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Abstract

IMPORTANCE It remains unknown whether nicotine intake among youths who vape is lower,
comparable, or higher than among youths who smoke.

OBJECTIVE To examine potential differences in biomarkers of exposure to nicotine (1) between
adolescents who smoke tobacco, vape, both vape and smoke (dual use), or do not use; (2) between
adolescents in 3 countries; and (3) by nicotine content and form in the vaping product last used
among adolescents who exclusively vaped.

DESIGN, SETTING, AND PARTICIPANTS This population-based, observational cross-sectional
study invited adolescents aged 16 to 19 years in Canada, England, and the US who had previously
completed national surveys to participate in a biomarker study based on their vaping and smoking
status. Participants completed questionnaires and self-collected urine samples between September
2019 and January 2022. Analyses were conducted in February 2023 and between January and
June 2024.

EXPOSURES Vaping, tobacco smoking, dual use, or no use in the past 7 days.

MAIN OUTCOMES AND MEASURES Urine concentration of cotinine, trans-3′-hydroxycotinine
(3OH-cotinine), and total nicotine equivalents (TNE-2; molar sum of cotinine and 3OH-cotinine),
normalized for creatinine concentration.

RESULTS Among the 364 participants (mean [SD] age, 17.6 [1.1] years; 203 females [55.8%]) who
provided usable urine samples and completed questionnaires, no differences in TNE-2 concentration
were observed between adolescents who exclusively vaped (n = 73; geometric mean [SD], 3.10
[16.69] nmol/mg creatinine), exclusively smoked (n = 68; geometric mean [SD], 3.78 [18.00]
nmol/mg creatinine), or both vaped and smoked (n = 77; geometric mean [SD], 6.07 [19.08]
nmol/mg creatinine) in the past week, adjusting for creatinine concentration, age, sex, country, and
cannabis use. All vaping and/or smoking groups had higher concentrations of TNE-2 than no use
(n = 146; geometric mean [SD], 0.19 [1.14] nmol/mg creatinine; P < .001 for all contrasts). Among
adolescents who exclusively vaped (n = 73), TNE-2 concentrations were not significantly different
between those who reported using products containing more than 20 mg/mL nicotine (n = 33;
geometric mean [SD], 4.35 [18.25] nmol/mg creatinine) and containing 20 mg/mL nicotine or less
(n = 28; geometric mean [SD], 5.13 [15.64] nmol/mg creatinine). Reported use of vaping products
containing nicotine salts (n = 23) was associated with higher concentration of TNE-2 (geometric
mean [SD], 10.78 [18.03] nmol/mg creatinine) than reported use of products without nicotine salts
(n = 29; geometric mean [SD], 2.72 [15.42] nmol/ng creatinine; P = .03) or reporting “don’t know”
(n = 14; geometric mean [SD], 1.55 [15.01] nmol/ng creatinine; P = .009). Similar patterns of exposure
were observed for cotinine and 3OH-cotinine.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE This cross-sectional study found that vaping was associated with
similar nicotine exposure as smoking among adolescents. Reported use of a nicotine salt product
was associated with higher nicotine exposure among those who exclusively vaped, consistent with
findings from laboratory and population studies indicating greater dependence for nicotine salt
e-cigarettes.
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Introduction

Nicotine is the main addictive constituent in tobacco, responsible for the reinforcing and withdrawal
properties that undermine efforts to quit.1 Over the past decade, e-cigarettes have emerged as a
popular form of nicotine delivery, particularly among adolescents and young adults. E-cigarettes are
a broad class of products with 4 standard components: a mouthpiece, a reservoir for holding liquid
(often referred to as e-liquid), a heating element, and a battery to supply power.1 The nicotine in
e-cigarette aerosol is absorbed into the bloodstream primarily through the lungs, as is the case for
conventional smoked cigarettes.2 Nicotine delivery via the lungs is associated with greater
bioavailability and abuse liability than other routes of administration, such as oral absorption from
smokeless tobacco.3

