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Abstract
Electronic cigarette (EC) aerosol emissions generally contain fewer and lower concentrations of harmful and potentially 
harmful constituents, compared with cigarette smoke. Further studies are needed to establish whether decreased emissions 
translate to reduced health risks for EC users. In a cross-sectional study, biomarkers of exposure (BoE) to certain tobacco 
smoke toxicants and biomarkers of potential harm (BoPH), associated with biological processes linked to the potential 
development of smoking-related diseases and oxidative stress, were assessed in solus Vuse ECs users and current, former, 
and never smokers. In total, 213 participants were enrolled, and smoking status was confirmed by urinary cotinine, exhaled 
carbon monoxide, and N-(2-cyanoethyl)valine levels (EC users and former smokers only). During confinement participants 
used their usual product (EC or cigarette) as normal and BoE and BoPHs were assessed via blood, 24-h urine, and physiologi-
cal assessment. Significantly lower levels of all urinary BoE; MHBMA, HMPMA, 3-HPMA, NNN, 3-OH-B[a]P, S-PMA, 
NNAL (all p < 0.0001), and TNeq (p = 0.0074) were observed in EC users when compared with smokers. Moreover, sig-
nificantly lower levels were observed in EC users for 3 of the 7 BoPH measured, carboxyhaemoglobin (p < 0.0001), soluble 
intercellular adhesion molecule-1 (p = 0.0028), and 11-dehydrothromboxane B2 (p = 0.0012), when compared with smokers. 
As compared with smokers, solus Vuse EC users have significantly lower exposure to tobacco toxicants for the BoE, and 3 
BoPH measured. These results add to the weight of evidence supporting EC as part of a tobacco harm reduction strategy.
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Introduction

The health risks associated with smoking include cardiovas-
cular disease, chronic obstructive pulmonary disease, and 
lung cancer [1]. These risks are primarily due to the long-
term inhalation of cigarette smoke, which contains more 
than 6500 identified chemicals [2] and multiple harmful and 
potentially harmful constituents (HPHCs) [3] created and 
released during the combustion of tobacco [1, 4–8]. Quit-
ting smoking greatly reduces the relative risks of smoking-
related diseases [1], which has led to the public health pri-
ority of reducing the health burden of cigarette smoking by 
encouraging smoking abstinence [9]. Despite these efforts, 
smoking rates in adult populations worldwide remain around 

20%, although prevalence is declining in many countries 
[10]. Key factors in the development of smoking-related dis-
eases have been identified as oxidative stress, DNA damage, 
and inflammation [5, 11, 12], but the finer mechanisms are 
not yet fully elucidated [5].

Electronic cigarettes (EC) typically provide a nicotine-
containing aerosol with significantly fewer and generally 
substantially lower levels of HPHCs than cigarette smoke 
[13–18]. Many health bodies now support the use of ECs as 
an alternative to smoking conventional cigarettes [19–22] 
as part of a tobacco harm reduction (THR) strategy, first 
proposed by the US Institute of Medicine in 2001 [5]. The 
validity of this approach, which aims to help those seeking 
an alternative to smoking to choose instead a less harmful 
alternative product [5], is supported by the findings of cross-
sectional and longitudinal studies [5, 23–26].

Although the reduced numbers and concentrations of 
HPHCs in EC aerosol relative to cigarette smoke have been 
well established [13–18], it is not yet clear whether these 
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reductions may translate into measurable changes in the 
health risks of EC use as compared to cigarette smoking. 
Recent studies have begun to assess various biomarkers of 
exposure (BoE) to determine the internal dose of HPHCs 
received by the product user. Short-term confinement studies 
have shown marked reductions in BoE among people who 
smoke switching to exclusive EC use [27–31]; similarly, 
cross-sectional studies [32, 33] have reported substantially 
lower concentrations of BoE among people who use EC 
than among people who smoke. By contrast, fewer studies 
have assessed differences in biomarkers of potential harm 
(BoPH) [32] which give an indication of mechanistic and 
physiological effects caused by exposure, including changes 
in biological pathways and functions, and/or clinical symp-
toms associated with harm [34]. Studies of BoPH can help to 
establish whether novel tobacco and nicotine products offer 
reduced health risks relative to smoking [35] and can inform 
regulatory processes [5, 36].

The aim of this study was to assess selected BoPH, BoE, 
and physiological measures in individuals who had been 
exclusively using commercially available EC (Vuse, Nicov-
entures Trading Ltd, London, UK) for at least 6 months, 
individuals who currently smoke, former, and never 
smokers.

Methods

Study design

This cross-sectional confinement study was conducted 
among EC users and current, former, and never smokers 
attending a single study centre in London, UK, between 
March and September 2021. The Research Ethics Commit-
tee of the NHS Health Research Authority, South Central, 
Berkshire B, UK gave favourable opinion (equivalent to 
Institutional Review Board approval) for the study (reference 
number 21/SC/0005), and all participants provided written 
informed consent before undergoing any procedures, includ-
ing screening assessments. The study design and protocol 
has been described in full elsewhere [37]. The study was 
conducted in accordance with the Declaration of Helsinki 
and Good Clinical Practice, and is reported in accordance 
with the International Council on Harmonisation guide-
lines. The trial has been registered with the International 
Standard Registered Clinical/Social Study Number registry 
(ISRCTN58921739).

Study objectives

The primary objective was to quantitatively assess dif-
ferences between EC users and current smokers in total 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), 

fractional exhaled nitric oxide (FeNO), 8-epi-prostaglandin 
 F2α Type III (8-epi-PGF2α Type III), carboxyhaemoglobin 
(COHb), white blood cell count (WBC), soluble intercel-
lular adhesion molecule-1 (sICAM-1), and high-density 
lipoprotein (HDL). The secondary objective was to quan-
titatively assess differences between EC users and cur-
rent smokers in total nicotine equivalents (nicotine, coti-
nine, 3-hydroxycotinine, and their glucuronide conjugates) 
[TNeq], monohydroxybutenylmercapturic acid (MHBMA), 
3-hydroxy-1-methylpropylmercapuric acid (HMPMA), 
3-hydroxypropylmercapturic acid (3-HPMA), total N-nitros-
onornicotine (NNN), 3-hydroxybenzo[a]pyrene (3-OH-B[a]
P), and S-phenylmercapturic acid (S-PMA), 11-dehydro-
thromboxane B2 (11-dTX B2), forced expiratory volume in 
1 s as % of predicted (FEV1%pred) and carotid intima-media 
thickness (CIMT), as well a quality-of-life questionnaire. 
Differences in all study endpoints between EC users and 
former smokers, and between EC users or former smokers 
and never smokers were qualitatively assessed.

