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Introduction: Electronic nicotine delivery systems (ENDS) are gradually becoming more popular, particularly, among today’s youth. Despite being marketed as safe by the tobacco industry, the notable absence of regulation in their composition is evident. Both the generated fluids and aerosol exhibit a wide variety of substances that are not yet fully identified. In addition to additives, the aerosol contains metals, the presence of which can be attributed to the excessive heating of metallic filaments used in vaporizing the liquid.

Objective: This review aimed to identify and describe studies that have assessed metal levels in biological samples obtained from electronic cigarette users and those exposed to their second-hand aerosol. This involved detailing the types and concentrations of metals identified and the biological samples in which the metals were detected.

Methods: Two independent researchers conducted searches in the MEDLINE and EMBASE databases to identify studies that measured the metal levels in human non-invasive biological samples from electronic cigarette users and second-hand exposure. Data were presented as a narrative review.

Results: In total, 18 articles were included in this review. Overall active and passive exposure to ENDS was related to higher levels of many metals, including lead and cadmium, in biological samples. ENDS users, in general, have lower metal concentrations in biological samples compared to the users of combustible cigarettes.

Conclusion: The exposure to primary and second-hand e-cigarette aerosol is related to higher metal concentrations in the biological samples. The adverse effects of this exposure on long-term users are yet to be determined.
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Introduction

Electronic nicotine delivery systems (ENDS) were quickly accepted and have become very popular since their introduction in the United States in 2006. Recently, Cooper et al. reported a significant number of e-cigarette users among high school students (14.1%) and middle school students (3.3%) (1). In some European countries, the prevalence of e-cigarette use among teenagers has more than doubled in 4 years (2).

Although advertised as safe by the tobacco industry, there is no regulation on the form of use, concentration, and composition of aerosols in electronic devices. Furthermore, there are no guidelines on how manufacturers should report device characteristics and fluids available. The ban on the sales of menthol-flavored cigarettes became effective in Europe in 2020 (3) and in the USA in 2023 (4). However, there is no legislation for electronic cigarettes and hookahs. There are currently thousands of flavors for ENDS. In association with these flavors, fluid compositions for ENDS and the generated aerosols include a large, but not yet completely known, number of substances, whose effect and safety when used via inhalation are not defined.

In addition to additives, ENDS aerosol contains heavy metals. Metal aerosol in e-cigarettes are produced from vaporized fluid generated from the heating of metal filaments. These filaments are in general made from nichrome or kanthal (ferritic iron–chromium–aluminum alloy), so metals, such as silver (Ag), aluminum (Al), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), and zinc (Zn), are expected to be present in e-cigarette aerosols (5, 6). A systematic review published in 2020 (7) included 24 studies. In total, 12 studies detected metals/metalloids (Al, antimony, arsenic, cadmium, cobalt, Cr, Cu, Fe, lead, manganese, Ni, Se, tin, and Zn) in fluids and aerosols, and in 4 studies, metals were detected in samples of urine, saliva, serum, or blood from electronic cigarette users. An umbrella review (8) found evidence of these elements with considerable heterogeneity across the included studies. Two review studies examining EC users’ urine and serum showed similar or higher levels of metals and metalloids compared to samples of users of combustible cigarettes or cigars.

Information on metal concentrations in biological samples from e-cigarette users is scarce. A systematic review by Zhao et al. (7) included few studies where metal concentrations were available. In our systematic review, we have included 18 studies that measured metal/metalloid levels in human biological samples from electronic cigarette users and those exposed to their second-hand aerosol.



Methods

For this narrative literature review regarding the identification and quantification of heavy metals in biological samples from electronic cigarette users, we performed a search of the MEDLINE and EMBASE databases in September and October 2023. The review was conducted according to Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) recommendations (Figure 1).
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FIGURE 1
 Preferred reporting items for systematic reviews and meta-analyses flow diagram of the process of including studies (9, 10).


