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RBE FROM A MICRODOSIMETRIC APPROACH

A report prepared by W.V. Prestwich, J. Nunes and C.S. Kwok, McMaster University and
Hamilton Regional Cancer Centre, under contract to the Atomic Energy Control Board.

ABSTRACT

This report reviews the current status of microdosimetry and knowledge regarding the response
of biological systems to radiation fields of differing linear energy transfer (LET). The primary
objective is to investigate the potential application to radon daughter lung dosimetry. The
concept of track structure and its statistical behaviour is discussed and applied to estimate the
yield of double strand breaks (DSBs). The general microdosimetric approach to modelling
radiation response is presented in terms of the hit-size effectiveness function and the behaviour
for specific proposed functions is examined. Radiobiological investigations of the DSB,
chromosome aberration and oncogenic transformation end points are reviewed with emphasis on
recent developments. A simplified model system is developed illustrating the potential for
analysis of the risk from radon daughter inhalation and published research directed towards this
goal is discussed.

The conclusions reached are the following:

• The physical processes determining track structure are reasonably well understood and
information regarding the fundamental parameters is available.

• For the relevant example of a 4 MeV a-particle the traversal of a cell nucleus produces on
average a dose of roughly 0.5 Gy. At environmental dose levels the dose distribution is highly
non-uniform with most cells experiencing no interactions. The cell population may be
categorized in general into three groups - those that are not hit, those that are hit and do not
survive, and those that are hit and do survive. The last of these groups has carcinogenic
potential.

• Microdosimetric methodology is a highly developed description of radiation response as the
interaction between two structures, that of the particle track and the sensitive site. As presently
formulated it does not encompass either possible adaptive or multi-cellular responses.

• The utilization of microdosimetric techniques and the development of appropriate biophysical
models is an area of active research and development. Reasonable success in predicting DSB
yields is indicative of the potential of the approach.

• The efficiency of high LET radiation in producing DSBs is not much greater than that for low
LET radiation and is not commensurate with the much higher ratio of efficiency for cancer
induction by high LET radiation with respect to low LET radiation. This may in part be
explicable by findings that the initial damage produced by high LET radiation is much less
efficiently repaired than that produced by low LET radiation.
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• In certain circumstances dictated by a combination of factors including LET, dose, and dose
rate, the frequency of oncogenic transformation induced by a protracted dose is enhanced with
respect to that induced by an acute dose. An enhancement by a factor of approximately three
has recently been observed in the LET range corresponding to the radiation from radon
daughter emissions.

• Recent experiments involving sister chromatid exchange induction by a-particles determine
very high relative efficiency for this end point and provide evidence for multi-cellular response.

• Based upon publications reviewed in this report it is concluded that the potential exists for the
calculation of risk estimates for radon daughter inhalation. The strategy outlined requires the
establishment of a relationship between the cumulative activity distributions for the radon
daughters and the exposure. A standardized lung histology must be established which delineates
cell type and distribution. A detailed calculation of the appropriate microdosimetric distributions
may then be made. This is then coupled to a biophysical model of oncogenic transformation
frequency to provide the risk estimate. An example is outlined in the report.

RÉSUMÉ

Dans ce rapport, on fait le point sur la microdosimétrie et les connaissances relatives à la
réaction des systèmes biologiques aux champs de rayonnement à transferts linéiques d'énergie
(TLE) différents. On veut surtout en analyser l'application possible à la dosimétrie pulmonaire
des produits de filiation du radon. On aborde le concept de la structure des traces et son
comportement statistique pour l'appliquer ensuite à l'estimation du nombre de cassures des
doubles brins produites. La méthode microdosimétrique générale de modélisation des réactions
aux rayonnements est présentée du point de vue de la fonction d'efficacité des impacts et l'on
examine le comportement pour des fonctions spécifiques proposées. On étudie les aspects
radiobiologiques des cassures des doubles brins, des aberrations chromosomiques et des
transformations oncogènes en mettant l'accent sur les développements récents. On élabore un
modèle simplifié qui illustre les possibilités d'analyse du risque découlant de l'inhalation
d'éléments de filiation du radon et l'on discute des recherches publiées en la matière.

Les conclusions sont les suivantes :

• On comprend raisonnablement bien les phénomènes physiques qui déterminent la structure des
traces et les renseignements relatifs aux paramètres fondamentaux sont disponibles.

• Dans le cas de l'exemple pertinent d'une particule a de 4 MeV, la traversée d'un noyau
cellulaire produit en moyenne une dose d'environ 0,5 Gy. À des niveaux de dose
environnementale, la répartition des doses est très inégale et il n'y a aucune interaction dans la
plupart des cellules. La population des cellules peut en général être divisée en trois catégories :
celles qui ne sont pas frappées, celles qui le sont et ne survivent pas, et celles qui le sont et
survivent. La dernière de ces catégories a un potentiel oncogène.
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• La méthodologie microdosimétrique est une description hautement développée d'une réaction
aux rayonnements, c'est-à-dire de l'interaction entre deux structures : la trace des particules et
le site sensible. Dans sa forme actuelle, cette méthodologie n'englobe pas les réactions
adaptatives ou multicellulaires possibles.

• Beaucoup d'activités de recherche et de développement portent sur l'utilisation de techniques
microdosimétriques et sur l'élaboration de modèles biophysiques appropriés. Le succès
raisonnable qu'on a connu dans la prédiction des cassures des doubles brins donne une idée des
possibilités cette méthode.

• La capacité des rayonnements à fort TLE de produire des doubles cassures n'est pas beaucoup
plus grande que celle des rayonnements à faible TLE et n'est pas non plus proportionnelle à
l'efficacité relative qu'ont les rayonnements à fort TLE à induire des cancers, qui est beaucoup
plus élevé que celui des rayonnements à TLE faible. Ce phénomène peut s'expliquer en partie
par le fait que les dommages causés au début par les rayonnements à TLE élevé sont réparés de
façon beaucoup moins efficace que ceux qui sont causés par les rayonnements à TLE faible.

• Dans certaines circonstances imposées par une combinaison de facteurs dont le TLE, la dose
et le débit de dose, la fréquence de transformation oncogène induite par une dose étalée est plus
élevée que celle qui est induite par une dose aiguë. On a observé récemment une augmentation
d'un facteur d'environ trois dans la fourchette de TLE qui correspond aux rayonnements
provenant d'émissions de produits de filiation du radon.

• De récentes expériences portant sur l'induction d'échanges de chromatides soeurs par des
particules a ont permis d'établir une efficacité relative très élevée dans ce cas et fournissent des
preuves de réactions multicellulaires.

• Si l'on se base sur les publications examinées dans ce rapport, on conclut qu'il est possible de
calculer des risques estimatifs liés à l'inhalation de produits de filiation du radon. La stratégie
décrite oblige à établir un lien entre les distributions d'activités cumulatives des produits de
filiation du radon et l'exposition. Il faut établir une histologie pulmonaire normalisée qui
définisse les types cellulaires et leur distribution. Un calcul détaillé des distributions
microdosimétriques appropriées peut alors devenir une estimation du risque. Le rapport en
donne un exemple.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made or
opinions expressed in this publication and neither the Board nor the authors assume liability
with respect to any damage or loss incurred as a result of the use made of the information
contained in this publication.
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RBE FROM A MICRODOSIMETRIC APPROACH

A. INTRODUCTION

Al. High LET radiation

Charged particles heavier than an electron constitute a high LET (linear energy transfer)
radiation field. The LET is a measure of the rate at which energy is dissipated by the particle.
The unit of LET in general use is keV /xm"1. This unit is generally convenient when considering
energy deposition in cellular structures such as nuclei for which the dimensions are on the
micrometer scale. The value of LET expressed as eV nm'1 is. numerically equal to that
expressed in keV jam"1. This unit is more convenient for the discussion of energy deposition in
volumes on the molecular scale. Both units will be used in this report where appropriate.

The classification according to LET might also be made on a numerical basis. High LET
radiation could correspond to particles with LET in water greater than 3.5 keV /nm"1. This value
is chosen since it reflects the value below which radiation quality is defined to be unityA1. The
LET of electrons in water can reach a value near 30 keV /mi"1 for electrons with kinetic energy
of 100 eV. According to this definition therefore sufficiently low energy electrons could be
classified as high LET radiation. A notable example would be the Auger electrons emitted in the
decay of 125I. In this report we adhere to the first definition.

Since high LET radiation is by its very nature not generally very penetrating, its significance in
situations involving external exposure is restricted to two special circumstances. One of these is
external exposure to a neutron field. High LET radiation fields arise indirectly as a result of
interactions such as elastic scattering and (n,p) reactions which take place between the neutrons
and nuclei in tissue. In this case the radiation field is quite complex since in general a variety of
ions corresponding to differing LET radiations is produced. A second situation is exposure to
extremely high energy radiation-of the order of 1 GeV/nucleon. This type of radiation field
occurs naturally in the unmodified cosmic ray field to which astronauts are subjected.

The circumstances described above are rare so that the most common situation of concern is
exposure resulting from internally incorporated radionuclides. Except in rare instances involving
artificially produced short-lived nuclides, the only high LET radiation emitted in radioactive
decay is that arising from a-particles. Alpha-emitting radioisotopes occur in nature in the
uranium and thorium decay chains. The decay process involves tunnelling of the a-particle
through the Coulomb barrier. The width of the barrier decreases with the particle final kinetic
energy so that the emission probability increases rapidly with energy. There is therefore a
tendency for an inverse correlation between half life and energy. In most decays a single
transition dominates and the spectrum is essentially monoenergetic.

A2. The radon problem

Public exposure to high LET radiation occurs in part through the ingestion of foodstuffs
containing radium. The mode of exposure leading to the greatest levels of activity however
results from inhalation of radioactivity derived from radon, the gaseous daughter of radium. The
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radon emanates from geological or soil deposits of radium and is transported into the
atmosphere. Radon levels may build up substantially when the emanation destination, a dwelling
for example, behaves as a closed container. In order that a substantial amount of radon
accumulate, the time taken for transportation must not greatly exceed the half-life for
radioactive decay. It is for this reason that the major component of radon is the 3.8 day isotope
222Rn, a member of the uranium chain and generated in the decay of 226Ra. The half-life of the
radon generated in the thorium chain is only 55 s. In the successive decays leading ultimately
from 222Rn to 206Pb two important short-lived a-emitting daughters are formed, the isotopes of
Po at mass numbers 214 and 218. The isotope 218Po is the daughter of 222Rn. It decays with a 3
minute half-life emitting a 6 MeV a-particle^. The lower mass isotope is generated following
intermediate decays of about 20 minutes each. It has a half-life of only 164 /is and emits a 7.7
Mev a-particleA2.

Both polonium isotopes may become attached to airborne particulates. These particulates as well
as the radioactivity which is in gaseous or unattached form may be inhaled . The fate of the
attached fraction of inhaled radioactivity depends upon the size of the particle to which it is
attached. The relation between the air activity concentration and the activity deposited on the
lung surface is a complex function of the structure and function of the respiratory system.
Analysis of the details of this process is beyond the scope of this work.

It has been estimated that inhalation of activity associated with radon is the source of the
greatest single radiation exposure to the general public*3. This form of exposure at much higher
levels is experienced by uranium miners. A link has been established between high
occupational exposures and the occurrence of lung cancer*4. The traditional unit of exposure is
the working level month (WLM). The working level is based upon the concentration of total a-
particle energy released by a radon daughter in its series of decays to 210Pb. One working level
is defined as a concentration of 1.3 x 108 MeV m"3. An atmosphere containing a radon activity
of 3700 Bq m'3 corresponds to a working level if all the daughters are present in equilibrium
concentration. A month exposure in this context corresponds to a period of 170 hours. This
exposure unit is described in more detail elsewhere*4.

A3. Structure and scope of the study

Radiobiological investigations provide evidence that the effectiveness of a radiation field in
eliciting a specific response from a living system is strongly correlated with LET. This
correlation indicates that there is some connection between the spatial pattern of interactions
resulting in energy depositions and biological response. Since the average spacing of such
interactions is smaller than cellular dimensions, it may be concluded that the critical interactions
are with subcellular structures. From this viewpoint the relative effectiveness is manifested in
the relationship between the geometrical structure of a set of critical sites representing the
biologically sensitive region and the energy deposition pattern or track structure.

A detailed review of the relationship between track structure and the fundamental quantities
associated with it is presented in section B. Emphasis throughout is on a-particles because of
their unique importance as high LET particles in radiation protection. The most recent
information about the differential cross sectipn for ionization and the stopping power is
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discussed. The statistical basis for fluctuations in energy deposition is analyzed and the general
expression for the single event distribution is derived. A parameter which quantifies the
significance of such fluctuations is introduced. The nature of the average attribute referred to as
the radial profile of the track is investigated. From the properties of the radial profile, physical
evidence is cited indicating that LET is not a sufficient factor in the specification of track
structure. The nature of energy deposition in small sites is illustrated by an approximate
calculation to provide a basis for understanding the current work in this area. This work, which
is reviewed in this section employs Monte Carlo computations which provide more realistic
treatments but are scanty in intuitive detail.

Microdosimetric models for radiation response are reviewed in section C. Comparison of the
different approaches was obviated through the introduction of the microdosimetric response
referred to as the hit size effectiveness function. In general the dose response is the integral
transform of the hit size effectiveness function for which the kernel is the multi-event energy
deposition distribution. Detailed discussion of the fundamental work in this area is given
else\vhereA5. In this report emphasis is given on recent developments. For completeness the
track model is described in some detail both because it has been successful and because use is
made of it in the radon problem. It is generally not considered to be a microdosimetric model
but recent studies'*16 suggest that such a basis for this approach may be developed. A detailed
description of recent work on the development of a microdosimetric model for the dose rate
dependence of the response is given.

Relevant radiobiological data are discussed in section D. The literature in this area is
voluminous and a recent review is available as an NCRP reportA7. Here emphasis is given on
the response elicited by a-particle radiation. The study is limited to end points of DNA strand
breaks, chromosome aberrations and oncogenic transformation. The first end point is chosen
since it is generally considered to be the initial critical result of the interaction between the
radiation and the cellular medium. This is the only end point for which detailed microdosimetric
calculations have been made. Chromosome aberrations are the most direct identifiable response
to the strand break lesion and are addressed in the recently developed theory of compound dual
radiation action described in the previous section. Oncogenic transformation is the most
significant end point for radiation protection in the dose regime corresponding to both public
and normal occupational exposure. Radiobiological data involving dose rate effects and repair
are also presented. Significant new developments with regard to sister chromatid exchange are
discussed.

