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219pg js a radioactive component of conventional cigarette tobacco smoke and is a recognized
carcinogen. Despite the expanding market of heated tobacco products, no data are available on

the activity of 22°Po in the smoke of IQOS Heets cigarette. We determined the 2'°Po activity in the
mainstream smoke of thirteen cigarette brands available on the Swiss market using a smoking
machine and compared the results to the 2°Po activity measured in the mainstream smoke of the
1Q0S system. In addition, we measured the 2°Po and 2'°Pb loss on heating after uniform heating
from 50 to 600 °C for several cigarette brands and the Heets cigarettes. 13.6 + 4.1% of 2°Po activity
was found in the mainstream smoke in conventional cigarette smoking (7% for 22°Pb). This dropped
to 1.8 +0.3% in the mainstream smoke of IQOS Heets. Conversely, when the tobacco was heated
uniformly at 330 °C, a loss of 22°Po of more than 80% was observed for all type of cigarettes.
Apparently, 1QOS significantly reduced the 2°Po and 2°Pb activities in the mainstream smoke.
However, our results show that only 15% of the Heets tobacco reaches 330 °C with IQ0S. While IQOS
reduces the 2°Po and 21°Pb activities in the mainstream smoke compared to conventional cigarettes,
it only heats a marginal fraction of the tobacco present in the Heets cigarette. Because smoking is an
addiction (mostly due to nicotine), IQOS could possibly deliver an unsatisfactory dose of nicotine to a
Heets cigarette smoker, as most of the tobacco is left unaltered.

Polonium-210 (*'°Po) and lead-210 (*'°Pb) are natural radionuclides of the uranium (**U) decay series, which
are present within and on the surface of tobacco leaves'~>. A large part of the 2!°Po and '°Pb activity in tobacco
originates from the capture of radon-222 (***Rn) progeny aerosols by the trichomes of leaves, whilst a smaller
part originates from root transfer*¢. Owing to the significant volatility of Po and Pb in aerosol particles, both
radionuclides are present in mainstream cigarette smoke>*>’~%. 21°Po, as an energetic a-particle emitter, has
readily been recognized as a potential carcinogenic component of the tobacco smoke!'2. As early as 1964,
Radford and Hunt hypothesized that the presence of !°Po in tobacco smoke, and its preferential localization in
the bronchial epithelium, would be a cause of lung cancer™'®. Despite studies documenting the appearance of
lung cancer in animals exposed to low dose of 2!°Po'?, the tobacco industry made no successful effort to remove
219Pg and #'°Pb from tobacco”*'°. Studies on the role of **’Rn and its progeny as a cause of lung cancer have
demonstrated a synergetic effect with tobacco smoke, with efforts to reduce in-house ***Rn beneficiating more
to smokers'®~'8 In this respect, it appears that ?!°Po present in tobacco smoke could be responsible of some lung
cancers otherwise attributed to radon'®'>.

219Pg in tobacco smoke commits an effective radiation dose to the lung, which could be close to the annual
dose limit of 1 mSv for heavy smokers, depending on the dose assessment method used. If the annual effective
dose exceeds 1 mSv, most national regulations would require marking the cigarette packs with a radioactive
hazard label or corresponding pictograms to inform users of the radioactive risk®'°. As a matter of fact, Winters
and Difranza reported “having received hundreds of phone calls from smokers who quit on learning about
alpha radiation in cigarette smoke”, after the publication of a letter denouncing the lack of research on *'°Po in
tobacco in The New England Journal of Medicine*”?. Thus, the presence of radioactivity in tobacco products
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Tobacco product 219Po unit activity (mBq/cig) | *°Po mass activity (mBq g™)
Conventional cigarettes

Camel Filter 15.8+2.0 26.0+3.4
L&M Red Label 13.4+2.6 23.4+3.9
Lucky Strike Red 16.6+1.3 24.8+2.0
Kent Taste + 152+0.8 26.9+0.9
Philip Morris Quantum Blue 12.7+£0.8 242+1.0
Marylong Filter 17.1£0.7 28.0+1.7
Winston Blue 13.5£1.0 273%2.1
Marlboro Red 12.7+1.6 21.0+3.2
Parisienne Yellow 13.9+1.3 21.9+2.1
Chesterfield Original 14.1+0.6 27.1+£0.9
Benson & Hedge (White/Blue) 13.6+2.7 24.3+4.1
Natural American Spirit Yellow 15.8+3.6 249+5.8
Gauloises Bleues 21.2+2.0 30.1+2.8
Research Cigarettes IR6F 14.0£0.2 223+04
Heated tobacco product (HTP)

1IQOS Heets bronze label® 6.9+0.4 23.7+2.1
Tobacco and CBD products

Fleur du Pays N°1 (Yellow) - 24.5+0.8
DRUM the Original 20.8+3.2
C Pure Fedtonic Fleurs (CBD) 1.8+0.2
Al Capone Cigarillos (CBD)® - 223+1.0
Cigar Villiger No 79 - 15.0£0.4

Table 1. 2!%Po activity (mBq per cigarette and mBq g™! tobacco, n=5) in the tobacco fillers of cigarettes and
in mixed tobacco and CBD products sold in Switzerland. The given values are an average of five replicates
per tobacco products, each replicate came from the same pack bought in a local tobacco shop (Lausanne,
Switzerland). *IQOS Heets cigarette contains on average 290 mg of tobacco compared to 600 mg for
conventional cigarettes. ®A cigarillos Al Capone CBD (a mixture of tobacco and CBD) weighs on average
1240 mg. °A cigar Villiger N°7 weighs on average 4330 mg.

and tobacco smoke could be a valuable argument for smoking cessation and could be used as an additional public
heath intervention to reduce smoking prevalence tobacco-related diseases.

