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Background: Radon and its progenies contribute significantly to the natural background radiation and cause several thou-
sands of lung cancer cases per year worldwide. Moreover, patients with chronic inflammatory joint diseases are treated in
radon galleries. Due to the complex nature of radon exposure, the doses associated with radon exposures are difficult to
assess. Hence, there is a clear need to directly measure dose depositions from radon exposures to provide reliable risk esti-
mates for radiation protection guidelines.

Objectives: We aimed to assess tissue-specific radiation doses associated with radon activity concentrations, that deposit
similar dose levels as the annual natural radon exposure or radon gallery visits.

Methods: We exposed mice to defined radon concentrations, quantified the number of 53BP1 foci as a measure of
induced DNA damage, and compared it with the number of foci induced by known doses of reference-type radiations.
An image-based analysis of the 3-dimensional foci pattern provided information about the radiation type inflicting the
DNA damage.

Results: A 1-hour exposure to 440 kBq/m® radon-induced DNA damage corresponding to a dose of ~10 mGy in the
lung and ~3.3 mGy in the kidney, heart, and liver. A 1-hour exposure to 44 kBg/m® provided values consistent with
a linear relationship between dose and radon concentration. Two-thirds of the dose in the lung was caused by d-par-
ticles. The dose in the kidney, heart, and liver and one-third of the dose in the lung likely resulted from B- and
Y-rays.

Discussion: We found that radon exposures mainly lead to ¢-particle-induced DNA damage in the lung, consistent
with the lung cancer risk obtained in epidemiologic studies. Our presented biodosimetric approach can be used to
benchmark risk model calculations for radiation protection guidelines and can help to understand the therapeutic suc-
cess of radon gallery treatments. © 2020 The Author(s). Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The radioactive decays of radon-222 (**’Rn) and its prog-
enies contribute significantly to the natural radiation
exposure worldwide. **’Rn is formed within the uranium-
radium decay series and represents the most stable radon
isotope. As a noble gas with a half-life of 3.8 days, it can
escape from cracks and crevices in the soil before it decays
in its progenies that no longer possess noble gas properties.
The radon concentration outdoors is relatively low, but
radon can accumulate in housings,'” where up to several
kBq/m? are reached in certain areas and country-average
activity concentrations typically range from 10 to 200 Bq/
m®. Epidemiologic studies demonstrated a direct link be-
tween lung cancer risk and radon concentration, consistent
with a linear relationship without a threshold.'**'°

Despite the established health risk, thousands of patients
are treated worldwide in radon galleries to ameliorate
chronic inflammatory joint diseases, diseases of the skin, or
diseases of the respiratory tract.'' A treatment series typi-
cally involves daily 1-hour stays for a period of about 10 to
12 days. During the visits, patients encounter radon activity
concentrations of 50 to 100 kBg/m> and thus are exposed to
1000-fold higher radon levels than in their housings. Such
exposures have been shown to induce long-term anti-in-
flammatory and pain-relieving effects, allowing patients to
abstain from high-risk nonsteroidal anti-inflammatory
drugs.'"""? However, it is still controversially discussed as
to whether the benefits justify the risks associated with
radon exposure.

Detailed knowledge about the radiation types emitted
during the decay chain of radon and how they potentially
damage different organs is essential to understand the
associated risks. Until the relatively stable 2'°Pb isotope is
formed, **’Rn and its progenies *'*Po and *'®Po emit in
total 3 d-particles, which have a range of a few centimeters
in air and a few tens of [lm in water. The other progenies
21%Bj and *'*Pb emit B-rays with a high range in air and a
range of a few centimeters in water. Subsequently emitted
y-rays have a high range in air and water.'* Owing to their
different ranges, -, f3-, and y-rays differentially damage
the organs. It is additionally important to consider that a-
particles deposit more energy in the damaged cells than -
and Y-rays. This is due to the high linear energy transfer
(LET) of d-particles, meaning that multiple ionization
events occur in close proximity along the path of an a-
particle. The need to repair several damages in a confined
space poses a severe problem for cells and has been sug-
gested to account for the high biological effectiveness of a-
particles, including their high carcinogenic effects.

