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Abstract
Introduction: Long-term health effects of e-vapor products (EVPs) are not well-established. We compared biomarkers of exposure (BoE) to 
select harmful and potentially harmful constituents and biomarkers of potential harm (BoPH) in adult smokers who switched to EVPs versus 
continued smoking for 24 weeks.
Methods: Adult smokers (n = 450, >10 cigarettes per day for ≥10 years) were randomly assigned to continue smoking (control) or switch to 
one of two cartridge-based EVPs (test 1: classic; test 2: menthol, 4% nicotine). BoE and BoPH were measured at baseline and 12 weeks. The 
results presented here are from a subset of 150 control and EVP subjects (switchers with exhaled carbon monoxide <8 ppm and <10% baseline 
cigarettes per day) followed for 24 total weeks.
Results: Total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and carboxyhemoglobin were significantly reduced (p < .0001) in tests 1 and 2 at 24 
weeks. Urinary nicotine equivalents were not statistically significantly different between the control and EVP groups. At week 24, statistically 
significant reductions (p < .05) were observed for white blood cell counts, 11-dehydrothromboxane β2, and sICAM in both test groups, and there 
were several significant changes in measures of pulmonary function. High-density lipoprotein cholesterol and 8-epi-prostaglandin-F2α were dir-
ectionally favorable in both EVP groups versus control.
Conclusions: We demonstrate that significant reductions of selected harmful and potentially harmful constituents in EVP aerosol results in sig-
nificant reductions in BoEs and favorable changes in BoPHs after switching to EVPs for 24 weeks. These changes approached those reported for 
smoking cessation, suggesting that switching to exclusive use of the EVPs may be less harmful than continuing smoking.
Implications: Cigarette smoking causes serious diseases. Switching from cigarettes to a noncombustible product is a potential harm reduction 
pathway for adult smokers unable or unwilling to quit. Long-term health effects of e-vapor products (EVPs) compared with continued smoking 
have not been extensively studied. We present biomarker of exposure evidence on select harmful and potentially harmful constituents and 
biomarkers of potential harm related to inflammation and oxidative stress in adult smokers switching to two EVPs. This study demonstrates 
significant reductions in biomarkers of exposure (except for nicotine) accompanied with favorable changes in various biomarkers of potential 
harm, including pulmonary function. The totality of evidence suggests that exclusive EVP use may present lower health risks compared with 
smoking cigarettes.

Introduction
Cigarette smoking remains the leading cause of preventable 
premature death and disease in the United States. There is 
overwhelming scientific consensus that cigarette smoking is 
addictive and causes lung cancer, heart disease, chronic ob-
structive pulmonary disease (COPD), and other serious dis-
eases. For adult smokers (AS) who are unable or unwilling 
to quit, noncombustible alternatives present a significant op-
portunity to decrease the burden of disease associated with 
smoking combustible cigarettes. Many in public health1–3 
have acknowledged that a continuum of risk exists among to-
bacco products, with conventional, combustible cigarettes at 
the higher end of that spectrum and noncombustible products 
on the lower end.

Electronic vapor products (EVPs), sometimes referred to as 
electronic cigarettes or electronic nicotine delivery systems, 
typically are comprised of nicotine and flavors in a vehicle, a 
heating element, and battery. The aerosol from EVPs has been 
shown to have significantly lower levels of harmful and po-
tentially harmful constituents (HPHCs) compared with cigar-
ette smoke.4 In a systematic review of the literature, Glasser 
et al. report that while delivering nicotine, human exposure to 
select HPHCs has been consistently, significantly lower after 
EVP use compared with smoking cigarettes.5 Additionally, 
improvements in physiologic outcome measures have been 
observed6–9 in smokers switching to EVPs, such as reduced 
blood pressure, improved lung function, and improved disease 
symptoms (ie, asthma and COPD). Alzahrani et al. examined 
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data from a cross-sectional study and reported a significantly 
higher risk of myocardial infarction in EVP users.10 However, 
this cross-sectional study did not delineate the temporal re-
lationship between EVP use and myocardial infarction, par-
ticularly since many EVP users are former smokers. Although 
generally believed to be safer than smoking cigarettes, un-
certainties continue to linger regarding the long-term health 
effects of EVPs.11 To date, no well-designed, randomized 
controlled clinical trials have systematically evaluated the 
long-term health effects of switching from cigarette smoking 
to EVP use. As long-term health effects based on clinical out-
comes are hard to study in pre-market settings, biomarkers of 
exposure (BoEs) and biomarkers of potential harm (BoPHs) 
may provide potential early indication of long-term health ef-
fects.