Nicotine exposure is assessed by measuring nicotine metabolites in biological fluids, such as
urine, blood, and saliva, which are commonly referred to as biomarkers of exposure.4 Recent
literature reviews have concluded that for most individuals, vaping results in lower nicotine exposure
compared with smoking.5 However, nicotine exposure has also been shown to differ based on the
design of e-cigarettes and the characteristics of nicotine in e-liquids.5,6 For example, e-liquids
containing nicotine salts rather than freebase nicotine have been associated with higher levels of
nicotine delivery comparable to nicotine levels from smoking.7,8 To date, virtually all studies of
nicotine exposure from vaping have been conducted among adults who formerly smoked.9 There is
little evidence among adolescents who vape, including those with little or no history of smoking.
Nicotine exposure among individuals who have never smoked is one indicator of the potential abuse
liability of vaping products among adolescents. Two studies10,11 from the US examined urinary
metabolites of nicotine among youths who vaped. Nicotine exposure was associated with higher
dependence scores, although neither study conducted formal tests to compare cotinine levels
between youths who vaped, smoked, or did neither.10,11 Another US study found no difference in
cotinine levels among youths who used e-cigarettes compared with those who smoked tobacco or
who did not use either, respectively, although the small sample size of the e-cigarette group (n = 12)
provided limited power.12 Another US study reported higher levels of nicotine metabolites among
youths who exclusively vaped vs youths who did not vape (controls) but lower levels than among
youths who vaped and smoked.13

Biomarker studies of nicotine exposure also provide a means of comparing potential differences
among vaping products. Two studies conducted in adult participants examined levels of nicotine
metabolites by type of vaping device: nicotine exposure was higher among those who used tank
vaping devices compared with cartridges or disposable devices; however, neither study tested these
differences statistically.14,15 Another US study also found higher nicotine biomarkers among youths
who vaped pod devices (most likely containing nicotine salt e-liquids) vs nonpod devices.9

Understanding the potential differences in exposure from freebase and salt-based nicotine e-liquids
is essential given the popularity of salt-based products among youths.16

The current study examined biomarkers of exposure to nicotine among adolescents in Canada,
England, and the US. The study aimed to examine differences in exposure to nicotine (1) among
adolescents who vape, smoke tobacco, both vape and smoke (dual use), or do not use; (2) by country
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among these groups; and (3) by nicotine content and form in the vaping product last used among
adolescents who exclusively vaped. Specific hypotheses are outlined in eTable 1 in Supplement 1.

Methods

Participants
The current study was an extension of the International Tobacco Control Policy Evaluation Project
(ITC) Youth Tobacco and Vaping Surveys, online surveys involving national samples of adolescents
aged 16 to 19 years in Canada, England, and the US.17,18 All participants were provided information
about the study and indicated their consent in the online survey. In addition, parental consent was
obtained for participants younger than 18 years. This cross-sectional study was reviewed and
received ethics clearance from a University of Waterloo Research Ethics Committee, the King’s
College London Psychiatry Nursing and Midwifery Research Ethics Subcommittee, and a Roswell Park
Comprehensive Cancer Center Ethics Committee. We followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

After completing the online ITC Youth Tobacco and Vaping Survey, respondents were recruited
from commercial panels in each country (eFigure in Supplement 1). Respondents were eligible if their
survey responses indicated they were in 1 of 4 groups of interest: past-week vaping only, past-week
cigarette smoking only, past-week vaping and smoking (dual use), or no use (no smoking, vaping, or
cannabis use in the past 30 days). Other eligibility criteria were passing a data quality check and
belonging to a commercial panel allowing this additional recruitment. Initial study targets of 180
participants for each vaping and smoking status group (total n = 720) were based on power
calculations for a range of biomarkers. Participants received remuneration via an Amazon.com gift
card ($50 in Canada, $40 in US, and £30 in England) sent by email; in Canada, participants had a
choice of an Amazon.com gift card or Interac e-Transfer payment.

Sample Collection
Sample collection occurred between September 2019 and January 2022 (n = 17 in 2019, 257 in 2020,
89 in 2021, and 1 in 2022). A urine collection kit, which included instructions and materials required
for self-collection and sample return as well as a 1-page paper-and-pencil questionnaire, was sent by
courier to participants. Participants were asked to collect their first urine after waking, fill 2 sample
tubes (up to 40 mL), and package them with the supplied frozen gel pack in a Styrofoam box and
shipping box. The samples and questionnaires were returned by courier (priority service) to the
University of Waterloo for participants in Canada or Roswell Park Comprehensive Cancer Center for
participants in the US or by First Class mail (1-2 days) to the National Institute for Health and Care
Research BioResource Centre Maudsley (at King’s College London) for participants in England.