Heated tobacco product (HTP) is a newer way of smoking, in which the tobacco is heated at lower tempera-
tures than a conventional cigarette. HTP is an expanding market within the cigarette industry, with significant
interest from different demographics including non-smokers. The most broadly available on the market and
widely used product is IQOS, developed by Philip Morris International (PMI). IQOS is an electronic system in
which the tobacco is heated at 330 °C. At this temperature, the possibility of ’°Po and ?'°Pb to volatilize through
aerosol smoke particles is questioned. To provide insight on this, we designed a study aimed at determining
the activity of #'°Po and *°Pb in tobacco and tobacco mainstream smoke for conventional cigarette brands sold
in Switzerland, the reference cigarette 1R6F, and the Heets cigarette. In addition, we determined the 210pg and
219Ph Joss on heating at different temperatures (50-600 °C) to define the temperature of half-loss (T,,,) for both
radionuclides when the cigarette is heated uniformly. Combining these results, we were able to define the quan-
tity of 2°Po and *'°Pb present in the mainstream smoke of HTP (IQOS) system and to quantify the percentage
of the tobacco mass really heated to the target temperature of 330 °C in the IQOS system. To fill this currently
missing knowledge on smoker exposure to 2'’Po and 2'°Pb will inform on the potential radiation dose to the
lung in cigarette and Heets smokers.

Results

2%pg and 2%Pb activity in conventional cigarettes, 1R6F and Heets. Thirteen cigarette brands,
the 1R6F reference cigarette, the IQOS Heet bronze label, some CBD products, and some loose tobacco samples
were tested to quantify their 2'°Po content (Table 1). The *!°Po activity was remarkably constant in tobacco con-
ventional cigarette fillers, with an average activity of 15.0+2.3 mBq per cigarette or 25.2+2.6 mBq g™* tobacco
(n=15). Loose tobacco samples have similar results, with an average activity of 22.5+1.5 mBq g™’ tobacco
(n=3). Only CBD samples, containing no tobacco per se, had a low 2!°Po activity of 1.8 +0.2 mBq g! product.
Al Capone CBD cigarillos contains a mixture of tobacco and CBD, and thus, contained a 2'°Po activity close to
the tobacco samples (22.3 £ 1.0 mBq g product) because of the low CBD content. IQOS Heets bronze label had
an equivalent 2'°Po content to conventional cigarettes, or 23.7 2.1 mBq.g" tobacco, demonstrating a similar
tobacco origin than conventional cigarettes. The analysis of 2!°Pb with the double-spike method showed that the
219Pg activity is supported by a similar activity of 2°Pb (*'°Po/?'°Pb ratio of 1.06 +0.05). This demonstrates that
219Pg and 2'°Pb are in secular equilibrium in tobacco available on the Swiss market.
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Camel filter (% of °Po | Marlboro red (% of >°Po | Lucky strike (% of 2°Po | IQOS (% of *'°Po

Component part activity) activity) activity) activity)
fgl(‘)ess)(or residue for 19.0+5.0 18.1+4.1 16.5+4.3 78.1+5.3

Filter 19.0+1.0 20.4+6.1 18.2+4.3 10.9+1.3
Mainstream®

F1 67.0+18.2 64.5+6.8 77.6+15.3 72.7+17.5

F2 22.7+8.3 24.1+7.2 12.5+5.2 182+7.4

F3 10.2+4.2 11.3+4.6 9.8+£3.7 9.1+3.9

Total mainstream® 13.3+4.1 15.6+4.0 94+1.4 1.8+£0.3
missing (sidestream) 49.0+8.7 46.0+5.0 55.9+4.0 8.3+4.5

Table 2. Percentage (%) of the 2!°Po activity measured in a given component part of tobacco products,
namely ashes, filters, and mainstream smokes, compared to the total activity contained in the tobacco filler

of cigarette. Average value of three experiments using five cigarettes smoked in each experiment. F1: washing
flask 1 connected to the conventional cigarettes or to the IQOS Heets bronze label cigarettes; F2: washing flask
2 connected to F1 and F3; F3: washing flask 3 connected to F2 and the smoking machine. ®Percentage of the
total mainstream activity as measured in each of the three washing flasks. ¥ Percentage of the mainstream
activity compared to the total activity in the cigarette.

