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Abstract 
Introduction: Smoking exposes people to high levels of Tobacco-Specific Nitrosamines (TSNAs), which include potent carcinogens. We system-
atically reviewed TSNA exposure between people smoking, vaping, and doing neither.
Aims and Methods: Databases were searched between August 2017–March 2022, using vaping-related terms. Peer-reviewed articles reporting 
TSNA metabolites (NNAL, NNN, NAB, and NAT) levels in bio-samples among adults exclusively vaping, exclusively smoking, or doing neither 
were included. Where possible, meta-analyses were conducted. 
Results: Of 12 781 identified studies, 22 were included. TSNA levels fell substantially when people who smoke switched to vaping in longitu-
dinal studies and were lower among people who vaped compared to smoked in cross-sectional studies. Levels of TSNAs were similar when 
comparing people who switched from smoking to vaping, to those who switched to no use of nicotine products, in longitudinal studies. Levels 
were higher among people who vaped compared to people who neither vaped nor smoked in cross-sectional studies.
When comparing people who vaped to smoked: pooled urinary NNAL was 79% lower across three randomized controlled trials and 96% lower 
across three cross-sectional studies; pooled NAB was 87% lower and NAT 94% lower in two cross-sectional studies. When comparing people 
who neither vaped nor smoked to people who vaped, pooled urinary NNAL was 80%, NAB 26%, and NAT 27% lower in two cross-sectional 
studies. Other longitudinal data, and NNN levels could not be pooled.
Conclusions: Exposure to all TSNAs was lower among people who vaped compared to people who smoked. Levels were higher among people 
who vaped compared to people who neither vaped nor smoked.
Implications:  As well as TSNAs, there are many other toxicant exposures from smoking and vaping that can increase the risk of disease. 
However, it is likely that the reduced exposure to TSNAs from vaping relative to smoking reduces the risk to health of those who use vaping 
products to quit smoking. Future high-quality research, with robust definitions of exclusive vaping and smoking, and accounting for TSNAs half-
lives, is needed to fully assess exposure to TSNAs among people who vape.

Introduction
In 2019, approximately 7.7 million deaths were attributable 
to tobacco smoking worldwide, 65 000 in England.1,2 Most 
of these deaths were from smoking-related cancers, cardio-
vascular, and respiratory diseases. Smoking has been linked to 
approximately 15 different cancers, with 72% of lung cancers 
and 15% of all cancer cases in the United Kingdom estimated 
to be attributable to smoking.3

Tobacco-specific nitrosamines (TSNAs) are a group of 
toxicants, which include the main carcinogens in tobacco and 
tobacco smoke.4 Unlike other carcinogens found in cigarettes, 
for example, heavy metals, TSNAs are thought to be specific 
to tobacco. They are formed through nitrosation of nicotine 
alkaloids during the tobacco curing and fermentation process.5 

The main TSNAs are: 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and its metabolite 4- (Methylnitrosamino)-
1-(3-pyridyl)-1- butanol (NNAL) formed through nitrosation 
of nicotine; Nʹ-nitrosonornicotine (NNN) formed 
through nitrosation of nornicotine; Nʹ-nitrosoanabasine 
(NAB) formed through nitrosation of anabasine; and Nʹ-
nitrosoanatabine (NAT) formed through nitrosation of 
anatabine Supplementary Table S1). Both NNK and NNN are 
classified as group 1 carcinogens by the International Agency 
for Research on Cancer, meaning there is sufficient evidence to 
classify them as carcinogenic to humans. NAB and NAT are 
“not classifiable as to its carcinogenicity to humans,” mean-
ing that their carcinogenic potential is unknown and there are 
significant gaps in research.4 As with other procarcinogens, 
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TSNAs go through a process of metabolic activation to re-
act with DNA and form DNA adducts (a covalent binding 
product of a carcinogen or related substance or its metab-
olite to DNA), which can lead to mutations. In addition, 
long-term smoking or persistent exposure to secondhand 
tobacco smoke can interrupt DNA repair, preventing the re-
moval of DNA adducts. Together these processes increase the 
 likelihood of DNA damage, genetic mutations, and the devel-
opment of cancers.6 Specifically, NNK and NNN have been 
associated with lung, liver, esophageal, and pancreatic cancers 
in animal studies.7 NNK has also been reported to have a 
dose-dependent effect on the risk of lung cancer in humans.8

TSNAs are present in all forms of smokeless and combus-
tible tobacco, although their levels can vary between brands 
and manufacturing process methods.9 Amongst people who 
smoke, the levels of TSNAs in urine are dose-dependent, 
such that levels increase with a greater number of cigarettes 
smoked.4,10 Levels of NNAL, which can also be metabolized 
to form DNA adducts, have been found to drop substan-
tially when people stop smoking.11 However, because of the 
long half-life (10–45 days),11,12 and idiosyncratic metabolism, 
NNAL has a wide variation in total body clearance, with one 
study reporting detectable levels of urinary NNAL over eight 
months after participants reportedly quit smoking.12 NNAL 
levels can also be influenced by secondhand exposure, for ex-
ample as a consequence of living with someone who smokes.13