Received samples were immediately placed in a −20 °C freezer for storage. According to
European Union regulations, samples in England were centrifuged within 7 days of receipt to remove
any cellular material. After data collection, samples in Canada and England were shipped to Roswell
Park Comprehensive Cancer Center on dry ice for storage and testing. The methods for collecting and
shipping the biomarkers have been previously established.19

Survey Measures
On the questionnaire completed at the time of sample collection, participants self-reported when
(less than 1 hour ago, 1-6 hours ago, 7-12 hours ago, 12-24 hours ago, 1-7 days ago, not at all in last 7
days) they last did each of the following: used an e-cigarette/vaped, smoked a regular cigarette,
smoked any other tobacco (cigar, cigarillo, bidi, shisha, etc); smoked cannabis/marijuana; vaped
cannabis/marijuana; used smokeless tobacco (chew, pinch, snuff, snus); used nicotine replacement
therapy (patches, gum, lozenges, etc) or nicotine pouches; ate grilled meat (ie, cooked over flame or
charcoal, or with black grill marks); and [item was added at wave 4 in August 2020] were in the
presence of someone smoking cigarettes or tobacco inside (home, car, etc). Participants were asked
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about the characteristics of the last e-cigarette product used, including specific brand (of the device
and of the cartridge, pod, or e-liquid), flavor, whether it contained nicotine, and if so, the
concentration and whether it was nicotine salt. Cigarette smoking history (never smoked, ever
smoked, or smoked �100 cigarettes in lifetime) was ascertained from responses on the ITC Youth
Tobacco and Vaping Surveys, from which the participants were recruited. The questionnaires are
provided in the eAppendix in Supplement 1.

Biomarker Testing
Urine samples were tested at the Nicotine and Tobacco Product Assessment Resource laboratory at
Roswell Park Comprehensive Cancer Center. Samples were tested for 2 metabolites of nicotine
(cotinine and trans-3′-hydroxycotinine [3OH-cotinine]),20 and concentrations were normalized for
creatinine concentration to adjust for differences in hydration status on sample collection. Total
nicotine equivalents (TNE-2) were calculated as the molar sum of concentrations of cotinine and
3OH-cotinine.

Categorizing Use and Vaping Product Characteristics
Participants were classified into 1 of 4 categories based on their past 7-day (week) vaping and
tobacco smoking (including smoked a regular cigarette and/or smoked any other tobacco): no use
(neither vaped nor smoked), exclusive vaping (vaped but did not smoke), exclusive smoking (smoked
but did not vape), or both vaping and smoking (dual use). Nicotine concentration in the last vaping
product used was categorized based on responses to the nicotine presence and concentration items
on the questionnaire, similar to previous studies15 and in accordance with the 20 mg/mL limit set in
Canadian21 and UK22 regulations: 0 for no nicotine, 1 for 20 mg/mL nicotine or less, 2 for more than
20 mg/mL nicotine, and 3 for “don’t know.” Among those who reported nicotine in the last product
used, use of nicotine salts was self-reported and coded 0 for no, 1 for yes, and 2 for “don’t know.”

Statistical Analysis
Biomarker values below the assay limit of quantitation (LOQ) were imputed using the common
substitution formula LOQ/�2. All biomarker values were normalized for creatinine concentration,
calculated by dividing the urine’s biomarker concentration by creatinine concentration (expressed as
mg/mL). Data points from participants with creatinine concentrations outside of the reference
range9 were excluded (1 had �10 mg/dL; 2 had >370 mg/dL). Extreme values exceeding 3 SDs from
the mean were excluded from analysis on a casewise basis. For each biomarker, the number of
participants with a value above the LOQ and the geometric mean concentration were reported for
each vaping and smoking status group, overall, and by country.

Analyses were preregistered on the Open Science Framework23 and were performed for the 3
specific study aims. For aim 1, separate linear regression models were conducted for each biomarker
(using log-transformed values) to examine differences based on smoking and vaping status in the
past 7 days (no use, exclusive vaping, exclusive smoking, dual use; all pairwise comparisons between
groups). For aim 2 (country differences), separate models were estimated for each biomarker,
including an interaction term between past-week smoking and/or vaping status and country,
specifying contrasts that compared countries (all pairwise) among each smoking and/or vaping status
group. For aim 3, among a subsample of adolescents reporting exclusively vaping in the past week,
separate linear regression models examined differences based on 2 nicotine characteristics of the last
vaping product used: self-reported nicotine concentration (no nicotine, �20 mg/mL nicotine, >20
mg/mL nicotine, or don’t know; all pairwise comparisons between groups) and self-reported use of
nicotine salt e-liquids (no, yes, or don’t know; all pairwise comparisons between groups). All models
were adjusted for creatinine concentration, age, sex, country, and cannabis use in the past 7 days (no
use, exclusive vaping, exclusive smoking, or both vaping and smoking of cannabis). All comparisons
in the models used 2-sided tests with a P < .05 significance level. Analyses were conducted in
February 2023 and between January and June 2024 using IBM SPSS Statistics, version 29 (IBM).