21%pg and 2°Pb in mainstream smoke. 2'°Po and 2'°Pb were washed from the smoke using the three
sequential 1 M HCI washing flasks F1 to F3. Results from independent analysis of each flask fraction showed
that F1 retained about 70%, F2 about 20% and F3 about 10% of total !°Po activity in the mainstream smoke from
conventional cigarettes (Table 2). In this respect, three washing flasks seem satisfactory to retain more than 95%
of the ?!°Po present in the mainstream smoke. The 2!°Po content in the ashes represented about 20% of the total
29Po activity, and it is similar to the filter. The *!°Po budget showed that side-stream *°Po represented almost
half the 2!°Po activity of a conventional cigarette, demonstrating that passive smoke contains the radiotoxic *'°Po.
The results of the 24 experiments using nine different cigarette brands, including 1R6F, showed that 13.6+4.2%
(n=24) of total *'°Po present in the cigarette was transferred to the mainstream. Results were very different for
IQOS. The majority of 2!°Po is recovered in the residue of the Heets cigarettes retrieved from the system after
smoking (78%). The activity measured in the mainstream smoke represented 1.8 +0.3% (n=38) of the total ?°Po
present in the Heets cigarettes while the activity measured in the side-stream represented about 8% of total
210po, However, the mainstream smoke of IQOS was mostly formed by a glycerol aerosol, which was somewhat
different to conventional cigarettes. This glycerol aerosol did not mix well with 1 M HCI washing; therefore, we
adapted the protocol to washing solution containing oxidative reagent such as KMnO,, the Fenton’s reagent and
the Jones’s reactant (H,SO,/K,CrO;) as powerful alcohol oxidant. Nevertheless, the results were very similar to
1 M HCl washing solution, showing that all the 2!°Po activity was measured in IQOS mainstream, regardless of
the choice of the washing solution.

The mainstream smoke of IQOS Heets bronze label was generated using two generations of IQOS systems:
IQOS 2 and IQOS 3. The main changes between the two generations are the faster charging time (3:30 min vs
4:10 min for IQOS 3 and IQOS 2, respectively) and the extended battery life for IQOS 3 compared to IQOS
2, the oldest version. The two generations were used to test the reproducibility of the heating temperature by
determining the percentage of ?!°Po lost on smoking in ten different smoking runs (two different apparatus for
IQOS 2 and one apparatus for IQOS 3). Then, Heets cigarette residues were grouped by two to form one sam-
ple, improving sensitivity. Results showed that an average and constant loss of about 21.0£5.0% was observed,
regardless the IQOS generation used (Fig. 1).

21%pg and #°Pb loss on heating. We used a homemade heating system to determine the temperature of
halfloss (T, ;) of '°Po and *'°Pb from tobacco when the cigarette was heated homogeneously. T, represents the
temperature at which half of the 2!°Po or 2!°Pb activity is lost from the tobacco cigarette filler. Results are pre-
sented in Fig. 2 and showed that 50% of 2'°Po loss already occurred at a temperature of 255.9 +2.2 °C, regardless
the cigarette brand, including 1R6F reference cigarette, and Heets cigarette. Pb being less volatile than Po, the
temperature of half loss of >!°Pb was significantly higher (531+ 17 °C). These results showed that when heated
homogeneously, the percentage of loss of 2'°Po and *'°Pb from conventional, reference 1R6F and Heets cigarettes
were extremely consistent. Consequently, the lower percentage of !°Po present in the mainstream smoke of
IQOS Heets was only due to inhomogeneous heating, where a large part of the tobacco was left unaltered after
smoking. Based on a 80% loss of '°Po at 300 °C for any cigarette (including Heets) and a 2% of #'°Po activity
in the mainstream smoke of IQOS system, we estimated that the IQOS system heated about 15% of the whole
tobacco in direct contact with the electrical resistance only.

2pg sypported by #°Pb in the mainstream smoke. We measured 2'°Pb (with the double-spike
method) in sixteen independent experiments including seven different conventional cigarette brands, the IR6F
reference cigarette and the Heets cigarette. Results showed a large dispersion of values, with minimum value of
38% supported *'°Po and maximal value of 83% supported *'°Po for conventional (including 1R6F) cigarettes.
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Figure 1. Percentage (%) of ?'°Po lost from the tobacco after smoking a Heets cigarette using two different
IQOS generations. 10 cigarettes were smoked and grouped by two before analysis to improve sensitivity. Results
from the IQOS 2 are in black and in gray and results from IQOS 3 are in white.
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Figure 2. Percentage (%) of ?'°Po and ?!°Pb loss on heating for cigarette heated homogeneously in a copper
cylinder. T, represents the temperature at which half of the 2!°Po or 2!°Pb activity is lost from the tobacco
cigarette filler. IR6F: large black open circle; Heets: large red closed circle. 800 °C has been fixed as the
maximum temperature reached during conventional smoking (ashes retrieved from a conventional smoker).
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On average, 52.1+16.1% (n=16) of supported *'°Po was in the mainstream smoke. However, when Heets was
smoked, we found a higher level of supported '°Pb in the mainstream smoke (79.4 + 35%, n=>5). The lower vola-
tility of Pb compared with Po might explain part of the secular disequilibrium in the mainstream smoke com-
pared to tobacco, alongside larger variability in the results. However, results of the loss on heating experiments
(Fig. 2) showed that at the temperature of conventional smoking (600-800 °C), the loss of ?!°Pb was above 80%.
Nevertheless, the filter could be more efficient to remove 21OPb-bearing particles. On the other hand, the higher
percentage of supported 2'°Po in the mainstream smoke of the Heets cigarette could be explained by the differ-
ent composition of the smoke aerosol (glycerol aerosol), which is possibly more efficient to carry *'°Pb-bearing
particles to the mainstream, even at lower temperatures.