Study participants

Potential participants were identified by Richmond Phar-
macology Limited (London, UK) through advertising cam-
paigns, database contact, referral scheme, and social media 
channels. An external recruitment agency was used to iden-
tify potential EC user participants. Eligible participants were 
healthy adults (age 19–55 years) exclusive users of Vuse 
ECs, smokers (≥ 10 cigarettes/day), former smokers, and 
never smokers. The lower age limit of 19 was selected to 
ensure participants who smoke had been legally smoking 
for at least 1 year prior to screening, as the minimum legal 
age required to purchase or use tobacco products in the UK 
is 18 years old. The upper age restriction was 55 years to 
limit the influence of age-related confounding effects on 
BOPH. Exclusive EC use was defined as self-reported daily 
use of Vuse EC devices for a minimum of 6 months prior to 
screening and was confirmed by measurements of urinary 
cotinine > 200 ng/mL and exhaled breath carbon monoxide 
(eCO) < 7 ppm [38]. Current smoking status was defined 
as self-reporting smoking of at least ten cigarettes per day 
for a minimum of 1 year prior to screening and was con-
firmed by urinary cotinine > 200 ng/mL and eCO ≥ 7 ppm. 
Former smokers self-reported having quit smoking for at 
least 6 months and current non-smoking status was con-
firmed by urinary cotinine < 200 ng/mL and eCO < 7 ppm. 
Never smokers self-reported smoking fewer than 100 ciga-
rettes in their lifetime and none within the 6 months before 
screening, along with urinary cotinine < 200 ng/mL and 
eCO < 7 ppm. Compliance with smoking abstinence in the 
previous 6 months among EC users and former smokers was 
assessed by measurement of N-(2-cyanoethyl)valine (CEVal) 
[39].
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The full inclusion and exclusion criteria have been 
described previously [37]. The main inclusion criteria were 
general good health and no clinically relevant abnormal find-
ings on physical examination, vital signs assessment, elec-
trocardiogram, clinical laboratory evaluations, lung function 
tests, or medical history. The main exclusion criteria were 
females who were pregnant/breastfeeding; blood donation 
(≥ 400 mL) in the 90 days before screening; and acute illness 
requiring treatment in the 28 days before screening. In addi-
tion, participants were asked to avoid alcohol completely 
for a period of at least 24 h; eating food containing poppy 
seeds for 3 days as this can lead to a positive opiate result 
in the drugs of abuse test; and eating or cooking cruciferous 
vegetables which is associated with induction of cytochrome 
P450 1A2 and grilled, fried or barbequed food which could 
influence the assessment of BOE, for 48 h prior to attending 
the clinic.

Study protocol

On study day 1, potential participants were invited to attend 
the clinic for screening, which included physical and vital 
signs examinations, routine clinical laboratory testing, alco-
hol and drug consumption testing, and pregnancy testing. 
Nicotine use and smoking status were confirmed by eCO 
and cotinine tests. Extent of tobacco and nicotine use was 
assessed via a questionnaire (Supplementary Information). 
Individuals who met the inclusion criteria were enrolled 
after screening and immediately began the study.

Participants supplied their own ECs or cigarettes, suf-
ficient to cover their typical usage for the 24-h study period, 
and were asked to use them as and when they normally 
would. During this time, 24-h urine samples were collected, 
and blood sampling (for BoE, BoPH, and CEVal), physi-
ological assessments, and a quality-of-life questionnaire 
(RAND 36-Item Short Form Health Survey questionnaire) 
[40] were conducted. After completion of health checks and 
safety assessments at the end of day 2, participants were dis-
charged from the clinic. A follow-up 7 days after discharge 
was performed by telephone call to collect information on 
the status of any ongoing adverse events (AEs) at discharge 
and any new AEs experienced post-discharge.

Participants were allowed to withdraw from the study at 
any time and for any reason. They could also be withdrawn 
from the study by the principal investigator, for example, for 
health reasons or protocol deviations.

Study products

No study products were provided; instead, participants sup-
plied their own ECs and e-liquid cartridges and cigarettes for 
use during the study. The recruited smokers used their own 
brand of cigarette. The recruited EC users were self-reported 

exclusive users of commercially available Vuse ePod or 
Vuse ePen3 ECs (Nicoventures Trading Ltd, UK). Both ECs 
comprise a reusable device containing a 350-mAh (ePod) 
or 650-mAH (ePen3) rechargeable battery and a disposable 
cartridge containing e-liquid (1.9 or 2.0 ml, respectively). 
The two ECs were used only with the manufacturer’s recom-
mended cartridges. The design, materials, and aerosolization 
performance of the Vuse ePod are substantially similar to 
the Vuse Alto (R. J. Reynolds Vapor Company.). Vuse ePod 
cartridges contain a ceramic wick, and a flat metallic heat-
ing element. Vuse ePen3 cartridges contain a silica a rope 
wick and a NiCr coil. The recruited EC used their own Vuse 
e-liquids. Vype was rebranded to Vuse in the UK on 1st Apr 
2021, during the clinical conduct phase of the study.

Compliance measurements

For EC users and former smokers, smoking abstinence in 
the previous 6 months was confirmed by measurement of a 
haemoglobin adduct of acrylonitrile (CEVal) in erythrocytes 
as described [41]. Acrylonitrile is found in tobacco smoke, 
but not in aerosol from ECs [16] and tobacco smoke is the 
major non-occupational source for acrylonitrile exposure. 
The CEVal-compliant population was defined as a subset of 
the per-protocol population, and included only those Vuse 
users and former smokers whose blood CEVal level was 
below 54 pmol/g Hb. The threshold of CEVal used to deter-
mine compliance has been described previously [39, 42].

Biomarkers of exposure

BoE were selected from the WHO Study Group on Tobacco 
Product Regulation (Tob Reg) initial list of priority toxicants 
[43]. For two of the listed toxicants, acetaldehyde and for-
maldehyde, there are no reliable BoE at present; therefore, 
levels of crotonaldehyde were assessed via HMPMA instead. 
The BoE assessed were HMPMA, 3-HPMA, 3-OH-B[a]
P, MHBMA, total NNN, S-PMA, TNeq, and total NNAL. 
The analysis was conducted at Analytisch-biologisches 
Forschungslabor (ABF) GmbH, Planegg, Germany as pre-
viously described [37, 44, 45].

Biomarkers of potential harm

The BoPH selected for this study were HDL, sICAM-
1, COHb, 11-dTX B2, WBC and CIMT, FeNO and 
 FEV1%pred, and 8-epi-PGF2α Type III. NNAL is a BoE for 
the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) and an animal carcinogen 
[6]. The biological processes associated with each BOPH 
have been described previously [37]. Urinary NNAL is asso-
ciated with lung cancer risk [46], and, therefore, is consid-
ered a BoPH for lung cancer [47, 48].
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The BoPH analytical methods have been described in 
detail previously [37]. In brief, the urinary eicosanoids 
11-dTX B2 and 8-epi-PGF2α type III and COHb were meas-
ured at ABF. Celerion AG (Zurich, Switzerland) conducted 
serum sICAM-1 and urinary creatinine analyses. WBC and 
HDL were measured in blood and serum, respectively, by 
The Doctors Laboratory (London, UK). CIMT was measured 
by ultrasound. The assessment was performed on a 10 mm 
section of the distal portion of the common carotid artery, 
on both sides of the neck, at least 5 mm from the carotid 
bulb.  FEV1 was measured by spirometry (without a bron-
chodilator) in accordance with procedures of the American 
Thoracic Society/European Respiratory Society [49], and 
 FEV1%pred values were standardised to the Global Lungs 
Initiative predictive values. Participants were not allowed 
to eat for 2 h, or smoke or vape for 1 h, prior to spirom-
etry assessments. Levels of nitric oxide in exhaled breath 
were determined by assessing FeNO using the Vivatmo Pro 
(Bosch Healthcare Solutions, Waiblingen, Germany).

