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ABSTRACT
Background Youth vaping poses a significant public 
health concern as metals have been detected in e- 
cigarette aerosols and liquids. This study investigated 
factors associated with biomarkers of metal exposure.
Methods Data were drawn from Wave 5 of the 
Population Assessment of Tobacco and Health (PATH) 
Study Youth Panel, a nationally representative sample of 
US adolescents aged 13–17 years. Urinary biomarkers of 
exposure to cadmium, lead, and uranium were assessed 
by vaping frequency (occasional (1–5 days), intermittent 
(6–19 days), and frequent (20+ days)) in the past 30 
days and flavour type (menthol/mint, fruit, and sweet).
Results Among 200 exclusive e- cigarette users (median 
age 15.9 years, 62.9% female), 65 reported occasional 
use, 45 reported intermittent use, and 81 reported 
frequent use. The average number of recent puffs per day 
increased exponentially by vaping frequency (occasional: 
0.9 puffs, intermittent: 7.9 puffs, frequent: 27.0 puffs; 
p=0.001). Both intermittent (0.21 ng/mg creatinine) and 
frequent users (0.20 ng/mg creatinine) had higher urine 
lead levels than occasional users (0.16 ng/mg creatinine). 
Frequent users also had higher urine uranium levels 
compared with occasional users (0.009 vs 0.005 ng/mg 
creatinine, p=0.0004). Overall, 33.0% of users preferred 
using menthol/mint flavours, 49.8% fruit flavours, and 
15.3% sweet flavours. Sweet flavour users had higher 
uranium levels compared with menthol/mint users (0.009 
vs 0.005 ng/mg creatinine, p=0.02).
Conclusions Vaping in early life could increase the 
risk of exposure to metals, potentially harming brain 
and organ development. Regulations on vaping should 
safeguard the youth population against addiction and 
exposure to metals.

INTRODUCTION
E- cigarettes have been the primary mode of nico-
tine consumption in the youth population since 
2014.1 In 2022, an estimated 14.1% of high school 
students (~2.14 million) and 3.3% of middle school 
students (~380 000) reported current (past 30- day) 
e- cigarette use (or vaping).2 E- cigarettes are now 
used more regularly and at increased intensity by 
adolescents, and e- cigarette addiction has surpassed 
all other modes of tobacco consumption combined 
as of 2019.3 The e- cigarette products are currently 
marketed with a variety of flavours (eg, mint, 
menthol, fruit, sweet) that are appealing to youth.4 
Nevertheless, there is limited understanding of the 
long- term health consequences of e- cigarette use 
among adolescents.5

Certain metal elements have been identified in 
e- cigarette aerosols, liquids, and in human biospeci-
mens across several studies.6–8 Metal concentrations 
vary by device type and brand but are consistently 
detected within e- cigarette aerosols and liquids.9 
Additionally, a positive association was found 
between the number of puffs and metal concen-
tration in both liquids and aerosols.10 Ingestion of 
metals associated with tobacco and e- cigarette use 
is known to cause systemic harm in both acute and 
chronic exposures. They are of particular impor-
tance during child and adolescent development.11 
An increased overall metal exposure burden has 
been linked to cognitive impairment, behavioural 
disturbances, respiratory complications, cancer, 
and cardiovascular diseases in children.11 In a global 
burden of disease analysis, Larsen and Sanchez- 
Triana described how chronic low- level lead expo-
sure is a major health concern with significant 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The prevalence of current e- cigarette use 
among US adolescents increased dramatically 
during 2017–2019 and remains at an 
unacceptably high level.

 ⇒ E- cigarette products are currently marketed 
with a variety of flavours (eg, mint, fruit, and 
sweet) appealing to the youth population, 
and e- cigarette aerosols contain a number of 
potentially toxic substances including metals.

WHAT THIS STUDY ADDS
 ⇒ Frequent and intermittent users had increased 
urine lead levels compared with those who 
vaped occasionally. Frequent users also had 
higher urine uranium levels than occasional 
users.

 ⇒ Individuals who preferred sweet flavours in 
their vaping had higher uranium levels than 
e- cigarette users who favoured menthol or mint 
flavours.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ By leveraging a national survey and 
biospecimen analysis, our study shows a 
correlation between vaping frequency and 
heightened metal exposure.

