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Abstract

Introduction: Real-world evidence regarding likely long-term health effects of e-vapor products 
(EVP) under actual use conditions relative to cigarette smoking is not well studied.
Methods: In this cross-sectional, observational study, biomarkers of exposure (BOE) to select 
harmful and potentially harmful constituents and biomarkers of potential harm (BOPH) relevant to 
smoking-related diseases were measured in exclusive adult EVP users (AEVP, n = 144) and exclusive 
adult cigarette smokers (AS, n = 73). AEVP used their own brand of EVP for 6+ months following 
10+ years of cigarette smoking and AS smoked own brand of cigarettes for 10+ years. Subject re-
cruitment and informed consent were obtained online and urine/blood samples were collected at 
local clinical laboratories, representing a new paradigm for collecting real-world evidence.
Results: The levels of total NNAL (NNK metabolite), 3-hydroxypropyl mercapturic acid (acrolein 
metabolite), and carboxyhemoglobin (carbon monoxide measure) were 46% to 86% lower in 
AEVP compared with AS (p ≤ .0001) as was nicotine equivalents (nicotine and its five metabolites; 
36%, p < .01). The levels of some BOPH were significantly lower in AEVP compared with AS for 
11-dehydrothromboxane-B2 (29%, p = .04; platelet activation), 8-epi-prostaglandin F2α (23%, p = .02; 
oxidative stress) and soluble intercellular adhesion molecule-1 (16%, p = .02; endothelial function). 
Conclusions: This study demonstrates the feasibility of a new approach for collecting real-world 
evidence. Substantially lower levels of BOEs (NNK, nicotine, acrolein, carbon monoxide) and fa-
vorable differences in BOPHs (platelet activation, oxidative stress, endothelial function) suggest 
EVP users may have lower health risks than cigarette smokers.
Implications: Cigarette smoking causes serious diseases. Switching from a combustible tobacco 
product to a noncombustible product is a potential harm reduction pathway for adult smokers un-
able or unwilling to quit. Real-world evidence regarding the relative risk of EVP use compared with 
cigarettes is not well established. This study provides data specific to BOE to tobacco smoke con-
stituents and biomarkers of potential harm collected under actual use conditions in a real-world 
setting. The totality of evidence suggests that exclusive EVP use may present lower health risk 
compared with smoking cigarettes.
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Introduction

There is overwhelming scientific consensus that cigarette smoking is 
addictive and causes lung cancer, heart disease, COPD (chronic ob-
structive pulmonary disease), and other serious diseases in smokers.1 
Quitting tobacco use is the most effective means of reducing the risk 
of tobacco-related disease. For those unable or unwilling to quit 
tobacco, completely switching from cigarettes to noncombustible 
products has the potential to reduce the risk of smoking-related dis-
eases. There is evidence that many adult smokers are interested in 
reduced risk alternatives to cigarettes. According to an internal ana-
lysis of Wave 1 data (2013–2014) from the Population Assessment 
of Tobacco and Health (PATH) study, 55% of adult smokers are 
seeking reduced risk alternatives. A  growing body of evidence in-
dicates that noncombustible products like heat-not-burn tobacco 
products, e-vapor products, snus and traditional smokeless tobacco 
products have the potential to reduce risk from smoking-related dis-
eases.2–6 Many in public health7–9 have recognized the existence of 
a continuum of risk among tobacco products, with conventional, 
combustible cigarettes at the highest end of that spectrum and 
noncombustible products on the lower end. FDA has also acknow-
ledged this continuum of risk and proposed that the potential for 
innovation can lead to less harmful products.10

E-vapor products (EVPs) are a category of noncombustible prod-
ucts, with the ability to deliver nicotine without burning tobacco. As 
a result, many of the combustion-related chemicals are either absent 
or present at extremely low levels.11

There is an ongoing public health debate regarding the long-term 
health benefit of switching from cigarettes to EVPs.12–15 Nevertheless, 
there is a growing body of evidence that suggests EVPs may present 
lower risks than cigarettes, including chemical analyses of harmful 
and potentially harmful constituents (HPHCs)16,17 and randomized 
clinical trials. Notably, many randomized clinical trials18–21 involve 
“forced-switching” from smoking to EVPs, which suffer from the 
limitation of adherence to the study EVP, particularly since adult 
smokers may not immediately switch if the EVP does not provide 
as satisfactory an experience as cigarette smoking. Adherence to the 
study EVP in a “forced-switching” setting is further complicated 
by the inability of many adult smokers to exclusively use the study 
EVP uninterrupted by occasional cigarettes throughout the study 
duration typically required to assess measurable changes in health 
effects (ranging from 3 to 12 months). Additionally, participants in 
an RCT are unable to select their preferred product type of flavor, 
therefore risking noncompliance and reversal back to cigarette 
smoking.

Therefore, observational studies assessing the impact of EVPs 
under real-world conditions offer a unique opportunity as smokers 
have self-selected to switch to EVPs of their own volition. There 
have been few studies collecting real-world evidence on EVP users 
and they report biomarkers of exposure (BOE)11,22,23 or pulmonary 
function24 but do not include biomarkers of inflammation or oxida-
tive stress. Furthermore, no reports exist in the published literature 
that differentiates between cartridge and tank EVP users. Here, we 
present a systematic assessment of biomarker data among matched 
EVP users and smokers (by age, gender, body mass index [BMI], and 
smoking history) under real-world conditions.

