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Abstract Inhaled short-lived radon progenies may
deposit in bronchial airways and interact with the epithe-
lium by the emission of alpha particles. Simulation of the
related radiobiological effects requires the knowledge of
space and time distributions of alpha particle hits and
biological endpoints. Present modelling efforts include
simulation of radioaerosol deposition patterns in a central
bronchial airway bifurcation, modelling of human bron-
chial epithelium, generation of alpha particle tracks, and
computation of spatio-temporal distributions of cell
nucleus hits, cell killing and cell transformation events.
Simulation results indicate that the preferential radionu-
clide deposition at carinal ridges plays an important role in
the space and time evolution of the biological events.
While multiple hits are generally rare for low cumulative
exposures, their probability may be quite high at the carinal
ridges of the airway bifurcations. Likewise, cell killing and
transformation events also occur with higher probability in
this area. In the case of uniform surface activities, suc-
cessive hits as well as cell killing and transformation events
within a restricted area (say 0.5 mm?) are well separated in
time. However, in the case of realistic inhomogeneous
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deposition, they occur more frequently within the mean
cycle time of cells located at the carinal ridge even at low
cumulative doses. The site-specificity of radionuclide
deposition impacts not only on direct, but also on non-
targeted radiobiological effects due to intercellular
communication. Incorporation of present results into
mechanistic models of carcinogenesis may provide useful
information concerning the dose—effect relationship in the
low-dose range.

Introduction

Upon inhalation, **?Rn and **°Rn progenies can be
deposited in the airways of the human lung, where they
interact with the epithelial tissue by emitting o, f§ and y
radiations. Some of the radon and thoron decay products
(218P0, 214po and 216Po, 212Bi, 212Po, respectively) are
short-lived alpha emitters, which can transmit large
amounts of localized energies to the surrounding cells,
thereby causing cellular damages. Since these interactions
take place at a microscopic scale, macroscopic doses,
although useful in several cases (e.g. whole body irradia-
tion), fail to give sufficient insight into the processes trig-
gered by ionizing radiation. Due to the localized character
of alpha particle energy deposition, the whole lung is not
an adequate target when assessing cellular biological
effects of alpha emitters. However, choosing the most
relevant target size for physical, chemical and biological
endpoints remains a crucial issue. Earlier experiments
addressing the track structure of alpha particles in tissue
(Chatterjee and Schaefer 1976; Wingate and Baum 1976)
revealed that the ionization—excitation events triggered by
a slowing-down alpha particle take place within a cylinder
with the alpha particle trajectory as the axis and a radius
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depending on its initial kinetic energy. For the energy
ranges of alpha particles emitted by the short-lived radon
and thoron progenies, this radius varies between 50 and
100 nm, while the length of alpha tracks ranges between 40
and 70 pum. Some constituents of biological matter have
sizes compatible with these size ranges (DNA: 2-25 nm,
chromosomes: ~1 pum, cell nuclei: ~8 um, cells:
~10 pm). However, there is increasing evidence that
several effects may also occur in the non-hit cells sur-
rounding a hit cell (bystander effects). Therefore, models
based on nano- and microscale dosimetry and incorporat-
ing, among other mechanisms, intercellular effects have the
potential of elucidating biological effects of ionizing
radiation in tissue.

To study the interaction between ionizing radiation and
bronchial tissue, a number of microdosimetric models have
been developed in the past. Such models are, for example,
the Track Structure Model (Katz and Hofmann 1982;
Hofmann and Heistracher 1996), the Threshold Specific
Energy Model (Sedldk 1996) and the so-called LET model
of Miller et al. (1996) derived from cellular irradiation
experiments. A comparison of these three models can be
found in Bohm et al. (2003). Microdosimetric parameters
have also been computed by different approaches based on
analytical and Monte Carlo techniques (Caswell and Coyne
1990; Hofmann et al. 2000; Nikezic et al. 2002; Fakir et al.
2006, among others). However, most of current models of
radon progeny lung dosimetry apply strong simplifications
regarding airway geometry, radionuclide deposition and
epithelial cell structure. These models assume uniform
activities along the airways, which are represented by
smooth straight cylinders (for instance, the ICRP model:
ICRP66 ICRP Publication 1994; NRC model: NRC,
National Research Council (NRC) 1991 or the model of
Nikezic and Yu 2001). In reality, however, the bronchial
tree is built up of sequentially bifurcating airways, and the
deposition distribution of the inhaled radionuclides within
the bronchial airways proved to be highly non-uniform
(Balashazy et al. 2003; Farkas et al. 2007). Furthermore,
radiosensitive cells exhibit complex depth distributions
rather than uniform ones (Mercer et al. 1991), as com-
monly assumed in current models (e.g. ICRP Human
Respiratory Tract Model, ICRP66, ICRP Publication
1994). In addition, besides the basal and secretory cells,
considered to be the progenitor cells of bronchial carci-
nomas (Johnson 1995) and used by current models, dif-
ferentiated cell types (ciliated, pre-ciliated) can indirectly
contribute to the promotion of lung carcinomas. For
example, differentiated cells may be inactivated by ioniz-
ing radiation and force damaged unstable proliferative cells
to divide (Truta-Popa et al. 2008).

