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Abstract 
The data included in this analysis were from two clinical studies (Study A and 
Study B), which evaluated JUUL electronic nicotine delivery systems (ENDS) 
against combustible cigarettes. In both studies, biomarkers of exposure in-
cluding nicotine equivalents, NNAL, 3-HPMA, MHBMA, S-PMA and COHb 
were measured. Coefficients of variation (CV) of the biomarkers were calcu-
lated and compared. Pearson correlation analysis was used to examine the 
correlation between the biomarkers. Seven out of the nine biomarkers of ex-
posure in Study A were highly variable (CV > 30%). Higher variability was 
observed in NNAL, MHBMA and S-PMA than in other biomarkers. After 
adult cigarette smokers switched from combustible cigarettes to JUUL ENDS, 
the correlation between nicotine equivalents and other biomarkers became 
weaker. A similar trend was observed between NNAL and other biomarkers. 
In Study B, the participants in the 5% ENDS group had higher nicotine 
equivalent levels than those in the 3% ENDS group. The higher nicotine levels 
did not result in a substantial increase in the levels of other biomarkers (ex-
cept 1-OHP). The correlations between nicotine equivalents and 3-HPMA, 
MHBMA, S-PMA, COHb, HMPMA, and 1-OHP were weak in both the 5% 
and 3% ENDS groups. 
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1. Introduction 

Cigarette smoking is the leading cause of preventable death in the United States 
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[1]. Biomarkers of exposure (BOE) to cigarette smoke have been considered by 
FDA in the review of premarket tobacco product applications and modified risk 
tobacco product applications [2]. Biomarkers of exposure are defined as the 
“chemical, or its metabolite, or the product of an interaction between a chemical 
and some target molecule or cell, that is measured in a compartment in an or-
ganism” [3]. They capture actual human exposure to tobacco products or inter-
nal doses in contrast to external measures of exposure. Machine-determined 
smoke yields are limited in the fact that these smoke yields do not account for 
changes in people’s smoking behaviors and may not truly reflect the actual 
health risk. Studies measuring exposure biomarkers provide more accurate as-
sessments of risk, as these biomarkers are a result of actual product use and not 
the characteristics of the product itself. 

Due to the vast number of chemical constituents in cigarette smoke, it is im-
possible to examine the human exposure to all these constituents. Cigarette 
smoke consists of the chemicals distributed in the particulate phase (PP) or gas 
vapor phase (GVP) of smoke. The measurement of biomarkers of exposure in 
urine or blood in adult cigarette smokers can provide quantitative estimates of 
the uptake of selective smoke constituents ([4] [5] [6]). The relative uptake and 
levels in the human body of smoke constituents may vary depending on the 
chemical characteristics, absorption, metabolism, excretion, and other factors 
([7] [8]). This poses a challenge when trying to determine overall cigarette 
smoke exposure. Many reports exist in which exposure to smoke constituents in 
smokers of specific tobacco products has been measured ([9]-[14]). In these re-
ports, the smoke constituents, the corresponding biomarkers, and the products 
were examined. The relationships between cigarette consumption and selected 
biomarkers of exposure [15], between machine-derived smoke yields and bio-
markers in cigarette smokers [16], as well as between nicotine equivalents and 
other biomarkers of exposure have also been examined [17].  

Electronic nicotine delivery systems (ENDS), which grew rapidly in usage 
between 2018 and 2020, do not burn tobacco and may be a safer product than 
combustible cigarettes. In recent years, there have been an increasing number of 
publications on the use of biomarkers in ENDS ([18] [19]). Biomarkers of expo-
sure and biomarkers of potential harm have been used in evaluating ENDS 
health risks in controlled clinical studies and the Population Assessment of To-
bacco and Health (PATH) Study [20]. As exposure biomarkers continue to be 
studied extensively in tobacco research, their practical utility in the tobacco reg-
ulatory context should be weighed carefully. For example, although many to-
bacco exposure biomarkers can be measured, it may not always be practical to 
measure every available biomarker in every study. Thus, a first step is to identify 
how to select the most suitable biomarkers for regulatory use by better under-
standing the strengths and limitations of both well-established and promising 
biomarkers of tobacco exposure. 

This study examines the variability and correlation of several urinary and 
blood biomarkers of exposure in JUUL electronic nicotine delivery systems 
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(ENDS) and compares them with those in combustible cigarette use. The levels 
of the biomarkers of exposure have been found to be significantly lower in the 
JUUL ENDS than in combustible cigarettes, but information about the variabili-
ty and the correlation of the biomarkers in the JUUL ENDS as compared to the 
combustible cigarettes have not been examined. This information will be useful 
for the design of future studies including sample size estimation. 

2. Materials and Methods 
2.1. Study Design 

The data included in this analysis were from two clinical studies (Study A and 
Study B) with similar design of randomized, controlled and forced switching. 
Males and females, 21 years or older, in generally good health as self-reported, 
smoking 10 or more cigarettes per day were recruited. Interested adult smokers 
gave written informed consent before enrolling in the studies and were paid for 
their participation. Participants were free to stop smoking and continue or dis-
continue the studies at any time for any reason. During the entire study period, 
participants smoked in controlled clinical settings. In both studies at baseline, 
participants smoked their regular combustible cigarettes. During the post-baseline 
phases, the participants were switched to different groups that either vaped the 
JUUL ENDS, continued smoking their own cigarettes or stopped smoking. Ad-
ditional details about the two studies have been published previously ([21] [22]). 

