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1. INTRODUCTION

l • i • !MuUJ2LJJi.QJioi.jMii&ULiitQ.UleiiLi

The Chernobyl accidenL put (he assessment of (he risk of lung cancer from inhalation

of hot particles back among the pressing questions of internal dosimctry.

As a result of the prolonged exposure to radioactive aerosols - for a period of two

weeks - there was a significanl section of the population for whom inhalation of radionuclidcs

was tiic main source of radiation exposure.

The specific problem in assessing the radiobiological effects of hot particles is (hat

in cases where hot particles arc likely to have entered (he respiratory tract, the irradiated area

of lung tissue will be localized and will have a high dose gradient, with a small number of

cells receiving high doses in the optimum range for blast transformation [59, 15]. This rules

out applying the generally used concept of effective dose, which is based on the assumption

(ha( (he critical organ (target tissues in (he lungs arc not distinguished) is irradiated uniformly

and that all ihc energy is absorbed by its entire mass. This concept provides the basis for

the fundamental principles of radiation protection and for the radionuclidc inhalation models

proposed in ICRP Publications 19, 30 and 56. The ICRP specialists [39] hold the view that

the intake into the body of a specific quantity of radioactive matter will be less conducive to

the development of delayed stochastic effects if the particles arc present in the body in the

form of "hot spots" than if they are uniformly distributed. K is known, however, that there

arc cases where the effects of radiation differ from those predicted on the basis of the mean

dose - for example, radionuclidcs emitting radiation with a short path length in tissue when

they are near radiosensitive microvolumes. Furthermore, the findings of cpidcmiological

studies arc based on data for irradiation by cv-cmiiting radionuclidcs (workers at uranium
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mines and plutonium fabrication plants). The predominance of /3-radiation in Chernobyl hot

particles means (hat the ICRJP .standpoint outlined above cannot be applied.

Tims, there is a need Cor a model lo assess the risk of cancer from hot particles which

would describe (he interaction between a point source of radiation and a limited volume of

sensitive cells and which should be based on studies of the microdosimetric parameters of

hot particles and the anatomical and physiological characteristics of the tissues of the

| respiratory tract [19].

Three factors determine the noa\ for dose reconstruction and assessment of the risk

of delayed effects from inhalation of Chernobyl hot pailicles: firstly, the probability of hot

particle intake was substantially greater in (he early stages of the accident because of the

significantly greater concern rations then present [6]; secondly, the activity of the hot

panicles was far higher since much of the activity was attributable to short-lived

radionuclides; and thirdly, (he anatomical and physiological characteristics of the upper parts

of the respiratory tract, which have a mucociliary apparatus for aerosol clearance, mean that

particles which by the lime of clearance may have deposited a dose* sufficient to induce

tumours are not detected in pathologicoanalomical examinations, whereas particles in the

lower sections of the respiratory tract are virtually immobile and can be detected [13].

Calculation of the risks from inhaled hot particles presents difficulties within the

framework of standard dosimctric models of the lungs. Firstly, in calculating the risk by the

ICRP model, the critical mass is taken to be the entire organ, whereas the critical mass in

(he case of hot particles is a relatively small number of cells. Secondly, the chamber model

of the lung in IRCP Publication 30 is not fully consistent with the behaviour of large

particles. For example, the particles do not pass from the alveolar region into the lymph

nodes.
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These and, quite possibly, other limitations mean that we cannot use the model as a

whole, although the aerodynamic parameters and the parameters for clearance of insoluble

aerosols can be applied in hot particle dosimetry.

In any assessment of the risks from harmful effects, carried out to provide a basis for

health regulations, biomedicai factors will appear not as objects of investigation but as

"terms", i.e. as quantities given from outside [26]. To the extent that the assessed risk from

the effects of radiation on people under .specific living and working conditions influences the

adoption of socially significant, in particular economic decisions, it itself assumes social

significance, and so the risk becomes a social category.

The methodological complexities of transferring the category of "risk" from the field

of biomedical science to the social plane are not simply of a terminological nature. It is well

known from the history of science that if a .scientific problem acquires major social

importance the objective resolution of that problem is often prejudiced.

1.2. What arc hot particles?

The first question that (he investigator must answer is a general one - what is a hot

particle? This question can be answered by talcing one of two approaches - the physical

approach, based on the physical properties of hot particles, and the biomedical approach,

based on evaluation of the particles' impact on (or potential hazard to) various tissues or the

human body.

From Hie physics point of view, hot aerosol particles are particles of micron and

sub-micron size which have an activity several orders of magnitude greater than the mean

specific activity of the aerosol in question. Given that the natural specific activity of rock

is JO"9 Ci • kg1, we can as a rough guide take this radioactive isotope concentration as the

background for any dust particle of mineral origin and a concentration 1-3 orders of
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magnitude lower for organic dust. Aerosols with a specific activity in excess of this value

are considered radioactive. Chernobyl hoi particles have a value at least ten orders of

magnitude greater.

In the radiobiological literature the term "hot particle" has hitherto been more often

applied to a-emitting radioactive particles less than 1 [xm in diameter. A similar definition

is mentioned in Kef. [40] according to which a hot particle is a radioactive particle which

delivers a dose to a critical volume of tissue of at least 1000 rem per year.

In a bioniedical approach, the unknown criterion is the specific impact of hot particles

on human organs, which in the present work is actually (he subject of investigation. The

definition of the term "hot particle" itself clearly needs to be expanded lo include a

quantitative evaluation of the radicbiological effects attributable «o hoi particles.

1.3. Main lines of research into hot ...particles

Hot paiiicle risk assessment is a complicated procedure involving many scientific

disciplines. Resolution of the hot particle hypothesis is not sufficient for a complete

' assessment of the risks. For example, in examining the impact of hot particles on the Jungs,

account must be taken, inter alia, of the probability of intake into the lungs, the clearance

dynamics, the characteristics of the dose distribution around the hot particles, morphological

and histological features, dose-effect models, the processes of transition from transformed

cells to tumour formation, etc. Figure 1 shows the flow diagram used by the authors in their

investigation of (ho radiological health risk from hot particles. The diagram sets out the

processes, in their logical sequence, which are directly responsible for tumour formation, as

veil as the associated processes which have to be taken into account when detcnnining the

parameters quantitatively.
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1.4. Theoretical aspects of radiatio_ii_cji.rcil]OKQ_iiesis

In tills section we examine only those models which, in principle, have some bearing

on extrapolation of the carcinogenic risk from large doses, where it is reliably observed, to

small doses [26]. The most general theoretical basis for liicsc models is Bcrenblum's

two-stage induced cancer theory. This (iicory makes a formal distinction between tv/o phases

in the tumour formation process: initiation and promotion. Berenbium defines (he initiation

phase as a rapid irreversible process (such as a mutation) and (he promotion phase as a

partially reversible prolonged process associated with the development of the tumour from

the initial altered cell.

Taking this as his starling point Mayneord proposed the following purely formal

expression for the appearance of tumours as a function of close:

/(£>) = N • A(D) • G(D) 0 )

where N is the number of target cells in the organism from which a tumour of a given

localization may, in principle, arise, A(D) is a function describing the yield of primary altered

cells from an applied dose D, and G(D) is the probability of a tumour developing from a

primary altered cell; this probability is assumed to be non-zero even when the dose is zero.

The models examined can be divided into three groups. The first group focuses on

validation of the function extrapolating the risk to small doses on the basis of well-known

general laws of cellular nidiobiology. The main model in this group is the linear-quadratic

one. The second group relies on analysis of the empirical ratio of dose to lime of appearance

of new growths. The aim is to detect a possible influence of the dynamics of induced tumour

appearance in the period following exposure on the dose-effect relationship. The third group

tries to develop an independent mathematical model describing (he appearance of carcinogenic

effects as a function of dose.
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In the literature there is another group of models covering spontaneous carcinogencsis.

Naturally, these models do not deal with analysis of Hie dose dependence of carcinogenic risk.

The linear-quadratic model. A characteristic feature of radial ion induction of many

types of new growths is an initial increase in their appearance as the dose increases, the

attainment of a maximum, and a subsequent reduction in frequency as the dose continues to

rise. The linear-quadratic model explains the mechanisms discovered and describes them

quantitatively, operating with only two radiation effects: initiation in cells of prccarcinogcnic

changes, and deactivation of primary altered cells. These two competing radiation effects

acting on the same cell are assumed to be mutually independent and so, in the linear-quadratic

model, the dose-cancer frequency A(D) is written as follows:

A(D) = («,D + a?D
7)S(D) (2)

where a, and a, are coefficients describing tiic initiation effect, and S(D) is the survival

probability of a primary altered cell after receiving a dose D, which is described by the

following function:

SOD) = exp[-(fc,£> -I- b2D
2)\ (3)

where b, and b2 are parameters selected to make the equation agree with empirical data on

radiation dcactivation of cells.

Maihematic models of the dose-effect relationship. In experiments to induce certain

types of tumour through prolonged exposure to chemical and physical carcinogens a general

rule can be clearly seen to apply: as the carcinogen activity level decreases, the appearance

of tumours occurs later on average. The following empirical relationship has been-proposed

to describe this dependence:
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d • (^ •-- const (4)

where d is the radiation do.se rale or the daily carcinogen dose, (̂ 0 is the time it lakes for

tumours to appear in 50% of the animals (median latent period), and n is an index ranging

from i to 7 for different carcinogens and Uimour types.

Direct extension of this ade to the low dose rate region where induced tumours do

not occur with any reliability leads lo the conclusion {hat as of a specific dose, the tumour

does not have lime lo develop wilhin (he lifetime of (he individual owing to Ihe delay effect.

This brings us to the concept of a practical threshold.

Models of card no genesis as a imillislcp process analyse the appearance of new

malignant growths from natural causes during the lifetime of an individual. Their object of

quantitative analysis is the age dependence of mortality from cancer. For many tumour types

this dependence is well described by a sharply increasing power function of age t:

Y(t) ~ tn (5)

i
where n takes the value 4-6 depending on the type of tumour analysed. This dependence is

mainly observed for tumours in epithelial tissues. They very rarely develop before the age

of 30 but account for some 70% of the overall mortality from tumours.

Authors of models of this type distinguish two stages in carcinogenesis: cell

transformation and growth (clone development). They identify transformation with one or

several genetic changes in the cell which give a normal cell the ability to start a tumour.

Clones of the transformed cell grow and a delectable tumour forms. It is assumed that the

growth period is short compared with tlte time needed for transformation and that it is not age-

dependent. The rate of tumour appearance is then described by the same time dependence as

the mortality from tumours.



Fishcr1 and Kholyuma1 proposed a multi-cell theory according to which uncontrolled

tumorous growth requires the independent appearance of several carcinogenic cells in the

tissue. The mullicell theory was not developed any further because it is in fundamental

disagreement with the firmly established fact that tumours are monoclonal.

Studies by Miillcr (1951) and Nordling1 (1953) laid the basis for a whole class of

multistage models. According to this work, a normal cell is transformed into a malignant cell

when it undergoes k mutations (k = 5-7).

According to the (historically) first point of view there is for the appearance of all -

without exception - detrimental effects of any of the factors, a threshold level of action

("ineffective" dose) below which there is no induction of a given effect by a given factor [26].