The search strategy was formulated by two authors and approved by the rest of the group. The search strategies employed for PubMed were as follows: (Electronic Nicotine Delivery System OR Electronic Cigarettes OR E-Cigs OR E Cigs OR E-Cig OR E Cig OR E-Cigarettes OR E Cigarettes OR E-Cigarette OR E Cigarette OR Electronic Cigarette OR Cigarette, Electronic OR Cigarettes, Electronic OR THC Vaping OR THC Vapings OR Vaping, THC OR Vapings, THC OR E-Cig Use OR E Cig Use OR E-Cig Uses OR Use, E-Cig OR ECig Use OR ECig Uses OR Use, ECig OR Vape OR Vapes OR E-Cigarette Use OR E Cigarette Use OR E-Cigarette Uses OR Use, E-Cigarette OR Nicotine Vaping OR Nicotine Vapings OR Vaping, Nicotine OR Vapings, Nicotine OR Ecigarette Use OR Ecigarette Uses OR Use, Ecigarette OR Uses, Ecigarette OR Electronic Cigarette Use OR Cigarette Use, Electronic OR Electronic Cigarette Uses OR Use, Electronic Cigarette OR E Cigarette Vapor OR Vapor, E-Cigarette OR Electronic Cigarette Vapor OR Cigarette Vapor, Electronic OR Vapor, Electronic Cigarette) AND (Heavy Metals OR Heavy Metal OR Metal, Heavy OR Metal OR Metals) and for EMBASE (‘e cigarette’ OR ‘e cigarettes’ OR ‘electronic cigarettes’ OR ‘electronic nicotine delivery system’ OR ‘electronic nicotine delivery systems’ OR ‘electronic cigarette’) AND (‘metal, heavy’ OR ‘metals, heavy’ OR ‘heavy metal’).

Two researchers independently conducted article selection. Initially, the selection was based on article titles and abstracts. Subsequently, selected articles underwent full-text reading to determine their inclusion or exclusion in the review. Any discrepancies between the researchers were resolved through consensus or, when necessary, after discussion with a third researcher. The articles were selected according to established inclusion criteria, which involved the analysis of heavy metals in non-invasive biological samples from electronic cigarette users. The following studies were excluded: (1) review articles, (2) in vitro sample studies, (3) airway model studies, and (4) studies using animal samples. No restrictions were applied regarding publication date, language, or availability of full text during the selection process.



Results

A total of 403 articles were identified in the selected databases. After removing duplicates, they were assessed based on the title and abstract. Review studies and those that did not meet the inclusion criteria, specifically those that did not address heavy metals and did not conduct biological sample analyses, were excluded. In total, 32 articles underwent comprehensive analysis of their full text. Following the exclusion of studies that did not meet inclusion criteria, 18 articles underwent detailed analysis and are described in this article.

Many studies have employed data from the Population Assessment of Tobacco and Health (PATH) Study, a longitudinal cohort study about tobacco use conducted among a sample of adults in the United States. Goniewicz et al. (11) analyzed data from users who only used e-cigarettes, who were dual users, and who never used any tobacco products from PATH Study Wave 1 (2013–2014). Urinary concentrations of Co, Pb, strontium, thallium, beryllium, Cd, and uranium were measured. A comparison between users who never used tobacco products and e-cigarette–only users showed Pb and Cd concentrations of approximately 19 and 23%, respectively, and were found to be lower in users who never used. The comparison between cigarette–only smokers and e-cigarette–only users showed Cd concentrations of 30% higher in in the first group. The comparison of the geometric mean of Pb and Cd concentrations between dual users and cigarette-only smokers did not differ.

In addition, from PATH Study Wave 1, Lizhnyak et al. (12) compared people who smoke against vape users and dual users split according to the frequency of cigarette and/or vape use. Urinary Cd levels were significantly different between people who frequently smoke and vape and people who frequently vape (0.33 vs. 0.28); between the group who infrequently smoke and vape (0.16) and people who smoke every day (0.31); and people who vape more than smoke (0.29) and people who frequently vape (0.28). There were no differences between groups for urinary Pb levels.