Discussion

Our results show that 2!°Po and 2'°Pb activity in tobacco of conventional cigarettes sold in Switzerland, the IR6F
reference cigarette and Heets cigarette, are very similar for all brands and within the range of >!°Po activities
determined in other similar studies®??. In addition, our results show that 2!°Po and 2'°Pb are in secular radio-
activity equilibrium in tobacco fillers. *'°Pb is less radiotoxic than ?'°Po due to the emission of a low energy
a-particle; however, its long physical half-life of 22.3 years (compared to 138.4 days for ?'°Po) makes its presence
in lungs a health hazard because it will continually produce the very radiotoxic bismuth-210 (*'°Bi; high energy
B-particle>1 MeV) and *'°Po radionuclides. Consequently, we may assume that the presence of ?'°Pb in the
mainstream smoke and subsequently in the lungs will induce deleterious impact on health.

Conventional cigarettes transfer a fraction of 13.6% of the total *!°Po cigarette activity in the mainstream
smoke. This fraction is within the range of other studies, in which a percentage of transfer between 6 and 20%
has been determined?>* and very close to the most recent study* using a smoking machine to determine ?°Po
and 2'°Pb in the mainstream smoke (13% for 2!°Po). We also found that a fraction of 7% of total ?!°Pb is trans-
ferred to the mainstream smoke. This percentage is very similar to the 8% value found by Schayer et al.** Thus,
our results back up most of the data in the literature on conventional cigarettes and radioactive concentrations
of 21°Pb and *'°Po. Building on this, our study presents the first data on the IQOS system and the ?!°Po and *'°Pb
radiotoxic components in smoke aerosol. We found that the Heets cigarette contains the same ?!°Po and *°Pb
activities than the other conventional cigarette brands sold in Switzerland. However, the IQOS system transfers
only 2% of the total ?!°Po activity from a Heets cigarette and about 1.5% of its 2'°Pb activity to the mainstream
aerosol. In this respect, IQOS seems to be a worthy option to users regarding their exposure to radiotoxic 2'°Po
and 2'°Pb. Nevertheless, our study on the homogeneous heating of tobacco establishes also that the percentage
loss of 2'°Po and 2'°Pb from tobacco are equivalent, regardless the conventional cigarette brand, 1R6F reference
cigarette or Heets cigarette. These results demonstrate that IQOS system heats only a small fraction of the tobacco
content at 300 °C, evaluated here at 15%. This fraction represents clearly the tobacco fraction in close contact
with the electrical resistance. In this respect, the IQOS system may not deliver a satisfactory pulse of nicotine
to users, leading to an over-consumption of Heets cigarettes, with similar health deleterious effect than conven-
tional cigarettes. In our study, the smoking regime used to generate emissions from IQOS was the HCI regime
used for conventional cigarettes. However, studies in IQOS users observed a larger mean puff volume (around
60-65 mL) and a shorter puff intervals (about 10-12 s) compared to the HCI standardized regime (puff volume
of 55 mL and puff interval of 30 s)?*~?’. This use-behavior difference in IQOS smoker influences the aerosol gen-
erated, and might underestimate user exposure to !°Po and *!°Pb?. Phillips-Waller et al. compared HnB IQOS,
Juul, E-cigarette and conventional smoking in their ability to deliver nicotine and rated the satisfaction of the
smoker after overnight abstinence of smoking and vaping®. Results show that IQOS delivered less nicotine than
conventional smoking and received less favorable ratings than Juul (effect on the urge to smoke), which may be
correlated with very partial heating of the tobacco. In addition, Meehan-Atrash et al. found nearly no free-base
nicotine in aerosol from HnB IQOS using a sophisticated "H-NRM method®’. However, a greater fraction of free-
base nicotine (ag,) is associated with a faster nicotine absorption kinetic and physiological response. The very low
concentrations of free-base nicotine in IQOS aerosol confirmed the limited absorption of nicotine compared to
conventional cigarettes, and thus the assumption to consume more Heets to obtain a satisfying dose of nicotine.

For members of the public, there is no surprise that tobacco products contain toxic chemicals. However, most
individuals are not aware that tobacco products contain radioactive particles, which lodge in the lungs when
inhaled. As radioactivity is most feared**’!, this knowledge could be an incentive for smoking cessation. The
WHO Framework Convention on Tobacco Control recommends information on smoking associated risks, such
as information campaigns, as a key measure to reduce tobacco demand?®’. A recent systematic review reports
little evidence and no significant effect of biomedical risk assessment on smoking cessation®’. However, showing
to smokers that they had developed atherosclerotic plaques®, or motivational intervention with feedback on a
combination of, including spirometry, exhaled carbon monoxide and pulmonary symptoms discussion, have
increased significantly the smoking cessation rate®. In a similar way, we can expect that providing smokers with
their personal level of urine 2!°Po radioactivity level, together with a relevant explanation and a motivational
intervention, will increase their motivation for smoking cessation. This is particularly important in view of the
significant increase in HTP users during the Covid-19 pandemic, as observed by Gallus et al. in a very recent
study in Italy®®. Work is in progress in our laboratory and hospital to study the role of fear of radioactivity in
tobacco products (*'°Po) in the smoking cessation rate.