Although clinical outcomes such as cancer, cardiovas-
cular disease (CVD), and COPD are definitive endpoints, 
they can take decades to develop and thus are not always 
practical to quickly assess the potential health risks of 
novel tobacco products. Biomarkers can play an import-
ant role in characterizing the potential health risks of to-
bacco products.12 BoPH could serve as more intermediate 
endpoints for assessing the potential health risk of new 
tobacco products before long-term epidemiological evi-
dence becomes available. However, as stated in the 2001 
Institute of Medicine report, “[f]ew specific early indica-
tors of biomarkers have been validated as predictive of 
later disease development.” 13 BoPHs can provide insights 
on inflammation and oxidative stress, common mechanis-
tic threads, and early indicators of many of the smoking-
induced diseases.14 High-density lipoprotein cholesterol 
(HDL-C) has been well-established as a significant factor 
that inhibits atherogenesis.15 HDL-C inhibits the oxida-
tion of low-density lipoproteins. Oxidation of low-density 
lipoproteins is one of the first steps in the atherosclerotic 
process, and has been suggested to be an independent risk 
predictor of cardiovascular disease.16

We present here observations from two studies: a 12-week 
randomized trial examining switching to two EVPs compared 
with smoking and a 12-week follow-up of a subgroup that 
switched completely to the EVPs. We examined changes in 
exposure to the following HPHCs: nicotine measured as nico-
tine equivalents (molar sum of nicotine, nicotine glucuronide, 
cotinine, cotinine glucuronide, trans-3′-hydroxy cotinine, and 
trans-3′-hydroxy cotinine glucuronide); nicotine-derived ni-
trosamine ketone measured as total 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL; NNAL and O- and 
N-glucuronides of NNAL); N-nitrosonornicotine measured 
as total N-nitrosonornicotine; carbon monoxide (CO) meas-
ured as exhaled CO (eCO); and blood carboxyhemoglobin 
(COHb). We also measured BoPHs including a biomarker 
of inflammation—white blood cell (WBC) count; a cardio-
vascular risk biomarker—HDL-C; a biomarker of plate-
let activation—11-dehydrothromboxane β2 (11-DTX); a 
biomarker of oxidative stress—8-epi-prostaglandin F2α  
(8-epi-PG); and a biomarker of endothelial function—sol-
uble intercellular adhesion molecule-1 (sICAM-1).17–19 
Additionally, pulmonary function was assessed using the 
well-established parameters percent predicted forced ex-
piratory volume in one second (FEV1), forced vital capacity 
(FVC), and FEV1/FVC.20 In this article, we focus on the re-
sults from the 24-week study and include the 12-week results 
in Supplementary Materials.

Materials and Methods
The Supplementary Methods contains the full details on study 
design including study subjects and test products, sample size 
estimation, measurements of biomarkers and lung function 
tests, and the statistical analyses. Briefly, we conducted a ran-
domized, parallel-group, open-label, 12-week, controlled clin-
ical study (study 1), with a follow-up at 24 weeks (study 2) in 
a sub-population of switchers. The protocol and all relevant 
study-related documents were approved by the Chesapeake 
Institutional Review Board (IRB) and the study was registered 
at clinicaltrials.gov (NCT04800211). All study participants 
provided informed consent, and the study was conducted in 
accordance with the principals of Good Clinical Practice and 
the Declaration of Helsinki. Subjects were recruited to 10 
clinical sites via site databases and using IRB-approved radio 
and print ads.

The reference product was subjects’ own brand of com-
mercially available conventional cigarettes (supplied by study 
subjects). The two test products were rechargeable, cig-a-like, 
closed system, cartridge-based EVPs. Test products included 
MarkTen Bold Classic (test product 1)  and MarkTen Bold 
Menthol (test product 2) both at 4.0% nicotine by weight.