Dai et al. (13) evaluated changes in urinary heavy metal levels (Co, Mn, Be, Cd, Pb, Sr., Tl, and U) when users transitioned between cigarette, dual use, and no use. Switching from exclusive cigarettes or dual use to e-cigarettes or no use was not associated with a decrease in heavy metal levels in urine. Switching from exclusive e-cigarette use to exclusive cigarette use or dual use at follow-up was not associated with an increase in heavy metal levels in urine. In a similar study (14), people who transitioned from exclusive smoking to dual use, no significant changes in Pb concentrations were observed. Pb levels showed a significant decrease among dual users who transitioned to exclusive ENDS use, while other transition groups did not exhibit significant changes.

To evaluate whether exposure to certain biomarkers could be associated with some respiratory symptoms, Dai et al. categorized the participants into three different groups at baseline: non-users, e-cigarette-only users, and dual e-cigarette/tobacco users. Those reporting exclusive e-cigarette use or dual use at baseline presented a higher prevalence of respiratory illness symptoms in the past 12 months compared to non-users. In relation to urinary Cd and Cr levels, there were no differences between groups and no association with respiratory illness symptoms (15).

Kaplan, B et al. (16) analyzed urine samples collected during PATH Study Waves 1, 2, and 3 for Pb, Co, Mn, Cd, Be, Sr., Tl, and U. Out of the 173 current ENDS users in Waves 1, 2, and 3, 50 were exclusive ENDS users who had never used any other ENDS, and the users of Waves 1, 2, and 3 had a history of using non-electronic tobacco products, both combustible and non-combustible types, and had transitioned to becoming exclusive ENDS users. In exclusive ENDS users who never used any tobacco products, urinary Cd concentrations remained consistent across Waves 1, 2, and 3 (0.25, 0.20, and 0.35, respectively, p = 0.373). For users who never used any tobacco products, Cd concentrations were found to be 0.22, 0.22, and 0.23, respectively. In Wave 3, Cd levels were significantly higher in ENDS users who had not used other tobacco products compared to non-users of ENDS (p < 0.001) and all ENDS users across all waves (p < 0.001). Those who never used any tobacco products showed consistent Cd, Pb, Be, and Tl urinary concentrations across the three waves. After adjusting for various factors, such as demographics, passive smoke exposure, and substance use, the study found that the geometric mean ratios (GMRs) for urinary Cd and Pb concentration in exclusive ENDS users, former non-electronic tobacco users who switched to ENDS, and all ENDS users were higher than those of never users For other metals, GMRs were not significantly different for exclusive ENDS users who never used non-electronic tobacco products compared to non-users. The authors concluded that current exclusive ENDS users, who had never used any other non-electronic tobacco products between 2013 and 2016, exhibited higher levels of Cd and Pb in urine compared to those who never used any tobacco products.

Nathan et al. (17) analyzed data from adults of at least 21 years who provided their urine samples for the PATH Study Wave (5). Participants were categorized into four groups based on their past 30-day use of ENDS and cigarette smoking. The study showed that the geometric mean levels for all three metals (Cd, Pb, and U) were significantly higher among all tobacco users compared to non-users. Specifically, in those dual users who smoked <10 cigarettes/day, Cd levels were significantly lower compared to smokers. However, the levels in dual users who smoked ≥10 cigarettes/day when compared to exclusive smokers showed no significant difference.

Dai et al. (18) evaluated racial and ethnic disparities by analyzing PATH Study Waves 1–5 data and did not find differences in heavy metal (Cd and Pb) concentrations among non-Hispanic (NH) White people, NH Black people, Hispanic/Latino people, and NH other people.

In Spain, 100 participants (50 vapers, 25 dual users, and 25 non-tobacco smokers) were recruited, and samples of urine, hair, and exhaled breath condensate (EBC) were collected. In urine samples, only median Cr and Sn levels were significantly lower in controls than in vapers and dual users. In contrast, in hair, median Cr and Cd levels were significantly higher in controls than vapers and dual users. EBC samples presented metal concentrations below or close to the detection limit for the studied metals; therefore, an analysis was not possible (19).