Quality‑of‑life questionnaire

Self-reported quality of life was assessed via the RAND 
36-Item Short Form (SF-36) Health Survey questionnaire 
[40].

Safety

Participant safety was monitored in clinic by vital signs 
assessment, physical examination, and clinical laboratory 
assessments, and by telephone follow-up 7 days after dis-
charge. All AEs were recorded and coded in accordance with 
the Medical Dictionary for Regulatory Activities version 
24.0, with severity classified as mild, moderate, or severe.

Statistical analysis

To determine sample size, all primary endpoints were 
assessed by literature review. Of these, sICAM-1 showed 
the most variability in terms of mean ratios and coefficients 
of variation (CVs). The ratio of means for sICAM-1 between 
current and former smokers was 0.697‒0.847 in identified 
studies, and CVs were 24.5‒34.1%. Based on these data, 
a sample size calculation was performed using PROC 
POWER (SAS version 9.4) to enable assessment of differ-
ences between EC users and current smokers in this study. 
It was assumed that EC users have a ratio below 1 when 
compared to smokers and set a mean ratio of 0.847 with 
CV of 27.1‒32.8% based on data from Haswell et al. [50]. 
These values would yield β = 0.2 and α = 0.05. Thus, it was 
determined the study would require 84‒120 participants to 
complete across the two groups to demonstrate a signifi-
cant difference. This number would provide power of 0.806. 

Since the split between EC users and current smokers was 
not planned to be equal, the total for these combined groups 
was set at a minimum of 120.

Data for all urinary biomarkers were converted to values 
per 24-h period, by multiplying the reported concentration 
by the volume of urine collected from the subject in the 24-h 
period. Primary and secondary endpoints were summarised 
using descriptive statistics (n, mean and standard deviation) 
and presented by study arm.

Statistical analysis was performed on the means of Vuse 
user and smoker groups using an Analysis of Covariance 
(ANCOVA) general linear model. The ANCOVA model was 
fitted with the endpoint result as the dependent variable, 
Group and Sex were included as fixed effects and Age was 
included as a covariate. Multiple comparisons were per-
formed for the primary objective assessments as multiple 
endpoints were tested using least-squares mean (LS-mean). 
To control the type-I error rate, the Bonferroni correction 
method was applied. The threshold of statistical significance 
was divided by the number of endpoints tested, i.e., 0.05/7. 
If the p value was below 0.00714, the null hypothesis was 
rejected, and the means in Vuse user and smoker groups 
were considered statistically different. For secondary end-
points, no adjustment was made for multiplicity, and thus, 
the threshold of statistical significance was equal to 0.05.

Descriptive summaries and data analysis were performed 
on the per-protocol and the CEVal-compliant populations. 
Analyses were completed using SAS version 9.4 software.

Results

Demographics of the study participants

The first participants were enrolled on 26 March 2021 and 
the last follow-up call was performed on 09 September 2021. 
The study recruited 213 participants. Participants were not 
randomised but were enrolled directly into each study group, 
Supplementary Fig. 1 shows the deposition of the partici-
pants into the study arms and populations. The safety popu-
lation comprised of 99 Vuse users, 40 smokers, 37 former 
smokers, and 37 never smokers. Of the 213 participants, 194 
completed the study. One participant was withdrawn from 
the per-protocol and CEVal-compliant populations of the 
Vuse users group due to a major protocol deviation (failed 
Exclusion Criterion: Participants who have used any form of 
tobacco or nicotine-containing product, other than the Vuse 
e-Pen3 and/or e-Pod, within the 6 months prior to screening) 
and the remaining 18 participants were lost to follow-up. 
Participants who completed the in-clinic part of the study 
(with no major protocol deviations) were included in the 
per-protocol population even if they were lost to follow up.
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Basic participant demographic details for the CEVal-
complaint population are presented in Supplementary 
Table 1 and the per-protocol population in Supplementary 
Table 2. In the CEVal-compliant population, Vuse users, 
smokers, and never smokers were similar in age (mean ± SD: 
29.6 ± 8.26, 29.5 ± 6.57, and 30.4 ± 7.64  years, respec-
tively), the oldest group of participants were former smok-
ers (mean ± SD, 35.8 ± 9.73). The overall proportion of 
females in the CEVal-compliant population was 41.8% and 
the proportion in the smoker and never smoker groups were 
relatively similar. The proportion of females in the CEVal-
compliant Vuse users’ group was slightly lower at 35.5% 
and higher in the former smoker group at 51.4%. There 
were no notable differences in body mass index between 
study groups.

Compliance

Compliance with self-reported solus use of e-cigarettes and 
smoking abstinence was assessed by CEVal, a haemoglobin 
adduct of acrylonitrile, in the Vuse user and former smoker 
groups. Five participants in the Vuse user and two partici-
pants in the former smoker groups were determined to have 
CEVal levels above the threshold and were excluded from 
the CEVal-compliant population.

Biomarkers of exposure

The levels of the eight urinary tobacco toxicant BoE assessed 
in the CEVal-compliant participants are shown in Fig. 1. The 
statistical analyses of the BoE were performed on the Vuse 

user and smoker groups, as per the SAP, and the descriptive 
statistics and statistical analyses of the differences between 
these groups in the per-protocol and CEVal-compliant popu-
lations are presented in Table 1. Significantly lower levels 
of all the BoE; HMPMA, 3-HPMA, 3-OH-B[a]P, MHBMA, 
total NNN, S-PMA, total NNAL (all p < 0.0001), and TNeq 
(p = 0.0074) were observed in the CEVal-compliant Vuse 
users group when compared with people who smoke. The 
per-protocol population BoE levels are presented in Supple-
mentary Fig. 2. The BoE descriptive statistics of the former 
smoker and never smoker groups (both per-protocol and 
CEVal-compliant) are presented in Supplementary Table 3.

