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ARTICLE INFO ABSTRACT

Keywords: Tobacco products contain radioactive 2'°Pb and 2'°Po which can be transferred from the filler to the mainstream
Polonium smoke. When inhaled, they can contribute to the radioactive dose to the lungs and are suspected to significantly
Tobacco

contribute to lung cancer from smoking. Currently, no data are available on the radioactive risk of the heated
tobacco products (HTP). However, due to the relatively high heat involved in some of these devices, there are
concerns about the volatility of polonium particles.

Here we used data on the 2!°Po and 2!°Pb content in tobacco smoke along with biokinetic and dosimetric
models to compute the effective dose induced by conventional smoking and by using an HTP device (PMI IQOS
system). Results show that conventional smoking of one pack per day induces a dose to the lung of about 0.3
mSv/year. This dose decreases by a factor of ten (0.03 mSv/year) for the IQOS system. However, this dose
reduction is not obtained by specific countermeasures but by the fact that the IQOS system heats only 15% of the
tobacco filler to the target temperature of 330 °C. When heated homogeneously to 300 °C, both conventional and

Annual effective dose
Heat not burn
Dosimetry

Lung

Heets (IQOS) cigarettes release about 80% of the 21°Po from the tobacco, leading to similar doses to lungs.

1. Introduction

Natural polonium-210 (210P0) and lead-210 (210Pb) are present
within and on the surface of tobacco leaves because the leaf trichomes
capture radon-222 (222Rn) progeny aerosols, with a smaller part origi-
nating from root transfer (Laking, 2019; Martell, 1974; Radford and
Hunt, 1964; Skrable et al., 1964; Winters and Difranza, 1982). Aerosol
particles of Pb and Po have significant volatility, which explains their
presence in the mainstream of cigarette smoke. Energetic a-particle
emitters are a potential carcinogenic component of lung cancer and
contributed to the very high mortality rate from lung cancer found in
several groups of underground mine workers exposed to radon progeny
(Little and Otoole, 1974). In addition, as demonstrated in the case of the
Colorado Plateau uranium miners, a high incidence of lung cancer was
associated with the group of miners who were smoking cigarettes
(Wagoner et al., 1963). Epidemiologic studies on the risk of lung cancer
associated with residential 222Rn exposure have confirmed the syner-
getic effect of combining cigarette smoking and exposure to

oa-radiations, with efforts to reduce in-house 222Rn very beneficial to
smokers (Darby et al., 1998, 2005; Gray et al., 2009). As early as 1964,
Radford and Hunt (1964) and Little et al. (1965, 1967, 1974) demon-
strated the presence of 2'°Po in tobacco smoke and its preferential
localization in the bronchial epithelium of smokers, and hypothesized
that it would be a cause of lung cancer. Little and O’Toole (1974)
confirmed this hypothesis in Syrian golden hamsters, which showed
increased lung epidermoid and adenocarcinomas after inhaling 2'°Po
particles. Despite these findings, the tobacco industry has made no
successful effort to remove 2'°Po and 2'°Pb from tobacco (Laking, 2019;
Muggli et al., 2008; Rego, 2009).

