 
of adverse birth outcomes were similar in the two study arms, 
apart from the NRT arm having more infants with low birthweight  
(52 of 541 (9.6%) in the e-cigarette arm versus 80 of 541 (14.8%) in 
the NRT arm) (Table 4, Bayes factor = 10.3). The analysis including 
twins did not change these results (Supplementary Table 4).

Rates of other adverse events were also similar in the two groups 
(Supplementary Table 5). Adverse reactions related to the study 
products consisted primarily of skin irritation and nausea in the 
NRT arm, and cough and throat irritation in the e-cigarette arm 
(Supplementary Table 5).

The overall number of serious adverse events and adverse events 
was 476 in the e-cigarette arm and 479 in the NRT arm. The num-
ber of participants with any serious adverse events or adverse events 
was 285 in the e-cigarette arm and 292 in the NRT arm (RR = 0.97, 
95%CI: 0.87–1.09, Supplementary Tables 5 and 6).

Discussion
In the primary analysis, prolonged validated abstinence rates in the 
two study arms were not significantly different. Safety outcomes 
were similar in the two study arms, apart from low birthweight 
(<2,500 g), which was less frequent in the e-cigarette arm.

Although the two study arms did not differ in the unadjusted 
primary analysis, in a pre-specified sensitivity analysis excluding 
abstinent participants who regularly used non-allocated products, 
e-cigarettes were significantly more effective than NRT. This sensi-
tivity analysis may have overestimated the treatment effect if some 
‘switchers’ had succeeded even if they did not use non-allocated 
products, but other approaches to controlling for different rates 
of unallocated product use in the two study arms are challenging 
(Methods).

One limitation of our study is that the biochemical validation of 
abstinence via posted saliva samples proved challenging. Validation 
results were available from only about half of the self-reported 
abstinent participants. Asking women who are in late pregnancy or 
who are looking after a newborn infant to self-sample and post the 
samples back generated limited response. Some samples also had an 
insufficient volume for the analysis and some participants who were 
abstinent during pregnancy were reached only after delivery, when 
they had returned to smoking, and therefore validation could not be 
done. During the follow-up study period, the COVID-19 lockdown 
further reduced the rate of sample return, although not substan-
tively. These factors resulted in low validated quit rates and reduced 
the power to detect a difference between the two study arms. Future 
studies may consider shorter follow-up windows and aim to collect 
validation samples in person.

Study results might also have been affected by an external event 
that occurred during the trial. In 2019 there was an outbreak of a 
lung disease in young vapers in the United States. This was termed 
‘e-cigarette or vaping product use-associated lung injury’ (EVALI) 
and although it was eventually traced to the addition of vitamin E 
acetate to local illicit marijuana products42,43, it was widely reported 
internationally, including in the United Kingdom, as being related 
to nicotine vaping44. Anecdotal evidence from follow-up calls sug-
gested that the media warning about the dangers of e-cigarettes 
use led some participants to stop using e-cigarettes and return  
to smoking.

13,351 women were invited to the study

12,203 were not randomized
6,073 declined to participate 

6,130 did not meet inclusion criteria 

8 found ineligible after randomization and
were withdrawn

571 included in intention-to-treat analysis 

55 lost to follow-up  

1 withdrew consent prior to EOP

571 assigned to e-cigarette arm 

69 lost to follow-up  

5 withdrew consent prior to EOP

569 assigned to nicotine replacement therapy arm 

569 included in intention-to-treat analysis  

1,140 randomized and included

Fig. 1 | Participants flow. Diagram of the flow of participants through the trial. Participants were recruited from 23 hospital sites in England and from one 
NHS Stop Smoking Service in Scotland.
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Treatment adherence and overall abstinence rates were low, 
as in other studies of smoking cessation in pregnancy6,9,11,13,14,45,46. 
Compared with other individuals who smoke, women who wish to 
stop but are still smoking at 12 weeks of gestation are likely to have 
higher nicotine dependence and experience more severe withdrawal 
symptoms and cravings than other adults47. They may also have 
more uncertain motivation and/or competing priorities. Almost 
30% of the participants did not set up a quit date, completion of sup-
port sessions was low, and only 40% and 23% used their products 
for at least 4 weeks in the e-cigarette and NRT arms, respectively. A 
substantial proportion of participants may thus not have made suf-
ficient use of the support that was offered to benefit from it.