Prokopowicz et al. (20) evaluated 90 volunteers who were stratified according to their use of tobacco. Analysis of urinary samples for Ba, vanadium (V), Ag, Mn, Co, Ni, Cr, Sb, Cd, and Pb found no significant differences in urine concentrations of these elements between e-cigarette users, non-smokers, and smokers. The same group of authors (21) also evaluated exposure to Cd and Pb in 156 volunteers who switched from cigarette to EC use. Blood Cd concentrations adjusted for age and gender were 0.31 (0.26–0.36), 0.44 (0.37–0.52), 1.38 (1.11–1.72), and 1.44 (1.16–1.78) μg/L in non-smokers, e-cigarette users, dual users, and smokers, respectively. Post hoc analysis revealed significantly lower Cd concentrations between non-smokers and users of any kind of tobacco product. Blood Pb concentrations were only significantly different between the non-smoker and smoker groups (p = 0.043).

Serum metal levels in a group of 150 Romanian individuals showed that Cu, molybdenum (Mo), and Zn levels were significantly higher in cigarette smokers. In addition, cigarette smokers had the highest concentrations of Sb and Sr. On the other hand, the highest concentrations of Ag, Se, and V were detected in e-cigarette users. Ni levels showed no differences between groups (22).

Using data from the 2013 and 2016 Korea National Health and Nutritional Survey, Lee et al. (23) evaluated a total of 4,744 participants (2,162 men and 2,582 women) who were categorized into five groups according to smoking and ENDS use habits. Cigarette smoking in men and women and E-cigarette use in men are associated with a higher risk of higher blood Cd levels. In men, urinary Cd levels were significantly higher in E-cigarette users than in non-smokers (past-smokers p = 0.017; cigarette-smokers p < 0.001).

A study that recruited 64 E-cigarette users (50 E-cigarette smokers who had never smoked or had quit smoking at least 3 months earlier) and 14 dual users (who used combustible cigarettes at least weekly) showed that compared to dual users, only e-cigarette users had higher urine Ni and Cr levels (24).

In a cross-sectional study (25), which evaluated urine samples for metal evaluation, it was found that Zn concentrations were significantly higher in electronic cigarette users than in non-smokers, but Zn concentrations in electronic cigarette users were not different when compared to cigarette smokers (470.7 ± 223.6 μg/g, p = 0.17).

Based on data extracted from NHANES 2015–2016, in the analyses of heavy metals adjusted for sex, race/ethnicity, age, and poverty levels, the relationship between current or former e-cigarette use and metals did not achieve statistical significance. Nevertheless, individuals with a history of smoking were found to be more prone to elevated levels of blood lead and urinary cadmium compared to those who had not used either e-cigarettes or traditional cigarettes (26).

Amalia et al. (27) conducted an observational study to evaluate environmental and individual exposure to second-hand e-cigarette aerosol (SHA) in two household types: e-cigarette user homes and control homes. In total, 77 participants were included: 29 exclusive e-cigarette users (exposed), 29 non-users, and 21 controls. They found 27 metals in urine samples. The concentrations of all urinary biomarkers were similar between non-users and control participants. Of metal concentrations analyzed in urine, Co showed a higher geometric mean concentration in non-users compared to control participants. Non-users living with e-cigarette users had significantly higher urine Co levels than non-users living in control homes. The authors concluded that e-cigarette use at home created bystander exposure to SHA, irrespective of the features related to the use of e-cigarettes. The same group of researchers (28) evaluated a family unit comprising an e-cigarette user, a pregnant woman who delivered an infant during the study, and their 3-year-old son. They found that metals were present in the urine and hair of all three participants, and also in the saliva of the adults, cord blood at the time of delivery, and breast milk. Several metals were identified in the urine, saliva, and hair samples of e-cigarette users, including Al, Cr, Ni, Cu, ZN, Sn, and Pb; however, Al was not found in urine. Metals were identified in cord blood and breast milk. Evaluation of samples from the 3-year-old revealed that the metals present in his urine and hair resembled those identified in samples from the pregnant woman, albeit generally in lower concentrations. Metals found at elevated concentrations in samples from the child, in contrast to those from the mother, included Zn in urine and Cr and Sn in hair. This research provided the first indications of involuntary exposure to e-cigarette aerosols in vulnerable populations, including children and pregnant women.

Table 1 lists heavy metals found in biological samples of electronic cigarette users.