Nicotine vaping products (also called e-cigarettes) do not 
contain tobacco, help people quit smoking, and likely reduce 
exposure to carcinogens among people who smoke who com-
pletely switch to vaping.14,15 TSNA levels may be very low in 
e-liquid because of the purified tobacco-derived, or synthetic, 
pharmaceutical-grade nicotine that is typically used.5 In a 
study involving e-liquids that were fortified with nitrates and 
minor alkaloids (to mimic exposures from e-liquids containing 
impurities), NNK and NNN were detected when liquids were 
heated to temperatures above 150°C.16 Therefore, TSNA ex-
posure may occur from vaping if there are impurities in the 
nicotine that is used. A systematic review of vaping products 
and aerosol toxicants found that the levels of all TSNAs in 
e-liquids and the aerosol (or vapor) emitted from vaping 
devices were near or below the limit of detection,17 and are 
substantially lower than levels found in cigarettes.18

Measures of toxicant levels in e-liquids or vapor are not 
always accurate predictors of human exposure levels that 
are accumulated during repeated vaping or secondhand ex-
posure, as they do not take into account product-level (eg, 
device) or individual-level variables (eg, frequency or inten-
sity of vaping, or individual metabolism).19 The U.S. National 
Academies of Science Engineering and Medicine (NASEM re-
port) in 2018 concluded that most vaping products contain 
and emit numerous potentially harmful substances, but toxi-
cant exposure from vaping was significantly lower than from 
combustible tobacco cigarettes.5 Other systematic reviews 
also reported reductions in NNAL levels among people who 
smoke who completely switch to vaping.20–22 A comprehen-
sive systematic review commissioned by the Office for Health 
Improvement and Disparities (OHID) in England, examined 
studies from August 1, 2017 (the end date used in the search 
for the NASEM report) to July 1, 2021 and concluded in 2022 
that levels of TSNA were substantially lower among people 
who vape compared to people who smoke.23 Since the cutoff 
date of the OHID-commissioned review (July 2021), further 
studies providing longer-term data have been published. It is 

important to regularly review the evidence regarding TSNA 
exposure from vaping, due to the rapidly evolving product 
market and the wider variety of products now available. 
Newer vaping products can increase the amount of aerosol 
generated and the bioavailability of nicotine.20 Therefore, we 
aimed to update the evidence by systematically reviewing and 
meta-analyzing levels of TSNAs among people who exclu-
sively vaped compared to people who exclusively smoked and 
those who were not currently vaping or smoking.

Method
This review updates evidence presented in a larger re-
port on health risks and effects of vaping.23 The protocol 
for the original review was registered on the International 
Prospective Register of Systematic Reviews, PROSPERO 
(CRD42020215915).

Eligibility Criteria
Randomized controlled trials (RCTs), non-randomized inter-
vention longitudinal studies (where participants can choose 
what group they are assigned to, or all participants are 
assigned to the same group and participants are followed up 
over time), observational longitudinal studies (where there is 
no intervention and participants are followed up over time), 
cross-over studies (where all participants participate in all 
study conditions in succession), single acute exposure studies 
and cross-sectional studies, were included to present a full 
picture of the evidence. Qualitative studies were excluded. 
Other literature (e.g., research posters, conference abstracts, 
PhD theses, research letters) were also excluded as these are 
not peer-reviewed in the same way journal articles are.

Participants: Adults aged ≥18 years.
Intervention: Participants who exclusively vaped at base-

line and/or follow-up. For RCTs and non-randomized longi-
tudinal studies, where participants who were allocated to a 
vaping arm but were still smoking at follow-up, or where sec-
ondary analyses had not been conducted among participants 
who were exclusively vaping, were excluded.

Due to different smoking and vaping frequencies among 
people who concurrently smoked and vaped (“dual users”24), 
data on TSNA levels among dual users were not included.

Comparator: Participants who exclusively smoked tobacco 
cigarettes or were not using a nicotine or tobacco product 
(“non-users”) at baseline and/or follow-up.

Outcome: Levels of biomarkers of TSNA exposures and 
their metabolites (eg, NNK, NNAL, NAB, NAT, and NNN) 
in bio-samples of urine, blood, saliva, or hair.

Studies were grouped by study design and bio-sample (u-
rine, saliva), and comparisons (people who vape vs. smoke, 
people who vape vs. neither vape nor smoke).

Follow-up in longitudinal studies was grouped as: short-
term (less than 8 days); medium-term (8 days to 12 months); 
long-term (more than 12 months).

Search Strategy
We conducted a systematic review of literature identified 
in five electronic databases (PubMed, Embase, PsycInfo, 
CINAHL, and Medline). Databases were searched using 
e-cigarette-related terms (Supplementary Table S2) from 
August 1, 2017 to July 1, 2021. The search was then updated 
to include studies published between July 2, 2021 and March 
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18, 2022 using the same methods. Search terms were based 
on those previously used by McNeill et al.25,26

Screening and Extraction
Titles, abstracts, and full-text papers were screened by two 
of the three reviewers (ET, ES, KE). For RCTs and non-
randomized longitudinal studies, only data from per-protocol 
analysis was extracted. Any discrepancies in the selected stud-
ies were discussed between the reviewers with support from a 
third reviewer. Data were extracted independently by one of 
two reviewers (ET, ES) with a subsample checked for accu-
racy by a second reviewer (DR or AM).