Within the relatively low treatment uptake, the use of e-cigarettes 
was higher and of longer duration than the use of NRT. This is 
despite the fact that the cost to participants favored NRT, given that 

it was provided free of charge, while in the e-cigarette arm the par-
ticipants had to pay for their own e-cigarette supplies after the initial 
provision. This advantage, however, could have been mitigated by 
participants needing a prescription for NRT but not for e-cigarettes. 
The finding of better use of e-cigarettes tallies with e-cigarettes 
being a more popular aid to stopping smoking than NRT among 
people who smoke at the population level27. It is worth noting that 
although the cost to participants was higher for e-cigarettes, the cost 
to treatment providers was higher for NRT.

There are several other limitations to the generalization of the 
study findings. Participants may have had different expectations 
regarding the two study products, although their previous expe-
rience with e-cigarettes and NRT was similar (~50% have tried 
each product previously). We tried to mitigate this potential bias 
by including only participants who were willing to use either 

Table 2 | Smoking cessation outcomes

E-cigarettes 
(n = 571)

NRT 
(n = 569)

RR (95%CI)a

Primary outcome

Validated prolonged abstinence at EOP, n (%) 39 (6.8) 25 (4.4) 1.55 (0.95–2.53) P = 0.08

Sensitivity analyses

Per protocol, n (%) (n = 483 and 382, respectively) 39 (8.1) 23 (6.0) 1.34 (0.82–2.21) P = 0.25

Multiple imputation (%) (9.9) (7.1) 1.39 (0.90–2.14) P = 0.13

Abstinent participants using non-allocated products excluded, n (%) (n = 571 and 564, 
respectively)

39 (6.8) 20 (3.6) 1.93 (1.14–3.26) P = 0.02

Secondary outcomes

Self-reported abstinence at 4 weeks, n (%) 89 (15.6) 61 (10.7) 1.45 (1.07–1.97) P = 0.02

Self-reported prolonged abstinence at EOP, n (%) 63 (11.0) 44 (7.7) 1.43 (0.99–2.06) P = 0.06

Validated PP abstinence at EOP, n (%) 58 (10.2) 40 (7.0) 1.44 (0.98–2.13) P = 0.06

Self-reported PP abstinence at EOP, n (%) 118 (20.7) 78 (13.7) 1.51 (1.16–1.96) P = 0.002

Sensitivity analyses with exclusion of abstinent participants using non-allocated products

Self-reported abstinence at 4 weeks, n (%) (n = 570 and 556, respectively) 88 (15.4) 48 (8.6) 1.79 (1.28–2.49) P = 0.001

Self-reported prolonged abstinence at EOP, n (%) (n = 569 and 556, respectively) 61 (10.7) 31 (5.6) 1.92 (1.27–2.92) P = 0.002

Validated PP abstinence at EOP, n (%) (n = 569 and 558, respectively) 56 (9.8) 29 (5.2) 1.89 (1.23–2.92) P = 0.004

Self-reported PP abstinence at EOP, n (%) (n = 565 and 544, respectively) 112 (19.8) 53 (9.7) 2.03 (1.50–2.76) P < 0.001

EOP, end of pregnancy; PP, point prevalence. aRelative risk obtained using a binomial regression with a logarithmic link with two-sided P values. Bold, statistically significant results.

Table 3 | Treatment adherence

E-cigarettes (n = 571) NRT (n = 569) RR (95%CI)a

TQD set, n (%) 418 (73.2) 394 (69.2) 1.06 (0.98–1.14) P = 0.14

Support sessions completed, median (IQR) 1 (0–3) 1 (0–2) 0 (−0.31 to 31)b P = 1.00

Allocated product use, n (%)

Did not use allocated product at all 88 (15.4) 184 (32.3) 0.48 (0.38–0.60) P < 0.001

Request after the initial 2 week supply 315 (55.2) 207 (36.4) 1.52 (1.33–1.73) P < 0.001

Current use at 4 weeks 228 (39.9) 128 (22.5) 1.78 (1.48–2.13) P < 0.001

Regular use during studyc 438 (76.7) 292 (51.3) 1.49 (1.36–1.64) P < 0.001

Current use at end of pregnancy 193 (33.8) 32 (5.6) 6.01 (4.21–8.58) P < 0.001

Non-allocated product use, n (%)