Biomarkers of potential harm

The levels of the seven BoPH assessed in the CEVal-
compliant participants are shown in Fig. 2. The statisti-
cal analyses of the BoPH were performed on the Vuse 
user and smoker groups, as per the SAP, and the descrip-
tive statistics and statistical analyses of the differences 
between these groups in the per-protocol and CEVal-com-
pliant populations are presented in Table 2. The levels 
of 11-dTX B2 were significantly lower (p = 0.0012) in 
the CEVal-compliant Vuse users group when compared 
with people who smoke (mean ± SD; 121.95 ± 106.709 
vs 196.72 ± 169.241 ng/24h, respectively). In addition, 
both COHb and sICAM-1 levels were observed to be sig-
nificantly lower (p < 0.0001 and p = 0.0028, respectively) 
in the CEVal-compliant Vuse users when compared with 
people who smoke (mean ± SD; 4.62 ± 1.319 vs 6.42 
± 1.456 % saturation and 208.78 ± 31.665 vs 228.40 ± 

Fig. 1  Biomarkers of exposure boxplots by study groups for the 
CEVal-compliant population. The bar inside the box is the median 
and the arithmetic mean is the cross inside the box. The upper (75th 
percentile) and lower (25th percentile) sides of the box represent the 
interquartile range; the lower whisker is the minimum and the upper 

whisker is the maximum. *Secondary endpoint with threshold of sta-
tistical significance = 0.05. †Primary endpoint with threshold of sta-
tistical significance = 0.00714, to account for multiple endpoint test-
ing
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44.986 ng/mL, respectively). Analysis of the WBC and 
8-epi-PGF2 Type III determined that levels in the CEVal-
compliant Vuse users group were lower than that of people 
who smoke (mean ± SD; 6.19 ± 1.629 vs 6.51 ±1.542 
 x109/L and 200.10 ± 94.095 vs 206.88 ± 110.541 ng/24h, 
respectively); however, the difference was not statistically 
significant. Favourable differences in the levels of FeNO 

and HDL were also observed in the CEVal-compliant Vuse 
users compared to people who smoke (mean ± SD; 31.05 
± 31.255 vs 25.78 ± 31.764 ppb and 1.42 ± 0.405 vs 1.30 
±0.329 mmol/L, respectively); however, the differences 
were not statistically significant. The per-protocol popula-
tion BoPH levels are presented in Supplementary Fig 3. 
Descriptive statistics of BoPH levels in the former smoker 

Fig. 2  Biomarkers of potential harm boxplots by study groups for the 
CEVal-compliant population. The bar inside the box is the median 
and the arithmetic mean is the cross inside the box. The upper (75th 
percentile) and lower (25th percentile) sides of the box represent the 
interquartile range; the lower whisker is the minimum and the upper 

whisker is the maximum. *Secondary endpoint with threshold of sta-
tistical significance = 0.05. †Primary endpoint with threshold of sta-
tistical significance = 0.00714, to account for multiple endpoint test-
ing

Fig. 3  Physiological measurement boxplots by study groups for the 
CEVal-compliant population. The bar inside the box is the median 
and the arithmetic mean is the cross inside the box. The upper (75th 

percentile) and lower (25th percentile) sides of the box represent the 
inter quartile range; the lower whisker is the minimum and the upper 
whisker is the maximum
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and never smoker groups (both per-protocol and CEVal-
compliant) are presented in Supplementary Table 3.

Physiological measurements

The results of the physiological measurements FEV1%pred 
and CIMT for the Vuse user and smoker groups for the 
CEVal-compliant population are presented in Fig. 3. The 
statistical analyses of the physiological measurements were 
performed on the Vuse user and smoker groups as per the 
SAP, and the descriptive statistics and statistical analyses of 
the differences between these groups in the per-protocol and 
CEVal-compliant populations are presented in Table 3. The 
FEV1%pred levels and CIMT values were similar for the 
Vuse user and smoker groups, and no statistical differences 
were observed for either the per-protocol or CEVal-compli-
ant populations. The per-protocol population results for the 
physiological measurements are presented in Supplementary 
Fig 4.  Descriptive statistics of the physiological measure-
ment results for the former smoker and never smoker groups 
(both per-protocol and CEVal-compliant) are presented in 
Supplementary Table 3.

Quality of life

The statistical analysis of the Quality-of-Life questionnaire 
was performed on the General Health score of the Vuse 
user and smoker groups, as per the SAP, and the descriptive 
statistics and statistical analyses of the differences between 
these groups in the per-protocol and CEVal-compliant popu-
lations are presented in Supplementary Table 4. While Gen-
eral Health scores were higher in the Vuse users compared 
to people who smoke for both the per-protocol and CEVal-
compliant populations, the difference between the Vuse 
users and people who smoke was not statistically significant 

for the per-protocol population (p = 0.0548). However, the 
higher score for the Vuse users was statistically significant 
for the CEVal-compliant population (p = 0.0425) when com-
pared with people who smoke. Descriptive statistics of the 
Quality-of-Life questionnaire results for the former smoker 
and never smoker groups (both per-protocol and CEVal-
compliant) are presented in Supplementary Table 5.

Adverse events

There were two AEs reported during the study. Both AEs 
presented as headaches, were determined to be mild in sever-
ity, and were coded with the preferred terms hangover and 
headache.

Discussion

The aerosol of ECs contains substantially fewer and greatly 
reduced levels of HPHCs as compared to cigarettes [16, 18], 
indicating that these nicotine products may have a role to 
play in a THR approach [19, 22]. This cross-sectional study 
aimed to add to the current knowledge regarding the role 
of ECs in THR, by assessing BoE and BoPH levels in indi-
viduals who had been exclusively using Vuse ECs (for at 
least 6 months), individuals who smoke on a daily basis, for-
mer, and never smokers. The results of this cross-sectional 
study found significantly lower levels of all urinary BoE; 
HMPMA, 3-HPMA, 3-OH-B[a]P, MHBMA, total NNN, 
S-PMA, total NNAL (all p < 0.0001), and TNeq (p = 0.0074) 
in CEVal-compliant participants who exclusively use Vuse 
EC when compared with participants who smoke on a daily 
basis. Additionally, urinary NNAL is associated with lung 
cancer risk [46], and, therefore, is considered a BoPH for 
lung cancer [47, 48]. Furthermore, in CEVal-compliant 

Table 3  Physiological measurements’ descriptive statistics and statistical analysis of the per-protocol and CEVal-compliant populations

N number of subjects, SD standard deviation
* Secondary endpoint with threshold of statistical significance = 0.05

Physiological measurements (units) Associated Per-protocol population CEVal-compliant population

Biological process Group N Mean SD p value* N Mean SD p value*

Forced expiratory volume in 1 s as % of 
predicted (FEV1%pred) (%)

COPD Vuse users 98 94.92 11.455 0.8032 93 95.07 11.472 0.7457
Smokers 40 94.17 13.349 40 94.17 13.349

Carotid intima-media thickness (CIMT)
Left anterior average (mm)

CVD Vuse users 98 0.525 0.0804 0.8902 93 0.528 0.0807 0.9829
Smokers 40 0.527 0.0964 40 0.527 0.0964

CIMT left posterior average (mm) CVD Vuse users 98 0.508 0.0771 0.4863 93 0.512 0.0774 0.3894
Smokers 40 0.500 0.0718 40 0.500 0.0718

CIMT right anterior average (mm) CVD Vuse users 98 0.523 0.0831 0.3418 93 0.527 0.0833 0.2624
Smokers 40 0.508 0.0810 40 0.508 0.0810

CIMT right posterior average (mm) CVD Vuse users 98 0.492 0.0682 0.5151 93 0.495 0.0683 0.3939
Smokers 40 0.484 0.0569 40 0.484 0.0569
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participants who exclusively use Vuse EC, there were sig-
nificantly lower levels of the BoPH, COHb (p < 0.0001), 
sICAM-1 (p = 0.0028), and 11-dTX B2 (p = 0.0012), when 
compared with participants who smoke on a daily basis.