Risk of Bias Assessment
Risk of bias was assessed by one reviewer (ET, ES, DR, or 
AM), with 20% assessed by two reviewers. The following 
risk of bias tools were used: The Cochrane Risk of Bias tool 
(RoB2) for RCTs,27 the ROBINS-I tool for longitudinal stud-
ies with an intervention,27 the Newcastle-Ottawa tool28 for 
observational longitudinal studies, and the BIOCROSS tool 
for cross-sectional studies29 (Supplementary Tables S3–6).

Synthesis Methods
TSNA biomarker levels, as well as results of statistical signif-
icance testing for comparisons between people who vaped, 
smoked, and did neither were extracted and tabulated 
(Supplementary Tables S7–11). For each study, the percentage 
difference was calculated between people who either vaped, 
smoked, or did neither. For cross-sectional comparisons, 
levels among people who vaped were reported as a percentage 
difference of levels among people who smoked (1−(Vaping 
level/ Smoking level)) × 100, and levels among non-users 
were reported as a percentage difference of levels among 
people who vaped (1−(Non-use level/ Vaping level)) × 100. 
For within-group longitudinal comparisons, follow-up levels 
were reported as percentage of baseline levels (1−(Follow-up/ 
Baseline)) × 100.

Meta-Analysis
Because of methodological heterogeneity, we developed 
criteria to identify studies suitable for meta-analyses (see also 
McNeill et al., 2022).23 Reasons for inclusion and exclusion 
of each study are outlined in Supplementary Table S12. These 
criteria included:

• People who vaped, or smoked, had been vaping, or smok-
ing, at least weekly (as less frequent vaping might under-
estimate exposure to most toxicants that have shorter 
half-life characteristics).

• Data were available as means and standard deviations 
or confidence intervals. Studies that reported modes and 
interquartile ranges or least squares means could not be 
pooled.

• Use of similar biomarker analysis techniques. For ex-
ample, gas chromatography methods could not be 
pooled with ELISA kit because of differences in sensi-
tivity.

• Urinary data had been adjusted for concentration eg, for 
creatinine or excretion over 24 hours.

• If two or more studies reported on the same data source 
for the same time period, for example, data from the 
same survey wave, only the study with the largest sample 
size was included.

Biomarker levels reported on both the arithmetic scale and 
geometric scale were converted to their natural log.30 Generic 
inverse-variance method using random effects models was used 
to pool log means and log standard deviations. Studies were 
weighted depending on sample size and standard deviations.31

To better communicate the log-transformed between-group 
mean differences (LMD) in meta-analyses, the geometric 
mean ratios were calculated which allowed us to evaluate 
the biomarker level differences between groups. Geometric 
mean ratios were calculated by exponentiating the log mean 
differences and then converting them to a percentage dif-
ference to aid interpretation. We assessed statistical hetero-
geneity between studies using the I2 statistic. Analyses were 
conducted using RevMan 5.4.1 software.32

Key Differences From the Preregistration and OHID-
Commissioned Review
There are some methodological differences between the 
OHID-commissioned preregistration,33 report,23 and this re-
view. As this review only discusses TSNAs, levels of which 
are highly sensitive to tobacco exposure, methodologies were 
tailored as follows to provide more robust analysis of rela-
tive and absolute exposure. In contrast to the preregistration, 
studies that included participants who were under the age of 
18, secondhand exposure as the intervention, or participants 
who dual used, or used any other nicotine or tobacco product 
as the comparator were excluded. In contrast to McNeill et 
al.,23 this review excluded studies where it was not a require-
ment for people who vaped to be abstinent from smoking 
(Figure 1, excluded due to intervention). Biomarker levels in 
people who do not vape or smoke are presented here as per-
centage of levels among people who vape. This differs from 
the OHID-commissioned report where levels among people 
who vape were presented as percentage of levels among peo-
ple who do not vape or smoke. This was to aid interpreta-
tion, by ensuring relative and absolute levels are presented 
on the same scale. Also, meta-analyses of longitudinal studies 
only included levels from follow-up waves, and where stated, 
levels were used from people who vaped or smoked daily for 
cross-sectional meta-analyses for consistency across compar-
ison groups. If levels for daily use were not provided, levels 
from at least weekly use were analyzed.

Results
The search identified 12 781 studies, of which 22 were in-
cluded in this review, including five additional longitudinal 
studies from the updated search (See Figure 1- PRISMA 
flowchart). All included studies reported urinary TSNA levels, 
with one also reporting on salivary levels.34 Longitudinal stud-
ies included eight RCTs35–42 two non-randomized intervention 
studies43,44 and two observational studies.45,46 Ten cross-sec-
tional studies34,47–55 were also included. No cross-over studies 
were identified. Funding sources for each study are available 
in Table 1 and Supplementary Table S13.

Across the 12 longitudinal studies, ages ranged from an av-
erage of 30 years44 to 47 years,38 with between 27%44 and 
60%43 females. All eight RCTs, and one non-randomized lon-
gitudinal study, required participants to be smoking daily, 
which was bio-verified using breath carbon monoxide in 6 
studies.36–38,40–42All participants in longitudinal studies vaped 
or smoked daily or non-daily ad libitum. Study characteristics 
are outlined in Supplementary Table S7.

http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntad156#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntad156#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntad156#supplementary-data
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260 Taylor et al.