2.2. Study Products 

The four JUUL ENDS evaluated in Study A were closed systems consisting of the 
rechargeable device and disposable pods pre-filled with 0.7 mL of 5% nico-
tine-salt solution by weight (0.77 g of e-liquid per pod, 59 mg/mL of nicotine, 
i.e., 40 mg nicotine per pod). The products comprised four commercially availa-
ble flavors included Virginia Tobacco, Mint, Mango, and Creme. In Study B, 
there were eight JUUL ENDS studied: Virginia Tobacco, Menthol, Mint, Mango 
at 3% and 5% nicotine concentrations, respectively. There were three groups 
evaluated: one Dual Use group that used JUUL ENDS concurrently with up to 
half of their usual brand (UB) cigarettes smoked per day at baseline; one UB 
cigarette group continued exclusively smoking their UB cigarettes, and one 
group abstained from all tobacco and nicotine product use (Abstinence group). 

2.3. Biomarkers of Exposure 

In both Study A and Study B, the biomarkers of exposure included 4-(methylni- 
trosamino)-1-(3-pyridyl)-1-butanol (NNAL), 3-hydroxypropyl mercapturic acid 
(3-HPMA), monohydroxy butenyl mercapturic acid (MHBMA), 2-cyanoethyl- 
mercapturic acid (CEMA), 1-hydroxypyrene (1-OHP), S-phenylmercapturic ac-
id (S-PMA), and N-nitrosonornicotine (NNN) in urine samples and carbox-
yhemoglobin (COHb) in blood samples. Nicotine equivalents (nicotine, coti-
nine, trans-3’hydroxycotinine, and glucuronides) were also collected in urine. In 
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Study A, the urinary biomarkers were measured at baseline and on Day 5 and 
the blood biomarker was measured daily. In Study B, the urinary and blood 
biomarkers were measured at baseline and on Day 6. Ortho-toluidine (O-Tol), 
2-aminonaphthalene (2-NA), and 4-ABP (4-aminobiphenyl) were measured in 
Study B only. 

Twenty-four-hour urine samples were collected for the determination of uri-
nary biomarker levels. Blood samples were collected for determination of COHb. 
These biomarkers were measured using validated methods as reported previous-
ly ([8] [10] [11] [14] [15] [23] [24] [25]). The analysis of the samples for the 
biomarkers was conducted by the same analytical methods and the same labora-
tories. The validation criteria used for bioanalytical methods ensured that there 
were no systematic deviations in the analytical measurement. Nicotine equiva-
lents (NE), a particulate phase (PP) biomarker for nicotine exposure, was calcu-
lated as the molar sum of nicotine and its 5 major metabolites in urine, nico-
tine-N-glucuronide, cotinine, cotinine-N-glucuronide, trans-3-hydroxycotinine, 
and trans-3-hydroxycotinine-O-glucuronide ([8] [23] [26] [27]). Total NNAL, a 
PP biomarker frequently used to estimate exposure to NNK, a tobacco-specific 
nitrosamine [5], was calculated as the molar sum of free NNAL and its conju-
gated metabolites in urine. 

1-OHP, a PP biomarker, often used as a surrogate for polyaromatic hydro-
carbon (PAH) exposure in urine ([5] [28] [29]), was obtained by measuring free 
and conjugated metabolites of pyrene. COHb, a GVP biomarker ([10] [26] [30]), 
was used to estimate carbon monoxide exposure. S-PMA, a GVP biomarker, a 
metabolite of benzene widely used in environmental, occupational and smok-
ing-related exposure studies ([5] [29]), estimated benzene exposure; 3-HPMA, a 
GVP biomarker for smoking-related acrolein exposure ([10] [31]) and MHBMA, 
a GVP biomarker of exposure to 1,3-butadiene [15], CEMA, a biomarker of 
acrylonitrile [32], 2NA, a biomarker for polycyclic aromatic hydrocarbons 
(PAHs) [33], and O-Tol, a biomarker of ortho-toluidine [34], were all analyzed 
with validated methods. 

2.4. Statistical Analysis Methods 

Descriptive statistics were calculated for the demographic data by study and ac-
tual product use. For both combustible cigarettes and JUUL ENDS, the coeffi-
cient of variation (CV) for each biomarker was calculated as the standard devia-
tion divided by the mean and multiplied by 100%. Pearson correlation analysis 
(SAS® PROC CORR) was used to examine the correlation between the biomark-
ers. SAS® version 9.4 (SAS Institute, Inc., Cary, North Carolina, USA) was used 
to perform the statistical analysis. 

3. Results 
3.1. Demographic Characteristics 

Mean age, BMI, smoking duration in years, and number of cigarettes smoked 
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per day were comparable (P > 0.05) between the two studies. There was a slightly 
higher proportion of male participants (61.7% vs 51.8%) and a lower proportion 
of African American JUUL ENDS users (15.0% vs 43.2%) in Study A than in 
Study B (Table 1). 

3.2. Biomarker Variability 

In the JUUL ENDS, the levels of most biomarkers decreased considerably (90% 
or greater) from baseline when the participants smoked cigarettes to the last 
study day when the participants used the JUUL ENDS ([21] [22]). In both stu-
dies, the coefficient of variation increased from cigarette smoking to JUUL 
ENDS use in total NNAL, nicotine equivalents, 1-OHP, and CEMA, but de-
creased in 3-HPMA, MHBMA, and S-PMA. In study A, the average coefficient 
of variation was 44.76% in cigarette smoking and was 40.71% in JUUL ENDS 
use. In Study B, the average coefficient of variation was 56.12% in cigarette 
smoking and was 67.28% in JUUL ENDS use (Table 2(a) and Table 2(b)). 
NNAL, MHBMA and S-PMA were generally more variable than other biomark-
ers. 
 

Table 1. Demographic characteristics of the adult smokers from the two studies of JUUL ENDS (Safety Population). 