This study compares BOE to tobacco smoke constituents and 
biomarkers of potential harm (BOPH) in a cross section of adult 
former cigarette smokers who are current users of EVPs relative to 
current smokers of conventional cigarettes. This is the first study 
to report real-world evidence of differences in BOE and BOPH 

following a long-term product switch (6+ months of self-reported 
exclusive use) from conventional cigarettes to EVPs.

Methods

Study Design
We hypothesize that adult smokers currently using EVP for at least 
6 months after smoking 10 cigarettes per day for 10 years will have 
lower levels of BOEs and exhibit favorable levels of BOPHs com-
pared with a matched control group of adult smokers. We utilized a 
cross-sectional study design because we wanted to gather observa-
tions under actual use conditions in the real-world from participants 
who had made switching decisions on their own volition and were 
using their own products. This cross-sectional, observational study 
represents a new approach for collecting real-world evidence—a 
“virtual” study where study participation is supported via an on-
line portal and a call center, and the biological specimens are col-
lected at local laboratories. The study was overseen by Covance Inc. 
between January 2017 and June 2017. The study was conducted 
in accordance with Good Clinical Practice (GCP) based on the 
International Conference on Harmonization guidelines, and the cor-
responding US Code of Federal Regulations (CFR) governing the 
Protection of Human Subjects (21 CFR 50), IRBs (21 CFR 56), and 
the Basic Principles of the Declaration of Helsinki. Prior to the start 
of the study, the study documents were approved by an independent 
Institutional Review Board (Chesapeake IRB, Columbia, MD—cur-
rently known as Advarra).

Participant recruitment (additional details provided in 
Supplementary Appendix A: Participant Recruitment and 
Prescreening) focused on each of the four regions defined by the US 
Census Bureau to provide a geographically diverse study popula-
tion. Interested participants were prescreened by phone based on 
the inclusion and exclusion criteria, and qualified participants were 
provided study details including the responsibilities for the online 
enrollment process and laboratory visit. These prescreened partici-
pants were directed to an online portal for completion of enrollment, 
including rescreening, creating an account on the portal, ID verifica-
tion, e-consent with a call center agent on the phone to answer ques-
tions, scheduling of the laboratory visit with the call center agent, 
and completion of online questionnaires. The entire enrollment pro-
cess, including the phone call with the call center agent and the com-
pletion of the online questionnaires, lasted approximately 30 min. 
A  laboratory kit with instructions was shipped to the participants 
after completion of the online questionnaires.

On the morning of the laboratory visit, the participants collected 
a first-void morning urine sample (at least 4 hours of retention in the 
bladder overnight) and stored at ambient temperature. Previous re-
search has demonstrated that the first-morning void is the optimum 
spot urine collection time for estimating exposure to cigarette smoke 
constituents.25 Anthropometric measurements and blood specimens 
(8-h fasting) were drawn at the local clinical laboratory site and the 
biological specimens were shipped to a central lab for processing and 
analysis on the day of the visit.

The study was conducted in two groups for which participants 
self-identified: exclusive adult EVP users (AEVP) and exclusive 
adult cigarette smokers (AS). Exclusive AEVP identified themselves 
as former smokers (minimum of 10 cigarettes per day for at least 
10  years) and were exclusively using EVPs for at least 6  months 
and no other tobacco- or nicotine-containing products during that 
period. Exclusive AS were individuals who currently smoked 10 or 
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more conventional cigarettes and have smoked 10 or more cigar-
ettes per day for at least 10 years and did not use other tobacco or 
nicotine-containing products (including EVPs) in the past 30 days. 
Six months of EVP use was considered as sufficient for smokers 
to acclimatize use behavior and manifest a measurable change in 
BOPH based on a previous switching study with a reduced exposure 
product.26

AEVP were subdivided into two equal groups, tank-based and 
cartridge-based EVPs. Each participant was assigned to a respective 
age–gender–BMI category. The distribution of BMI within each age–
gender quota in the AEVP group was used to define the age–gender–
BMI quotas for the AS group as a means to generate appropriately 
matched controls. Recruitment of AS was initiated once the target 
quotas for AEVPs were filled.

Participants
Participants included males or females, 30–65 years of age, who self-
identified as AEVP or AS. Participants were required to be in good 
health (self-reported) and have a BMI between 18.5 and 39.9 kg/
m2. Participants were required to reside within 30 miles of a local 
laboratory network site (LabCorp Patient Service Centers) and have 
access to the internet, an active e-mail address and phone number. 
Participants who did not meet the smoking history, age, or BMI re-
quirements and/or who were pregnant or planning to become preg-
nant were excluded.

Products and Product Use
No study product was provided by the sponsor or study investigator. 
Participants were instructed to use their own brand of EVP or con-
ventional cigarettes ad libitum throughout study duration (approxi-
mately 30  days from electronic consent and online questionnaire 
completion to biological specimen collection).