In recent years, the continuously enhancing computing
power and the emergence of complex computational fluid
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and particle dynamics (CFPD) techniques allowed the
computation of inhaled particle deposition patterns in more
realistic geometries (Farkas and Balashazy 2008). Since
these models can determine the exact location of every
emitting radionuclide deposited in the lung, numerical
methods based on the simulated deposition patterns are
able to compute the exact distances between hit cells or cell
nuclei, and, following the incorporation of biophysical
processes, the spatial distributions of inactivated and
transformed cells, as well. Although a comprehensive
experimental study on the effect of spatial distribution of
hit cells on different biological endpoints is still missing, it
is clear from the existing experimental results that the
spatial distribution of activity and related alpha hit distri-
butions are essential for the induced biological damage.
Different biological endpoints may be sensitive to the hit
pattern. For example, several biological experiments
demonstrated that the cell survival probability decreases
abruptly with the number of hits a cell receives (Thomassen
et al. 1990; Ford and Terzaghi-Howe 1993; Simmons
et al. 1996; Kugel et al. 2002). It is evident that the
probability of multiple hits will be higher considering
realistic inhomogeneous surface activities instead of uni-
form ones. Based on clonogenic survival data of Mitchell
et al. (2002), when all the cells were traversed by exactly
one alpha particle, the survival fraction was higher than
when only 10% of the cells were irradiated each receiving
10 hits. Oncogenic transformation frequency was also
reported to be higher when only a small part of cells
received hits than when the same total number of hits was
equally distributed among all the cells (Sawant et al.
2001a). It could be demonstrated that even the same hit
number distribution (frequency plotted as a function of the
number of hits) can produce different effects upon the
spatial distribution of the hit cells. If the hit cells are close
to each other and form a cluster, the outcome is most
probably different from the case when the same hit cells are
uniformly distributed, and thus the hit number distribution
is the same. Therefore, calculations of the exact spatial
patterns of hit, inactivated and transformed cells, involving
the knowledge of distances between them, instead of pro-
viding only their number distribution or simply assuming
that they are uniformly distributed, may be an important
step towards a qualitatively better risk assessment.

In addition to the spatial correlations, time distributions
of hits, cell deaths, transformations and other events lead-
ing to malignancy as a function of the exposure level may
promote a better understanding of the mechanisms and
effects induced by densely ionizing radiations. Although
usually neglected, time after or between two hits may play
a major role in radiation biology and risk assessment. One
of the simplest examples demonstrating the significance of
time as a relevant parameter is the dose rate. It certainly
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Fig. 1 Mathematical mesh on
the surface of a single central
airway bifurcation (/eft), and
mucus (5 pum) and epithelial cell
nuclei (in a 58-pm layer) below
the surface of a selected
computational cell (middle). A
piece of the middle image is
enlarged to visualize the mucus
layer (right)

will make a difference for a cell, tissue or organism whe-
ther it receives a given amount of energy during a short or a
prolonged exposure period. In fact, inverse dose rate
effects were reported by a large number of investigators for
different biological endpoints and types of radiation (BEIR
VII Report 2006). Possible characteristic points of the time
scale could be the different repair half times, the cell cycle
time or any other time period related to relevant biological
processes. Knowledge of the distribution of critical events
within the characteristic time periods would enable us to
get more insight into the dynamics of the events following
radiation exposure and ultimately into the dynamics of
carcinogenesis.

Knowledge of spatial and temporal correlations is
especially relevant for low doses, where neither epidemi-
ology nor experiments could establish a statistically con-
vincing plausible dose—effect relationship. Thus, the
primary objectives of the present study were (1) to quantify
inhomogeneous radionuclide deposition and (2) to deter-
mine spatial and temporal correlations of different mi-
crodosimetric quantities and related biological endpoints
associated with low radon exposure levels. This will be
achieved by applying morphologically more realistic air-
way geometry, a more accurate histological structure of the
bronchial airway epithelium, and state-of-the-art compu-
tational methods.

Methods

This study focuses on the bronchial region of the human
respiratory system, because there is clinical evidence that
radon-induced carcinomas occur predominantly in the
large bronchi. Based on detailed histopathological studies
(Veeze 1968; Saccomanno et al. 1996; Kotin and Falk
1959; Churg and Vedal 1996), radon-induced carcinomas
arise preferentially in the upper lobes, especially in the

basal membrane
cell nuclei

mucus
layer

mucus & bronchial wall

Table 1 Geometric data of from fourth to fifth generation bronchial
airway bifurcation model

Length of parent branch (cm) 0.76
Length of daughter branches (cm) 1.27
Diameter of parent branch (cm) 0.56
Diameter of daughter branches (cm) 0.45
Bifurcation angle (°) 70.00
Curvatures radii (cm) 1.42
Curvature radius of carinal rounding (cm) 0.50

right upper lobe. Therefore, a representative central airway
segment consisting of a single bronchial bifurcation was
considered in the present study (see Fig. 1). The parent
tube of the bifurcation is a fourth generation branch, the
daughter ones are fifth generation branches from the right
upper lobe of the lung (note: the trachea is denoted as
generation 1). The above-mentioned three-dimensional
bifurcation is characterized by the morphometric data
summarized in Table 1 and was constructed by the
numerical technique described by Hegedis et al. (2004).
To get the expected locations of the depositing radio-
active particles, it is necessary to track them within the
airways. Since particle trajectories are strongly influenced
by airstreams, only a coupled (particle—air) approach can
yield appropriate results. In the present study, a one-way
coupling was assumed, which means that the fate of the
particles depends on the velocity of the moving air, but the
airflow is not influenced by the inhaled particles due to the
low particle concentrations considered. Air- and particle
transport within the model airway bifurcation was simu-
lated by the FLUENT CFD (computational fluid dynamics)
code (FLUENT User’s Guide 2001) after discretizing the
computational domain. By the application of a numerical
mesh, the whole geometry was divided into discrete vol-
ume elements. Air velocities and pressure values in the
computational cells were computed by solving the mass

@ Springer



284

Radiat Environ Biophys (2011) 50:281-297

Table 2 Breathing and aerosol
parameters characteristic of
uranium mines used in the
present study

Breathing parameters

Aerosol parameters

FRC functional residual
capacity, AMAD activity
median aerodynamic diameter,
PAEC potential alpha energy
concentration

Breathing mode
FRC (1)

Tidal volume (1)
Breathing cycle (s)
AMAD (nm)

Unattached fraction (%)

Activity concentration ratios
18P0/ 4Pb/2 *Bi)

Equilibrium factor
PAEC (WL)

Nose breathing (ICRP 66, 1994)
3.3 (ICRP 66, 1994)

1.25 (ICRP 66, 1994)

3 (ICRP 66, 1994)

Attached: 200 (BEIR VI, 1999)
Unattached: 1 (BEIR VI, 1999)
1 (BEIR VI, 1999)
0.6/0.29/0.21 (BEIR VI, 1999)

0.3 (BEIR VI, 1999)
0.52 (Tomasek et al. 2008)

and momentum conservation equations. Details of the air
velocity computing numerical schemes and particle track-
ing algorithms were presented in our earlier works (Farkas
et al. 2006; Farkas and Balashazy 2007, 2008).