 

Study A Study B 

JUUL Pooled 
(N = 60) 

CC 
(N = 15) 

Abstinence 
(N = 15) 

JUUL Pooled 
(N = 199) 

CC 
(N = 24) 

Dual Use 
(N = 48) 

Abstinence 
(N = 29) 

Age (Years), Mean (SD) 39.0 (10.85) 40.3 (11.13) 38.6 (14.26) 39.3 (10.96) 42.9 (10.93) 40.7 (11.01) 41.5 (12.59) 

Gender, n (%)        

Female 23 (38.3%) 6 (40.0%) 5 (33.3%) 96 (48.2%) 11 (45.8%) 24 (50.0%) 12 (41.4%) 

Male 37 (61.7%) 9 (60.0%) 10 (66.7%) 103 (51.8%) 13 (54.2%) 24 (50.0%) 17 (58.6%) 

Race, n (%)        

African American 9 (15.0%) 1 (6.7%) 3 (20.0%) 86 (43.2%) 11 (45.8%) 19 (39.6%) 10 (34.5%) 

Caucasian 49 (81.7%) 13 (86.7%) 10 (66.7%) 104 (52.3%) 11 (45.8%) 29 (60.4%) 17 (58.6%) 

Others 2 (3.3%) 1 (6.7%) 2 (13.3%) 9 (4.5%) 2 (8.3%) 0 (0.0%) 2 (6.9%) 

BMI (kg/m2), Mean (SD) 28.2 (5.35) 27.8 (4.28) 27.5 (5.67) 28.5 (5.43) 28.3 (5.04) 29.3 (5.08) 28.5 (4.88) 

Smoke Duration (Years), 
Mean (SD) 

20.2 (12.51) 20.1 (13.44) 21.5 (15.88) 20.9 (11.96) 25.7 (12.51) 21.9 (12.23) 20.3 (12.54) 

Cigarettes Smoked per Day, 
Mean (SD) 

16.5 (3.85) 15.1 (3.66) 16.2 (2.58) 18.1 (6.12) 17.9 (3.94) 18.5 (6.15) 18.5 (5.63) 

Ever ENDS User?, n (%)        

No 56 (93.3%) 15 (100.0%) 15 (100.0%) 188 (94.5%) 22 (91.7%) 43 (89.6%) 27 (93.1%) 

Yes 4 (6.7%) 0 (0.0%) 0 (0.0%) 11 (5.5%) 2 (8.3%) 5 (10.4%) 2 (6.9%) 

CC: Combustible Cigarette smokers. 
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Table 2. (a) Variability in biomarkers of exposure for JUUL ENDS users (Baseline); (b) Variability in biomarkers of exposure for 
JUUL ENDS users (Study A: Day 5; Study B: Day 6). 

(a) 

Biomarkers 
Study A Study B 

N Mean SD CV (%) N Mean SD CV (%) 

NE (mg/24 hr) 60 17.20 6.086 35.38 195 15.42 6.629 42.98 

NNAL (ng/24 hr) 60 464.33 207.178 44.62 195 394.35 287.225 72.83 

3-HPMA (μg/24 hr) 60 1865.97 721.406 38.66 195 1534.84 746.143 48.61 

MHBMA (μg/24 hr) 60 5.37 4.235 78.93 195 3.91 3.091 79.08 

S-PMA (μg/24 hr) 60 7.36 5.504 74.75 195 6.06 4.285 70.75 

COHb (%) 60 7.00 1.825 26.06 195 5.80 1.732 29.84 

HMPMA (μg/24 hr) 60 688.59 251.833 36.57 195 418.10 199.937 47.82 

CEMA (μg/24 hr) 60 273.19 90.275 33.04 195 198.64 93.335 46.99 

1-OHP (ng/24 hr) 60 304.55 106.034 34.82 195 221.23 146.487 66.21 

Average 
   

44.76 
   

56.12 

Intent to Treat (ITT) Population. 

(b) 

Biomarkers 
Study A Study B 

N Mean SD CV (%) N Mean SD CV (%) 

NE (mg/24 hr) 60 18.34 10.185 55.53 187 13.22 9.343 70.66 

NNAL (ng/24 hr) 60 150.79 76.668 50.84 187 140.78 117.439 83.42 

3-HPMA (μg/24 hr) 60 199.80 55.063 27.56 187 294.26 134.728 45.79 

MHBMA (μg/24 hr) 60 0.17 0.064 37.82 187 0.27 0.122 45.28 

S-PMA (μg/24 hr) 60 0.35 0.200 57.60 187 0.30 0.214 71.03 

COHb (%) 60 1.85 0.308 16.65 188 1.69 0.534 31.54 

HMPMA (μg/24 hr) 60 55.96 18.247 32.61 187 80.87 68.226 84.36 

CEMA (μg/24 hr) 60 34.92 14.454 41.40 187 26.95 15.627 57.97 

1-OHP (ng/24 hr) 60 57.85 26.837 46.40 187 78.79 90.969 115.45 

Average 
   

40.71 
   

67.28 

Intent to Treat (ITT) Population. 

3.3. Biomarker Correlation 

The average correlation coefficient between any two biomarkers in Study A was 
0.59 at baseline when the participants smoked cigarettes and was 0.11 after the 
participants switched to JUUL ENDS. This was a considerable decrease (Table 
3(a) and Table 3(b)). A similar trend was observed in Study B in which the av-
erage correlation coefficient decreased from 0.57 for cigarette smoking to 0.14  

https://doi.org/10.4236/ojpm.2023.1310018


Q. W. Liang et al. 
 

 

DOI: 10.4236/ojpm.2023.1310018 277 Open Journal of Preventive Medicine 
 

Table 3. (a) Correlation coefficients of biomarkers in ENDS use (Baseline); (b) Correlation coefficients of biomarkers in JUUL 
ENDS use (Study A: Day 5; Study B: Day 6). 