To measure the risk of damage caused by the radioactivity present in
tobacco smoke, it is necessary to implement radiation dosimetry, which
in turn makes it possible to compare with other radiation sources such as
those used in medicine, or from occupational exposure or environmental
exposure. The literature contains many studies investigating the annual
dose to the lung caused by smoking (Boujelbane et al., 2020; Christobher
et al., 2020; Duong et al., 2020; Ghanbar-Moghaddam and Fathivand,
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2020; Kubalek et al., 2016; Mandic et al., 2016; Taroni et al., 2014;
Tiwari et al., 2016). However, while the data on the 210pq and 21%pb
content of tobacco is rather constant throughout these studies—about
15-25 mBq/cigarette—there is a large dispersion of the annual effective
doses estimated from the cigarettes’ content between studies. For a daily
consumption of one pack per day (20 cigarettes), effective dose is as low
as 30 pSv to as high as tens of mSv, depending on the scenario used for
the transfer of radionuclides from the tobacco to the mainstream smoke,
the particle size, the particle localization, the fraction deposited in the
lung, and for the particle clearance rate. In fact, most of the studies
recently published in this field simply use dose factors (mSv/Bq) esti-
mated in previous studies and apply them to a basic inhalation scenario,
thus leading to a strong divergence in dose estimation (Boujelbane et al.,
2020; Christobher et al., 2020; Ghanbar-Moghaddam and Fathivand,
2020; Kubalek et al., 2016; Taroni et al., 2014). For instance, several
studies used a transfer factor of 0.7-1.0 for the fraction of 2!°Po in to-
bacco transferred to the mainstream smoke (Cankurt and Gorgun, 2020;
Christobher et al., 2020), while several others, including this one,
measured this fraction to be less than 0.15 (Schayer et al., 2010; Taki-
zawa et al., 1994; Taroni et al., 2014). In addition, some studies calcu-
lated the annual dose for 2°Po only, while others calculated for the
additional 21°Pb contribution. While some studies used a fast clearance
rate for 21%Po particles, others used a slow clearance rate for both 21°Po
and 219Pb particles. Because of these divergences, we propose here a
complete dosimetry of lung radiation exposure due to smoking. To do
this, we measured, in a companion study, the 210pg and 21%Pb content in
the cigarette tobacco of 13 brands sold in Switzerland, including the
heated tobacco product Heets (Philip Morris) (Berthet et al., 2022). In
addition, we used a smoking machine to determine the particle size
involved in the transfer of 21°Po and 21°Pb to the mainstream smoke and
their transfer fraction to the mainstream smoke, for both conventional
cigarettes and the heat-not-burn IQOS system (Berthet et al., 2022).
Using these data, we implemented the recent ICRP intake models for
210p4 and 2'°Po in our dosimetry code with scenario of slow and mod-
erate absorption into blood. Eventually, we estimated the annual
effective dose induced by the smoking of one pack of cigarettes per day
(i.e. 20 cigarettes) and a corresponding pack of heated tobacco product
Heets (IQOS) (Bolch et al., 2016; Paquet et al., 2017).

2. Methods
2.1. Chemicals

Hydrogen peroxide solution (H20y 35%), ascorbic acid, and
NH4FeSO4 salts were purchased from Sigma-Aldrich (Switzerland) and
were puriss. p. a. grade. Nitric acid solution (HNO3 65%), hydrochloric
acid solution (HCl 35%), and ammonia solution (NH4OH 30%) were
purchased from Carlo-Erba (Reactolab, Switzerland) and were analytical
grade. Solutions (25 mBq/ml) of 208pg and 2%9Po were obtained from the
Metrology group of the Institute of Radiation Physics, Lausanne and
were traceable to NIST standard (2°9P0, NIST SRM 4326) or NPL stan-
dard (3°®Po, NPL A160443).

210pg and 2!%Pb in tobacco fillers and their transfer to mainstream
smoke.

The data on 2!°Po and 2'°Pb in tobacco fillers and on >'°Po and %1°Pb
transfer to the mainstream smoke for conventional smoking and IQOS/
HTP smoking system were taken from a previous companion study
available in open access, containing a full description of the methodol-
ogy used (Berthet et al., 2022).

2.2. 219 particle size range determination

We used a smoking device designed in our facility to capture the
mainstream aerosol and which was developed to meet the standards for
tobacco cigarettes. The Health Canada Intense (HCI) regime was fol-
lowed to generate smoke from conventional cigarettes and IQOS system
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(version 2.4 and 3.0). Briefly, the cigarette (either conventional ciga-
rette or Heet cigarette for IQOS) was connected to two filter holders
containing a 0.8 pm and 0.22 pm acetate filters. The last filter holder was
connected to three 250 ml washing flasks (F1-F3) containing 100 ml of
1M HCl each and linked in a series. The first filter holder was connected
to the cigarette or IQOS Heet cigarette and the last washing flask (F3)
was connected to the smoking machine. Eleven puffs of 55 ml for 2 s
duration at a frequency of 30 s were programed for each cigarette,
including IQOS. The smoking was repeated on three cigarettes and the
three 0.8 pm filters, the three 0.22 pm filters, and the three F1, F2 and F3
fractions were combined for increased sensitivity before 21°Po deter-
mination. Ashes and butts were combined similarly before 2°Po
determination.