 ⇒ The findings of this study underscore the 
importance of implementing vaping regulations 
and targeted prevention strategies for 
adolescents.
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effects on cardiovascular and neurocognitive outcomes.12 This is 
concerning for adolescents who use e- cigarette products, as lead 
affects cognitive and psychiatric development and has also been 
shown to biodistribute into the brain in mouse models exposed 
to e- cigarette aerosols.13 14 Cadmium exposure increases the risk 
for osteoporosis. It acts as a major carcinogen through multiple 
biochemical mechanisms, with a particular risk for neoplasms of 
the nasopharynx, lung, breast, pancreas, prostate, and bladder.15

Biomarker studies can provide unique and reliable insights 
into toxic exposure among individuals who vape, which helps 
elucidate the health effects of e- cigarette use. A previous adult 
study reported that levels of metal exposure biomarkers such 
as lead and cadmium were approximately 19% and 23% lower 
in never users than exclusive e- cigarette users, respectively.16 
Data from the 2013–2016 Population Assessment of Tobacco 
and Health (PATH) Study further showed significantly elevated 
urinary levels of cadmium and lead in adults who used e- ciga-
rettes compared with never users.17 Tobacco plants can absorb 
uranium from the soil, and traces of uranium have been found in 
tobacco leaves.18 In 2018 the Agency for Toxic Substances and 
Disease Registry (ATSDR) listed uranium as one of 23 priority 
pollutants due to its high toxicity to living organisms at elevated 
concentrations.19 A strong positive association has been discov-
ered between the number of cigarettes smoked per day and 
uranium levels.20 However, objective assessment of metal expo-
sure in adolescent e- cigarette users is lacking.14

This study analysed a national probability sample of adoles-
cents aged 13–17 years to assess metal exposure among adoles-
cent e- cigarette users with two primary research questions: (1) 
Are metal concentration levels positively associated with the 
frequency of e- cigarette use? (2) Does the metal exposure vary 
by e- cigarette flavour type used?

METHODS
Data collection
Data were collected from Wave 5 (December 2018 to November 
2019) of the PATH Youth Study using a nationally representative 
sample of US civilian non- institutionalised individuals. Partici-
pants completed a survey during an interview and voluntarily 

provided in- person urine samples. Wave 5 urine samples for 
planned laboratory analyses were collected from adolescents 
who had previously participated in the Wave 4 youth interview. 
A probability sample of participants who provided sufficient 
urine samples was selected from a diverse mix of six tobacco 
product use groups representing never, current, and recent 
former (within 12 months) users of tobacco products.21

The PATH study was conducted using a 4- stage stratified 
probability sampling design with a weighted response rate of 
88.0% for the Wave 5 survey. The PATH data collection was 
approved by Westat’s Institutional Review Board. Metals were 
directly measured from urine specimens using mass spectrom-
etry following a simple dilution sample preparation step.21 The 
PATH youth interview survey and youth urine biomarker data 
were linked through a de- identified personal ID.

The PATH Wave 5 Youth biomarker sample included 1607 
participants who completed urine biospecimen assessments and 
survey interviews. After excluding participants who reported 
using nicotine replacement therapies in the past 3 days or those 
with creatinine levels ≤10 mg/dL or >370 mg/dL (n=62), 
the combined dataset included 1545 participants. To mitigate 
confounding effects, we further excluded 203 current users of 
other tobacco products, 27 participants unsure about whether 
their e- cigarettes contained nicotine, 1059 non- users of e- ciga-
rettes, and 56 non- nicotine e- cigarette users, resulting in a final 
analytical sample of 200 nicotine e- cigarette users (figure 1).

Measures
Biomarker outcomes
The outcomes included three urinary metals: cadmium, lead, 
and uranium. At Wave 1–2, the PATH Study measured a panel 
of metals in urine including beryllium, cadmium, cobalt, lead, 
manganese, strontium, thallium, and uranium. At Wave 3 and 
beyond, the PATH Study measured only cadmium, lead, and 
uranium. Since youth biomarker data were collected at Wave 5, 
our analysis was limited to three metals. The limits of detec-
tion (LOD) for cadmium, lead, and uranium are 0.055 µg/L, 
0.022 µg/L, and 0.0024 µg/L, respectively. Biomarker concentra-
tions that fell below the LOD were replaced through a standard 

Figure 1 Flowchart of participants included in the analytical sample.
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substitution formula, calculated as the LOD divided by the 
square root of 2.22

E-cigarette use status
Participants who reported using e- cigarettes ≥1 day in the past 
30 days were classified as current e- cigarette users. Based on 
the number of days e- cigarettes were used in the past 30 days, 
current e- cigarette users were grouped as occasional (1–5 days), 
intermittent (6–19 days), and frequent (20+ days) users.23 
Participants who reported using ≥1 day of other tobacco prod-
ucts (ie, cigarettes, cigars, pipe, hookah, smokeless tobacco, bidi, 
kretek) in the past 30 days were excluded from the analysis to 
limit confounding effects.24

E-cigarette flavour types
Current e- cigarette users were asked which flavours they have 
used in the past 30 days. Those who reported using two or 
more flavours were further asked which flavours they had used 
most often. We grouped responses into four mutually exclu-
sive categories: menthol or mint, fruit, sweet (ie, chocolate, 

candy, desserts or other sweets), and others (ie, tobacco, clove 
or spice, an alcoholic drink, a non- alcoholic drink, some other 
flavours).