Study Measures
BOE to specific HPHCs assessed as part of the study included: a bio-
marker of nicotine-derived nitrosamine ketone (NNK) exposure—
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and its 
glucuronides, NNAL-O-glucuronide, and NNAL-N-glucuronide 
(total NNAL); a biomarker of nicotine exposure—nicotine equiva-
lents or the molar sum of nicotine, nicotine glucuronide, cotinine, 
cotinine glucuronide, trans-3′-hydroxy cotinine, and trans-3′-
hydroxy cotinine glucuronide23; a biomarker of acrolein exposure—
3-hydroxypropyl mercapturic acid (3-HPMA); and a biomarker of 
carbon monoxide exposure—blood carboxyhemoglobin (COHb). 
Total NNAL, nicotine equivalents, and 3-HPMA were measured 
from urine and COHb was measured from blood samples.

Biomarkers of potential harm related to mechanisms involved in 
smoking-related diseases evaluated as part of the study included: a 
biomarker related to inflammation—white blood cell (WBC) count; 
a biomarker related to cardiovascular risk—high-density lipopro-
tein cholesterol (HDL-C); a biomarker related to platelet activa-
tion 11-dehydrothromboxane B2; a biomarker related to oxidative 
stress 8-epi-prostaglandin F2α; and a biomarker related to endothe-
lial function—soluble intercellular adhesion molecule-1 (sICAM-1). 
White blood cell count, HDL-C, and sICAM-1 were measured from 
serum and 11-dehydrothromboxane B2 and 8-epi-prostaglandin 
F2α were measured from urine.

Urine creatinine was measured in the spot urine collection and 
was used to adjust the concentration values of nicotine equivalents, 

total NNAL, 3-HMPA, 11-dehydrothromboxane B2, and 8-epi-
prostaglandin F2α. The hematology panel provided details regarding 
complete and differential blood counts.

Biomarker analysis was performed by Celerion (Lincoln, 
Nebraska), NMS Labs (Willow Grove, Pennsylvania), and Covance 
(Indianapolis, Indiana and Harrogate, England).27 The urinary 
BOEs, 8-iso-prostaglandin-F2α and 11-dehydrothromobane B2, 
were measured by LC-MS/MS, COHb by GC-MS/MS, creatinine 
and HDL-C were measured by colorimetric assays, and sICAM 
was measured by immunoassay. All the methods were validated 
using best practices, e.g., 21 CFR Part 58, Guidance for Industry 
– Bioanalytical Method Validation. Urinary nicotine equivalents 
were calculated as the molar sum of total nicotine, total cotinine, 
and total trans-3′-hydroxycotinine excreted in the spot urine sample. 
The values of individual components reported as below the limit of 
quantitation were set to one-half of the limit of quantitation.

Statistical Analysis
The sample size was based on detecting a difference in total NNAL 
between AEVP and AS because this biomarker is tobacco-specific,27 
correlates with overall cigarette smoke exposure,28 and has a rela-
tively long half-life.29 Assuming a two-sided t-test and 5% type 
I error rate, a sample size of 150 participants for the AEVP group 
and 75 participants for the AS group provided at least 80% power 
to detect a difference.

We used an analysis of variance (ANOVA) model, to detect differ-
ences in total NNAL between AEVP and AS, with total NNAL level 
as the response variable and classification variables study group, 
age group (30 to <45, ≥45), gender, BMI (<25, ≥25), race (white, 
non-white), study group × age group, and study group × BMI group 
as model terms. We selected those variables that were most likely 
to influence the biomarker levels as confounders based on previous 
publications.30 The ANOVA model was also used to examine the dif-
ference in all other BOE and biomarkers of potential harm between 
AEVP and AS as well as between tank and cartridge AEVPs. For 
biomarkers not normally distributed, a natural log-transformation 
was applied, and geometric mean was used in such cases. Data were 
analyzed using SAS v9.3 or above (SAS Institute Inc., Cary, NC).

Results

Following the initial telephone screening, 417 participants were 
rescreened for the study within the online portal; of which, 200 
participants were categorized as screen failures. The most common 
reason for screen failure was an inability to verify identification at 
the online portal (n = 100), followed by smoking <10 cigarettes per 
day (n = 32), and unwillingness or inability to provide informed con-
sent (n = 22). Of the 217 participants who were enrolled in the study, 
197 participants completed. Among those who completed, 194 par-
ticipants were included in the biomarker analysis set; 3 participants 
were excluded due to major protocol violations related to pregnancy 
and age.

A summary of demographics is provided in Table 1 and product 
use history is provided in Supplementary Table S1. The mean age was 
statistically significantly higher for AS than AEVP (47 vs. 44 years of 
age, p = .0399); however, the distribution of participants within the 
age groups was similar (p = .4672). Nevertheless, any potential impact 
of age on the biomarker outcomes was taken into consideration in 
the statistical model. For the AEVP subgroups, there were 35 males 

http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz185#supplementary-data
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and 35 females in the tank-based subgroup and 36 males and 26 fe-
males for the cartridge-based subgroup; the latter not as equally dis-
tributed due to relaxing the quota requirement to recruit the necessary 
number of participants. The majority of AS and AEVP were Caucasian 
(77.4% and 54.5%, respectively) with a higher proportion of African 
Americans for AEVP (30.3%) compared to AS (17.7%). The dif-
ferences in demographics related to race (p  =  .0056) and ethnicity 
(p = .0342) were statistically significant. The statistical differences re-
lated to race was based on five specific categories. As some categories 
were comprised of a small number of participants, they were com-
bined into two broader categories (white vs. nonwhite) in the ana-
lysis of variance model for race. In the model used to assess BOE and 
BOPH, the difference between AEVP and AS was adjusted for race 
and age, among other factors, and therefore the differences in the dis-
tribution observed at baseline did not impact the group inferences.