JAMA Network Open | Substance Use and Addiction Nicotine Exposure From Smoking Tobacco and Vaping Among Adolescents

JAMA Network Open. 2025;8(3):e2462544. doi:10.1001/jamanetworkopen.2024.62544 (Reprinted) March 12, 2025 4/14

Downloaded from jamanetwork.com by guest on 03/13/2025

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.62544&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.62544


Two sensitivity analyses were conducted for aim 1. First, the models were adjusted concurrently
for any past-week use of nicotine replacement therapy (NRT), any past-week use of smokeless
tobacco, and any past-week exposure to secondhand smoke (by adding variables for each to the
models). Second, the models were conducted using smoking and vaping status in the past 24 hours,
a more stringent measure of recent use (vs past week). As a sensitivity analysis for aim 3, beyond the
preregistration, models were estimated adjusting for lifetime smoking (never, ever, or �100
cigarettes in lifetime).

Results

Sample
Of the 934 kits mailed to participants, 371 (40.0%) were returned with a usable sample and
completed questionnaire. The eFigure in Supplement 1 shows details of sample recruitment and
participation. Characteristics of the 364 participants included in this analysis are shown in Table 1 by
country (Canada: n = 129; England: n = 131; US: n = 104). Participants had a mean (SD) age of 17.6

Table 1. Participant Characteristics and Smoking or Vaping Status at Time of Sample Collection

Characteristic

Participants, No. (%)

Total (N = 364) Canada (n = 129) England (n = 131) US (n = 104)

Age, mean (SD), y 17.6 (1.1) 17.6 (1.1) 17.6 (1.1) 17.4 (1.1)

Sex

Male 161 (44.2) 59 (45.7) 56 (42.7) 46 (44.2)

Female 203 (55.8) 70 (54.3) 75 (57.3) 58 (55.8)

Past-week smoking and/or vaping

No use 146 (40.1) 52 (40.3) 57 (43.5) 37 (35.6)

Exclusive vaping 73 (20.1) 35 (27.1) 14 (10.7) 24 (23.1)

Exclusive smokinga 68 (18.7)b 16 (12.4) 33 (25.2) 19 (18.3)

Dual usea 77 (21.2)c 26 (20.2) 27 (20.6) 24 (23.1)

Past-24 h smoking and/or vaping

No use 185 (50.8) 64 (49.6) 73 (55.7) 48 (46.2)

Exclusive vaping 70 (19.2) 34 (26.4) 14 (10.7) 22 (21.2)

Exclusive smokinga 58 (15.9)d 15 (11.6) 28 (21.4) 15 (14.4)

Dual usea 51 (14.0)e 16 (12.4) 16 (12.2) 19 (18.3)

Past-week cannabis use

No use 261 (71.7) 78 (60.5) 112 (85.5) 71 (68.3)

Exclusive vaping of cannabis 8 (2.2) 1 (0.8) 3 (2.3) 4 (3.8)

Exclusive smoking of cannabis 69 (19.0) 36 (27.9) 13 (9.9) 20 (19.2)

Vaping and smoking cannabis 25 (6.9) 13 (10.1) 3 (2.3) 9 (8.7)

Missing data 1 (0.3) 1 (0.8) 0 0

Past-week smokeless tobacco use

No use 357 (98.1) 126 (97.7) 128 (97.7) 103 (99.0)

Used smokeless tobacco 7 (1.9) 3 (2.3) 3 (2.3) 1 (1.0)

Past-week NRT use

No use 351 (96.4) 126 (97.7) 122 (93.1) 103 (99.0)

Used NRT 12 (3.3) 3 (2.3) 8 (6.1) 1 (1.0)

Missing data 1 (0.3) 0 1 (0.8) 0

Past-week SHS exposuref

No exposure 120 (33.0) 40 (31.0) 45 (34.4) 35 (33.7)

Exposed to SHS 115 (31.6) 46 (35.7) 34 (26.0) 35 (33.7)

Missing data 129 (35.4) 43 (33.3) 52 (39.7) 34 (32.7)

Abbreviations: NRT, nicotine replacement therapy;
SHS, secondhand smoke.
a Exclusive smoking included cigarettes and/or other

smoked tobacco (cigar, cigarillo, bidi, and shisha).
Dual use included both vaping and also smoking
cigarettes and/or other smoked tobacco.

b Of the 68 who exclusively smoked, 53 smoked
cigarettes but not other tobacco, 9 smoked both
cigarettes and other tobacco, 4 smoked other
tobacco but not cigarettes, and 2 smoked cigarettes
but other tobacco was unknown.

c Of the 77 who both smoked and vaped (dual use), 57
smoked cigarettes but not other tobacco, 16 smoked
both cigarettes and other tobacco, and 4 smoked
other tobacco but not cigarettes.

d Of the 58 who exclusively smoked, 48 smoked
cigarettes but not other tobacco, 6 smoked both
cigarettes and other tobacco, 3 smoked other
tobacco but not cigarettes, and 1 smoked cigarettes
but other tobacco was unknown.

e Of the 51 who both smoked and vaped, 40 smoked
cigarettes but not other tobacco, 8 smoked both
cigarettes and other tobacco, and 3 smoked other
tobacco but not cigarettes.

f Question added in wave 4 (2021).
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(1.1) years and included 203 females (55.8%) and 161 males (44.2%). eTable 2 in Supplement 1
presents characteristics and past-week behaviors and exposures by past-week smoking and vaping
categories.