Other variables
Other tobacco and e- cigarette use variables included exposure 
to secondhand tobacco use (yes/no) based on the participants’ 
responses regarding whether they live with someone currently 
using tobacco products, and the type of e- cigarette devices 
used measured by the question: “Please think about the elec-
tronic nicotine product you use most often, what kind of elec-
tronic nicotine product is it?” with categories ‘a device that 
uses replaceable prefilled cartridge’, ‘a device with a tank that 
you refill with liquids’, and ‘other’ (a disposable device, a mod 
system, and something else).

Demographic factors included age (continuous, 13–17 years 
old), sex (male/female), race and ethnicity (non- Hispanic 
white, Hispanic, other races), and annual household income 
(<US$50 000 and ≥US$50 000).

Table 1 Sample characteristics by e- cigarette use status, 2018–2019*

N (weighted %)
Overall
(n=200)† Occasional (n=65) Intermittent (n=45) Frequent (n=81) P value‡

Sociodemographics

Age, mean (SE) 15.9 (0.1) 15.8 (0.3) 15.8 (0.2) 16 (0.3) 0.88

Sex 0.71

  Male 105 (37.1) 33 (39.9) 26 (43.7) 40 (30.5)

  Female 94 (62.9) 31 (60.1) 19 (56.3) 41 (69.5)

Race/ethnicity 0.68

  Non- Hispanic white 119 (76.9) 34 (73) 22 (77.5) 57 (80.5)

  Hispanic 40 (10.6) 23 (15.1) 8 (11.1) 9 (4.3)

  Other 41 (12.5) 8 (11.9) 15 (11.4) 15 (15.1)

Annual household income 0.40

  <US$50 000 71 (27.6) 28 (33.5) 15 (16.5) 24 (28.7)

  ≥US$50 000 123 (72.4) 34 (66.5) 28 (83.5) 56 (71.3)

Tobacco and e- cigarette use

Exposure to secondhand tobacco use§ 0.17

  No 100 (57.6) 40 (70.8) 25 (51.6) 32 (43.5)

  Yes 100 (42.4) 25 (29.2) 20 (48.4) 49 (56.5)

E- cigarette device type¶ 0.58

  Rechargeable with cartridge 125 (54.8) 43 (50.4) N/A 50 (56.4)

  Rechargeable with tank 58 (36.2) 15 (38.4) N/A 23 (30.9)

  Others 17 (9.0) 7 (11.1) N/A 8 (12.7)

E- cigarette flavour 0.91

  Menthol/mint 80 (33.0) 28 (30.3) 13 (34.7) 37 (43.3)

  Fruit 87 (49.8) 26 (55.6) 23 (46) 34 (38.2)

  Sweet 26 (15.3) 9 (11.8) 6 (16.1) 9 (17.8)

  Other 7 (1.9) N/A N/A N/A

Average number of recent puffs**, mean (SE) 9 (2.9) 0.9 (0.5) 7.9 (2.4) 27.0 (10.2) 0.001

N/A: sample statistics are suppressed due to the low number of observations that are below the restricted data release threshold.
*Analyses applied urinary sample weight, 100 replicated weights, and the balanced repeated replication method with Fay’s adjustment 0.3 to account for the complex design of 
the PATH Study.
†Current (past 30- day) nicotine e- cigarette users. Those who reported current use of other tobacco products (ie, cigarettes, cigars, hookah, pipe, smokeless tobacco, bidi, and 
kretek) were excluded from the analytical sample.
‡P values were from the Rao–Scott χ2 test for categorical variables and linear regression for continuous variables to compare differences among groups.
§Participants who live with someone now using tobacco products, including cigarettes, e- cigarettes, cigars, hookah, smokeless tobacco, snus, and other tobacco products.
¶Participants were asked the type of electronic nicotine product used most often with response options ‘a disposable device’, ‘a device that uses replaceable prefilled cartridge’, 
‘a device with a tank that you refill with liquids’, ‘a mod system’, and ‘something else’. Those who responded ‘a disposable device’, ‘a mod system’, and ‘something else’ were 
classified as ‘other’.
**The number of recent puffs taken from yesterday, today, and the day before yesterday. Those who did not report recent puffs were coded as zero.
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Statistical analysis
Weighted sample characteristics were reported overall and by 
vaping frequency. Group differences were detected using the 
Rao–Scott χ2 test for categorical variables and linear regression 
for continuous variables. Due to the skewness in the distribution, 
biomarker data were transformed using a natural log.