TABLE 1 Metals identified in electronic smoking devices.
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Discussion

This review shows that exposure to ENDS, active and passive, is associated with higher levels of several metals in biological samples. In addition, ENDS users, in general, present lower biosample metal concentrations compared to combustible cigarette users. Several metals have been evaluated in urine, blood, exhaled breath condensate, and hair samples. The adverse effects of the metals detected in biological samples from the reviewed studies are presented in Supplementary Table 1.

Nine (50%) of the studies included in this review are derived from the PATH Study, a longitudinal cohort study of tobacco use in a national sample of US adults, which evaluated metal concentrations in urine samples from different Waves. The following metal concentrations were evaluated: Be, Cd, Co, Pb, Sr., Tl, and U. Higher urinary Pb and Cd concentrations were found in e-cigarette smokers than in non-smokers by Goniewicz et al. (11) and Kaplan et al. (16). Nathan et al. (17) showed a significantly higher concentration of Cd, Pb, and U in smokers and ENDS users than non-users and dual exposure (cigarette smoke/ENDS) is associated with higher Cd levels and that there is an exposure–response relationship with the number of cigarettes per day. From the PATH Study Wave 1, Lizhnyak et al. (12) also found significantly higher urinary Cd levels in those who frequently smoke and vape than in those who only vape. Those who infrequently smoke and vape presented a significantly lower Cd concentration than people who smoke only cigarettes every day or frequently vaped and infrequently smoked. The urinary levels of Pb were similar in these groups. While PATH Study Waves were being conducted, there were changes in the generation of ENDS products; during the first waves, the earlier-generation products were predominant, while more recent-generation products were available during the most recent PATH Waves. However, the results are concordant over time.

Other small-scale studies in the USA and other countries produced results in line with the PATH-derived studies. Data from Romania showed significantly higher Cu, Mo, and Zn values in cigarette smokers than in non-smokers and EC users. Sb and Sr. concentrations were highest in cigarette smokers. In contrast, the highest concentrations of metals, such as Ag, Se, and V, were found in e-cigarette users (22). Sakamaki-Ching et al. (25), in the USA, showed that Se concentrations were significantly higher in electronic cigarette users than non-smokers and cigarette smokers, and Zn concentrations were significantly higher in electronic cigarette users than non-smokers. Lee et al. (23) analyzed data from the 2013 and 2016 Korea National Health and Nutritional Surveys and showed that regular cigarette smoking in men and women and ENDs use in men are associated with a higher risk of elevated blood Cd levels. In men, urinary Cd levels in electronic cigarette users were significantly higher than in non-smokers. A comparison between electronic cigarette smokers and dual users showed that exclusive e-cigarette users had higher urine levels of Ni and Cr (24).

Transition to different forms of smoking was also evaluated in participants of Waves 1 and 2 of the PATH Study (13). The transition from sole smoking to dual use showed no significant changes in Pb concentrations. However, there was a significant decrease in Pb level in dual users who transitioned to exclusive ENDS users. Prokopowicz et al. (21) also evaluated the exposure to Cd and Pb in 156 volunteers, and ad hoc analysis revealed significant differences in Cd concentration between non-smokers and electronic cigarette users and between non-smokers or electronic cigarette users and dual users or smokers. The only significant difference in blood Pb concentrations was observed between the non-smoker and smoker groups. The authors hypothesized that the exposure to Cd and probably to Pb could be significantly reduced by completely switching to ECs and quitting conventional cigarette smoking.

The influence of racial and ethnic disparities was also evaluated in PATH Study Waves 1–5 participants, with results showing no differences in Cd and Pb concentrations for non-Hispanic (NH) White people, NH Black people, Hispanic/Latino people, and NH other people (18).

One study that examined a sample subset from the PATH Study Waves 1 and 2 designed to evaluate exposure and respiratory symptoms found no differences between groups (non-users, exclusive e-cigarette users, and poly e-cigarette/tobacco users) in terms of urinary Cd and Cr levels, and also showed no association with respiratory symptoms (15). In addition, in contrast with most of the PATH-derived studies, data extracted from the NHANES 2015–2016 showed lower mean blood Pb and Cd levels in e-cigarette users (with or without dual use) when compared to sole e-cigarette users (current or former). Similar results were shown for Ba and Sb levels. Lower median levels in current or former e-cigarette users failed to reach statistical significance (26). Prokopowicz et al. (20) found no significant differences in urinary Ba, V, indium (In), Ag, Mn, Co, Ni, Cr, Sb, Cd, and Pb in people smoking different combinations of conventional and e-cigarettes.