Across the 10 cross-sectional studies, ages ranged from an 
average of 31 years34 to 50 years,54 with 19%55 to 73% female 
participants.34 There was some variation in the measurements 
of participants’ frequency of vaping, smoking, and non-
use. Three studies of bio-verified use used breath carbon 
monoxide47,54,55(Table 1 and Supplementary Table S10).

Risk of Bias in Included Studies
Of the eight RCTs, all had some concerns (Supplementary 
Table S3). Of the two non-randomized longitudinal stud-
ies, both were considered to have moderate risk of bias 
(Supplementary Table S4). Of the two observational lon-
gitudinal studies, both were considered as good quality 
(Supplementary Table S5). Of the 10 cross-sectional studies, 
most were considered good quality, with scores between 1054 
and 1655 out of a maximum score of 20 on the BIOCROSS 
tool (Supplementary Table S6).

Unless otherwise stated, all studies included in the results 
discuss urinary findings.

Smoking Versus Vaping
NNAL Exposure
Within-Group Changes
In eight RCTs where people who smoked at baseline switched 
to vaping, NNAL was reduced significantly, in four short-term 
studies37,39,40,42 by 55% to 68%, and in four medium-term stud-
ies by 53% to 95%35,36,38,41(Table 1). Short-term use studies, 
which ranged from five to seven days, were all conducted in re-
search facility where access to tobacco cigarettes or e-cigarettes 
were controlled by the research team. One 14-day medium-
term study, Morris et al.,36 was also conducted in a research 
facility. The three other medium-term studies ranged from 6 
to 24 weeks and all utilized carbon monoxide monitoring to 

ensure people who were randomized to vaping were not also 
smoking35,38,41(Table 1 and Supplementary Table S7).

Two non-randomized longitudinal studies41,43 reported 
a significant reduction in NNAL levels, one by 72% at 2 
weeks43 and the other by 97% at 4 weeks41 (Supplementary 
Table S7). Two observational longitudinal studies investigated 
levels of NNAL among people who smoked and people who 
vaped using wave 1 (baseline) and wave 2 (12 months) of the 
PATH survey.45,46 NNAL levels among those who smoked and 
had switched to vaping fell significantly, by 92% and 93% 
(Table 1 and Supplementary Table S7).

Between-Group Differences
Compared to people who continued to smoke at follow-up, 
NNAL levels among people who switched from smoking to 
vaping at follow-up were 74% lower after 5 days,40 and 72% 
lower after 7 days of vaping,42 in studies conducted in research 
facilities. After medium-term use, levels were 93% lower after 6 
weeks,41 28% lower after 8 weeks,38 and 71%–85% lower af-
ter 24 weeks of vaping35 (Supplementary Table S7). Two studies 
did not report sufficient data on levels for those who smoked 
to provide comparisons.36,37 Among studies that tested for sig-
nificance,35,41,42 all reported that differences were significant be-
tween people who vaped compared to those who smoked.

Meta-Analyses Between-Group Differences
Of the eight RCTs comparing NNAL levels in vaping and 
smoking groups, two did not provide a smoking  comparison 
group at follow-up, and three did not provide data in a form 
that could be pooled (Supplementary Table S12). Meta-
analyses were undertaken with data from the remaining three 
studies comparing vaping and smoking groups after 5 days,40 
8 weeks,38 and 24 weeks of use35(Figure 2). The pooled ge-
ometric mean NNAL levels were 79% lower among people 

Figure 1. Preferred reporting items for systematic reviews and meta-analyse flowchart.
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who vaped than among people who smoked (LMD = −1.54, 
95% CI: −2.29, −0.80, p < .001). Heterogeneity was high at 
I2 = 94%, but, as levels were lower among those who vaped 
compared to those who smoked across the three trials, the 
direction of the difference was consistent.

Cross-Sectional Studies
Nine cross-sectional studies compared NNAL levels between 
people who vaped or smoked.34,47,48,50–55 Eight studies found 
that NNAL levels were significantly lower among people 
who vaped compared to smoked, by between 52%52 and 
98%.50 Coleman et al., reported levels to be 93% lower a-
mong people who were non-pregnant and vaped, and 92% 
lower among pregnant people who vaped compared to 
smoked; however, neither comparison was tested for signif-
icance.48 Oliveri and colleagues reported marginally higher 
NNAL levels among people using cartridge vaping devices 
compared to those using tank vaping devices; however, this 
was not tested for significance52(Table 2 and Supplementary 
Table S10).

Meta-Analysis of Cross-Sectional Studies
Of the nine cross-sectional studies, seven used two overlapping 
data sources, one did not define frequency of vaping at recruit-
ment, and one did not control for creatinine (Supplementary 
Table S12). Therefore, three studies measuring NNAL levels 
among people who vaped daily and smoked daily were meta-
analyzed.47,53,54 The pooled geometric mean NNAL level was 
96% lower among people who vaped daily compared to peo-

ple who smoked daily (LMD = −3.21, 95% CI: −3.88, −2.54; 
p < .001; Figure 2). There was substantial heterogeneity be-
tween studies (I2 = 90%); however, all estimates were in the 
same direction.