Subjects (30–65  years of age) were daily AS of at least 
10 cigarettes per day and had smoked for at least 10 years 
(Supplementary Table S1). Subjects who were willing to switch 
from cigarettes to one of the test products were randomly as-
signed to one of three groups: continue smoking their own 
brand cigarettes under ad libitum conditions (control group, 
n = 150), or switch to ad libitum use of test product 1 (test 
group 1, n = 150) or test product 2 (test group 2, n = 150). 
Subjects were not randomized based on menthol/non-menthol 
preference. Test group 1 and test group 2 study subjects were 
to completely replace their cigarettes with the test EVPs. 
A total of 450 subjects were randomized (subject disposition 
detailed in Supplementary Table S2, Supplementary Materials) 
and 382 subjects completed the 12-week study. Subjects had 
7 days to switch to EVPs prior to clinic visits, were reminded 
to use the test products exclusively, and were reminded of the 
importance of compliance to study protocol if their end tidal 
carbon monoxide (eCO) was greater than 8 ppm. There was 
no monetary incentive for switching.

A total of up to 250 subjects (up to 100 in each of the test 
groups and 50 in the control group) who were compliant with 
the requirements of the 12-week study 1 and who continued 
to satisfy all inclusion/exclusion criteria of that study were 
planned to be enrolled in study 2.  The number of subjects 
was based on the anticipated number of potential protocol-
compliant subjects in the test groups. A total of 150 subjects 
(48 in test group 1, 50 in test group 2, and 52 in the control 
group) who were compliant with the requirements and in-
clusion/exclusion criteria of the initial 12-week study were 
actually enrolled in study 2 with no resumption of smoking in 
between, and 146 subjects completed the full 24-week study. 
Subjects in the test groups had to maintain eCO ≤8 ppm; any 
subject with an eCO level >8 ppm on two consecutive visits 
was discontinued from participation in the study.

During study 1 in-clinic visits, subjects collected the first 
urine void of the day at home prior to the baseline Week 1 
visit and at Weeks 6 and 12. At Weeks 1, 6, and 12, blood 
was drawn and first void urine samples were collected from 
subjects for assessment of BoEs and BoPHs, compliance and 
biobanking, and measurements of eCO were performed during 
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each visit by the clinic staff at Weeks 1, 3, 6, 9, and 12. During 
study 2, eCO was collected at Weeks 15, 18, 21, and 24, and 
blood and urine were collected at Weeks 18 and 24. Adverse 
events (AEs) and medications were recorded and monitored 
throughout the study. Lung function was assessed at screening, 
baseline, at Week 12 of study 1, and at Weeks 18 and 24 of 
study 2: FEV1, percent of predicted FEV1, FVC, percent of 
predicted FVC, FEV1/FVC, and percent of predicted FEV1/
FVC, forced expiratory flow at 25%–75% (FEF25–75).

An analysis of covariance was used to compare absolute 
change between each test EVP group (test group 1 or 2) and 
the control group from baseline to Weeks 12 (study 1) and 
24 (study 2). The absolute change was considered as the de-
pendent variable, baseline value as the covariate, and study 
group, gender, and age class as fixed-effect factors. The least 
square mean difference and 95% confidence interval for the 
difference were estimated. Data analysis was performed using 
SAS Version 9.3 or above. Changes in values are presented 
as percent change from baseline, and measures of statistical 
significance are based on absolute change versus control.  
Complete statistical analyses for study 1 are described in the 
Supplement.