In the present study, breathing and exposure conditions
characteristic of uranium mines were assumed. The deci-
sion on using exposure data of uranium mine environments
is justified by the availability of large datasets of mines
from all over the world including mines with relatively low,
moderate and even very high exposure levels (BEIR VI
Report 1999). The exposure data used in the present study
are summarized in Table 2.

Breathing parameters (functional residual capacity, tidal
volume and breathing cycle), which were selected from
ICRP66 (1994), correspond to light physical activity of an
adult male. Breathing data from Table 2 are in good
agreement with breathing rates derived by Ruzer et al.
(1995) for underground metal miners in Tadjikistan and are
also consistent with those published in ICRP66 (ICRP
Publication 1994) for heavy workers in South African gold
mines. Because of the relatively low concentrations of
thoron decay products, only the short-lived alpha emitter
daughters of **?Rn were considered. Aerosol parameters in
Table 2 are primarily based on BEIRVI Report (1999),
consistent with the recently published values of Marsh
et al. (2008). Furthermore, the average exposure level
characteristic of the well-documented Czech uranium
mines (Tomasek et al. 2008) was adopted in our
calculations.

Discrete particles were injected into the computed flow
field of the model bifurcation (airway generations 4-5)
taking into account the aerosol deposition in the upper
airways and in the bronchi preceding the model bifurcation
(generations 1, 2 and 3). The number of radionuclides
deposited in the extrathoracic airways and in the bronchi
leading to the model bifurcation was computed by the most
recent version of the stochastic lung deposition model,
initially developed by Koblinger and Hofmann. A detailed
description of the stochastic lung model and its further
developments can be found in Koblinger and Hofmann
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(1985, 1990), Hofmann and Koblinger (1990), Hofmann
et al. (2002 and 2006). The number of inhaled particles
depends on the radioaerosol concentration of mine envi-
ronment, breathing conditions and time of exposure.

For the quantification of particle deposition, deposition
efficiencies (1) and deposition enhancement factors (DEF)
were computed. By definition, the deposition efficiency is
the ratio of the number of particles deposited in a given
airway segment to the number of particles entering that
same segment. Furthermore, the deposition enhancement
factor is defined as the ratio of local to average particle
deposition densities. Deposition densities are computed as
the number of the particles deposited on a given surface
divided by the surface area. For this purpose, the whole
surface of the airway bifurcation was scanned by a pre-
specified surface element following the technique origi-
nally described by Balashazy et al. (1999). Since both the
maximum value of DEF and its distribution are functions
of the scanning patch size, selecting a mathematically and
biologically plausible patch size is a delicate task. In the
present study, the patches are triangle-shaped with the
edges of the triangle equal to 1 mm. This size coincides
with the current estimate for the range of the bystander
effect around an irradiated cell (Belyakov et al. 2005;
Shuryak et al. 2007). Recently, Leonard (2009) and
Gaillard et al. (2009) published bystander range values that
are somewhat lower: 0.21 and 0.1 mm, respectively. At the
same time, it should be recognized that this range certainly
depends on the type of cells, biological endpoint, type of
radiation, mechanism of cellular interaction and other
factors. Regarding the dependence of bystander range on
the type of signalling mechanism, it should be noted that
some of the existing models either do not incorporate any
signalling mechanism (Brenner et al. 2001; Little and
Wakeford 2002; Jovanovic and Nikezic 2010) or deduce
universal equations of bystander signal propagation
(Shuryak et al. 2007; Fakir et al. 2009) regardless to the
mediating pathway (through gap junction channels or by
soluble factors). In a series of bystander models, it is
assumed that the intercellular communication is due to the
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diffusion of secreted molecules emitted by hit cells and
eventually intercepted by non-hit bystander cells (Ballarini
et al. 2006; Nikjoo and Khvostunov 2003). Published
mathematical models operate with distances ranging from
0.1 mm to a few millimetres (see Shuryak et al. 2007;
Ballarini et al. 2006; Fakir et al. 2009), in accordance with
the values reported by Belyakov et al. (2005), Leonard
(2009) and Gaillard et al. (2009). Hence, as a first model-
ling approximation, our triangular-shaped computational
cell with a 1-mm edge size seems to be a reasonable
assumption.

In order to model the interaction of the radiation with
radiosensitive epithelial cell nuclei, alpha tracks were
generated, and a three-dimensional bronchial epithelium
was constructed (see also Szoke et al. 2008). Alpha tracks
were simulated as straight lines with randomly selected
directions. Their lengths (ranges) were derived from the
initial kinetic energies of alpha particles and published
stopping power functions for air and tissue (ICRU 1993).
Near-wall and far-wall alpha tracks were distinguished by
their direction. By definition, tracks entering directly the
tissue are near-wall alpha tracks, whereas tracks first
entering the airway lumen and then penetrating into the
epithelium are far-wall alpha tracks. The reconstruction of
the three-dimensional bronchial cell nucleus structures is
based on the histological data of Mercer et al. (1991). In
this work basal, indeterminate, ciliated, pre-ciliated, goblet
and other secretory cell nuclei types were considered.
Using cell nuclei instead of cells raises again the question
of the appropriate targets. Increasing experimental evi-
dence has shown that the traversal of a cell nucleus by
tracks is not a prerequisite for triggering a direct (Wu et al.
1999) or bystander (Shao et al. 2004) response. Never-
theless, by using cell nuclei, the present results become
comparable to those published in the literature, since most
of the earlier models dealt with nuclei. Our model is
structured in a way so that switching from nuclei to cells
is merely a technical question. Since the probability of hit
is proportional to the square of target diameter, by using
cells instead of cell nuclei the hit probabilities of the
targets will generally increase. Similarly, the amount of
the deposited energy will also increase (but in a quasi
linear manner), because of the increase in chord (the
length of an alpha particle’s pathway inside the target)
lengths. Since mass increases with the cube of diameter,
the expected values of cellular doses (Madas et al. 2010)
are similar to the expected values of cell nucleus doses
(Szoke et al. 2008).