The application of both microdosimetric concepts and associated radiobiological results to the
radon problem is described in the next section. As in the case of energy deposition work, many
of the studies involve the use of Monte Carlo techniques. To better illustrate the approach
therefore, a simplified calculation is presented based upon the approximation of a plane source
geometry and spherical nuclei. Calculation of the hit probability is performed first. This
quantity is intuitively revealing and its significance has been made clear in section C. Next, an
analytic methodology for calculation of the single event energy deposition, or lineal energy,
distribution is described and an example is given. Relevant aspects of the hit probability and
lineal energy distribution calculations are applied to specific cell types in which their spatial
distributions are incorporated. Recent work in this area, representing in some cases more
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realistic modelling than that used here, is then reviewed. An example incorporating
radiobiological data and microdosimetric calculations to arrive directly at risk estimates is
presented.

A4. Literature search

Computerized literature searches were carried out using the Science Citation Index (SCI) and
Quest databases. The SCI system catalogues information from about 2600 journals for the
period January 1980 through December 1992. The Quest system provides information for
fewer journals but includes publications dated as early as 1958. Searching for specific
keywords or names of authors are typical strategies used to extract information from the
databases. The SCI system finds records of publications that contain the specified keywords in
their titles only, whereas the Quest system also returns records of publications that have
keywords which match those chosen for the search.

The strategy of using keywords to retrieve information was employed on the two databases
described above. 200 records were selected and stored in a computer. These records were
separated into categories, each of which deals with certain aspects of the project. For example,
one category contains a list of publications pertaining to energy depositions in small volumes
and microdosimetry, another contains records of publications pertaining to RBE-LET studies for
high-LET radiations such as alpha particles.

A summary of the records retrieved from the literature search to date is given in the table
below. A description of the search strategies used is also attached.

Besides providing information that is immediately relevant to the project, the publications found
furnish additional information. References cited in these articles may be helpful, and the
articles are a source of authors' names which can be used to carry out further literature
searches.

Publications retrieved from literature search:

Category 1 Energy deposition and microdosimetry

Category 2 DNA repair

Category 3 Relative biological effectiveness

Category 4 Radon and lung cancer

Category 5 Radon dosimetry

Category 6 Other.
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SCI Search Strategy

(1) (microdosimetry) and (alpha or radon)
(2) {(chromosome) and (dosimetry or alpha)} or dsbs
(3) (energy deposition) and (cell or dna)
(4) (radiobiological effectiveness) or (RBE)
(5) high linear energy transfer
(6) (DNA) and (damage) and (repair)
(7) (hit probability) and (DNA)
(8) radon.

Quest Search Strategy

(1) (LET) and (microdosimetry or alpha or RBE)
(2) (dose and DNA and repair) or (alpha and dose) or (radon and dose).

The results of this search are listed in the Appendix.
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B. TRACK STRUCTURE

Bl. Relevant parameters

As a charged particle propagates through matter it interacts primarily through the Coulomb
force with the electrons and protons which constitute the medium. The latter are generally
organized into interacting molecular structures with overall charge neutrality. The interaction
between the charged particle and the medium can be considered at essentially three different
levels of complexity. From the simplest point of view, the ion is represented as interacting with
either individual electrons or nuclei. The existence of an organized structure is ignored and the
interaction is a simple elastic collision, referred to as Rutherford scattering. In the next level of
approximation the molecular structure is included and the ion is generally treated as undergoing
an inelastic collision in which excitation as well as recoil energy is transferred to the molecule.
In those instances in which the excitation energy exceeds the energy binding an electron to the
molecule, the process results in ionization. This level of approximation is appropriate for low
density media. For condensed matter, a rigorous treatment includes the interaction of the
molecules with their neighbours so that the charged particle must be considered, in principle at
least, to interact with the medium collectively.

It is generally customary to describe the interaction between individual identifiable entities by a
cross section. While this concept is not strictly applicable for condensed matter, it is a
reasonable approximation.
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Figure Bl: Differential ionization cross section for
4 MeV a-particles in water.
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The differential cross section for ionization of a water molecule by a 4 MeV a-particle is shown
in Figure Bl. This quantity may be considered as the product of the probability density
funciion for ionization resulting in the emission of an electron of kinetic energy W and the total
electron impact cross section. The case shown corresponds to a 4 MeV alpha particle interacting
with water. The total energy expended in such an interaction is the sum of the electron kinetic
energy and the energy with which the electron is bound to the water molecule. The binding
energy ranges from 12.6 for the valence electrons to 540 eV for the innermost shell. The cross
section shown v/as calculated using the semi-empirical formula developed by Rudd et al.BI for
protons in water. In calculating the above data use has been made of the general theoretical
result that the cross section varies with the square of the ion charge and is dependent upon the
square of the ion velocity. The latter is dependant upon the ratio of energy to mass so for
example a 4 MeV alpha particle has the same velocity as a 1 MeV proton. The effective charge
on the alpha particle varies with energy. This quantity was calculated according to the
relationship developed by ZieglerB2. The data in Figure Bl indicate the wide fluctuation in the
energy deposited in a single interaction.

The total cross section and the average electron kinetic energy corresponding to alpha particle
impact ionization in water were calculated by appropriate numerical integration of the Rudd
model differential cross section. The mean free path was derived from the total cross section
and the molecular density for unit mass density. The variation of this quantity and the average
electron kinetic energy with incident alpha particle energy is illustrated in Figure B2. The mean
free path exhibits a minimum of approximately 0.18 nm near .5 MeV climbing to about .58 nm
at 4 MeV. This implies that on average 1 to 2 interactions occur in every nm of alpha particle
path length for this energy range. The average electron energy varies slowly for the region
above 1 MeV. The value increases from 43 eV at 1 MeV to 62 eV at 10 MeV.
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-8-

An important characteristic controlling the track structure and essentially equal to the ratio of
the average energy lost in an interaction to the mean free path is the stopping power. It should
be noted that the energy lost in an ionizing event is the sum of the electron kinetic energy, the
electron binding energy and the positive ion recoil energy, Moreover, energy may be lost
through clastic scattering, giving rise to what is referred to as a nuclear stopping contribution,
and through the excitation of discrete excited states below the continuum limit. The stopping
power or unrestricted LET has been calculated for alpha particles in water02 and is shown in
Figure B3. Included in the Figure is the CSDA (Continuous Slowing Down Approximation)
range. The stopping power rises to a maximum of 230 eV/nm at 0.7 MeV. The value at 4 MeV
is 106 eV/nm. The range at this energy is 26.4/zm.
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Figure B3: Stopping power (solid curve) and
range (dashed curve) of a-particles in water.

The unrestricted LET is usually designated Lœ indicating that all energy transfers are included.
This quantity is only unambiguous for monoenergetic radiation fields. Such fields have been
approximated in track segment studies in which very thin samples are exposed to particle beams
of a single energy. A more common situation is that approximated by a uniformly distributed
source of charged particles. The radiation field associated with this geometry is the equilibrium
field. It is this approximation which is used in internal dosimetry. For this casé any point in the
medium has equal probability of being traversed by any segment of the track. The appropriate
spectrum for the equilibrium field is the slowing down spectrum which contains contributions at
all energies up to that emitted by the source. The useful descriptor for the equilibrium condition
is the track average LET which is given by the ratio of the emitted energy to the range for each
particle group in the decay.
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B2. Inferences

The dose produced by a charged particle field may be written

(Bl)

where L is Lœ for monoenergetic particles or the track average LET for the equilibrium case.
In the case of water for which the density Q is unity, the above relationship may be inverted to
determine the fluence required to produce a unit dose to give

(B2)
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Figure B4: Fluence per unit dose vs. a-particle
energy.

In Equation (B2) the units of $ are urn'2 Gy"1 when L is in keV /urn'1. This quantity is shown for
the equilibrium situation in Figure B4. The equilibrium fluence per unit dose decreases to a
minimum near 1 MeV. At 4 MeV the value is 0.04 /rni'2Gy"'. Thus for a typical cell nucleus
with 50 /xm2 cross sectional area B3 the average number of traversais is 2 per Gy. This result is
significant in two ways. Firstly, the typical mean dose for cell inactivation is of the order of 1
GyB4. Therefore it may be concluded that very few traversais, perhaps only one, are required to
inactivate a cell. Secondly, typical natural dose rates are about 1 mGy per annum. At this level
the probability of a traversal through the nucleus of a typical cell is roughly one in a thousand.
Thus in a 1 mGy exposure 99.9 % of cell nuclei receive no dose at all. However the average
dose to those cells which are hit is of the order of 1 Gy.
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On the basis of the above considerations, in any one year the probability of a cell nucleus
receiving two traversais is one in a million. While this probability is quite small, it must be
remembered that a very large number of cells are at risk. The typical nuclear mass is 0.27 ngB3

and the nucleocytoplasmic volume ratio is about 0.3B5 leading to a cell mass of approximately 1
ng. Thus at this probability, for a typical 1 ng cell mass, the average number of cell nuclei
experiencing more than one traversal would be one thousand per gram. An important aspect
here is the time element. It is difficult to visualize a sub-cellular mechanism responding to
events with time intervals of the order of a year in a correlated manner. It is more reasonable to
consider a period of the order of a day as encompassing interaction effects between successive
events. For a one day dose at the natural rate the probability for two or more traversais
becomes 9xl0"12. If all the cells in a 70 kg person are considered to constitute the sample space
then the expected number of nuclei receiving two or more events within a one day period would
be 630. Therefore while the statement of negligible probability for multiple events in a specific
cell is correct, it is also somewhat misleading in that for a typical organism the probability for
such an occurrence is essentially unity. This aspect is not entirely trivial if it is remembered that
a single cell could be the progenitor of a neoplasm. The assumption of a uniformly distributed
source was made in the preceding discussion only to arrive at order of magnitude estimates.
Clearly the chemical and physical form of the radioactive species will determine its ultimate
disposition within the organism.

Another microscopic parameter the radiobiological significance of which may be ascertained
using simple considerations is the average energy deposited per interaction. It is useful to note
that a dose of 1 Gy corresponds to an energy density of 6.3 keV pg'1. Since 1 picogram
corresponds to 6x10" Daltons, the Gray is equivalent to 1.05xl0"8eV per Dalton. Since the
average energy deposited per interaction, obtained from the product of the stopping power and
the mean free path, is approximately 60 eV for a 4 MeV a-particle, the interaction density may
be written as 1.7xl0'10 D"1 Gy"1 in this case. The typical nuclear DNA content for mammalian
cells is 3.6 x 10I2DaltonsB6 so that for a dose of 1 Gy to the nucleus acquired from such a
radiation field some 612 interactions may occur in this sensitive region.

B3. Statistical fluctuations

The energy transfer to a specific site of finite dimensions due to interaction with a charged
particle is determined by both geometrical and statistical processes. The number of interactions
expected to occur in a path length 1 is given by

N=[il. (B3)

In Equation (B3) the quantity n is the inverse of the mean free path. The probability of a
specific number of interactions n follows Poissonian statistics

P =Nne's/n\. (B4)
n *
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The energy deposited for the process in equation (B4) is the sum of n energy depositions which
are primarily determined by the differential cross section shown in Figure Bl. To the delta-ray
energy is added the binding energy corresponding to the initial state of the electron, on average
about 20 eV. As the energy transferred decreases below 20 eV the interaction will result in
excitations with increasing probability. Below the valence electron ionization threshold of 12.6
eV only excitations are possible. Photoionization studies indicate that the oscillator dipole
strength, a parameter depending upon the intrinsic structure of the target molecule which
controls the magnitude of the differential cross section, decreases rapidly with decreasing energy
below 20 eV.

The fluctuation of the energy deposited in a track segment is referred to as straggling. The
probability density function describing the statistics of the energy deposition corresponding to n
interactions, p(E\n), results from the n-fold convolution of the single interaction probability
density function, p(E). The energy deposition probability density function for a segment of track
for which the expected number of interactions is N takes the form

(B5)

An important property of the distribution in Equation (B5) has been pointed out by Kellerer87.
The ratio of the variance to the mean of the distribution is equal to the ratio of the second to
first moments of the single interaction energy deposition distribution. The latter ratio therefore
is also a fundamental microdosimetric parameter which may be calculated from the differential
cross section. The results of the calculation are shown for alpha-particles in Figure B5.
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Figure B5: Energy mean for a-particles in
water.
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Following Kellerer the moment ratio is referred to as the energy mean. It may also be
interpreted as the microscopic equivalent to the dose average deposited energy. The energy
mean is seen to increase with a-particle energy amounting to 360 eV at 4 MeV.

Following Kellerer, a stochastic quantity, linear energy concentration, is defined as the energy
lost in a unit track segment. The track average value of this quantity is the LET. The dose
average of the linear energy concentration is

hD=L+EJd (B6)

where Em is the energy mean and d is the length of the track segment. The two quantities AD

and L become approximately equal when the last term in Equation (B6) becomes negligible. For
4 MeV alpha particles this term equals L for lengths of approximately 3 nm. The above
criterion indicates that Poissonian variations should be negligible for track lengths which exceed
about 30 nm because the last term then becomes at least an order of magnitude lower than the
first. For objects with dimensions less than 30 nm the energy deposition distribution is
significantly influenced by straggling.

If the statistics of the energy deposited in a finite region of space are considered then the
influence of the distribution of the lengths of the track segments formed in the region must be
taken into account. Provided that the dimensions of the region are sufficiently small compared
to the range of the particles under consideration the segment distribution corresponds to the
chord length distribution of the object defining the region. The expected number of interactions
is directly proportional to the chord length as indicated in Equation (B3). Therefore the chord
length probability density function directly defines the corresponding quantity, P(N), for the
mean number of interactions resulting from a random traversal. The overall effect of both
Poissonian and geometrical variations is consolidated in the result

(B7)
Pt(E)=fP(N)p(E\N)dN.

where Pt(E) is the probability density for track deposition of energy E.

B4. Radial profile

Interaction events result in energy transfers at a distance from the track. Moreover the dominant
interaction mode of impact ionization produces electrons which redistribute the initial interaction
energy. The track therefore has a radial structure which can be divided into two regions
referred to as the core and penumbra88. The extent of the core is determined by the primary
interaction distribution with radius related to the maximum impact parameter. The core radius is
given by

(B8)
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where h is the is reduced Planck's constant, v is the ion velocity and e, is the energy of the first
excited state of the medium. For water this is 6 eV. A more convenient relationship in the non-
relativistic region is

(B9)

where the core radius is given in nanometers for a charged particle of mass number A moving
with energy E in MeV. This relation is accurate to better than 1 % for energies up to 10
MeV/nucleon.