Results
Demographics and smoking history for the Study 2 popula-
tion are presented in Table 1. See Supplemental Table S1–3 
for additional details including demographics and test product 
compliance. Week 24 statistics are presented as a comparison 
to baseline, where baseline was adjusted to reflect only those 
subjects from study 1 who immediately continued on to study 
2 with no resumption of smoking. At the end of 24 weeks 
relative to baseline, blood COHb levels were reduced by 60% 
(test group 1), 56% (test group 2), and reduced by 0.2% for 
the control group. Urinary total NNAL levels were reduced by 
84% (test group 1) and 73% (test group 2) in the test prod-
uct groups, and decreased by 25% in the control group. Both 

COHb and NNAL were significantly lower (p < .0001) for 
test 1 and test 2 groups at 24 weeks versus the control group. 
Absolute changes from baseline for all biomarkers are shown 
in Table 2. Overall, we found that 60% of subjects in test 1 
and 54% of subjects in the test 2 groups had an NNAL level 
less than the 14.5 pg/mg threshold as specified by Goniewicz 
et  al.30 for a nonsmoker, corresponding to an approximate 
95% reduction from mean group baseline. In addition, 81% 
of test 1 subjects and 76% of test 2 subjects reached an ap-
proximate 80% reduction from mean group baseline.

While not statistically significant, nicotine equivalents 
showed small to moderate changes relative to baseline: there 
was a 5% increase in test group 1, a 20% increase in test 
group 2, and a decrease of 12% in the control group by Week 
24. There was no significant difference between either the test 
group 1 (p = .5243) or 2 (p = .0557) versus control.

As shown in Figure 1, reductions in BoPHs at Week 24 rela-
tive to baseline were 9% and 10% for WBC counts; 20% and 
6% for 11-DTX; 11% and 10% for sICAM in test groups 1 and 
2, respectively, and an 8% reduction for 8-epi-PG in both test 
groups 1 and 2. HDL-C increased by 9% and 7% at Week 24 
relative to baseline for test groups 1 and 2, respectively. Among 
control group subjects, WBC counts increased by 5% relative 
to baseline, 11-DTX increased 15%, sICAM increased 1%, 
8-epi-PG decreased by 18%, and HDL-C decreased by 8%.

Statistically significant changes were observed relative to 
control in WBC counts (p < .0001 for test groups 1 and 2), 
sICAM (test group 1: p = .0005, test group 2: p = .0011), and 
11-DTX (test group 1: p = .0002, test group 2: p = .0242). 
The percent change in HDL-C and 8-epi-PG levels were not 
statistically significant (p > .05). See Table 2 for the study 2 
statistical analysis result summary, Supplementary Table S5 
for the descriptive statistics summary of all biomarkers for 
all visits, and Supplementary Table S6 for the statistical ana-
lysis result for all biomarkers across all weeks for studies 1 
and 2. Figure 1 presents the percent changes in biomarkers 
at Week 24.

Table 1. Demographics and Smoking History Overall and by Study Group (Study 2)

Characteristic Group

Test group 1  
n = 48 

Test group 2  
n = 50 

Control  
n = 52 

Overall  
n = 150 

Gender, n (%)     

 Female 23 (48) 26 (52) 27 (52) 76 (51)

 Male 25 (52) 24 (48) 25 (48) 74 (49)

Race, n (%)     

 American Indian or Alaska Native 1 (2) 0 (0) 0(0) 1 (1)

 Asian 0 (0) 1 (2) 0 (0) 1 (1)

 Black or African American 9 (19) 5 (10) 12 (23) 26 (17)

 White/Caucasian 38 (79) 44 (88) 40 (77) 122 (81)

Ethnicity, n (%)     

 Hispanic or Latino 3 (6) 3 (6) 1 (2) 7 (5)

 Not Hispanic or Latino 45 (94) 47 (94) 51 (98) 143 (95)

Mean age (SD), years 43.2 (8.36) 44.4 (10.80) 45.6 (9.86) 44.4 (9.73)

Mean BMI (SD), kg/m2 28.3 (5.11) 28.3 (5.22) 28.6 (4.95) 28.4 (5.06)

Mean CPD (SD) 17.4 (4.95) 17.6 (4.20) 17.7 (5.65) 17.6 (4.95)

Mean number of years smoked (SD) 21.7 (7.90) 25.9 (10.59) 26.5 (11.19) 24.7 (10.19)

BMI, body mass index; CPD, cigarettes per day; SD, standard deviation.
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We observed a significantly slower decline in percent 
predicted FEV1 (p = .0106) and percent predicted FVC 
(p = .0155) in test group 2 versus control. The percent pre-
dicted FEV1, FVC, and FEV1/FVC in test group 1 versus 
control were not significantly different and there were no 
significant differences between test groups 1 and 2 on any 
pulmonary function parameter. Table 3 presents the statistical 
model percent changes in pulmonary function at Week 24. 
See Supplementary Table S7 for the study 1 descriptive statis-
tics for pulmonary function at 12 Weeks.