2.3. ?1%po determination

The filters (0.8 pm or 0.22 pm), the ashes, and the butts were
weighed in a 100 ml Teflon flask and spiked with 25 mBq of 2°°Po. Al-
iquots of 20 ml of concentrated HNO3 (65%) and 3 ml of 30% H,0, were
added, and samples were digested in a pressurized microwave apparatus
(Milestone UltraClave IV, Germany) under a pressure 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>" were
added and 2'°Po was co-precipitated on iron hydroxides at pH 8 with
addition of 30% NH4OH. After decantation and centrifugation, the iron
hydroxide precipitate was dissolved in 100 ml of 1M HCI and 1 g of
ascorbic acid was added to reduce Fe3* to Fe®". A silver disk (@ 1 cm),
covered on one face with tape, was suspended in the solution for 2 days,
inducing the spontaneous electrochemical deposition of polonium iso-
topes on the disk. After retrieval, the disk was counted (400000-864000
s) on a surface barrier detector (PIPS) of 450 mm? in an Alpha Analyst
Alpha Spectrometer (Canberra-Mirion, France). The combined F1, F2
and F3 fractions were treated as in Berthet et al. (2022) to determine
210p,,

2.4. Dosimetry

The effective dose induced by the smoke of a cigarette was computed
following the ICRP biokinetic and dosimetry models for the inhalation of
210pp and 21%po (Bolch et al., 2016; Eckerman and Endo, 2008; Paquet
et al., 2015, 2017). The activity of 21on, ZIOPO, and their progenitor in
the human body organs over time was computed using the biokinetic
model from ICRP 137 and ICRP 130 (Paquet et al., 2015, 2017). The
equivalent dose from a source region where a radionuclide decay to a
target region was computed by using specific absorbed fractions from
ICRP 133 and radioactive decay data from ICRP 107 (Bolch et al., 2016;
Eckerman and Endo, 2008). For a detailed description of the whole
model we refer to ICRP publications (Bolch et al., 2016; Eckerman and
Endo, 2008; Paquet et al., 2015, 2017). We describe here only the part of
our model original to our study.

The committed effective dose received by the inhalation of 1 Bq of a
radionuclide X (21°Pb or 2!°Po) was computed by

Ey'(X) = P(O)EY" (X, C) )

C=E1,E2,BB.bb.Al

where Egéw (X, C) represents the committed effective dose induced by the
deposition of 1 Bq of radionuclide X in the compartment C of the res-
piratory tracts and the P(C) coefficient represents the fraction of the
inhaled isotopes that is deposited in the compartment. The same depo-
sition model was considered for 2°Pb and 2!°Po. The compartments of
the respiratory tract considered for the deposition of the radionuclides
were the extra-thoracic compartments ET1 and ET2, and the thoracic
compartments bronchial (BB), bronchiolar (bb), and alveolar interstitial
(AI). The superscripts S and M refer to the slow and moderate mode of
absorption of the radionuclide from the respiratory tract into blood that
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is recommended by the ICRP for computing effective dose for a smoker
(Paquet et al., 2017).

The committed effective dose E‘;*é"(X, C) was computed using our
own implementation of the ICRP biokinetic and dosimetry models for
the inhalation of 2'°Pb and 2!°Po. We considered the full decay chain of
210p, (with the contributions of 2'°Bi and 2'°Po). As a reminder, the
210pg progeny (2°°Pb) is stable. The initial deposition of the radionuclide
in the respiratory tract was modeled following the study of Tiwari et al.
(2016) on the distribution of particle sizes in tobacco smoke. The pro-
portion of the inhaled radionuclide X that is initially deposited in
compartment C was computed as

P(C)=> R(C,,C) / F(S)Pay(S, C)dS )

where f(S) represents the distribution of the size S of the inhaled
radionuclide particles taken as the averaged distribution measured by
Tiwari et al. (2016) for 21%Po. In our model the same size distribution
£(S) is taken for 2!°Pb and 2'%Po. Pgep (S, C1) represents the proportion of
particles initially deposited in the different parts of the respiratory tract
C; considered in the model of Tiwari et al. (2016), namely the head
airways (C; = HA), the trachea and bronchi (C; = TB), and the pul-
monary system (C; = PU). Pg,(S,C1) was computed by Tiwari et al.
(2016) with the Multiple-Path Particle Dosimetry (MPPD) model as a
function of particle size. The coefficients R(C;,C) represent the pro-
portion of particles deposited in C; that deposit in the compartment C of
the respiratory tract of the ICRP biokinetic model (see Table 1). The
values of R(C;, C) were selected to be close to the relative proportion of
deposition in the different compartments C of the respiratory tract as
used in the deposition model of the ICRP publication (Paquet et al.,
2015).