Our results confirmed previous studies showing the presence of >'°Po and #'°Pb in the mainstream of tobacco
smoke. They also demonstrated that the mainstream smoke of the IQOS system contains *'°Po and 2!°Pb, although
at lower level compared to conventional smoking. This lower percentage of #!°Po and ?!°Pb in the smoke is related
to the small fraction of tobacco really heated at a temperature of 300 °C and not to specific counter-measures,
such as tobacco acid-washing, associated with the !°Po in tobacco concern. Consequently, tobacco smoke from
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conventional and Heets cigarettes commit an effective radiation dose to the lung of users that may further result
in cancer. Providing that knowledge of radioactivity induced by tobacco products is effective to increase moti-
vation to quit among smokers, this intervention could be cost-effective and have a major public health impact.

Methods

Chemicals. Hydrogen peroxide solution (H,0,>35%), ascorbic acid and NH,FeSO,, KMnO, and K,Cr,0,
salts were purchased from Sigma-Aldrich (Switzerland) and were puriss. p.a. grade. Nitric acid solution (HNO;
65%), Hydrochloric acid solution (35%) and ammonia solution (30%) were purchased from Carlo-Erba (Reac-
tolab, Switzerland) and were analytical grade. ®®Po and **Po solutions (25 mBq/ml) were obtained from the
Metrology group of the Institute of Radiation Physics, Lausanne and were traceable to NIST standard (**Po,
NIST SRM 4326) or NPL standard (?*Po, NPL A160443).

2%pg and 21°Pb in tobacco fillers and loose tobacco. All the tobacco samples used in this study are
sold freely and legally in Switzerland. Thirteen brands of conventional cigarettes and IQOS Heets bronze label
were purchased from a local tobacco shop in Lausanne, Switzerland (see Table 1 for details). The 1R6F reference
cigarettes were purchased from the Kentucky Tobacco Research and Development Center (Lexington, KY, USA).
CBD, a cannabidiol product with a THC content less than 1%, is sold legally in Switzerland and was purchased
from a specialized shop (Lausanne, Switzerland). The tobacco content of one conventional cigarette (~ 600 mg),
one Heets cigarette (~290 mg) or 600 mg of loose tobacco sample was weighed in a 100 ml Teflon flask and
spiked with 25 mBq of 2*Po. 20 ml of concentrated HNO; (65%) and 3 ml of 30% H,0, were added, and the
tobacco was digested in a pressurized microwave apparatus (Milestone UltraClave IV, Germany) under a pres-
sure of 50 bars and at a temperature of 180 °C for 15 min. The solution was poured into a 300 ml beaker and
diluted to 250 ml with ultrapure water. Two mg of Fe** was added and ?'%2*Po and ?!°Pb were co-precipitated on
iron hydroxides at pH 8 with addition of 25% NH,OH. After decantation and centrifugation, the iron hydroxide
precipitate was dissolved in 100 ml of 1 M HCl and 1 g of ascorbic acid was added to reduce Fe** to Fe?*. A silver
disk (& 1 cm), covered on one face with tape, was suspended in the solution for 2 days, inducing the spontane-
ous electrochemical deposition of polonium isotopes on the disk. After retrieval, the disk was counted (400,000
to 864,000 s) on a surface barrier detector (PIPS) of 450 mm? in an Alpha Analyst (Canberra-Mirion, France)
Alpha Spectrometer. The 1 M HCl fraction, containing *'°Pb, was kept in a plastic bottle in a refrigerator at 4 °C
for at least six months, allowing for ingrowth of ?°Po from !°Pb in the solution. After six months, 1 g of ascorbic
acid and 25 mBq of 2®*Po was added (double-spike method) and a new silver disk suspended in the solution
for two days before alpha spectrometry counting as described above. 2!°Po activity was calculated based on the
2P tracer activity, while the ?!°Pb activity was determined based on the ?®Po tracer activity after correction for
partial regrowth of ?!°Po calculated using the Bateman equation.

Uncertainties were calculated as the standard deviation of several measurements (most often n=5) or as the
quadratic propagation of uncertainties for individual measure: u(**Po): 2%; u(***Po): 2%; v(tracer):1%; uncer-
tainty on the number of counts: (N)"?/N.

210po and 21%Pb in the mainstream smoke.  We used a smoking device designed in our facility to capture
the mainstream aerosol and developed to meet the standards for tobacco cigarettes®'. The Health Canada Intense
(HCI) regime was followed to generate smoke from conventional cigarettes and IQOS system. The cigarette
smoke was adsorbed in 1 M HCl in a similar way as described by Kubalek et al.*> and Horvath et al.*” Briefly, the
cigarette was connected to three 250 ml washing flasks (F1-F3) containing 100 ml of 1 M HCI each and linked
in series to trap 2'°Po. The first washing flask (F1) was connected to the cigarette or Heets and the last washing
flask (F3) was connected to the smoking machine. Eleven puffs of 55 ml for two seconds duration at a frequency
of 30 s were programed for each cigarette, including IQOS. Five replicates of each conventional cigarette brand
were smoked and combined into a single sample for increasing sensitivity. Ten replicates were used for the Heets
cigarettes. To determine the recovery rate of !°Po in the washing flasks, each washing flask was analyzed sepa-
rately in nine experiments (i.e., three repeated experiments using three different cigarette brands, and five repli-
cates smoked for each cigarette brand per experiment). In the other experiments, the 1 M HCI content of Flasks
F1-F3 was combined to make one sample for increasing sensitivity. During the nine independent experiments,
the ashes and the filters were gathered and 2'°Po was measured following the described method for tobacco.