Geometric mean and 95% CIs of creatinine- corrected levels 
of concentration for metals of interest were calculated. Multi-
variable linear regression models tested pairwise differences 
in urinary biomarkers by vaping frequency and flavour types, 
controlling for age, sex, exposure to secondhand tobacco, and 
device type. The surveyreg procedure was conducted using 
the log- transformed metal levels normalised by the creatinine 
level (eg, ln(metal/creatinine)) as the dependent variables. The 
geometric mean ratio (GMR) was calculated by exponentiating 
the beta coefficient from a model based on log- transformed 
metal levels. Analyses applied urinary sample single- wave weight, 
100 replicated weights, and the balanced repeated replication 
method with Fay’s adjustment 0.3 to account for the complex 
design of the PATH Study. Statistical analysis was conducted in 
SAS 9.4 with p<0.05 (two- tailed) considered to be significant.

RESULTS
Among 200 exclusive e- cigarette users (median age 15.9 years, 
62.9% female), 65 reported occasional use, 45 reported inter-
mittent use, 81 reported frequent use, and nine had missing 
vaping frequency. The average number of recent puffs per day 
increased exponentially by vaping frequency (occasional=0.9 
puffs, intermittent=7.9 puffs, frequent=27.0 puffs; p=0.001). 
Overall, 33.0% of users reported using menthol/mint flavours, 
49.8% favoured fruit flavours, 15.3% opted for sweet flavours, 

and 1.9% of users reported other flavours in the last 30 days. 
There was no variation in flavour selection based on vaping 
frequency (p=0.91; table 1).

Intermittent users had higher urine lead levels than occasional 
users (mean (95% CI) 0.21 (0.14 to 0.30) vs 0.16 (0.13 to 0.19), 
adjusted GMR 1.4 (1.0 to 1.8), p=0.03). Similarly, frequent users 
also showed higher urine lead levels than occasional users (mean 
(95% CI) 0.20 (0.16 to 0.24) vs 0.16 (0.13 to 0.19), adjusted 
GMR 1.3 (1.1 to 1.5), p=0.01). Frequent users had higher urine 
uranium levels than occasional users (mean (95% CI) 0.009 
(0.005 to 0.016) vs 0.005 (0.003 to 0.007), adjusted GMR 2.3 
(1.5 to 3.7), p=0.0004; table 2).

Comparison of flavour types indicated higher uranium levels 
in users of sweet flavours compared with menthol/mint users 
(mean (95% CI) 0.009 (0.004 to 0.023) vs 0.005 (0.003 to 
0.007), adjusted GMR 1.9 (1.1 to 3.3), p=0.02). No statistically 
significant differences were found between urine cadmium levels 
across e- cigarette use frequency and flavour types (table 3).

DISCUSSION
This study used a nationally representative sample to charac-
terise exposure to metals through e- cigarette use using urine 
biomarkers. We found that greater e- cigarette use frequency is 
associated with higher lead and uranium biomarker levels in 
individuals who are intermittent and frequent users. It should 
be noted that, while cadmium, lead, and uranium have all been 
found in e- cigarette aerosols according to prior literature,14 25 
their amounts vary significantly by brand and type of vapouriser 
used (eg, tank, pod, mod); such studies, while informative, may 
not be entirely representative of typical use conditions.25 None-
theless, these compounds are known to cause harm in humans. 

Table 2 Biomarkers of exposure to metals by vaping frequency, 2018–2019

Occasional vaping
(n=65)

Intermittent vaping
(n=41)

Frequent vaping
(n=81)

Cadmium (ng/mg creatinine)* 0.06 (0.05 to 0.07) 0.08 (0.04 to 0.14) 0.05 (0.04 to 0.08)

  Comparison vs occasional† 1.3 (0.7 to 2.4) 0.9 (0.6 to 1.3)

   Adjusted GMR‡ 1.3 (0.8 to 2.2) 0.9 (0.6 to 1.4)

   P value‡ 0.37 0.74

  Comparison vs intermittent† 0.7 (0.3 to 1.4)

   Adjusted GMR‡ 0.6 (0.3 to 1.2)

   P value‡ 0.14

Lead (ng/mg creatinine)* 0.16 (0.13 to 0.19) 0.21 (0.14 to 0.30) 0.20 (0.16 to 0.24)

  Comparison vs occasional† 1.3 (0.8 to 2.0) 1.2 (1.0 to 1.6)