Tobacco Use History
A summary of tobacco use history for AS and AEVP is provided in 
Table 1. Overall, AS reported smoking cigarettes nearly every day 
during the past 30 days (mean, 29.3 days). On the days on which AS 
smoked cigarettes, the majority (74.2%) reported smoking 11–30+ 
cigarettes per day. Similarly, AEVP reported the use of EVP most 
days during the past 30 days (mean, 24.1 days). Participants in the 
tank-based subgroup reported use of tank EVP for 20.3 days (mean) 
but also used cartridge EVP for 10.8 days (mean). Participants in the 
cartridge-based EVP subgroup reported the use of cartridge EVP for 
17.2 days (mean) but also used tank EVP for 7.0 days (mean) during 
the past 30 days. Participants in the tank-based EVP subgroup tended 
to use more e-liquid on days they used EVP compared with users of 

cartridge-based EVP. Participants in the cartridge-based EVP subgroup 
tended to use EVP cartridges with a higher concentration of nicotine 
compared with users of tank-based EVP. The extensive poly-use of dif-
ferent types of EVP (e.g., tank-based, cartridge-based) among AEVP 
diminished the ability to evaluate differences in tobacco use history be-
tween tank and cartridge-based EVP. Therefore, the sub-groups should 
be referred to as predominant tank and predominant cartridge-based 
EVP users.

Exposure to Select HPHCs
The descriptive statistics for the BOE and BOPH are shown in 
Tables 2 and 3 describes the least squares mean (LS Mean) values 
based on the statistical model. Overall, AEVP had statistically sig-
nificantly lower levels of BOE to specific HPHCs compared with 
AS (Table 3 and Figure 1). This corresponded to lower levels in 
EVP users compared with AS by 86% for total NNAL (LS geo-
metric mean, p < .0001), 36% for urinary nicotine equivalents (LS 
mean, p  =  .0035), 46% for level 3-HPMA (LS geometric mean, 
p = .0001), and 47% reduction for COHb (LS geometric mean, p 
< .0001).

The predominant tank and cartridge-based AEVP had lower 
levels of BOE when compared with AS. No specific trends were evi-
dent between the AEVP subgroups as shown in Table 2.

Biomarkers of Potential Harm
As shown in Table 3 and Figure 1, AEVP had statistically signifi-
cantly lower levels of BOPH compared with AS, with the exception 
of WBC count and HDL-C. This corresponded to 9% lower levels 
for WBC count (LS geometric mean, p =  .0588), 29% lower levels 

Table 1. Demographics and Tobacco Use Summary

Demographics Statistic AS (N = 62)

AEVP

p-ValueaAS vs. all AEVPAll AEVP (N = 132) Tank-based (N = 70) Cartridge-based (N = 62)

Age (years)       
 Mean 47.1 44.4 44.0 44.9 0.0399
 SD 8.48 8.31 8.6 7.95  
 Median 46.5 44.0 44.0 45.5  
Age group       
 30 to <45 years n (%) 28 (45.2)  67 (50.8) 37 (52.9) 30 (48.4) 0.4672b

 45 to ≤65 years n (%) 34 (54.8)  65 (49.2) 33 (47.1) 32 (51.6)  
Gender       
 Male n (%) 30 (48.4)  71 (53.8) 35 (50.0) 36 (58.1) 0.4826
 Female n (%) 32 (51.6)  61 (46.2) 35 (50.0) 26 (41.9)  
Race       
 White n (%) 48 (77.4)  72 (54.5) 43 (61.4) 29 (46.8) 0.0056
 Black/African American n (%) 11 (17.7)  40 (30.3) 16 (22.9) 24 (38.7)  
 Asian n (%)  1 (1.6)  2 (1.5)  2 (2.9)  0 (0.0)  
 Multiracial n (%)  0 (0.0)  12 (9.1)  6 (8.6)  6 (9.7)  
 Other n (%)  1 (1.6)  5 (3.8)  3 (4.3)  2 (3.2)  
 Prefer not to answer n (%)  1 (1.6)  1 (0.8)  0 (0.0)  1 (1.6)  
Ethnicity       
 Hispanic or Latino n (%)  3 (4.8)  21 (15.9) 12 (17.1)  9 (14.5) 0.0342
 Not Hispanic or Latino n (%) 58 (93.5) 109 (82.6) 57 (81.4) 52 (83.9)  
 Prefer not to answer n (%)  1 (1.6)  2 (1.5)  1 (1.4)  1 (1.6)  
BMI       
 <25 kg/m2 n (%) 24 (38.7) 34 (25.8) 17 (24.3) 17 (27.4) 0.0661
 ≥25 kg/m2 n (%) 38 (61.3) 98 (74.2) 53 (75.7) 45 (72.6)  

AEVP = adult e-vapor product users; AS = adult smokers; N = number of participants; SD = standard deviation.
aBased on the Chi-square test or Fisher exact test (where the expected frequency is five or less) for categorical data and t-test for continuous data.
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for 11-dehydrothromboxane B2 (LS geometric mean, p  =  .0433), 
23% lower levels for 8-epi-prostaglandin F2α (LS geometric mean, 
p = 0.0194), and 16% lower levels for sICAM-1 (LS mean, p = .0165). 
The levels of HDL-C (LS mean, p > .05) were observed to be 2% 
higher in AEVP users relative to AS (Table 3). In general, similar 
trends were observed for BOPH levels for the predominant tank and 
cartridge-based AEVP compared with AS is shown in Table 2.