NNN Exposure
Data could not be pooled, see Supplementary Table S12.

Within-Group Changes
Five RCTs, reported on NNN changes after 5,39,40 6,37 7,42 and 
14 days of vaping in a research facility.36 All reported signifi-
cant reductions in levels of NNN after switching from smok-
ing to vaping, ranging from 61%40 to 93%37 (Supplementary 
Table S8). NNN levels among people who smoked and had 
switched to vaping in two observational longitudinal stud-
ies fell by between 82%46 and 83%,47 however this was 
only reported to be significant in the latter47 (Table 1 and 
Supplementary Table S9).

Between-Group Differences
Four RCTs reported NNN levels among people who smoke 
who either switched to vaping or continued to smoke,36,37,40,42 
however two studies did not report sufficient data on peo-
ple who smoked to provide comparisons.36,37 Compared to 
people who continued to smoke at follow-up, NNN levels 
among people who switched to vaping were 80% lower after 
5 days40; however, this was not tested for significance; and sig-
nificantly lower, by 76%, after 7 days of vaping in a research 
facility42(Supplementary Table S8).

Figure 2. Meta-analysis of studies reporting on urinary NNAL levels between people who vape, smoke, and do neither. (A) Randomized controlled trials 
reporting on urinary NNAL levels between people who vape and smoke. (B) Cross-sectional reporting on urinary NNAL levels between people who 
vape and smoke. (C) Cross-sectional reporting on urinary NNAL levels between people who neither vape nor smoke and vape.
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Cross-Sectional Studies
Three cross-sectional studies reported urinary NNN levels a-
mong people who vaped or smoked.34,50,53 NNN levels were 
significantly lower among people who vaped, by 71%50 to 
99%,34 in comparison to smoked. Xia et al. reported NNN 
levels to be 62% lower among people who vaped daily 
compared to smoked daily, and 29% lower among people 
who vaped non-daily compared to those who smoked non-
daily; neither comparison was tested for significance53(Table 2 
and Supplementary Table S11).

Bustamante et al.,34 reported that saliva NNN levels 
were significantly lower, by 85%, among people who vaped 
compared to smoked34 (Supplementary Table S11).

NAB and NAT Exposure
As the same studies assessed both NAB and NAT, for concise-
ness we report them under the same subheading.

Within-Group Changes
One RCT, by Round et al.,39 measured changes in NAB 
and NAT levels after switching from smoking at least 10 
cigarettes per day to ad libitum vaping for 5 days in a 
 research facility. NAB and NAT levels were significantly 
reduced at day 5 by 87% and 99%, respectively (Table 1, 
Supplementary Table  S7). Two observational longitudinal 
studies using the PATH survey data reported that levels of 
NAB and NAT levels among people who smoked at wave 1 
(baseline), who switched to vaping at wave 2 (12 months) 
fell by 89%–90%, and by 94%–96%, respectively.45,46 Only 
one study tested for significance, reporting that decreases 
for both NAB and NAT were significant46(Table 1 and 
Supplementary Table S9).

Cross-Sectional Studies
Four cross-sectional studies compared NAB and NAT levels 
between people who vaped or smoked.50,53–55 Among those 
who vaped compared with those who smoked, NAB and NAT 
levels were significantly lower, by 52%,53 –91%,50 and 63%,53 
– 97%,50 respectively (Table 2 and Supplementary Table S11).

Meta-Analysis of Cross-Sectional Studies
The four studies that reported levels of NAB and NAT, used 
data from two overlapping sources (Supplementary Table S12). 
Therefore, two studies, each measuring NAB and NAT levels a-
mong people who smoked or vaped daily were pooled.53,54 Across 
the two studies, the pooled geometric mean NAB level was 87% 
lower among people who vaped daily compared to smoked daily 
(LMD = −2.07, 95% CI −2.81, −1.34; p < .001; Supplementary 
Figure 1). There was substantial heterogeneity between studies 
(I2 = 95%); however, all estimates were in the same direction. 
The pooled geometric mean NAT level was 94% lower among 
people who vaped daily compared to those who smoked daily 
(LMD = −2.79, 95% CI: −3.86, −1.72; p < .001; Supplementary 
figure 2). There was substantial heterogeneity between studies, 
although they were in the same direction (I2 = 98%).

Vaping Versus nonuse
NNAL Exposure
Between-Group Differences
Three RCTs compared NNAL levels between people who 
smoked and switched to vaping and people who stopped 

 smoking without using any nicotine or tobacco products and re-
ported no significant difference in levels between vaping and not 
vaping after six to seven days37,40,42 (Supplementary Table S8).

In observational longitudinal studies, there was a de-
crease in NNAL among those who quit smoking by vaping 
(92%–93%) and among those who quit smoking without 
vaping, (84%–85%).46 Those who switched to vaping had 
smoked on average 11 CPD (and had higher NNAL levels 
at wave 1  baseline) than those who switched to nonuse, 
who smoked on average 5 CPD, potentially explaining the 
higher percentage reduction seen among those who vaped 
compared to non-users at wave 2.46 Moreover, the mean 
NNAL level was still higher among those who quit smok-
ing with vaping than those who quit without; however, this 
was not tested for significance. Among those who exclu-
sively vaped at wave 1 and continued to exclusively vape at 
wave 2, levels of NNAL decreased by 29% but this decrease 
was not significant.45 Among those who vaped at wave 1 
and quit vaping at wave 2, levels of NNAL decreased by 
an average 35% but this decrease was also not significant45  
(Supplementary Table S7).