   Adjusted GMR‡ 1.4 (1.0 to 1.8) 1.3 (1.1 to 1.5)

   P value‡ 0.03 0.01

  Comparison vs intermittent† 1.0 (0.6 to 1.5)

   Adjusted GMR‡ 0.9 (0.6 to 1.2)

   P value‡ 0.42

Uranium (ng/mg creatinine)* 0.005 (0.003 to 0.007) 0.006 (0.004 to 0.010) 0.009 (0.005 to 0.016)

  Comparison vs occasional† 1.3 (0.7 to 2.3) 1.8 (1.2 to 2.7)

   Adjusted GMR‡ 1.4 (0.8 to 2.6) 2.3 (1.5 to 3.7)

   P value‡ 0.25 0.0004

  Comparison vs intermittent† 1.4 (0.7 to 2.7)

   Adjusted GMR‡ 1.4 (0.8 to 2.7)

   P value‡ 0.26

*The geometric mean concentration level and 95% confidence level for creatinine- corrected.
†Unadjusted GMR and 95% CI of pairwise comparisons between groups were reported.
‡Adjusted GMR and p values were from multivariable mixed method linear regressions on ln(metal) adjusted by age, sex, race, exposure to secondhand tobacco use, and e- 
cigarette device used.
GMR, geometric mean ratio.
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Chronic exposure to lead at low levels has been shown to have 
adverse effects on cardiovascular and renal systems, cognitive 
and psychiatric development, and decreased fertility in both 
sexes.26 Uranium can cause local cytotoxic effects when inhaled, 
as well as renal tubular toxicity as a major effect.27

The intensity of e- cigarette use has surged among US teen-
agers, many of whom now report regular use, with sharp 
increases in vaping intensity and addiction levels.3 Compared 
with the previous PATH biomarker study in adults from 2013 
to 2016,17 our Youth study using the data from 2018 to 2019 
did not find a statistically significant increase in cadmium 
biomarkers across vaping frequency. The reasons behind this 
difference are unclear, but may be attributable to changes in the 
manufacturing materials used for the heating elements. These 
two studies focused on different populations, with youth and 
adults potentially having different patterns of e- cigarette use. 
There may have been changes over time in e- cigarette devices 
and e- liquid formulations that could influence the results. None-
theless, there remains a historical association between tobacco 
product use and exposure to cadmium. In addition, increased 
uranium biomarkers found within the sweet flavour category are 
of particular concern because candy- flavoured e- cigarette prod-
ucts make up a substantial proportion of adolescent vapers,28 
and sweet taste in e- cigarettes can suppress the harsh effects of 
nicotine and enhance its reinforcing effects, resulting in height-
ened brain cue- reactivity.29

Measures selected for this study were taken to maximise statis-
tical power while maintaining validity across covariates within 
the confines of the sample size, although it is worth noting that 
the number of subjects exposed to secondhand tobacco use 

does vary by user frequency categories (eg, 29.2% occasional 
vs 56.5% frequent). Secondhand tobacco use might be a source 
of metal exposure among adolescents.30 31 Therefore, this study 
adjusted the exposure to secondhand tobacco use and types of 
e- cigarette devices along with demographics in the multivariable 
regressions. As a result, despite the fact that 95% CIs of uranium 
levels between sweet and menthol/mint overlap (mean (95% CI) 
0.009 (0.004 to 0.023) vs 0.005 (0.003 to 0.007)), the adjusted 
GMR of 1.9 (1.1 to 3.3) indicates that the uranium levels in 
sweet flavour users were almost twice as high as in menthol/mint 
flavour users after controlling for covariates.

Study limitations
This study has limitations. First, the cross- sectional nature of 
the study restricts causal inference. Second, urine lead correlates 
with blood levels but varies in prediction from one sample. Urine 
uranium and lead signal chronic exposure, yet a single time point 
is inadequate for assessment. Third, the presence of uranium in 
the urine may be attributed to various sources including environ-
mental exposure from natural deposits, industrial activities, and 
dietary intake. Future studies should take geographical regions 
into account.32 Uranium or its compounds could potentially be 
present in e- cigarette aerosols or e- liquids, either as contami-
nants or byproducts of the heating process. However, the specific 
sources and pathways of uranium exposure in this context are 
not well understood and would require further research to 
elucidate. Finally, small sample sizes may have resulted in inad-
equate statistical power and limited the inclusion of participants 
reporting other flavours (n=7) in the biomarker analyses.

