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Abstract.

Purpose: "To determine the distribution of lincal energy in the
target cells and the parameters of distribution for various com-
binations of sources, targets and energies in the human tracheob-
ronchial tree. IFrequency average and average of the square of
the lincal energy were also calculated from the Iineal cnergy
cistribution.

Method: A model was created to simulate the geometric distribu-
tion of cell nuclel in the airway of the tracheobronchial trec.
Propagation ol alpha particles in such a model was simulated by
the Monte Carlo method. Microdosimetric distributions of lincal
energy were calculated.

Results: Distributions of lineal energy were substantially diflerent
for basal and secretory cells. The frequency average of specific
energy was found to be between 0.3 Gy and 0.4 Gy.

Conclusions: Interactions of alpha particles with basal and secretory
cells show significant differences: events with small energy transfer
are dominant for basal cells, while those with large transter are
dominant for secretory cells. 'This finding can influence dosc
welghtings and vield lower values of the dose-to-exposure
cocthicient.

1. Introduction

Alpha particles emitted by radon progeny depos-
ited on inner surfaces of airway tubes in the human
lung damage the radiosensitive target cells and give
rise o pathological changes. Calculation of the dose
absorbed in sensitive cells has been a subject of
many studies (Harley 1984, James 1984, NRC 1991,
Birchall and James 1994, ICRP 1994, Porstendorfer
and Reineking 1999, Marsh and Birchall 2000). Both
secretory and basal cells arc considered sensitive to
alpha radiation. Radiation doses are usually calcu-
lated separately for these cells, which are then aver-
aged and weighted throughout the tracheobronchial
(T-B) tree.

The most recent dosimetric lung model is that
published by the International Commission on
Radiological Protection in their ICRP66 report
(ICRP 1994). In their approach, dose is calculated
in layers containing the sensitive cells by assuming
that the dose values in the sensitive cells are the same
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as those in the layers. Another possible approach is
the microdosimetric method, which calculates distri-
butions of microdosimetric quantities in the human
lung (Hut et al. 1990, Caswell ef al. 1994, Hofmann
et al. 1994, Sedlak 1996, Zaider and Varma 1996,
Hofmann ef al. 2000). The most important microdosi-
metry quantities arc the specific cnergy z and lineal
encrgy y. The specific energy is defined as the ratio
of energy ¢ imparted by radiation to the mass m of
the absorber (Kellerer 1985, Rossi and Zaider 1996).
T'he unit of specific energy is J/kg or Gy. The lineal
encrgy is defined as the ratio of energy & imparted
to the average chord length. Both quantities are
stochastic and highly variable.

The present work considers the irradiation of basal
and secretory ccll nuclei in the wall of an airway
tube in the I'-B tree by alpha particles emitted from
short-lived radon progeny and calculates the lineal
energy distributions. All calculations were performed
using the morphometric model of the human lung
and airway wall proposed by ICRP (1994) and
NRCG (1991).

2. Methods

Monte Carlo simulations of the propagation of
alpha particles were performed to calculate lineal
energy distributions. Only the most important fea-
tures of the computer program will be described
here. The model consists of two parts, namely the
geometrical and the physical sub-models. 'T'he phys-
ical sub-model is related to the stopping power of
alpha particles in striated tissuc and air, which are
based on the data given in the ICRU49 (ICRU
1993); the dependence of stopping power on the
energy of alpha particles is given in ICRU49. These
data were fitted and converted into tables where the
energy I and the stopping power § are given as
functions of the distance d traveled by the alpha
particles. The functions S(d) and [(d) are given mn
the tables in steps of distance; the S and £ between
two discrete values of 4 were found by linear
interpolation. Calculations of E and § have been
performed with the continuous slowing down
approximation {or CSDA).

Monte Carlo simulation requircs a well-defined
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geometrical model in which the transport of particles
1s considered. A model of airway tubes and walls
described by ICRP66 (ICRP 1994) and NRC (1991)
was adopted. Starting points of alpha particles were
sampled in the mucus layer in which alpha emitters
are distributed. 'The thickness of the mucus layers
are D um in the fast and 6 um in the slow clearance
phase in the bronchial region (BB), and 2 um in
the fast and 4 ym in the slow clearance phase in the
bronchiolar region (bb). In the ICRP66 approach,
the dose is calculated for the layer containing sensitive
cells, thus neglecting their distribution and abund-
ance. Information on distribution and relative volume
abundance of sensitive cells was given by Mercer
et al. (1991). In the present work, the authors have
applied the ICRP66 geometrical model but adopted
the volume abundance of sensitive-cell nuclei given
by Mercer ef al. (1991). The radius of a cell nucleus
is 4.5 um in the BB region of the T-B tree and 4 um
in the bb region. The cell nuclei are taken to be
uniformly and randomly distributed in the sensitive-
cell layer as proposed by ICRP66.