Overall, AEs were infrequently reported, with 38 (25%) 
of 150 subjects experiencing a total of 87 AEs in study 
2.  Fourteen total AEs were reported by 10 control group 
subjects, 33 total AEs were reported by 13 test 1 subjects, 
and a total of 40 AEs were reported by 15 test 2 subjects. 
Back pain, throat irritation, and tooth fracture were the most 
frequently reported events in this study, each experienced by 
three (2%) subjects. The majority (n = 72, 83%) of AEs were 
mild, 14 were moderate, and 1 (back pain [test Product 2]) 

was severe. The principal investigator considered 11 AEs to 
be definitely related to study product, 1 likely related, 6 pos-
sibly related, 15 unlikely related, and 54 not related; the two 
most common AEs definitely related to the study products 
were stomatitis and throat irritation, and were reported by 
two subjects each. Three subjects in test 1 and five subjects 
in test 2 experienced an AE definitely related to study prod-
uct. Additionally, one product-related AE was reported by a 
subject in the control group, which was bronchospasm. There 
was a single report of each of the following AEs definitely re-
lated to study product: inflammation of the lips, dry mouth, 
altered taste, indigestion, labored breathing, nervousness, and 
a tingling sensation in the mouth.

Discussion
Our findings suggest that switching from cigarettes to the test 
products, when used over a 24-week period, significantly re-
duces exposure to CO and nicotine-derived nitrosamine ke-

Table 2. Absolute Change (LS Means) in Biomarkers from Baseline at Week 24 (Study 2)

Biomarker comparison LS mean difference Upper, lower 95% CI p value 

Urine total NNAL (ng/g Cr)    

 Test 1 vs. control −203.23 −275.68, −130.78 <0.0001

 Test 2 vs. control −178.75 −249.09, −108.41 <0.0001

 Test 1 vs. test 2 −24.48 −77.10, 28.13 0.3590

Whole blood COHb (% saturation)    

 Test 1 vs. control −3.40 −4.00, −2.80 <0.0001

 Test 2 vs. control −3.20 −3.78, −2.61 <0.0001

 Test 1 vs. test 2 −0.21 −0.64, 0.23 0.3480

Whole blood WBC count (× 103/µL)    

 Test 1 vs. control −1.14 −1.18, −0.47 <0.0001

 Test 2 vs. control −1.09 −1.74, −0.43 <0.0001

 Test 1 vs. test 2 −0.05 −0.53, 0.43 0.8248

Serum HDL-C (mg/dl)    

 Test 1 vs. control 4.86 −0.94, 10.66 0.1422

 Test 2 vs. control 4.01 −1.64, 9.67 0.2841

 Test 1 vs. test 2 0.85 −3.40, 5.09 0.6944

Urine 8-epi-PG (ng/g Cr)    

 Test 1 vs. control −44.89 −181.91, 92.13 0.9026

 Test 2 vs. control −36.56 −169.77, 96.65 0.9578

 Test 1 vs. test 2 −8.33 −110.10, 93.43 0.8713

Urine 11-DTX (ng/g Cr)    

 Test 1 vs. control −352.37 −573.31, −131.42 0.0002

 Test 2 vs. control −236.20 −451.33, −21.06 0.0242

 Test 1 vs. test 2 −116.17 −275.52, 43.18 0.1524

Plasma sICAM (ng/mL)    

 Test 1 vs. control −43.97 −72.44, −15.49 0.0005

 Test 2 vs. control −41.05 −68.97, −13.14 0.0011

 Test 1 vs. test 2 −2.92 −23.86, 18.02 0.7835

Urinary NE (mg/g Cr)    