The penumbra region results from the energy transport by delta rays. The corresponding radius
is given by a semi-empirical relationship based upon transport calculations89 as

rp=96(E/A)1*5 . (BIO)

in the same units as for Equation (B9). Clearly the penumbra region is much larger than the
core. However as the energy is transported from the core the energy density decreases. In the
track model under discussion the energy density in the core region is taken to be constant. The
energy densities in the two regions are given by

Ll2

It should be noted that particles corresponding to different ionic species with the same radial
core-penumbra boundary have the same energy per nucléon. These will not have the same LET
because of their differing charge. This fact indicates that LET is not a unique descriptor of track
structure. The radial profile of the track corresponding to a 4 MeV alpha particle based upon
the above equations is shown in Figure B6.
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Figure B6: Radial profile of a 4 MeV a-particle
track.

The radial diffuseness of the track adds a confounding factor to the estimation of energy
deposition in objects with nanometer dimensions. The actual energy deposited by a track
crossing the object may be less than that produced in the interactions along the chord of
intersection if the entire penumbra is not enclosed by the object. Similarly, energy may be
deposited in the object by particles with tracks which pass near the object without actually
entering the volume under consideration. This is exemplified in the experimental result obtained
by Glass et al.B1° In this work the energy deposited in a circular region by 1.7 MeV protons
moving in the plane of the circle was observed. The radius of the circle was equivalent to 125
nm in soft tissue. They observed that when protons passed tangentially the mean energy
deposited in the region was about 25 % of that deposited by a proton traversing the diameter.

The probability density function of energy depositions in a geometric volume or site from a
particle track, as given in Equation (B7), modified to take into account the radial profile,
constitutes the single event frequency function of microdosimetry. The event consists of the
passage of the particle through or near to the site and the terminology emphasizes the fact that
the set of energy depositions produced represents a correlated space-time structure. Multiple
events then generate multiple space-time structures which constitute uncorrelated sets. In general
microdosimetric theory it is necessary to then calculate the frequency functions for multiple
events. As mentioned in Section B2 these are not relevant in practical dose regimes for high
LET radiation.

B5. Energy deposition and strand break yields

Experimental and theoretical aspects of energy deposition have been reviewed by Baily and
Steigerwalt8". These authors emphasize in particular the fact that the probability density
function for energy deposition is asymmetric under conditions such that the mean number of
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intcractions is small. The asymmetry is reflected in a significant difference between the mean
and mode of the distribution. They suggest that since the most probable energy deposited is the
modal value, this value is a more appropriate indicator of effect than the mean which
determines the dose. On this basis they hypothesize that a rough measure of relative
effectiveness for biological damage is the ratio of the mean to the mode, The effect is most
easily seen qualitatively for track segment experiments.

Calculations of energy deposition in small volumes have been carried out using Monte Carlo
simulations. Most studies are combined with estimates of the yield of DNA strand breaks, in
particular double strand breaks (DSBs). This process is a convenient phenomenon to consider. It
can be defined rather unambiguously for free DNA and represents a structural effect closely
connected to local energy deposition. DSBs are generally considered to be a critical step in
radiobiological response.

Charlton et al.B12 have investigated the statistics of energy deposition by protons and alpha
particles in cylinders with dimensions in the nanometer region. Cumulative probability
distributions are presented graphically for two situations. In the first, data are shown for a series
of alpha particles ranging in energy from 3 to 20 MeV interacting with a right circular cylinder
5 nm in diameter and 5 nm in length. The absolute deposition frequency for all events varied
from 4.8xlO"6 to 10"5 per Gy for 3 to 20 MeV respectively. For energy depositions exceeding
300 eV the corresponding frequencies decreased to 8xlO'7 and 7xlO'8 respectively. The
frequency corresponding to the higher energy decreases in a linear fashion on a semi-
logarithmic plot. The rate of decrease is more rapid than for the lower energy data and the two
distributions cross. The distribution for 3 MeV alpha particles is curvilinear in this
representation. In the second case distributions are shown for 3 MeV alpha particles interacting
with 10,25,50 and 100 nm right circular cylinders for energy depositions ranging from .1 to 10
keV. The Monte Carlo results are compared for these cylinders with the results calculated from
the respective chord length distributions for each cylinder. In all cases the latter is less diffuse
than the former and underestimates the frequency of both small and large energy depositions
while overestimating the intermediate region. This region extends from .4 to 1 keV and from 2
to 3 keV for the 10 and 25 nm data respectively. The two approaches disagree most for the
smallest cylinder. For the largest two cylinders the chord length distributions follow the Monte
Carlo results closely except in the region of small energy depositions where again the more
realistic Monte Carlo calculations indicate a significantly higher frequency.

An analytical expression for the energy deposition frequency per Gray in a sphere is given by

2 L : \ l ) )
4r2Z,f

(B12)

where E is the energy deposited in electron volts, r is the radius in nanometers and Lœ is
expressed in eV/nm. The frequency function defined by Equation (B12) has been evaluated for a
series of spheres having the same volumes as the cylinders described above. The results are
shown in Figure B7.
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Figure B7: Energy deposition in spherical sites
of 10, 25, 50 or 100 nm diameter.

The values obtained are similar to those for the corresponding cylinders. For example, the
frequency of energy depositions greater than .1 keV for the 10 nm cylinder is about 5.2 x 10"6

Gy"1 BI2 while the value for the corresponding sphere is 4.7 x 10'6 Gy'1. The value obtained for
this case in the Monte Carlo simulation is almost 9 x 10"* Gy"1. Qualitative analysis is
indicative of the trends to be expected in the more realistic treatment. Because of energy
straggling, energy depositions for tracks along the diameter can exceed the expected maximum
value of 2rLm used in Equation (B12). The sharp cut-off thus becomes smeared. The finite
radial extent of the track structure is manifested in an additional contribution of small energy
depositions from nearby events which do not intersect the volume. These then increase the total
number of energy depositions per unit dose and have maximum effect at the E=0 intercept.
Escape of energy deposited by intersecting tracks results from delta-ray transport. This does not
change the intercept frequency, but does lead to a shifting of the distribution towards low
energy causing the curve to have a more significant negative slope than exhibited here.

Although the modifying effects mentioned above tend to reduce the frequency of large energy
deposits somewhat, qualitatively the most significant aspect remains - the frequency of energy
deposits greater than 800 eV produced in nucleosome volumes by alpha particles is found to
exceed that for low LET radiation by more than two orders of magnitude. As has been
emphasized by Goodhead813 it may be that this feature of the microdosimetric'behaviour of high
LET particles implies the existence of unique biological damage the induction of which would
be virtually impossible by low LET radiation.

Charlton et al.BU have used the energy deposition statistics together with a simplified
geometrical DNA model to calculate the yield of single and double strand breaks induced
directly by radiations of different qualities. The DNA is represented by a series of semi-circular
segments. The inner and outer diameters are 1 and 1.65 nm while the thickness is .34 nm. Each
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segment represents a section of one of the pair of strands and the semi-circles of each segment
are rotated 36° to simulate the spiral. Two opposing segments thus constitute a complementary
nucleotide pair. A strand break is assumed to result from an energy deposition exceeding 17.5
eV in one semi-circular segment. A DSB is associated with two such energy depositions
occurring within a spacing of 30 segments in volumes corresponding to opposing strands.

Figure B8: Top view of DNA model used in Monte Carlo
simulation^14'. The two halves of the annuli, Bl and B2, represent
complementary nucleotides. These are rotated by an angle of 36°
(7i75) for each base pair, as indicated by the broken lines.

The calculations indicate a significant qualitative difference between the variation of SSB and
DSB yields with LET. The SSB yield tends to decline steadily decreasing a factor of two over
the range 40 to 200 keV fim'K In contrast, the DSB yield exhibits a broad maximum at about
120 keV pirn'1.

For alpha particles with an Lœ of 100 eV nm"1 the yields of single and double strand breaks are
about 1.2 x 10'10 and 2-3 x 10"u per Gy-Dalton respectively. It is interesting to note that the
yield of single strand breaks is 75% of the estimated interaction density calculated above. While
the yield of single strand breaks was found to be relatively independent of radiation quality, the
double strand break for ^Co and 137Cs was found to be only between 2 and 4 x 1012 per Gy-
Dalton. Since calculations were not carried out for these radiations, this value was estimated
from the trend in the data presented. Thus the alpha particle efficiency for producing these
critical lesions is calculated to be significantly greater than that of standard y-radiation. The
calculated yields are consistent with experimental values quoted.

More recently, Chatterjee and Holley815 have investigated the relationship between energy
deposition mechanisms and DNA strand breaks for LET ranging from 1 to 3000 eV nm'1.
Unlike the work described above, these authors included a detailed simulation of indirect strand
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breakage induced by hydroxyl radicals and a more realistic DNA model. For the latter the
coordinates of each sugar and base molecule obtained from X-ray diffraction data have been
incorporated to produce an accurate three-dimensional structure.

The specific system simulated consisted of aqueous solutions of Simian Virus (SV40) DNA
containing Tris buffer. The latter is required in practice to maintain the proper structural
conformation of the DNA molecule. It also acts as a scavenger for water radicals. At a buffer
concentration of 500 mM the average migration distance of the radicals is about 3 nm. This
distance is consistent with that occurring in the cellular environment. Calculations were also
performed for a buffer concentration of 10 mM. At this concentration the scavenger lifetime and
hence migration distance are greater by a factor of 50. Under these conditions indirect effects
are considered to dominate so that a comparison with experiment at this concentration tests the
accuracy of this aspect of the simulation. The experimental data were obtained for 14 MeV
electrons and Ne ions with energies of 670 MeV/n and 40 MeV/n, corresponding to LETs of
.2, 25 and 150 eV nm'1. The simulation reproduced the experimental D37 values for single
strand breaks (SSBs) satisfactorily. Using a molecular weight of 3.4 x 106 Daltons for SV40
DNA and the quoted D37 value of 16.7 Gy, the 150 eV nm'1 SSB yield is approximately 2 x 10'8

per Gy-Dalton. One aspect of the results to be noted is that the SSB yield decreased by about a
factor of three as the LET increased from .2 to 150 eV nm'1. The authors attribute the decrease
to the increase in radical density with LET. At the higher concentration there is an increase in
reaction rate between the radicals thereby reducing the availability of these radicals for DNA
damage. They conclude in general that at high LET the efficiency for indirect damage to DNA
is less than for low LET radiation at the same dose.

Intensity limitations prevented an experimental measurement of the 500 mM Tris concentration
system in which direct effects are expected to dominate. With currently attainable beam currents
the time required to produce an observable yield under these conditions is unpractically long.
The results of the calculations for this system were compared instead with experimental data for
mammalian cells obtained under conditions in which enzymatic repair to DNA damage was
absent. Again the agreement with the data for both single and double strand breaks over an LET
range extending from .3 to 3000 eV nm'1 is encouraging. The yield of single strand breaks
exhibits a general tendency to decrease with LET while the yield of double strand breaks
exhibits a maximum. Calculations were performed for He, Li, C, Ne, and Ar ions. The
behaviour of the yields was found to differ somewhat with the charge of the ion. The SSB yield
increases with ion charge for a given LET. The situation was found to be somewhat more
complicated for the yield of double strand breaks. The maxima in these yields occur at LETs
which increase with ion charge. The most efficient ion for this process is Ne with an LET of
300 eV nm'1. For alpha particles the maximum occurs for an LET of about 100 eV nm'1

corresponding to an energy of 4 MeV. The values of the yields for these particles is 1.3 x 1010

and 1.5 x 10'11 per Gy-Dalton for single and double strand breaks respectively. These values are
in good agreement with the corresponding estimates of 1.2 x 10"10 and 2-3 x 10'11 per Gy-Dalton
calculated by Charlton et al.B14 quoted on the previous page.

Unfortunately, the large uncertainties in these calculations preclude the determination of the
quantitative significance of indirect effects based upon the comparative values. Stanton et al.B16

report experiments on the system of SV40 DNA in Tris buffer studied theoretically by
Chatterjee and Holley. They find that increasing the concentration of Tris buffer from 10 mM
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to 200 mM reduced the DSB yield expressed as a cross section by a factor of 3.49 ± .59 when
irradiated by 20Ne ions with an Lm of 420 eV nm"1. The corresponding factor for X-rays was
found to be 6.52 ± 1.45. Since indirect effects account for the increased cross section in the
presence of reduced hydroxyl scavenger it may be concluded that such effects are less
significant at high LET for this model system.

Frankenberg et al.B17 report studies indicating a significant contribution from indirect effects to
the yield of double strand breaks in eukaryotic cells of yeast. In this experiment irradiation of
cells in the normal state, for which both direct and indirect effects occur in the natural
proportion, is compared with the outcome for a system in which indirect effects are drastically
suppressed by the scavenging action of high concentrations of sodium formate. For 4.2 MeV a-
particles the value of D37 increased from 31.0 ± .8 Gy to 55.8 ± 1.5 Gy when the scavenger
was added to an hypoxic system. For an oxic system the corresponding doses were observed to
be 25.1 ± 0.5 and 52.8 ± 1.4. These results may be interpreted by realizing that the DSB
yield is proportional to the inverse of the characteristic dose, D37, so that the fraction of the
yield attributable to direct action is the ratio of the lower to higher value. This leads to the
estimates of 56% and 47% respectively for direct action and hence correspondingly 44% and
53% for the indirect contribution. In summary these results seem to indicate that indirect effects
may be quite significant even for high LET radiation.
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C MICRODOSIMETRIC MODELS

Cl. Relevant parameters

For convenience microdosimetric quantities and models of radiation response making use of
them will be reviewed. The total energy deposited in a site by a radiation field results from the
traversal of the region by sections of one or more particle tracks. As indicated in the previous
section the track is a correlated set of energy deposits arising from interactions between the
medium and the primary particle and associated ô-rays. A single traversal of a site is referred to
as an event or hit. During the irradiation period the site may experience several traversais. The
total energy deposited is equal to the sum of the energies deposited in each of the events. Since
each event is uncorrelated the number of events occurring per site follows the Poisson
distribution. The distribution in the total energy deposited following n events results from the n-
fold convolution of the distribution for a single event. The situation is identical mathematically
to that discussed in the preceding section for the cumulative effect of interactions which
comprise an event. In essence the process represents a second level of a hierarchical structure.
The single event distribution and its properties are of fundamental importance. Moreover, for
most occupational exposures the probability for multiple events is extremely small.

The ratio of the energy deposited in a site to the mean chord length of the site is referred to as
the lineal energy, conventionally designated y. If the dimensions of the site are sufficiently
small, then for a radiation field with a single LET the energy deposited in an event is the
product of the LET with the chord length. The average lineal energy for an ensemble of sites
each experiencing single events of random orientations then equals the LET. This quantity is
referred to as the frequency average lineal energy and denoted by yF. For a sphere the mean
chord length is two-thirds of the diameter, d.