Differences in Nicotine Biomarkers by Past-Week Vaping
and Smoking Status Groups (Aim 1)
Table 2 shows the number of samples with a concentration of nicotine metabolites above the LOQ
within each smoking and vaping status group as well as the geometric mean concentrations of each,
normalized for creatinine concentration. For example, the geometric mean [SD] concentration of
TNE-2 was 3.10 (16.69) nmol/mg creatinine among those who exclusively vaped, 3.78 (18.00)
nmol/mg creatinine among those who exclusively smoked, 6.07 (19.08) nmol/mg creatinine among
those who vaped and smoked (dual use), and 0.19 (1.14) nmol/mg creatinine among those who did
not vape or smoke (no use). Figure 1 shows box-and-whisker plots for nicotine metabolites by past-
week vaping and smoking status and indicates statistically significant differences between groups,
adjusting for age, sex, country, past-week cannabis use, and creatinine concentration. There were no
significant differences in levels of cotinine, 3OH-cotinine, or TNE-2 among those who exclusively
vaped compared with those who exclusively smoked or with dual use (eTable 3 in Supplement 1).
Compared with no use, exclusive vaping was associated with higher concentrations of cotinine
(β = 3.08; 95% CI, 2.47-3.69; P < .001), 3OH-cotinine (β = 2.40; 95% CI, 1.89-2.91; P < .001), and
TNE-2 (β = 2.59; 95% CI, 2.07-3.11; P < .001), as were exclusive smoking (cotinine: β = 3.25 [95% CI,
2.64-3.86; P < .001]; 3OH-cotinine: β = 2.50 [95% CI, 1.98-3.01; P < .001]; TNE-2: β = 2.66 [95% CI,
2.13-3.19; P < .001]) and dual use (cotinine: β = 3.52 [95% CI, 2.89-4.16; P < .001]; 3OH-cotinine:
β = 2.81 [95% CI, 2.29-3.34; P < .001]; TNE-2: β = 2.97 [95% CI, 2.43-3.51; P < .001]). No significant
differences were observed in biomarkers of exposure between those reporting exclusive smoking
and those reporting dual use (eTable 3 in Supplement 1).

Differences in Nicotine Biomarkers by Countries (Aim 2)
Table 3 shows the geometric mean (SD) concentrations of each nicotine metabolite, normalized for
creatinine concentration, in each smoking and/or vaping status group and by country. In models
adjusted for age, sex, country, past-week cannabis use, and creatinine concentration, the only
significant differences observed between countries within smoking and/or vaping status groups
were lower concentrations of 3OH-cotinine and TNE-2 among those who exclusively smoked in
Canada vs England. There was also some evidence of lower cotinine concentration among those who
exclusively vaped in England vs Canada, but this comparison was not statistically significant (eTable 4
in Supplement 1).

Table 2. Presence and Concentration of Biomarkers of Nicotine Exposure in Past-Week Smoking and/or Vaping Status Groups

Cotininea 3OH-cotininea TNE-2b

No. of samples
above LOQ/total
No. of samples (%)

Geometric mean (SD)
concentration, ng/mg
creatininec

No. of samples
above LOQ/total
No. of samples (%)

Geometric mean (SD)
concentration, ng/mg
creatininec

No. of samples
above LOQ/total
No. of samples (%)

Geometric mean (SD)
concentration, nmol/mg
creatininec

No use 13/146 (8.9) 3.25 (12.88) 8/146 (5.5) 31.55 (179.57) NA 0.19 (1.14)

Past-week exclusive
vaping

52/73 (71.2) 88.18 (557.47) 49/73 (67.1) 438.57 (2685.67) NA 3.10 (16.69)

Past-week exclusive
smoking

49/68 (72.1) 122.19 (825.89) 46/68 (67.6) 557.99 (2690.48) NA 3.78 (18.00)

Past-week dual use 61/77 (79.2) 184.33 (811.81) 59/77 (76.6) 910.08 (2855.89) NA 6.07 (19.08)