Finally, the committed effective dose induced by smoking 1 cigarette
was computed as

Ey' = AX)F(X)Ey" (X) 3

x=210pp210po

where A(X) represents the measured activity of the radionuclide X
contained in one cigarette and F(X) the proportion of the radionuclide
transferred from the cigarette to the smoke and inhaled by the smoker.

The parameters used in our dosimetry model to compute the
committed effective dose are summarized in Table 1.

Table 1

Description of the parameters used in the dosimetry model and the values used
in this study. Different®’°Po and®!°Pb contents are considered for conventional
and IQOS cigarettes (cig.).

Parameter Value/reference Remark
219 content of fillers A(*'°Po) 15.0 + 2.3 mBq/cig. A(*'°Po) in
(conventional). Equation 3

6.9 mBq/cig. (IQOS)

219ph content of fillers A(2'°Pb) 15.0 + 3.3 mBg/cig. A(?'°Pb) in

(conventional) Equation 3
6.9 mBq/cig.(IQOS)
F (fraction of?'°Po transferred to 13.6 + 4.2% F(*'°Po) in

the mainstream smoke) (conventional cig.) Equation 3
1.8% (IQOS cig.)

F (fraction of*'°Pb transferred to 7.0 £ 2% (conventional F(*'°Pb) in

the mainstream smoke) cig.) Equation 3

1.6% (IQOS cig.)

210pg and?'°pb size distribution Tiwari et al. (2016) f(S) in Equation

2
R(Cy,C) for head airways R(HA,ETI) = 0.65 Equation 2
R(HA,ET2) = 0.35
R(C4,C) for trachea and bronchi R(TB,BB) =1 Equation 2
R(Cy,C) for the pulmonary system  R(PU,bb) = 0.2 Equation 2

R(PU,AD = 0.8
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3. Results
3.1. %1% and 21°Pb in cigarette filters and in the mainstream smoke

The activities of 2!%Po and 2!°Pb in cigarette filters and in the
mainstream smoke were estimated and published in a previous study
(Berthet et al., 2022). Briefly, the results of the analysis of 13 different
cigarette brands gave a remarkably stable average value of 15.0 + 2.3
mBq per cigarette or 25.2 + 2.6 mBq.g ! tobacco (n = 15). IQOS Heets
bronze label had an equivalent 21°Po content to conventional cigarettes
(23.7 + 2.1 mBq.g~! tobacco) but the filler contained about half the
tobacco mass compared to a conventional cigarette (290 mg of tobacco
compared to 600 mg for a conventional cigarette). We found also that
the 21%Po activity is supported by a similar activity of 21°Pb (3'°Po/21%Pb
ratio of 1.06 + 0.05) in cigarettes sold in Switzerland. 13.6 + 4.2%
(n=24) of total 2!%Po present in the cigarette was transferred to the
mainstream smoke. This dropped to 1.8 + 0.3% (n = 8) of the total 210pg
present in the Heets filler smoked with the IQOS system (Berthet et al.,
2022). While 21°Pb and 2°Po were in secular equilibrium in the tobacco,
it was not the case in the mainstream smoke and only 7 + 2% of 21°Pb
was transferred from the tobacco to the mainstream smoke in conven-
tional cigarettes (1.6% for IQOS Heets). However, when the conven-
tional cigarettes and Heets were heated at the target temperature of
330 °C as postulated by the manufacturer (Philipp Morris) for IQOS,
more than 80% of 2!°Po was lost from the tobacco in both cases,
demonstrating that only a small fraction of the tobacco is really heated
at 330 °C with IQOS. All these data form the core experimental results
necessary to implement our dosimetry model to assess the dose to the
lung based on the inhalation of 21°Po and 2'°Pb particles for conven-
tional and heated tobacco products.