The second, diametrically opposed, point of view is that there is no biological threshold for

some effects (including carcinogenic effects). In accordance with these two extreme

standpoints there arc also two different ideologies when it comes to formulating standards

(health regulations) for the impact of harmful factors on humans.

In its time, health science, going beyond the limits of medical categories proper,
I

developed the necessary basic principles for setting standards applicable to factors whose

harmful effect was recognized as having a threshold, and so successfully formalized the

influence of social aspects on tiie regulation of the impact of harmful factors. It should be

noted that from the social point of view, the threshold concept implies that observing the

standard by remaining below the threshold is absolutely safe for people.

The social aspect of selling standards for factors on the basis of effects characterized

by a non-threshold dosc-effect relationship is fundamentally different. In this case absolute

safety is by definition unattainable. Hence, there is inevitably some risk attached to any

Name transliterated from Russian.
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standarcl limit set for such a factor, whatever non-medical considerations may be adduced to

justify the standard in question. Thus, the permissible (i.e. pre-planned!) risk of fatal cancer

in man resulting from the use of a specific technology clearly does not belong to the categories

that can be formalized within the framework of medical science. This makes it impossible to

formulate radiation health regulations based on a non-threshold standard-setting philosophy.

Hence, efforts to develop standards will continue to be based on the threshold concept.

2. BACKGROUND

2.1. Global fallout, nuclear industry, NRDC

The hot particle problem is not in itself new; study of the problem was "stimulated"

by nuclear experiments and by the need to ensure the safety of workers in the nuclear

industry. Attention originally focused on tv-cmitting nuclides because of their high linear

energy transfer (LET). Many animal experiments were carried out but for the most part they

did not corroborate the hot particle hypothesis. The reason for this is that a stationary a-

cmitting particle creates around itself a sharply delineated lethal dose area extending for 2-

4 cell layers beyond which the dose drops sharply towards zero. The importance of studying

the j3 component of the particles' emission thus becomes evident; it creates significant areas

of sub-lethal doses which, in their turn, arc precursors of oncogenic effects. By the time the

accident at the Chernobyl nuclear plant occurred a number of questions concerning hot particle

microdosimetry had already been clarified [8, 9, 14, 23, 28, 38, 51].

The background of the hot particle problem has been adequately described in scientific

publications. The first references in the literature to hot particles were in studies carried out

alHanford and Oak Ridge from 1940 onwards (Morgan, 19<!8), in which autoradiographical



methods were used to show (hat retained radioniielides enler the body in an aggregate

slate [56]. At titat time hot particles were referred to as "specks".

The radiobiological impact of hot particles first aroused lively scientific and public

interest when mass testing of nuclear weapons began, with the associated considerable fallout

of highly-radioactive aerosols into the environment [47].

There was a second wave of scientific interest in hot particles in 1974. The Natural

Resources Defense Council (NRDC) concluded after analysis that hot plutonium particles arc

exceptionally carcinogenic and (hat the maximum permissible content then in force for239Pu

was 1 i5 000 times too high [581. Thereupon, the US Atomic Energy Commission (AEC) and

the US Environmental Protection Agency (EPA) were officially petitioned to reduce the

standards applying to plutonium and other actinides by a factor of 115 000. Although the

standards were not. changed, fruitful discussions -and investigations ensued which helped to

increase knowledge about the problem.

2.2. Effects described

By way of evidence of the impact of hot particles we can cite the results of

experiments in which tumours were obtained in the irradiated skin of rats, and reports on

benign lesions in the lungs of rats and hamsters after intravenous administration of plulonium

microsphercs [51, 48, 29, 31, 32, 50]. Later studies contain data on in vitro experiments in

which colonies of transformed cells were obtained after irradiation of a cell culture with actual

hoi particles from the Chernobyl accident [15, 59, 55].

We and other researchers [28] consider the most significant effect of hot particles to

be the development of cancer. This hypothesis seems reasonable judging by the data on

experimental animals (Bair el al., 1973; Bair, 1974).
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2.3. Hoi particle dosimclry

2.3.1. Radionuclide composition of hot particles .

Retrospective evaluation of the effects of irradiating material inhaled in the primary

radiation cloud can only be carried out if we have detailed information about (lie radionuclide

composition.

The increase in temperature in the reactor core, the subsequent explosion, and the

burning of the graphite structure and of (lie fuel fragmenls which penetrated the graphite as

a result of the explosion led to the release of two types of aerosol into the environment. The

first type consists of primary hot particles of finely-dispersed iuel with the fission products

(radionuclide fragments) accumulated therein. The second type covers particles which resulted

from the condensation of fusible radioisolopes on particles of soot and atmospheric dust.

By far the most significant characteristic of a release is its radionuclidc composition.

Of course not all radionuclides are equally important from the point of view of possible uptake

by the bodies of nearby inhabitants. Most have half-lives measured in seconds and minutes

and so never reach inhabited areas even when blown by a strong wind. Table 1 therefore

includes only radionuclides which can contribute to the inhaled component of Hie population's

radiation burden.

Quantitative characteristics of the radionuclides, taken from Refs [22, 27, 44], are

given in columns 3 and 4.

A common method for representing the isotopic composition of fuel is to give the

relative accumulated activity of the individual radionuclidcs relative to the 95Zr activity.

Column 4 of the (able gives these ratios for the moment immediately preceding the accident.

The release of radionuclides into the environment could not take place with the same

ratios throughout because of temperature separation. The greatest disproportion arose in the
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ratios for radioactive noble gases and isotopes of iodine and caesium. Other isotopic ratios

changed little and these changes can clearly be disregarded. The actual isolopic ratios (in the

release) arc given in column 5. The last column of the table (6) gives the radionuclide ratios

used in the present work.

Many studies have been published to date with results of spcclromelric analyses of

Chernobyl hot particles at various points on Earth [36, 49]. As the release dispersed,

however, major separation of (he particles occurred in terms of both size and nuclide

composition. For example, Western publications note a relatively high quantity of

"ruthenium" particles as compared with our investigations. Independent measurements

therefore needed to be carried out. Another argument in favour of this was that biological

experiments on cell cultures called for hot particles with a known radionuclidc content.

Gamma spectrometric measurements were carried out on an X-ray semiconductor

detector. In all, 223 hot particles were measured. The total activity of the hot particles was

calculated taking into account the short-lived nuclides 103Ru, MUBa -I- '""La, 93Zr H- 95Nb.

According to Refs [36, 38, 49], the following radionuclide ratios were valid for the time of

(he accident: 1<BRu/1MRu = 3-5, I03Ru/(M0Ba + H0La) = 4 and IO3Ru/9S(Zr -I- Nb) = 5.

Figure 2 gives a graphic representation of the distribution of the M'iCc/"w'Ru activity

ratio.

Spectrometric analysis revealed sharp differences in the nuclide composition of the

hot particles. For example, hot particles were found with a 100% 106Ru content (so-called

"ruthenium" particles). Elementary statistical procedures led to a distinction between two

types of particle (Table 2): "ruthenium" and "fuel" particles. Particles of the first type have

a 90% l(X'Ru content. The nuclide composition of particles of the second type is similar to that

of the spent reactor fuel, which, at the time of measuring, was mainly composed of 1'14Ce
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(58%). The "ruthenium" hot particles account for 13% of all the particles investigated. The

remaining 87% can be classified as the "fuel" type. There were considerable fractions of 137Cs

(19.7%) and 90Sr (19.3%) in the "fuel" particles at the time of measuring.

2.3.2. Dose field around a point source

Methods to calculate the dose distribution around hot particles are currently being

developed because of the need to reconstruct doses and assess the risk of delayed consequences

from the inhalation of hot particles. Dose distribution around hot particles is of fundamental

importance particularly in the interpretation of radiobiologiea! effects. Furthermore, dose

distribution around an isolropic point source of /^-radiation in an infinite medium is the basis

for calculation of doses from spatially distributed /3 sources.

Here, we assume that the /3-radiation sovrce - the hot particle - is a point source.

Two approaches can be used to calculate the dose distribution depending on the

availability of initial data about hot particles. The first approach uses data on the isotopic

composition of the hot particle to calculate dose distribution. The second approach employs

data on the /3-radiation spectrum of the hot particle. Each approach has its particular

difficulties and advantages. Using isotopic composition to calculate dose distribution means

that we need to measure both 7-emittcrs and pure /3-cmiltcrs. Such methods have been

developed and are actively used |7J. They arc, however, less accurate than standard 7-

spcclrometry using Ge detectors. Furthermore, we have to take into account the distortion of

the dose distribution at small distances due to the difference of the specific hot particle from

an ideal point source. When using measurements of the 0-nuliation spectrum to calculate the

dose distribution we need to be able to manipulate an object only a few tens of microns in

size. Nevertheless, the result is much more accurate as we do not have to take the dimensions
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of the specific hot particle inlo account since the jS-nidialion spectrum is measured directly

from the suiface of the hot particle.

The isolopic composition of the hoi particles has been measured using /3-

spectromciry [7j. Calculation of the absorbed dose rate D(r) as a function of the distance r

was done using the tables given in Ref. [34]. In order to reduce the quantity of initial tabular

data we used a sixth-degree polynomial to approximate the natural logarithm of the product

of the dose function times (lie .square of the distance from the point source (Table 3).

6

h\(D(r)r2) = £ t y ' (6)

Hence, we can obtain the dose distribution D(r) by regrouping expression (6) as

D(r) = r " 2 c x p ( y % t y ' | . (7)

A plastic scintillation detector (2 cm in diameter and 2 cm high) with a well (2 mm in

diameter and 1 cm deep) ensuring a 4TT geometry (Fig. 8) was used to measure the /3-radialion

spectrum of the hot particle in conjunction with a Quantulus spectrometer (LKB, Finland).

Before measurement the particle was fixed to the point of a glass capillary (using a

micromanipulator) which was (hen placed in (he detector well.

Comparison of the dose distribution calculated from the isolopic composition with that

calculated from the initial spectrum shows good agreement (Fig. 4). In practice, it is more

convenient to calculate the dose distribution from the isotopic composition, both from the point

of view of the availability of source data and from that of simplicity of calculation (Table 3).

Calculating the dose distribution from the initial spectrum is significantly more accurate and

it is essential, for example, for in vitro microbiological experiments with hot particles.
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2.3.3. Real rfosimetiy of specific Chernobyl hot particles

2.3.3.1. Distribution of hot particles according to their radioactivity and size

One aspect of the problem of hot particics which has been little studied and is of

major importance for evaluating intake via inhalation is the spatial distribution of hot particles

according to their size and radioactivity during fallout from the primary cloud. We still do

not have sufficient information on these distributions. Therefore, we must use indirect

methods to make a quantitative assessment of hot particle intake.

Let us make some reasonable assumptions. For instance, let us assume that a person

was in the area during the whole period when the radioactive trace was forming (with an

accuracy approaching (fie "regime coefficient", which is 0.5 on average). How do we

calculate the amount of radioactivity which entered the lungs of that person if we only have

reliable information on the fallout density?