Abbreviations: 3OH-cotinine, trans-3′-hydroxycotinine; NA, not applicable; TNE-2, total
nicotine equivalents.
a Lowest limit of detection (LOD) for cotinine and 3OH-cotinine was 1.0 ng/mL. The

lowest limit of quantitation (LOQ) for cotinine was 5.0 ng/mL. For 3OH-cotinine, the
original lowest LOQ was 50 ng/mL for batches with samples from Canada and England
but 15 ng/mL for a batch with samples from the US; thus, all values converted to the
lowest LOQ of 50 ng/mL.

b No estimates for presence of TNE-2 were reported, as this was calculated as the molar
sum of cotinine and 3OH-cotinine, which were tested for directly.

c Estimates of concentration excluded outliers (n = 4 for cotinine, n = 2 for
3OH-cotinine, and n = 2 for TNE-2) and participants with creatinine values outside of
the reference range (n = 3).
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Differences in Nicotine Biomarkers by Vaping Product Characteristics
Among Those Who Exclusively Vaped (Aim 3)
Self-Reported Nicotine Concentration
Among the 73 adolescents who exclusively vaped in the past week, 33 (45.2%) reported that the last
vaping product they used contained more than 20 mg/mL nicotine, while 28 (38.4%) reported 20
mg/mL nicotine or less, 7 (9.6%) reported no nicotine, and 5 (6.8%) did not know. Adjusting for
creatinine concentration, country, age, sex, and past-week cannabis use, a self-reported nicotine
concentration of 20 mg/mL nicotine or less was associated with higher levels of all nicotine
metabolites compared with no nicotine (eg, TNE-2: geometric mean [SD], 5.13 [15.64] vs 0.32 [0.54]
nmol/mg creatinine; β = 2.60 [95% CI, 0.94-4.27; P = .002]) or not knowing (eg, TNE-2: geometric
mean [SD], 0.52 [0.85] nmol/mg creatinine; β = 2.48 [95% CI, 0.59-4.38; P = .01]) but no significant
differences compared with self-reported nicotine concentration higher than 20 mg/mL (TNE-2:
geometric mean [SD], 4.35 [18.25] nmol/mg creatinine). The only comparison for which a
concentration greater than 20 mg/mL nicotine significantly differed from other groups was for

Figure 1. Nicotine Metabolites by Past-Week Vaping and Tobacco Smoking Status
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Boxplots represent median (IQR) values, whiskers represent minimum and maximum
nonoutlier values for creatinine level–adjusted biomarker values within groups, and dots
represent outliers. Some outliers were excluded for clarity of presentation. 3OH-cotinine
indicates trans-3′-hydroxycotinine; TNE-2, total nicotine equivalents. Separate linear
regression models for concentration of each biomarker (log-transformed) included
testing all pairwise comparisons between past-week vaping and/or smoking status
groups, adjusting for creatinine, country, age, sex, and past-week cannabis use.
Significant differences between groups are noted; all other comparisons were not
significantly different (see eTable 3 in Supplement 1 for model estimates and P values
for all pairwise comparisons).

a Significant difference between the no use group and the vaping group (P < .001 for
each of cotinine, 3OH-cotinine, and TNE-2, respectively).

b Significant difference between the no use group and the smoking group (P < .001 for
each of cotinine, 3OH-cotinine, and TNE-2, respectively).

c Significant difference between the no use group and the dual use group (P < .001 for
each of cotinine, 3OH-cotinine, and TNE-2, respectively).
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higher levels of cotinine vs no nicotine (geometric mean [SD], 143.05 [573.63] nmol/mg creatinine vs
5.75 [19.31]; β = 2.27 [95% CI, 0.10-4.43; P = .04) (Figure 2; eTable 5 in Supplement 1).

Self-Reported Nicotine Salt in e-Liquid
Among the 73 adolescents who exclusively vaped and excluding 7 who reported no nicotine in the
last vaping product used, 23 (34.8%) reported that the last vaping product they used contained
nicotine salt e-liquid, 29 (43.9%) reported the e-liquid was not nicotine salt, and 14 (21.2%) did not
know. Self-reported use of nicotine salt was associated with higher levels of all nicotine metabolites
in adjusted regression models compared with use of nonsalt products (eg, TNE-2: geometric mean
[SD], 10.78 [18.03] vs 2.72 [15.42] nmol/mg creatinine; β = 1.38 [95% CI, 0.16-2.61; P = .03) or not
knowing (eg, TNE-2: geometric mean [SD], 1.55 [15.01] nmol/mg creatinine; β = 1.94 [95% CI, 0.49-
3.39; P = .009), although the comparison of cotinine for reporting salt (geometric mean [SD], 374.46
[582.91] ng/mg creatinine) vs nonsalt (geometric mean [SD], 85.73 [514.23] ng/mg creatinine) was
not statistically significant (β = 1.37; 95% CI, –0.01 to 2.74; P = .051) (Figure 2; eTable 6 in
Supplement 1).