3.2. 219py particle size range determination

Results showed that the filter of a conventional cigarette retained
about 20% of the total 2°Po contained in the tobacco. This value
dropped to 10% for IQOS Heets, showing that the IQOS Heets aerosol
might be formed of smaller particles compared to conventional ciga-
rettes. In conventional smoking, the 0.8 pm filter retained 92% of the
210pg present in the mainstream smoke, while 2.6% were found on the
0.22 pm filter and about 5% passed into the combined three F1-F3
washing flasks. However, it was not possible to carry out this experiment
with IQOS, because the aerosol, of a different nature (mostly glycerol)
compared to conventional smoking, rapidly clogged the acetate filters.
Tiwari et al. (2016) carried out a very interesting and complete study on
the particle size of the mainstream smoke using a variable configuration
cascade impactor (VCCI). Their results showed that the mass size dis-
tribution of mainstream cigarette smoke was comprised mostly of par-
ticles between 2 pm and 0.1 pm and that the 21°Po containing particles
had the same distribution. Our coarse study based on filters confirmed
the detailed analysis by Tiwari et al. (2016) with VCCI and we will
therefore use their particle size distribution in this work because it is
more complete. However, to our knowledge, no study yet exists of the
particle size for the IQOS system. We therefore decided to use the same
distribution as for conventional smoking, keeping in mind that the
average particle size could be different.

3.3. Computed committed effective dose

Table 2 presents the computed committed effective dose induced by
the deposition of 1 Bq in the different compartments of the respiratory
tract. In order to validate our computation of the Esy" (X, C) presented in
Table 2, we computed (Equation (1)) the effective dose obtained for the
deposition models (P(C)) used by the ICRP for workers, and compared
our results with the published values (Paquet et al., 2017). Data of both
models are shown in Fig. 1.
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Table 2
Computed committed effective dose induced by the deposition of 1 Bq of>'°Po
and?!°Pb in the different compartments of the respiratory tracts. See term

E‘;‘éu(X, C) in Equation (1).

Respiratory tract slow absorption into moderate absorption
compartments blood E£, [Sv /Bq] into blood EY, [Sv /Bq]
210p, 210p}, 210p, 210py,
ET1 1.73 x 4.14 x 2.68 x 8.33 x
10°° 10°° 10°® 10°®
ET2 1.46 x 6.75 x 6.91 x 6.38 x
10°° 10°° 1077 1077
BB 7.57 x 1.71 x 5.45 x 1.62 x
10°° 10°° 10°® 107
bb 3.64 x 5.73 x 2.93 x 1.30 x
10°° 10°° 10°° 10°°
Al 1.79 x 1.30 x 9.19 x 7.61 x
10°° 1074 10°° 107

Table 3 presents the computed proportion of the inhaled radionu-
clides (P(C)) in Equations (2) and (3), which deposit in the different
compartments of the respiratory tracts, compared with the one used in
ICRP 130 for different particle sizes given in terms of activity median
thermodynamic diameters (AMTD) and activity median aerodynamic
diameters (AMAD) (Paquet et al., 2015). The values are presented in
particular for an AMAD of 0.43 pm as the median diameter of the f(S)
distribution measured by Tiwari et al. (2016) was 0.43 pm. These values
were obtained by interpolation of the values published in the ICRP 130
for AMAD = 0.3 and 0.5 pm (Paquet et al., 2015). The computed
committed effective dose induced by the inhalation of 1 Bq of 21°Po and
219}, js shown in Table 4 and compared with the values obtained with
the deposition model of ICRP 130 for different median particle di-
ameters (Paquet et al., 2015). The results for AMTD = 0.01 and 0.1 pm
were taken directly from the electronic annex of ICRP 137 (Paquet et al.,
2017). The results for AMTD = 0.43 pm were computed with Equation
(1) by considering the fraction deposited in the compartments of the
respiratory tract as given in the last line of Table 3.

The computed committed effective dose induced per year by the
smoke of 20 cigarettes per day is given in Table 5, for conventional
smoking and IQOS. Both results are given for the slow and moderate
mode of absorption from the respiratory tract to the blood. The low
percentage of tobacco filler in Heets cigarette truly heated to 330 °C is
reflected in the corresponding low dose determination for IQOS, as only
1.8% of the 2!°Po content of the filler is transferred to the mainstream
smoke (Berthet et al., 2022).

Fig. 2 presents the yearly committed effective dose induced by the
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smoke of 20 cigarettes per day computed with Equations (1)-(3), by
using the deposition models proposed in ICRP 130 for workers, adults at
rest, and active adults (Paquet et al., 2015). Results include both the case
of slow (left) and of moderate (right) absorption in the blood, as a

Table 3

Computed fraction of the inhaled*'°Pb and®°Po initially deposited in the
different compartment of the respiratory tract (coefficient P(C) in Equations (2)
and (3)). The values considered in ICRP 130 for different averaged size of the
particles and for workers are also presented for comparison (Paquet et al., 2015).