Several studies have evaluated the levels of BoE to 
HPHCs in individuals who use EC. Five short-term con-
finement studies [27–31] have measured BoE changes in 
individuals who smoke switching exclusively to ECs and 
those continuing to smoke. These studies all observed sub-
stantial reductions in BoE (up to 97%), including NNN, 
NNAL, 3-HPMA, MHBMA, S-PMA, HMPMA, CEMA, 
1-OHP, and COHb, for participants switching to exclusive 
EC use over the study periods (5–9 days), with no significant 
change from baseline for those who continued to smoke. 
A community-based switching study also found significant 
reductions in eight BoE for smokers who switched exclu-
sively to ECs for 8 weeks [51].

To date, two cross-sectional studies looking at longer 
term EC use (≥ 6 months) have been conducted. Shahab 
et al. reported that individuals who use EC had signifi-
cantly lower levels of NNAL and BoE for volatile organic 
compounds (including metabolites of the toxins acrolein; 
acrylamide; acrylonitrile; 1,3-butadiene; and ethylene 
oxide) than solus combustible cigarette smokers [52]. 
However, the author noted the limitations of this study 
included the small sample size, which was unable to allow 
more sophisticated data analysis, and the limited number 
of biomarkers assessed. These data have also been used in 
a secondary analysis by Smith et al., showing that individ-
uals who use EC exclusively had lower levels of toxicant 
biomarkers, but higher levels of nicotine biomarkers than 
individuals who smoke [33]. The second cross-sectional 
study [32] reported four BoE (total NNAL, 3-HPMA, 
COHb, and TNeq) were 46% to 86% lower in individu-
als who use EC vs individuals who smoke. This is the 
only other study to date that has measured BoPH in EC 
users; of the five BoPH measured, three were lower in 
individuals who use EC exclusively than in individuals 
who smoke: 11-dTX B2 (29% lower), 8-epi-PGF2α Type 
III (23% lower), and sICAM-1 (16% lower); with no sig-
nificant difference in WBC or HDL. Recent publications 
by Wilson et al. attempted to estimate the potential rela-
tive harm to health from using modern ECs use compared 
with smoking [53]. Using data from five studies comparing 
solus EC use with smoking, they attempted to estimate the 
relative disease harm of EC use compared with smoking. 
Due to several limitations, the study concluded that it is 
premature to develop quantitative estimates of the relative 
harm to health from using EC compared to tobacco smok-
ing [53, 54]. However, an independent evidence review in 
2018 by Public Health England concluded that EC use is 
around 95% less harmful than smoking [55], and recently 
in their 2022 report the UK Office for Health Improvement 

and Disparities (formerly Public Health England) “that 
vaping poses only a small fraction of the risks of smoking” 
[56], though the validity of the original estimate has been 
challenged citing the lack of evidence available at time the 
estimate was made [57].

The cross-sectional study reported here provides a 
comprehensive analysis of 17 BoE to HPHCs, BoPH, and 
physiological measures associated with biological pro-
cesses linked to the potential development of oxidative 
stress, cardiovascular and respiratory diseases, and cancer 
in individuals who use EC exclusively, individuals who 
smoke, former smokers, and never smokers. Moreover, in 
contrast to many of the above studies, which relied solely 
on participants self-identifying as EC users or smokers, 
the present study has the strength that participants who 
self-reported as exclusive EC users or former smokers 
had their compliance assessed using a relatively long-
term biomarker of compliance, CEVal. In addition, this 
study assessed BoE and BoPH in individuals who use EC 
exclusively that had self-selected, rather than in individu-
als who smoke and have been asked to switch to a specific 
investigational product for a short period of time. Finally, 
the total number of participants recruited to the study 
(n = 213) is substantially higher than that in many of the 
previous studies.

We note that the present study has some limitations to 
the study design. The cross-sectional study design provides 
an assessment of the study population at a specific time. 
In contrast, longitudinal studies repeatedly assess the same 
subjects to determine potential changes that occur over the 
study period. Typically, longitudinal studies investigating 
novel tobacco and nicotine products involve switching a 
population of smokers from combustible cigarettes to novel 
products and assessing changes in BoE and BoPH in sub-
jects over time. A longitudinal design allows the baseline 
data of compliant subjects, switching to a novel tobacco or 
nicotine product, to act as their own control. In contrast, 
cross-sectional studies compare separate populations and 
those populations may have different lifestyles and behav-
iours that could have an effect on BoE and/or BoPH.

Collectively, the data show, for the BoE measured, that 
individuals who use EC exclusively were exposed to lower 
levels of the tobacco smoke toxicants when compared with 
individuals who smoke. Statistically significantly lower 
levels of three of the BoPH measured (COHb, sICAM-1, 
and 11-dTX B2) were observed in individuals who use EC 
exclusively compared with individuals who smoke. Though 
not statistically significant, directionally favourable differ-
ences were also observed for FeNO, WBC, HDL, and 8-epi 
 PGF2α Type III. The results of this study add to the current 
knowledge and support the role of ECs in THR.



1369Internal and Emergency Medicine (2023) 18:1359–1371 

1 3

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11739- 023- 03294-9.

Funding This study was funded by BAT.

Data availability BAT is committed to the responsible sharing of data 
with the wider research community. Data access is administered for 
this study through an internal Data Sharing Committee on reasonable 
request following completion of a data sharing request form and, if 
applicable, a Data Access Agreement. Requests for data sharing in the 
first instance should be emailed to the corresponding author.

Declarations 

Conflict of interest LEH, NG, EB, DA, MM, and FM are current em-
ployees of BAT, which was the sponsor and funding source of this 
study. GH and JT were employees of BAT at the time of the study.

Informed consent All participants provided written informed consent 
before enrolment into the study, including agreeing for the results to 
be published.

Ethical Approval The study was given a favourable opinion (equivalent 
to Institutional Review Board approval) by the Research Ethics Com-
mittee of the NHS Health Research Authority, South Central, Berkshire 
B (reference number 21/SC/0005).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. US Department of Health and Human Services. The Health Con-
sequences of Smoking-50 Years of Progress. A Report of the Sur-
geon General. Atlanta (GA). 2014.