Table 3 Biomarkers of exposure to metals by flavour type, 2018–2019*

Menthol/mint
(n=80)

Fruit
(n=87)

Sweet
(n=26)

Cadmium (ng/mg creatinine)† 0.06 (0.05 to 0.08) 0.06 (0.05 to 0.08) 0.06 (0.03 to 0.14)

  Comparison vs menthol/mint‡ 1.0 (0.7 to 1.4) 1.0 (0.4 to 2.4)

   Adjusted GMR§ 1.2 (0.9 to 1.7) 1.2 (0.6 to 2.4)

   P value§ 0.28 0.56

  Comparison vs fruit‡ 1.0 (0.5 to 2.2)

   Adjusted GMR§ 0.9 (0.4 to 1.9)

   P value§ 0.72

Lead (ng/mg creatinine)† 0.18 (0.15 to 0.22) 0.18 (0.14 to 0.23) 0.17 (0.13 to 0.22)

  Comparison vs menthol/mint‡ 1.0 (0.8 to 1.4) 0.9 (0.7 to 1.3)

   Adjusted GMR§ 1.0 (0.8 to 1.4) 1.1 (0.9 to 1.4)

   P value§ 0.73 0.41

  Comparison vs fruit‡ 0.9 (0.6 to 1.3)

   Adjusted GMR§ 1.0 (0.8 to 1.4)

   P value§ 0.79

Uranium (ng/mg creatinine)† 0.005 (0.003 to 0.007) 0.006 (0.004 to 0.009) 0.009 (0.004 to 0.023)

  Comparison vs menthol/mint‡ 1.3 (0.8 to 2.2) 2.0 (0.8 to 5.2)

   Adjusted GMR§ 1.4 (0.8 to 2.4) 1.9 (1.1 to 3.3)

   P value§ 0.22 0.02

  Comparison vs fruit‡ 1.5 (0.8 to 3.0)

   Adjusted GMR§ 1.5 (0.7 to 3.4)

   P value§ 0.29

*We grouped responses into four categories: menthol or mint, fruit, sweet (ie, chocolate, candy, desserts, or other sweets), and others (ie, tobacco, clove or spice, an alcoholic 
drink, a non- alcoholic drink, some other flavours). Due to the small sample size of others, they were excluded from the pairwise comparisons.
†The geometric mean concentration level and 95% confidence level for creatinine- corrected.
‡Unadjusted GMR and 95% CI of pairwise comparisons between groups were reported.
§Adjusted GMR and p values were from multivariable linear mixed effect regressions on ln(metal), adjusted by age, sex, race, exposure to secondhand tobacco, e- cigarette device 
used, and vaping frequency.
GMR, geometric mean ratio.
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CONCLUSIONS
Despite the limitations, this study reported increased urine lead 
and uranium levels associated with vaping frequency. Sweet 
flavours might pose an additional risk of exposure to uranium. 
E- cigarette use during adolescence may increase the likelihood 
of metal exposure, which could adversely affect brain and organ 
development. These findings call for further research, vaping 
regulation, and targeted public health interventions to miti-
gate the potential harms of e- cigarette use, particularly among 
adolescents.

X Andrew Kochvar @AndrewKochvar

Contributors AK contributed to the interpretation of the findings and the draft 
of the initial manuscript and critically revised the manuscript. GH contributed 
to the interpretation of the findings and critically revised the manuscript. HD 
conceptualised and designed the study, performed data analyses and interpretation 
of the findings, drafted the initial manuscript, and critically revised the manuscript. 
The corresponding author, HD, is responsible for the overall content as the guarantor, 
who accepts full responsibility for the work and/or the conduct of the study, had 
access to the data, and controlled the decision to publish.

Funding Research of HD reported was partially supported by the National Institute 
on Drug Abuse under Award Number R21DA058328 (PI: HD). The content is solely 
the responsibility of the authors and does not necessarily represent the official views 
of the NIH.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. Data 
can be accessed at https://www.icpsr.umich.edu/web/NAHDAP/studies/36840/ 
datadocumentation.

ORCID iD
Hongying Daisy Dai http://orcid.org/0000-0003-1395-7904

REFERENCES
 1 Wang TW, Gentzke A, Sharapova S, et al. Tobacco product use among middle and 

high school students—United States, 2011–2017. MMWR Morb Mortal Wkly Rep 
2018;67:629–33. 

 2 Cooper M, Park- Lee E, Ren C, et al. Notes from the field: E- cigarette use among 
middle and high school students—United States, 2022. MMWR Morb Mortal Wkly 
Rep 2022;71:1283–5. 

 3 Glantz S, Jeffers A, Winickoff JP. Nicotine addiction and intensity of E- cigarette use by 
adolescents in the US. JAMA Netw Open 2022;5:e2240671. 