Cross-Sectional Studies
Six studies compared NNAL levels between people who 
vaped or neither vaped nor smoked.34,49–51,53,54 Four studies 
reported levels in people who neither vaped nor smoked to be 
67%53 to 82%51 significantly lower compared to those who 
vaped (Supplementary Table S10). Bustamante et al. reported 
that levels of NNAL were 99% lower among people who had 
quit smoking without vaping for at least 6 months compared 
to those vaping daily; however, this was not adjusted for cre-
atinine and was not tested for significance.34 Dai et al. found 
that among those with self-reported respiratory symptoms 
who neither vaped nor smoked, had 71% lower NNAL levels 
than those who vaped. Among those without self-reported 
respiratory symptoms, those who neither vaped nor smoked 
had 68% lower levels compared to those who vaped; these 
differences were not tested for significance49(Table 2 and 
Supplementary Table S10).

Meta-Analysis of Cross-Sectional Studies
Of the six studies that reported levels of NNAL, four used 
data from two overlapping sources (Supplementary Table 
S12). Therefore, two studies were pooled to assess NNAL be-
tween people who vaped daily and people who neither vaped 
nor smoked.53,54 Across the two studies, the geometric mean 
NNAL level was 80% lower among people who neither vaped 
nor smoked than those who vaped daily (LMD = −1.60, 95% 
CI: −2.27 to −0.93, p < .001; Figure 2). There was substantial 
heterogeneity between studies (I2 = 90%).

NNN Exposure
Between-Group Differences
Three RCTs compared levels of NNN among people who 
smoked and were randomized to vaping or no nicotine or to-
bacco product use for 6 and 7 days in a research facility.37,40,42 
Two reported no significant difference, and one did not test, 
NNN levels for significance between people who vaped and 
nonuse groups (Supplementary Table S8).

Two observational longitudinal studies investigated levels 
of NNN among people who vaped and neither vaped or 
smoked using wave 1 (baseline) and wave 2 (12 months) of 
the PATH survey.45,46 The decrease in NNN seen among those 
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who quit smoking by vaping (82-83%) was greater than that 
seen among those who quit smoking without vaping (44%). 
However, mean levels of NNN were similar among people 
who vaped and people who did not vape after quitting smok-
ing, although this was not tested for significance. Those who 
switched to vaping had smoked more CPD at wave 1, poten-
tially explaining the higher percentage reduction seen among 
people who vaped compared to nonuse at wave 2.46 Among 
people who vaped at wave 1 who continued to vape at wave 2, 
levels of NNN increased by 5%, which was nonsignificant.45 
Among people who vaped at wave 1 and quit vaping at wave 
2, levels of NNN decreased by 23%, this was also not signifi-
cant45 (Table 2 and Supplementary Table S11).

Cross-Sectional Studies
Four studies reported comparisons of urinary NNN levels be-
tween people who vaped and neither vaped nor smoked.34,49,50,53 
Goniewicz et al. reported significant differences between the 
groups, with non-users having 45% lower levels compared to 
people who vaped.50 Because of variations in study designs, a 
meta-analysis was not feasible (Table 2 and Supplementary 
Table S12).

Bustamante et al. 34, reported that salivary NNN levels were 
98% lower among people who neither vaped nor smoked 
compared to vaped. Differences were not tested for signifi-
cance34( Supplementary Table S11).

NAB and NAT Exposure
Between-Group Differences
Two observational longitudinal studies investigated levels of 
NAB and NAT among people who vaped and neither smoked 
or vaped- using wave 1 (baseline) and wave 2 (12 months) 
of the PATH survey.45,46 Decreases in NAB and NAT seen a-
mong those who quit smoking by vaping (NAB 89%–90%, 
NAT 94%–96%) were greater than those seen among those 
who quit smoking without vaping (NAB 63%–65%, NAT 
74%–75%), likely due to the lower CPD at baseline among 
those who quit without vaping compared to those who quit 
with vaping. Among people who vaped at wave 1 and contin-
ued to vape at wave 2, levels of NAB decreased by around 7% 
and NAT by 5%.45 Among those who vaped at wave 1 and 
quit vaping at wave 2, levels of NAB decreased by 18% and 
NAT by 16%.45 Neither of these comparisons were tested for 
significance (Table 2 and Supplementary Table S9).

Cross-Sectional
Three cross-sectional studies compared NAB and NAT 
levels between people who vaped and neither vaped nor 
smoked.50,53,54 Goniewicz et al. reported levels to be signifi-
cantly lower among people who neither vaped nor smoked 
compared to people who vape by 25% for NAB and 8% 
for NAT.50 Smith et al. reported levels to be 13% for NAB, 
and 20% for NAT, lower among those who neither vaped 
nor smoked compared to vaped; however, this was not 
significant54(Table 2 and Table S11).