The lung cancer risk obtained in epidemiologic studies is
assessed per radon activity concentration (Bq/m?) because
the deposited dose (Gy) inside the lung cannot be directly
measured.' ' Radiation protection authorities such as
UNSCEAR and the ICRP currently estimate the dose either
by comparison with other epidemiologic studies or from

dosimetric and biokinetic models.!'>!® However, many
variables used for such calculations are relatively unknown,
leading to substantial uncertainties for estimates of the doses
and associated risks.'”'® Hence, there is a clear need to
directly assess dose depositions from radon exposures.

A biological dosimetry approach can overcome these
limitations by using a well-characterized cellular response
as a readout for the deposited radiation dose such as the
quantification of YH2AX or 53BP1 foci.'”*® This tech-
nology detects single isolated DNA double-strand breaks
(DSBs) arising linearly with the applied dose between a
few mGy and several Gy, has exceptional sensitivity, and
therefore can monitor the effects of very low radiation
doses.”**” Foci analysis was applied by us and others to
assess radiation doses encountered by humans during
diagnostic medical procedures such as computer tomogra-
phy examination.”*”’ Moreover, this technology was
applied to different tissues”*”" and different radiation
qualities.”'** Not surprisingly, it is becoming the new gold
standard for various biodosimetric applications.”’
Notwithstanding these benefits, YH2AX/53BP1 foci
disappear within hours after irradiation due to repair,
necessitating the need to control for the exposure time and
for the time between radiation exposure and analysis.”'

Here, we present an approach for assessing radiation
doses associated with radon exposures based on 53BP1 foci
biodosimetry in a mouse model system. We applied radon
activity concentrations, that deposit similar dose levels as the
annual natural radon exposure or radon gallery visits. We
discuss potential mechanisms of how radon and its progenies
might damage cells of various tissues and show further
possibilities of how our approach can be used to benchmark
risk model calculations. Our results have important impli-
cations for assessing the radiation risk and will help to un-
derstand the therapeutic success of radon gallery visits.

Material and Methods

Here, we provide information about the material and
methods related to our work with mice and tissue. All in-
formation about our work with cultured cells to investigate
the foci formation after irradiation with different dose rates
can be found in the supplementary information (Appendix
E2).

Irradiation of mice and sample preparation

Institutional and national guidelines for the care and use of
laboratory animals were followed (see supplementary
information, Appendix El for housing conditions and
group sizes for experiments). Animal experiments were
approved by the regional board of Darmstadt (V54-19¢20/
15-DA8/K5008). X-irradiation of mice was performed
(without anesthesia) with an x-ray machine (X-Rad 320;
Precision X-Ray) at 250 kV, 1 mA, and a dose rate of 100
mGy/min. Fe ion irradiation and radon exposure were
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performed at the GSI in Darmstadt, Germany. Mice were
exposed under anesthesia using isoflurane (1.5%, UniVet
Porta, GROPPLER) to 4.2 x 10* Fe ions per cm? (1 GeV/u,
150 keV/m) or without anesthesia to radon produced by a
*2°Radium source in a specialized chamber.” Control mice
were kept in the radiation control room during the experi-
ments. The exposure time was 12 seconds for Fe ions (2, 1-
second pulses separated by a 10-second pause) and 1 hour
for radon (see supplementary information, Appendix E1 for
details such as the equilibrium factor and the unattached/
attached fraction of radon progenies). Organs were removed
after cervical dislocation at 15 minutes, 1 hour, and 24 hours
after IR (see supplementary information, Appendix E1 for
fixation and preparation of tissue sections).

Foci counting, image acquisition, and statistical
analysis

Counting of 53BP1 foci was typically performed in a
blinded manner at a fluorescence microscope (Zeiss) using
a 100x immersion objective. YH2AX signals were used to
verify 53BP1 signals. Foci were quantified in ~500 cells
on each of the 2 to 5 independently stained tissue sections
evaluated for each mouse.