Based on the intersection of near-wall and far-wall alpha
tracks with the generated cell nuclei, alpha hit probabilities,
chord length and LET (linear energy transfer) values can be
computed. Chord length and mean LET (energy deposited

in the cell nucleus along a chord divided by the chord
length) values were used as input parameters for the
determination of biological endpoints. Cell inactivation
and cell transformation probabilities were computed by the
application of the Unit-Track-Length model of Crawford-
Brown and Hofmann (1991). Hit probabilities and inacti-
vation probabilities were computed for each type of cells
mentioned above, including both proliferative and termi-
nally differentiated cells. However, transformation proba-
bilities were computed only for the radiosensitive basal and
goblet (secretory) cells.

To quantify the spatial distribution of the computed
microdosimetric parameters and the biological endpoints,
two different methodologies were developed. The first
procedure is based on the computation of the distances of
each hit cell nucleus to its nearest hit neighbour. The
second method consists of scanning the whole bifurcation
with the pre-specified surface element (patch) and counting
the cells which received alpha hits. This method works in a
manner similar to the algorithm developed for the com-
putation of DEF values (see above), but it stops after
computing the hit (inactivation, transformation) densities
(i.e. it does not divide the local densities by the average
density). It is worth noting that the thickness of the patch
was constantly 63 pm, consisting of a 58-pum-thick epi-
thelium and a 5-pm-thick mucus (see Fig. 1).

Time distributions of alpha hits and biological endpoints
were simulated by assuming that for a given exposure level
the surface activity distribution of the deposited radon
daughters is constant in time. This implies that equilibrium
has been reached between airway deposition and radioac-
tive decay. This assumption might not describe correctly
the case of fractionated exposures, but it is still a fairly
reasonable approximation for chronic exposures.

It is worth mentioning that particle clearance, which is
not taken into account in this approach, may modify to
some extent the time and space distributions of the
deposited activity. Although there are several clearance
mechanisms at play in the bronchial region, the mucocili-
ary clearance is the major determinant for deposited short-
lived progenies. Implementation of algorithms to simulate
how mucus removes the deposited particles from the
investigated airway segment towards the pharynx and
transports others from the deeper regions of the lung up to
the targeted bifurcation is currently in progress.

In the present work, space and time distributions of the
selected microdosimetric parameters and biological end-
points were computed for both uniform and inhomoge-
neous particle deposition distributions, in order to reveal
the differences between the two scenarios in terms of the
resulting biological effects, and to highlight the role of
considering realistic radionuclide deposition.
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Fig. 2 Deposition patterns of =
inhaled attached (left panel) and N

unattached (right panel) radon £
progenies at two different \: 1
exposure levels. n denotes the €.
deposition efficiency \; ‘t

Attached
n=0.46 %

Unattached

0.005 WLM J 0.15 WLM

Results and discussion

Simulations performed with the stochastic lung model for
the breathing data presented in Table 2 demonstrated that
3.3% of the inhaled attached and 82% of the unattached
radon progenies are trapped in the nasopharyngeal upper
airways. Likewise, 0.06% of the inhaled attached and
2.47% of the unattached radon decay products deposit in
the tracheobronchial airways (generations 1-3) upstream of
the targeted bifurcation in Fig. 1 (generations 4-5). Taking
into account these deposition results and exposure data in
Table 2, the number of attached progenies entering the
model bifurcation is 8.8 x 10’/WLM, while the number of
unattached progenies is 1.5 x 10°/WLM. Deposition pat-
terns of attached and unattached progenies in the modelled
bifurcation unit are presented in Fig. 2.

Because of the small percentage of the unattached
progenies in the modelled environment and the high nano-
particle filtering efficiency of the upper airways, many more
attached particles reach the large bronchial bifurcations,
like the one shown in Fig. 1, than unattached particles. In
order to visualize the differences between the deposition
patterns of attached and unattached radon daughters,
roughly the same number of deposited particles is presented
in Fig. 2, which implies that the WLM values in the two
panels of Fig. 2 are different. This figure demonstrates that
in this section of the airway system, the deposition effi-
ciency of the unattached fraction is much higher than that of
the attached fraction. Furthermore, the deposition of the
attached fraction is more site-specific, with deposited par-
ticle accumulations at the peak of the bifurcation. The
deposition density of the attached and unattached particles
can be quantified in terms of deposition enhancement fac-
tors, as described in the “Methods” section. Large-scale
computations revealed that deposition density values of the
radon decay products (attached + unattached) on some
of the surface elements can be more than one order of
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Fig. 3 Gray levels of computational cells corresponding to computed
deposition enhancement factor values. Patch size: 0.43 mm?
DEF,,,x—maximum deposition enhancement factor

magnitude higher than the average deposition density
(Fig. 3), indicating that the activity is distributed highly
inhomogeneously along the surface of bronchial airways.

The inhomogeneous radon progeny deposition suggests
that the radiation burden of epithelial cells is also non-
uniform along the airways. Hence, the assumptions of
uniform activity distributions and average cellular/cell
nucleus doses instead of realistic distributions might not be
fully appropriate. However, before exploring the effect of
the inhomogeneously distributed activity on cellular alpha
hits, single hit probabilities assuming uniform activity
distribution were computed and compared with corre-
sponding data available in the published literature (see
Table 3) to validate the hit model.

James et al. (2004) presented results obtained by
applying both the ICRP66 (ICRP66 1994) and Ro90
(Robbins et al. 1990) epithelium models. Since in most of
the earlier publications, the probability that an epithelial
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Table 3 Comparison of the
Source

Hit probab./WLM, basal Hit probab./WLM, secretory

present results on the hit
probability per bronchial cell
nucleus corresponding to
uniform activity with data
published by different
investigators

Nikezic and Yu (2001)
Hui et al. (1990)

James et al. (2004), Ro90 model
Present model, uniform activity

James et al. (2004), ICRP66 model

0.011 0.039
0.015 0.021
0.008 0.032
0.021 0.046
0.024 0.041

cell nucleus is hit is provided for basal and secretory cells,
for this comparison the probabilities were computed sep-
arately for the two types of cells. As the table demonstrates,
there is no significant difference in terms of single hits per
bronchial cell nucleus between the present results and the
data available in the published literature. The differences
may be due to the different approaches regarding particle
deposition and the cellular structure of the epithelium.
However, all the investigators listed in Table 3 dealt with
uniform surface activities, which according to Fig. 2 is a
somewhat arbitrary assumption. Although the site-specific
deposition causes non-uniformity at the level of cell
nucleus hits, the degree of inhomogeneity is certainly lower
than that of the primary deposition because of the far-wall
alpha tracks. Approximately half of the alpha particles do
not enter the tissue directly, but first enter the lumen and
then penetrate into the epithelium at different locations
hitting the bronchial cells/cell nuclei. To determine the
exact spatial distributions of the hit cell nuclei, the distance
of every hit cell nuclei to its nearest hit neighbour was
calculated assuming both uniform and inhomogeneous
particle deposition scenarios. Figure 4 demonstrates the
distribution of these distances, characterizing to some
extent the cluster formation of the hit cells. Note that the
distribution of different powers of the distance between hit
nucleus first neighbours could also be computed, but since
it is not known which power is more relevant from a
radiobiological aspect, the simplest, i.e. the linear
approximation has been applied.