(a) 

Biomarkers 

NE 
(mg/24 hr) 

NNAL 
(ng/24 hr) 

3-HPMA 
(μg/24 hr) 

MHBMA 
(μg/24 hr) 

S-PMA 
(μg/24 hr) 

COHb 
(%) 

HMPMA 
(μg/24 hr) 

CEMA 
(μg/24 hr) 

1-OHP 
(ng/24 hr) 

Study B 

NE 
(mg/24 hr)  

0.5990 0.8168 0.5403 0.5271 0.5328 0.7839 0.8162 0.5216 

NNAL 
(ng/24 hr) 

0.4631 
 

0.5674 0.4302 0.3911 0.5327 0.5891 0.6075 0.4619 

3-HPMA 
(μg/24 hr) 

0.7366 0.4751 
 

0.5011 0.4871 0.5586 0.9015 0.8763 0.5497 

MHBMA 
(μg/24 hr) 

0.4837 0.3852 0.6549 
 

0.9272 0.4508 0.4754 0.5256 0.2951 

S-PMA 
(μg/24 hr) 

0.4602 0.3736 0.6501 0.9438 
 

0.4725 0.4663 0.5405 0.3214 

COHb 
(%) 

0.5685 0.5102 0.7352 0.5712 0.5886 
 

0.5584 0.5752 0.3202 

HMPMA 
(μg/24 hr) 

0.5938 0.4541 0.8574 0.6256 0.6184 0.6497 
 

0.8631 0.5102 

CEMA 
(μg/24 hr) 

0.6608 0.4831 0.8553 0.5805 0.5802 0.6567 0.8180 
 

0.5343 

1-OHP 
(ng/24 hr) 

0.5843 0.4039 0.6930 0.4620 0.5120 0.4298 0.5788 0.5760 
 

 Study A 

Intent to Treat (ITT) Population. 

(b) 

Biomarkers 

NE 
(mg/24 hr) 

NNAL 
(ng/24 hr) 

3-HPMA 
(μg/24 hr) 

MHBMA 
(μg/24 hr) 

S-PMA 
(μg/24 hr) 

COHb 
(%) 

HMPMA 
(μg/24 hr) 

CEMA 
(μg/24 hr) 

1-OHP 
(ng/24 hr) 

Study B 

NE 
(mg/24 hr) 

 0.4254 0.1894 0.1958 0.0816 0.0170 0.1111 0.1669 0.1426 

NNAL 
(ng/24 hr) 

0.5091  0.1754 0.2919 0.1273 −0.1363 0.0335 0.4595 0.1023 

3-HPMA 
(μg/24 hr) 

0.1435 0.0692  0.4879 0.0079 −0.0554 0.3113 0.4190 0.3700 

MHBMA 
(μg/24 hr) 

−0.0777 0.0842 0.5616  0.2612 −0.1171 0.2545 0.3769 0.1716 

S-PMA 
(μg/24 hr) 

0.2262 0.3172 0.0292 0.0589  −0.0478 0.1010 0.1611 −0.0656 

COHb 
(%) 

−0.0982 −0.2446 −0.1475 −0.0274 −0.0209  −0.1471 −0.0730 −0.0443 
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Continued 

HMPMA 
(μg/24 hr) 

−0.0906 0.0122 0.4003 0.2670 −0.0147 −0.2005  0.1067 0.0969 

CEMA 
(μg/24 hr) 

0.5549 0.4580 0.2820 0.2331 0.1941 −0.0288 0.0137  0.2424 

1-OHP 
(ng/24 hr) 

0.0169 0.2308 −0.0601 0.0189 0.2553 0.0034 0.0992 0.0461  

 Study A 

Intent to Treat (ITT) Population. 
 
for JUUL ENDS use. In both studies, there was a moderate (r = 0.45 or higher) 
to a high correlation (0.7 or higher) between nicotine equivalents with other 
biomarkers when the participants were smoking cigarettes (baseline). After the 
participants switched to JUUL ENDS, the average correlation between nicotine 
with other biomarkers (not including NNAL) decreased from 0.58 to 0.10 in 
Study A and from 0.65 to 0.13 in Study B. A similar trend was observed in the 
correlation between NNAL and other biomarkers. The correlation between nico-
tine and NNAL did not change much from cigarette smoking to JUUL ENDS 
use and a linear trend is observed (Figure 1 and Figure 2). 

3.4. Impact of Product Nicotine Levels 

In Study B, the average level of nicotine equivalents was around 40% higher in 
the 5% nicotine JUUL ENDS than in the 3% nicotine JUUL ENDS, but the levels 
of other biomarkers were comparable between the two JUUL ENDS groups 
(Table 4). Levels of NNAL, 3-HPMA, COHb, and HMPMA were less than 5% 
higher in the 5% nicotine JUUL ENDS and levels of MHBMA, S-PMA, and 
CEMA were lower. Except for 1-OHP, an increase of nicotine in the JUUL 
ENDS products did not result in a substantial increase in the levels of the bio-
markers in the users. Because the average coefficient of variation and the average 
correlation coefficient were similar (Table 5) between the 3% JUUL ENDS and 
the 5% JUUL ENDS, an increase in the nicotine level in the JUUL ENDS also did 
not change the variabilities of the biomarkers and the correlation between the 
biomarkers. 