Aerosol deposition model Fraction Deposited in the respiratory tract [% of

inhaled Bq]

ET1 ET2 BB bb Al
This work (Tiwari distribution) 2.23 1.2 12.86 5.12 20.47
ICRP worker (AMTD = 0.01 pm) 12.06 6.5 3.01 1891 47.17
ICRP worker (AMTD = 0.1 pm) 4.17 225 0.73 4.707  20.73
ICRP worker (AMAD = 0.43 pm) 10.84 5.84 0.75 2.51 13.1

Table 4

Computed committed effective dose induced by the inhalation of 1 Bq of*'°Po
and?'°Pb as obtained in this work and compared to the values from ICRP 137
(Paquet et al., 2017).

Aerosol deposition model slow absorption into

blood E%, [Sv /Bq]

moderate absorption into
blood EY, [Sv /Bq]

210Pb 210P0 21opb 210P0
This work 2.92 x 6.51 x 1.84 x 4.09 x
10°° 10°° 10°° 10°°
ICRP worker AMTD = 6.5 x 1.6 x 3.8 x 1.0 x
0.01 pm 10°° 107° 107° 107°
ICRP worker AMTD = 0.1 2.8 x 5.5 x 1.6 x 3.3 x
pm 107° 10°° 10°° 10°°
ICRP worker AMAD = 1.77 x 3.4 x 1.09 x 2.03 x
0.43 pm 10°° 10°° 10°° 10°°
Table 5

Computed committed effective dose per year induced by smoking 20 conven-
tional cigarettes or 20 Heat-not-burn (Heets) cigarettes per day with IQOS.

slow absorption into blood =~ moderate absorption into

E3, [mSv /year] blood EY, [mSv /year]

210pp 210p, Total 210pp, 210pg Total
Conventional cigarettes  0.224  0.093  0.317 0.014  0.058 0.072
Heets (IQOS) 0.024  0.006  0.030 0.001  0.004  0.005

10 ‘ ‘ ‘ ‘

E$[Sv/Bal

20pp - this work
20pp - ICRP 137
20pg - this work
20pg - ICRP 137

EX [Sv/Bal

10'7 n n L L
1073 107 10* 10° 10

Medium particle diameter [um]

10

1072 107 10° 10" 10?

Medium particle diameter [pm]

-7
1073

Fig. 1. Committed effective dose per inhaled activity of 210pp and 21%po, for the cases of slow (left) and moderate (right) absorption into the blood, as computed with
the present model and compared with values published in ICRP 137 for workers (Paquet et al., 2017). The results are presented as a function of the median particle
diameter that represents the AMTD for diameters <0.3 pm and the AMAD for diameters >0.3 pm.
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Fig. 2. Yearly committed effective dose induced by smoking 20 conventional cigarettes per day, computed with Equation (1) for different deposition models. Results
include both the case of slow (left) and of moderate (right) absorption in the blood. See text for details.

function of the median diameters of the particles. The value obtained
with the deposition model used in this work is indicated by a solid circle
for a median diameter of 0.43 pm of the particle size distribution
measured by Tiwari et al. (2016).

Table 6 compares the computed yearly committed effective dose
induced by smoking a pack of 20 conventional cigarettes per day with
the data from the literature. It is given for the case of slow absorption
from the respiratory tract to the blood.

4. Discussion

To parameterize our model with sound data, especially for heated
tobacco system (here IQOS) for which no data previously existed, we
took data from a companion study in which we measured tobacco
content in cigarettes sold in Switzerland, including Heets. Using a
smoking machine, we then measured the transfer of 21°Po and 2'°Pb in
the mainstream smoke. For the IQOS system, we demonstrated that only
15% of the tobacco filler was really heated at the targeted 330 °C tem-
perature (declared by the manufacturer), by using a radioactivity bal-
ance and by uniformly heating the tobacco in a cylindrical copper device
(Berthet et al., 2022). This result is significant because it demonstrates
that smoking with IQOS results in smoking less tobacco, but not pro-
tecting the smoker from 21°Po and 2!°Pb by other means. Based on these
previous results and tobacco mass in the filler that is about half the mass
in a conventional cigarette, smoking one pack a day of Heets cigarettes

Table 6

Computed yearly committed effective dose [mSv/year] due to?'°Po and>'°Pb,
induced by the smoking of 20 conventional cigarettes per day for this study
alongside data from several other studies. The dose conversion coefficients that
can be used to compute the committed effective dosed from the inhaled activity
are given in column 3, where available.