219Po was measured in the 1 M HCl solution (F1-F3) following the addition of 25 mBq of *®Po as radioactive
tracer and the destruction of the organic matter (tobacco particulate matter) using the Fenton reaction (addi-
tion of 100 mg of NH,FeSO, and 20 ml of H,0, and heating at 70 °C). After two hours at 70 °C, iron hydroxide
precipitation was performed with the addition of 25% NH,OH. The precipitate was treated as above to deter-
mine the #'°Po activity and the 1 M HCl fraction was kept for six months for the determination of »'°Pb with the
double-spike method. A similar method was used to determined ?'°Po and ?'°Pb in the mainstream smoke of
the IQOS system, except that 10 cigarettes were smoked in a run to make one sample to increase the sensitiv-
ity. However, due to the different nature of the IQOS Heets smoke (glycerol aerosol) compared to conventional
cigarette smoke, oxidative reagents were also used (KMnO,, Fenton’s reagent, Jones’s reagent) to aid the retrieval
of #'%Po from the washing flasks.

210po and 2!°Pb percentage loss on heating. We constructed a special device to heat uniformly the
tobacco in conventional and Heets cigarettes to determine the loss of 2°Po and ?!°Pb on heating at various tem-
perature (50-600 °C) as presented in Figure SM1. The heating block is a copper cylinder of the length of a con-
ventional cigarette (excluding the filter), with a hole that tightly encloses a cigarette, and the filter remains out-
side the cylinder. The copper cylinder was embedded in a heating cord (BriskHeat BWH052020L) connected to
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a command box (BriskHeat SCDE Temperature Controller) where the required temperature was programmed.
The temperature box was controlled by a thermocouple inserted into the center of the tobacco (Figure SM1)
which recorded the tobacco temperature during the experiment. The thermocouple controls the temperature
box to verify that the targeted temperature was reached and not exceeded. A cigarette from the brand to be tested
was used as control to fix the targeted temperature; this cigarette was afterwards removed and replaced by the
cigarette to be tested. The cigarette was heated for exactly five minutes; it was then removed from the copper
block and sprinkled with water to stop the heating. Heated tobacco was retrieved form the heated cigarette and
treated as described above to determine ?'°Po and, for some brands, ?!°Pb. Starting from 620 °C, it was not pos-
sible to retrieve the heated cigarette because it started to burn spontaneously. Thus, the curve representing the
219Pg and 2!°Pb percentage loss on heating stops after 600 °C.

Data availability
The datasets generated and analyzed during the current study are not publicly available due to sensitive matter
but are available from the corresponding author on reasonable request.

Received: 25 January 2022; Accepted: 2 June 2022
Published online: 20 June 2022

References

1. Laking, G. R. Human exposure to radioactivity from tobacco smoke: Systematic review. Nicot. Tob. Res. 21(9), 1172-1180. https://
doi.org/10.1093/ntr/nty111 (2019).

2. Winters, T. H. & Difranza, J. R. Radioactivity in cigarette-smoke. N. Engl. J. Med. 306(6), 364-365 (1982).

3. Martell, E. A. Radioactivity of tobacco trichomes and insoluble cigarette-smoke particles. Nature 249(5454), 215-217. https://doi.
0rg/10.1038/249215a0 (1974).

4. Skrable, K. W. et al. Polonium-210 in cigarette smokers. Science 146(364), 86. https://doi.org/10.1126/science.146.3640.86 (1964).

5. Radford, E. P. & Hunt, V. R. Polonium-210 - volatile radioelement in cigarettes. Science 143(360), 247-250. https://doi.org/10.
1126/science.143.3603.247 (1964).

6. Papastefanou, C. Radioactivity in tobacco leaves. ] Environ Radioact. 53(1), 67-73. https://doi.org/10.1016/s0265-931x(00)00109-0
(2001).

7. Rego, B. The polonium brief a hidden history of cancer, radiation, and the tobacco industry. Isis 100(3), 453-484. https://doi.org/
10.1086/644613 (2009).

8. Muggli, M. E., Ebbert, J. O., Robertson, C. & Hurt, R. D. Waking a sleeping giant: The tobacco industry’s response to the polo-
nium-210 issue. Am. J. Public Health. 98(9), 1643-1650. https://doi.org/10.2105/ajph.2007.130963 (2008).

9. Khater, A. E. M. Polonium-210 budget in cigarettes. J. Environ. Radioact. 71(1), 33-41. https://doi.org/10.1016/s0265-931x(03)
00118-8 (2004).

10. Prueitt, R. L., Goodman, J. E. & Valberg, P. A. Radionuclides in cigarettes may lead to carcinogenesis via p16(INK4a) inactivation.
J. Environ. Radioact. 100(2), 157-161. https://doi.org/10.1016/j.jenvrad.2008.11.008 (2009).

11. Marmorstein, J. Lung-cancer—Is the increasing incidence due to the radioactive polonium in cigarettes. South. Med. J. 79(2),
145-150. https://doi.org/10.1097/00007611-198602000-00004 (1986).

12. Little, J. B., Kennedy, A. R. & McGandy, R. B. Lung-cancer induced in Hamsters by low-doses of alpha-radiation from polo-
nium-210. Science 188(4189), 737-738. https://doi.org/10.1126/science.1124396 (1975).