Discussion

We report here real-world evidence regarding BOE and BOPH in 
adult-exclusive EVP users and adult cigarette smokers using their 
own products under actual use conditions. Additionally, we provide 
the first report of BOE and BOPH in EVP users. The study adds to 
the growing body of evidence regarding the potential health effects of 
EVPs relative to cigarette smoking. Overall, statistically significantly 

Table 2. Descriptive Statistics for Biomarkers of Exposure to Specific Tobacco Constituents and Biomarkers of Potential Harm in Adult 
Smokers and Adult Exclusive Users of EVP

Na n missing Mean SD %CV Min, max

Biomarkers of exposure   
 Total NNAL (ng/g creatinine)       
  AS 57 5 332.7 331.6 99.7 4, 1407
  AEVP 126 6 144.4 219.7 152.1 1, 1054
  AEVP Tank based 67 3 130.5 194.7 149.2 1, 773
  AEVP Cartridge based 59 3 160.3 245.7 153.2 1, 1054
 Nicotine equivalents (mg/g creatinine)       
  AS 57 5 10.1 6.3 63.0 0, 29
  AEVP 127 5 6.3 7.3 116.8 0, 29
  AEVP Tank based 68 2 7.0 7.7 110.3 0, 29
  AEVP Cartridge based 59 3 5.5 6.8 125.5 0, 24
 3-Hydroxypropylmercapturic acid (μg/g creatinine)       
  AS 54 8 1878.2 1728.3 92.0 145, 8962
  AEVP 124 8 876.8 835.5 95.3 49, 4768
  AEVP Tank based 65 5 899.0 929.9 103.4 96, 4768
  AEVP Cartridge based 59 3 852.3 724.6 85.0 49, 3879
 Carboxyhemoglobin (% saturation)       
  AS 62 0 4.9 2.6 52.5 1, 12
  AEVP 131 1 2.9 2.2 78.0 1, 12
  AEVP Tank based 70 0 2.8 2.2 80.8 1, 12
  AEVP Cartridge based 61 1 3.0 2.2 75.4 1, 10
Biomarkers of potential harm       
 White blood cells (×103/μL)       
  AS 62 0 7.3 2.1 29.4 3.2, 11.2
  AEVP 128 4 6.6 2.1 31.1 3.3, 16.3
  AEVP Tank based 68 2 6.4 1.9 29.8 3.3, 13.6
  AEVP Cartridge based 60 2 6.8 2.1 32.3 3.6, 16.3
 High-density lipoprotein cholesterol (mg/dL)       
  AS 60 2 56.0 17.6 31.5 22, 101
  AEVP 124 8 55.4 14.4 25.9 21, 106
  AEVP Tank based 65 5 56.0 14.9 26.6 21, 89
  AEVP Cartridge based 59 3 54.6 13.8 25.2 34, 106
 11-dehydrothromboxane B2 (ng/g creatinine)       
  AS 57 5 952.6 825.2 86.6 23, 4368
  AEVP 125 7 844.2 1496.2 177.2 27, 13077
  AEVP Tank based 66 4 978.9 1981.2 202.4 27, 13077
  AEVP Cartridge based 59 3 693.4 586.1 84.5 72, 3006
 8-Epi-prostaglandin F2α (ng/g creatinine)       
  AS 57 5 480.9 435.3 90.5 36, 3047
  AEVP 127 5 342.7 275.2 80.3 52, 1897
  AEVP Tank based 68 2 334.1 281.8 84.4 52, 1897
  AEVP Cartridge based 59 3 352.7 269.5 76.4 57, 1633
Soluble intercellular adhesion molecule-1 (ng/mL)       
  AS 55 7 266.89 101.4 38.0 21.1, 538.0
  AEVP 117 15 217.92 103.6 47.5 21.1, 642.2
  AEVP Tank based 66 4 227.58 120.2 52.8 21.1, 642.2
  AEVP Cartridge based 51 11 205.42 76.4 37.2 21.1, 416.3

AEVP = adult e-vapor product users; AS = adult smokers; CI = confidence interval; CV = coefficient of variation; N = number of participants; SD = standard 
deviation.
The observations for the AEVP subgroups (Tank based and Cartridge based) are shown in italics. Since many of the participants in these sub-groups reported dual 
use of tank and cartridge based products, caution should be used when drawing any specific inferences regarding observations for the different types of EVPs.
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lower levels of BOE (total NNAL, urinary nicotine equivalents, 
3-HMPA, and COHb) and BOPH (11-dehydrothromboxane B2, 
8-epi-prostaglandin F2α, and sICAM-1) were observed in AEVP 
compared with AS. Although not statistically significant, favorable 

differences were observed for WBC count and HDL-C in AEVP com-
pared with AS.

