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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
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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
HPHC:s 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),
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fractional exhaled nitric oxide (FeNO), 8-epi-prostaglandin
F,, Type III (8-epi-PGF,, Type III), carboxyhaemoglobin
(COHD), 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[«]
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|[«]
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
FEV,%pred, and 8-epi-PGF,, 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-PGF,,, type IIl and COHb were meas-
ured at ABF. Celerion AG (Zurich, Switzerland) conducted
serum sSICAM-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. FEV, was measured by spirometry (without a bron-
chodilator) in accordance with procedures of the American
Thoracic Society/European Respiratory Society [49], and
FEV,%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 f=0.2 and a=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.
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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
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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

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 +
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tistical significance = 0.00714, to account for multiple endpoint test-
ing
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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

44.986 ng/mL, respectively). Analysis of the WBC and
8-epi-PGF, 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
x10%/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

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

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

Physiological measurements (units) Associated Per-protocol population CEVal-compliant population
Biological process  Group N Mean SD pvalue* N Mean SD p value*
Forced expiratory volume in 1 s as % of COPD Vuse users 98 9492 11.455 0.8032 93 95.07 11.472 0.7457
predicted (FEV1%pred) (%) Smokers 40 94.17 13.349 40 9417 13349

Carotid intima-media thickness (CIMT) CVD Vuse users 98 0.525 0.0804 0.8902 93 0.528 0.0807 0.9829

Left anterior average (mm) Smokers 40 0527 0.0964 40 0527 0.0964

CIMT left posterior average (mm) CVD Vuse users 98 0.508 0.0771 0.4863 93 0512 0.0774 0.3894
Smokers 40 0500 0.0718 40 0500 0.0718

CIMT right anterior average (mm) CVD Vuseusers 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 0495 0.0683 0.3939
Smokers 40  0.484 0.0569 40  0.484 0.0569

N number of subjects, SD standard deviation

“Secondary endpoint with threshold of statistical significance =0.05

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

@ Springer



1368

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

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
HPHC s 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 COHBD, 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-PGF2, Type
III (23% lower), and sSICAM-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

@ Springer

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, sSICAM-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
PGF,, Type III. The results of this study add to the current
knowledge and support the role of ECs in THR.
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