13. Little, J. B., Radford, E. P, McCombs, H. L. & Hunt, V. R. Distribution of polonium-210 in pulmonary tissues of cigarette smokers.
N. Engl. ]. Med. 273(25), 1343-2000. https://doi.org/10.1056/nejm196512162732501 (1965).

14. Karagueuzian, H. S., White, C., Sayre, J. & Norman, A. Cigarette smoke radioactivity and lung cancer risk. Nicot. Tob. Res. 14(1),
79-90. https://doi.org/10.1093/ntr/ntr145 (2012).

15. Tidd, M. J. The big idea: Polonium, radon and cigarettes. J. R. Soc. Med. 101(3), 156-157. https://doi.org/10.1258/jrsm.2007.070021
(2008).

16. Darby, S. et al. Radon in homes and risk of lung cancer: Collaborative analysis of individual data from 13 European case-control
studies. Br. Med. J. 330(7485), 223-226. https://doi.org/10.1136/bm;j.38308.477650.63 (2005).

17. Darby, S. et al. Risk of lung cancer associated with residential radon exposure in south-west England: A case-control study. Br. J.
Cancer 78(3), 394-408. https://doi.org/10.1038/bjc.1998.506 (1998).

18. Gray, A., Read, S., McGale, P. & Darby, S. Lung cancer deaths from indoor radon and the cost effectiveness and potential of policies
to reduce them. Br. Med. J. 338, 3110. https://doi.org/10.1136/bmj.a3110 (2009).

19. Swayampakala, K. et al. Pictorial health warning label content and smokers’ understanding of smoking-related risks-a cross-country
comparison. Health Educ. Res. 30(1), 35-45. https://doi.org/10.1093/her/cyu022 (2015).

20. Difranza, J. R. & Winters, T. H. Radioactivity in cigarette-smoke—Reply. N. Engl. J. Med. 307(5), 312-313 (1982).

21. Auer, R, Concha-Lozano, N., Jacot-Sadowski, I., Cornuz, J. & Berthet, A. Heat-not-burn tobacco cigarettes: Smoke by any other
name. JAMA Intern. Med. 177(7), 1050-1052. https://doi.org/10.1001/jamainternmed.2017.1419 (2017).

22. Kubalek, D., Sersa, G., Strok, M., Benedik, L. & Jeran, Z. Radioactivity of cigarettes and the importance of Po-210 and thorium
isotopes for radiation dose assessment due to smoking. ] Environ Radioact. 155, 97-104. https://doi.org/10.1016/j.jenvrad.2016.
02.015 (2016).

23. Hill, C. R. Polonium in man. Nature 208(5009), 423. https://doi.org/10.1038/208423a0 (1965).

24. Schayer, S., Nowak, B., Wang, Y. L., Qu, Q. S. & Cohen, B. Po-210 and Pb-210 activity in chinese cigarettes. Health Phys. 96(5),
543-549. https://doi.org/10.1097/01.HP.0000342164.08042.9¢ (2009).

25. Dautzenberg, B. & Dautzenberg, M. D. Systematic analysis of the scientific literature on heated tobacco. Rev. Mal. Respir. 36(1),
82-103. https://doi.org/10.1016/j.rmr.2018.10.010 (2019).

26. Jones, J. et al. A cross-category puffing topography, mouth level exposure and consumption study among Italian users of tobacco
and nicotine products. Sci. Rep. 10(1), 12. https://doi.org/10.1038/s41598-019-55410-5 (2010).

27. Ludicke, E, Baker, G., Magnette, J., Picavet, P. & Weitkunat, R. Reduced exposure to harmful and potentially harmful smoke
constituents with the tobacco heating system 2.1. Nicot. Tob Res. 19(2), 168-175. https://doi.org/10.1093/ntr/ntw164 (2017).

28. Phillips-Waller, A. P, Pesola, F, Myers Smith, K. & Hajek, P. Nicotine delivery and user ratings of IQOS heated tobacco system
compared with cigarettes, Juul, and Refillable E-Cigarettes. Nicotine Tob Res. 1, 1-6. https://doi.org/10.1093/ntr/ntab094 (2021).

29. Meehan-Atrash, J. et al. Free-base nicotine is nearly absent in aerosol from IQOS heat-not-burn devices, as determined by H-1
NMR spectroscopy. Chem. Res. Toxicol. 32(6), 974-976. https://doi.org/10.1021/acs.chemrestox.9b00076 (2019).

30. Freudenberg, L. S. et al. Subjective perception of radioactivity in patients with thyroid disease prior to treatment with radioiodine.
Nuklearmedizin 45(5), 229-234 (2006).