If we represent the respiratory system of the person in the fallout flux schematically

as a filter within that flux, the retention capacity of this filter may be characterized as its

effective cross-section S (in2). If we designate the aerosol particle descent speed V (m-s'1)

and the throughput capacity of the filler (breathing rale) Q (nV-s'1), we may write

S - v = Q (8) •

Hence

S = -2 (9)
v

This relationship describes a monodispcrse fraction (particles with a uniform aerodynamic

diameter d). For particles of arbitrary diameter
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S(cl) = <? • PicljIQ • kid) (10)

where P is the distribution of particles on the ground according to their physical size, I<B is the

coefficient for the transition from the physical to the aerodynamic dimension, and k,, is the

coefficient for the total deposition in the lungs (Fig. 12). By integrating S(d) over d we obtain

the effective cross-section Se)f.

The distribution density of the hot particles on the ground according to their physical

dimensions (Fig. 5) was obtained by approximating the data given in Kef. [35] with a

lognormal distribution.

1 I 1 (Inrf - In X?)

where the parameters of the distribution P(d) are as follows: X = 2.559 /mi, S = 0.2516.

The mathematical expectation and dispersion of this distribution are, respectively:

d = 2.64 /iin and cr(I = 0.675 /.tin.

The dependence of the particle deposition speed V of an aerosol in air under normal

conditions on the aerodynamic diameter d is taken from Ref. [24]. For convenience of

numerical integration, this dependence is approximated by <hc following analytical form

V =-- cxp(0.07314I«2 d + 1.7121/1 d - 5.654), ( I2)

where the dimensionalities are [d] = /xiu, [V] = cni/s (Fig. 6).

Given that the human breathing rate is 30 m3-d'' (in SI units - 2.315 -10"4 m3-s"'),

numerical integration gives us an effective cross-section value Scfr = 0.6 m2. This means that

for a person who remained in the area throughout (he formation of the radioactive trace, with

a hot particle distribution P(d) and a total fallout densily A (Bq • m~2), the integral of the fuel-

type hot particle radioactivity flux to the lungs is equivalent to the radioactivity of the area
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Sf.ffA, i.e. 14.9 kBq/(CMc2). It should be noted that Hie distributions taken from Ref. [35]

are characteristic of (lie western fallout trace 2-5 km from the Chernobyl nuclear power plant.

2.3.3.2. Dose distributions

Evaluation of the impact of the a-component of the radiation from fuel-type hot

particles

Studies of hot particles using non-destructive w-spcclromelry techniques have shown

that, for an average diameter of 34 /tin, the a-particlc flux is 1.1 s"1. Assuming thai the a-

ciniuing nuciides are evenly distributed throughout the volume of the hot particle, decreasing

the diameter wili mean a decrease in activity proportional to the volume and a decrease in the

tola! flux proportional to the surface of a sphere. Calculations show thai for a particle radius

of 5 /.an the flux will be 0.07 s"1.

The mean energy of the or-spectrum over a wide range of diameters will be equal to

half the maximum energy of the «-speclrum, i.e. 2.8 McV (Fig. 7). The peak in the spectrum

in the low-energy region is due to partial absorption of ^-particles in the detector and may be

discounted in the calculations. The total absorption layer for maximum-energy a-particles in

biological tissue is approxbnalely 20 /tin. The mass of tissue which is affected by this a:-

radiation lies in the range of a few tens to a few hundreds of a microgram. Thus, the a-

radiation dose to the tissue around a particle will be in excess of a few hundred thousand

Sv-a'1, always assuming, of course, that the particle remains stationary.

Experimental study of the dose function for ^-emitting hot panicles

When calculating radiation burdens to the structural elements of the respiratory organs

resulting from the intake of radioactive particles, we start with ihc concept of a dose field

forming around a point source of radiation. The semi-empirical Loevinger formula is often

used to calculate the dose rale from a point source. However, the divergences of this formula
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from tlic actual values may reach several times unity [8], and therefore we cannot ignore the

experimental method of determining the dose rate distribution from a point source - also

known as the do.se function.

The typo of detector which is most commonly used to measure microdosimetric

quantities is a small-scale gas-filled wall-less counter J18, 38j. However, we used a quite

different method for studying the dose function.

A hot particle was placed between two flat layers of a tissue-equivalent absorber of

known thickness (Fig. 8). This absorber comprised a set of organic polymer films 5 jim

thick. On both sides of (he absorber we placed a solid organic scintillator. This ensured full

4v recording geometry. The dimensions of the sensitive volume of the detector (diameter -

20 mm, thickness - 11 mm) were such as to ensure total absorption of the /3-radiation energy

from the hot particle.

The method consisted basically in measuring the total absorption spectra while

gradually increasing the thickness of the absorber from the minimum (5 fim) to some

maximum (l.'J mm) thickness at which the insignificant reduction in the /3-rays' solid angle

of entry into the detector could still be ignored. For two consecutive thicknesses, h, and h2,

of the absorber we will have total absorption energies in the detector of E( and E2

respectively. The difference in E, - Ej therefore is the energy absorbed in the layer between

hj and h2. In this way, we can plot the energy absorbed in the flat layers E(h) as a function

of distance from the hot particle. To get from the function E(h) to the dose function D(h) we

must solve (he integral equation (Fig. 8)
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£•(//) = f rS{W,r)D(r)di\ (13)

where pS(O,r)tlr is the mass of a spherical surface of radius r, thickness dr and density p

intersecting the detector volume; D(r) is the unknown dose function; and E(h) is the mean

electron energy (per decay) absorbed in the detector for an absorber thickness h.

Substituting in (13) actual expressions for S(r) and Q(r) reflecting the experimental

conditions:

S(0r) = 4*1*0,

0 = 0.5 (1 - cos 0mJ = 0.5 (1 - h/r),

where 0mM is the limit for integration over 0 for given values of r and h, and bearing in mind

thai

« * 0inwt * ±

we obtain:

E(h) = 2 pr [ r\l - -D{r)dr. (14)

The numerical solution to this equation will be our unknown dose function.

On the technical side, the measurements were performed on a Quantuhis scintillation

spectrometer (LKB, Finland). This spectrometer has a very low background (a few

counts-mill'1 over the whole range) and a very low jff-nuiialion detection threshold (around

1 keV). It has a logarithmic energy scale, so a special procedure had to be used to calibrate
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it. The energy calibration of the Quantulus spectrometer, with a solid plastic scintillator

detector in 4TT geotnclry, was approximated in the form (Fig. 9) logE =

3.3635-10JN + 0.3729.

Figure 10 shows (he total absorption energy spectra P(E|.,h) as a function of the

absorber thickness h (g-cnr2). From the set of spectra obtained one can calculate the energy

losses in each layer of the absorber, By averaging the energy Ec over the spectrum P(Ec)h)

E{h) = / EJ>{EJi)dEc , (15)

we can obtain ihe function H(h) describing the mean energy absorbed in the detector after the

electrons have passed through the absorber. Then, by substituting E(Ii) into the integral

equation (I'l) and solving it with respect to D(r) we can obtain the dose function for a specific

hot particle (Fig. 3).

Approximate dose distribution for the. a- and ̂ -components of a fuel-type hot particle

Figure 11 shows the dose distributions for the a- and /^-components of a real fuel-type

hot particle.

2.3.3.3. General characteristics of Chernobyl hot particles

By reviewing the literature and through our own research [5, 11, 16, 17], we have

been able to put together the following .short list of physical characteristics for the hot particles

present during the first few weeks following the accident. In our research we found two types

of hot particles - pure "fuel" hot particles and "ruthenium" hot particles. For every 7 fuel-

type hot particles there was one ruthenium hot particle. The vast bulk of the radioactivity

came from M0Ba -I- mLa. and wNb + 95Zr in the fuel particles (the activity ratio being

1.5/1.0), .'iml from IO3Ru ;wd m'Ru in the ruthenium particles (the activity ratio being 5/1).

The specific activity of the fuel particles at the beginning of the accident was 0.4 Bq-^m'3 on
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avenige, and it was an order of magnitude higher for Hie ruthenium particles - approximately

10 Bci'/iin"3. By the end of 1991, the specific activity of both types of particle had dropped

almost by two orders of magnitude. The fuel particle radioactivity is currently coming half

from 90Sr and half from 137Cs on average. The density of the particle substance is 9-11 g-cnr3.

As far as their solubility is concerned, the hot particles can be treated as class Y aerosols [20].

3. ANATOMICOPHYSIOLOGICAL AND HISTOLOGICAL CHARACTERISTICS

OF THJi IRRADIATED OBJECTS (TARGET TISSUES)

3.1. Lungs

The human respiratory tract is ideally equipped to ensure effective gas exchange

(oxygen and carbon dioxide). The overall area of the lungs can be as high as 100 m2 in adults

and the air-blood barrier is only 0.4-2.5 microns thick. However, this also means that the

system will effectively pick up harmful toxic substances and particles. Therefore the lungs

arc usually a critical organ as far as the majority of environmental contaminants are

concerned.

The respiratory tract can be divided into three basic parts: (1) the nasopharynx;

(2) the tracheobronchia! tract; (3) the pulmonary tract. The air routes in the head

(nasopharynx) arc mainly designed to filter out large particles by impaction and to warm up

and moisten the incoming air flow. The mucous layer in this area is significantly thicker than

the range of <x-radialion in (issue. The trachea, bronchi and bronchioles in the

tracheobronchial tract transport and distribute the air to the pulmonary gas-exchange tract

through a series of branches (bifurcations). This part of the lung consists of 23 levels

(generations) of bifurcation. The wails are covered with ciliated fibrillary epithelium and

mucus secreting cells (mucociiiary apparatus). The thickness of the mucous decreases as the

generation number increases.
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The mucociliary clearance mechanism eliminates aerosol particles into the gastro-

intestinal tract. The pulmonary tract of the lungs consists of approximately 200 000 acini

which, in turn, consist, of several generations of bronchioles, alveolar tracts and tenninal

alveoli. The blood vessels, lymphatic tissue, supporting tissue and nerve fibres are in direct

contact with the alveolar cells. The typical thickness of a blood capillary, including the

epithelium, the intersliiium and the endothelium, is only 0.5 microns. The fact that around

40 different types of cells arc present in the respiratory tract highlights the full complexity of

the problems involved in dosimctry of the lungs. An ICRP working group has formalized and

collated anatomical and physiological data, broken down by age group and sex (Tables 4, 5),

with a view to the numerical determination of aerosol retention coefficients for the purposes

of lung dosimetry.

In the bronchia! tract, between the trachea and (he terminal bronchioles, there are

15 bifurcations. The volume and surface area was evaluated for each generation. The total

bronchial volume is approximately 150 cm3. The surface area rises from a minimum of

around 20 enr for the fourth generation to 1200 cm2 for (he fifteenth generation.

There arc several aerosol particle deposition mechanisms in the various sections of

the lungs. Capture, impaction and deposition restrict the passage of larger particles, whereas

Brownian motion and electrostatic forces are the main mechanisms affecting small particles,

single particles and molecules. The total deposition coefficient is at least 25% for particles

0.5 jum in size and practically 100% for larger and smaller particles (Fig. 12). Breathing

through the mouth results in partial loss of the filtering action of the nasopharynx for larger

particles.

Aerosol particles are cleared from the lungs either by being dissolved in the fluids of

the lung or by mechanical displacement. Which of these mechanisms comes into play depends
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upon the solubility of the giver; particle type and the part of the lungs where it is located.