It is somewhat puzzling at first glance that although
there is a significant difference between uniform deposition
and inhomogeneous deposition patterns, the distribution of
the above distances is very similar in the two cases.
However, a detailed analysis of the apparent similarity of
the distributions revealed that nuclei hit by the same alpha
particle make an important contribution to the peak of the
distribution shown in the upper panels of Fig. 4. The
middle panels of the same figure show an example, when
uniform and accumulated particle deposition yield the
same distance distribution. Note that the middle panels of
Fig. 4 have a rather illustrative role and thus the scales are
not fully realistic. A more informative parameter for the
characterization of the non-uniform burden could be the
number of hit nuclei per patch (predefined surface

element). Inspection of the bottom panels of Fig. 4 dem-
onstrates that the distribution of this parameter is clearly
different in the two cases. In case of uniform particle
deposition, the number of hit cell nuclei per patch is dis-
tributed around a mean value. Assuming realistic deposi-
tion patterns, the majority of the patches contain only a
small number of hit cell nuclei, or even no hits, while some
surface elements may contain 20 times the average number
of hit nuclei. For a better comparison of the two distribu-
tions, the fine structure of the hit distribution corresponding
to realistic particle deposition is shown for the interval
0-250 hits/surface element in the insert of the right bottom
panel. In this approximation, each patch is represented by a
specific average hit probability value, which can be com-
puted based on the number of hits/patch and the number of
cell nuclei belonging to a patch. Figure 5 depicts the
dependence of the number of hit nuclei per patch as a
function of WLM for the most exposed patch. For com-
parison, the same dependence is plotted for the mean
number of hit nuclei per patch. As the figure reveals, the
inhomogeneity in the distribution of hit cell nuclei per
patch is present at any exposure level in the low-dose
range. This result suggests that although the proportion of
cell nuclei receiving hits is quite low in the low-dose range,
there are areas, where the number of hit nuclei is very high
and thus the most exposed cells are close to each other. The
above fact is usually neglected by current risk models,
which deal with average hit numbers.

It is important to note here that computations related to
Figs. 4 and 5 do not account for multiple hits. Thus, con-
sidering multiple hits, the inhomogeneity becomes even
more accentuated. The locations of the cell nuclei receiving
multiple hits are illustrated in Fig. 6.

Assuming realistic particle deposition patterns, the
probability that a cell nucleus located in the carinal ridge of
the airway bifurcation receives multiple hits is much higher
than for a nucleus from the cylindrical parts of the bifur-
cation. Comparing the multiple-hit patterns in the right
panel of Fig. 6 to the deposition patterns in Fig. 2, it can be
seen that besides the peak of the airway bifurcation, which
is the preferential deposition site, the central part, that is the
bifurcation zone situated between the cylindrical parts of
the parent and daughter airways, also receives multiple hits.
The difference between the deposition and multiple-hit
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Fig. 4 Upper panels Distribution of the nearest distances of hit cell
nuclei assuming uniform (left) and inhomogeneous (right) deposition
of radionuclides on the bronchial airways. Middle panels Two specific
cases, when uniform and inhomogeneous depositions result in similar

patterns is mostly due to the far-wall alpha tracks starting
from the vicinity of the peak of the bifurcation and tra-
versing first the airway lumen and then penetrating into the
tissue. Assuming inhomogeneous particle deposition, the
mean value of the distances of cell nuclei receiving multiple
hits to their multiple-hit neighbours (d,,) is also signifi-
cantly lower than the same parameter for uniform deposi-
tion, indicating that cells at direct risk are closer to each
other when assuming realistic deposition scenarios. As
demonstrated in Fig. 7, the increase in WLM leads to the
decrease in d,, suggesting that multiple-hit nuclei are
located closer to each other at higher exposures. The curve
in Fig. 7 saturates at high doses because d,, certainly cannot
be smaller than the distance between two neighbouring cell
nuclei.

The number of multiple-hit cell nuclei in the hot spot as
a function of WLM is plotted in the upper panel of Fig. 8.
For comparison, the average number of nuclei receiving
multiple hits per patch is also shown. As the figure
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demonstrates, the density of multiple-hit nuclei can be
more than twenty times higher in the hot spot than its
average value. To see whether the observed tendencies
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Fig. 6 Locations of cell nuclei
receiving multiple hits in case of L
uniform (left panel) and realistic 4
non-uniform (right panel)
radionuclide surface
distributions. d,,, denotes the
mean value of the distances
between the nuclei receiving
multiple hits and their nearest
neighbours receiving multiple
hits

with uniform with inhomogeneous

deposition deposition

dm=168 pm dm=32 um

hold for higher exposure levels as well, probabilities that a
cell nucleus receives at least two hits, at least three hits, etc.
were computed. Assuming uniform radionuclide deposi-
tion, the probability of single and double hits in the con-
sidered working level range increases linearly with the
increase in the exposure level. However, there is little
chance (computed probability: 0.043) for a nucleus to
receive a double hit below 6 WLM and the probability of
more than two hits is practically zero. In contrast, in the hot
spot of the inhomogeneous deposition, the curves are non-
linear and the probability of two, three and even four hits is
very high even at low exposure levels, suggesting that for
these regions of the tissue the “low-dose problem” is
actually a “high-dose problem”.

Regarding the related cell biological consequences, cell
inactivations and transformations were computed in a
manner described in detail in the “Methods” section. The
results of these simulations are presented in Fig. 9.