The ratio of the energy deposited in an event to the mass of the site is referred to as the specific
energy and is essentially the dose to the site from the single event, z. The frequency average
specific energy, zF is equivalent to the mean dose per hit. The inverse, $(0), corresponds to the
mean number of events per unit dose. Thus for a given dose the expected number of events
occurring in a site of interest is the ratio of the dose to the frequency average specific energy
for single events in the site. Taking the site to be a sphere of diameter d and density 1 g cm'3,
the relationship between the specific energy and lineal energy may be written

h £ 1 x ( J ) Gy keV[
keVpy1 x ( J - ) Gy keV[ py

63
) keVpy x (

nd* 6.3

5d2

The numerical quantity in the denominator is chosen so that if the conventional unit of keV
'1 is used for lineal energy, the specific energy is given in Gy.

The specific or lineal energy probability densities corresponding to a given dose D and hence
mean number of events #(0)D satisfy a relation identical in structure to Equation (B5) of the
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preceding section. At this level of hierarchy the single interaction probability given in Equation
(B7), is replaced by the single event density function suitably transformed to the appropriate
variable. The resultant densities in specific or lineal energies are then denoted p(z\D) or
p(y\D). An important special case is that of very low hit probabilities. In this case only the
leading Poisson probabilities corresponding to no and one hit are significant. In addition these
may be approximated by expansion of the exponential to first order to give

p(y\D) = [l-4>(0)D]Ô(0)+(K0)Dp(y|l)

where the delta function in the first term represents the distribution corresponding to zero hits.
The above equation represents a rather formal statement of the fact that at very low doses the
population of irradiated sites is divided into those receiving no dose because no track traversed
the region and those receiving on average a dose corresponding to the frequency average
specific energy.

C2. Hit size effectiveness

The fundamental approach of microdosimetry is illustrated by hit size effectiveness theory.
Although this theory, first introduced to describe pink mutations in Tradescantia CI, appeared
rather late in the development of the field it encompasses earlier work and illustrates the general
philosophical approach. It is assumed that the magnitude of a quantifiable biological effect is
uniquely dependent upon the energy deposited in a suitably defined sensitive site and hence may
be expressed through a mathematical function H(y). Then the magnitude of the effect observed
following exposure giving a dose D for a radiation field of known lineal energy distribution may
be written

H(D)=[H(y)p(y\D)dy (C3)

In the above equation it is understood that the term on the left represents the dependence of
outcome on dose and may be a different mathematical function from that for the dependence on
lineal energy. Since the lineal energy distribution is itself dependent upon the LET distribution
of the radiation field, the magnitude of the outcome will then depend upon the quality of the
radiation. The sites chosen were spheres with diameters of the order of cell nuclei. The assumed
existence of H(y) implies that the outcome is in principle entirely determined by intra-cellular
mechanisms since these are most directly dependent upon the energy deposition distribution.
The formulation does not encompass inter-cellular interactions between hit cells.

In this general approach the function H(y) must be inferred from the observed dose response
H(D) requiring the inverse of the transform represented in the above equation. Of course a
function may also be postulated on an ad hoc basis. In one sense this latter approach formed the
beginning of the theory of dual radiation action which may be simply stated as the theory of
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systems for which H(z)=tâ where k is a constant". Applying equation (C3) gives

(C4)

in the currently accepted notation. If the quadratic dependence of the hit size effectiveness
function reflects the interaction between damage points which must lie within a distance d, then
the effective sensitive site corresponds to a sphere of diameter d. For this geometry the above
coefficients satisfy (C2)

•^Ul l—. (C5)

P 2

In the above equation L is the LET of the radiation and the left hand side represents the
characteristic dose at which the linear and quadratic terms make equal contributions to the
effect. This quantity is the ratio of the second to first moments of the single event distribution.
The constant is chosen so that the unit for a/6 is Gy when L is in keV /mi"1, and d is in /tim.
For doses that are very small compared to the characteristic dose, the effect displays a linear
variation with dose. The coefficient of the quadratic term, 6, is equal to k and in the initial
hypothesis was taken to be. independent of LET. The linear term was interpreted mechanistically
as representing the production of double strand breaks resulting from a single event while the
quadratic term corresponded to those produced by two independent events.

A major consequence of the theory, and one which does reflect the radiobiological situation is
that the dose response curves corresponding to radiations of different LET differ in the ratio of
linear to quadratic coefficients and hence in shape. The RBE (relative biological effectiveness)
is defined as the ratio of dose required to achieve a specific end point from a standard radiation
to that required for the same end point from the radiation of interest. The theory thus implies
that the RBE will be dose dependent so that a complete description would require the
determination of the linear and quadratic coefficients for both the standard radiation and the
field of interest. Of particular interest is the ratio of linear coefficients which represents the low
dose limit of the RBE.

The occurrence of non-linear dose response which approximates a linear-quadratic relationship
is not unequivocal. Evidence supporting the above theory and alternative explanations have been
offered03. These alternative processes are not mutually exclusive so that the non-linearity may
reflect all of them to some degree. Two possible shortcomings of the simple original model may
be noted. Firstly, the site diameters inferred from the model on the basis of experimental
observations are rather large, on the order of nm. This is too large if the mechanism is
identified with double strand breaks which correspond to spacings of the order of a few nm.
Secondly, the value of 6, or k, is observed to vary with radiation quality. The quadratic term
arises from inter-track contributions. For the double strand break this process corresponds to a
pair of closely spaced energy depositions in which each member of the pair is produced by an
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independent track. The spatial relationship between uncorrelated particle tracks does not depend
upon the nature of the particle.

C3. Compound dual radiation action

These problems have been addressed in a recent publication which essentially introduces another
level of hierarchy into the description04. The authors recognize that for site diameters in the
nanometer range, at any reasonable dose only a linear DSB response will occur. Mathematically
this follows from the ratio of a/6 given in Equation C5. This ratio is of the order of a kGy for
an LET of 3.5 keV /urn"1 and a site diameter of 20 run. Physically this reflects the fact that at
doses of a few Gy or less the associated fluences produce an extremely small hit probability so
that DSBs must be produced entirely by intra-track interactions arising from single events. In
what is termed compound dual radiation action the authors introduce the further requirement for
interaction between two sets of double strand breaks. These are then considered to act over a
site of micrometer dimensions. Thus the process leading to an effect is compound in that at the
first level single strand breaks (SSBs) are created in proportion to specific energy. Pairs of
closely spaced SSBs then interact over nanometer distances to produce DSBs. At the next level
pairs of DSBs interact over micrometer distances to produce damage of higher order identified
as a two-break chromosome aberration (TBA). In the model the possibility that both levels of
damage can ultimately lead to the end point of interest is encompassed. The probability of the
outcome being produced by DSBs is designated ps while that for TBAs is represented by pc.
Since only single events occur in the nanometer sites necessary to produce DSBs the average
yield of these is given by the equivalent of the linear term in Equation C4 which can be written
in the form

Hs=k[z2p(z\Ddz (C6)

In the above equation zF is the first moment of the single event specific energy distribution or
essentially the dose per traversal of the site for DSBs. The term zD is the ratio of second to first
moments of the single event distribution and corresponds to the dose average specific energy.
The quantity given in the above equation represents the number of DSBs produced per hit.

To proceed further a larger structure, the gross sensitive volume (GSV), (which contains N
DSB sites) is introduced. Following an exposure resulting in a dose D, from equation C6, the
average yield of DSBs in the GSV is

Hs(D)=NkzDD (C7)

The yield of TBAs can be written
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Hc(D)=K[NkzD]\ZDD+D2) (C8)

where ZD is the dose average specific energy for the single particle distribution of the GSV and
K is the constant representing the production of TBAs from the interaction of two DSBs.

Equation (C8) results from averaging the product of DSB yields in the GSV over the dose
dependent specific energy distributionp(Z/D). The ultimate dose response is then given by

H(D)=PsHs(D)+PcHc(D). (C9)

This response is still of the original linear-quadratic form. In the higher level of hierarchy
introduced however, a mechanism is provided leading to an LET-dependent quadratic
coefficient.

The expression for HS(D) predicts that the yield of double strand breaks exhibits a strictly linear
dose response. Moreover the RBE for DSBs for a high LET radiation with dose average
specific energy zD(h) with respect to a reference low LET radiation with corresponding value
ZD(l) is

RBEDSB=Z-°^ (CIO)

and is of course independent of dose.

The general situation is much more complicated but a simplification can be made for the low
dose limit RBE corresponding to TBAs. Then the quadratic term in HC(D) may be neglected
giving

(en,

This result implies that the RBE for production of TBAs by high LET radiation would be much
larger than for DSBs, exceeding the square of the latter by the ratio of dose average specific
energies for the GSV.

In the case of cell inactivation both DSBs and TBAs are expected to produce a significant
• amount of lethal damage leading to low dose limit RBEs intermediate between RBEDSB and

RBETBA. On the other hand, oncogenic transformation is more likely to result from the second
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process so that the RBE for this important end point is predicted to be higher than for
clonogenic survival.

In the original work Kellerer and Rossi02 also briefly investigated the effect of a hit size
effectiveness function of the form

(C12)

where ZQ is an additional parameter in the model. This form was chosen to reproduce the well-
known saturation effect at high LET while reducing to the simpler quadratic form at low
specific energy. The parameter z0 is the microdosimetric equivalent of a characteristic specific
energy for saturation. Analytic treatment of this form is not tractable in general. The authors
argue that in the region of high LET for which the above is appropriate, single events are
dominant at practical dose regimes. In this approximation they argue that the dose response
remains linear-quadratic. The coefficient of the linear term is modified to an appropriate
average of the bracketed term over the single event specific energy distribution. According to
the authors the coefficient of the second term is still just k. According to these results the
variation of the low dose limit effectiveness with LET would exhibit an asymptote rather than
the maximum observed. This aspect is not discussed in the recent work describing compound
dual radiation action.

C4. Exponential response

Charlton and Sephton" have examined the behaviour of systems with a hit-size effectiveness
function for cell inactivation exhibiting the behaviour

"I (C13>
H(z)=\-e *

They apply the result first to track segment experiments and approximate the geometry by
parallel tracks crossing coaxial cylindrical cells of thickness t and cross sectional area A of
arbitrary shape. In this case the single event frequency average specific energy is

z =0A6L/A (C14)
F

where specific energy is in Gy for L in keV ^m'1 and A in /xm2. This simple case is instructive
in that it leads to the extremely simple if highly singular specific energy distributions

p(z\n)=à(z-nzF) (C15)

The surviving fraction is then obtained from
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F-Y:P(n\N)e *
o (Cl 6)

-e

where N is the ratio of dose to zF and P is the Poissonian distribution.

The authors then discuss the implications for the statistics of the cell population which can be
divided into three groups. The first group corresponds to the inactivated cells, comprising the
fraction 1-F. The second and third groups make up the remaining surviving fraction. The
second group corresponds to those cells which survived because they did not experience a
traversal. The fraction of the population belonging to this group is simply P(0\N), or e'N. Most
important is the third group corresponding to those cells which suffered a traversal and
survived. The fraction comprising this group is F-P(0\N). It is this group that now has attained
the potential for oncogenic transformation. The mathematical extension to spherical targets is
straightforward and simply entails replacing the singular specific energy distributions with
continuous ones. The authors choose sites sufficiently large that straggling and radial track
structure effects may be neglected so that the single event specific energy distribution is directly
related to the triangular chord distribution. An interesting result of this analysis is that spherical
nuclei of the same volume as those of cylindrical shape are more radioresistant than the latter
for the same z0.

C5. Track structure model

A very different approach to assessing cellular response to radiation exposure is the track
structure model". It is generally not considered to be a microdosimetric model although a
recent workA6 has indicated how it might be reformulated from a microdosimetric basis. A brief
review is included here because it has been the most successful general analytic approach in
both fitting data and predicting outcomes. It constitutes a compact phenomenological description
of a large body of data involving four parameters.

The basic premise is that the interaction between a heavy charged particle radiation field and a
cell is characterized by two modes. The original formulation was concerned with inactivation so
these two modes were referred to as ion kill and gamma kill. Since the application to other end
points is envisaged the term kill will be omitted.

The response to both the ion and gamma mode are based upon the low LET response since the
effects are attributed to ô-rays. The response chosen, which is not a critical aspect of the
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approach, was the single-hit multi-target probability of traditional radiobiology. A cylinder with
its axis parallel to the ion track was chosen to represent the sensitive site. The energy deposited
in the site was calculated as a function of the distance between the axes of the track and the
cylinder. At a given separation, the evaluation of the deposited energy was achieved by
employing the radial profile of the track. The response was then evaluated for each distance and
the total response obtained by integration over distance. The average probability of eliciting a
response due to an ion traversal was found to be

D-/1_.-^P\m (C17)

where Ze is the effective charge on the ion, j3 is the ion velocity relative to the speed of light.
The quantity m is the target number contained in the assumed low LET response. The quantity
K represents a second dimensionless parameter of the theory. It is directly related through a
numerical constant to the product of the square of the assumed site radius and the critical dose
Do of the low LET response.

The fraction of the dose considered to act through the ion mode is taken to be the above
probability. Then if the cross section of a sensitive site is designated o0 and the effective ion
fluence is taken as PD/L, assuming unit density target material, the probability for ion mode
interaction not to occur is

(CIS)

The gamma mode is attributed to the overlapping of ô-rays from several tracks and hence is
analogous in some respects to the inter-track term in dual radiation action. The fraction of the
population not experiencing an ion mode effect is the target population for the gamma mode.
The survival probability for this mode is given by the standard m target, single hit expression

m (C19)

and the overall probability for no effect is the product of the above two expressions.

The variation of the probability with dose exhibits the observed shoulder region followed by
exponential behaviour. This region arises at sufficiently large doses, so that a first order
expansion of the binomial term in equation C19 accurately reflects the behaviour. In this limit
the product of equations (C18) and (C19) is m times the product of the two exponential terms
involved. A radiosensitivity parameter is the negative of the logarithmic derivative in the
exponential region, given as

k=oQP/L+(l-P)/D0 (C20)
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This result is easily interpreted and illustrates the contribution of the two modes. As discussed
in section B the inverse of the LET is the fluence of ions required to produce a unit dose. The
product of fluence and cross section represents the hit probability per unit dose for the site. The
first term is then equivalent to the probability per unit dose for ion mode interaction. The
second term arises from the gamma mode and is interpreted within the more traditional uniform
dose concept. Thus the inverse of the characteristic dose represents the probability per unit dose
for an outcome. Such outcomes are applied to the fraction of dose corresponding to the gamma
mode, 1-P.

A general result of the track structure approach reflects the property of tracks mentioned in the
preceding section. The biological response is not uniquely determined by LET. This is most
easily seen in the above expression for radiosensitivity. The probability P is determined by the
ratio of ion effective charge to the square of the ion velocity. The LET however is determined
by the product of this ratio with other velocity dependent terms. The relationship between the
two quantities is only unique for a given ionic species.