For foci area and intensity measurements and the clas-
sification in track and non-track foci, images were obtained
with a confocal laser scanning microscope (Leica TCS SP5
II) using a 63 x immersion objective and a pixel resolution
of about 100 x 100 x 210 nm® (see supplementary
information, Appendix El for image acquisition settings).
For the analysis of foci areas and intensities, the Z-plane
with the highest signal intensity of each focus was selected,
the foci boundaries were visually approximated, and the
area and mean intensities were obtained (ImageJ, NIH). For
the line plot analysis of YH2AX and 53BP1 signals, a
maximum intensity projection of 4 to 10 Z-planes was used
to visualize the entire track structure. Measurements were
performed with Zen blue lite 2.6 software (Zeiss).

Statistical analysis was carried out by applying a one-
sided ¢ test with a significance level of 0.05. All details are
provided in the supplementary information, Appendix EI.
We performed all statistical tests with OriginPro 9.0G
(OriginLabs).

Results
Evaluation of an appropriate model system

To assess radiation doses from radon exposures, we aimed
to quantify the amount of DSBs by foci analysis. This
approach meets all the requirements for a biodosimetric
study. It is highly sensitive, and the number of foci scales
linearly with the applied dose over many orders of
magnitude.”> The number of foci induced per unit dose is
also independent of the dose rate during exposure (Fig. E1).
Furthermore, the approach can be used to analyze foci, and

therefore assess radiation doses, in a tissue-specific
manner, 2430:31,34.35

We used mice as a model system which we and others
previously used to study the effects of low-dose irradiations
in vivo.”**"***> Because a single a-particle deposits a dose
in the order of a few hundred mGy, exposure levels in the
order of a few mGy or even less are expected to result in
only a small fraction of damaged cells. To evaluate
different tissues for their usefulness for our analysis, we
investigated the interindividual variations in the level of
spontaneously damaged cells between unirradiated mice
and the response of the tissues to low doses of x-rays.

We isolated the lungs, kidneys, livers, and hearts of
unirradiated and irradiated C57BL/6 mice, fixed the tissues,
and stained tissue sections for the DSB marker 53BP1 at 15
minutes after irradiation (Fig. 1A), a time necessary for full
foci formation.”””'*° Unirradiated mice showed similar
average foci numbers per cell of about 0.04 and similar
interindividual standard deviations of about 0.007 foci per
cell for the 4 analyzed tissues (Fig. 1B). A whole-body x-
ray dose of 10 mGy induced an additional number of 0.06
foci per cell similarly in all tissues (Fig. 1C), in agreement
with previous data.”* Thus, this model system is appro-
priate to assess radon exposures that are expected to induce
foci numbers similar to, or even less than, a 10 mGy x-ray
dose.

53BP1 foci formation after radon exposure

To expose mice to radon, we designed a special chamber’”
where radon-containing air obtained from a radium source
was filtered to remove aerosols and filled into the chamber
at a temperature of 20°C to 22°C and a humidity of 55% to
70% (for more details considering the exposure conditions
see material and methods). We selected an exposure time of
1 hour and 2 radon activity concentrations of 44 and 440
kBg/m’. The higher exposure of 440 kBg/m® was chosen
because it physically corresponds to the situation of the
natural radon concentration encountered over 1 year
(assuming linearity between dose and both time and con-
centration, a 1-hour exposure to 440 kBg/m® equals an
annual exposure time of 365 x 24 hours to 50 Bg/m®, a
concentration within the range of the natural radon con-
centration). The exposure of 440 kBg/m® also corresponds
to the situation of gallery visits in which patients typically
receive 1-hour exposures to 44 kBg/m® for 10 consecutive
days. Note that we did not apply exposures for more than 1
hour because foci disappear due to DSB repair, precluding
a reliable dose estimation.