 Test 1 vs. control 1.81 −1.41, 5.02 0.5243

 Test 2 vs. control 3.08 −0.05, 6.22 0.0557

 Test 1 vs. test 2 −1.28 −3.62, 1.06 0.2817

8-epi-PG, 8-epi-prostaglandin F2α; 11-DTX, 11-dehydrothromboxane β2; CI, confidence interval; COHb, blood carboxyhemoglobin; Cr, creatinine; HDL-
C, high-density lipoprotein cholesterol; LS, least-squares; NE, nicotine equivalents; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; sICAM, soluble 
intercellular adhesion molecule-1; WBC, white blood cell.
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tone. These constituents are associated with major smoking-
related diseases. For example, nicotine-derived nitrosamine 
ketone has been classified as a group 1 human carcinogen by 
the International Agency for Research on Cancer (IARC),21 
and a dose–response relationship has been observed between 
the nicotine-derived nitrosamine ketone metabolite, NNAL, 
and lung cancer.22 Additionally, data suggest that CO exacer-
bates the development of ischemic heart disease in smokers.23 
The reductions in these constituents were maintained over 
the 24-week period as evidenced by compliance (~80%) with 
exclusive test product use, along with significant reductions 

(98%) in cigarettes per day. These self-report measures are 
substantiated by NNAL levels, as the half-life is relatively long, 
ranging from 10 to 45  days.24,25 Therefore, substantial, and 
sustained reductions in exposure to these constituents may 
lead to a reduction in the incidence of smoking-related dis-
eases. Indeed, the reductions in BoEs were accompanied with 
favorable changes in BoPHs, including pulmonary function 
measures, which were similar to those observed after 24 weeks 
of smoking cessation.26 More importantly, we did not observe 
any further deterioration of lung function from long-term use 
of either of the test products. To be clear, even though the test 
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Figure 1. Percent change from baseline are shown for each of the eight BoEs and BoPHs. The percent change was calculated from the arithmetic 
means at Week 24 versus baseline for test 1, test 2, and control groups. The cessation values were calculated from the geometric means at Week 
24 versus baseline presented in a cessation trial available in clinicaltrials.gov26; no cessation value was reported for nicotine equivalents. 8-epi-PG, 
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carboxyhemoglobin; HDL-C, high-density lipoprotein cholesterol; NE, nicotine equivalents; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; sICAM, 
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Table 3. Pulmonary Function at Week 24

Absolute change from baseline to 24 weeks

 LS means 

Pulmonary function parameter  
Comparison

Test (n) Control (n) LS means difference (test–control) p value 

Percentage of predicted FEV1 (%)     

 Test group 1 −1.32 (36) −3.88 (39) 2.56 0.0648

 Test group 2 −0.48 (40)  3.40 0.0106

FEV1-test group 1 vs. test group 2 −0.84 (test 1 vs. test 2) 0.5378

Percentage of predicted FVC (%)     

 Test group 1 −1.76 (36) −3.06 (39) 1.30 0.2799

 Test group 2 −0.25 (40)  2.81 0.0155

FVC-test group 1 vs. test group 2 −1.52 (test 1 vs. test 2) 0.2023

Percentage of predicted FEV1/FVC (%)     

 Test group 1 0.66 (36) −1.30 (39) 1.96 0.0577

 Test group 2 −0.38 (40)  0.92 0.3561

FEV1/FVC-test group 1 vs. test group 2 1.04 (test 1 vs. test 2) 0.3069

FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; LS, least-squares.

http://clinicaltrials.gov
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products are noncombustible and thus do not generate many 
of the combustion-related constituents, they do generate meas-
urable levels of other HPHCs and are not risk-free.4

We report here a systematic assessment of changes in 
both BoE and BoPHs in a randomized, longitudinal, clinical 
study which corroborates observations previously reported 
in cross-sectional studies of self-reported EVP users.27,28 
Oliveri et al. reported 86% lower urinary total NNAL and 
47% lower COHb among adult users of EVPs (former 
smokers of conventional cigarettes with at least 6  months 
of EVP use) compared with AS when assessed under real-
world conditions in the population.17 Comparable results 
were also seen by Goniewicz et  al.28 and Hecht et  al.29 in 
similar cross-sectional studies. Based on the analysis of data 
from Wave 1 of the Population Assessment of Tobacco and 
Health (PATH) study (2013–2014), Goniewicz et al.28 report 
lower levels of all major nicotine metabolites, two minor to-
bacco alkaloids, all tobacco-specific nitrosamines, cadmium, 
all polycyclic aromatic hydrocarbons, and 17 volatile or-
ganic carbonyls. Hecht et  al.29 assessed several biomarkers 
in former smokers who had abstained from smoking cigar-
ettes for 2  months and had been using EVPs for 1  month 
and noted a statistically significant reduction in NNAL in 
subjects using EVPs.