The variation of the radiosensitivity parameter with LET has been calculated for a specific
example using a-particles as an illustration. The results are shown in figure Cl .
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Figure Cl: Variation of the radiosensitivity
parameter with LET for irradiation of V79 hamster
cells.

C6. Dose rate effects

A microdosimetric model for the variation of the transformation dose response of a system with
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dose rate has been developed07 following recent observations to be described in the next section.
The model asserts that there exists a period of length T in which a cell exhibits heightened
radiosensitivity with respect to the remainder of the cell cycle. Thus for an asynchronous
population at any instant the cells may be categorized into two groups according to sensitivity.
Moreover, the fraction of cells in the sensitive period of the cycle at any instant will be the ratio
of the length of this period to the length of the cycle, denoted s.

It is furthermore assumed that transformation which occurs in the sensitive period is
proportional to the probability of a traversal through the cell nucleus (mass density = 1). For a
nuclear diameter d and frequency average lineal energy yF the expected number of traversais per
unit dose is

X=5d2lyr (C21)

Throughout the rest of the cell cycle it is assumed that transformation proceeds according to the
standard linear-quadratic response.

If the time for which the cell population is irradiated is negligible with respect to the sensitive
period then the exposure may be considered to occur instantaneously. In this context such a
condition corresponds to acute exposure. If the dose delivered acutely is D then the acute
transformation frequency may be written

(C22)

If the time during which the dose is delivered is significantly longer than the sensitive period
then a protracted dose condition occurs. Analysis is restricted to exposure periods less than the
cell cycle. In this situation cells in different phases of the cell cycle have the opportunity to
progress through the sensitive period during the exposure. This will encompass all cells which
enter the sensitive period after the beginning of the irradiation up to one period before the end
of the irradiation. These cells will experience the maximum dose achievable during the sensitive
period given by the product of dose rate with the length of the period. Those cells which
entered the sensitive period before the commencement of the exposure will receive a fraction of
the maximum dose commensurate with the length of time for which these cells remain sensitive.
A similar situation exists for those cells which enter the sensitive phase within one period from
the end of the irradiation.
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Sensitive period (T)

Exposure period (T)

K-T-+1»-

Figure C2: An illustration of the timing sequence
for protracted exposure.

The overlap which results is depicted in Figure C2. The total time for which cells will be
influenced is now T+T. The dose experienced by cells for which the sensitive period partially
overlaps the exposure varies from zero to the full value. Thus a fraction 2T/S receive on average
one-half the maximum dose while the fraction (T-T)/S receive the maximum, DT/T. The
weighted average of these two fractions leads to a mean dose given by

D=D- (C23)

Using the same approach as for the acute case the protracted transformation frequency can be
written

T = (C24)

for which it is assumed that the sum of the lengths of the exposure and sensitive periods do not
exceed the length of the cell cycle.

The response to a traversal is governed by the constant K. This quantity is taken to be the
average of a hit-size effectiveness function which is assumed to behave as

(C25)
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where zc is estimated to be 0.54 Gy.

The value of K obtained by averaging H over the single event distribution for an 8 [im diameter
sphere is shown as a function of LET in Figure C3. This quantity is a strongly increasing
function of LET.

The behaviour of the transformation responses and their ratio Tp/Ta is complicated by the
interplay of the quantities upon which they depend. In the limit of very small doses the
exponential terms may be expanded to first order. It then follows that the expressions for both
responses are identical and there is no difference between the response for protracted and acute
exposures. In the limit of extremely large doses the exponential terms vanish. The dominance of
the quadratic term requires that the ratio approach unity asymptotically.

10 100 1000

LET (keV pnv1)

Figure C3: Variation of transformation constant
with LET for the single-event distribution.

At intermediate doses the protracted response is always greater than the acute response. The
degree of disparity however depends upon the relative significance of the first term to the
second two. At low LET the first term is negligible because of the small value of K. In essence
the energy deposited per hit is too small to produce an effect. In this case the ratio is also unity.
Finally for very large LET the term X becomes small because the fluence per unit dose is small.
The exponentials may again be expanded as in the low dose limit and under this condition no
difference is expected between the two responses.

Thus there is a narrow range of dose, dose rate and LET regimes for which enhanced response
to protracted exposure with respect to acute exposure is expected. An absolute upper limit may
be established from the following considerations. The second and third terms are identical for
both protocols so differences arise solely from the first term. Thus the largest effect will occur
when K is such that the first term dominates in each expression. At small doses as has been
observed the first terms for each case approach equality. The largest effect then occurs when the
exponential become negligible. Under these conditions the maximum ratio becomes
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=UT/x. (C26)

For the assumed value of 61 min for the sensitive period and an upper limit of 23 h on T
imposed by a typical 24 h cell cycle the maximum enhancement would be a factor of 24.
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D. BIOLOGICAL STUDIES

DNA double strand breaks (DSBs) are considered to be molecular lesions that can give rise to
chromosomal aberrations. It has also been suggested that chromosomal aberrations may play a
major role in cell oncogenic transformation01.

Radiation-induction of DSBs, chromosomal aberrations, and oncogenic transformation have been
investigated experimentally. Measures of biological effectiveness of alpha-particles have been
made for these biological end-points. There have also been studies concerned with the influence
of repair on yields of DSBs and on oncogenic transformation.

In general, results from biological studies suggest that DNA damage resulting from alpha-
particle (high LET) radiation differs from, and is less efficiently repaired than, damage resulting
from low LET radiation.

Dl. Oncogenic transformation

Transformation of a cell in such a way that it no longer responds to the growth control
mechanisms of an organism is considered to be the first step in carcinogenesis. In order to
study radiation carcinogenesis, the transformation of cells grown "in vitro" is used as an end-
point. However, there are few studies in the literature which address the transformation of
epithelial cells by alpha-particle radiation.

According to Mothersill and Seymour02, in 1989, carcinomas accounted for 92% of tumours
diagnosed, yet during the preceding five years, only 0.05% of the literature published in this
area dealt with epithelial cell transformation by radiation. In 1990, Thomassen et al.03 noted
further that whilst epithelial cell transformation with low LET radiation had been investigated,
no studies with high LET radiation had been done before. Rather, fibroblast cell cultures have
been more commonly used in transformation studies with high LET radiation.

Experimental data indicate that alpha-particles are more efficient at cell killing than low LET
radiations. For transformation of cells irradiated during exponential growth, relative biological
effectiveness (RBE) values, for alpha particles of energies between 3 MeV to 5 MeV, fall in the
range of 3 to 20, depending on the dose. Larger RBE values are obtained with lower doses.
Estimates of 6 and 2.5 are typical RBE values for doses of 1 and 2 Gy, respectively, based on
"transformation frequency per surviving cell" data. RBE values are higher for non-proliferating
cell systems considered, where time for repair of DNA damage is allowed. These studies
indicate that damage resulting from a-particle irradiation is less reparable than that from low
LET radiation.

Individual studies are reviewed next.

Hall et al.04 used C3H/10T1/4 cells (i.e. mouse embryo fibroblast cells in culture) in exponential
phase of growth. Irradiations were performed with x-rays (250 KVp, 15 mA, 0.5 mm Cu and
1 mm Al filter) at a dose rate of 1.25 Gy/min, and with He-4 ions accelerated in a 4 MeV van
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de Graaff accelerator; the representative LET of these ions was 150 KeV//xm, which
approximates the LET of a-particles from the decay of radon daughters. The dose range 0.2
Gy to 3 Gy was investigated; there was a higher incidence of transformation per initial cell
exposed for He-4 ion cases than for x-ray cases. In particular, at 0.5 Gy, there were about 2 x
10"s transformations per initial cell at risk for x-rays and about 8 x 10'5 for He-4 ions. RBE
values, determined from transformation frequency per surviving cell data, were about 20 for
alpha doses of 0.1 Gy, and 7 for alpha doses of 1 Gy.

Hieber et al.D5 also used CjH/lOT^ cells in exponential growth phase in their study. The cells
were irradiated using ^Co y-rays at 0.5 Gy/min and alpha-particles from 241Am (typical ct-
particle energy, 2.7 MeV; LET = 147 KeV/jtm), at 0.2 Gy/min. Doses ranging from 0.125
Gy to 3 Gy for a-particle irradiations, and from 1 Gy to 8 Gy for y-ray irradiations were used.
With these exposures, survival fractions were about 3% or less. At 1 Gy, the RBE based on
transformation frequency per surviving cell was 6. This value agrees with that obtained from
the work of Hall et al., above.

Bettega et al.D6 used the C3H/10Tw cell line in exponential growth phase as well. Irradiations
were performed with 31 MeV protons (LET ~ 1.83 KeV/^im) and 4.3 MeV alpha particles
from 244Cm (LET ~ 101 KeV//*m). Transformation frequency per surviving cell was given for
0.01 Gy to 2 Gy dose range. A dose rate of 0.11 Gy/min was used. RBE values for 2 Gy and
0.2 Gy were about 3 and 12, respectively. These authors also collected data for a dose rate of
0.005 Gy/min, and observed no change in transformation frequency from that obtained at 0.011
Gy/min.

Robertson et al.D7 investigated transformation frequencies in a different mouse embryo fibroblast
cell line - BALB/3T3. Irradiations were done with 220 KVp x-rays and 5.3 MeV alpha-
particles from 238Pu. These authors report RBEs of 1 or less for transformation frequency per
irradiated cell in the dose range 0.5 to 2.5 Gy. They suggest that below about 0.5 Gy, where
cell killing is minimal, RBE values may be larger. However, consistent with other
experimental data on transformation frequency per surviving cell, for irradiations of cells in
exponential growth phase, RBE values were between 2 and 3 for the dose range 0.5 to 2.5 Gy,
based on transformation frequencies per surviving cell.

Robertson et al. also investigated the effect of holding the cells in non-cycling or stationary
phase. The transformation frequency for cells exposed to 2 Gy of alpha-particles remained
constant at about 1.5 x 10'3 for up to 220 hrs after irradiation whereas the transformation
frequency for cells exposed to 4 Gy of X-rays decreased from 6.7 x 10^ immediately after
irradiation to about 3.0 x 10"5 at 140 hours after irradiation. These findings indicate that alpha-
particles induce damage that is inefficiently repaired compared with that induced by X-rays.
From these data, it is also estimated that the RBE of alpha-particles increases from 5
immediately after irradiation to about 100 at 140 hours after irradiation.

Thomassen et al.D3 used cultures of dividing rat epithelial cells. These investigators may be
considered pioneers in their studies with this cell type and high LET radiation. Irradiations
were performed using 135 KeV x-rays (280 KVp, 18 mA, 1 mmAl and 0.5 mm Cu filters) at a
dose rate of 0.3 Gy/min. 5.5 MeV a-particles from 238Pu , at dose rates of 0.013 Gy/min, 0.18
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Gy/min, and 1.59 Gy/min, were also used. At survival rates of about 20% (i.e. about 2 Gy of
a-particles) an RBE value based on preneoplastic transformation frequencies per surviving cell
was calculated to be 2.4. This value agrees with that of Robertson et al., above.

A significant investigation of the dependence of oncogenic transformation and LET was carried
out by Hei et al.D8 C3H/10T1/2 cells were irradiated in the track segment mode with 10 keV
ixm'1 protons, 40 keV /im'1 deuterons, 80 and 120 keV /jrn'1 helium-3 ions and with 250kVp X-
rays. Both oncogenic transformation and cell survival were determined. For the transformation
assay exponentially growing cells were exposed to graded doses ranging from 0 to 0.6 Gy and
colonies maintained for six weeks before scoring. Transformation frequencies were fit to a
linear-quadratic dose response. At a level of .02% transformants per surviving cell the RBE is
quoted as 1.09, 3.48, 8.89 and 17.4 in order of increasing LET. The very large uncertainties in
the fitted linear coefficients preclude an estimate of the low dose limit of RBE.

The authors note that if the transformation frequency for each particle type at a given dose is
plotted against the survival value corresponding to that dose then the curves obtained would not
be superimposed. They conclude from this fact that there is a real difference between the RBE
for cell inactivation and transformation. They also point out that this indicates that for high LET
radiation a significant incidence of transformation is uncorrelated with cell inactivation.

Another important conclusion made in this work concerns the lower limit on the dimension of
the critical site for oncogenic transformation. The transformation probability is taken to be less
than or equal to the hit probability. From the value of transformation frequency observed at 120
keV fim'1 a minimum site diameter of 0.1 fim is inferred. This minimum requires that every hit
lead to a transformation. If, for example, the probability of a transformation given one hit was
10% then the site diameter would increase to 1 /im. In any event, the critical site must have
dimensions of the order of microns.

D2. Chromosome aberrations

Bedford and Goodhead09 observe an RBE of about 2.2 for chromosome damage measured by
premature chromosome condensation (PCC). The cell line, HF-19, of human fibroblasts was
used in this investigation. The efficiencies of producing chromosome breaks by alpha-particles
and X-rays were compared. 238Pu alpha-particles (LET ~ 128 KeV/^m) at a dose rate of 0.86
Gy/min, and 250 kVp X-rays, at 0.56 Gy/min, were used. Doses ranged from 0 to 8 Gy.

Consistent with the findings of Bedford and Goodhead, Cornforth and Goodwin010, obtained an
RBE of about 2.3. They also measured premature chromosome condensation in human
fibroblasts (cell line AGI522). Alpha-particles from 238Pu and ^Co gamma-rays were used.
The energy of the alpha-particles was estimated to be 3.5 MeV at the cell nuclei under the
irradiation conditions (this corresponded to an LET of about 116 KeV//*m ). Doses ranged
from 0.2 Gy to 3.0 Gy.

Cornforth and Goodwin010 offer an explanation for their finding that "compared with
gamma-rays, 238Pu alpha-particles are roughly twice as potent per unit dose at inducing PCC
fragments". They suggest that the spatial distributions of ionizations produced by alpha-
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particles within the sensitive sites of the nucleus are more effective in the induction of specific
damage than those produced by X-rays, and that there may be differences in repair of alpha-
particle induced damage and gamma-ray induced damage.

Edwards et al.DU have investigated the induction of chromosome aberrations in human
lymphocytes by alpha particles. Only dicentrics were scored and the yield was found to be 28.6
x 10"6 dicentrics per Gy per cell. This corresponds to an initial slope or low dose RBE of 17.9
relative to ^Co 7-rays. Values up to 46 have been observed for fission neutrons. The authors
state that the mean dose to a 7 /xm cell is 600 mGy per traversal. The track average LET is 140
eV/nm while the dose average LET is 155 eV/nm. They estimate that the dicentric yield is
reduced by a factor of three because of the combined effects of mitotic delay and cell killing.
This would imply an RBE of —55, roughly an order of magnitude greater than for DSBs.