 4 Ali FRM, Seidenberg AB, Crane E, et al. E- cigarette unit sales by product and flavor 
type, and top- selling brands, United States, 2020- 2022. MMWR Morb Mortal Wkly 
Rep 2023;72:672–7. 

 5 U.S. Department of Health and Human Services. E- cigarette use among youth and 
young adults: a report of the Surgeon General. Atlanta US Department of Health and 
Human Services, Centers for Disease Control and Prevention, National Center for 
Chronic Disease Prevention and Health Promotion, Office on Smoking and Health; 
2016.

 6 Zhao D, Aravindakshan A, Hilpert M, et al. Metal/metalloid levels in electronic 
cigarette liquids, aerosols, and human biosamples: a systematic review. Environ 
Health Perspect 2020;128:36001. 

 7 Olmedo P, Goessler W, Tanda S, et al. Metal concentrations in e- cigarette liquid 
and aerosol samples: the contribution of metallic coils. Environ Health Perspect 
2018;126:027010. 

 8 Dai H, Khan AS. A longitudinal study of exposure to tobacco- related toxicants and 
subsequent respiratory symptoms among US adults with varying e- cigarette use 
status. Nicotine Tob Res 2020;22:S61–9. 

 9 Aherrera A, Lin JJ, Chen R, et al. Metal concentrations in e- cigarette aerosol samples: 
a comparison by device type and flavor. Environ Health Perspect 2023;131:127004. 

 10 Rastian B, Wilbur C, Curtis DB. Transfer of metals to the aerosol generated by an 
electronic cigarette: influence of number of puffs and power. Int J Environ Res Public 
Health 2022;19:9334. 

 11 Al Osman M, Yang F, Massey IY. Exposure routes and health effects of heavy metals 
on children. Biometals 2019;32:563–73. 

 12 Larsen B, Sánchez- Triana E. Global health burden and cost of lead exposure in 
children and adults: a health impact and economic modelling analysis. Lancet Planet 
Health 2023;7:e831–40. 

 13 Nordberg GF, Costa M. Handbook on the Toxicology of Metals: Volume I: General 
considerations. Academic Press, 2021.

 14 Re DB, Hilpert M, Saglimbeni B, et al. Exposure to e- cigarette aerosol over two 
months induces accumulation of neurotoxic metals and alteration of essential metals 
in mouse brain. Environ Res 2021;202:111557. 

 15 Genchi G, Sinicropi MS, Lauria G, et al. The effects of cadmium toxicity. Int J Environ 
Res Public Health 2020;17:3782:11:. 

 16 Goniewicz ML, Smith DM, Edwards KC, et al. Comparison of nicotine and toxicant 
exposure in users of electronic cigarettes and combustible cigarettes. JAMA Netw 
Open 2018;1:e185937. 

 17 Kaplan B, Navas- Acien A, Rule AM, et al. Exposure to metals among Electronic 
Nicotine Delivery System (ENDS) users in the PATH study: a longitudinal analysis. 
Environ Res 2023;231:116032. 

 18 US Food and Drug Administration. Harmful and potentially harmful constituents in 
tobacco products and tobacco smoke: established list. 2012. Available: https://www. 
fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially- 
harmful-constituents-tobacco-products-and-tobacco-smoke-established-list

 19 Agency for Toxic Substances and Disease Registry (ATSDR). 2018. Available: https://
www.atsdr.cdc.gov/index.html

 20 Badea M, Luzardo OP, González- Antuña A, et al. Body burden of toxic metals and 
rare earth elements in non- smokers, cigarette smokers and electronic cigarette users. 
Environ Res 2018;166:269–75. 

 21 United States Department of Health and Human Services, National Institutes of 
Health, National Institute on Drug Abuse. Population Assessment of Tobacco and 
Health (PATH) study [United States] biomarker restricted- use files. Inter- University 
Consortium for Political and Social Research. 2023.

 22 Hornung RW, Reed LD. Estimation of average concentration in the presence of 
nondetectable values. Appl Occup Environ Hyg 1990;5:46–51. 

 23 Dai H. Prevalence and factors associated with youth vaping cessation intention and 
quit attempts. Pediatrics 2021;148:e2021050164. 

 24 Dai HD, Leventhal AM, Khan AS. Trends in urinary biomarkers of exposure to nicotine 
and carcinogen among adult e- cigarette vapers versus cigarette smokers in the United 
States, 2013- 2019. JAMA 2022;328:1864–6. 

 25 Soulet S, Sussman RA. A critical review of recent literature on metal contents in e- 
cigarette aerosol. Toxics 2022;10:510. 