Organs were isolated and fixed at 15 minutes after radon
exposure, and tissue sections were stained for 53BP1. In
contrast to the situation after x-rays, we often observed
53BP1 signals forming a track structure in cells of the lung
that likely reflects the trajectory of an a-particle (Fig. 1D).
We enumerated foci within such track structures individu-
ally whenever a substructure consisting of single foci was
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Fig. 1. Radiation-induced foci formation after radon exposure. (A) Immunofluorescence (IF) images of 53BP1 in various
organs of unirradiated mice. The image headings specify the organs and cell types analyzed. The areas with the analyzed cells
of the lung and the kidney are indicated with dashed lines. For the liver and the heart, all cells in the images were analyzed.
For all organs, 1 representative cell is magnified. Scale bar: 10 um in the overview images, 5 |im in the magnified images. (B)
Quantification of 53BP1 foci in the lung, kidney, heart, and liver of unirradiated mice. (C) Radiation-induced 53BP1 foci in
tissues of mice irradiated with 10 mGy x-rays. (D) IF image of 53BP1 in the lung of radon-exposed mice. Scale bar: 5 um.
The areas with the analyzed cells are indicated with dashed lines. (E, F) Radiation-induced 53BP1 foci in tissues of mice
exposed to 44 kBq/In3 (E) or 440 kBq/m3 radon (F). Bars represent the average foci number of 1 (for panel B) or 3 mice (for
panels C, E, and F), each evaluated by 2 to 3 experimenters. Foci were quantified in at least 2000 cells (for panel B) or 3000
to 4500 cells (for panels C, E, and F) for each tissue and mouse. Spontaneous foci quantified in tissues of unirradiated mice
analyzed in parallel were subtracted (for panels C, E, and F). Error bars represent the standard error (SE) calculated by error
propagation from the SE between the 3 irradiated mice and the SE of the corresponding untreated mice. Statistical signif-
icance was tested for irradiated versus unirradiated mice and between different tissues. *P < .05. Abbreviation: n.s. = not
significant.
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observed. For mice exposed to 44 kBq/m3, we observed a
significant radon-induced increase in foci numbers for the
lung (~0.011 foci per cell) but not for the kidney or the
liver (Fig. 1E), suggesting that a single gallery visit can
lead to detectable amounts of DSBs in the lung. For mice
exposed to 440 kBg/m’, we observed a radon-induced in-
crease in foci numbers for all analyzed organs. The kidney,
heart, and liver showed a similar increase (~0.018 foci per
cell), and the lung exhibited 0.058 foci per cell (Fig. 1F).
We also measured foci numbers at 1 hour postexposure and
observed slightly lower values, indicating repair of DSBs
and suggesting that no additional DSBs arose during the
post-exposure period (Fig. 1F). This suggests that a con-
dition physically corresponding to radon gallery visits and
to the annual natural exposure to radon can lead to
detectable amounts of DSBs not only in the lung but also in
organs not directly in contact with the respiratory air. The
higher dose deposition in the lung likely reflects the addi-
tional exposure to radon and its progenies adhering to
inhaled aerosols. Of note, the foci levels in the lung of
0.011 (confidence interval: +0.0064) and 0.058 (confidence
interval: +-0.0099) for 44 and 440 kBg/m’, respectively, are
consistent with a linear relationship between dose and
concentration. A linear regression analysis provided a slope
of 1.33 x 10™ foci per kBg/m® (standard deviation: 49.44
x 107 R?: 0.99), resulting in ~0.06 foci per cell for 440
kBg/m’. The average of the foci numbers in the kidney,
heart, and liver are also consistent with a linear relationship
between dose and concentration (0.41%10 foci per kBg/
m?>; standard deviation: +1.38 x 10°; R%: 0.99) and pro-
vide a value of ~0.02 foci per cell for 440 kBg/m®. A
linear relationship between foci numbers and radon con-
centration was also observed in other studies.’”-*®