Current use at 4 weeks 11 (1.9) 56 (9.8) 0.20 (0.10–0.37) P < 0.001

Regular use during studyc 16 (2.8) 101 (17.8) 0.16 (0.09–0.26) P < 0.001

Current use at EOP 4 (0.7) 49 (8.6) 0.08 (0.03–0.22) P < 0.001

EOP, end of pregnancy; TQD, target quit date. Bold, statistically significant results. aRelative risk obtained using a binomial regression with a logarithmic link with two-sided P values. bMedian difference 
(95%CI). cUsed for 5+ days during the first 4 weeks or at end of pregnancy, using currently or have used regularly for at least 1 week or occasionally for at least 3 weeks.
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product and by avoiding any indication that one product may 
be superior to the other in the information to participants, but 
despite these provisions more participants in the NRT arm never 
started product use. Engagement with treatment could also affect 
the response to follow-up calls. More participants in the NRT 
arm answered the follow-up calls only after delivery, although 
the difference did not reach statistical significance and the time 
lapse between delivery and follow-up was shorter in the NRT arm 
(Supplementary Table 7). Participants received several support 
calls throughout the study period. Although the completion rate 
of the calls was low, the results may not be able to be general-
ized to settings in which no support is available. Regarding the 
blinding at follow-up calls, different teams conducted the support 
and follow-up calls but they occasionally covered for each other. A 
possibility of a re-contact cannot be ruled out, but in a trial with 
a large sample conducted over a period of more than 2 years, it 
would be unlikely that researchers would be able to recall par-
ticipants’ names or their allocation. Participants almost exclu-
sively used refillable e-cigarettes with a maximum of 20 mg/ml  
nicotine, given that higher nicotine concentrations are banned in 
the EU. Hence, the results may not be able to be generalized to 
modern pod e-cigarettes products with higher nicotine delivery. 
The NRT arm used nicotine patches almost exclusively. In studies 
that excluded pregnant women who smoked, the combination of 
patches with other NRT products was shown to be more effective 
than the use of a single NRT48.

Regarding safety outcomes, significantly more infants had low 
birthweight (<2,500 g) in the NRT arm. This could be a chance find-
ing, but in a previous large study that compared nicotine and placebo 
patches, the nicotine arm had better birth and infant outcomes than 
the placebo arm throughout 2 years after delivery49. Both findings 
could be due to a larger reduction in smoking in the study arms with 
the more favorable safety outcomes. There were more congenital 
abnormalities in children in the e-cigarette arm, but the difference 
between the study arms was not significant. The overall incidence 
of adverse effects in the two study arms was similar. The findings do 

not suggest that e-cigarette use in pregnancy poses larger risks than 
the use of NRT, despite the fact that e-cigarettes were more likely to 
be used and were used for longer periods than NRT.

Adverse reactions linked to the study products consisted primar-
ily of skin irritation and nausea in the NRT arm and throat irrita-
tion and cough in the e-cigarette arm. E-cigarettes might have been 
more acceptable to pregnant women who smoke given that more 
participants interrupted product use due to adverse reactions in the 
NRT arm.

The study data may contribute to our understanding of the 
effects of nicotine on its own in later pregnancy. In animal stud-
ies, nicotine dosing in pregnancy generated a range of serious detri-
mental effects50–52 but it is unclear whether this applies to the doses 
of nicotine and dosing schedules that are used by humans53. One 
report found a higher prevalence of low birthweight and preterm 
birth in women who used e-cigarettes compared with those who 
did not, but the sample of women not using e-cigarettes comprised 
almost exclusively of participants who never smoked, while women 
who did use e-cigarettes are likely to have smoked at some stage 
during pregnancy54. Another cohort study that compared pregnant 
women who smoked and who switched completely to e-cigarette 
use with both those who did not smoke and those who did found 
that the birthweight of infants of mothers who used e-cigarettes 
matched that of infants of mothers who did not smoke and was 
higher than in infants of mothers who did smoke55. In this trial, 
mean birthweight was the same in both study arms, despite the 
higher use of nicotine products in the e-cigarette arm, and the inci-
dence of low birthweight (<2,500 g) was actually higher in the NRT 
arm. Nicotine in late pregnancy thus did not seem to have con-
tributed to restricted prenatal growth caused by smoking, but the 
finding does not encompass nicotine use in early pregnancy, given 
that all participants were smoking in the first trimester. Nicotine 
may also pose other risks, and e-cigarettes deliver other chemi-
cals. A cross-sectional cohort study compared Neonatal Behavioral 
Assessment Scale scores in women who did not smoke, women who 
smoked, and those who switched to e-cigarettes, and reported a 