Alveolar macrophages act as mediators in the process of clearing mechanical particles from

the lungs. After phagocytosis, the material is transported and eliminated cither by the

nnicociliary apparatus into the gastro-intcstinal tract or, in the opposite direction, to the lymph

nodes which are the special "dunnage" system of the lungs. However, this mechanism may

be ineffective for such .severely cytotoxic aerosol materials as asbestos fibres or hot particles,

which may inactivate and kill the macrophages.

The exhalation speed is heavily dependent on the generation number. Table 6 gives

the average values for this speed for healthy non-smokers: The mean and maximum retention

times for deposited radionuclidcs eliminated only by the mucociliary apparatus are on average

0.4 and 0.8 days respectively.

The human respiratory tract can be divided into two parts - the transport part, which

includes the progressively subdividing pipes of the trachea, (he bronchi and the bronchioles

and extends from the Oth to the 18th generation, and the respiratory part, in which the gas

exchange process takes place, comprising the 19th to the 23rd generation. As we have already

mentioned above, assessments of lung exposure up to now have been based on the assumption

that all the radiation energy is absorbed by the whole mass of the organ, and this notion has

in turn been the basis for calculations of the magnitude of radiation effects. A lot of research

shows that radiation-induced effects must be considered at the cellular level, with target tissues

in the lung being identified. Several sources [30, 19] suggest that the epithelium covering the

bronchial tree and the secretory cells in (he bronchial glands - depending on which part of the

respiratory tract is concerned - must both be viewed as target tissues in the lungs

(Figs 13, 14).
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From the information we have to date on the linear dimensions and histological

structure of the lungs [37, 2, 10], we can make a quantitative assessment of the proportion of

sensitive cells in an irradiated lung [19]. The linear dimensions of the various structures of

the respiratory tract and the target tissues in them (sensitive cells) are given in Table 7

[37, 2, 10].

3.2. Skin

When the human body is exposed to ionizing radiation, the skin, as (he body's outer

covering, acts as a protective barrier against the radiation; therefore absorbed doses in the skin

are often high and sometimes reach a maximum. Reports of radiation damage to skin started

appearing immediately after the discovery of X-rays and radioactivity, and skin damage as a

result of external and contact exposure is still regarded as one of the main types of radiation

injury.

Here we will be looking at the skin as an organ which may become a critical one with

respect to irradiation by hot particles. Tiic international literature identifies as the critical

layer of the skin (he layer of basal cells situated at a mean depth of around 70 /mi (Fig. 15).

The skin consists of two distinct Ia3'ers - the outer epidermis and the underlying

dermis. When it is exposal to soft X-rays and (o /J-radiation in the range of energies usually

encountered, the skin is subjected to a radiation burden that varies rapidly with depth, which

means that the biological response is heavily dependent on the quality of the radiation and the

affected area. The spatial distribution of the dose is particularly inhomogeneous when the

source is small.

Two working groups set up by ICRP and NCRP have reviewed the bases for

establishing skin dose limits and drawn up guidelines for doses from hot particles. Both

groups agree that, for practical purposes, the appearance of skin ulcers is the limiting



- 2 6 -

symplom following severe exposure from hot particles. The ICRP working group [1] was

mainly using data from the UK on pig skin, on the basis of which it proposed a threshold dose

of 1 Sv over an area of 1 cur at a depth of around 100-150 /mi - a close which just falls short

of causing a smooth, superficial, subsequently healing ulcer to form.

This recommendation is based on the data given in Ref. [2].

Our aim is to assess (he probability of a cancer developing. The stochastic effects

(cancer) from exposure of the skin to hot particles have not been determined directly, but

extensive experiments [3] on mouse skin using large sources (diameter 2 mm, 17(Tm) have

shown that spatially inhomogeneous exposure is less carcinogenic than homogenous exposure

for (he f-'amc mean dose delivered over one hour.

This stands in striking contrast to the so-called hot particle hypothesis [58], which

predicts that the carcinogenic effect of hoi particles will be several orders of magnitude greater

than that of homogeneous radiation producing the same mean dose value. Earlier research was

somewhat limited by the difficulties, cost and time commitment involved in extensive work

with animals. What is needed is more data, so that the earlier research on mouse skin can be

extended to include numerous other dosimetric and biological factors:

Smaller sources (in terms of their linear dimensions) and lower /3-radialion

energies;

Localized a-cxposure, which is high in the case of fuel-type hot particles with

high burnup;

Lower mean doses than (he lowest delivered hitherto in animal experiments

(2 Gy), with a view to determining, in animal cancer studies, a probable

threshold dose that will help enhance our capacity to determine occupational

dose levels.

(.Sub-sections 3.3 and 3.'i are ni r,r.in<|. ]



- 2 7 -

3.5. JiistificatloiwjfjjiRj^tvjjnnjjfJ^ sensitive to hot particle
radiation

In the period 1970-80 a large number of papers were published on «-emilUng hot

particles [3, 23, 28, 56]. A general conclusion of these and other papers, based on animal

experiments and on theoretical studies, was that a very non-uniform distribution causes less

damage than a uniform distribution. Tiic relative ineffectiveness of a-emitling hot particles

is due to the fact (hat a sharply delimited area of tissue is exposed to a dose level which either

kills (lie cells or causes (lie total loss of their prolifenitive activity. Outside this area (he dose

is practically zero (Fig. 11). Ionization and excitation thus take place in already dead tissue.

The absorption of most of the dose by dead cells is evidently the reason for the relative

ineffectiveness of tv-emitling ho! particles. On the other hand, the area of radiation necrosis

stimulates proliferation in adjacent cells, thereby creating conditions that are more favourable

for the carcinogenic action of jS-einilters. We should also note that the effect of local doses

from point sources of /J-radialion has been studied to a much lesser extent than the effect of

a-sources. Also, the dose contributed by the a-componcnt is much reduced by the coagulation

of hot particles with non-active particles into micro conglomerates.

When considering insoluble aerosols more than 0.3 [xm in diameter (at lesser

diameters the cell membranes are permeable to radioactive aerosols [20]), the question of their

clearance from (lie respiratory tract lias to be taken into account. Insoluble aerosols are

cleared from the trachea and bronchi by the mucociliary apparatus, and during the process of

clearance (Table 6) a hot particle may produce a dose to the immediately surrounding area

which is sufficient to cause blast transformation of the cells most at risk. The many

experiments conducted on carcinogcncsis due to radioactive aerosols have shown that most

such cancers are bronchogenic carcinomas |3]. This has also been confirmed by the results
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of hislological examinations of spontaneous lung cancers (Table 8). Mortality from tumours

of the epithelial tissue accounts for 70% of total tumour-related mortality [26].

Dividing and therefore transformable basal cells arc considered to be the critical cell

mass for the delayed somatic effects of ionizing radiation. Energy absorbc' by the mucous

layer or the intercellular matrix of the lungs does not usually produce a biological effect,

I whereas exposure of the epithelium can lead to non-stochastic effects. This effect is the result

of damage lo a great number of cells caused by exposure with a threshold in the region of

several sieverts. There can be wide variations depending on the part of the lungs involved,

the mucous layer, (he extracellular matrix and the non-transformable cells within the tissue.

Only stem cells with (he ability lo divide cany the risk of being initiators and forming the

nucleus of a tumour.

5. THE PROBLEM OF RISK ASSESSMENT

5.1. Experimental studios

I Traditional methods of studying the radiation effects of aerosols generally involve the

inhalation by experimental animals of various aerosols with a known radionuclidc, activity and

dispersivity [40]. Experiments have also been described in the literature where aerosols were

simulated by ceramic microsphercs on to which plutonium had been deposited. The

microsphcrcs were injected into a pulmonary vein with the result that the lungs were

irradiated [54]. Also, radioactive solutions have often been administered to compare the effect

of aerosols. Following this procedure, the animals were observed until a tumour formed or

until death was caused by the aerosol factor.

The disadvantage of this approach is that the preparation of the radioactive aerosol

is complex and that, because of the technical difficulties involved in producing polynuclide

aerosols, the aerosol is prepared in a mononuclidc form. This method of administering

.:..„:..„ l
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aerosols to animals requires special equipment both for the administration operation itself and

for housing the animals afterwards, and it docs not allow the process of blast transformation

of lung cells to be observed dynamically.

Moreover, problems arise with the statistical interpretation of the results of

experiments on animals. II' the initial hypothesis is that there is no threshold and that the

probability of occurrence of an effect for a given level of the carcinogenic factor (dose) is e

(c > O), then on purely random grounds (he probability (hat a group of N experimental

animals will not have one induced tumour will be [26]

Po = (1 - e)tf (16)

For this reason a specialist who assumes there is no threshold will inteiprel the

absence of tumours in a group of N animals in the following way: with a confidence level

(reliability) of P = 1 - P0) the level of the effect c for a given dose must be less than or equal

6 « N N

It follows from expression (17) that the absence of tumours in a group of, say, 100

experimental animals signifies only that, with a confidence level P of 0.9, 0.95 or 0.995, the

level of the effect e is not more than 2.3, 3.0 or 5.3%, respectively. A zero number of

tumours docs not in any way invalidate the no-threshold hypothesis but simply puts a limit on

the possible level of the effect (risk).
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Expression (17) can be rewritten in the form

N ;>
- e) ln(l - e)

P l (18)

wliere N is the minimum number of animals in the group required for the absence of excess

^ tumours in that group to constitute valid experimental evidence that the magnitude of the effect

(risk) for a given dose does not exceed e with a confidence level P. The results of

assessments made using expression (J8) are shown in Table 9.

5.2. Comparative analysis of the radiobiological effect of uniform and discrete
radiation sources

5.2.1. Theoretical discussion

The effect of hot particles on human lungs can be characterized by a modifying factor.

This factor is defined as the ratio of two risks: the risk of formation of a tumour as a result

of the irradiation of a critical tissue volume by one hot particle of activity A, and the risk

from the same activity A uniformly distributed throughout the same volume. The usual way

of determining this factor is through model experiments either in vivo on animals or in vitro

on cell cultures [56]. In both cases tissues are irradiated under identical conditions, the only

difference being the spatial distribution of the activity. In practice, it is easier to keep all

conditions identical in experiments in vitro. However, the view that the results obtained from

in vivo experiments arc more meaningful is also valid, since the experiments are closer to real

exposure conditions. At all events, there are no grounds for preferring one method to the

exclusion of the other.