D3. Induction and rejoining of DSBs

For the biological end-point of induction of DSBs, RBE values for alpha particles range from
about 1 to 4. Four techniques are commonly used to measure yields of DSBs; these are
sedimentation, viscoelastometry, electrophoresis, and non-denaturing filter elution012. The non-
denaturing filter elution technique allows measurements to be made on large molecular weight
chromosomes such as mammalian chromosomes of average size 1O1Z daltons, and for a range of
dose that includes low doses (i.e. 5 - 1 0 Gy). Unfortunately, there are several controversial
issues concerning the validity of these procedures D12. The sedimentation technique is limited to
molecules smaller than 5 x 109 daltons and, for low LET radiation, requires exposures of at
least 50 Gy D12. Gel electrophoresis is favoured for DNA molecules less than 107 daltons, and
viscoelastometry, although used for prokaryotic DNA, is not commonly used for eukaryotic
DNA D12.

The studies reviewed here used the sedimentation and non-denaturing filter elution techniques.
RBE values for induction of DSBs are about 1 for the latter technique and range from 1 through
4 for the former. RBE values are found to increase when time for DSB rejoining is allowed.

D3.1. Sedimentation technique

Blocher013 measured yields of DSBs using the (neutral sucrose gradient) sedimentation
technique, and the Ehrlich ascites tumour cell line (EAT). DSB yields resulting from
irradiations with 3.4 MeV alpha-particles (LET of 65 KeV//um) were compared with yields from
irradiations with 140 KeV X-rays (mean LET of 2.5 KeV//xm). Numbers of DSBs were
measured immediately after irradiation, and also as a function of time after irradiation; the latter
measurements provide information on the occurrence of rejoining of DSBs.

Blôcher found that for the DSB yields measured immediately after irradiation, the RBE was 1.6
± 0.4, regardless of the dose. He found also that the DSB rejoining rate for cells that were
alpha-particle irradiated was considerably slower than that for cells irradiated with X-rays.
DSB yields decreased exponentially with post irradiation time; the half-time constants were
about two and one half hours and six hours for X-ray-irradiated and alpha-particle-irradiated
cells, respectively. While the yield for rejoined DSBs induced by a-particles exhibits a linear-
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quadratic relationship, the same quantity for 7-rays is purely quadratic. A low dose limit RBE
is therefore undefined. RBE values therefore increased under repair conditions, from 1.6
mentioned above, to about 2.7 for a 100 Gy alpha-particle dose, and about 3.8 for a 10 Gy
alpha-particle dose. The author further suggests that extrapolation of fits to the data imply an
RBE of about 10 for 1 Gy of alpha-particles,

It is interesting to note the author's caveat concerning the sensitivity of the sedimentation
technique to higher molecular weight DNA, which represents a limitation of the procedure. He
observes that "a minor effect on the number of DSBs cannot be excluded ".

In spite of the speculation regarding the accuracy of the yields, the results for DSB yields agree
with observations on oncogenic transformation frequency made by Robertson et al. insofar as
they indicate that alpha-particle damage to DNA differs in quality from X-ray damage to DNA.
Furthermore, the alpha-particle damage is less efficiently repaired.

Frankenberg-Schwager et al.DM investigated DSBs and rejoining for yeast irradiated with 3.5
MeV a-particles and 30 MeV electrons. In this work the authors used the yeast diploid strain
211*B which lacks mitochondrial DNA. The DNA molecule is said to be 300 times smaller than
for mammalian cells. The dose response for induction of initial DSBs was linear for both
radiations. The RBE for the a-particle was observed to be 2.5 ± .1 relative to 30 MeV
electrons.

Rejoining was followed during incubation at 30° C under non-growth conditions for up to 72 h.
The dose response was observed to be non-linear for residual DSBs. Various response curves
could be fit to the data. A quadratic relation for both radiations provided parameters with the
least uncertainty. The RBE for this case is 3.5 ± .3.

The authors observe significant repair of potentially lethal damage (PLD) in yeast survival
curves in contrast with data for mammalian cells. In yeast at least it is thought that rejoining of
DSBs is the mechanism for PLD repair. The point is made that the number of DSBs produced
per traversal depends upon the amount of DNA which is 300 times less in yeast. Hence the
probability for production of a lethal DSB is much higher in mammalian cells. The authors note
that the observation of monophasic unsaturated rejoining with a tI/2 of 13 hrs is consistent with
work done on EAT cells for which the corresponding time following a 19 Gy a-dose was 6 h.
The authors conclude that the increased efficiency of high LET radiation may be explained not
only by the increased efficiency to induce total DSBs but especially those DSBs not readily
rejoined or prone to misrejoining. This may be relevant not only to cell survival but also to
transformation.

Cole et al.D15 report DSB yields for cells irradiated with equally toxic doses of gamma-rays and
alpha-particles (survival fraction 0.5). RBE values calculated from their data were about 2.7
for induction of DSBs and 11 after time had been allowed for rejoining of DSBs.

Kampf et al.D16 report RBEs of 1.51, 3.5 and 4.4, for radiations of 66, 100, 160 KeV//xm,
relative to '"Co gamma-rays. These data were for Chinese hamster lung fibroblast cells, and the
induction of DSBs.
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D3.2. Non-denaturing filter elution techniques

Fox and McNallyDn measured induction and rejoining of DSBs in V79-379 Chinese hamster
lung fibroblast cells that were exposed to alpha-particles from 238Pu (LET ~ 105 KeV/pim) and
250 kVp X-rays. For induction of DSBs, they found an RBE of 1 for alpha-particles with
respect to X-rays. Their study on rejoining of DSBs found that, for cells exposed to 40 Gy of
alpha-particles, there was an initial fast component such that within 2 min. post-irradiation, 70%
to 75% of the breaks were rejoined; the fraction of breaks rejoined remained constant at 75%
for up to 120 min. post-irradiation. The authors indicate that different processes of rejoining
must occur after X-ray and alpha-particle irradiations, since post-irradiation DSB yield curves
for X-ray exposures exhibit a different shape from that described for alpha-particle exposures.
For the a-particles, a fast component removed 70% of the DSB's after 2 min. incubation. No
slow component radiation was observed. However X-rays exhibited a well-developed two-
component reduction curve. The effect of the fast component was complete after about 10 min.
of irradiation and accounted for about 60% of the initial DSB's. A second slower component of
rejoining augmented this by a further 20% after 120 min.

Fox and McNally acknowledge that their RBE value differs from that obtained by others who
used the sedimentation technique. They cannot explain the discrepancy. They have made
measurements at pHs of 7.2 and 9.6 since use of different pHs has been a point of contention
with the non-denaturing filter elution procedure018. They have demonstrated pH was not a
confounding factor in their findings.

Since RBE values for end-points such as oncogenic transformation and lethality exceed 1, Fox
and McNally suggest that factors other than simple rejoining of DNA DSBs must be important
for achieving these end-points. It may be that although alpha-particles and low LET radiations
induce DSBs that are rejoined equally well, the original nature of the DSBs may be different for
the different quality radiations such that rejoining equals correct repair in the case of low LET
radiation but not in the case of alpha-particles.

Coquerelle et al.D19 also used the non-denaturing filter elution method to measure induction and
rejoining of DSBs. The cells were normal skin fibroblasts, grown in culture. 3.4 MeV alpha-
particles from 241Am (LET ~ 120 KeV//xm), at a dose rate of 0.35 Gy/min at the cell surface,
and ^Co gamma-rays, at 1.5 Gy/min or 35 Gy/min, were used. (In a previous study, they had
demonstrated that different dose rates of ^Co, giving the same dose, resulted in the same
number of DSBs). Doses ranged from 10 Gy to 37.5 Gy.

In agreement with Fox and McNally, Coquerelle et al. found an RBE of one for induction of
DSBs. However, their results on rejoining of DSBs differ from those of Fox and McNally.
Although like Fox and McNally, Coquerelle et al. report that the rejoining kinetics observed
during post-irradiation differ for alpha-particle irradiations and X-ray irradiations, Coquerelle et
al. do not observe the initial fast component for the alpha-particle irradiated cells that Fox and
McNally do. Coquerelle et al. report that rejoining of DSBs is faster for gamma-irradiated cells
than for alpha-irradiated cells; for the former, 95% of breaks are rejoined within three hours
after irradiation whilst for the latter, the corresponding fraction is 75%.
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Coquerelle et al. also conclude from their results on DSB rejoining kinetics that alpha-particle-
induced damage differs from gamma-ray-induced damage. They suggest that the residues on
"sticky-ends" of the DNA that are present after gamma-ray exposure may be such that rejoining
is satisfactory, whereas for alpha-particle exposure, the ensuing molecular environment (e.g.
residues, "sticky-ends") is not conducive to satisfactory rejoining.

It may therefore be of interest to note that investigations into the residues and chemical nature
of the post-irradiated DNA environment have been undertaken (e.g.020). Perhaps some evidence
for the suggestion that different qualities of DSBs are produced by different LET radiations will
be obtained.

D4. The inverse dose rate effect for oncogenic transformation

The reduction in radiobiological response to low LET radiation which occurs when a given dose
is acquired in a protracted rather than an acute manner provides evidence for repair
mechanisms. In contrast, for high LET radiations, significant reductions at the cellular level
have not been observed. On the contrary under certain conditions an increase in oncogenic
transformation frequency occurs as the dose rate is reduced. The early work in which this
phenomenon was observed involved neutron irradiations and is discussed in NCRP 104.

An important contribution involving neutron irradiation not included in the above report is the
publication by Han et al.021 C3H/10Tt/i cells were irradiated in exponential growth phase with
fission neutrons or œ Co y-rays. Transformation frequencies were evaluated for cells after a six
week incubation. Total doses varied from 0 to 4.5 Gy. For the acute dose protocol dose rates in
the range from 103 to 380 mGy per minute were used. For protracted exposures two
experiments were performed at dose rates of 4.3 and .86 mGy per minute. In the region from
0.1 to 1 Gy transformation frequencies at low dose rates were found to be significantly
enhanced with respect to those produced by acute exposure. The difference in results between
the experiments involving the two lowest dose rates was not significant. At the lowest dose, 0.1
Gy, the enhancement factor is about eight.

The authors found that dose rate variations had little or no effect on cell survival, indicating the
absence of significant repair. The existence of a shoulder on the cell survival curve for neutron
irradiation is interpreted as indicating that the accumulation of sub-lethal damage contributes to
inactivation but such damage is not repaired. The authors conclude that the mechanism of
biological action of fission neutrons is significantly different from that for low LET radiation.

The authors also studied the influence of combined neutron and y-ray irradiation on cellular
inactivation. Survival as a function of y-dose was determined for cell populations which had
received a prior conditioning neutron dose of 1.75 Gy. This dose corresponds to a surviving
fraction of about 9%. The survival behaviour was studied for two conditioning dose rates of 160
and 4.3 mGy per minute. The survival curve for the lower dose rate conditioning exhibited a
well-defined shoulder which significantly exceeded a less clearly developed one for the 160
mGy data. It is concluded from these observations that repair processes take place following
neutron damage. These processes are thought to operate on only that portion of neutron sub-
lethal damage which is similar in nature to that produced by low LET radiation. The authors
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further hypothesize that for the low rate neutron exposures repair relative to neoplastic
transformation occurs but that it is error-prone. This may result in altered gene expression or in
the expression of an oncogene for example.

A recent investigation by Miller et al.D22 has clearly delineated the role of this effect with
respect to charged particle radiation fields, in particular a-particles. As these authors
summarise, earlier work in this area had led to conflicting results. In this study the same cell
system was used. Cells either in exponential growth or plateau phase were irradiated in the
track segment mode. The beams employed were deuterons with LET of 25 and 40 keV /mi'1,
3He at 75 and 90 keV urn'1 and 120,150 and 200 keV /zm'1 a-particles. Transfonnation
frequencies per surviving cell were determined for exposures delivered in three equal fractions.
The interval between fractions varied from .3 to 150 minutes. For cells in exponential growth
phase exposed to radiation with LET between 40 and 120 keV /zm"1 the transformation
frequency was found to increase as the interval between the fractions increased. No significant
effect was observed at the lowest and two highest LET values.

The increase in transformation frequency caused by prolongation of the fractionation interval
from .3 to 150 minutes was determined as a function of LET. The enhancement was maximum
at 90 keV /zm'1. Although no number is quoted, it would appear that the enhancement factor at
the maximum is between two and three.

No significant dose rate effect was observed for cells which were irradiated while in plateau
phase. This result is consistent with the hypothesis that enhancement of oncogenic
transformation is connected with the existence of a period of elevated radiosensitivity in the cell
cycle as outlined in section C. Since cells that have reached the plateau phase cease cycling, no
effect would be expected for this group. The authors cite work indicating that a period of two
hours duration in the G2 phase of the cell cycle exhibits strongly increased sensitivity for
oncogenic transformation relative to the rest of the cycle. This duration is roughly twice that
assumed in the theory. In other respects the authors conclude that their results support the
microdosimetric theory of the inverse dose rate effect. The lack of any decrease in the
transfonnation frequency for the plateau phase group might indicate that repair with respect to
this end point is not significant for high LET radiation.

D5. Sister chromatid exchange

The sister chromatid exchange (SCE) end point is given special consideration because of recent
important developments. This end point is reported to be conelated with oncogenic
transformation023. Early work with low LET radiation indicated that very little (SCE) was
produced. A study in which lymphocytes in the Go phase were inadiated with,neutrons indicated
that this modality was able to produce this end point in a system for which no production could
be observed with X-rays. Formally this result would be expressed as an infinite RBE. This
study stimulated further work in which the ability of a-particles to produce SCE was
investigated.

Aghamohammadi et al.D24 irradiated Go lymphocytes with 3.24 MeV a-particles from 238Pu with
a range of 17 /zm in the cell suspension. The dosimetry was based upon the assumption that
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lymphocytes were 6 ^m spheres resting on the base of the irradiation dish. The LET varied
from 124 to 151 keV /̂ m"1 across the cell and had a mean value of 134 keV /zm"1. Irradiations
with doses of .31, .61 and .76 Gy were performed at a dose rate of .92 Gy per minute.
Experiments were also carried out using 250 kVp X-rays at a dose rate of .77 Gy min'1 and
exposure period to achieve a dose of 3.12 Gy. The SCE frequency was found to increase from a
background level of 7.73 ± .36 per cell to 10.82 ± .42, 10.53 ± .55 and 11.65 ± .51 per cell
for the three a-particle exposures in order of increasing dose. The SCE frequency observed for
the X-ray exposure was 7.68 ± .35 and hence was not significantly different from background.
Thus these results also indicate an infinite RBE for this end point. It should be noted however
that the data seem to behave as if the effect had reached saturation for the dose regime
investigated since the SCE frequency does not increase significantly with increase in dose.