Evaluation of environmental and individual exposure to second-hand e-cigarette aerosol (SHA) (27) showed that non-users living with ENDs users had significantly higher urine Co levels than non-users residing in control homes. Although the concentration is considered low, it is a marker of exposition.

The authors concluded that using e-cigarettes at home leads to exposure to SHA regardless of the characteristics of e-cigarette use. The same group of researchers, Ballbè et al. (28), evaluated homes with an e-cigarette user, a pregnant woman who delivered an infant during the study, and their 3-year-old son. Several metals were identified in the samples of e-cigarette users in urine, saliva, and hair, including Al, Cr, Ni, Cu, ZN, Sn, and Pb. However, Al was not found in urine. In the pregnant woman, several metals were found in cord blood and breast milk. Assessment of samples from the 3-year-old showed that metals found in his urine and hair were similar to those found in the pregnant woman, but usually at lower concentrations. Concentrations of Zn in urine and Cr and Sn in hair from the 3-year-old were higher than those in the mother. This study provided the first evidence of passive exposure to e-cigarette aerosols by people from vulnerable populations, such as children and pregnant women.

It is important to show that results may vary depending on the biological samples collected. A small study of urine, hair, and exhaled breath condensate samples showed that only median Cr levels in urine were significantly lower in controls than in vapers and dual users, whereas levels in hair were significantly higher in controls than in vapers and dual users. Exhaled breath condensate samples presented metal concentrations below or close to the detection limit for the metals studied, thus an analysis was not possible (19).

This review has some limitations. Half the data were derived from the PATH Study Waves, and data about the ENDS generation and other possible types of exposure to metals were not available in the different waves. In addition, most of the studies used self-reported data to classify categories of smokers. However, most of the results confirmed higher levels of metals in electronic cigarette users than non-smokers, with other smaller studies reinforcing this finding.

In conclusion, this review consistently shows that exposure to primary and second-hand e-cigarette aerosol is associated with higher concentrations of metals in biological samples in electronic cigarette users than non-smokers. It also shows that conventional combustible cigarette users have similar or higher metal levels than electronic cigarette users. Although the adverse effects of this exposure for long-term users are yet to be determined, further research related to the chemical characteristics of electronic cigarettes and their consequences in humans is urgently needed.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

DB: Conceptualization, Data curation, Methodology, Writing – original draft, Writing – review & editing. LC: Data curation, Writing – original draft, Writing – review & editing. ST: Writing – review & editing. IG: Conceptualization, Data curation, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2024.1349475/full#supplementary-material



References

 1. Cooper, M, Park-Lee, E, Ren, C, Cornelius, M, Jamal, A, and Cullen, KA. 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. doi: 10.15585/mmwr.mm7140a3 

 2. Tarasenko, Y, Ciobanu, A, Fayokun, R, Lebedeva, E, Commar, A, and Mauer-Stender, K. Electronic cigarette use among adolescents in 17 European study sites: findings from the global youth tobacco survey. Eur J Pub Health. (2022) 32:126–32. doi: 10.1093/eurpub/ckab180 

 3. European Network for Smoking and Tobacco Prevention. Ban on menthol cigarettes: European Union member states shall prohibit the placing on the market of tobacco products with a characterising flavour. Tob Prev Cessat. (2020) 6:40. doi: 10.18332/tpc/124164

 4. Furlow, B. US government finally moves to ban menthol cigarettes. Lancet Respir Med. (2023) 11:1048–9. doi: 10.1016/S2213-2600(23)00413-7 

 5. Mulder, HA, Stewart, JB, Blue, IP, Krakowiak, RI, Patterson, JL, Karin, KN , et al. Characterization of E-cigarette coil temperature and toxic metal analysis by infrared temperature sensing and scanning electron microscopy - energy-dispersive X-ray. Inhal Toxicol. (2020) 32:447–55. doi: 10.1080/08958378.2020.1840678 