Meta-Analysis of Cross-Sectional Studies
Of the three studies, ones two used overlapping data sources 
(Supplementary Table S12). Therefore, data from two stud-
ies, both measuring levels among people who vaped daily and 
neither vaped nor smoked53,54 were pooled to assess NAB and 
NAT levels. Across the two studies, the pooled geometric mean 

NAB level was 26% lower among people who neither vaped 
nor smoked than people who vaped daily (LMD = −0.30, 95% 
CI: −0.59 to −0.02; p = .04; Supplementary Figure 3). There 
was substantial heterogeneity between studies (I2 = 68%). 
The pooled geometric mean NAT level was 27% lower a-
mong people who neither vaped nor smoked than people who 
vaped daily (LMD = −0.32, 95% CI: −0.61 to −0.03; p = .03; 
Supplementary Figure S4). There was substantial heterogene-
ity between studies (I2 = 69%).

Discussion
Among 22 included studies, we found that levels of exposure 
to tobacco-specific nitrosamines NNAL (metabolite of NNK), 
NNN, NAB, and NAT were significantly reduced among 
 people who switched from smoking to exclusive vaping in 
longitudinal studies (RCTs, interventional, and observational 
longitudinal), and were significantly lower among people who 
currently vaped compared to people who currently smoked in 
cross-sectional studies. Levels of TSNAs were also found to be 
similar among people who switched from smoking to vaping 
compared to people who switched from smoking to no use 
of nicotine products in longitudinal studies. Levels of TSNAs 
were higher among people who vaped compared to people 
who neither vaped nor smoked in cross-sectional studies.

Substantial reductions in NNAL levels were seen a-
mong people who switched from smoking to vaping in all 
 longitudinal studies, and meta-analyses of three RCTs also 
found substantial reductions. However, there was signifi-
cant heterogeneity between studies. Reductions in NNAL 
ranged from 55% to 84% depending on the length of time 
since switching from smoking to vaping. Greater reductions 
were seen after 24 weeks in comparison to 6 or 8 weeks af-
ter switching from smoking to exclusive vaping; this is possi-
bly due to NNAL exposure from previous smoking that had 
not been fully eliminated from the body in the short-term 
studies. Longitudinal observational studies also reported no-
table decreases in NNAL among people who continued to 
 exclusively vape for a year.45 This suggests continual bodily 
clearance of NNAL from past tobacco consumption and may 
suggest a longer time frame for body clearance of NNAL than 
previously predicted.12,50 There were also marked differences 
between study findings depending on methodology. For ex-
ample, greater reductions were found in studies which were 
conducted in research facilities, which controlled participant’s 
access to smoking and vaping products,40,42 compared to stud-
ies in naturalistic settings38 with less control over participants’ 
smoking and vaping behaviors or potential secondhand 
exposures.

Longitudinal research reported significant reduction in 
levels of NNAL, NNN, NAB, and NAT, after people who 
smoked switched to vaping. However, there was variation 
in the magnitude of reduction between TSNA  studied. For 
NNN, levels were reduced by between 61% and 93%, for 
NAB and NAT between 89% and 99%, and for NNAL 53%–
84%. Differences are likely due to much shorter half-lives (30 
minutes–9 hours) for NNN, NAB, and NAT. Cross-sectional 
research also reported substantially lower levels, often of over 
90%, of NNAL, NNN, NAB, and NAT among people who 
vaped compared to people who smoked.

When comparing people who switched from smoking to 
vaping to those who switched from smoking to no use of 

http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntad156#supplementary-data
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 nicotine products, one RCT reported substantially higher 
NNN levels among people who quit smoking by vaping 
compared to people who quit smoking without vaping af-
ter 5 days of switching,40 however no significant differences 
in NNN were reported after 6, 7, and 14 days in other 
RCTs,36,37,42 or after one year in observational studies.45,46 
Reductions in NNAL, NAB, and NAT were similar or greater 
for people who quit smoking with vaping compared to those 
who quit without vaping across all studies.

Findings from cross-sectional studies differed from lon-
gitudinal studies, with NNAL, NNN, NAB, and NAT often 
being lower among people who neither vaped nor smoked 
compared to those who vaped; however, the magnitude 
of these differences were substantially smaller than when 
comparing people who vape and smoke. These differences 
were greatest for NNAL, which as discussed above is par-
ticularly sensitive to prior tobacco exposure. Meta-analyses 
of cross-sectional studies also reported significant heteroge-
neity, likely due to variations in methodology. For example, 
few cross-sectional studies included criteria on the duration 
of abstinence from tobacco among individuals classified as 
“vapers” and “ non-users.” Moreover, some studies47,54,55 
required carbon monoxide bio-verification for smoking, 
vaping, and nonuse status, whereas others did not. Therefore, 
differences between studies could be due to noncompliance. 
Moreover, given the differences in longitudinal and cross- 
sectional findings, it is possible that levels were influenced 
by prior tobacco exposure that had not been fully eliminated 
from the body. Levels may also be a result of secondhand ex-
posure. There is some evidence that people who vape are re-
portedly more likely to live with someone who smokes,56 and 
could be more likely to be around people who are smoking 
while using outdoor smoking and vaping shelters, therefore 
are possibly exposed to higher levels of secondhand smoke 
compared to people who do not vape.