4. Discussion 

Variability and correlation of biomarkers of exposure in ENDS users is impor-
tant for biomarker selection and clinical study design to assess the health effects 
of ENDS. For example, in sample size estimation of new clinical studies for 
ENDS, the variability of biomarkers and the correlation between biomarkers are 
often considered. However, variability of biomarkers of exposure is often not the 
focus in the published ENDS studies. In addition, few ENDS studies have ex-
amined the correlation between biomarkers of exposure. One example is a study 
which examined the correlation between biomarkers of exposure and biomarkers  
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Figure 1. Study A - Pooled JUUL Product Data - Day 5 - NE vs NNAL. 

 

 
Figure 2. Study B - Pooled JUUL Product Data - Day 6 - NE vs NNAL. 
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Table 4. Variability in biomarkers of exposure for JUUL ENDS users of two nicotine concentrations. 

Biomarkers 
Study B - Day 6 - JUUL 5% Study B - Day 6 - JUUL 3% 

N Mean SD CV (%) N Mean SD CV (%) 

NE 
(mg/24 hr) 

94 15.40 9.851 63.95 93 11.02 8.285 75.18 

NNAL 
(ng/24 hr) 

94 141.42 113.631 80.35 93 140.13 121.781 86.90 

3-HPMA 
(μg/24 hr) 

94 294.86 138.661 47.03 93 293.65 131.382 44.74 

MHBMA 
(μg/24 hr) 

94 0.26 0.109 41.07 93 0.27 0.134 49.10 

S-PMA 
(μg/24 hr) 

94 0.27 0.187 69.63 93 0.34 0.235 70.08 

COHb 
(%) 

94 1.74 0.604 34.78 94 1.65 0.453 27.45 

HMPMA 
(μg/24 hr) 

94 82.92 84.895 102.38 93 78.81 46.008 58.38 

CEMA 
(μg/24 hr) 

94 25.42 13.848 54.47 93 28.50 17.176 60.26 

1-OHP 
(ng/24 hr) 

94 88.09 110.693 125.66 93 69.40 64.553 93.02 

Average 
   

68.82 
   

62.79 

Intent to Treat (ITT) Population. 
 
Table 5. Correlation coefficients of biomarkers in JUUL ENDS use between the two nicotine concentrations. 

Biomarkers 

NE 
(mg/24 hr) 

NNAL 
(ng/24 hr) 

3-HPMA 
(μg/24 hr)  

MHBMA 
(μg/24 hr) 

S-PMA 
(μg/24 hr) 

COHb 
(%) 

HMPMA 
(μg/24 hr) 

CEMA 
(μg/24 hr) 

1-OHP 
(ng/24 hr) 

JUUL 5% 

NE 
(mg/24 hr) 

 0.4225 0.2046 0.2600 0.1845 0.1078 0.1633 0.3038 0.1721 

NNAL 
(ng/24 hr) 

0.4586  0.1592 0.3977 0.0792 −0.1053 −0.0070 0.4742 0.1164 

3-HPMA 
(μg/24 hr)  

0.1808 0.1923  0.4961 0.0302 0.0475 0.3062 0.4977 0.4118 

MHBMA 
(μg/24 hr) 

0.1687 0.2128 0.4896  0.1060 −0.0763 0.2067 0.4406 0.2427 

S-PMA 
(μg/24 hr) 

0.0703 0.1685 −0.0093 0.3590  0.0226 0.0239 0.2172 −0.0558 

COHb 
(%) 

−0.1766 −0.1816 −0.2030 −0.1639 −0.1003  −0.1254 −0.0297 −0.0238 

HMPMA 
(μg/24 hr) 

−0.0106 0.1087 0.3538 0.3830 0.2536 −0.2167  0.0911 0.0858 
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Continued 

CEMA 
(μg/24 hr) 

0.0999 0.4554 0.3630 0.3326 0.1034 −0.1088 0.1622  0.2767 

1-OHP 
(ng/24 hr) 

0.0256 0.0911 0.3262 0.1119 −0.0514 −0.1213 0.1221 0.2680  

 JUUL 3% 

Intent to Treat (ITT) Population. 
 
of effect in cigarette smokers and e-cigarette vapers and found zinc concentra-
tion was correlated to oxidative DNA damage [35]. 

Seven out of nine biomarkers of exposure in Study A were highly variable 
(CV > 30%). Higher variability was observed in NNAL, MHBMA, and S-PMA 
than in other biomarkers. After adult cigarettes smokers switched to JUUL 
ENDS, the correlation between nicotine equivalents and other biomarkers of 
exposure became weaker. A similar trend was observed between NNAL and 
other biomarkers. In Study B, adult cigarette smokers used JUUL ENDS with 3% 
and 5% nicotine concentrations. Although nicotine equivalent levels were higher 
in the participants who used the 5% nicotine ENDS than in the participants who 
continued to smoke cigarettes, the increase did not lead to a substantial increase 
in the levels of other biomarkers except 1-OHP. The weaker correlation between 
nicotine equivalents and 3-HPMA, MHBMA, S-PMA, COHb, HMPMA, and 
1-OHP when participants used the JUUL 5% ENDS further confirmed the find-
ing. The variability and correlation in biomarkers reported here is for short term 
randomized controlled exposure studies, not for other types of studies including 
randomized control studies of longer than 6 days or cross-sectional observation-
al studies. Additional studies are needed for those types of studies. 

5. Conclusion 

After adult cigarette smokers switched to JUUL ENDS, the correlation between 
nicotine equivalents and other biomarkers of exposure became weaker. A similar 
trend was observed between NNAL and other biomarkers. JUUL ENDS users of 
5% nicotine, compared with those of 3% nicotine, did not have substantial high-
er levels of other biomarkers of exposure except 1-OHP. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this 
paper. 