Reference Inhaled Dose Effective Dose
activity [mBq/  Conversion [mSv/year]
cig] Coefficient

[1Sv/Bq]
210p,  210py  210p,  210p},
This work 1.95 1.05 6.5 29.2 0.32
Tiwari et al. (2016) 4.3 5.6 0.30
Khater (2004) 6.15 4.3 5.6 0.44
Skwarzec et al. (2001) 4.8 4.8 1 2 0.11
Iwaoka and Yonehara 0.27
(2012)

Christobher et al. 0.15
(2020)

Mandic et al. (2016) 0.77

with IQOS results in “smoking” about 870 mg of tobacco
(20%X290%15%). This quantity becomes 9600 mg for a conventional
smoker if we consider that in that case about 80% of the filler is smoked,
thus about 10 times more. This outcome is reflected in the transfer of
only 1.8% of the 210pg from the filler to the mainstream smoke of 1Q0S,
while the 21%Po transfer fraction is 14% in conventional smoking. This
fact will obviously have a large impact on the computed effective dose to
the lung for a smoker of a pack per day with IQOS, which decreases from
0.32 mSv/year (conventional cigarette) to only 0.03 mSv/year (see
Table 6). However, this drastic drop in the effective dose of radiation
when using IQOS only reflects the low percentage of tobacco heated to
330 °C, and not the smoker habit.

In order to validate our computation of the Egé"(X, C) presented in
Table 2, we computed (Equation (1)) the effective dose obtained for the
deposition models (P(C)) used by the ICRP for workers, and compared
our results with the published values (Paquet et al., 2017). Data from
both models are shown in Fig. 1. Our model yielded results for the
inhalation of 2'°Po within 5% of the ICRP published values (Fig. 1, red
square). The agreement was still better (2-3%) for the inhalation of
210p}, with the mode of slow absorption into blood (black dot), but the
differences increased up to 10% for the mode of moderate absorption
into blood. It is worth mentioning that part of the differences, but not all,
can be explained by the fact that the values published in the ICRP 137
are given with two significant figures while the values computed here
are given with three significant figures.

Results presented in Table 3 show that the fraction deposited in the
various compartments of the respiratory tract obtained with the depo-
sition model presented in this work was close to the results using the
deposition model proposed in ICRP 130 for a 0.1 pm median diameter of
the particle (AMTD) (Paquet et al., 2015). However, larger differences
were observed for the BB compartment, with our model calculating a
significantly higher percentage of deposition (~13% of inhaled Bq).
Significant differences were also observed when the AMAD in the ICRP
deposition model was set to 0.43 pm, corresponding to the median
diameter in the distribution f(S) used in our model. The results presented
in Table 4 confirm this as well, where the dose coefficient obtained in
this work was close to the dose coefficient obtained by using the depo-
sition model of the ICRP with an AMTD of 0.1 pm. However, the dose
coefficient was significantly higher with our model compared to the
ICRP result when the AMAD was set to 0.43 pm.

The results presented in Fig. 2 confirm that the computed dose de-
pends significantly on the deposition model, which is itself strongly
influenced by the size of the particles, as can be seen for our computed
value (single black circle), which was significantly larger than those of
the ICRP model with a similar median particle diameter. On the other
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hand, the differences between the results of the ICRP model for the
active adult, the adult at rest and the worker were small. However, the
committed effective dose computed with our deposition model was
conservative resulting in a higher dose compared to the value computed
with the ICRP 130 deposition model, if the median diameter of the
particles was higher than 0.1 pm (Paquet et al., 2015).

Our dose computation did consider the 2'°Bi contribution to the
dose, in terms of it as the progeny of the inhaled 2'°Pb, however, we did
not consider the contribution of the inhalation of the 2'°Bi contained in
the cigarette. As the effective dose coefficients for the inhalation of 1 Bq
of 21%8i is 1-2 orders of magnitude smaller than those for 2!°Po and
210pb, this contribution can be neglected.