53BP1 foci tracks after radon exposure

We considered the determined foci numbers after radon
exposure unexpectedly high and investigated whether they
represent the result of a-particle exposure. For this, we
analyzed the 3-dimensional foci pattern and evaluated the
fraction of foci arising within a track structure as a measure
for d-particle-induced DSBs. We obtained high-resolution
(confocal) microscopic images of 53BP1-stained lung tis-
sue sections of unirradiated and radon-exposed mice. As
negative and positive controls, we evaluated the fraction of
foci arising within a track structure after x-rays, which are
expected to generate only a few foci tracks by track-end
electrons, and Fe ions, which are known to generate foci
tracks. We defined foci as track foci if 2 or more foci
formed a pearl-on-a-string-like structure in a single cell or
if a single focus signal showed a very elongated form
(Fig. 2A). The specificity and reliability of these signals
were confirmed by colocalization studies with YH2AX
signals (Fig. E2). The fraction of radiation-induced foci
within foci tracks was calculated by dividing the number of
foci in tracks in the irradiated samples minus the number of

foci in tracks in unirradiated samples by the number of
radiation-induced foci (Fig. E3A). We observed that ~70%
of the radon-induced foci, ~15% of the x-ray-induced foci,
and ~95% of the Fe ion-induced foci form tracks
(Fig. 2B). The small but significant fraction of track foci
after X-irradiation and the high number of tracks after Fe
ions validated our foci classification. Thus, we suggest that
d-particles, which are expected to induce foci within tracks,
account for about two-thirds of the observed foci in the
lung. The remaining one-third of the foci might arise from
B- or y-decays of radon progenies. Note that we were un-
able to reliably perform this analysis in other tissues due to
the low number of radon-induced foci compared with
background foci.

To substantiate the notion that the foci in lung tissues of
radon-exposed mice represent, at least partly, o-particle-
induced DSBs, we measured the total intensities of the
53BP1 foci (sum of all pixel intensities within a focus) in
the same high-resolution images evaluated for the track
structure analysis previously noted. Previous studies
showed that this parameter differs between particle-induced
and spontaneous or x-ray-induced foci.’’*>** Foci in X-
irradiated samples showed only slightly higher signal in-
tensity than foci in samples of unirradiated mice, which
was further increased in radon-exposed samples (Fig. 2C).
Importantly, track foci in the radon-exposed samples were
substantially brighter and larger than nontrack foci in the
same sample, similar to what was observed in samples after
Fe ion irradiation (Fig. 2C; see also Fig. E3B,C). Thus, this
evaluation shows that the track foci in radon-exposed
samples show characteristics of particle-induced DSBs
and hence confirms our analysis. The observation that track
foci are on average brighter and larger than x-ray-induced
foci’'***” further suggests that 1 track focus might repre-
sent multiple DSBs.

Dose estimation after radon exposure

To estimate the physical doses associated with radon
exposure, we compared the radon-induced foci levels with
the foci levels induced by known doses of x-rays and Fe
ions. We analyzed all samples with the same nonconfocal
microscopic approach that was used for assessing foci
levels in Figure 1 and also extended our analysis to a later
time point to evaluate how the foci are repaired (24 hours
after irradiation). Notably, a radon exposure for 1 hour at
440 kBg/m® induced about 0.06 foci per cell in the lung at
15 minutes post irradiation, similar to x-ray and Fe ion
doses of 10 mGy. Foci levels in the kidney, heart, and liver,
in contrast, were about 3-fold lower than after 10 mGy of x-
rays and Fe ions (Fig. 3A). At 24 hours postirradiation, the
foci level after radon exposure decreased due to repair to
~0.03, similar to the level after Fe ion irradiation but
higher than what was observed after X-irradiation
(Fig. 3B). The higher foci level after radon exposure and Fe
ion irradiation compared with X-irradiation is consistent
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Fig. 2. Foci tracks after radon exposure. (A) Confocal IF images of 53BP1 signal classified either as track or simple foci in

lung tissue. Each panel indicates the enumerated foci number per track. (B) Percentage of radiation-induced foci arising
within tracks in the lung. For this analysis, foci in at least 1000 cells per mouse were classified in the confocal images (see
Fig. E3A). Error bars represent the standard error between 3 mice. (C) 53BP1 foci intensities in the lung of mice at 15
minutes post-IR. The number of analyzed foci and mice is indicated for each condition. The whisker represents the standard
deviation between foci intensities. The box encompasses 50% of the data points, the range between the “x” below and the “x”
above the boxes 98% of the data points. Statistical significance was tested for the indicated conditions by comparing the mean
values for the individual mice. *P < .05. Abbreviation: n.s., not significant.

with our analysis that radon-induced foci show character-
istics of Fe ion-induced foci, which are more difficult to
repair than x-ray-induced DSBs.