Table 4 | Birth outcomes in the two study arms

E-cigarettes (n = 546)a,b NRT (n = 549)a,b RR (95% CI)c

Miscarriage, n (%) 2 (0.4) 3 (0.6) 0.67 (0.11–4.00) P = 0.66

Stillbirth, n (%) 2 (0.4) 0 (0) NC

Neonatal death, n (%) 2 (0.4) 3 (0.6) 0.67 (0.11–4.00) P = 0.66

Post-neonatal death, n (%) 0 3 (0.6) NC

Maternal death, n (%) 0 0 NC

Preterm birth, n (%) 46 (8.4) 63 (11.5) 0.73 (0.51–1.05) P = 0.09

Low birthweight, n (%) (n = 541 and 541, respectively) 52 (9.6) 80 (14.8) 0.65 (0.47–0.90) P = 0.01

NICU admission, n (%) 51 (9.3) 46 (8.4) 1.11 (0.76–1.63) P = 0.58

Congenital abnormalities, n (%)d 25 (4.6) 15 (2.7) 1.68 (0.89–3.14) P = 0.11

Terminations, n (%)

 Due to congenital abnormalities 1 (0.2) 2 (0.4) 1.51 (0.25–9.00) P = 0.65

 Due to premature rupture of membranes 2 (0.4) 0 NC

Number of women with adverse birth outcomes, n (%) 112 (20.5) 119 (21.7) 0.95 (0.75–1.19) P = 0.64

Delivery by cesarean section, n (%) 131 (24.0) 148 (27.0) 0.89 (0.73–1.09) P = 0.26

Gestational age (weeks), mean (s.d.)
(n = 545 and 547, respectively)

38.4 (3.0) 38.2 (3.1) 0.23 (−0.14 to 0.59)e

P = 0.22

Birthweight (kg), mean (s.d.)
(n = 541 and 541, respectively)

3.1 (0.60) 3.1 (0.62) 0.03 (−0.04 to 0.10)e

P = 0.45

NC, not calculated; NICU, neonatal intensive care unit. Bold, statistically significant results. aParticipants are included more than once if they had more than one event. bSingleton births only. cRelative 
risk obtained using a binomial regression with a logarithmic link with two-sided P values. dTwo infants in the e-cigarette arm and one in the NRT arm had two congenital abnormalities. eMean difference 
(95%CI).
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greater number of abnormal reflexes in infants of both women who 
smoked and those who used e-cigarettes compared with those of 
women who did not smoke56. This could be related to differences 
between smoking and non-smoking mothers, or to tobacco expo-
sure in early pregnancy, but could also be due to nicotine exposure.

Given the questions that remain about the potential risks of nico-
tine in pregnancy, stopping smoking without nicotine-containing 
aids is preferable to switching to such products. Only when 
the choice is between using nicotine products such as NRT or 
e-cigarettes or continuing to smoke, the use of NRT or e-cigarettes 
would be the recommended option.

As noted above, the much higher post-smoking-cessation nico-
tine use in the e-cigarette arm did not seem to affect birth outcomes. 
As in previous studies30,57, the women who used e-cigarettes were 
also reducing the nicotine content of their e-cigarettes over time. 
However, if e-cigarette use were to persist in the long term, it is 
likely to carry some health risks58, as well as maintaining nicotine 
dependence. In this scenario, e-cigarettes would represent a harm 
reduction approach. It is also not known whether, over an extended 
time period, e-cigarette use has positive or negative effects on the 
quality of life of ex-smokers and their rates of relapse. Longitudinal 
studies following up comparable cohorts of ex-smokers who do and 
do not use e-cigarettes are needed to provide this information.