References 
[1] U.S. Department of Health and Human Services (2011) The Health Consequences 

of Smoking-50 Years of Progress. A Report of the Surgeon General. Atlanta: U.S. 
Department of Health and Human Services, Centers for Disease Control and Pre-
vention, National Center for Chronic Disease Prevention and Health Promotion, 
Office on Smoking and Health, Atlanta, United States Surgeon General. 

https://doi.org/10.4236/ojpm.2023.1310018


Q. W. Liang et al. 
 

 

DOI: 10.4236/ojpm.2023.1310018 282 Open Journal of Preventive Medicine 
 

[2] U.S. Food and Drug Administration (2021) Harmful and Potentially Harmful Con-
stituents in Tobacco Products and Tobacco Smoke: Established List. Federal Regis-
ter, 77, 20034-20037. 

[3] Chang, C.M., Edwards, S.H., Arab, A, Del Valle-Pinero, A.Y., Yang, L. and Hatsuka-
mi, D.K. (2017) Biomarkers of Tobacco Exposure: Summary of an FDA-Sponsored 
Public Workshop. Cancer Epidemiology Biomarkers Prevention, 26, 291-302.  
https://doi.org/10.1158/1055-9965.EPI-16-0675 

[4] Institute of Medicine (2001) Clearing the Smoke: Assessing the Science Base for 
Tobacco Harm Reduction. 

[5] Hecht, S.S. (2002) Human Urinary Carcinogen Metabolites: Biomarkers for Inves-
tigating Tobacco and Cancer. Carcinogenesis, 23, 907-922.  
https://doi.org/10.1093/carcin/23.6.907 

[6] Hatsukami, D.K., Benowitz, N.L., Rennard, S.I., Oncken, C. and Hecht, S.S. (2006) 
Biomarkers to Assess the Utility of Potential Reduced Exposure Tobacco Products. 
Nicotine & Tobacco Research, 8, 600-622.  

[7] Patterson, F., Benowitz, N., Shields, P., Kaufmann, V., Jepson, C., Wileyto, P., Ku-
charski, S. and Lerman, C. (2003) Individual Differences in Nicotine Intake Per 
Cigarette. Cancer Epidemiology, Biomarkers & Prevention, 12, 468-471. 

[8] Feng, S., Plunkett, S.E., Lam, K., Kapur, S., Muhammad, R., Jin, Y., Zimmermann, 
M., Mendes, P., Kinser, R. and Roethig, H.J. (2007a) A New Method for Estimating 
the Retention of Selected Smoke Constituents in the Respiratory Tract of Smokers 
during Cigarette Smoking. Inhalation Toxicology, 19, 169-179.  
https://doi.org/10.1080/08958370601052022 

[9] Zacny, J.P. and Stitzer, M.L. (1988) Cigarette Brand-Switching: Effects on Smoke 
Exposure and Smoking Behavior. The Journal of Pharmacology and Experimental 
Therapeutics, 246, 619-627. 

[10] Roethig, H.J., Zedler, B.K., Kinser, R.D., Feng, S, Nelson, B.L. and Liang, Q. (2007) 
Short-Term Clinical Exposure Evaluation of a Second-Generation Electrically 
Heated Cigarette Smoking System. Journal of Clinical Pharmacology, 47, 518-530.  
https://doi.org/10.1177/0091270006297686 

[11] Roethig, H.J., Feng, S., Liang, Q., Liu, J., Rees, W.A. and Zedler, B.K. (2008) A 
12-Month, Controlled Study to Evaluate Exposure Biomarkers. 

[12] Scherer, G., Engl, J., Urban, M., Gilch, G., Janket, D. and Riedel, K. (2007) Relation-
ship between Machine-Derived Smoke Yields and Biomarkers in Cigarette Smokers in 
Germany. Regulatory Toxicology and Pharmacology, 47, 171-183.  
https://doi.org/10.1016/j.yrtph.2006.09.001 

[13] Sarkar, M., Kapur, S., Frost-Pineda, K., Feng, S., Wang, J., Liang, Q. and Roethig, H. 
(2008) Evaluation of Biomarkers of Exposure to Selected Cigarette Smoke Consti-
tuents in Adult Smokers Switched to Carbon Filtered Cigarettes in Short Term and 
Long Term Clinical Studies. Nicotine & Tobacco Research, 10, 1761-1772.  
https://doi.org/10.1080/14622200802443718 

[14] Lüdicke, F., Picavet, P., Baker, G., Haziza, C., Poux, V., Lama, N. and Weitkunat, R. 
(2018) Effects of Switching to the Tobacco Heating System 2.2 Menthol, Smoking 
Abstinence, or Continued Cigarette Smoking on Biomarkers of Exposure: A Ran-
domized, Controlled, Open-Label, Multicenter Study in Sequential Confinement 
and Ambulatory Settings (Part 1). Nicotine & Tobacco Research, 20, 161-172.  
https://doi.org/10.1093/ntr/ntw287 

[15] Mendes, P., Kapur, S., Wang, J., Feng, S. and Roethig, H. (2008) A Randomized, 
Controlled Exposure Study in Adult Smokers of Full Flavor Marlboro Cigarettes 

https://doi.org/10.4236/ojpm.2023.1310018
https://doi.org/10.1158/1055-9965.EPI-16-0675
https://doi.org/10.1093/carcin/23.6.907
https://doi.org/10.1080/08958370601052022
https://doi.org/10.1177/0091270006297686
https://doi.org/10.1016/j.yrtph.2006.09.001
https://doi.org/10.1080/14622200802443718
https://doi.org/10.1093/ntr/ntw287


Q. W. Liang et al. 
 

 