Finally, Table 6 compares the computed yearly committed effective
dose induced by smoking a pack of 20 conventional cigarettes per day
with the data from the literature. We present here the highest computed
effective dose obtained for the mode of slow absorption as most previous
studies also considered a slow absorption from the respiratory tract to
blood. This represents the most conservative case in which the inhaled
particles will mostly stay in the respiratory tract and induce a significant
dose by alpha and electrons into the lungs. The committed effective dose
values are within the range of 0.1-0.8 mSv/year. The differences in the
dose values reflect the differences of inhaled activity considered in the
range of studies and various dose coefficients used in those studies. Our
value of 0.32 mSv/year is well between the extreme values and close to
most reported ones.

5. Conclusions

In this study, we present a detailed computation of the dose induced
by the smoking of cigarettes based on the ICRP biokinetic and dosimetry
models for the inhalation of 2°Pb and 2'°Po. Our work is original in
several aspects. First, we determined in a previous paper the average
activity of 13 cigarette brands sold in Switzerland, including the Heets
cigarette used in the heated tobacco IQOS system. We also used a
smoking machine and a standardised smoking regime (HCI) to deter-
mine the fraction of 21%Po and 2!°Pb transferred to the mainstream
smoke (Berthet et al., 2022). Then, contrary to most previous studies on
the 2%Po dosimetry to the lung caused by smoking which used con-
version coefficients to compute the committed effective dose from the
inhaled activity, we used a specific model of the deposition of the
inhaled particles in the respiratory tract. This model is based on the
particle size distribution published by Tiwari et al. (2016), who used a
complete set of variable configuration cascade impactor (VCCI) to
determine the polonium particles’ size fractionation. Our full model
resulted in a committed effective dose of 0.32 mSv/year, induced by the
smoking of 20 conventional cigarettes per day. We added to these cal-
culations the determination of the dose induced by the smoking of 20
Heets cigarettes smoked with the IQOS system. In that particular case,
we found that the committed effective dose was roughly 10 times lower
than for conventional cigarettes. The reason for this drastic drop was
that IQOS heats only a small fraction (~15%) of the tobacco filler in a
Heets cigarette to the targeted 330 °C temperature, resulting in the
transfer of only 1.8% of the 210p in the tobacco smoke. Note, however,
this does not mean that IQOS smoking is less dangerous than conven-
tional smoking in terms of radiation risk because our results do not
involve the smoker’s habit. It is possible that since an IQOS smoker
“smokes” much less tobacco with the IQOS system compared to con-
ventional smoking, their requirement may not be totally fulfilled, thus
increasing the need to smoke more Heets cigarettes.

The committed effective dose computed with our model is close to
the one obtained with the dose coefficients published in ICRP 137 for
workers with inhaled particles of an activity median thermodynamic
diameter (AMTD) of 0.1 pm (Paquet et al., 2017). In this study, we show
how the computed committed dose highly depends on the deposition
model used and on the median size of the particles, confirming the
importance of precisely measuring the particle size distribution in
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cigarette smoke.

While the dose coefficients for the inhalation of radioactive particles
proposed by the ICRP have been reviewed several times and appear to be
currently consensual (Bolch et al., 2016; Paquet et al., 2015, 2017), the
principal drawback of using them to estimate dose from cigarette
smoking is the lack of experimental data on the localization of the
deposition of 21%Pb and ?!°Po particles along the respiratory track and in
the lungs. To our knowledge, there exist only two previous studies Little
et al. (1965), 1967) that determined the localization of the radioactive
deposit by measuring the 21°Po in different compartments of the trachea
and lungs of deceased smokers. They date back to the 1960s and showed
that the radioactive deposit occurred in hot spots, leading to high doses
at specific locations (bronchial bifurcations). Because at that time the
use of a filter with cigarettes was not the norm, we can expect that the
particle size and deposition along the respiratory track and lungs might
be significantly different now. Thus, there is room for new studies of
210pg and 2'°Pb deposition in the lungs to increase the accuracy of the
dosimetric model. This is particularly true in view of the calculated
doses (see Table 6), which under specific parameters lead to values
approaching the annual dose limit to the public of 1 mSv. If reached,
most national regulations would impose an associated health warning
pictogram or even the radioactive logo on cigarette packs (Swayampa-
kala et al., 2015).
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