The figure reveals that following the tendencies of the
microdosimetric parameters illustrated in Figs. 2, 3,4, 5, 6,
7 and 8, the spatial distribution of the biological endpoints
is also heterogeneous. While the average number of inac-
tivated cells in a patch is 33.5 at 0.125 WLM, it reaches
766 in the hot spot. The corresponding values for 0.5 WLM
are 123.8 and 1,185, respectively.

It has been demonstrated in different experimental
studies that the transformation frequency due to ionizing
radiation is extremely low in the low-dose range (Miller
et al. 1999; Sawant et al. 2001a). For instance, according
to Miller’s microbeam irradiation experiments performed
on CH310T1/2 cells (Miller et al. 1999), only one cell out
of ten thousand surviving cells receiving exactly one hit
will be transformed. Applying the computational schemes
described in the “Methods” section, the average number
of transformed cells on a patch is 0.046 at 0.125
WLM and 0.17 at 0.5 WLM. However, our computations
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Fig. 7 Mean value of the distances of cell nuclei receiving multiple
hits to their nearest neighbour nucleus receiving multiple hits as a
function of exposure in WL in the deposition hot spot assuming
inhomogeneous particle deposition, and in an arbitrary patch in case
of uniform radioisotope deposition

demonstrated that even at low exposures and hence low
average transformation probabilities, there were three
transformed cells at 0.125 WLM and five at 0.5 WLM in the
hot spots. It is worth mentioning that one patch corresponds
to about 23,300 cells (Mercer et al. 1994). The existence of
a significant number of cell death and cell transformation
events in restricted areas suggests that extensive detrimental
effects might occur even in the low or intermediate dose
range. However, to validate the results of model computa-
tions, further biological experiments focused on the trig-
gering and detection of such local effects are required.
Besides the aspects highlighted above, knowledge of the
exact space correlations may also be important from the
non-targeted effects point of view. Several mechanisms
affecting the unirradiated neighbours of the irradiated cells
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were reported by different investigators (Zhou et al. 2000;
Belyakov et al. 2006; Iyer and Lehnert 2000; Lorimore
et al. 1998; Bowler et al. 2006, among others). Although
the exact underlying mechanisms and spatial patterns of
these bystander effects are not yet fully understood, it is
evident that knowledge of the spatial distribution of the
irradiated (directly hit) targets is essential also in the
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perspective of nontargeted effects. For example, Schettino
et al. (2005) have demonstrated that, at least in vitro,
triggering of a bystander signal is a binary process and
deduced a relationship between the signal induction prob-
ability and the dose that a cell receives. It has been proven
by Fakir et al. (2009) that the probability of producing a
single signal when two cells are hit each by one alpha
particle is different from the probability of having one
signal when one of the cells receives two hits, while the
other cell is not hit. Furthermore, the probability of the
emission of two signals after two hits is also different in the
two cases (zero in the case when one of the cells receives
both hits).

In the present study, we propose to illustrate the sig-
nificance of the spatial pattern of the hits in the case of non-
targeted effects, as well. Bystander effect, adaptive
response and induced apoptosis are non-targeted effects,
which are relatively easy to simulate due to the large
amount of available quantitative experimental data. Since
our bystander model is under publication, we will not
simulate this phenomenon here.

Adaptive response is described as the reduced effect of
radiation received as challenging dose if induced by a
previous low radiation dose, the so-called priming or
conditioning dose (Tapio and Jacob 2007). This phenom-
enon has been observed in vitro and in vivo using various
indicators of cellular damage. However, all the available
research results indicate that adaptive response is obser-
vable if the priming dose is low (say 20 mGy). Average
cellular doses due to single alpha particles emitted by radon
progenies are more than ten times higher, small doses
(0 mGy < D < 20 mGy) occurring quite rare. Therefore, it
is not probable that cells receiving such high doses fol-
lowed by similar doses will exhibit adaptive response. This
is also the reason why published studies addressing adap-
tive response do not use alpha particles to deliver the
priming dose. For this purpose, usually X (e.g. Sawant
et al. 2001b) or y rays (Mitchel et al. 2004; Ina et al. 2005,
among others) are used. In a limited number of studies,
high LET neutrons were also used (e.g. Marples and Skov
1996) to achieve small priming doses. Thus, adaptive
response due to consecutive alpha hits was not addressed in
this work. However, induced apoptosis, which has been
also investigated in our study (Fig. 10), can be regarded as
a kind of “nontargeted adaptive response” reducing the
risk. On the other hand, some of the radon daughters are
beta- and gamma active (*'*Po, 2'*Bi) and thus may pro-
vide priming doses for the subsequent alpha decay of *'*Po.
However, radiation types other than alpha have not been
considered in the present work.

In the present study, the relevance of exact spatial dis-
tributions of damaged cells in non-targeted effects has been
demonstrated through induced apoptosis. It is known that
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transformed cells can be eliminated by their non-trans-
formed neighbours. Bauer (2007) described this kind of
intercellular-induced apoptosis as a process which, similar
to the autocrine self-destructive apoptosis, is mediated by
radical oxygen species (ROS). Low doses of ionizing
radiation can further promote this potential step against
oncogenesis by stimulating non-transformed cells to force
the transformed neighbours into apoptosis (induced apop-
tosis). The dose dependence of induced apoptosis was
analysed by Portess et al. (2007). The upper panel of
Fig. 10 illustrates the excess of apoptotic cells due to
irradiation, that is, the percentage of cells suffering inter-
cellular-induced apoptosis above the control as a function
of absorbed dose. For modelling purposes, a non-linear
curve was fitted to the measured data points of Portess et al.
(2007). To analyse the effect of non-uniform radioaerosol
deposition, the percentage of induced apoptosis (above the
control, without radiation exposure) was calculated for
uniform deposition and for the cells underlying the depo-
sition hot spot. Since the vertical axis is labelled as per-
centages, there will be no difference between considering
the whole geometry or a randomly selected patch in case of

Number of transformed cells/patch

uniform deposition. The bottom panel of Fig. 10 demon-
strates that higher local doses enhance the induced apop-
tosis of the transformed cells. By the same token, due to the
high local burden characterizing the hot spot, induced
apoptosis saturates at a quite low exposure level (between
0.1 and 1 WLM, filled circles). The curves corresponding
to the two deposition scenarios approach each other, and
there will be no significant difference in bystander medi-
ated apoptosis between the hot spot and any patch of the
bifurcation with uniform activity above 10 WLM.