The authors discuss the possibility that high LET radiation might produce either a unique type
of lesion or one that is longer-lived than that produced by low LET radiation. The saturation of
the effect is explained on the basis of a combination of two disparate factors. For this cell
system the mean inactivation dose is 0.9 Gy and corresponds to 1.1 traversais. Thus the
increase in inactivation with increased dose would compete with the end point of interest since
the latter requires proliferation to be expressed. In addition an experimental difficulty is
mentioned. Some lymphocytes may not have entirely sedimented to the bottom of the irradiation
dish and might be beyond the 17 [xm range of the a-particles. As the dose increases these cells
would represent an increasing fraction of surviving cells which could contribute background
SCE expression.

A very important contribution has been made in an investigation by Nagasawa and Little025.
These authors have studied the induction of SCE in Chinese hamster ovary (CHO) cells. The
cells were synchronized in G, phase and subjected to extremely low doses of 3.7 MeV a-
particles from 238Pu. Absorbed doses ranged from .16 to 4.9 mGy. A dose response curve was
obtained which showed a significant SCE induction at .31 mGy and saturation by approximately
2 mGy. The plateau reached at saturation corresponded to an SCE frequency larger than
background by a factor of 1.4. This increase was achieved only following a dose of 1 to 2 Gy
using X-rays. This would correspond to an RBE exceeding 100. At the doses used no more than
0.5 % of cell nuclei, or about 2% of cells, experienced a traversal. For the .31 and 2.45 mGy
irradiations analysis indicated that 30% and 43% respectively of the cells exhibited enhanced
levels of SCE. Clearly these results can only be explained by invoking an intercellular
interaction. It is also especially significant that such effects are observable at doses in the range
of levels which might arise from radon exposure among the public.
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E. RADON DAUGHTER MICRODOSIMETRY

El. Hit probability

Analysis of the microdosimetric properties pertaining to inhaled radon progeny requires geometric
modelling involving some degree of simplification. A common approximate description of the
situation is exemplified in Figure El.

Figure El: Geometrical arrangement for
a cell nucleus of diameter 2a at a distance
Z from a plane source. All tracks
emitted into the conical region shown
intercept the nucleus if it is within range.

Radioactivity deposited on the lung surface is represented as a uniform infinite plane source. In the
case of practical exposures such a source distribution will not occur, but this description is
equivalent to requiring a uniform probability of source deposition when small concentrations exist.
In principle as well as practice the requirement of infinite uniformity may be relaxed to apply only
to a small relevant area to be defined presently. The critical site is taken for convenience to be a
sphere of radius a at depth z in the tissue. To be specific this site will be taken as the nucleus of
those epithelial cells with sufficient proliferative capacity to be potential progenitors of a neoplasm.
The choice of a spherical shape is desirable because of its invariance under rotations, although it is
probably likely that the cell nuclei depart from this geometry. It must be emphasized that
association of the site with the nucleus has been made solely for the purpose of exemplification and
the approach will be equally valid for any spherical target.

For high LET radiation any traversal leads to very significant doses so that it may very well be
that simply the occurrence of such a traversal or hit is a critical action. For this reason a quantity
useful for consideration is the hit probability for the above system. This quantity may be calculated
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for the situation depicted based upon the following considerations^.

The areal concentration of cumulative activity will be designated as À Bq s cm'2. The number of a~
particles emitted from an area element composed of a ring of radius p and thickness dp is given by

The number of these which hit the site is given by

dN=—dN (E2)

where £2 is the solid angle subtended by the site. The distance from the point of emission and the
center of the sphere will be denoted r and satisfies

r2=p2
+z2.

The expression for the solid angle exhibits two forms depending upon the distance r. In the near
region the solid angle may be written

where R is the range of the a-particle and the function h(r) corresponding to the numerator is
introduced for convenience in what follows. Combining the above relations and noting that pdp is
equivalent to rdr leads to the near contribution

f [l-h(r)lr]rdr ( E 5 )

where the upper limit of integration is determined by the range of the a-particle.

In the far region
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R2+r2-a2

giving the contribution

(E6)

[l-g(r)lr]rdr. (E7)

The sum of the two contributions gives

(E8)

which is appropriate for z

contributes giving

When this limit is exceeded only the second integral

3R

(R
R

and the hit probability, following Poissonian statistics, is

(E9)

P =l-e'N (E10)

The number of hits N has been calculated for a cell nucleus of 8 /xm diameter (i.e. a = 4 /xm at
depths from 10 to 80 /xm (i.e. 10 /xm < z < 80 /xm) and for ranges of 48 and 72 /xm (i.e. 48 /xm
< R < 72 /xm). The distance range extends over that expected for the epithelial
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stem cells at risk and the ranges correspond to those for the 218Po and 214Po a-particles. The
cumulative activity density used in the calculation was 1 Bq s /xm"2 or 108 Bq s cm"2. The variation
of N with distance is depicted in Figure E2.

Mercer et al. E2 have studied the histology of human lung. They have classified the cell types
present in the epithelium into six groups: ciliated, preciliated, basal, goblet, secretory and
indeterminate. For both bronchi and large bronchi they have determined the depth distributions of
the nuclei corresponding to the above groups. From these data hit probability depth distributions
may be obtained as the product of the hit probability at a given depth and the fraction of nuclei of
a given type at that depth. A similar study has been reported by Bowden and Baldwin(E3). Baldwin
also investigated the proliferative capacity of epithelial cell types(E4).

Figure E3 shows the hit probability depth distribution for ciliated cells in the large bronchi based
upon Réf. E2.
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The average number of hits per cell for a given cell type from a specific a-particle may be written

(Ell)

where w(d) is the fraction of cell nuclei at depth d{ and N(d) is the number of hits for these nuclei.
This quantity is tabulated for the six different cell types in Table El. The table presents the
average number of hits produced by a plane source with areal density of one Bq-s urn"2 cumulative
activity for each cell type in large bronchi and bronchi. The former have diameters ranging from
3-5 mm and mean thickness of 57.8 urn. For the latter the corresponding dimensions are 1-3 mm
and 50 um.
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Table El : Number of hits (/tnr2)

Cell Type

Ciliated

Preciliated

Basal

Goblet

Secretory

Indeterminate

C

P

B

G

S

I

Large Bronchi

2.8p0

5.17

2.32

0.08

0.93

7.45

2.36

214p0

14.16

10.40

5.87

8.03

16.77

9.62

Bronchi

218p0

6.95

5.38

0.13

1.09

1.77

0.07

2.4p0

. 16.48

15.00

5.80

8.92

9.59

7.30

Harley" has estimated the areal cumulative activity from radon daughters corresponding to a
practical exposure of 1 working level month (WLM). The conversion factor she obtains is 3 x 104

Bq s cm'2 WLM"1. For 1 WLM the number of disintegrations (Bq s) from 218Po is 0.7 x 104 cm"2

while the contribution from 214Po is 2.3 x 104 cm'2. The average number of hits per cell per unit
exposure has been calculated for each cell type in both the large bronchi and the regular bronchi.
The results are shown in Figure E4.
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Figure E4: Average number of hits produced in
different cell types. Single-hatched corresponds
to the large bronchi. Cross-hatched data refers
to bronchi.
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The data presented in Figure E4 is also tabulated in Table E2.

Table E2: Number of hits per 103 WLM

Cell Type

Ciliated C

Preciliated P

Basal B

Goblet G

Secretory S

Indeterminate I

Large Bronchi

3.62

2.56

1.36

1.91

4.38

2.38

Bronchi

4.28

3.83

1.34

2.13

2.33

1.68

Even for an exposure of 1 WLM the hit probabilities are less than 1%. It is interesting to note that
for the secretory cells the hit probability is larger in the large bronchi than in the bronchi, in
contrast to all other determinate cell types. These cells lie nearer the epithelial surface in the
former structure than in the bronchi.

E2. Lineal energy distribution

Within the context of the plane source geometry it is also possible to determine the lineal energy
distribution for a spherical site such as a model nucleus. For the coordinates detailed in Figure El
distances between the point of emission and the entrance and exit points for an alpha particle
trajectory through the sphere may be written

/=rcos(0)±^2-r2sin2(6) (E12)

where 8 is the angle between the trajectory and the line connecting the point of emission with the
center of the sphere.

As discussed in Section B the fluctuations in energy deposition are not significant for objects of
nuclear dimensions. The energy deposited in such a case is then calculated from

Ed(r,Q)=E(Xl)-E(x2) (E13)

where A:, and x2 are the smaller and larger values of / respectively. The function E(x) represents the
energy of the alpha particle after it has travelled a distance x. This function was calculated by
inversion of the range energy relation. The lineal energy probability distribution satisfies
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dW=p(y)dy = cJrsmQdrdQ (E14)

where C is a normalization constant.
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Figure E5: Lineal energy dose distribution for
an 8 /zm diameter nucleus at a depth of 20
exposed to 218Po a-particles.

/zm

The lineal energy distribution is shown in Figure E5. The data are presented so that the dose
produced by a range of lineal energy is the area under the curve bounded by that range. This is
accomplished by plotting the product of the lineal energy y and the dose per unit lineal energy
D(y) against y using a logarithmic scale. It can be seen that the dominant contribution to the dose
arises from lineal energies in the interval between 100 and 200 keV pirn'1.

Calculations of the frequency and dose average lineal energies were performed for the cell types in
both the bronchi and large bronchi. Since this quantity was relatively insensitive to position the
values did not vary greatly with cell type. The frequency averages ranged from 135 keV /zm'1 for
ciliated cells in the bronchi to 146 keV /znr1 for basal cells in either region. These values imply
that the dose to nuclei produced by a single traversal lies between 0.42 and 0.46 Gy. The dose
resulting from a given exposure is the product of the number of hits with the above dose per hit.
Thus if a value of .45 Gy per hit is adopted then based upon the data in Table E2 the dose
corresponding to an exposure of 1 WLM would vary from approximately .6 rnGy for basal cells
to 2 mGy for ciliated cells in bronchi. The ratio of dose average to frequency average lineal
energies varied from 1.23 to 1.36.

The sensitivity of the average lineal energy to the radius of the site was also investigated.
Frequency and dose average values were calculated for sites with radii increasing from 0.5 to 5
/xm at a distance of 20 /zm. The frequency average lineal energies decreased slightly with radius.
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For the 2l8Po radiation the ratio of averages between the smallest and largest radius sites was 1.08.
The corresponding value for 214Po was 1.04. Thus uncertainties in nuclear diameter do not play a
significant role in the determination of this parameter. Similarly the ratio of dose to frequency
average showed little variation. For 2MPo it only increased from 1.21 to 1.23 as the radius
increased from 0.5 to 5 /im. This quantity remained constant at 1.26 within numerical limitations
for 214Po.

The above calculations have been performed for activity deposited on the surface of a 15 /xm
mucous layer. To investigate the situation in which the activity resides uniformly throughout this
layer the calculation of hit probabilities was repeated for activity residing on the epithelium surface
itself. The values increased proportionately on average by a factor of 2.3 for all cell types. Then
the effect of a uniform distribution may be roughly estimated by averaging these extreme
situations, a procedure equivalent to increasing the tabulated results by a factor of 1.7.

In the case of the terminal bronchioles for which the total epithelial thickness is only 9.8 /xmE2 no
basal cells are present. In this case for purposes of estimation all cells were taken to be at a depth
of 10 /xm. This would essentially be near the surface of the epithelium and would allow for the
mucous layer. The number of hits for 8 /xm diameter cells at this depth is 0.015 WLM"1. The hit
probability is sensitive to both distance and nuclear diameter assumed. From the calculations
performed it varies roughly inversely with depth and directly with the square of the nuclear
diameter. On the other hand for a given frequency average lineal energy the dose per traversal
varies inversely with the square of the diameter. Thus for 5 /xm diameter nuclei at the above depth
the number of hits becomes 0.006 WLM'1 while the dose per traversal is 1.1 Gy. The
corresponding dose estimate for either diameter is about 7 mGy per WLM.

E3. Previous work

Several microdosimetric studies pertaining to radon daughters have been published. Caswell and
CoyneE6 have evaluated lineal energy distributions for a 1 /xm test site for both a plane source and
one uniformly distributed throughout a 15 /xm mucous layer. Details of the methodology are not
given but it would appear that the lineal energy distribution is derived from the slowing down
spectrum of alpha particles calculated at the center of the site. They find frequency average lineal
energies ranging from 132 to 172 keV /xm'1 for sites at depths ranging from 22 to 50 /xm. The
ratio of dose average to frequency average lineal energies varied from 1.26 to 1.33. The authors
have calculated quality factors based upon the ICRP 9 and ICRU 40 definitions. The former
requires that the average LET be inferred. For both thin and thick sources very little variation of Q
is observed with cell depth. The values calculated range from 17.1 to 18.5 based upon the ICRP 9
definition and 24.0 to 25.4 based upon the ICRP 40 definition.

Brenner E7 describes a Monte Carlo calculation of lineal energy distributions using similar source
geometries. The calculations were performed for both 1 /xm and 6 /xm sites. The variation of dose
average lineal energy with depth for the 1 /xm site is given graphically. The results are comparable
to those obtained in the simple calculation described in this report. The quality of the resultant
estimated radiation field is assessed in two ways. The author obtains a dose average Q over the
epithelium of 26 based upon the definition in ICRU 40 and the 1/xm data. In an interesting
development the author introduces a specific quality function for oncogenic transformation. This is
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obtained from data on oncogenic transformation in the C3H 10T1/2 mammalian cell system
induced by a variety of radiations of different qualities. The author calculated the lineal energy
distributions for the radiations involved using the 6 /xm site. He then determined the specific
quality factor by unfolding the dose response data for the set of distributions. This was
accomplished by numerical evaluation of the quality factor QT(y) specific to transformation from
the set of equations

RBE. = — fQT(y)dfy)dy (El 5)

In the above equation RBE-, is the initial fitted slope of the dose response curve for radiation of
type /, relative to the slope of the dose-response curve for 250 kVp X-rays. The quantity dfy)
corresponds to the lineal energy dose distribution for radiation of type i. The function obtained
resembles the generic function recommended in ICRU 40 up to 70 keV /tm"1 but then departs
sharply. The specific function exceeds that from ICRU 40 in the region from 1 to 10 keV /xm"1.
Unlike the generic function the specific quality is found to decrease rapidly above 100 keV /xm'1.
The two functions cross at about 60 keV /xm'1. The specific quality for the radiation fields
produced by the radon daughter a-particles is then obtained by the average of the specific quality
function weighted by the lineal energy distribution. Because of the shape of the function this
average is quite sensitive to the content in the distribution above 100 keV /xm'1. The author finds
that the specific quality is thus sensitive to depth, falling from a maximum of about 19 near the
epithelial surface to a minimum of 6 at a depth of about 60 /xm. The dose average specific quality
over the epithelium was calculated to be 15.