In summary, in the unadjusted primary analysis there was 
insufficient evidence to confidently demonstrate that e-cigarettes 
are more effective than NRT in helping pregnant women to stop 
smoking. The effects of e-cigarettes appear to have been masked by 
e-cigarette use in the NRT arm. When abstinent participants using 
non-allocated products were excluded, e-cigarettes were markedly 
more effective than patches in all abstinence outcomes. The safety 
data provide some reassurance that for pregnant women who are 
unable to stop smoking unaided, e-cigarettes do not seem to pose 
more risk to birth outcomes assessed in this study than nicotine 
patches and may reduce the incidence of low birthweight.
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Methods
Participants. The inclusion criteria included pregnancy (12–24 weeks of gestation), 
smoking daily, wanting help with stopping smoking, having no strong preference 
for NRT or e-cigarettes, and agreeing to use only the allocated stop-smoking 
product (and not the non-allocated product) for at least the first 4 weeks of their 
quit attempt.

Exclusion criteria included age <18 years old, allergy to nicotine skin patches, 
current daily use of NRT or e-cigarettes, and serious medical problems or high-risk 
pregnancy.

Recruitment was managed by research midwives in England and by the 
Stop Smoking Service in Scotland. Participants were identified from patient 
records and sent study information and invitation letters (alongside ultrasound 
scan appointment letters if appropriate) or invited via telephone, email or text; 
approached in person when attending antenatal hospital appointments; referred 
by community midwives or stop-smoking advisors; or self-referred via posters 
advertising the study at the sites’ antenatal clinics.

Procedures. Potential participants were provided with study details that 
treated the two study arms in identical ways (Supplementary Data). Those 
interested in the trial were invited to the baseline visit. There, research midwives 
checked participants’ eligibility and collected informed consent. Participants 
then completed a baseline questionnaire, provided a saliva sample, and were 
randomized to one of the two study arms. The relevant product was shown and its 
use explained, and the date and time for the first support call was set up, typically 
in 1 week’s time. Participants were advised that the product would be posted to 
them in time for the first call. The site principal investigator then reviewed the 
participant’s documentation and confirmed their eligibility.

The study products were posted centrally from the Health and Lifestyle 
Research Unit (HAL). The HAL stop-smoking advisors and researchers also 
delivered up to six initial support calls (see the Behavioral Support section below) 
and collected the end of pregnancy and post-pregnancy follow-up data over the 
phone or via online or postal questionnaires. If the HAL staff could not reach 
participants, their smoking status at delivery was obtained from study sites where 
available. The study sites also reported on pregnancy outcomes.

The first follow-up was conducted towards the end of pregnancy. Given that 
the majority of pregnant women who smoke, abstain during pregnancy and return 
to smoking after delivery46,59, end of pregnancy follow-up calls were made at 
35 weeks of gestation. Following an example from a recent trial60, to increase the 
chance of reaching participants the period for data collection was from 35 weeks 
of gestation to 10 weeks after the estimated delivery date. The effort put into 
collecting follow-up data was standardized (Supplementary Data).

At the end of pregnancy the participants reporting abstinence from smoking, 
concurrent use of cigarettes and e-cigarettes or NRT (dual use) or a reduction 
of cigarette consumption of 50% or more were asked to provide a saliva 
sample. Sampling kits were posted to them with a self-addressed envelope on 
the day their smoking status was established. Once the returned samples were 
received, participants were sent £20 for their time and effort. During the last 
14 months of the study we also asked self-reported abstinent participants using 
nicotine-containing products to attend local study sites to provide a carbon 
monoxide reading.

An additional follow-up call was conducted at 3 months post-partum to 
establish smoking status at the end of pregnancy if this was not available from 
previous attempts at contact, and to collect self-reports of any new health problems 
or worsening of old health problems in the mother and infant. If any of these 
health problems met the definition of a serious adverse event, further information 
was retrieved from hospital records. Follow-up calls took place between April 2018 
and September 2020.