Sensitivity Analyses
For aim 1, past-week use of NRT, smokeless tobacco, and exposure to secondhand smoke were not
associated with the outcomes, and there were no changes to the pattern of results; however, the
model effect sizes of smoking and/or vaping status group were somewhat attenuated (eTable 7 in
Supplement 1). Using smoking and vaping status in the past 24 hours (eTable 8 in Supplement 1)
yielded findings similar to those for past-week use, although with slightly larger effect sizes (eTable 9
in Supplement 1). For aim 3, participants’ smoking history was not associated with any nicotine
biomarker concentrations, nor did any model estimates substantially change.

Table 3. Geometric Mean Concentrations, Normalized for Creatinine Concentration, for Biomarkers of Exposure
in Past-Week Smoking and/or Vaping Status Groups by Country

No.

Geometric mean (SD) concentrationsa

Cotinine, ng/mg
creatinine

3OH-cotinine, ng/mg
creatinine

TNE-2, nmol/mg
creatinine

Canada

No. of participants 127 127 127

No use 52 2.87 (4.43) 29.30 (38.11) 0.17 (0.22)

Past-week exclusive
vaping

35 119.32 (590.00) 507.11 (2809.08) 3.96 (17.53)

Past-week exclusive
smoking

16 108.45 (1024.42) 361.38 (2946.28) 2.64 (20.07)

Past-week dual use 26 145.42 (608.97) 842.13 (2509.87) 5.48 (16.03)

England

No. of participants 127 129 129

No use 57 3.18 (4.13) 31.65 (280.25) 0.19 (1.77)

Past-week exclusive
vaping

14 25.47 (291.93) 191.15 (1693.04) 1.16 (10.14)

Past-week exclusive
smoking

33 136.57 (743.81) 713.51 (2561.54) 4.72 (17.06)

Past-week dual use 27 207.73 (1061.37) 928.54 (3264.00) 6.40 (22.71)

US

No. of participants 103 103 103

No use 37 4.01 (24.15) 34.83 (77.09) 0.21 (0.53)

Past-week exclusive
vaping

24 120.04 (578.93) 579.53 (2899.15) 3.88 (17.79)

Past-week exclusive
smoking

19 111.38 (808.42) 513.01 (2810.03) 3.41 (18.76)

Past-week dual use 24 210.53 (665.09) 970.35 (2816.78) 6.42 (18.02)

Abbreviations: 3OH-cotinine,
trans-3′-hydroxycotinine; TNE-2, total nicotine
equivalent.
a Estimates of concentration excluded outliers (n = 4

for cotinine, n = 2 for 3OH-cotinine, and n = 2 for
TNE-2) and participants with creatinine values
outside of the reference range (n = 3).
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Figure 2. Nicotine Biomarkers by Nicotine Characteristics of Last Vaping Product Used Among Adolescents Who Reported Vaping Exclusively in the Past Week
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Boxplots represent median (IQR) values, whiskers represent minimum and maximum non-
outlier values for creatinine level–adjusted biomarker values within user groups, and dots
represent outliers. 3OH-cotinine indicates trans-3′-hydroxycotinine; TNE-2, total nicotine
equivalents. Separate linear regression models for concentration of each biomarker (log
transformed) included testing all pairwise comparisons between groups, adjusting for cre-
atinine, country, age, sex, and past-week cannabis use. Significant differences between
groups are noted; all other comparisons were not significantly different (see eTable 5 and
eTable 6 in Supplement 1 for model estimates and P values for all pairwise comparisons).
a Significant difference between the no nicotine group and the up to 20 mg/mL

nicotine group (P = .001 for cotinine, P = .004 for 3OH-cotinine, and P = .002 for
TNE-2, respectively).

b Significant difference between the no nicotine group and the more than 20 mg/mL
nicotine group (P = .04 for cotinine).

c Significant difference between the up to 20 mg/mL nicotine group and the “don’t
know” group (P = .01 for cotinine, 3OH-cotinine, and TNE-2, respectively).

d Excluding those reporting no nicotine in the last vaping product used.
e Significant difference between the nicotine salt group and the “don’t know” group

(P = .004 for cotinine, P = .02 for 3OH-cotinine, and P = .009 for TNE-2, respectively).
f Significant difference between the not salt group and the nicotine salt group (P = .02

for 3OH-cotinine and P = .03 for TNE-2, respectively).
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Discussion