The observation that the same radiation dose deposited
by 2 radiation types with different ionization patterns (x-
rays and Fe ions) induces similar foci numbers might seem
surprising but is consistent with previous studies.*”*' Thus,
the finding that a radon exposure for 1 hour at 440 kBg/m>
induces foci levels in lung tissues similar to a 10-mGy dose
of x-rays or Fe ions provides strong evidence that this radon
exposure corresponds to a dose deposition of approximately
10 mGy. This estimation is supported by the analysis of foci
levels at 24 hours postirradiation in which Fe ion- and

radon-induced foci levels were similar to each other and
slightly higher than x-ray-induced foci levels. The 3-fold
lower foci level in the kidney, heart, and liver likely cor-
responds to a 3-fold lower radiation dose because previous
studies have shown that foci are induced linearly with dose
in the range of a few mGy.”"*’

Discussion

Radon exposure contributes substantially to the natural
background irradiation and is estimated to account for
about 3% to 14% of all lung cancer cases worldwide.'”
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Moreover, radon is used at high concentrations as a thera-
peutic agent to treat patients with inflammatory diseases
during gallery visits.'""'> Estimates of radiation doses
associated with radon exposures are based on model cal-
culations, which inevitably have many uncertainties.'”'®
Additionally, it is largely unknown how radon exposure
and the associated emissions of d-, B-, and Y-rays differ-
entially affect different organs. Here, we aimed to estimate
the doses by exposing mice to defined radon concentra-
tions. We derived organ-specific dose estimates by
comparing the level of DSBs inflicted by radon exposure
with the level of DSBs caused by known doses of x-rays
and high-energy Fe ions. We estimated that a 1-hour radon
exposure at 440 kBg/m® deposits a radiation dose in the
lung of exposed mice of ~10 mGy and a dose of ~3.3
mGy in the kidney, heart, and liver. A summary of the
assessed dose levels in mice is provided in Figure 4. These
doses may appear surprising, although other biodosimetric
studies’™*** also detected doses in the mGy range for
extrapolated radon concentrations and exposure times
similar to ours (see supplementary information, Appendix
E3 for more information on these studies).

The dose in the kidney, heart, and liver is likely
due to B-rays

It is important to know whether the dose deposition in or-
gans other than the lung is caused by B3- and/or Y-rays or by
a-particles. For this, it needs to be considered that B-rays
emitted during the radon decay chain from *'*Pb and *'*Bi
have a range in water of about 0.5 to 2 cm and can reach
from the surrounding air into the kidney, heart, and liver of
mice. Y-rays have an even larger range and can similarly
reach these organs. In contrast, o-particles have a range of a
few tens of um and can only damage these organs if they
decay inside them. Because the solubility of radon in tis-
sues is relatively low (0.025-2 kBg/kg),*"* the

contribution of - and y-decays in the surrounding air to
the dose in the kidney, heart, and liver is likely significantly
larger than the dose contribution from ol-decays inside these
organs (see supplementary information, Appendix E3 for
more details).

To find out whether the dose was caused by [- or y-rays,
it is important to consider that nearly the entire y-ray en-
ergy from decays inside the chamber was deposited outside

B-decay
% #

Lung o-particles 6.6 mGy
B-rays 3.3 mGy
Other organs B-rays 3.3 mGy

Fig. 4. Model for the dose contributions of - and P-
particles during radon exposure of mice. d-particles are
depicted with triple-line solid and B-rays with single-line
dotted trajectories. y-rays and radon diffusion into tissues
do not contribute significantly to the total dose deposition
in the mouse and are not shown. The data summarizes the
assessed dose levels in our mouse model for 440 kBg/m®
radon.
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the chamber and could not have damaged the mice. We,
therefore, suggest that B- and not y-rays caused the ma-
jority of the dose deposition in the kidney, heart, and liver.
This interpretation is consistent with model calculations for
phantom human bodies inside a standard room, which
suggest very low y-ray doses but a significant skin dose due
to external B-irradiation.”® Owing to differences in size
between humans and mice, external B-irradiation will be
able to reach the inner organs of the mice.