The study was approved by the National Research Ethics Service Committee 
London – South East (ref: 17/LO/0962) and the Medicines and Healthcare 
Regulatory Agency via the CTIMP (Clinical Trial of an Investigational Medicinal 
Product) Notification Scheme. The trial was conducted in compliance with the 
Medicines for Human Use (Clinical Trials) Regulations 2004 (SI 2004/1031), 
Research Governance Framework, Good Clinical Practice guidelines, and the 
World Medical Association Declaration of Helsinki (1996). A Data Monitoring and 
Ethics Committee and a Trial Steering Committee supervised the study. The study 
was pre-registered (on 21 March 2017) in the International Standard Randomized 
Controlled Trial Number (ISRCTN) registry (ID no. ISRCTN62025374). The full 
protocol is at https://fundingawards.nihr.ac.uk/award/15/57/85 and a summary of 
the protocol amendments after study initiation is given in Supplementary Data.

Study arms. E-cigarette. Participants were sent an EU Tobacco Product 
Directive-compliant refillable e-cigarette starter kit (One Kit by the UK E-cig 
Store), together with two 10 ml bottles of tobacco-flavored e-cigarette liquid 
(1.8% nicotine; 70% propylene glycol and 30% vegetable glycerol), a pack of 
five replacement coils, and an instruction leaflet (Supplementary Data). Further 
supplies of e-cigarette liquid were posted on request for up to 8 weeks. A lower 
strength e-cigarette liquid (1.1%) and e-cigarette liquid with fruit flavor were 
available as alternatives. Participants were encouraged to source e-cigarette 
liquids of the strength and flavor they liked, as well as different e-cigarette 

devices, and arrange their own supplies after 8 weeks if needed. The cost of the kit 
provided by the study was £22.75 and the cost of e-cigarette liquid was up to £24 
for an 8 week supply.

Nicotine replacement treatment. Participants were sent an initial 2 week supply 
of Nicorette Invisi 15 mg 16 h nicotine patches with manufacturer instruction 
leaflets and instructed to apply patches every day upon waking, and remove them 
before bedtime. Further supplies were posted on request for up to 8 weeks. A 
lower strength patch (10 mg 16 h) was available as an alternative. Participants were 
encouraged to access further supplies themselves via their general practitioner or 
local Stop Smoking Service. This could be patches and/or other NRT products such 
as nicotine chewing gum, inhalator or mouth spray, to use in addition to the patch 
alone if needed. In the United Kingdom pregnant women who smoke receive NRT 
free of charge. The cost of patches provided by the study was up to £93.58 for an 
8 week supply.

Behavioral support that accompanied both study arms. Participants received six 
phone calls from stop-smoking advisors who followed the practice of the UK Stop 
Smoking Service61. The first call explained their product use and helped to prepare 
them for their target quit date (TQD). The second call, conducted on or near the 
TQD, checked on any product issues and provided tips and strategies for smoking 
cessation. The further weekly calls checked on participants’ progress, product 
use and supplies, and offered guidance on maintaining abstinence or stopping 
smoking. The final call took place 4 weeks after the TQD. The first call took up to 
20 min, the other calls took on average 10 min.

Measures. At baseline, demographic details and smoking history were collected, 
including age in years, education (primary and secondary school only; further 
training but not university courses; higher (university) education), whether in 
paid employment, ethnicity (white British, white other, Asian Bangladeshi, Asian 
Indian, Asian Pakistani, Black African, Black Caribbean, mixed, other, do not 
wish to answer), number of cigarettes smoked per day, Fagerstrom test of cigarette 
dependence (FTCD, score range 0–10; ref. 62), whether living with another person 
who smokes, whether used NRT, varenicline and bupropion in the past, and 
whether tried e-cigarettes in the past. Participants also provided saliva samples for 
assessment of their cotinine levels.

At phone calls at weeks 1–4 after the TQD and at the end of pregnancy, 
participants reported on their smoking status and on allocated and non-allocated 
product use. At the end of pregnancy, saliva samples and carbon monoxide 
readings were collected as described above.

At each contact, including the call at 3 months post-partum, participants were 
asked about any health problems since the last call and reports were classified as 
serious adverse events, adverse events or adverse reactions. Sites were contacted 
when needed to check medical notes for clarification. Participants not using 
allocated products were asked for reasons and if these included physical symptoms, 
these were also recorded. Research midwives collected birth and maternal 
outcomes via hospital records and reported any birth-related serious adverse events 
and adverse events.