Based on NNN’s short half-life, we would expect levels 
to be more similar among people who vape and people who 
neither vaped nor smoked than those who were reported. 
It is possible that there was some exposure from e-liquids 
that contained impurities.16,57 However, Bustamante and 
colleagues34 suggest that saliva samples may be more sensitive 
to detecting NNN than urinary samples, and that differences 
in levels of NNN in urine and saliva samples are due to en-
dogenous formation in the oral cavity. Previous research has 
also suggested endogenous synthesis of NNN among peo-
ple using nicotine patches.58,59 Therefore, it is possible that 
there is some exposure from conversion of nicotine, nor nic-
otine, and other tobacco alkaloids into TSNAs endogenously. 
Moreover, it has been suggested that NNN may be affected by 
artefactual formation in samples from processing methods,60 
and diet,61 and that plasma may be more accurate for evalu-
ation of NNN.62 Therefore, there may be many confounding 
influences on levels of NNN that studies report.

Our findings are similar to those previously reported in 
other reviews.5,22,23 The updated search added new data on 
longer-term vaping, which provides new insight into the re-
duction of TSNA levels over time, advancing the original 
findings of the OHID-commissioned review.23 It is likely that 
the reduced exposure to TSNAs from vaping compared with 
smoking will reduce the risk of future health problems in 
those who switch completely from smoking to vaping. The 
health effects of TSNA exposure, however, cannot be viewed 
in isolation from other toxicants, and exposures to a range 

of toxicants should also be considered when assessing rela-
tive and absolute health risks of vaping. Our findings also 
suggest that levels of TSNAs are higher among people who 
vape compared to those who neither vape nor smoke. This, 
therefore, supports the message that people who have never 
smoked should not start vaping (or smoking).

More research is needed to address the limitations of the 
current literature. Longitudinal research would benefit from 
including longer follow-up periods, allowing the assessment 
of changes in NNAL exposure among people who vape 
long-term. Bio-verification of tobacco abstinence is also im-
portant for future longitudinal and cross-sectional research 
methodologies. When bio-verification was used, there was a 
range of CO levels used to determine smoking, thus the es-
tablishment of guidelines for appropriate expired CO expired 
breath thresholds to capture smoking, such as 3 ppm.63 CO 
measurements would be beneficial and easily incorporated 
into research with the technological advances and wide a-
vailability of at-home CO breathalyzers. It has also been 
proposed that research can bio-verify urine using acryloni-
trile metabolite 2CyEMA, and when TSNAs are not the fo-
cus, NNAL, to identify combustible tobacco use.64 These 
methods may be more appropriate to capture occasional 
smoking, as the short half-life of CO means that it can only 
detect recent smoking. Cross-sectional research requires ro-
bust definitions of vaping, smoking, and nonuse and to con-
sider the half-lives of biomarkers in these definitions. As 
most research was conducted in the United States; because of 
differing regulations of vaping products between the United 
States and other countries (such as the United Kingdom and 
the European Union, where nicotine limits are 20 mg/mL), 
more research from other countries is needed. Research is also 
needed on other toxicant exposures, specifically exposures 
from any vaping-specific toxicants such as glycidol.64 Finally, 
the majority of RCTs were funded by the tobacco industry, 
more independent research into TSNA exposure is needed.

A limitation of the present review is that it explored exclu-
sive vaping and did not allow for the comparison of “dual 
users” with people who exclusively smoke or exclusively vape. 
Dual use can be a transitional stage between exclusive smok-
ing and exclusive vaping, and recent estimates suggest 15%–
20% of people who vape concurrently smoke cigarettes.25 A 
previous review found mixed evidence between people who 
exclusively vape and people who dual use.21 However, the def-
inition of dual-use encompasses a wide variation in vaping 
patterns, therefore strict definitions of dual use, such as those 
outlined by Borland et al.,24 which are not currently used 
in the literature, are needed to deem any findings meaning-
ful.21 Moreover, mean estimates used in meta-analyses did not 
control for participants' smoking and vaping characteristics, 
such as CPD or type of e-cigarette, which may affect levels 
of TSNA exposure; nor were participant demographics, such 
as age, sex, and ethnicity controlled for, which may affect 
metabolism and excretion of TSNAs. A key strength of this 
review is the use of meta-analysis to provide estimates of rel-
ative and absolute risk to TSNA exposure from vaping. The 
meta-analyses also had strict inclusion and exclusion criteria, 
which reduced the effects of confounders on findings.

Conclusion
The current evidence suggests that NNAL levels are significatly 
lower among people who exclusively vaped compared to those 
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who exclusively smoked, with similar differences for NAB, 
NAT, and NNN. Levels of TSNAs are in general higher among 
people who vape compared to people who neither smoke nor 
vape. Future high-quality research, using bio-verification and 
accounting for half-lives, is needed to fully assess exposure to 
TSNAs among people who vape. Longitudinal research is also 
needed to assess if TSNAs levels among people who vape can 
fall to levels similar to people who neither smoke nor vape in 
the long-term. Overall, current findings on TSNAs support 
the use of vapes instead of smoking for people who smoke, 
but also that vaping (or smoking) should not be taken up by 
people who have never smoked.
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