DOI: 10.4236/ojpm.2023.1310018 283 Open Journal of Preventive Medicine 
 

Switching to Marlboro Lights or Marlboro Ultra Lights Cigarettes. Regulatory Tox-
icology and Pharmacology, 51, 295-305. https://doi.org/10.1016/j.yrtph.2008.04.014 

[16] Mendes, P.E., Liang, Q., Frost-Pineda, K., Munjal, S., Roethig, H.J. and Walk, R.A. 
(2009) The Relationship between Smoking Machine Derived Tar Yields and Bio-
markers of Exposure in Adult Cigarette Smokers in the US. Regulatory Toxicology 
and Pharmacology, 55, 17-27. https://doi.org/10.1016/j.yrtph.2009.05.016 

[17] Wang, J.Z., Liang, Q.W., Mendes, P. and Sarkar, M. (2011) Is 24h Nicotine Equiva-
lents a Surrogate for Smoke Exposure Based on Its Relationship with Other Bio-
markers of Exposure? Biomarkers, 16, 144-154.  
https://doi.org/10.3109/1354750X.2010.536257 

[18] Hiler, M., Weidner, A.S., Hull, L.C., Kurti, A.N. and Mishina, E.V. (2021) Systemic 
Biomarkers of Exposure Associated with ENDS Use: A Scoping Review. Tobacco 
Control, 32, 480-488. https://doi.org/10.1136/tobaccocontrol-2021-056896 

[19] Chang, C.M., Rostron, B.L., Chang, J.T., Corey, C.G., Kimmel, H.L., Sosnoff, C.S., 
Goniewicz, M.L., Edwards, K.C., Hatsukami, D.K., Wang, Y., Del Valle-Pinero, 
A.Y., Yang, M., Travers, M.J., Arnstein, S., Taylor, K., Conway, K., Ambrose, B.K., 
Borek, N., Hyland, A., Wang, L., Blount, B.C. and van Bemmel, D.M. (2019) Bio-
markers of Exposure among U.S. Adult Cigar Smokers: Population Assessment of 
Tobacco and Health (PATH) Study Wave 1 (2013-2014). Cancer Epidemiology, 
Biomarkers & Prevention, 28, 943-953.  
https://doi.org/10.1158/1055-9965.EPI-18-0539 

[20] Strong, D.R., Leas, E., Noble, M., White, M., Glasser, A., Taylor, K., Edwards, K.C., 
Frissell, K.C., Compton, W.M., Conway, K.P., Lambert, E., Kimmel, H.L., Silveira, 
M.L., Hull, L.C., van Bemmel, D., Schroeder, M.J., Cummings, K.M., Hyland, A., 
Feng, J., Blount, B., Wang, L. and Niaura, R. (2022) Validation of the Wave 1 and 
Wave 2 Population Assessment of Tobacco and Health (PATH) Study Indicators of 
Tobacco Dependence Using Biomarkers of Nicotine Exposure across Tobacco 
Products. Nicotine & Tobacco Research, 24, 10-19.  
https://doi.org/10.1093/ntr/ntab162 

[21] Jay, J., Pfaunmiller, E.L., Huang, N.J., Cohen, G. and Graff, D.W. (2020) Five-Day 
Changes in Biomarkers of Exposure among Adult Smokers after Completely 
Switching from Combustible Cigarettes to a Nicotine-Salt Pod System. Nicotine & 
Tobacco Research, 22, 1285-1293. https://doi.org/10.1093/ntr/ntz206 

[22] Cohen, G., Glodenson, N., Bailey, P., Chan, S. and Shiffman, S. (2021) Changes in 
Biomarkers of Cigarette Smoke Exposure after 6 Days of Switching Exclusively or 
Partially to Use of the JUUL System with Two Nicotine Concentrations: A Rando-
mized Controlled Confinement Study in Adult Smokers. Nicotine & Tobacco Re-
search, 23, 2153-2161. https://doi.org/10.1093/ntr/ntab134 

[23] Zedler, B.K., Kinser, R., Oey, J., Nelson, B., Roethig, H.J., Walk, R.A., Kuhl, P., Rus-
temeier, K., Schepers, G., Von Holt, K. and Tricker, A.R. (2006) Biomarkers of Ex-
posure and Potential Harm in Adult Smokers of 3-7 Mg Tar Yield (Federal Trade 
Commission) Cigarettes and in Adult Non-Smokers. Biomarkers, 11, 201-220.  
https://doi.org/10.1080/13547500600576260 

[24] Frost-Pineda, K., Zedler, B.K., Oliveri, D., Liang, Q., Feng, S. and Roethig, H.J. 
(2008) 12-Week Clinical Exposure Evaluation of a Third-Generation Electrically 
Heated Cigarette Smoking System (EHCSS) in Adult Smokers. Regulatory Toxicol-
ogy and Pharmacology, 52, 111-117. https://doi.org/10.1016/j.yrtph.2008.05.015 

[25] Frost-Pineda, K., Zedler, B.K., Oliveri, D., Feng, S., Liang, Q. and Roethig, H.J. 
(2008b) Short-Term Clinical Exposure Evaluation of a Third Generation Electrically 
Heated Cigarette Smoking System (EHCSS) in Adult Smokers. Regulatory Toxicol-

https://doi.org/10.4236/ojpm.2023.1310018
https://doi.org/10.1016/j.yrtph.2008.04.014
https://doi.org/10.1016/j.yrtph.2009.05.016
https://doi.org/10.3109/1354750X.2010.536257
https://doi.org/10.1136/tobaccocontrol-2021-056896
https://doi.org/10.1158/1055-9965.EPI-18-0539
https://doi.org/10.1093/ntr/ntab162
https://doi.org/10.1093/ntr/ntz206
https://doi.org/10.1093/ntr/ntab134
https://doi.org/10.1080/13547500600576260
https://doi.org/10.1016/j.yrtph.2008.05.015