In this section of the paper we shall attempt to assess quantitatively the risk of

malignant degeneration of cells induced by highly non-uniform irradiation (point source)

compared with uniform radiation. For the reasons discussed above, a-emilling radionuclidcs
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are excluded from this comparison. The combined effect of a- and /S-emitting radionuclides

is also left out of consideration, because that would involve taking into account the dynamics

of biological processes and thus go beyond the scope of this paper. We will therefore restrict

the scope of our .study and define il as follows: docs a /3-cniilting hot particle have greater

carcinogenic properties than the ^-activity which it contains v/ould have when distributed

uniformly over some critical volume?

| To find a quantitative answer to this question, we will use the modifying factor

defined above. The expression for it can be written in the clear form

F = i t , (19)
Km

where R|M, and R,mi are the risks of malignant cell degeneration calculated for point and

uniform sources respectively, averaged for a critical volume. The mean risk R for a tissue

volume V will have the following general form

[R(D)dN NV
•K I fR - — - ~ • fR(D)<!n (20)

where Nv is the total number of cells in the volume V. In order to go over to the dose

integral in equation (20), it is necessary to perform (he transformations
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f R(D) dN « f R(D)^-dD = f R(D)PN(D)dD (21)
•' * dD yAnn,

In the integrand tiie derivative dN/dD is simply the cell probability density distribution with

respect to the dose in the critical volume, which we have denoted as PN(D) = dM/dD or

k simply PN. The expression for the modifying factor will then have the following form

P« hpdD

f = 3a* (22)

However, while the formulation may be sufficiently clear, the definition of the critical volume

is not. If we then adopt a heuristic approach to avoid introducing new parameters, the critical

volume can be delimited by an isosurfacc (sphere) which satisfies the condition of equality of

the dose from a point source and the mam dose from the same activity distributed uniformly

inside (his sphere. This value is, with good accuracy, equal to the maximum electron path for

the .spectrum in question. However, because the dose drops shaiply in inverse proportion to

the square of the distance, for low activities a stricter limit on the isosurfacc is provided by

the condition of equality between the dose rate from a point source and that from the natural

background. The reason for this is simply (hat, in the case under consideration, there is no

point in examining effects in areas of tissue where the dose rate from the distributed source

is lower than the background value.

To calculate the integral risk value, let us use linear-quadratic models familiar from

the literature. Unfortunately, the parameters of these models have to be used with care, since
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they do not accurately reflect the conditions of hot particle radiation. If parameters derived

from cpidcmiological data on .survivors of the atomic bombs dropped on Hiroshima and

Nagasaki are used, the type of radiation (mainly neutrons which, in terms of radiation quality,

arc close to a-pailiclcs because of proton recoil) does not match the case we are now

considering. If direct experiments on animals are used, then the well-documented difficulty

of transferring the results to humans arises. There are, of course, well-known results of

|epidemiologica! studies on uranium mine workers, but these results are the least suitable for

our study because of (he difference in (he (ype of radiation (principally «-radiation).

Figure 16 shows the modifying factor F for malignant transformation induced by hot

particles, calculated for cell experiment conditions.

In order to explain the nature of the factor F function in qualitative terms, it is better

to use plots of the integrands PNIip, PNlmi and R from equation (22). All of these are shown

in Fig. 17. The values of PN h|l and PN uni were calculated from the equality condition for

mean doses in the cell culture experiment.

D

(23)

PN

In the low-dose region (below 10"4 Gy) the averaged risks R,ip and Runi are practically

the same since the quadratic term of the risk R is negligibly small and the exponential factor

is the ceil killing factor, and equation (22) turns into relation (23). Generally speaking, it

follows from this that non-uniformity of distribution is of no significance when linear dose-

effect models are used. As the average dose increases further (distributions PN1)J, and PNlmi
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shift to the right in Fig. 17), R,ip increases more rapidly because of the growing influence of

the quadratic term of the risk R on the tail of the distribution PNI)p in the high-dose region.

Factor F peaks in the low-dose region (1-3) • 103 Gy) reaching a value of 2. The subsequent

decline in F is due to the effect of the eel! killing factor on the same tail of the distribution

PNhp. F reaches a minimum (0.1) in the 2-6 Gy region, after which it begins to increase

|rapidly. Above this level, the number of surviving cells in the case of uniform irradiation

(the denominator in the expression for F) tends sharply towards zero, since (he narrower

distribution PN ,1Mi "crosses more quickly" the peak of risk R, whereas part of the broad

distribution PN ,ip is located to the left of this peak. In other words, in the case of point

source irradiation there arc large areas at a certain distance from the source where the dose

is less than the critical value. Consequently, the increase in F at mean doses exceeding

2-6 Gy is due not so much to the increase with dose in the number of malignant cells for the

point source as to the sharp drop in the number of surviving cells in the case of uniform

irradiation; hence this dose range has to be classified as one of severe radiation damage rather

than of increased carcinogenic risk.

The maximum value of F, (1-3) • 10'3 Gy, corresponds to a cumulative activity of

1.5-4.5 Bq-a of 90Sr. In turn, this activity corresponds at present to a particle with an

aerodynamic diameter of more than 10 /xni, which will most probably settle in the nasopharynx

or trachea and be cleared by the mucociliary apparatus. However, in the initial stage a

particle of about 1 |«m could deliver such a dose to a critical tissue volume over one year.

5.2.2. Experimental comparison

To compare the radiobiological effect of hot particles and uniform radiation, we

developed a means of assessing their radiobiological effect in vitro [29, 15] (a flow chart of

the experiment is shown in Fig. 18).
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In contrast to papers published to date [59, 55] on particles from the Chernobyl

accident, we obtained and compared transformation coefficients for hot particles and uniform

radiation.

To determine the biological effect of hot particles on model systems, we used a

culture of embryonic mouse fibroblasts from (he C3H10TI/2 line, which was selected for the

experiment because of the low level of spontaneous blast transformation, the availability of

Ibyngcnelic animals, and the existence of well-established culture methods [53, 41, 16J.

Despite the fact that the authors who obtained and described this line deny the

possibility of signs of malignancy appearing during long-term cell culture, work was done to

obtain clones and to verify their tumourigenicily in order to exclude spontaneously transformed

clones. The latter task was accomplished by two methods: cell culture in 2-layer agar, and

animal experiments where the material was introduced into mice which had been subjected to

1-3 days' minimal irradiation using the method described in Ref. [41].

The conventional method was used to obtain the clones whose tumourigenicity was

o be checked: to obtain cells of the C3H10T1/2 line splenocytcs were cultivated using

a 96-hole plate as a feeder layer. Three days after inoculation, one cell was transferred to

each hole. The clones obtained in this way were sampled and their tumourigenic properties

tested in liquid agar. The conventional method was used for this purpose - cell culture in a

2-layer system comprising the substrate (0.6% agar solution in a culture medium) and a liquid

upper layer (0.3% agar in the same medium). The potential tumourigenicity of the clones

was also tested on new-born syngenetic mice, which were observed for three months after

cells had been introduced. In order to suppress immune reactions, the new-born mice were

subjected in advance to 120 rad of uniform ti0Co 7-radiation, and between 1 • 105 and 2-106

cells were introduced into the inter-scapula area 2-3 hours later.
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The clones selected in this way were cultivated until a density of 240 cells per square

millimetre was obtained. The cells of this lino were cultivated on a standard "Igla" medium

to which was added 20% lactalbumcn hydrolysate and 10% embryonic cattle scrum with

80 nig • mL"1 of gcnlamycin medium. They were cultured in Petri dishes of different diameter

and 6-hole plates designed for culturing cells at t = 36.8°C with 5% carbonic acid. To

prevent contamination by mycoplasm, the cells were treated once a month with tclracycline

(50 units per millilitre of medium administered over four hours).

^ Authentic hot particles found in the soil of regions affected by the Chernobyl accident

were implanted in the monolaycr formed.

The method used to select hot particles is described in Ref. [16]. Essentially, it

involved the following: relative /?-counling measurements were performed over an area of

1 nr (100 segments each of 100 cm7). The segments with the highest /3-count were then

subjected to repeated quartering with the aim of isolating and identifying inhomogencilies in

the soil, and from these the hoi particle was isolated using an MBS-10 optical microscope

(biological s(ereomicroscopc). The linear dimensions of the hot particle were then measured,

| and the particle was microphotographed and fixed to the end of a glass microcapillary lube.

The hot particles were then measured using a plane semiconductor detector, a- and (3-

spectrometers and a Quantulus liquid scintillation system. This set of measurements enabled

the microdosimctry characteristics of the hot particles to be determined. Implantation was

performed using a glass capillary tube 2.5 mm in diameter, 35-40 mm in length and with a

tip diameter of about 350 /xm to which a hot particle was attached using PVA adhesive

(Fig. 19).

This method of implantation is convenient because it does not create any difficulties

during microscope work and docs not alter the optical properties of the plastic of the dish near
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Ihc implanted hot particle. It also has the advantage of case of handling and sterilization of

the hot particles once they arc a(Inched. The reason why this type of dish was chosen for the

culture was that the path length of an electron of maximum energy 1.8 MeV is 1.5 cm in

biological tissue and the dishes with 6-liole plates have approximately this radius (Fig. 20).

A dish of this type makes it. possible to irradiate the whole cell culture with both a

hot particle and a uniform source. This is very important since the cell culture should receive

"an identical dose from uniform or hot particle irradiation in tests designed to compare the two.

Indeed, this condition is essential for deriving coefficients reflecting how effective discrete and

uniform radiation sources are in inducing blast transformations.

Each scries of experimental tests involved irradiating a cell culture with a hot particle,

a uniform 9UY -r <)0Sr source with the activities given in Table 10, and a uniform y-source.

For each particle used in the experiment, the activity of the unifonn sources was calculated

to ensure that the dose to the cell culture from unifonn irradiation and from the discrete source

was the same.

) In the experiment the sources were placed below the hole in the plate. This geometry

for irradiating (he cell monolayer was chosen for the following reasons:

First, the attenuation coefficient of the bottom of the plate holding the cell

culture is lower than that of the nutrient medium, whereas positioning the

source above the surface of the medium will demand a considerable increase

in its activity;

Secondly, (he source is not optically transparent and would have to be removed

from the disli to carry out observations with the microscope, thus disrupting the

sterility and culture conditions;
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Thirdly, this geometry makes it unnecessary lo sterilize the source, and for

microscope work it is sufficient Jo remove it from underneath the hole.

To exclude the uncertainties and artefacts associated with using foreign substances in

the experiment (PVA adhesive, in particular), an additional control procedure was introduced

which involved an electrode with adhesive but without a hot particle. In addition, the effect

. of culture conditions was controlled for inoculating cells under conditions completely identical

to the experimental conditions.

A diagram showing the method used to irradiate culture cells is given in Fig. 21.

The condition of the monolaycr in each hole of the plate was observed dynamically

using a P-l optical inverted-stage microscope and by taking photographs when visible damage

to the monolaycT was detected.

After exposing the cells to radiation for six days, the contents of each dish from the

experimental run were transferred to soft agar in order to test for the formation of colonies,

and cells which had grown were sown for further cultivation with the aim of obtaining the

number of cells (about 2 x ID*) needed to induce tumour development when syngenetic

laboratory animals (C3H mice) were inoculated with changed cells. It is necessary to

determine the number of cells which induce tumours in animals in order to compare the

calculated number of irradiated cells in respiratory tract organs with the actual number of cells

transformed by hot particles which will induce tumours in animals. A culture time of six days

was chosen because this is how long it takes the least active of the particles used in the

experiment to produce a dose sufficient to transform C3H10T1/2 cells, according to the data

on uniform radiation presented in Ref. [42 j . The transformation coefficients obtained for

uniform radiation and hot particles in the experiment are shown in Fig. 22.
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Figurc 23 shows the modifying factor F for hol-parlicle-induced malignant

transformation obtained experimentally. There is a qualitative match between the theoretical

(Fig. 16) and experimental (Fig. 23) curves. In the very low dose region there is no

difference between the effect of hot particles and that of uniform radiation, and so the value

of F is 1. As the average dose increases, the value of F reaches a peak (at the point of the

most effective dose for hot particles), after which it declines and becomes less than 1.