We demonstrate the feasibility of using a novel virtual study 
design for examining BOE and BOPH in a real-world setting. 

Table 3. Adjusted Model for Biomarkers of Exposure to Specific Tobacco Constituents and Biomarkers of Potential Harm in Adult 
Smokers and Adult-Exclusive Users of EVP

Group Na LS mean [95% CI] LS mean ratio or difference [95% CI] (Group vs. AS) p-Valueb

Biomarkers of exposure
 Total NNAL (ng/g creatinine)c     
  AS 57 230.1 [130.2, 406.7]   
  AEVP 126 31.6 [20.7, 48.2] 0.14 [0.07, 0.26] <0.0001
  AEVP Tank based 67 35.0 [19.1, 64.0] 0.15 [0.07, 0.33] <0.0001
  AEVP Cartridge based 59 28.6 [16.3, 50.1] 0.12 [0.06, 0.27] <0.0001
 Nicotine equivalents (mg/g creatinine)     
  AS 57 10.0 [7.9, 12.0]   
  AEVP 127 6.4 [4.9, 7.9] -3.5 [-5.9, -1.2] 0.0035
  AEVP Tank based 68 6.4 [4.9, 7.9] -3.5 [-5.9, -1.2] 0.0035
  AEVP Cartridge based 59 7.1 [4.9, 9.3] -2.9 [-5.6, -0.2] 0.0385
 3-Hydroxypropylmercapturic acid (μg/g creatinine)c     
  AS 54 1232.4 [942.9, 1610.8]   
  AEVP 124 666.0 [545.1, 813.7] 0.54 [0.40, 0.74] 0.0001
  AEVP Tank based 65 677.1 [504.6, 908.5] 0.55 [0.38, 0.79] 0.0016
  AEVP Cartridge based 59 655.1 [505.2, 849.6] 0.53 [0.37, 0.77] 0.0008
 Carboxyhemoglobin (% saturation)     
  AS 62 4.1 [3.5, 4.9]   
  AEVP 131 2.2 [1.9, 2.5] 0.53 [0.43, 0.66] <0.0001
  AEVP Tank based 70 2.2 [1.8, 2.7] 0.54 [0.42, 0.69] <0.0001
  AEVP Cartridge based 61 2.2 [1.8, 2.6] 0.53 [0.41, 0.68] <0.0001
Biomarkers of potential harm     
 White blood cells (×103/μL)     
  AS 62 6.9 [6.4, 7.5]   
  AEVP 128 6.3 [5.9, 6.7] 0.91 [0.82, 1.00] 0.0588
  AEVP Tank based 68 6.1 [5.6, 6.7] 0.89 [0.79, 0.99] 0.0404
  AEVP Cartridge based 60 6.4 [5.9, 7.0] 0.93 [0.83, 1.05] 0.2404
 High-density lipoprotein cholesterol (mg/dL)     
  AS 60 56.5 [52.9, 60.0]   
  AEVP 124 57.9 [55.1, 60.6] 1.4 [-3.1, 5.9] 0.5382
  AEVP Tank based 65 58.8 [54.9, 62.7] 2.4 [-2.9, 7.6] 0.3768
  AEVP Cartridge based 59 56.9 [53.0, 60.8] 0.4 [-4.8, 5.7] 0.8692
 11-Dehydrothromboxane B2 (ng/g creatinine)c     
  AS 57 664.8 [499.3, 885.2]   
  AEVP 125 471.4 [379.5, 585.6] 0.71 [0.51, 0.99] 0.0433
  AEVP Tank based 66 461.7 [336.0, 634.4] 0.69 [0.47, 1.03] 0.0696
  AEVP Cartridge based 59 481.3 [362.7, 638.6] 0.72 [0.49, 1.07] 0.1056
 8-Epi-prostaglandin F2α (ng/g creatinine)c     
  AS 57 374.1 [309.9, 451.5]   
  AEVP 127 288.6 [251.1, 331.7] 0.77 [0.62, 0.96] 0.0194
  AEVP Tank based 68 283.9 [232.6, 346.5] 0.76 [0.59, 0.98] 0.0318
  AEVP Cartridge based 59 293.4 [243.6, 353.3] 0.78 [0.61, 1.01] 0.0644
Soluble intercellular adhesion molecule-1 (ng/mL)     
  AS 55 266.4 [239.3, 293.5]   
  AEVP 117 224.5 [203.8, 245.2] -41.9 [-76.1, -7.8] 0.0165
  AEVP Tank based 66 245.1 [216.7, 273.6] -21.3 [-60.4, 17.9] 0.2853
  AEVP Cartridge based 51 203.8 [173.2, 234.4] -62.6 [-103.7, -21.5] 0.0030

AEVP = adult e-vapor product users; AS = adult smokers; CI = confidence interval; Geo=geometric; LS = least squares; N = number of participants.
aN was the number of observations from each group used in the ANOVA.
bp-Value for comparison between groups from ANOVA.
cLS geometric mean and corresponding ratio was calculated (rather than LS mean). 
Note: ANOVA model includes the biomarker as the response variable and study group, age group (30–<45, ≥45), gender, BMI group at PSC visit (<25, ≥25), race 
(black, non-black), study group by age group, and study group by BMI group at PSC visit as classification model terms.
The observations for the AEVP subgroups (Tank based and Cartridge based) are shown in italics. Since many of the participants in these sub-groups reported 
dual use of tank and cartridge based products, caution should be used when drawing any specific inferences regarding observations for the different types of EVPs
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Utilization of the local laboratory network reduced the effort typic-
ally required for site recruitment and oversight by individual inves-
tigators while providing the opportunity to collect biomarker data 
among a reasonably sized sample population.