 6. Kapiamba, KF, Hao, W, Adom, S, Liu, W, Huang, Y-W, and Wang, Y. Examining metal contents in primary and secondhand aerosols released by electronic cigarettes. Chem Res Toxicol. (2022) 35:954–62. doi: 10.1021/acs.chemrestox.1c00411 

 7. Zhao, D, Aravindakshan, A, Hilpert, M, Olmedo, P, Rule, AM, Navas-Acien, A , et al. Metal/metalloid levels in electronic cigarette liquids, aerosols, and human biosamples: a systematic review. Environ Health Perspect. (2020) 128:36001. doi: 10.1289/EHP5686 

 8. Travis, N, Knoll, M, Cook, S, Oh, H, Cadham, CJ, Sánchez-Romero, LM , et al. Chemical profiles and toxicity of electronic cigarettes: an umbrella review and methodological considerations. Int J Environ Res Public Health. (2023) 20:1908. doi: 10.3390/ijerph20031908 

 9. Page, MJ, McKenzie, JE, Bossuyt, PM, Boutron, I, Hoffmann, TC, Mulrow, CD , et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

 10. PRISMA. Welcome to the NEW Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) website. Available at:http://www.prisma-statement.org/

 11. Goniewicz, ML, Smith, DM, Edwards, KC, Blount, BC, Caldwell, KL, Feng, J , et al. Comparison of nicotine and toxicant exposure in users of electronic cigarettes and combustible cigarettes. JAMA Netw Open. (2018) 1:e185937. doi: 10.1001/jamanetworkopen.2018.5937 

 12. Lizhnyak, PN, Noggle, B, Wei, L, Edmiston, J, Becker, E, Black, RA , et al. Understanding heterogeneity among individuals who smoke cigarettes and vape: assessment of biomarkers of exposure and potential harm among subpopulations from the PATH wave 1 data. Harm Reduct J. (2022) 19:90. doi: 10.1186/s12954-022-00673-x 

 13. Dai, H, Benowitz, NL, Achutan, C, Farazi, PA, Degarege, A, and Khan, AS. Exposure to toxicants associated with use and transitions between cigarettes, e-cigarettes, and no tobacco. JAMA Netw Open. (2022) 5:e2147891. doi: 10.1001/jamanetworkopen.2021.47891 

 14. Anic, GM, Rostron, BL, Hammad, HT, van Bemmel, DM, Del Valle-Pinero, AY, Christensen, CH , et al. Changes in biomarkers of tobacco exposure among cigarette smokers transitioning to ENDS use: the population assessment of tobacco and health study, 2013-2015. Int J Environ Res Public Health. (2022) 19:1462. doi: 10.3390/ijerph19031462 

 15. Dai, H, and Khan, AS. A longitudinal study of exposure to tobacco-related toxicants and subsequent respiratory symptoms among U.S. adults with varying E-cigarette use status. Nicotine Tob Res Off J Soc Res Nicotine Tob. (2020) 22:S61–9. doi: 10.1093/ntr/ntaa180 

 16. Kaplan, B, Navas-Acien, A, Rule, AM, Hilpert, M, and Cohen, JE. Exposure to metals among electronic nicotine delivery system (ENDS) users in the PATH study: a longitudinal analysis. Environ Res. (2023) 231:116032. doi: 10.1016/j.envres.2023.116032 

 17. Holt, NM, Shiffman, S, Black, RA, Goldenson, NI, Sembower, MA, and Oldham, MJ. Comparison of biomarkers of exposure among US adult smokers, users of electronic nicotine delivery systems, dual users and nonusers, 2018-2019. Sci Rep. (2023) 13:7297. doi: 10.1038/s41598-023-34427-x 

 18. Dai, HD, Nollen, N, Rennard, S, Guenzel, N, Pham, H, and Khan, AS. Racial and ethnic disparities in biomarkers of exposure and potential harm among U.S. adult exclusive e-cigarette users: 2013-2019. Drug Alcohol Depend. (2023) 252:110984. doi: 10.1016/j.drugalcdep.2023.110984 