However, the value of the peak itself and the most effective dose of the factor differ strongly
i

between theory and experiment. As was noted above, it is necessary to adopt a critical

attitude to the selection of values for the dose model coefficients used in theoretical

calculations. In our opinion, it may be precisely this fact which explains such a serious

divergence.

5.3. Epid-'iniological studies

IVx : v epidemiological studies show that 80% of lung tumours originate in the

epithelial tissue lining the bronchi and bronchioles of all generations and 20% in the secretory
«""*Ho r\f tUr. KroiicWiial rrlaiirlc IV1O 9^1 Tnmn i t r e of ihn nk'P.nhir ruirf nf thf» Inner? nrr> fnnnrl
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lethal radiation field? and as a response to injury. Such data from research on animals or from

epidemiology can provide information on Ihe possibility of greater sensitivity of tissues around

an injured area partially balancing or even overcompensating for the effect of cell destruction.

In assessing the effects associated with hot-particle irradiation of the lungs it is

unhelpful to average the dose over the entire organ, as is done in the ICRP models. A more

acceplable evaluation is achieved by averaging the risk over the whole organ while allowing

for the different :;cnsitivity of individual tissues. In the lungs, for example, the epithelial

tissue of the bronchi is exposed to the greatest risk (Table 11).

Typical absolute risk values He in the range 10'5-10"6 which makes it difficult to detect

any difference in the effects in cpidemiological surveys or in animal experiments. This is

confirmed, for example, by the experiments of Comber and Watson (Ref. [32]), who

implanted /3-emit(ing 90Sr sources of 0.3 mm in diameter into rats. The resulting frequencies

of tumour formation were compared with results for a group of animals to which soluble

chloride of cerium-144 had been administered intratracheally. No significant difference was

detected in the frequency of tumour formation when the mean doses were equal. Of course

it should be noted that the modifying factor may reach large values owing to the dynamics of

biological processes in living tissue and the combined effect of a- and /3-radiation, but this is

already a subject for a separate study.

As a result of our closer examination of the risks associated with hot particles, the

criterion for the biomedical classification of hot particles referred to in the Introduction can

be more sharply defined. We believe that such a criterion might be the risk of tumour

formation calculated for a critical mass of tissue according to the well-known models, for the

case where the value of this risk is substantially higher for a hot particle than for uniform

irradiation. However, since we have seen that for ra-radiation the impact is reduced by
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encapsulation of the emitter, while for (j-irradiation there is as yet no experimental evidence

of an increase in impact for a point source, the value of the risk cannot validly serve as a

biomedical criterion for the classification of hoi particles.

While working on the problem of hot particles from Chernobyl, the authors have

developed a model to assess Hie risk of lung cancer from inhalation of hot particles based on

a consideration of parameters such as the linear dimensions of the anatomicophysiological

k structures of the lung and their histological structure, the dose distribution associated with hot

particles in a sensitive microvolumc, and (he values of the nuliobiologtcal impact factors for

hot particles obtained from in vitro experiments with actual hot particles from Chernobyl.

The structure of Ihe proposed model is shown in Fig. 24. It should be noted that attempts to

assess the risk from hot particles in an irradiated microvolume were made in Rcfs [57, 32],

The author considered an irradiated volume of lung with a mass of 1 g. In the same paper,

a risk curve for lung cancer in an irradiated microvolume of 1 g is described by an equation

of the following form:

. . Risk (lung cancer) = 0.0025 D2 cxp (-0.5D).

The method proposed for assessing the lung cancer risk considers a stationary particle,

whereas inhaled particles are in fact moved by the mucociliary apparatus in different parts of

the lung at the velocities shown in Table 13; moreover, Ihc irradiated microvolume assumed

by the author is too large for the case of a stationary particle and too small for the case of a

particle moving through a bronchus.

Figure 25 shows lung cancer risk curves obtained by the author using the method

described above. A more thorough method, outlined conceptually in Rcfs [57, 51], consists

in assessing lung cancer risk on the basis of parameters such as:

Time of deposition and retention of particles in the organs concerned;
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Euergy released at cellular levels;

Standard probability of carcinogenic transformation per cell and unit dose per

cell.

Our risk assessment model is based on studying radiation effects where the minimum

volume considered is the cell and the population of irradiated cells in the target tissues.

Figure 26 shows the number of irradiated cells and the doses received from a hot

particle during its passage through parts of the respiratory tract (generations 0-18) with the

velocity of displacement along the bronchial tree by the mucociliary apparatus indicated in

Table 13. The calculations do not cover the alveolar part on account of the low probability

of oncogenesis there (Table 7).

Figure 27 shows the same data calculated for the assumption that the hot particle

remains stationary in a specific part of (he respiratory tract during the time taken for its

clearance from that part. The rest of this risk assessment for hot particles is based on data

from our own in vitro experiments on cell transformation [15, 19].

I Theoretically, the risk of tumour occurrence R{ due to an individual hot particle can

be represented as the product of the risk of occurrence of oncolransformalions - Ro - limes the

risk of tumour formation - R,:

K, = Kr (24)

If we are to make a transition from the number of transformed cells or from the probability

of oncotransformation to the probability of cancer occurrence, then we must adduce, besides

the experimental data, additional information on the radiation epidemiology of lung cancer.

Table 12 provides information on the number of cases of lung cancer for a collective dose

of 1 million man-rad.
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Averaging the data presented in the table we sec thai the risk of lung cancer

appearance for a dose of 1 Gy will be approximately 2.5 • 10'3. On the other hand,

generalized irradiation of the lungs with a dose of 1 Gy will result in some number of

transformed cells representing a particular risk value. We can sec from Ref. [7] that the risk

of blast transformation obtained i?i an experiment with unifonn gamma irradiation of cells with

. a dose of 1 Gy is within the range (2.5-4)-10'4. This means that for the total number of

radiation-sensitive lung cells, which according (o Table 7 is of the order of 8-1()12, and for

a blast transformation risk of 4 x K)"1, the number of transformed cells will be approximately

3 • 109. This in turn means that local irradiation of the lungs to the same absorbed dose will

result in a number of transformed cells 2-3 orders of magnitude smaller. If we follow the

linear hypothesis as to the link between the number of transformed cells and the risk of lung

cancer occurring, then the risk of lung cancer from such a hot particle will be the same

number of times lower.

To summarize the foregoing argument, we can try to assess the risk of lung cancer
>

per oncotransfonnation. Dividing the risk value 2.5 • 103 by the number of onco-

transformations determining that risk, 3-109, we find that each oncotransformation is

associated with a risk of lung cancer occurrence equal to 10'12.

Consequently, equation (24), which was proposed above for assessing the risk of

tumour occurrence due to a single hot particle, can be rewritten in the following form:

Rt - RA = WnNRo, (25)

where N is the number of cells lying within the irradiation field of a particle in one of the

structures of the lung.
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6. CONCLUSION - ARE HOT PARTICLES DANGEROUS?

Are hot particles dangerous? Let us begin with the fact that even asking such a

question, which seems perfectly natural in everyday thinking, is quite improper (ambiguous)

in the scientific sense. However, the authors have brought precisely this question into the

concluding section because similar questions in a similar form are being asked by members

of the public (but not by professionals!) and by representatives of the mass media.

Let us consider in more detail the meaning of tiie phrase "danger of hot particles".

" There are several factors to consider:

Danger to health and to life;

Relative danger in comparison with other harmful factors, radiation-related or

not;

Danger of a specific class of hot particles from Chernobyl (alpha-emitters, beta-

emitters and particles of mixed alpha-beta-emitting radionuclide composition);

Relationship between the generally accepted, "everyday" definition of "danger"

and the concept of "risk" as used in the field of radiation protection.

f In the context of this paper only radiocarcinogenic effects (relative or absolute risk

of radiation-induced tumours) in irradiated cell populations are considered. "Danger to health

and life" should here be understood to mean the probability of a fatal (incurable) or curable

(to any degree) tumour arising in a cell or group of cells having received a specific dose of

beta-radiation from a radionuclide contained in a hot particle.

One open question that remains concerns the absolute value of the risk of lung cancer

from inhalation of hot particles. In order to make a correct transition from effects at the cell

population level to the level of the whole body, it is necessary to study the epidemiology of
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radiation-induced oncological disease in man. Such an approach would allow one to separate

out the immunological component of radiation carcinogencsis in man.

Turning to the numerous experiments and epidemioJogical data on the incidence of

radiation-induced lung cancers normalized to the unit of activity or the unit of dose to the

epithelium of the tracheobronchial tree, we can draw a number of general conclusions:

In all cases the tumour induccrs were aerosols distributed in terms of

dimensions and radioactivity (or specific aclivily);

. This activity distribution of radioaerosols can be divided into two pails in

accordance with standard definitions: the right-hand branch of the distribution,

comprising particles of high activity which can be considered "hot", and the

left-hand branch for others producing lower doses;

On this basis, the risk of lung tumour induction per "hot" particle or per "cold"

(or, if you like, "warm") particle can in principle be evaluated.

With this approach it turns out that practically all "cold" and "warm" particles make

an appreciably greater contribution to the tumour risk (doses up to 0.5 Gy) than the particles

we are calling "hot" (activity over 100 Bq/particlc, dose more than 0.5 Gy). This, in our

view, decisive conclusion is based on the data from our research, shown in Fig. 22, where

the coefficients of blast transformation for uniform radiation and for a point source become

equal at a point corresponding to about 3 Gy, while in the region above 3 Gy uniform

irradiation becomes 10-1000 times more "dangerous" than point source irradiation.

However, it should be emphasized that the relationship shown in Fig. 22 was obtained

for the case of relatively prolonged irradiation by a radioactive particle attached immovably

to the object of irradiation. This can occur in real life if particles of micron or submicron

size enter the terminal bronchioles and alveoli. But primary alveolar cancers in particular are
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virtually unknown in the epidemiology of lung cancer. The great majority of observed

tumours arc situated in the bronchial tree areas, where the probability of particle attachment

is particularly low because the ciliary escalator carries the particles upwards until they arc

swallowed. Consequently, when we are really dealing with a "hot" particle, then firstly, it

will be relatively large (over 5-8 microns), with a low probability of reaching the lower

generations of bronchi, and secondly, it will be extremely unlikely to attach itself and become

a source of prolonged exposure. The last statement is extremely important and requires

special study, preferably in a safe survey on volunteers.

Calculations show that the restricted contact lime (moving "hot" particle) is a factor

which reduces the particle's blast transformation effectiveness by at least one order of

magnitude. These calculations ultimately lead to the following assessment: an actual hot

particle with a certain activity A entering the lungs is associated with 10-1000 fimes less risk

of a radiation-induced tumour than irradiation of the same tissue by the same amount of

activity A distributed diffusely, whether in the form of numerous cold and warm particles or

of uniform external and internal irradiation.
I

Still, the authors of this survey feel that a softer formulation of the concluding

statement is possible: local point-source irradiation by a hot particle is in any case no moiv

dangerous than uniform or non-uniform irradiation of lung tissue with the same energy release

by the source. As for "Chernobyl" particles, despite the wide variety of forms they take (fuel-

type and condensation particles, alpha and beta-gamma emitting particles, etc.), they do not

have any special characteristics which could alter the risk level on which the last statement

was based.
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59. Toivoncn H. Scrvomaa K. Rytomaa T.Acrosols from Chernobyl: Particle
characterictics and health implications. 1987, p.97-107.
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Table 1

Radiomiclide characteristics in fuel and in the release [22, 27, 44]

Rudionuclide

*>Sr

'•"Y

"Sr

*Zr

"Mo

1MRu

IMRu

n o A g «

'»Sl»

131,

1 MTc

l34Cs

13*Cs

137Cs

'<°Ba

l 4 l Ce

««C«

'•"I'm

ifl,,r

M 'Nd

' " E u

3L39r>..