The mechanisms of diseases attributed to smoking are complex 
and multifaceted. Cigarette smoke consists of thousands of chem-
icals31; many of which are identified as contributing to the harmful 
effects of smoking.1 Continuous exposure to HPHCs affects mul-
tiple organ systems, disease pathways, and mechanisms—inflam-
mation, oxidative stress, platelet activation, and lipid metabolism 
to name a few—which eventually leads to the development of 
smoking-related diseases. In this study, we characterized the poten-
tial health impact of EVPs in adult smokers using these products 
for a minimum duration of 6 months. Specifically, we evaluated ex-
posure to select chemicals identified by FDA as HPHCs. These se-
lect HPHCs are widely recognized, used in tobacco research, and 
are identified by FDA as toxicants of representative organ systems.32 
For instance, NNK is listed as a carcinogen, acrolein as a respira-
tory and cardiovascular toxicant, nicotine and carbon monoxide as 
reproductive or developmental toxicants, and nicotine as addictive. 
Cigarette smokes switching to exclusive EVP use should experience 
reductions in exposure to HPHCs; however, the potential exposure 
to inhaled EVP constituents (some that may not have yet been iden-
tified) is not represented through these BOEs. EVP users had statis-
tically significant lower levels than AS for all BOEs measured in the 
study. These observations were comparable with those observed by 
Goniewicz et al.11 and Hecht et al.23 in similar cross-sectional studies. 
Substantially lower levels of exposure to the carcinogen NNK by 
approximately 86% as well as other HPHCs suggest that EVPs may 
present a lower likelihood of diseases upon switching completely 
from cigarette smoking. Indeed, several factors including duration 
and intensity of smoking, individual susceptibility will influence the 
ultimate disease outcome.

While levels of NNK have not been reportedly detectable in EVP 
aerosols,17 some individuals had high levels of urinary NNAL ap-
proaching that for AS. These observations could be attributed to 
some level of smoking or some proportion of the NNAL levels could 

be from secondhand cigarette smoke exposure.33 Further analysis in-
dicated that majority of EVP users (62% tank, 55% cartridge) had 
COHb levels of ≤2% saturation confirming smoking abstinence. 
However, a small proportion of AEVP (17% tank, 25% cartridge) 
exhibited levels of COHb that exceeded 5% saturation. As EVP are 
non-combustible products and therefore do not generate carbon 
monoxide,17 the observed levels of >5% saturation suggests that a 
select group of AEVP were not exclusive users and may have been 
smoking cigarettes. Similar observations have also been reported for 
urinary NNAL levels. An analysis of Wave 1 data from the PATH 
study by Goniewicz et  al.34 revealed that approximately 15% of 
surveyed individuals reporting exclusive EVP use had NNAL levels 
above the threshold determined by the authors as “no cigarette use” 
(14.5 pg/mg creatinine). Thus, poly-tobacco use in a small subset of 
AEVP users might explain the relatively large variability observed 
in this study with regards to total NNAL in AEVP relative to AS 
(%CV 152.1% and 99.7%, respectively). Some of the variability 
may also be attributed to the differences in the wide range of prod-
ucts with varying constituent yields. Nevertheless, evidence from 
this study indicates that AEVP, on average, were exposed to stat-
istically significant and substantially lower levels of many HPHCs. 
Additionally, there were no noticeable trends observed between the 
tank-based and cartridge-based AEVP users. Given that AEVP users 
were dual users between the tank and cartridge-based products, no 
specific inference could be drawn from the observations for the dif-
ferent types of EVPs. Although AEVP were vaping with products 
that contained nicotine, the exposure to nicotine—as determined 
by urinary nicotine equivalents—was significantly lower (by ~35%) 
compared with AS in this study. Similar observations have been re-
ported by others.23,35,36 One of the reasons for the lower nicotine 
exposure in AEVP user could be that EVPs do not deliver as much 
nicotine as combustible cigarettes, thus resulting in lower exposure. 
Nevertheless, the long-term impact of lower nicotine exposure is un-
clear and EVPs should still be considered addictive.