Outcomes. The primary endpoint was prolonged abstinence from smoking from 
2 weeks after the TQD until the end of pregnancy, defined as per Russell Standard63 
(up to five lapses allowed with no smoking at all during the previous week at the 
time of final follow-up). This was validated using salivary cotinine (<10 ng ml−1) 
(ref. 64) for those not reporting using any nicotine product, or by salivary anabasine 
(<1 ng ml−1) (ref. 65) or carbon monoxide level <8 ppm for those reporting current 
use of e-cigarettes or NRT66. When there was a discrepancy between anabasine 
and carbon monoxide values, the carbon monoxide result was used. The Bedfont 
Pico carbon monoxide monitor was used at all study sites. Participants with 
missing validation as well as those lost to follow-up were included as non-abstinent 
participants.

Secondary endpoints included self-reported prolonged abstinence from 
smoking at the end of pregnancy, self-reported point prevalence abstinence 
(no smoking for at least the past 7 days) at 4 weeks and at the end of pregnancy, 
validated point prevalence abstinence at the end of pregnancy, and proportion of 
non-abstinent participants reducing their cigarette consumption by at least 50%. 
Participants who were reached only after delivery and who reported that they 
had now returned to smoking, but had been abstinent at delivery, were included 
as self-reported end of pregnancy abstinent participants, but as non-abstinent 
participants in the validated outcomes.

Regarding safety outcomes, we monitored serious adverse events, adverse 
events and adverse reactions and specifically the following: termination, 
miscarriage (non-live birth prior to 24 weeks of gestation), stillbirth (non-live 
birth at 24 weeks of gestation or later), neonatal death (from live birth to 28 days), 
post-neonatal death (from 29 days), preterm birth (<37 weeks of gestation), 
low birthweight (<2,500 g), neonatal intensive care admissions, congenital 
abnormalities, cesarean section delivery, birthweight and gestational age.

Sample size. Using previous trials, the quit rate at delivery in the NRT arm was 
estimated at 8% (ref. 13) and that in the e-cigarette arm at 14% (ref. 57) (odds 
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ratio = 1.87, RR = 1.75). To have 90% power (α = 0.05, two-tailed test) to detect this 
difference, 1,140 participants (570 in each condition) were needed.

Randomization and blinding. An independent statistician developed the 
randomization sequence using permuted block randomization with a block size of 
at least 6 and a maximum of 12. The randomization list was accessible only to the 
independent statistician, on a secure server. Researchers conducting randomization 
used the database application to inform the participants of their study arm 
allocation. Researchers conducting follow-up calls were blind to treatment 
allocation until the follow-up contact was made. Once contact was made and 
the trial application was opened, condition-specific questions were visible on the 
computer screen. The trial statistician was blind to participant allocation until the 
analysis of the primary and secondary outcomes was complete. This was achieved 
by extracting and importing into Stata only the baseline characteristics, study arm 
and smoking status variables in the first stage of the analysis. Variables coding 
treatment adherence and product use were extracted only after the primary and 
secondary outcome analyses were completed.

Statistical methods. The analysis plan was pre-registered on the Open Science 
Framework (https://osf.io/dvh4a). We report mean and standard deviation for 
continuous measures that are approximately symmetric, and median and quartiles 
if the distribution is skewed. Binary outcomes were analyzed using a binomial 
regression with a logarithmic link, which enables estimation of RR, calculated 
using the NRT arm as the reference. If the model were not to converge, we 
would use a Poisson regression model with robust standard errors. All tests were 
two-sided.

For the primary outcome we conducted three pre-specified sensitivity analyses: 
a per-protocol analysis that excluded participants who did not start product use or 
never established contact with the study team, an analysis in which we estimated 
missing data using multiple imputation by chained equation, and an analysis 
in which we excluded abstinent participants who used non-allocated products 
(that is, e-cigarettes in the NRT arm and NRT in the e-cigarette arm) for at least 
5 consecutive days during the 4 weeks after the TQD or who reported end of 
pregnancy current use or regular use for at least 1 week or occasional use for at 
least 3 weeks.