2-lOp..

211 Pu

M I A m

MCm

Half-life

28.5 years

58.51 days

50.515 days

63.98 days

66.02 hours

39.35 days

368.2 days

250.4 days

• 2.77 years

8.04 days

78.2 hours

2.062 years

12.98 days

30.174 years

12.789 days

32.50 days

284.31 days

2.623 years

13.6 minutes

10.98 days

15.19 days

87.7 yarns

2.44 • 10"
years

6.53 - 103

years

15.2 years

432.8 years

163.0 days

Bq •

2.00 -

1.72 •

1.25 •

2.64 •

2.96 •

2.84 •

1.48 •

1.01 •

2.24 •

1.67 •

2.33 •

4.03 •

7.15 •

2.89 •

2.80 •

2.64 •

2.53 •

4.31 •

1.02 •

1.04 •

4.82 •

4.5 •

6.3 •

9.1 •

Fuel

f1

10'3

10"'

10'6

10"

10"'

10"

10"

10"

10"1

10"

10"

1015

1011

1015

10"

10"

1016

10"

10"

10"

1015

to 1 2

1012

1OU

A,/AW.,

0.04

0.65

0.48

1.0

1.2

1.0

0.42

0.004

0.008

0.65

0.56

0.04

0.027

0.06

1.0

1.2

0.66

0.163

0.386

0.394

0.183

Release

AM**

0.0.1

0.3

0.3

1.0

0.9

1.0

0.4

0.001

0.004

0.8

1.1

0.03

0.05

1.0

1.0

0.7

1.0 • 10"

1.0 • 10"

2.0 • 10"

2.0 • 10"

3.0 • 103

Ratio used

0.076

0.652

0.473

1.0

1.121

1.0

0.561

0.001

0.004

0.7

0.9

0.03

0.027

0.055

i.o

1.0

0.7

0.163

0.386

0.394

0.183

2.03 * 10"

1.82 * 10"

2.59 • 10"

3.57 • 10-2

1.39 * 10"

5.46 • 103



Taiilc_2

Nuclidc composition of hot particles according to (ypc and proportions of (lie different
hot particle types within the whole. Measurements taken Nov. 1988-April 1989

Nticlide

l44Ce

l0SRu

w C s -

' "Cs

l5112u

l r 'Sb

EI'u **

Pcrucntagu of

total quantity, %

Mot pnrlicle (ypc

nitlieniiiin

3.6±a.7

90.9 ±17.3

0.4 +. 1 .<>

4.3 ± 9.9

0.04 ± 0.7.

0.04 ± 0.7. .

13.0

fuel

58.0 +. 19.5

4.3 Jr 9.4

3.2 ± 4.2

19.7 ± 15.fi

0.5 ± 0.4

0.7 ± 0.5

19.3 ±11.9

0.6

87.0

* From /3-spcclronielry results {I2|.
** From results of rndinchciniual analysis.



Coefficients e, for the degrees of a polynomial approximating die nafural logarithm
of the product of the /3-radiation dose fund ion D(r) (mGy • MBq-1 • IV1)

times the square of llic distance from the point
source r2 (cm2) in water

Nuclidc
Max. range,
Error, %

Polynomial
degree

1.2

0.3

-2.0131:01

7.7 641:01

-S.742E0I

1.3151-01

-1.1781:01

9.89 IE-1

4.5381100

95Zl-

0.23

3.3

2.8961106

-1.813E06

4.0111105

-3.6OOEO4

1.139HO3

-6.021 E01

5.6O9I7.OO

cm

6

5

4

3

2

1

0

0.068

2.5

9.5211:08

-2.169F.0U

1.8671:07

-7.833 E05

1.623E04

-2.190E02

5.988E00

^ N b

0.024

2.2

5.96 IE 11

-4.526E10

1.32 5 E09

-1.933E07

I.423E05

-6.8951:02

6.5731-00

l 0 3 R u

0.19

6.1

-1.7201:06

7.9141-05

-9.2261:04

-H.I60U03

2.4031:03

-I.796E02

6.077 E00

' ^ G c M ' r

1.2

7.5

9.561E0I

-3.9601:02

6.2191:02

-4.6691:02

1.669E02

-2.571E01

5.631E00

K%a

0.33

2.0

-I.468E03

-8.040E03

6.544 E0 3

- 2.0291-03

2.7181:02

-2.555 E0I

5.2 IK 1-00

106Rll

0.0022

4.8

0.0001-00

0.000 H00

5.5271-10

-1.39OEO9

2.8901:06

-4.G98EO3

7.4871:00

90y

0.92

0.3

3.5221101

-1.14 6 r.02

I.I 88 F.02

-5.764 KOI

9.676E00

-1.323E00

4.635E00

0.75

0.6

2.i!7!l-()2

-7.011H.02

6.597E02

-2.837 H02

4.0431:01

-4.9701-00

'1.8291:00

106Kh

1.4

0.1

-2.817 E00

H.30U:.(H)

-9.8101-00

5.0111-00

-3.217I-00

5.4801:-1

4.5141-00
l%r
0.15

1.3

'I.726E06

-2.5021:06

4.892F.05

-4.622E0-1

2.022 E03

-5.I02I7.OI

5.359EOO

0.75

1.8

5.5451:02

-1.318E03

1.2021:03

-5.1341-02

9.313E01

-1.3201:01

5.724 ]•()()

137Cs+Ba

0.28

3.1

3.I33EO5

-1.3 29110 5

2.3501-03

4.1 181:03

-3.935F.02

-l.2981.i01

5.321F.O0

9«Si-»Y

0.92

1.1

-1.761 E02

3.5361:02

-2.2411-02

1.035F.OI

3.368 E01

-1.224E01

5.698E00



Relation of the anatomical parameters of (lie kings (o age and sex (ICRP, 1975)

Parameter

Lung volume, 111L

Alveolar air volume, mL

Number of alveoli, If/'

Number of respiratory routes, 10fl

Number of generation.1!

Air-tissue area of (he lung, in7

Age

New-I)o;n
infant

200

81

24

1.5

21

3

Lung psunmelers ol" the average adult

Total weight, including iirtcrinl and veuouH blood, g

Weight of pulmonary blood, g

Weight of bronchial tree, g

Surface area of the bronchial tree, cm7

Surface urea of (lie alveoli, in1

1

550

300

130

4.5

12

4

990

580

7.60

8

22

Man

1000

530

30

3950

75

8

7.200

1200

280

14

23

32

adult

5500

2950

300

14

23

75

Woman

ROD

430

25

3500

70



Table 5

Anatomicophysiologieal characteristics of the bronchi and lungs [3, 10]

Anatomical section of the
respiratory tract

1. Trachea

2. Lnrge bronchus

3. Medium-size bronchus

4. Small bronchus

5. Bronchiole:)

6. Alveoli

Dimensions of section,
mm

15-20

5-10

2-5

1-2

0.5

0.25

Mean length of the
nnntoinienl section, cm

15-20

8-10

5-G

3-4

-

-

Mnximum diameter of
aerosol, /iin

30

10

5

5

5

3

Table 6

Speed of mucociliary clearance in the tniciica and certain bronchial generations [33]

Tniclien

Fifth bronchial generntion

Tenth bronchial generation

Fifteenth bronchial generation

Speed, mm" min'1

10

0.8

0.07

0.01



Ta_b}cJZ

Linear dimensions of the anatomical sections of the human respiratory tract
(James 1988, Scluun 1980, Plialcn 1985)

Anatomical
structure

Trachea

Main bronchi

Large
bronchi

Medium-
sized
bronchi,

3rd-5th

generation

Small bronchi

6th-8th

generation

Bronchioles,

9(h-14lh

generation

End of
bronchiole

Respiratory
bronchioles,

I6U1-I8II1

generation

Alveolar

duels and
sacs,

19th-23rd

gei\cration

Generation

0

1

2

3

4

5

<5

7

8

y

10

11

12

13

14

15

16

17

18

19

20

21

22

23

No. of
CtlUl'lllICS

per
generation

1

2

4

«

If)

32

64

128

256

512

1024

2048

4096

8092

16184

3236S

64736

1.3- 10'

2.6- 101

5.2- 10'

1.1 • I0*1

2.1 • 10''

4.2- 10"

a.4-10"

Diumclcr
nun

18.0

12,2

8.30

5.60

4.50

3.50

2.80

2.30

1.86

1.54

1.30

1.09

0.95

0.82

0.74

0.66

0.60

0.54

0.50

0.47

•0.45

0.43

0.41

0.41

Length
mm

120

47.6

19

7.6

12.7

10.7

9.0

7.6

6.4

5.4

4.6

3.9

3.3

2.7

2.3

2.0

1.65

1.41

1.17

0.99

0.83

0.70

0.59

0.50

Aeiodynninio
diameter,
/(in

0.2-40

0.2-10

0.2-5

No. or
sensitive
cells

2.4 • 10'"

1.9- 10'"

1.5- 10'"

3.9 • H)"1

6.7- 10'"

1.1 • 10"

1.9" 10"

3.2" 10"

2.6- 1010

4.5 • 10'"

7.6* 10'°

1.3- 10"

2.1 • 10"

3.6 ' 10"

6.2-10"

1.0- 1012

1.8- 1O'2

2.9- 1O'?

Uelnlive.
vulnera-
bility

0.8

0.15

0.05



Table 8

Relative coefficients of radiation damage to tissue |52]

Part

Bxtratrachcal

Thoracic

Tissues

Upper nasal passages

Nasostomatopharynx/larynx

lixtral radical lymph nodes

Bronchial

J'.ronchiolar

Alveolar-interstitial

Thoracic lymph nodes

Coefficient

0.001

1.0

0.001

0.8

0.15

0.05

0.001

Table_9

Number of animals needed in the test group for experimental
validation of low risk values

Confidence

level

0.7

0.9

0.95

0.99

0.995

10%

12

23

28

44

50

Number of animals N at risk e

1 % 0.1 %

120 1200

230 2300

280 2800

460 4600

530 5300

0.01%

12000

23000

28000

45000

52000
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Table 10

Conditions for cell culture irradiation by uniform 7- and 0-radiation
in relation to (lie average dose from different hot particles

((he radius of a cell culture is laken as 10 nun)

Hot particle
number

001

217502

5464011

5464012

5464013

()()4 1 11 1

Of). II 1 r.»

KK720I2

Average dose rate
from particle
Gy • ir1)

lOc- l

5c-3

l()c-3

2e-4

IOc-4

10e-4

l O c - . i

10c-3

Period of exposure
to uniform /3-radia-
lion (1)

2198

110

n
4.4

2.2

2.2

7.)