The results presented in Figs. 1, 2, 3,4, 5,6, 7, 8,9 and
10 demonstrate the importance of the spatial distribution of
the activity, cell nucleus hits and the events leading to
malignancy in the study of health effects of inhaled ra-
dionuclides and in risk assessment. For instance, several
mathematical models of radon-induced cancer risk use the
alpha-hit probability at a given radiation burden as an input
parameter. Harley and Chittaporn (1996) and Heidenreich
et al. (2001) used constant hit probabilities/WLM for basal
and secretory cells. Truta-Popa et al. (2008) selected the
actual number of hits from a Poisson distribution with
known average number of hits. As a result of the present

@ Springer



292

Radiat Environ Biophys (2011) 50:281-297

20 4 based on data from Portess et al 2007

15

107 21-21/(1+(d/1.391)°%)

% Apoptosis (above control)

0.1 1 10 100 1000
Dose (mGy)

—&— uniform
—e— inhomogeneous, hot spot

% Apoptosis (above control)

T T T T
1E-3 0.01 0.1 1 10

WLM

Fig. 10 Percentage of apoptotic cells above control based on data of
Portess et al. (2007) (upper panel) and corresponding results obtained
by present model computations (bottom panel) throughout the whole
tissue assuming uniform activity distribution and in the hot spot of the
inhomogeneous activity distribution. d denotes the absorbed dose

computations, the exact number of hits (or hit probability/
WLM) for each cell is available and can be applied by
future risk models.

However, the production of biological damages, even-
tually leading to carcinogenesis, is a dynamic rather than a
static process. Therefore, accurate models of these pro-
cesses should incorporate time as an important parameter.
In the present study, the probability of multiple hits within
a given time interval for different working levels (activity
concentrations) was calculated. From a biological damage
point of view, the time between two successive hits plays a
significant role. One critical value of the time interval
between successive hits is certainly the cell cycle time.
However, in the case when the time interval is longer than
the cell cycle time, not the initial cell, but one of its
descendants will be hit (in case of replicative cells) and the
related biological effect may be different.
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The upper panel of Fig. 11 presents the probability of
multiple nuclear hits within an average cell cycle time of
about 30 days (Adamson 1985) as a function of exposure
level (WL). The two curves correspond to a uniform sur-
face activity distribution and to the hot spot of a realistic
activity distribution. The mean working levels of a couple
of uranium mines are also marked in the figure. It can be
seen that assuming uniform particle deposition, the prob-
ability that a cell nucleus receives multiple hits during a
cell cycle is extremely low for each of the mentioned
mines. The multiple-hit probability values computed for a
typical epithelial cell cycle time (30 days), assuming uni-
form activity along the airways, are consistent with those
reported by James et al. (2004) for basal and secretory cells
using the ICRP66 reference model (ICRP66 1994). For
instance, James et al. (2004) have found that at a 10-WL
exposure in a mine the probability of multiple hits is 0.33%
for basal and 4.4% for bronchial secretory cell nuclei. At
that same exposure, our computations yielded a probability
of multiple hits of 0.8%, when averaged over the six types
of cells. The difference can be explained by the application
of different epithelial morphologies. Likewise, the proba-
bility of multiple hits within a cell cycle for the working
level characteristic of some of the mines is almost 100% in
the hot spot of a realistic particle deposition pattern. There
is biological evidence that the fate of a cell depends also on
the cycling state (G1, S, G2, M or GO) the cell is traversing
when it is irradiated (Miller et al. 1992). The above state-
ment remains valid for multiple hits as well. Thus,
parameters like the probability of multiple hits during a
sensitive cell cycle phase (e.g. M phase) or the probability
of multiple hits within the repair half time may be useful in
risk assessment. Most probably, it is a considerable shock
for a cell to receive a second hit during repair. In this case,
unrepaired damages can interact with those produced by
the second traversal (Sutherland 2006). However, the
overall damage caused by the two hits within the repair
time also depends on the time interval the hits follow each
other (Hall and Giaccia 2006). The higher this time interval
the smaller the damage will be, because of the repair of
sublethal damage caused by the first traversal. It is worth
noting that the remaining three R’s, namely redistribution,
repopulation and reoxygenation, are not expected to play a
major role here (Yarbro et al. 2005). The probability of
multiple hits in a specific phase can be directly determined
from the upper panel of Fig. 11 if the ratio of time a cell
spends in a given phase to the cell cycle time is known. For
instance, Puck and Steffen (1963) published a mean value
of 5.4% for the radiosensitive mitotic phase. In this case,
rescaling of the horizontal axis by multiplying the working
level values by 18.5 would yield the probability of multiple
hits during the M phase as a function of WL. Since ionizing
radiation can modify the duration of cell phases and cell
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cycle times (Fournier and Taucher-Scholz 2004), the above
method provides only an estimate of the probabilities.
However, the general tendency, that is the significant dif-
ference between multiple-hit probabilities in case of uni-
form and inhomogeneous deposition scenarios, is valid for
a modified cell cycle time, as well. If pertinent information
on the cell cycle shortening is available, the corresponding
multiple-hit probabilities can be easily determined from the
lower panel of Fig. 11. This panel depicts the probability of
multiple hits as a function of time at a given level of
exposure (0.4 WL). The probability of multiple hits in the
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Fig. 12 Number of killed cells per patch as a function of time for
uniform radionuclide deposition, and in the deposition hot spot of the
inhomogeneous deposition pattern at an exposure level of 0.5 WL,
characteristic of Czech uranium mines

highest exposed areas of the bronchial airways within the
marked characteristic time periods, e.g. repair halftime
(Foray et al. 2005) or one day (Nikjoo et al. 1998), is
significantly higher than the same probability assuming
uniform activity along the airways.