The findings of this cross-sectional study indicate that exclusively vaping was associated with similar
nicotine exposure as exclusively smoking and dual use, consistent with findings of a previous study
conducted among adolescents.9 Levels of exposure were generally consistent across countries, with
the exception of moderately higher nicotine intake for exclusive smoking in Canada vs England. The
reasons for this difference are unclear and may be due to differences in the sample of smokers
recruited across countries. However, the findings are generally consistent with population-based
data indicating higher levels of dependence among youths who smoke in England compared with
Canada and the US and with slower decreases in smoking prevalence among younger people in
England in recent years.24,25

Previous studies of adults who vape have found lower nicotine exposure from vaping compared
with smoking in general, in contrast to the current findings.5 However, recent trials using the current
generation of e-cigarettes containing nicotine salts suggest similar levels of nicotine exposure to
smoking cigarettes.7 A similar outcome from nicotine salts was observed in the current study: among
adolescents who reported exclusively vaping, nicotine exposure was highest among those who
reported using nicotine salt e-liquids. Higher nicotine intake from salt-based e-liquids may be
attributable to the chemical composition and pH level of the aerosol, which reduces the bitterness
and harshness of inhaling nicotine compared with freebase nicotine e-liquids.8,26 The current
findings are consistent with results of population-based studies, in which salt-based products were
associated with more frequent vaping, greater indicators of dependence, and a greater likelihood of
respiratory symptoms.9,15,27,28 The findings are also consistent with recent laboratory studies
indicating that nicotine salt formulations may have a relatively greater role in patterns of use and
nicotine intake than nicotine concentration alone.7,22 Overall, the findings highlight the need to
consider nicotine concentration and salt-based vs freebase nicotine separately. Whereas the original
nicotine salt products in the US (eg, JUUL) all had high nicotine concentrations (approximately 50
mg/mL or higher), there has since been a marketwide transition to salt-based e-liquids such that even
brands with lower nicotine concentration now come in salt form, especially the brands popular
among adolescents.16,29 This use of nicotine salts even for lower concentrations is particularly
common in Canada and England, which prohibit nicotine concentrations above 20 mg/mL.20,21 At
the time the current study was conducted, the marketwide transition to nicotine salts had occurred
to a greater extent in the US and Canada than in England, in which this transition appears to have
occurred more recently.16,30 The later adoption of nicotine salt products in England likely reflects
differences in national policies: England’s nicotine limit of 20 mg/mL predated the commercial
release of nicotine salt e-liquids; in contrast, Canada’s limit was implemented in 2021, after salt-based
products became popular among youths; no such nicotine limit exists in the US. Therefore, at the
time of the current study, more participants in the US and Canada would have been vaping nicotine
salt products.

Limitations
This study is subject to general limitations associated with biomarkers of exposure. Although the
method for self-collection of urine samples has previously been validated,18 protocol deviations may
have occurred among some participants that could affect the findings. Other measures are also
subject to the limitations of self-report, including the nicotine characteristics of the last vaping
product used, as well as the use of cannabis and other tobacco products. Consistent with other
studies, substantial proportions of adolescents who vaped reported not knowing the nicotine profile
of their product.15,31-33 In many cases, product packaging makes no mention of salts, and labeling of
nicotine is often obscure and inconsistent in terms of reporting by percentage or concentration (eg,
2% vs 20 mg/mL).34 Future studies should consider methods that do not rely on self-report, such as
direct observation of images of vaping products used by participants. Categorization of smoking and
vaping status based on the past week is an appropriate time frame for estimating recent exposure
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but does not fully account for an individual’s smoking and vaping history, which can be highly variable
among adolescents. Prospective cohort studies capable of capturing changes in use over time and
estimating accumulated or aggregate exposure would be particularly beneficial.

The preregistered analysis plan included a researcher-coded variable to verify the self-reported
use of nicotine salt e-liquids, in which brand information reported by participants was cross-
checked with product information available from manufacturers and retailers. This approach was
largely practical in confirming the presence of nicotine salt in products among 20 of the 23
respondents who reported that the vaping product they used last contained nicotine salt. However,
the researcher-coded approach was ineffective in verifying the form of nicotine in products reported
by the remaining 43 respondents who selected no or “don’t know” to last using a nicotine salt
product, due to insufficient brand information or products that are available in both salt and nonsalt
versions. As a result, these analyses were excluded. Future research should perform objective
verification of detailed product information during data collection.

Conclusions

Adolescents who exclusively vaped e-cigarettes had similar nicotine exposure as those who smoked
tobacco. Given the central role of nicotine in tobacco addiction, the findings suggest that the current
generation of vaping products may have comparable abuse liability as traditional cigarettes. The
results also indicate potentially essential differences in exposure based on product design, including
the use of nicotine salt e-liquids. While salt-based e-liquids may be more appealing to adults who
vape to quit smoking, they may also increase exposure among youths, potentially prolonging long-
term patterns of nicotine use.
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