The first step in the program is the construction of
cell nuclei in a given layer according to their volume
abundance as given by Mercer et al. (1991). The
number of nuclel 1s computed through division of
the volume of the layer by the volume abundance.
These nuclei are programmed to randomly distribute
within the layer and their positions are stored in the
computer memory.

The second step 1s the creation of alpha-particle
histories and examination of possible hits of cell
nuclel. In case of a hit, the energy ¢ imparted to a
nucleus is calculated based on the incident energy
and other relevant geometrical parameters. The dis-
tance from the emission point to the nucleus (in
tissue equivalent form) and the chord length through
the nucleus must be known in order to calculate ¢.
The lineal energy is calculated as the ratio of &//,,.
The procedure was repeated until 10" successful
histories were achieved. The frequency averages of
the specific and lineal energy, and lineal cnergy
distributions could then be obtained.

The model with a random distribution of cell
nuclei used for the calculations is shown in figure 1.
Panel (a) shows the cross-section of the airway wall,
with cell nuclei represented by solid circles and
randomly distributed in the layer containing basal or
secretory cells. A number of alpha-particle tracks are
schematically illustrated by arrows. Particle 3 has a
glancing hit on a cell nucleus with a small energy
imparted to the nucleus, while particle 4 has a head-
on hit with a larger energy imparted to the nucleus.
Panel (b) shows a three-dimensional sketch of the
model.

Figure 1. Gceometrical model of airway tube and schematic
representation of alpha-particle tracks; sensitive cells are
randomly distributed. (a) Cross-section of the tube;
(h) three-dimensional representation.

3. Results and conclusions

Calculations have been performed for the various
source target combinations listed below. The sources
include fast and slow mucus in BB and bb. 'The
targets are nuclel of basal and secretory cells in BB,
and of secretory cells in bb. The y-spectra are the
plots of yf{y) (as the y-axis; dimensionless) against the
lineal energy y (as the x-axis with a logarithmic scale;
in keV/um). The y-spectra have been obtained for
cach combination of sources and targets for the two
alpha-emitting nuclides in the radon chain, i.e. *'*Po
and ?"*Po. Results of these calculations are given in
figures 2, 3 and 4.

Figure 2 gives results for secretory-cell nuclei in
BB. Strongly expressed maxima appeared between
150 and 250keV/um. It is interesting to note that
the trends appear as doublets: the trend for alpha
particles emitted with an initial energy of 7.69 MeV
in fast mucus is close to that for 6 McV and slow
mucus; and those for 7.69MeV and slow mucus is
close to that for 6 McV and fast mucus.

Figure 3 shows the results for basal-cell nuclei in
BB. Peaks are completely missing above 100keV/ um
for alpha particles of 6 MeV, and weakly expressed
for alpha particles of 7.69 MeV. Comparison between
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Figure 2. Linecal energy (¥) spectra for secretory-cell nuclei in
the bronchial region.
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Figure 3. Lineal energy (y) spectra for basal-cell nuclei in the
bronchial region.

figures 2 and 3 reveals remarkably different inter-
actions of alpha particles with basal-cell and secret-
ory-cell nuclet in BB. The conclusion is that small
energy transfer events dominate the interactions with
basal-cell nuclei, while large energy transfer events
dominate those with secretory-cell nuclei.

Figure 4 shows results for secretory-cell nuclei in
bb. The trends appear in doublets again, but this
time the trends for the same alpha energy pair up.
The peaks at about 110 and 150keV/um for
7.69 MeV and 6 MeV, respectively, are very strongly
expressed. When compared with figure 2, it can be
scen that the peaks are shifted towards smaller values
of y. This is explained by the smaller distance between
the alpha-particle sources and the targets, and thus
larger average entry alpha energy in the cell nuclei
(which implies smaller stopping power) in bb.

Parameters of the distributions shown 1n figures 2,
3 and 4 are summarized in table 1. The first three
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Figure 4. Lincal encrgy () spectra for secretorv-cell nuclei in
the bronchiolar region.

columns give the source, target and energy of alpha
particles. The fourth and fifth columns give the
frequency average of the lineal energy j. and its
squared value 7., respectively. The sixth column
gives the frequency average of the specific energy 2
calculated from