 26 Mitra P, Sharma S, Purohit P, et al. Clinical and molecular aspects of lead toxicity: an 
update. Crit Rev Clin Lab Sci 2017;54:506–28. 

 27 Toprak MS, Karlsson HL, Fadeel B. Handbook on the Toxicology of Metals. 2014.
 28 Birdsey J, Cornelius M, Jamal A, et al. Tobacco product use among U.S. middle and 

high school students - National Youth Tobacco Survey, 2023. MMWR Morb Mortal 
Wkly Rep 2023;72:1173–82. 

 29 Kroemer NB, Veldhuizen MG, Delvy R, et al. Sweet taste potentiates the reinforcing 
effects of e- cigarettes. Eur Neuropsychopharmacol 2018;28:1089–102. 

 30 Obeng A, Roh T, Aggarwal A, et al. The contribution of secondhand tobacco smoke 
to blood lead levels in US children and adolescents: a cross- sectional analysis of 
NHANES 2015- 2018. BMC Public Health 2023;23:1129. 

 31 Gatzke- Kopp LM, Riis JL, Ahmadi H, et al. Environmental tobacco smoke exposure 
is associated with increased levels of metals in children’s saliva. J Expo Sci Environ 
Epidemiol 2023;33:903–10. 

 32 Ravalli F, Yu Y, Bostick BC, et al. Sociodemographic inequalities in uranium and other 
metals in community water systems across the USA, 2006- 11: a cross- sectional study. 
Lancet Planet Health 2022;6:e320–30. 

https://x.com/AndrewKochvar
https://www.icpsr.umich.edu/web/NAHDAP/studies/36840/datadocumentation
https://www.icpsr.umich.edu/web/NAHDAP/studies/36840/datadocumentation
http://orcid.org/0000-0003-1395-7904
http://dx.doi.org/10.15585/mmwr.mm6722a3
http://dx.doi.org/10.15585/mmwr.mm7140a3
http://dx.doi.org/10.15585/mmwr.mm7140a3
http://dx.doi.org/10.1001/jamanetworkopen.2022.40671
http://dx.doi.org/10.15585/mmwr.mm7225a1
http://dx.doi.org/10.15585/mmwr.mm7225a1
http://dx.doi.org/10.1289/EHP5686
http://dx.doi.org/10.1289/EHP5686
http://dx.doi.org/10.1289/EHP2175
http://dx.doi.org/10.1093/ntr/ntaa180
http://dx.doi.org/10.1289/EHP11921
http://dx.doi.org/10.3390/ijerph19159334
http://dx.doi.org/10.3390/ijerph19159334
http://dx.doi.org/10.1007/s10534-019-00193-5
http://dx.doi.org/10.1016/S2542-5196(23)00166-3
http://dx.doi.org/10.1016/S2542-5196(23)00166-3
http://dx.doi.org/10.1016/j.envres.2021.111557
http://dx.doi.org/10.3390/ijerph17113782
http://dx.doi.org/10.3390/ijerph17113782
http://dx.doi.org/10.1001/jamanetworkopen.2018.5937
http://dx.doi.org/10.1001/jamanetworkopen.2018.5937
http://dx.doi.org/10.1016/j.envres.2023.116032
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://www.fda.gov/tobacco-products/rules-regulations-and-guidance/harmful-and-potentially-harmful-constituents-tobacco-products-and-tobacco-smoke-established-list
https://www.atsdr.cdc.gov/index.html
https://www.atsdr.cdc.gov/index.html
http://dx.doi.org/10.1016/j.envres.2018.06.007
http://dx.doi.org/10.1080/1047322X.1990.10389587
http://dx.doi.org/10.1542/peds.2021-050164
http://dx.doi.org/10.1001/jama.2022.14847
http://dx.doi.org/10.3390/toxics10090510
http://dx.doi.org/10.1080/10408363.2017.1408562
http://dx.doi.org/10.15585/mmwr.mm7244a1
http://dx.doi.org/10.15585/mmwr.mm7244a1
http://dx.doi.org/10.1016/j.euroneuro.2018.07.102
http://dx.doi.org/10.1186/s12889-023-16005-y
http://dx.doi.org/10.1038/s41370-023-00554-w
http://dx.doi.org/10.1038/s41370-023-00554-w
http://dx.doi.org/10.1016/S2542-5196(22)00043-2

	Biomarkers of metal exposure in adolescent e-­cigarette users: correlations with vaping frequency and flavouring
	Abstract
	Introduction﻿﻿
	Methods
	Data collection
	Measures
	Biomarker outcomes
	E-cigarette use status
	E-cigarette flavour types
	Other variables

	Statistical analysis

	Results
	Discussion
	Study limitations

	Conclusions
	References