It is a current paradigm that only high doses can cause
deterministic effects. According to ICRP103 (2007),
deterministic effects are considered to be the consequence
of radiation-induced cell killing (except the case of lens
opacity) and the resulting depletion of the tissue. This
requires that a critical amount of cells in a given tissue is
damaged. Although it is difficult to determine the exact
number of the damaged cells needed to produce a deter-
ministic effect, current results seem to challenge this para-
digm to some extent. For instance, Fig. 9 demonstrates that
even at an exposure level as low as 0.5 WLM in the most
exposed area of a bronchial bifurcation, more than 10% of
the cells can die due to the emitted alpha particles.
According to our computations, 0.5 WLM corresponds to an
effective dose of 2.5 mSv. At higher doses, but still below
the low-dose threshold, the fraction of killed cells is even
higher, leading to extensive tissue damage. Nevertheless, all
these cells do not get killed at the same time, and knowledge
of the time distribution of cell inactivating events may play
a major role in elucidating related health effects.

Figure 12 presents the number of killed cells on a ran-
domly selected surface element for uniformly distributed
activity and on the most exposed patch of a realistic
deposition pattern as a function of exposure time at 0.5 WL
for the same number of deposition events. It can be seen
that at the locations characterized by the highest burden,
the fraction of inactivated cells can reach 10% within days,
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and it can exceed 20% during a normal cell cycle time,
while the killing rate characterizing the uniform activity
pattern is consistently much lower. The curve character-
izing cell killing in the deposition hot spot exhibits some
kind of saturation. This is due to the increasing number of
multiple hits over time, as the probability of killing indi-
vidual cells also saturates with the increasing number of
hits. Since cell division is not modelled in the present
study, the hits received after the cell cycle time also con-
tribute to the number of hits a cell receives, and conse-
quently to the probability of cell death. In addition, cell
cycle time itself can be modified by the previous hits and
also by the hits received by the neighbouring cells. Because
these aspects are not considered in the present approach,
the results may be a bit different in a real case. However,
the figure shows the general tendencies and the conclusion
that even low effective doses can cause extensive local
damage remains valid.

As the right panels of Fig. 9 demonstrate, more trans-
formed cells can appear in the deposition hot spot, that is,
in the most exposed computational patch, even at low
exposure levels. It is known from radiation biology that
cancer can develop from a single transformed cell,
although transformed cells do not necessarily lead to can-
cer. However, an increase in the number of “simulta-
neously” transformed cells relatively close to each other
may increase the probability of cancer occurrence. From
this point of view, the time between two successive
transformation events on the same selected surface element
(patch) may be an important parameter.
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Fig. 13 Time interval between two successive transformation events
for a patch with uniform deposition, and for the most exposed patch of
non-uniform deposition at two different exposure levels (WL)
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In Fig. 13, these time interval values are shown for an
arbitrary surface element (with an area equal to 0.43 mm?)
in case of uniform deposition and for the hot spot of the
non-uniform deposition pattern at two different working
levels. According to the figure for the lower working level
(0.5 WL), only about half a day is necessary for two suc-
cessive transformations on the same patch in the deposition
hot spot. Regarding uniform deposition, almost 37 days
must elapse in order to have two transformations on the
same patch. The corresponding numbers at 2 WL are 0.37
and 10 days, respectively.

Figures 11, 12 and 13 demonstrate that radiobiological
events can be highly concentrated not only in space, but
also in time. Most probably, computational modelling
alone will not give an answer to the question: What is the
difference, in terms of biological effects, between having
small areas with frequent hits combined with large surfaces
with hardly any hit, and rare but uniformly distributed hits?
However, accurate simulations can predict time and space
distributions of the hits and other radiation related events,
which may serve as inputs for further biological experi-
ments focusing on the elucidation of radiation health
effects.

Time distributions of the events simulated above can
provide useful input data for models of non-targeted effects
as well. Cell irradiation experiments revealed that besides
the immediate responses of bystander cells, it is possible
that cells which display the damage, although derived from
the directly irradiated cells, are separated temporally from
the initiating event (delayed effects, e.g. genomic insta-
bility). These delayed effects and the immediate responses
of bystander cells may be propagated by the same or by
overlapping signalling pathways and may be different
manifestations of the same event (Morgan 2003). Regard-
less of the underlying mechanisms, which will most
probably be elucidated in the future, knowledge of time
distributions of cellular/cell nucleus hits, like the ones
simulated in the present study, will play an important role
in predicting the biological outcome.

Conclusions

In the present study, spatial and temporal distributions of
microdosimetric parameters and related biological end-
points in the central bronchial airways were determined by
complex computational methods. As expected, the deposi-
tion patterns of the inhaled attached and unattached radon
progenies are non-uniform within an airway bifurcation
with distinct activity hot spots located at the dividing spur
(carinal ridge). Cell nucleus hits of radon progeny alpha
particles were also heterogeneous in space, although to a
slightly lower extent than the distribution of the deposited
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radionuclides. The probabilities of single and multiple hits
were quite high in the deposition hot spot even at low doses
and increased in a non-linear manner with increasing
exposure level. The mean distances between hit nuclei were
significantly reduced for hot spots compared to the corre-
sponding mean distances in case of uniform deposition. It is
worth mentioning that densely ionizing radiation produces a
unique type of damage in which multiple lesions are
encountered within close spatial proximity. The degree of
damage cluster formation can be further enhanced by the
non-uniform activity distributions. This feature has been
highlighted by the computation of spatial distributions of
cell killing and cell transformation. The present computa-
tions revealed that high cell killing rates in the deposition
hot spot can be observed even at low macroscopic doses.
Oncogenic transformation probabilities are also signifi-
cantly higher at the carinal ridge where transformed cells
are closer to each other. Regarding time distributions, the
probability of multiple hits in case of a uniform surface
activity is low and the hits are well separated in time, while
it may be quite high for the cell nuclei located in the
deposition hot spot even at low doses. Cell killing arises
very frequently in the carinal region and less often else-
where. Transformations occur relatively frequently in the
deposition hot spots, but are quite rare outside of them. By
modelling intercellular-induced apoptosis, it could be
demonstrated that the deposited radionuclide distribution
along the airways may have significant consequences con-
cerning non-targeted effects as well. Present results may
help in the elucidation of different aspects concerning the
biological consequences of radionuclide inhalation and may
serve as inputs for risk assessment models.
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