 2. Perfetti T, Rodgman A (2011) The complexity of tobacco and 
tobacco smoke. Beitr Tab Int/Contrib Tob Res 24:215–232. 
https:// doi. org/ 10. 2478/ cttr- 2013- 0902

 3. FDA. Harmful and Potentially Harmful Constituents in Tobacco 
Products and Tobacco Smoke: Established List. 2012. Available 
from: https:// www. fda. gov/ tobac co- produ cts/ rules- regul ations- 
and- guida nce/ harmf ul- and- poten tially- harmf ul- const ituen ts- tobac 
co- produ cts- and- tobac co- smoke- estab lished- list.

 4. Doll R, Peto R, Wheatley K, Gray R, Sutherland I (1994) Mortal-
ity in relation to smoking: 40 years’ observations on male British 
doctors. BMJ 309(6959):901–911. https:// doi. org/ 10. 1136/ bmj. 
309. 6959. 901

 5. Institute of Medicine (US). Clearing the Smoke: Assessing the 
Science Base for Tobacco Harm Reduction (Stratton K, Shetty 
P, Wallace R, Bondurant S, editors). Washington (DC): National 
Academies Press 2001.

 6. IARC (2007) IARC monographs on the evaluation of carcinogenic 
risks to humans. Smokeless tobacco and some tobacco-specific 
N-nitrosamines 89:1–592

 7. Popa C (2015) Infrared spectroscopy study of the influence of 
inhaled vapors/smoke produced by cigarettes of active smokers. 
J Biomed Opt 20(5):051003. DOI: https:// doi. org/ 10. 1117/1. JBO. 
20.5. 051003.

 8. Rehan HS, Maini J, Hungin APS (2018) Vaping versus smok-
ing: a quest for efficacy and safety of e-cigarette. Curr Drug Saf 
13(2):92–101. https:// doi. org/ 10. 2174/ 15748 86313 66618 02271 
10556

 9. WHO Report on the Global Tobacco Epidemic, 2011: Warning 
about the dangers of tobacco. World Health Organization. 2011.

 10. WHO Report on the Global Tobacco Epidemic, 2021: Addressing 
new and emerging products. World Health Organization. 2021.

 11. US Department of Health and Human Services. How Tobacco 
Smoke Causes Disease: The Biology and Behavioral Basis for 
Smoking-Attributable Disease. A Report of the Surgeon General. 
2010. Report No.: QV137H8472010.

 12. Fearon IM, Phillips G, Carr T, Taylor M, Breheny D, Faux SP 
(2011) The role of oxidative stress in smoking-related diseases. 
Mini-Rev Org Chem 8(4):360–371. https:// doi. org/ 10. 2174/ 15701 
93117 97440 317

 13. Cunningham A, McAdam K, Thissen J, Digard H (2020) The 
Evolving E-cigarette: Comparative Chemical Analyses of E-cig-
arette Vapor and Cigarette Smoke. Front Toxicol 2. DOI: https:// 
doi. org/ 10. 3389/ ftox. 2020. 586674.

 14. Farsalinos KE, Gillman G (2017) Carbonyl emissions in e-ciga-
rette aerosol: a systematic review and methodological considera-
tions. Front Physiol 8:1119. https:// doi. org/ 10. 3389/ fphys. 2017. 
01119

 15. Goniewicz ML, Knysak J, Gawron M, Kosmider L, Sobczak A, 
Kurek J et al (2014) Levels of selected carcinogens and toxicants 
in vapour from electronic cigarettes. Tob Control 23(2):133–139. 
https:// doi. org/ 10. 1136/ tobac cocon trol- 2012- 050859

 16. Margham J, McAdam K, Forster M, Liu C, Wright C, Mariner D 
et al (2016) Chemical composition of aerosol from an e-cigarette: 
a quantitative comparison with cigarette smoke. Chem Res Toxi-
col 29(10):1662–1678. https:// doi. org/ 10. 1021/ acs. chemr estox. 
6b001 88

 17. Nicol J, Fraser R, Walker L, Liu C, Murphy J, Proctor CJ (2020) 
Comprehensive chemical characterization of the aerosol emissions 
of a vaping product based on a new technology. Chem Res Toxicol 
33(3):789–799. https:// doi. org/ 10. 1021/ acs. chemr estox. 9b004 42

 18. Pinto MI, Thissen J, Hermes N, Cunningham A, Digard H, Mur-
phy J (2022) Chemical characterisation of the vapour emitted by 
an e-cigarette using a ceramic wick-based technology. Sci Rep 
12(1):16497. https:// doi. org/ 10. 1038/ s41598- 022- 19761-w

 19. Royal College of Physicians. Nicotine without smoke: Tobacco 
harm reduction. 2016.

 20. Royal College of General Practitioners Position statement on the 
use of electronic nicotine vapour products (E-Cigarettes). 2017.

 21. Public Health England Guidance. Health matters: stopping smok-
ing – what works? 2019.

 22. McNeill A, Brose L, Calder R, Hitchman S (2015) E-cigarettes: an 
evidence update. A report commissioned by Public Health Eng-
land, London

 23. Cancer Research UK. E-cigarettes Safer than Smoking Says 
Long-term Study. 2017. Available from: https:// news. cance 
rrese archuk. org/ 2017/ 02/ 06/e- cigar ettes- safer- than- smoki 
ng- says- long- term- study/.

 24. Brose LS, Hitchman SC, Brown J, West R, McNeill A (2015) 
Is the use of electronic cigarettes while smoking associated 
with smoking cessation attempts, cessation and reduced ciga-
rette consumption? A survey with a 1-year follow-up. Addiction 
110(7):1160–1168. https:// doi. org/ 10. 1111/ add. 12917

https://doi.org/10.1007/s11739-023-03294-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2478/cttr-2013-0902
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://doi.org/10.1136/bmj.309.6959.901
https://doi.org/10.1136/bmj.309.6959.901
https://doi.org/10.1117/1.JBO.20.5.051003
https://doi.org/10.1117/1.JBO.20.5.051003
https://doi.org/10.2174/1574886313666180227110556
https://doi.org/10.2174/1574886313666180227110556
https://doi.org/10.2174/157019311797440317
https://doi.org/10.2174/157019311797440317
https://doi.org/10.3389/ftox.2020.586674
https://doi.org/10.3389/ftox.2020.586674
https://doi.org/10.3389/fphys.2017.01119
https://doi.org/10.3389/fphys.2017.01119
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1021/acs.chemrestox.6b00188
https://doi.org/10.1021/acs.chemrestox.6b00188
https://doi.org/10.1021/acs.chemrestox.9b00442
https://doi.org/10.1038/s41598-022-19761-w
https://news.cancerresearchuk.org/2017/02/06/e-cigarettes-safer-than-smoking-says-long-term-study/
https://news.cancerresearchuk.org/2017/02/06/e-cigarettes-safer-than-smoking-says-long-term-study/
https://news.cancerresearchuk.org/2017/02/06/e-cigarettes-safer-than-smoking-says-long-term-study/
https://doi.org/10.1111/add.12917