Jr
npr’

where p=1.045g/cm’ is the density of the tissuc
and 7 is the radius of a cell nucleus. One line of data
(BB fast 6 MeV —basal) is very different from the
others. This difference occurs because basal cells are
close to the end of range of alpha particles emitted
with 6 MeV energy (by “**Po) in fast mucus.
Determination of the absorbed dose D in the
sensitive targets requires a knowledge of the fraction
F of nuclei hit by alpha particles for a given exposure
condition. The absorbed dose s given by D=1"x Z,..
A dosimetric lung model as well as defined exposure
conditions are needed to determine F, which is
beyond the scope of this paper. The specific energy
for basal cells for alpha encrgics of 6 MeV is signific-
antly smaller. In all other cases the average specific
energies are between 0.3 Gy and 0.4 Gy.
Distributions of lineal energy in the T-B tree were
previously determined by Caswell et al. (1994) for
both ?'®Po (with alpha cnergy 6 MeV) and *'*Po
(with alpha energy 6 MeV). In that work, the Ych
and Schum (1980) morphometry model was used,
while in the present work models of airway walls and
the morphometry model according to ICRP66 (ICRP
1994) were adopted, and more realistic distributions
of target-cell nuclei were employed. Caswell ¢t al.
(1994) calculated the distributions of lineal energy
for cell depths from 10 gm to 70 um and for airway
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Table 1. Parameters of microdosimetric distributions.

2

Encrgy Ty B Zr
Source Target cell (MeV) (keV/ pm) (keV/pm)? (Gy)
BB fast Secrctory 6 143.3 191.9 0.315
BB fast Secretory 7.69 130.0 162.8 0.313
BB slow Secretory 6 145.9 156.9 0.351
BB slow Secretory 7.69 124.3 186.3 0.299
BB fast Basal 6 27.8 55.8 0.067
BB fast Basal 7.69 149.7 191.3 0.361
BB slow Basal 6 83.72 143.4 0.201
BB slow Basal 7.69 136.9 174.7 0.330
bb fast Secretory 6 128.0 157.9 0.390
bb fast Secretory 7.69 103.0 129.8 0.314
bb slow Secretory 6 124.8 154.1 0.387
hb slow Secretory 7.69 101.3 127.2 (.308

diameters 1.130, 0.651, 0.435, and 0.198 cm (genera-
tions 2, 4, 6 and 10 of the Yeh and Schum morphome-
try). In the present work, the authors calculated
distributions for different regions of the T-B tree
(namely the fast and slow mucus layers in the bron-
chial region (BB) and the bronchiolar region (bb)),
and for cells distributed randomly in the wall of
the airway.

Despite the many different considerations between
the present investigation and that of Caswell ¢f al.
(1994), they gave results that generally compare well
with those of the present authors. These include the
lineal encrgy spectra for ***Po and *'*Po at various
depths for generation 2 of the Yeh Schum morphome-
try (sce their figures 4 and 5) and the lineal energy
spectra for *'*Po for various airway generations for
a cell depth of 30 um. The first observation is that
the shapes of the lineal energy spectra are in general
similar to the present authors’ results, in particular
for those of secretory cells. Caswell e al. (1994)
demonstrated that the lineal energy distributions
were extended up to around 360keV/um and pos-
sessed maxima between 100 and 200 keV/ pum, which
are also consistent with the present findings.

According to ICRP66 (ICRP 1994), doses are
separately calculated in basal cells (D,,) and
secretory cells (D,..). Subsequently, the dose in the
bronchial region (Dgg) is calculated as Dgy =
0.5D,,. +0.5D,... In other words, doses are weighted
with an equal weighting factor of 0.5. Such an
approach assumes equal sensitivity of basal and
secretory cells to alpha radiation (sce also NRG
1999). This assumption was required mainly because
there was not enough information regarding the
relative sensitivity of basal and secretory cells.
However, as shown in the present work, interactions
between alpha particles with basal and secretory cells
are different, so these weighting factors should also
be different. In the opinion of the authors, the

weighting factor for basal cells should be larger than
that for secretory cclls because basal cells are sub-
jected to more hits with small energy transfer, which
can be more efficient in cancer initiation. In contrast,
secrctory cells suffer from more hits with large energy
transfer, which might be lethal and less efficient in
cancer production. Since the dose in basal cells s
much smaller than that in secretory cells, a heavier
weighting for basal cells will bring down the calcu-
lated dosc in the respiratory tract. Having presented
the above reasoning, it should also be remarked here
that they are all referring to dircct irradiation of cells
or cell nuclei. Over the past ten years therc have
been reports of the bystander effect, in which unirra-
diated cells can also suffer biological consequences
when they are in the presence of irradiated cells
(Nagasawa and Little 1992, Deshpande ef al. 1996,
Sigg et al. 1997, Azzma et al. 1998, Mothersill and
Seymour 1998, Bishayec ¢t al. 1999). The dependence
of the bystander effect to the amount of energy
transfer per alpha hit, and thus its influence on the
weighting factor for secretory and basal cells, 1s the
subject of future investigations.
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