22

Dose to cells for
uniform 7-racIiation
(Gy)(2)

lOcl

5c-1

1 Oc-1

2c-2

10c-2

IOc-2

1 Oc- 1

i oc-1

Notes: (1) Irradiation was performed by the (i-sourcc described below over (ho period of
time given in brackets in hours. Source activity - TOSr -I- 9C)Y = 6.5 • 103 Bq. (2) Total
dose over 100 hours. vSource of uniform 7-radiatiou - i:i7Cs E11VC1111,C = 662 KcV. Irradiation
was carried out in three separate doses until the total dose shown in (he table was reached.
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Table

tting factor for probability of tumour occurrence in (lie respiratory tract
in relation to part of the lung (epidemiological data)

Part of the respiratory tract

Extrathonicic region

ET! (anterior nasal sinuses)

OT2 (posterior nasal sinuses, larynx, pharynx, mouth)

LN(ET) (lymphatic nodes)

Total

Thoracic region

BB (bronchi)

bl) (bronchioles)

Al (alveolar intersiilium)

LN(TH) (lymphatic tissue)

Total

K

0.001

1.

0.001

1.0

0.8

0.15

0.05

0.001

1.0

Table 12

Risk assessments for lung cancer, expressed as the number
of cases of lung cancer per !(/' man • rad

Subject of observation

Dogs, rodents

Man

(from various sources)

(1, 7-irradiation

0.84

-

-

-

-

-

-

7,X-ray irradiation

-

20

25

20

10-40

25-50

20
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Table 13

Velocity of displacement of inhaled aerosols through the respiratory tract

Part of respiratory tract

Trachea

Large bronchi

Medium bronchi

Finer bronchi and bronchioles

Velocity (mm/niin)

1.0

0.8

0.07

0.01



Chain of iactors nffcr.linn. the
appc.irauci: of lunours

Hot p a r t i c l e d e n s i t y i n s o i l

transfer ucchauisn
(or action ucnlianisn)

Parallel side processes

llreakdoun and dissolut ion of
liol part icles

Hind resuspension coefficient

lldl par t ic le concentration in above-ground
layer ol alnasplicrc

Iransport -and sctt l int j of hot
particles in aliovc-ground layer

S e t t l i n g c o c f r i c i c n l i

Hot p a r t i c l e d i s t r i h u t i o n i n l u n g s

llol p.ii-tidr dor.e function

Clearance of dot p a r t i c l e s from

lungs and d i s s o l u t i o n

P r o b a b i l i t y of i n i t i a t i o n and p roao t ion

Appearance of I r a n s f o r n c d c e l l s Deac t iva l ion and dea th of c e l l s

Probability of tiinnur foroation

i.T Toricalioi

l i i | . I . I l o w i l i a i j r . m C o r r . i d i » l o i j i c a l - h c a I t l i r i s k a s s c s s i e n t o f h o t p a r t i c l e s .
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£JJL_.5- Spatial distributions of dose rate fran P--component of real hot
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- 60X, l06Ku - '/% and 90Sr - 32%.

CI] Ca leu In I-ion carried out by V.I. Tro+'ynk, Lopion Physics
Dopurlmont, Nuclonr Rosonrcli ln;;1 i tulo, Kiev.
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Jl' Distribution of doso rato D from a point source as a function of

distance \K from it, calculated from Iho isolopic content of

P-emH+ers ( ) and directly from the 3-radiation

spodrum ( ) .

•o

a.
>-

JO

u

B.?

0.6

O.S

•S 0.4

0.3

8.2

0.1

X=7. .559 Vm , S =0.2516

3=2.6-11 ym , ad=o.Ci?S2

1»

Physical dimension d, ]jm

Fig. 5. Distribution density of hot particles on tho ground according to

their physical dimensions, approximated by a lognormal

distribution using data taken from Ref. [35].
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rrrrm 1-

limpirical foitns

10" J 18°

Diameter d,

mi 1—r—i"

to1

Fiq. 6. Dependence of the aerosol deposition speed in air V on the
aerodynamic parameter d I'M}.

Counts

10°

10«

10

10

10
0

0 1.0 2..0 3.0 1.0 5.0

Energy, MeV

6.0

Fici. 7. Alpha spectrum for a real fuol-type hot particle.



Tissue-equivalent detector

Tissuo-oquivalent absorber

L'9v ?•• Diagram of the experiment to dotormine the dose distribution
around a hot particle.

500 <)00

Fi<i. 9• Cnergy calibration of tho Quantulus spectromotor with a solid
plastic sciuli I latbr detector in 4if goorootry.
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d

Thickness of
absorbor layor,
mg/cm2

1000

Electron energy, keV

Fiq. 10.
Layor-by-layer electron energy spectra dN/d(logEe) (on a
logarithmic scale - dN/dUogEe) = (dN/dE0)Ee) for hot
portido No. 773201 after tho olocrrans have passed through a
tissue-equivalent absorbor layor of thickness d.
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.c
>.

beta
alpha

Mot par t ic le 0773201 :
m Cc G2G R<\

v 0 <Jr 2G7 Oq
•»°« Ru 5S1 Di|

SS. alphn 4.7 soc"

10

Oistance, mm

10 10*

Alpha and bo I a components of 1ho doso distribution around a real
hot particle.

a>

inoa.

(a
a.

o

I
a.

1.0

O.fl

O.li

0.<l

0.2

0

-

- TB

Total

\

\

i i l ir" — T

f

t

~ i — r \ VxD

/ . - •

/ /

/ A P

0.02 0.1 0.S 1 5 10

Diffusion/aerodynamic diameter, \un

Probability of aerosol particle deposition as a function of
particle sizo for various parts of the human respiratory system
assuming nasal breathing (ICRP, 1975).

Abbreviations key: N - nasal passage; TB - tracheobronchial
treo; P - pulmonary tract.
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Secretory
coll
nuclei

Basal col Is
Basal mombrane

Subopitholial
tissue

30 urn

500 urn

Mucous layer
C i l i a

• Macrophago layer

Alveolar
interst i t iuni

15
5
S

10

Basal
coll
nucloi

Epithelium

Lamina
Propria

Diagram of tho col l layer structure in tho lining of a large
bronchus.

Epithel him

Subop i thoIi a I
tissue

2 urn

4 urn

8 |i

Basal
membrane

20|im

• TrnTrTrmriT; nnnnnnnnniT

Mucous layer
Ci I ia

Secretory

15 IIM eel!
nuclei

^ Macrophago layer
is\........ _~M...~.v\v>v.

S urn

S u n
Lamina
Propria

F'fl- lA- Diagram of the cell layer structure in the lining of a bronchiole.
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Ilislological structure of human skin: I. - epidermis; 2.
layer (sonsitive layer, 70 jim); 3. - sebaceous gland; A
sweat gland with duct; 5. - hair with hair follicle; 6.
hypodormis.

- basal
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Dose, Gy

Fig. 16. Modifying factor F (malignant degeneration risk ratio) for the of feet of a hot pafticle on
a coll culture compared with uniform irradiation at 1 ho same mean dose, as a function of
dose. In both cases the risks were calculated using the quadratic dose function
R = (ctD + PD2) oxp (,-yO - 6D 2). For P-emitters thoro is Iho well-known correlation

' 2
- I Gy [46] ond (I) Y = 0.3 Gy~'

or cases of leukaemia in atomic bomb survivors), (?.) .... y =• 0.055 Gy"
(obtained from studies of the survival of V79 Chinese hamster cells).

Gy~2 (Mnynoord and Clarke, obtained
<5 = 0.0!'.- Gy~2
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3 O -1 â 1 o o

O
en

C
O

 
t^

J

g

-a
 

a.
 «

2.
 S

 §
 d

3.
 5

 2
. 

"*
• 

n
 

-r
 n

3
- 

C —
 

O
n

o
 

1
 

a

-i-
 

<
 O

Q
. 

O
 

3

—
 o

 
-+

o 
^
 

*̂**
—

 
m

o
o

o
 

o
o

o
o

o
o

 
o

o

c
e
ll/

G
y



- 73 -

Cell culture
].C31U0TI/2embiyonic
mouse fibroblasls

Hot pnrlictcs of iliffcrenl spectral composition,
10 representatives (if different activity.
Dose range - 0.1-10 Gy to each cell culture for
120 li. Uniform gamma and beta radiation al
the same doses.

Micropholograph

ft
Preparation of
micropreparations

Cell culture with
hot particle added
(culture time 120 h)

Reseeding of irradiated
cells without hoi
particles

Study of eel! morphology. Determination
of living/dead cell ratio

Study of the dynamics of recovery of
cell viability

TESTS TOR CULL BLASTOMOGHNICITY

Tumour formation
following inoculation
of animals with trans-
formed cells

Loss of contact
inhibition of coll
growth

Formation of
colonies on soft agar

Five-ten tests on each particle under study. 10 particles of all forms

Five-ten animals, one hot particle. Animals slaughtered 60 days
later end examined

f 'q- 10- Flow chart- of experiment.
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— Glass microeleclrode, d = 2.5-3 mm

Microelectrode t ip , ii -.. 2'jO-300 )im

— Hot par t ic le attached with adhesive

General view of inicroetoctrode (or inipianhil ion, with hot par t ic le altochod

10MM

30MM

Nutrient medium, h - t>—Q inm

Cell monolayer, Ii = \2 |jm

Fig. 7-0• General view of Polri dish holding coll culture
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Fig. 21. Diagram of cell irradiation by different sources
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IFig. 12. Coefficients of blast transformation induced by a hot particle and by uniform radiation.
The upper curve relates to the experiment with hoi' particles, the lower curve to the
experiment with uniform radiation. The X axis shows The dose in Gy and the Y axis the
value of the coefficient of blast transformation.
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?3- Modifying factor F for malignant transformation obtained from experimental data.
I he X axis shows the iJoso in Gy, the Y DX\S the value of the factor.
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Epidemiology of lung tumours for uniform irradiation

Physical and chemical

properties of hot particles

Activity

Dispersivity

Solubility

Microdosimctric parameters

Risk value

Anatomophysiological

characteristics

Linear dimension

K - in irradiated cells

K - in cells capable of

transformation (Taget)

Results of radiobiological experiment

Blastomogenic impact of hot particles in vitro

Elastomogenic impact of unifonn irradiation in vitro

Fig. 24. Stnicture of the lung cancer risk assessment model [19].
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Fig. 25. Risk of lung cancer associated with a single hot particle, assuming a quadratic dose-effect
relationship with an exponential function for cell destruction 0.002D D2exp(-\0). The
broken line shows the risk associated with the same activity distributed uniformly in a
mass of tissue of 10 g and of 1 kg, respectively.
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Fici. 26. Oosos and number of irradiated colls in the sensitive layer during the passage of a
(fuel-type) hot particle of 1000 Bq through the bronchial and bronchiole part of the lungs
(generations 0-10). The x-axis indicates Ihe dose and the y-axis the number of irradiated
sens!live cells. Each curve corresponds to ono of the lung generations 0-18.
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Doses and number of irradiated cells in the sensitive layer in the presence of o stationary
(fuel-type) hot particle of 1000 Gq in the bronchial and bronchiole part of the lungs
(generations 0-10), the rosidenco time of the particle in each part corresponds lo the timo
taken for the particle to move through that part). The x-axis indicates the doses and the
y-axis the number of irradiated sensitivo cells. Each curve corresponds to one of tho lung
generations 0-10.