1370 Internal and Emergency Medicine (2023) 18:1359–1371

1 3

 25. Brown J, Beard E, Kotz D, Michie S, West R (2014) Real-world 
effectiveness of e-cigarettes when used to aid smoking cessation: 
a cross-sectional population study. Addiction 109(9):1531–1540. 
https:// doi. org/ 10. 1111/ add. 12623

 26. Shahab L, Goniewicz ML, Blount BC, Brown J, McNeill A, Alwis 
KU et al (2017) Nicotine, carcinogen, and toxin exposure in long-
term e-cigarette and nicotine replacement therapy users: a cross-
sectional study. Ann Intern Med 166(6):390–400. https:// doi. org/ 
10. 7326/ M16- 1107

 27. Cohen G, Goldenson NI, Bailey PC, Chan S, Shiffman S (2021) 
Changes in biomarkers of cigarette smoke exposure after 6 days of 
switching exclusively or partially to use of the JUUL system with 
two nicotine concentrations: a randomized controlled confinement 
study in adult smokers. Nicotine Tob Res 23(12):2153–2161. 
https:// doi. org/ 10. 1093/ ntr/ ntab1 34

 28. Jay J, Pfaunmiller EL, Huang NJ, Cohen G, Graff DW (2020) 
Five-day changes in biomarkers of exposure among adult smok-
ers after completely switching from combustible cigarettes to a 
nicotine-salt pod system. Nicotine Tob Res 22(8):1285–1293. 
https:// doi. org/ 10. 1093/ ntr/ ntz206

 29. McEwan M, Gale N, Ebajemito JK, Camacho OM, Hardie G, 
Proctor CJ et al (2021) A randomized controlled study in healthy 
participants to explore the exposure continuum when smokers 
switch to a tobacco heating product or an E-cigarette relative to 
cessation. Toxicol Rep 8:994–1001. https:// doi. org/ 10. 1016/j. 
toxrep. 2021. 05. 003

 30. Morris P, McDermott S, Chapman F, Verron T, Cahours X, Ste-
venson M et al (2021) Reductions in biomarkers of exposure to 
selected harmful and potentially harmful constituents following 
exclusive and partial switching from combustible cigarettes to 
myblu() electronic nicotine delivery systems (ENDS). Intern 
Emerg Med. https:// doi. org/ 10. 1007/ s11739- 021- 02813-w

 31. Round EK, Chen P, Taylor AK, Schmidt E (2019) Biomarkers of 
tobacco exposure decrease after smokers switch to an e-cigarette 
or nicotine gum. Nicotine Tob Res 21(9):1239–1247. https:// doi. 
org/ 10. 1093/ ntr/ nty140

 32. Oliveri D, Liang Q, Sarkar M (2019) Real-world evidence of dif-
ferences in biomarkers of exposure to select harmful and poten-
tially harmful constituents and biomarkers of potential harm 
between adult e-vapor users and adult cigarette smokers. Nicotine 
Tob Res 22(7):1114–1122. https:// doi. org/ 10. 1093/ ntr/ ntz185

 33. Smith DM, Shahab L, Blount BC, Gawron M, Kosminder L, Sobc-
zak A, et al. (2020) Differences in Exposure to Nicotine, Tobacco-
Specific Nitrosamines, and Volatile Organic Compounds among 
Electronic Cigarette Users, Tobacco Smokers, and Dual Users 
from Three Countries. Toxics 8(4). DOI: https:// doi. org/ 10. 3390/ 
toxic s8040 088.

 34. Chang CM, Cheng YC, Cho TM, Mishina EV, Del Valle-Pinero 
AY, van Bemmel DM et al (2019) Biomarkers of Potential Harm: 
Summary of an FDA-Sponsored Public Workshop. Nicotine Tob 
Res 21(1):3–13. https:// doi. org/ 10. 1093/ ntr/ ntx273

 35. Institute of Medicine (2012) Scientific standards for studies on 
modified risk tobacco products. The National Academies Press, 
Washington, DC

 36. FDA. Modified Risk Tobacco Product Applications. Draft Guid-
ance for Industry2012.

 37. Gale N, Haswell LE, McEwan M, Azzopardi D, Thissen J, Hardie 
G (2022) Biomarkers of exposure and potential harm in exclu-
sive users of electronic cigarettes and current, former and never-
smokers: a cross-sectional study protocol. Journal of Health and 
Environmental Research 8(2):116–127. https:// doi. org/ 10. 11648/j. 
jher. 20220 802. 17

 38. Benowitz NL, Bernert JT, Foulds J, Hecht SS, Jacob P, Jarvis MJ 
et al (2020) Biochemical verification of tobacco use and absti-
nence: 2019 update. Nicotine Tob Res 22(7):1086–1097. https:// 
doi. org/ 10. 1093/ ntr/ ntz132

 39. Camacho OM, McEwan M, Gale N, Pluym N, Scherer M, 
Hardie G, et al. (2021) Use of the Acrylonitrile Haemoglobin 
Adduct N-(2-cyanoethyl)valine as a Biomarker Of Compliance 
in Smokers Switching to Tobacco Heating Products. Preprints 
2021080085. DOI: https:// doi. org/ 10. 20944/ prepr ints2 02108. 
0085. v1.

 40. Hays RD, Sherbourne CD, Mazel RM (1993) The RAND 36-Item 
Health Survey 1.0. Health Econ 2(3):217–227. DOI: https:// doi. 
org/ 10. 1002/ hec. 47300 20305.

 41. Scherer G, Newland K, Papadopoulou E, Minet E (2014) A cor-
relation study applied to biomarkers of internal and effective dose 
for acrylonitrile and 4-aminobiphenyl in smokers. Biomarkers 
19(4):291–301. https:// doi. org/ 10. 3109/ 13547 50X. 2014. 910271

 42. Gale N, McEwan M, Camacho OM, Hardie G, Proctor CJ, Murphy 
J (2021) Changes in biomarkers after 180 days of tobacco heating 
product use: a randomised trial. Intern Emerg Med. https:// doi. 
org/ 10. 1007/ s11739- 021- 02798-6

 43. WHO Study Group on Tobacco Regulation. Report on the Scien-
tific Basis of Tobacco Product Regulation: Fifth Report of a WHO 
Study Group. 2015.