This is the first systematic assessment of BOEs and BOPHs in a 
single study. We selected the BOPHs based on the underlying mech-
anistic principle that oxidative stress and chronic inflammation are 

Figure 1. Biomarkers of exposure to HPHCs and biomarkers of potential harm among EVP users (represented as a percentage of AS). AEVP N = 132; Tank N = 70, 
Cartridge N = 62. COHb = carboxyhemoglobin; 11-dehydro = 11-dehydrothromboxane B2; 8-epi = 8-epi-prostaglandin F2α; HDL-C = high-density lipoprotein 
cholesterol; 3-HPMA = 3-hydroxypropylmercapturic acid; NE = nicotine equivalents; NNAL = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and its glucuronides; 
sICAM-1 = soluble intercellular adhesion molecule-1; WBC = white blood cell count. Note: All p-values determined from the statistical model (Table 3); NE, HDL-C, 
and SICAM differences converted to ratios for illustrative purposes.
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hallmarks of smoking-related diseases.37–41 As mentioned in the 
2010 Surgeon General’s report on tobacco and smoking-attributable 
disease, these mechanisms are a common thread among the three 
major smoking-related diseases—lung cancer, chronic obstructive pul-
monary disease, and cardiovascular disease.41 And there is published 
evidence to support this notion. For example, a decrease in WBC 
count of 1,000 µL has been associated with a 14% decrease in the 
risk of cardiovascular disease death.42 Furthermore, epidemiological 
studies suggest every 2% to 3% increase in HDL-C (independent of 
low-density lipoprotein cholesterol) is associated with a 2% to 4% 
reduction in cardiovascular disease events.43 We observed statistic-
ally significantly lower levels in several BOPHs mechanistically linked 
to smoking-related diseases; for example, oxidative stress (8-epi-
prostaglandin F2α), platelet activation (11-dehydrothromoxane B2), 
and endothelial dysfunction (sICAM-1) in AEVP relative to AS. The 
levels of these BOPHs trended in favorable directions, approaching 
that observed after smoking cessation.44–47 We note that the BMI of 
AEVP users tended to be higher although not statistically significant 
(p  =  .066). Nominally higher proportions of individuals in the > 
25 kg/m2 group were observed amongst the AEVP users (~74%) com-
pared with AS (~61%). While the smaller magnitude of difference in 
HDL cholesterol cannot be directly attributed to these differences in 
body weight, Aubin et al.,48 based on a meta-analysis of published 
literature, reported a mean increase of 4–5 kg in body weight after 
12 months of abstinence. However, given that baseline bodyweight 
of the AEVP group was not available before switching to EVP, we 
cannot definitively attribute the observations regarding HDL choles-
terol to potential weight gain.

While it is difficult to make comparisons across different studies 
given the variabilities associated with difference between the two 
populations, the BOE and BOPH levels in AEVP users appear to 
be trending in the same direction as observed in AS after 6 months 
of smoking abstinence.49 The observations related to BOPH corrob-
orate with substantially low levels of BOEs to select HPHCs and 
suggest that if such low levels are sustained over a long enough time 
period, smoking-related disease risks could be lowered among AEVP 
compared with AS.

The conclusions drawn from this study should be considered in 
lieu of its limitations. Since this was a cross-sectional study, baseline 
assessment of BOE and BOPH was not available as would be in a 
controlled study; thus, changes in the levels of biomarkers over time 
could not be determined. The implications of this study on reduc-
tion of health risk should be approached with caution due to the un-
certainty in the extent of possible in BOE and BOPHs in the AEVP 
users switching from smoking to exclusive EVP use. We attempted 
to offset this limitation by measuring BOEs and BOPHs in matched 
control group of participants (AEVP to AS). Group allocations for 
the study were based on self-reported product use, which are in-
evitable in any ambulatory study, but may be subject to reporting 
bias. Additionally, adherence to “exclusive use” prior to and during 
the study could not be verified until after the biomarker specimens 
were analyzed. Furthermore, there was no measure that captured 
the progression of product use over time. The potential for poly-use 
of tobacco products during the study, in combination with differ-
ences in ad libitum use patterns and rapidly evolving EVP designs, 
might lend support to the large coefficient of variation (>50%) ob-
served for several biomarkers. Although the study was powered to 
detect differences in the BOE, urinary total NNAL, the study was 
not formally powered to detect differences in BOPHs; thus, the in-
terpretation of these results may be limited. Since the sampling was 

not random, results from this study cannot be generalized to all EVP 
users and cigarette smokers. Given the dynamic transitions in to-
bacco use patterns, the results of this study may not be generalizable 
to other sub-populations of poly tobacco users (e.g., poly tobacco 
users of cigarettes and smokeless tobacco and/or heat-not-burn to-
bacco products). Nevertheless, the value of obtaining real-world 
evidence under actual use conditions with participants using their 
own products without any restrictions should be considered when 
assessing the limitations of this study.

This study adds to a growing body of evidence suggesting the 
relatively lower likelihood of smoking-related disease risks in adult-
exclusive users of EVP versus adult smokers who continue to use 
combustible tobacco products. The results provide evidence that EVPs 
(former smokers of conventional cigarettes with at least 6 months 
of EVP use) are associated with lower exposure to specific smoke 
constituents (NNK, nicotine, acrolein, and carbon monoxide) and fa-
vorable differences in the biomarkers key to monitoring long-term 
effects of tobacco use (platelet activation, oxidative stress, and endo-
thelial function). Taken together, we conclude that switching com-
pletely to EVPs may offer an opportunity to lower the harmful effects 
of smoking compared to continuing to use conventional cigarettes.
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