 19. Olmedo, P, Rodrigo, L, Grau-Pérez, M, Hilpert, M, Navas-Acién, A, Téllez-Plaza, M , et al. Metal exposure and biomarker levels among e-cigarette users in Spain. Environ Res. (2021) 202:111667. doi: 10.1016/j.envres.2021.111667 

 20. Prokopowicz, A, Sobczak, A, Szdzuj, J, Grygoyć, K, and Kośmider, L. Metal concentration assessment in the urine of cigarette smokers who switched to electronic cigarettes: a pilot study. Int J Environ Res Public Health. (2020) 17:1877. doi: 10.3390/ijerph17061877 

 21. Prokopowicz, A, Sobczak, A, Szuła-Chraplewska, M, Ochota, P, and Kośmider, L. Exposure to cadmium and Lead in cigarette smokers who switched to electronic cigarettes. Nicotine Tob Res Off J Soc Res Nicotine Tob. (2019) 21:1198–205. doi: 10.1093/ntr/nty161 

 22. Badea, M, Luzardo, OP, González-Antuña, A, Zumbado, M, Rogozea, L, Floroian, L , 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. doi: 10.1016/j.envres.2018.06.007 

 23. Lee, JW, Kim, Y, Kim, Y, Yoo, H, and Kang, HT. Cigarette smoking in men and women and electronic cigarette smoking in men are associated with higher risk of elevated cadmium level in the blood. J Korean Med Sci. (2020) 35:e15. doi: 10.3346/jkms.2020.35.e15 

 24. Aherrera, A, Olmedo, P, Grau-Perez, M, Tanda, S, Goessler, W, Jarmul, S , et al. The association of e-cigarette use with exposure to nickel and chromium: a preliminary study of non-invasive biomarkers. Environ Res. (2017) 159:313–20. doi: 10.1016/j.envres.2017.08.014 

 25. Sakamaki-Ching, S, Williams, M, Hua, M, Li, J, Bates, SM, Robinson, AN , et al. Correlation between biomarkers of exposure, effect and potential harm in the urine of electronic cigarette users. BMJ open Respir Res. (2020) 7:e000452. doi: 10.1136/bmjresp-2019-000452

 26. Wiener, RC, and Bhandari, R. Association of electronic cigarette use with lead, cadmium, barium, and antimony body burden: NHANES 2015-2016. J trace Elem Med Biol organ Soc Miner Trace Elem. (2020) 62:126602. doi: 10.1016/j.jtemb.2020.126602 

 27. Amalia, B, Fu, M, Tigova, O, Ballbè, M, Paniello-Castillo, B, Castellano, Y , et al. Exposure to secondhand aerosol from electronic cigarettes at homes: a real-life study in four European countries. Sci Total Environ. (2023) 854:158668. doi: 10.1016/j.scitotenv.2022.158668 

 28. Ballbè, M, Fu, M, Masana, G, Pérez-Ortuño, R, Gual, A, Gil, F , et al. Passive exposure to electronic cigarette aerosol in pregnancy: a case study of a family. Environ Res. (2023) 216:114490. doi: 10.1016/j.envres.2022.114490 


Copyright
 © 2024 Batista, Coelho, Tanni and de Godoy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Metal in biological samples from electronic cigarette users and those exposed to their second-hand aerosol: a narrative review



		Introduction



		Methods



		Results



		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/fmed-11-1349475-g001.jpg
Articles identified in the
search (n=403)

|

Articles evaluated by title and

Records excluded
(n=80)

abstract

(n =240)
Reports sought for retrieval

Reports not retrieved
(n = 128)

(n =160)
|

Full texts assessed for eligibility
(n=32)

Reports excluded (n = 14)
Do not meet inclusion criteria

Studies included in review
(n=18)






OPS/images/fmed-11-1349475-t001.jpg
Human samples devices Metal

Urinary concentrat Pb, Cd, Be, Ni, Cr, and Co

Blood Cd, Se,and V
Saliva Cr,Ni,and Pb
Hair Cr,Ni,and Pb

Pb, lead; Be, beryllium; Cd, cadmium; Co, cobalt; Cr, chromium Se, selenium; V, vanadium;
Ni-nickel





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Metal in biological samples from
electronic cigarette users and
those exposed to their
second-hand aerosol: a narrative
review












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