The plane source approximation would be expected to become particularly poor for small diameter
passages and a more appropriate description is necessary. The natural geometry for the passage is
a cylinder enclosing air with a mucous layer and activity on the interior boundary. The geometrical
analysis is more complicated in this case. In general two contributions are distinguished as far and
near wall components. For the far wall contribution a-particles first traverse the air gap and then
continue through the denser media similar to that experienced by the near wall radiation. If the
activity is considered to be distributed within the mucous layer, then particles from the far wall
also must traverse an additional thickness of this medium.

Al-affan and HaqueE8 describe a calculation of lineal energy distributions for cylindrical airways of
three diameters. The authors assume the activity is on the surface of a 5 /xm mucous layer. The
contributions from the far and near wall are calculated separately. The source distribution is
decomposed into elemental line sources and the fluence at the center of the site is evaluated by
integration for each of the two regions.

They calculate the distributions for a 1 /xm site located 5 /tm below the epithelium. The energy
deposited is not calculated exactly as in the plane source treatment described above. The authors
instead use a modification of the treatment by Caswell and Coyne in which they assume the a-
particle is monoenergetic during the passage through the sensitive site. Unlike the former however,
they do attempt to preserve the correlation between the chord length through the site and the rate
of energy deposition. The energy assumed is calculated from an approximate travel distance equal
to r-x/2 where x is the chord length. The authors then obtain the lineal energy distribution by using
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the triangular chord length distribution characteristic of a sphere. The energy deposited is
calculated from the product of the chord length and stopping power. The relative number of events
for this energy deposition is then taken as the product of fluence and chord length probability.

Table E3: Average lineal energies for cylindrical geometryE6

Rn daughter

218p0

Airway diameter

(mm)

18

3.5

0.6

18

3.5

0.6

yF (keV ^m"1)

121

111

110

91

87

86

yD (keV /ZITÏ1)

150

136

133

113

107

106

The results obtained are listed in table E3. The average lineal energies are lower than those
obtained in the other studies.For example Caswell and Coyne's values range from 132 to 172 keV
/zm"1. This is most likely explicable in terms of the thickness of mucous layer and cell depth used,
both of which are generally smaller than assumed in most investigations. The smaller values used
in this work represent smaller average path lengths so that the particle energies are higher than in
the other calculations. Higher energies are associated with lower LETs and hence lower energy
depositions. Unfortunately the authors do not quote hit probabilities for the geometry used. These
would presumably be higher than for less proximate cell-source arrangements.

Hui et al.E9 have performed an analysis using Monte Carlo methods. In this work the entire lung
behavior is modelled. The deposition of daughter activity is followed through 16 generations of
airway passages. A reference atmosphere of 37 Bq m'3 radon with daughters attached to airborne
particles characterized by an activity median aerodynamic diameter of 0.1 /xm was used. The
unattached fraction of potential alpha energy was .028 and the equilibrium fraction was 0.56. The
equilibrium alpha source distribution was calculated taking into account breathing rate, airway
deposition, mucociliary clearance and transfer to blood. A constant mucous thickness of 15 ^m
was assumed and a cell diameter of 4.6 /xm was used. Cells of only two varieties were considered.
These were secretory cells treated as uniformly distributed and basal cells taken as being at a
unique depth for a given airway.
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The authors obtained hit probabilities ranging from 12 to 30 x 10"3 WLM"1 for secretory cells and
12 to 18 x 10° WLM'1 for basal cells. Frequency average lineal energies ranged from 90 to 114
keV /urn"1. The relatively large hit probabilities for a small site diameter indicate the average source
to nuclear distance is smaller than in the calculations presented in this work and those used by
Caswell and Coyne or Brenner. As in the Al-affan et al calculation this leads to higher average
particle energies accompanied by lower lineal energies. The average dose was found to be 14-15
mGy WLM"1. Previous values are cited ranging from 4 to 26 mGy WLM'1. For an estimated
lifetime exposure of 10 to 20 WLM the work indicates that only some 10% of cell nuclei would
experience a traversal and less than 1 % would experience multiple events.

An important publication relevant to radon daughter microdosimetry was authored by Hofmann and
DaschilE1°. In this paper the authors combine microdosimetry with radiobiological data to estimate
risk coefficients directly. Two sets of radiobiological data were used. These were inactivation of
V79 hamster cells and mutation to thioguanine resistance in HF19 human diploid fibroblasts. Data
have been obtained using accelerated helium, boron and nitrogen ions covering a range of LET
values from 28 to 470 keV /im'1. The radiosensitivity parameters of the track structure model used
were:

inactivation: m=2.5, K = 1 4 0 0 , ao= 69 /xm2 and Do=1.59 Gy.
mutation: m=3.5, « = 1000, ao= 5.75 x 10'3 nm2 and Do= 59.4 kGy

The authors assume that these parameters are relevant to the epithelial cells in question and that
transformation frequencies are related to mutation frequencies by a factor of 100.

In order to emphasize the foundations of the approach taken a simplified calculation is reproduced
here. Using the average LET of 130 keV /xm"1 obtained here for epithelial cells implies an
equivalent a-particle energy of 2.8 MeV. Once the energy is established then the parameter Zcff/6
is defined. Track structure theory may then be used to calculate cell survival and mutation
frequency as a function of dose. Since the cell must survive to pose a risk to the organism, the
latter is the product of the mutation frequency per cell and the probability for cell survival. The
authors consider two models. In the first the transformation frequency is proportional to the
mutation frequency. In the limit of small doses, the survival probability approaches unity so that
the mutation frequency becomes identical to the mutation frequency per cell. Moreover, the
frequency also becomes proportional to dose and the risk coefficient in the low dose region is the
constant of proportionality. In the second model, based upon initiation-promotion, the
transformation incidence is considered to be proportional to the product of the above
transformation frequency with the frequency of inactivation of mature epithelial cells. This model
invokes intercellular interaction. The inactivation frequency is the complement of the survival
probability. At low doses this quantity also becomes proportional to dose. In this case the
transformation frequency varies quadratically with the dose. The risk coefficient in this region
varies linearly with dose. Thus, in contrast to the first model, in which cells behave
independently, in this case the risk coefficient approaches zero with vanishing dose. The risk
coefficient calculated for either model declines at sufficiently high doses because of the decrease in
the fraction of surviving cells. The calculation of each of these terms using the above parameters
within the context of track structure theory is straightforward. In order to present the risk as a
function of exposure it is necessary to employ a dose per unit exposure conversion factor. The
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authors use a conversion factor of 2 mGy WLM"1 and this is followed in the model calculation.
The results of the calculation are shown in Figure E6.

10-1 10° 101 102 103 104

Exposure (WLM)

Figure E6: Calculated risk coefficients. The
broken line represents the results based upon
transformation only. The solid curve denotes
the values obtained with the initiator-promotor
model.

The estimates based upon the transformation frequency only result in a constant risk factor below
about 10 WLM. For the initiator-promotor model the risk factor declines from a maximum at
about 100 WLM as the dose decreases. The values in the figure in this calculation were obtained
using a factor of 36 to convert mutation frequency to transformation frequency rather than 100
used in the original paper. The magnitudes of and trends in the risk factors for both models are
essentially in accord with those of Hoffman and Daschil which in turn generally agree with
epidemiological data. In particular the data are in much better accord with the predictions of the
initiator-promotor model. This is primarily because of Canadian data at 20 WLM . This data point
is shown at approximately 1.5 x 10"6 with an upper limit of about 5 x 10"6. The calculated result
for the initiator promotor model is 1.9 x 106 while the estimate based upon transformation only is
1.6 x 10-5.

The calculation performed by the authors was much more sophisticated than that performed here
for illustrative purposes. Deposition of activity on all generations of airway surfaces was estimated.
The LET spectrum for basal cells was calculated for each generation and a-group. The appropriate
inactivation and mutation frequencies were calculated for each case and a final average evaluated.
However the final result is very similar to that presented here. It would appear that the use of a
single effective radiation quality obtained from a microdosimetric average is sufficiently accurate.
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Of course it was necessary to use a smaller scaling factor to convert from the mutation to the
transformation end point but this factor was essentially introduced on an ad hoc basis. The
calculation here tends to underestimate by a factor of two the high exposure risk at the maximum
which clusters around 10s. The maximum in the detailed calculation occurs near 300 WLM. The
authors also state that an improved fit to the epidemiological data was attained when they used a
variable conversion factor ranging from 5 to 1 mGy WLM*1 from low to high exposure. The
rationale for a non-linear conversion arises because the activity distribution changes with exposure.
Finally, in their calculation the gamma mode contribution to the response function was ignored in
contrast to the estimates made here. The authors argue that this is reasonable since this mode
essentially represents multiple events which in these circumstances would generally be widely
separated in time.

Clearly the details of the calculation are very uncertain. Data from two different cell lines are
incorporated. The conditions of exposure differ from the situation of interest in the radiobiological
experiments both as to dose rate and the fact that the cells were irradiated in vitro. The end point
of concern is oncogenic transformation and no data for this end point were used. The attempt to
generate this information by rescaling mutation data may be reasonable but is equivocal. Estimates
of the conversion factor relating radon exposure to cellular dose vary widely. Nevertheless, the
approach illustrated by this calculation has great merit. In it elements of fundamental
microdosimetry, experimental radiobiological response and epidemiological data are combined in
an attempt to arrive at a consistent description.
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F. DISCUSSION AND CONCLUSIONS

Microdosimetry is concerned with the relationship between the radiation response of a system and
the energy deposited in sensitive sites of the system. Energy is deposited as the trajectory of a
particle passes sufficiently close to the site. For a given exposure the number of such tracks, or
events is randomly distributed according to Poisson statistics about a mean value determined by the
dose, the LET and the site geometry.

For high LET radiation such as a-particles the number of tracks through a typical nucleus is only a
few per Gy. Thus at dose levels typical of concern in radiation protection the probability that an
individual cell will experience an event or hit is much smaller than one. Energy deposition is
controlled by the distribution corresponding to a single event.

The detailed behaviour of the fluctuations in deposited energy due to a single event depends upon
the structures of both the particle track and the geometrical region comprising the site.
Track structure is primarily controlled by the differential cross section. The track is essentially a
finite set of interactions with molecules. Each interaction is characterized by the spatial coordinates
and energy transfer. The average spacing between interactions depends upon the mean free path
which derives from the total cross section. This then determines the average number of interactions
contained in a defined segment of the track. The interaction number in a segment is Poisson
distributed. The distribution of energy transfer at each interaction is determined by the differential
cross section. The length of a segment for an event corresponds to the length of the chord formed
by the intersection of the trajectory with the site. The chord length distribution is determined by
the intrinsic geometry of the site and is a contributing factor to the ultimate energy deposition
statistics. Finally, the energy transferred as electron kinetic energy in an ionization process is
transported from the interaction point by the ô-ray. This may be interpreted as bestowing a radial
dose profile to the track and also plays a role in the energy deposition distribution.

The microdosimetric radiation response is described by a hit size effectiveness function. The dose
response is then the integral transform of the hit size effectiveness function. The kernel of the
transform is the dose dependent, multi-event, energy deposition distribution. Implicit in this
approach is that the hit size effectiveness function is itself invariant with respect to dose. An
adaptive response would not be encompassed in this procedure. Such a situation could for example
reflect an altered response to an event closely preceded by a prior event. Dual radiation action is
based upon the postulate of a quadratic hit size effectiveness function. The recent reformulation of
compound dual radiation action hypothesizes single event lesions in the form of double strand
breaks which then interact over micron distances to produce higher order damage.

The simplest significant quantity which can be calculated from energy deposition is the yield of
double strand breaks. Unfortunately the biological data are somewhat ambiguous because of
technical difficulties of measurement. It may be concluded however that the data indicate that high
LET radiation is only slightly more effective in inducing DSBs than low LET radiation. The
rejoining kinetics and residual yield is significantly different however and implies that the damage
is more complex and less effectively dealt with than for low LET radiation.
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The induction of preneoplastic transformation in epithelial cells by a-particles has been
experimentally demonstrated. Furthermore experimental evidence indicates the complete absence of
repair of lesions leading to cellular transformation if those lesions are induced by a-particles. This
result is in keeping with the general conclusions arrived at by the DSB studies. The data involving
DSB rejoining and lack of transformation repair may indicate that the biological damage wrought
by high LET radiation is qualitatively different from that induced by low LET radiation. This is
consistent with Monte Carlo simulation studies.

The range of lineal energies involved in the transfer of energy from radon daughter a-particles to
lung epithelial cells corresponds to the range for which the inverse dose rate effect has been
observed. Thus estimates of oncogenic transformation frequency based upon radiobiological data
may be too low when applied to situations of chronic exposure.

Recent studies of sister chromatid exchange clearly indicate multicellular response. This would
imply that models based upon biological effects resulting from independent cellular action may
have limited accuracy.

The application of microdosimetric techniques to the problem of the potential induction of
carcinoma by radon daughters has been considered and a strategy together with its prerequisite data
may be outlined.

A relationship between the magnitude and disposition in the lung of radon daughter a-activity and
exposure to a given radon atmosphere must be established.

A standardized lung histology must be invoked which could be age and sex dependent. This would
define such parameters as the thickness of the mucous layer, and types of cells, together with their
properties.

The distribution of energy depositions in defined critical sites may now be calculated by
straightforward means. The intricacy of the calculation will depend upon the geometry assumed.
The simplest assumption is that the critical sites are spherical and of at least micron diameter and
the source distribution has cylindrical symmetry. Then the energy deposition for any event may be
calculated from the energy-distance function where the distances between the point of emission and
the points at which the track enters and leaves the site are simply determined from geometrical
considerations. If it is assumed that it is necessary to calculate energy deposition in nanometer-
sized sites then Monte Carlo techniques must be used. The same would presumably be true if less
symmetrical geometries such as flattened nuclei constituted the critical site.

Knowledge of the energy deposition in isolation is of limited usefulness. Ideally this knowledge
should be applied to a microdosimetric-based model of carcinogenic induction." Data from
radiobiological studies of oncogenic transformation provides a partial basis for such a model. It is
unlikely that such a model can be developed on the basis of a hit-size effectiveness function which
treats the response in the one-dimensional space representing independent cellular response. There
is no inherent reason, however, that prevents the concept being extended to multi-dimensional
response encompassing collective behaviour of a group of cells.
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Given the above prerequisites it is conceptually possible to calculate from first principles the risk
to an average individual from exposure to radon. Of course, the last prerequisite mentioned above
is not within our grasp at the present time and more modest approaches, as described in this
report, must currently be utilized. A possible additional complicating factor which might limit the
ultimate success of even the ideal situation outlined above would be individual variability,
particularly in radiosensitivity.
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