Scientific Reports |

(2022) 12:10314 | https://doi.org/10.1038/s41598-022-14200-2 nature portfolio


https://doi.org/10.1093/ntr/nty111
https://doi.org/10.1093/ntr/nty111
https://doi.org/10.1038/249215a0
https://doi.org/10.1038/249215a0
https://doi.org/10.1126/science.146.3640.86
https://doi.org/10.1126/science.143.3603.247
https://doi.org/10.1126/science.143.3603.247
https://doi.org/10.1016/s0265-931x(00)00109-0
https://doi.org/10.1086/644613
https://doi.org/10.1086/644613
https://doi.org/10.2105/ajph.2007.130963
https://doi.org/10.1016/s0265-931x(03)00118-8
https://doi.org/10.1016/s0265-931x(03)00118-8
https://doi.org/10.1016/j.jenvrad.2008.11.008
https://doi.org/10.1097/00007611-198602000-00004
https://doi.org/10.1126/science.1124396
https://doi.org/10.1056/nejm196512162732501
https://doi.org/10.1093/ntr/ntr145
https://doi.org/10.1258/jrsm.2007.070021
https://doi.org/10.1136/bmj.38308.477650.63
https://doi.org/10.1038/bjc.1998.506
https://doi.org/10.1136/bmj.a3110
https://doi.org/10.1093/her/cyu022
https://doi.org/10.1001/jamainternmed.2017.1419
https://doi.org/10.1016/j.jenvrad.2016.02.015
https://doi.org/10.1016/j.jenvrad.2016.02.015
https://doi.org/10.1038/208423a0
https://doi.org/10.1097/01.HP.0000342164.08042.9c
https://doi.org/10.1016/j.rmr.2018.10.010
https://doi.org/10.1038/s41598-019-55410-5
https://doi.org/10.1093/ntr/ntw164
https://doi.org/10.1093/ntr/ntab094
https://doi.org/10.1021/acs.chemrestox.9b00076

www.nature.com/scientificreports/

31. Henriksen, E. K. Laypeople’s understanding of radioactivity and radiation. Radiat. Prot. Dosim. 68(3-4), 191-196. https://doi.org/
10.1093/oxfordjournals.rpd.a031863 (1996).

32. World Health Organisation. WHO Framework Convention on Tobacco Control. 2003. ISBN: 9241591013. https://www.who.int/
fcte/text_download/en/

33. Clair, C. et al. Biomedical risk assessment as an aid for smoking cessation. Coch. Database Syst. Rev. 3, 4705. https://doi.org/10.
1002/14651858.CD004705.pub5 (2019).

34. Bovet, P, Perret, E, Cornuz, J., Quilindo, J. & Paccaud, F. Improved smoking cessation in smokers given ultrasound photographs
of their own atherosclerotic plaques. Prev Med 34(2), 215-220. https://doi.org/10.1006/pmed.2001.0976 (2002).

35. Risser, N. L. & Belcher, D. W. Adding spirometry, carbon-monoxide, and pulmonary symptom results to smoking cessation
counselling—A randomized trial. J. Gen. Intern. Med. 5(1), 16-22. https://doi.org/10.1007/bf02602303 (1990).

36. Gallus, S. et al. Use of electronic cigarettes and heated tobacco products during the Covid-19 pandemic. Sci. Rep. 12, 702. https://
doi.org/10.1038/s41598-021-04438-7 (2022).

37. Horvath, M., Shahrokhi, A., Bétor, P., Téth-Bodrogi, E. & Kovacs, T. Determination of Po-210 content in cigarette smoke using a
smoking machine: A case study of Iranian cigarettes. ] Environ Radioact. 174, 60-70. https://doi.org/10.1016/j.jenvrad.2017.01.
023 (2017).

Acknowledgements
We thank Florence Barraud for her help in the analysis of >'°Po in tobacco.

Author contributions

A.Be,]. R. and PF. conceptualized and designed the study and carried out the sampling and the analyses. A. Be
and PF. wrote most part of the manuscript. P. F. obtained funding. A. Bu and I. J.S. analysed the data, provided
important contributions for the interpretation of findings and contributed to wrote the manuscript. All authors
have read and approved the last version of the manuscript.

Funding
The study was funded by the Swiss Federal Office of Public Health (P.E, contract n°18.010124 / 434.0000-204/1)
and by the University of Lausanne.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14200-2.

Correspondence and requests for materials should be addressed to PE.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10314 | https://doi.org/10.1038/s41598-022-14200-2 nature portfolio


https://doi.org/10.1093/oxfordjournals.rpd.a031863
https://doi.org/10.1093/oxfordjournals.rpd.a031863
https://www.who.int/fctc/text_download/en/
https://www.who.int/fctc/text_download/en/
https://doi.org/10.1002/14651858.CD004705.pub5
https://doi.org/10.1002/14651858.CD004705.pub5
https://doi.org/10.1006/pmed.2001.0976
https://doi.org/10.1007/bf02602303
https://doi.org/10.1038/s41598-021-04438-7
https://doi.org/10.1038/s41598-021-04438-7
https://doi.org/10.1016/j.jenvrad.2017.01.023
https://doi.org/10.1016/j.jenvrad.2017.01.023
https://doi.org/10.1038/s41598-022-14200-2
https://doi.org/10.1038/s41598-022-14200-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	210Po and 210Pb content in the smoke of Heated Tobacco Products versus Conventional Cigarette smoking
	Results
	210Po and 210Pb activity in conventional cigarettes, 1R6F and Heets. 
	210Po and 210Pb in mainstream smoke. 
	210Po and 210Pb loss on heating. 
	210Po supported by 210Pb in the mainstream smoke. 

	Discussion
	Methods
	Chemicals. 
	210Po and 210Pb in tobacco fillers and loose tobacco. 
	210Po and 210Pb in the mainstream smoke. 
	210Po and 210Pb percentage loss on heating. 

	References
	Acknowledgements