In our study, while the reductions in NNAL were large and 
significant, the values of NNAL30 as well as the occurrence of 
eCO between 5 and 8 ppm for some subjects indicates that 
compliance may not have been 100%. We recognize that eCO 
is not a perfect measure of compliance but rather that it gives 
a reasonable approximation of recent smoking cessation. 
Additionally, eCO can be collected in real time and used to re-
mind subjects about their compliance obligations. NNAL was a 
key endpoint for this study, therefore it was not used as a meas-
ure of compliance. Nonetheless, 60% of test 1 subjects and 
54% of test 2 subjects were below the 14.5 pg/mg nonsmoking 
threshold30, indicating that at minimum, more than 50% of the 
test subjects switched completely. Furthermore, 81% of test 1 
and 76% of test 2 subjects reduced their NNAL level by at least 
80%, further indicating that the vast majority of subjects in the 
test groups were mostly compliant.

In addition to cross-sectional studies, other researchers re-
port similar observations in studies examining reductions in 
BoEs following switching to EVPs from combustible cigar-
ettes. These reductions in exposure were observed as early 
as 1 week after switching to an EVP.31,32 Goniewicz et  al.31 
found that 2 weeks of replacing smoking with EVP use re-
sulted in sustained nicotine intake but substantially reduced 
levels of several BoEs, including NNAL and multiple vola-
tile organic compounds. A similar study by O’Connell et al.33 
found that after 5 days of EVP use, nicotine equivalents levels 
were stable while levels of the tobacco-specific nitrosamines, 
N-nitrosonornicotine and NNAL, as well as levels of six other 
HPHCs, were significantly reduced.33 Although the specific 
cartridge-based cig-a-like study products are no longer com-
mercially available, these results may inform the assessment 
of other cartridge or closed system EVPs.

The mechanisms of diseases attributed to smoking are 
complex and multifaceted; cigarette smoke contains thou-
sands of chemicals, many of which are identified as contribut-
ing to the harmful effects of smoking.14 Continuous exposure 
to HPHCs affects multiple organ systems, disease pathways, 
and mechanisms—such as inflammation, oxidative stress, 
platelet activation, and lipid metabolism—which eventually 

leads to the development of smoking-related diseases. We ob-
served favorable changes in the BoPHs representative of these 
mechanistic endpoints. We selected the BoPHs based on the 
underlying mechanistic principle that oxidative stress and 
chronic inflammation are hallmarks of smoking-related dis-
eases. As mentioned in the 2010 Surgeon General’s34 report on 
tobacco and smoking-attributable disease, these mechanisms 
are a common thread among the three major smoking-related 
diseases—lung cancer, COPD, and cardiovascular disease, 
and there is published evidence to support this notion. For 
example, a decrease in WBC count of 1000 cells/µL has been 
associated with a 14% decrease in the risk of cardiovascu-
lar disease death.35,36 Furthermore, epidemiological studies 
suggest every 2%–3% increase in HDL-C (independent of 
low-density lipoprotein cholesterol) is associated with a 2%–
4% reduction in cardiovascular disease events.37 We observed 
significantly lower levels in several BoPHs that are mechanis-
tically linked to smoking-related diseases; for example, plate-
let activation (11-DTX), inflammation (WBC count), and 
endothelial dysfunction (sICAM-1) were lowered in both the 
test product user groups relative to AS. Additionally, the pul-
monary function-related endpoints also changed in a favor-
able direction. We utilized FEV1 and FVC to assess pulmonary  
function over the course of the study, given the reliance on 
changes in FEV1 and FVC for the diagnosis of COPD38 and 
pulmonary emphysema,39 conditions long associated with the 
use of combustible tobacco products.14 We report changes in 
pulmonary function after switching to the test products that 
are consistent with those observed from smoking cessation 
over the same time period.26 In addition, we noted changes 
in the percent predicted FEV1, FVC, and FEV1/FVC in test 
group 1 compared with control that while not statistically 
significant, were directionally favorable. Furthermore, we ob-
served a slower decline in percent predicted FEV1 and FEV1/
FVC when switching from cigarettes to test products com-
pared with the control group. A gradual decline in lung func-
tion occurs with age in healthy nonsmokers; this decline is 
accelerated in those exposed to cigarette smoke38 and slows 
upon smoking cessation. Our findings are noteworthy as they 
suggest the test products do not appear to accelerate the de-
cline in lung function to the same extent as smoking. These 
findings suggest that switching to EVPs may attenuate the lung 
deterioration associated with combustible tobacco use and use 
of the test products in our study did not result in acute lung 
injury. Few studies have assessed changes in pulmonary func-
tion in smokers who have switched to EVP use,40 therefore, 
our data is a critical addition to a limited body of evidence.