 44. Gale N, McEwan M, Eldridge AC, Sherwood N, Bowen E, 
McDermott S et al (2017) A randomised, controlled, two-Centre 
open-label study in healthy Japanese subjects to evaluate the effect 
on biomarkers of exposure of switching from a conventional ciga-
rette to a tobacco heating product. BMC Public Health 17(1):673. 
https:// doi. org/ 10. 1186/ s12889- 017- 4678-9

 45. Rögner N, Hagedorn H-W, Scherer G, Scherer M, Pluym N 
(2021) A Sensitive LC–MS/MS method for the quantification of 
3-Hydroxybenzo[a]pyrene in urine-exposure assessment in smok-
ers and users of potentially reduced-risk products. Separations 
8(10):171. https:// doi. org/ 10. 3390/ separ ation s8100 171

 46. Yuan JM, Butler LM, Stepanov I, Hecht SS (2014) Urinary 
tobacco smoke-constituent biomarkers for assessing risk of lung 
cancer. Cancer Res 74(2):401–411. https:// doi. org/ 10. 1158/ 0008- 
5472. CAN- 13- 3178

 47. Hecht S, Murphy S, Stepanov I, Nelson H, Yuan J-M (2012) 
Tobacco smoke biomarkers and cancer risk among male smokers 
in the Shanghai cohort study. Cancer Lett 334(1):34–38. https:// 
doi. org/ 10. 1016/j. canlet. 2012. 07. 016

 48. Xue J, Yang S, Seng S (2014) Mechanisms of cancer induction 
by tobacco-specific NNK and NNN. Cancers (Basel) 6(2):1138–
1156. https:// doi. org/ 10. 3390/ cance rs602 1138

 49. Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper 
BG, Hall GL, et al. (2019) Standardization of Spirometry 2019 
Update. An Official American Thoracic Society and European 
Respiratory Society Technical Statement. Am J Respir Crit 
Care Med 200(8):e70-e88. DOI: https:// doi. org/ 10. 1164/ rccm. 
201908- 1590ST.

 50. Haswell LE, Papadopoulou E, Newland N, Shepperd CJ, Lowe 
FJ (2014) A cross-sectional analysis of candidate biomarkers of 
biological effect in smokers, never-smokers and ex-smokers. Bio-
markers 19(5):356–367. https:// doi. org/ 10. 3109/ 13547 50X. 2014. 
912354

 51. Hatsukami DK, Meier E, Lindgren BR, Anderson A, Reisinger 
SA, Norton KJ et al (2020) A randomized clinical trial examining 
the effects of instructions for electronic cigarette use on smoking-
related behaviors and biomarkers of exposure. Nicotine Tob Res 
22(9):1524–1532. https:// doi. org/ 10. 1093/ ntr/ ntz233

 52. Shahab L, Goniewicz ML, Blount BC, Brown J, West R (2017) 
E-cigarettes and toxin exposure. Ann Intern Med 167(7):525–526. 
https:// doi. org/ 10. 7326/ L17- 0315

 53. Wilson N, Summers JA, Ait Ouakrim D, Hoek J, Edwards R, 
Blakely T (2021) Improving on estimates of the potential relative 
harm to health from using modern ENDS (vaping) compared to 
tobacco smoking. BMC Public Health 21(1):2038. https:// doi. org/ 
10. 1186/ s12889- 021- 12103-x

https://doi.org/10.1111/add.12623
https://doi.org/10.7326/M16-1107
https://doi.org/10.7326/M16-1107
https://doi.org/10.1093/ntr/ntab134
https://doi.org/10.1093/ntr/ntz206
https://doi.org/10.1016/j.toxrep.2021.05.003
https://doi.org/10.1016/j.toxrep.2021.05.003
https://doi.org/10.1007/s11739-021-02813-w
https://doi.org/10.1093/ntr/nty140
https://doi.org/10.1093/ntr/nty140
https://doi.org/10.1093/ntr/ntz185
https://doi.org/10.3390/toxics8040088
https://doi.org/10.3390/toxics8040088
https://doi.org/10.1093/ntr/ntx273
https://doi.org/10.11648/j.jher.20220802.17
https://doi.org/10.11648/j.jher.20220802.17
https://doi.org/10.1093/ntr/ntz132
https://doi.org/10.1093/ntr/ntz132
https://doi.org/10.20944/preprints202108.0085.v1
https://doi.org/10.20944/preprints202108.0085.v1
https://doi.org/10.1002/hec.4730020305
https://doi.org/10.1002/hec.4730020305
https://doi.org/10.3109/1354750X.2014.910271
https://doi.org/10.1007/s11739-021-02798-6
https://doi.org/10.1007/s11739-021-02798-6
https://doi.org/10.1186/s12889-017-4678-9
https://doi.org/10.3390/separations8100171
https://doi.org/10.1158/0008-5472.CAN-13-3178
https://doi.org/10.1158/0008-5472.CAN-13-3178
https://doi.org/10.1016/j.canlet.2012.07.016
https://doi.org/10.1016/j.canlet.2012.07.016
https://doi.org/10.3390/cancers6021138
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.3109/1354750X.2014.912354
https://doi.org/10.3109/1354750X.2014.912354
https://doi.org/10.1093/ntr/ntz233
https://doi.org/10.7326/L17-0315
https://doi.org/10.1186/s12889-021-12103-x
https://doi.org/10.1186/s12889-021-12103-x


1371Internal and Emergency Medicine (2023) 18:1359–1371 

1 3

 54. Wilson N, Summers JA, Ouakrim DA, Hoek J, Edwards R, 
Blakely T (2022) Correction: Improving on estimates of the poten-
tial relative harm to health from using modern ENDS (vaping) 
compared to tobacco smoking. BMC Public Health 22(1):1788. 
https:// doi. org/ 10. 1186/ s12889- 022- 13983-3

 55. E-cigarettes and heated tobacco products: evidence review. Pub-
lic Health England; 2018. Available from: https:// www. gov. uk/ 
gover nment/ publi catio ns/e- cigar ettes- and- heated- tobac co- produ 
cts- evide nce- review.

 56. McNeill A, Simonavičius E, Brose L, Taylor E, East K, Zuikova 
E, et al. Nicotine vaping in England: an evidence update including 
health risks and perceptions. 2022.

 57. Eissenberg T, Bhatnagar A, Chapman S, Jordt SE, Shihadeh A, 
Soule EK (2020) Invalidity of an oft-cited estimate of the relative 
harms of electronic cigarettes. Am J Public Health 110(2):161–
162. https:// doi. org/ 10. 2105/ AJPH. 2019. 305424. [Inlin eImag 
eRemo ved]

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s12889-022-13983-3
https://www.gov.uk/government/publications/e-cigarettes-and-heated-tobacco-products-evidence-review
https://www.gov.uk/government/publications/e-cigarettes-and-heated-tobacco-products-evidence-review
https://www.gov.uk/government/publications/e-cigarettes-and-heated-tobacco-products-evidence-review
https://doi.org/10.2105/AJPH.2019.305424.[InlineImageRemoved]
https://doi.org/10.2105/AJPH.2019.305424.[InlineImageRemoved]

	Biomarkers of exposure and potential harm in exclusive users of electronic cigarettes and current, former, and never smokers
	Abstract
	Introduction
	Methods
	Study design
	Study objectives
	Study participants
	Study protocol
	Study products
	Compliance measurements
	Biomarkers of exposure
	Biomarkers of potential harm
	Quality-of-life questionnaire
	Safety
	Statistical analysis

	Results
	Demographics of the study participants
	Compliance
	Biomarkers of exposure
	Biomarkers of potential harm
	Physiological measurements
	Quality of life
	Adverse events

	Discussion
	Anchor 25
	References