The additional dose in the lung is likely due to
o-particles

Cells of the lung, similar to cells of the kidney, heart, and
liver, will be damaged by [-rays arising in the air sur-
rounding the mice. However, cells of the lung are in close
contact with air in the bronchial tract and can also be
reached by d-particles from the **?Rn decay. Moreover, the
radon progenies 2'*Po and *'®Po are known to attach to
aerosols that accumulate in the bronchial tract and emit d-
particles.' The dose contribution due to aerosols likely
depends on aerosol size, the equilibrium between radon and
its progenies, and the unattached fraction of radon proge-
nies, as well as on the breathing and mucous clearance rate.
d-particles arising from radon and its progenies most likely
cause the additional dose in mouse lung cells. Thus, we
suggest that a-particles cause 2/3 of the dose in the lung,
and P-rays from the surrounding air and aerosols in the lung
account for 1/3 of the dose in the lung and the majority of
the dose in all other organs. This interpretation is consistent
with our observation that about 60% of the foci in lung
cells arise within tracks. Of note, the additional dose
received in lung cells compared with cells of the kidney,
heart, and liver was about 6.6 mGy for a radon exposure of
440 kBg/m”.

Limitations of our biodosimetric approach and
further opportunities

Despite the benefits of the foci assay to assess dose levels
associated with radon exposures, there are limitations. As
already noted, foci disappear as a result of repair,”' >
necessitating the need to control for the duration of the
exposure and for the time between exposure and the
assessment of foci. This limited the exposure time in our
study to 1 hour and necessitated the application of high
radon activity concentrations. The examination of lower
radon concentrations would require longer exposure times
to induce measurable foci numbers, which can only be
achieved if foci loss during the exposure time is prevented.
We envisage that the application of DSB repair inhibitors,
eg, a DNA-PK inhibitor, might be 1 way to achieve this.
Alternatively, repair-deficient mice, such as severe com-
bined immunodeficient (SCID) mice carrying a DNA-PK
mutation, are commercially available and could be used
to enhance the sensitivity of the assay.

Foci analysis is ideally performed shortly after irradia-
tion to prevent repair. If this cannot be achieved, it might be
possible to deduce the number of induced foci from the
measured value at later times. This, however, requires
knowledge about the kinetics of foci loss, which depend on
the radiation type and dose. In this context, it is noteworthy
that foci induced by very low doses of x-rays (<10 mGy)
persist for many days,”"”” allowing a dose assessment even
at long times after irradiation, although less reliably
compared with an assessment at short times.

Another limitation is that o-particles and other high-
LET radiation types induce foci in close proximity along
their track, which cannot be easily resolved using conven-
tional microscopy. This is indicated by the higher intensity
and greater size of such foci’'~** and likely leads to an
underestimation of the actual foci number. This effect will
not skew the dose assessment as long as the reference type
radiation has a similar LET and level of foci underestima-
tion. Nevertheless, high-resolution confocal microscopy in
combination with a high-throughput scanning approach has
the potential to efficiently image many cells with high
resolution and will enhance the accuracy of the assay.

Conclusion

In summary, we have presented an approach to assess ra-
diation doses in a living animal exposed to defined radon
activity concentrations. Owing to the complex nature of
radon exposure, involving different radiation types and
different pathways of radioactive uptake, dose estimates
from model calculations or physical measurements are
typically restricted to specific aspects. In contrast, our ho-
listic approach allowed us to monitor the entire spectrum of
radon-induced dose deposition events in an organ-specific
manner. We obtained the highest dose estimates in the lung
due to inhaled o-particle emitters, consistent with the
known lung cancer risk associated with radon exposures.

Further studies can easily be performed with other set-
tings such as different radon or aerosol concentrations. The
results of these studies can serve to benchmark model
calculations currently used to assess doses and risks of
radon exposures. Moreover, we envisage that the presented
biodosimetric approach will be useful in further studies to
assess doses in specific cell types that might help to explain
the ameliorating effects of radon gallery visits.
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