The decision to exclude abstinent participants using non-allocated 
products rather than all such participants, the standard approach to account 
for contamination, was made to provide an estimate in both groups when the 
non-allocated treatment could not have contributed to abstinence, while avoiding 
bias. Given that different rates of product switching were expected in the two 
study arms (with a higher rate in the NRT arm), the exclusion of all participants 
who used non-allocated products would be likely to result in an overestimation 
of the cessation rate in the arm allocated to the less effective treatment and an 
underestimation of the difference between groups. To illustrate the effect of this, let 
us assume that the true quit rate is 10% with treatment A and 20% with treatment 
B and that the intervention is tested in a sample of 100 participants in each study 
arm. There will be 10 successful quitters in A and 20 in B. If all who fail with A 
(n = 90) try B and 20% succeed (n = 18) while half of those who fail with B try 
A (n = 40) and 10% succeed (n = 4), the quit rates will be 28% ((10 + 18)/100) 
and 24% ((20 + 4)/100) in the A and B arms, respectively, masking the real 10% 
versus 20% treatment difference. If we try to control for the bias by excluding 
all participants using non-allocated products (‘switchers’), this changes to even 
less accurate success rates of 100% (10/(100 − 90)) versus 33% (20/(100 − 40)). 
Exclusion of only abstinent switchers results in quit rates of 12% (10/(100 − 18)) 
versus 21% (20/(100 − 4)), the closest values to the true treatment effect.

In addition to the pre-specified sensitivity analysis that excluded abstinent 
participants using non-allocated products, we also conducted an exploratory 
sensitivity analysis that assumed that abstinent participants using non-allocated 
products would not succeed in stopping smoking without such use, and reclassified 
them as non-abstinent participants (Supplementary Table 8). This approach 
maintains randomization, enables the inclusion of the whole sample and maintains 
statistical power.

Regarding multiple imputation, its use in smoking cessation trials is 
problematic because missingness is not random67, but, given that it is often 
reported, we included it for completeness. Using multiple imputation by chained 
equation, we imputed missing data on self-reported sustained smoking status (that 
is, participant who smokes versus abstinent participant), biochemical validation 
results, and current nicotine use (yes versus no) to derive validated sustained 
abstinence (that is, the primary outcome). Imputation was done separately by 
randomized group and we generated 50 completed datasets68,69. The following 
auxiliary variables were included in the multiple imputation model, given that they 
were associated with either self-reported abstinence or the results of saliva assays 
or their missingness: FTCD, living with a person who smokes, number of cigarettes 
per day, education, occupation status, daily use of allocated products on all 4 
intervention weeks, and point abstinence at week 4.

For the secondary outcomes, as for the primary outcome, sensitivity analyses 
were conducted excluding abstinent participants who used non-allocated products. 
We also conducted an exploratory analysis in which these participants were 
classified as non-abstinent participants (Supplementary Table 8).

Differences between the two study arms in adverse events, serious adverse 
events and adverse reactions, coded as present versus absent, were assessed using 
binomial regression with logarithmic link. The primary analysis was of singleton 
births. A sensitivity analysis that included multiple births estimated standard errors 
allowing for intragroup correlation and estimated 95% confidence intervals. To 
account for clustering at the mother level, a clustered sandwich estimator of the 
variance was applied.

When no adverse birth outcome was recorded, we assumed that none had 
occurred. For the safety analyses, the denominator excluded participants who 
withdrew from the study prior to delivery (n = 6).

We calculated the Bayes factor for key outcomes. This was not pre-specified, 
but was included to clarify whether the data support the null hypothesis or are 
insensitive. The Bayes factor indicates whether there is evidence for no effect 
or whether the data are insensitive in the case of a non-significant result70. We 
specified a half-normal distribution (that is, the top half of a normal distribution 
with mode = 0) with the standard deviation set to the expected effect size (that is, 
log relative risk). The expected effect size was based on our previous e-cigarettes 
versus NRT study for smoking cessation57 and on a study comparing nicotine 
and placebo patches for the effects of nicotine on birthweight13. For the primary 
outcome, the data were found to be insensitive (Bayes factor = 2.7). For the 
outcome excluding abstinent participants using non-allocated products and for 
the difference between the two study arms in the incidence of low birthweight, the 
effects were strong (Bayes factor = 10.0 and Bayes factor = 10.3, respectively).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data requests from academic institutions should be submitted to the corresponding 
author, explaining the analyses planned. Anonymized data will be provided for 
additional analyses that do not overlap with analyses that the authors plan to 
conduct themselves.
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