Q. W. Liang et al. 
 

 

DOI: 10.4236/ojpm.2023.1310018 284 Open Journal of Preventive Medicine 
 

ogy Pharmacology, 52, 104-110. https://doi.org/10.1016/j.yrtph.2008.05.016 

[26] Roethig, H.J., Kinser, R.D., Lau, R.W., Walk, R.A. and Wang, N. (2005) Short Term Ex-
posure Evaluation of Adult Smokers Switching from Conventional to First-Generation 
Electrically Heated Cigarettes during Controlled Smoking. Journal of Clinical Pharma-
cology, 45, 133-145. https://doi.org/10.1177/0091270004271253 

[27] Benowitz, N.L. and Jacob III, P. (2001) Trans-3’-Hydroxycotinine: Disposition Ki-
netics, Effects and Plasma Levels during Cigarette Smoking. British Journal Clinical 
Pharmacology, 51, 53-59. https://doi.org/10.1046/j.1365-2125.2001.01309.x 

[28] Scherer, G., Frank, S., Riedel, K., Meger-Kossien, I. and Renner, T. (2000) Biomo-
nitoring of Exposure to Polycyclic Aromatic Hydrocarbons of Nonoccupationally 
Exposed Persons. Cancer Epidemiology Biomarkers & Prevention, 9, 373-380. 

[29] Feng, S., Roethig, H.J., Liang, Q., Kinser, R., Jin, Y., Scherer, G., Urban, M., Engl, J. 
and Riedel, K. (2006) Evaluation of Urinary 1-Hydroxypyrene, S-Phenylmercapturic 
Acid, Trans, Trans-Muconic Acid, 3-Methyladenine, 3-Ethyladenine, 8-Hydroxy-2’- 
Deoxyguanosineand Thioethers as Biomarkers of Exposure to Cigarette Smoke. Bio-
markers, 11, 28-52. https://doi.org/10.1080/13547500500399730 

[30] Benowitz, N.L., Jacob III, P., Yu, L., Talcott, R., Hall, S. and Jones, R.T. (1986) Re-
duced Tar, Nicotine, and Carbon Monoxide Exposure While Smoking Ultralow- 
But Not Low-Yield Cigarettes. The Journal of the American Medical Association, 
256, 241-246. https://doi.org/10.1001/jama.1986.03380020103032 

[31] Mascher, D.G., Mascher, H.J., Scherer, G. and Schmid, E.R. (2001) High Perfor-
mance Liquid Chromatographic-Tandem Mass Spectrometric Determination of 
3-Hydroxypropylmercapturic Acid in Human Urine. Journal of Chromatography B: 
Biomedical Sciences and Applications, 750, 163-169.  
https://doi.org/10.1016/S0378-4347(00)00385-6 

[32] Luo, X., Carmella, S., Chen, M., Jensen, J., Wilkens, L., Le Marchand, L., Hatsukami, 
D., Murphy, S. and Hecht, S. (2020) Urinary Cyanoethyl Mercapturic Acid, a Bio-
marker of the Smoke Toxicant Acrylonitrile, Clearly Distinguishes Smokers from 
Nonsmokers. Nicotine & Tobacco Research, 22, 1744-1747.  
https://doi.org/10.1093/ntr/ntaa080 

[33] Kim, H., Cho, S.H., Kang, J.W., Kim, Y.D., Nan, H.M., Lee, C.H., Lee, H. and Ka-
wamoto, T. (2021) Urinary 1-Hydroxypyrene and 2-Naphthol Concentrations in 
Male Koreans. International Archives of Occupational and Environmental Health, 
74, 59-62. https://doi.org/10.1007/s004200000193 

[34] Riedel, K., Scherer, G., Engl, J., Hagedorn, H.W. and Tricker, A.R. (2006) Determi-
nation of Three Carcinogenic Aromatic Amines in Urine of Smokers and Non-
smokers. Journal of Analytical Toxicology, 30, 187-95.  
https://doi.org/10.1093/jat/30.3.187 

[35] Sakamaki-Ching, S., Williams, M., Hua, M., et al. (2020) Correlation between Bio-
markers of Exposure, Effect and Potential Harm in the Urine of Electronic Cigarette 
Users. BMJ Open Respiratory Research, 7, e000452.  
https://doi.org/10.1136/bmjresp-2019-000452 

 
 

https://doi.org/10.4236/ojpm.2023.1310018
https://doi.org/10.1016/j.yrtph.2008.05.016
https://doi.org/10.1177/0091270004271253
https://doi.org/10.1046/j.1365-2125.2001.01309.x
https://doi.org/10.1080/13547500500399730
https://doi.org/10.1001/jama.1986.03380020103032
https://doi.org/10.1016/S0378-4347(00)00385-6
https://doi.org/10.1093/ntr/ntaa080
https://doi.org/10.1007/s004200000193
https://doi.org/10.1093/jat/30.3.187
https://doi.org/10.1136/bmjresp-2019-000452

	Variability and Correlation in Biomarkers of Exposure from Two Randomized Controlled Studies of JUUL Electronic Nicotine Delivery Systems
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Study Design
	2.2. Study Products
	2.3. Biomarkers of Exposure
	2.4. Statistical Analysis Methods

	3. Results
	3.1. Demographic Characteristics
	3.2. Biomarker Variability
	3.3. Biomarker Correlation
	3.4. Impact of Product Nicotine Levels

	4. Discussion
	5. Conclusion
	Conflicts of Interest
	References