Overall, the changes in BoE and BoPH levels in our study 
population of EVP users are comparable with those observed 
in AS after 6  months of smoking abstinence.26 The modest 
differences from cessation, reported in Figure 1, could be due 
to a lack of complete switching in some subjects in the test 
groups. Furthermore, we did not observe statistical differ-
ences between test group 1 (tobacco) and test group 2 (men-
thol) for the BoEs and BoPHs, suggesting that flavor does 
not appear to influence the harm reduction potential of such 
products. Nevertheless, for those AS unwilling or unable to 
quit, complete switching to noncombustible products like the 
test products could be a pathway for harm reduction. Our 
study results suggest that sustained reductions in exposure 
over a prolonged time period may lower the risks of smoking-
related disease risks when completely switching from cigar-
ettes to EVPs like the test products.
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The conclusions drawn from this study are subject to cer-
tain limitations. For example, the participants may have used 
tobacco products other than the test products. However, the 
ambulatory setting provided near real-world conditions, and 
we minimized the likelihood of this limitation through bio-
chemical verification of compliance to the test products. In 
addition, while the study was sufficiently powered for the 
Week 12 findings, the observations from Week 24 may have 
limited generalizability because of the relatively smaller sam-
ple size. Another potential limitation could be the duration of 
study lasting for 24 weeks: subjects enrolled in the 12-week 
study were part of a randomized, controlled, clinical study; 
however, the follow-up study was not truly randomized as the 
subjects included were complete switchers who self-selected 
into the study continuation. Despite this limitation, the ob-
jective of the study was to assess biomarkers in complete 
switchers, and the biomarker endpoints were highly consist-
ent between Weeks 12 and 24 of the study.

While clinical studies of limited duration cannot replace the 
value of epidemiological evidence, the results from our study 
demonstrate that favorable changes in clinical endpoints can 
be observed as early as 12 weeks and were consistent, or fur-
ther improved, out to 24 weeks. Our findings suggest that the 
currently available biomarkers, including the ones utilized in 
this study, in combination with complete switching, may be 
reasonable to assess the potential health effects of a new to-
bacco product. Finally, the results from these studies may not 
be generalizable to the entire category of EVPs because of 
many different types of products beyond the cartridge-based 
test products used in this study. However, the absence of com-
bustion of tobacco in EVP products presents a promising  
alternative to combustible cigarettes, as long as the EVP prod-
ucts are made under a high-quality manufacturing system, 
ingredients selected based on a robust product stewardship  
process, and do not contain any unexpected chemicals.

This study adds to a growing body of evidence that 
switching completely from cigarettes to EVP products has 
the likelihood of lowering smoking-related disease risks in 
AS. Our results provide evidence that EVPs like the test prod-
ucts are associated with large reductions in exposure to select 
HPHCs exposure and favorable differences in the biomarkers 
that are key to estimating the long-term effects of tobacco use 
(such as platelet activation, oxidative stress, endothelial func-
tion, and pulmonary function). Taken together, we conclude 
that switching completely to EVPs like the test products does 
not “increase” the potential for harm and may offer an op-
portunity to lower the harmful effects of smoking compared 
with continuing to use conventional cigarettes.
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