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HICRODOSIHETRYOF RADONPROGENY:APPLICATIONTO RISK ASSESSMENT

z Victor P Bond z and Anthony C Jameszz T Edmond Hui_Darrell R. Fisher, . . .

ZPacificNorthwestLaboratory,Richland_Washington; and
2BrookhavenNational Laboratory,Upton, Long Island,New York

ABSTRACT--Wedevelopedmethods for calculatingradiationdoses to individual

cells and cell nuclei of human bronchialepithelium from radon and progeny for

specifiedlevels of exposure,breathingrates, equilibriumfactors, unattached

fractionof progeny, and other factorsthat are importantin radon dosimetry.

If we also know which cells are likely precursorsfor cancer, and we also know

their locationsin the respiratorytract, we then may calculatethe

statisticalprobabilitythat these cells are irradiatedby alpha particles,

the number of single alpha-particlehits, and the spectrum of doses delivered

(as a probabilitydensity in specificenergy).

As we contlnue to study the relationshipbetweenmicrodosimetryand

biologicaleffects,we hypothesizethat the correspondingprobabilltyof lung

cancer is related to the specificenergy impartedto nuclei of single cells in

bronchialepithelium by radon and Its progeny. The mathematicalrelationship

between specific energy distributionahd probabilityof importantbiological

effectsmay be determinedexperimentallyfrom resultsof irradiationsof

culturedbronchialepithelialcells and exposuresof laboratoryanimals to

radon and progeny, lhe conceptof "hit-sizeeffectivenessfunction"proposed

by Bond and Varma is useful for interpretingcalculatedspecific energy

*Work performedfor the U.S. D_partmentof Energy under Contract
No. DE-ACO6-76RLO1830.
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mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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spectra, When applied to the lung, this concept implies that epithelialcells

should be expo@ed to radiationsof differentquality and different absorbed

dose levelsto unfold the cell-speclflctransformationprobabilityneeded for

predictingthe dose-responsefunction. Factors that remain to be quantified

are the time course of irradiation,dose rate_ linearityof the response at

low levels of exposure, and relativeimpact of cofactors (initiatorsand

promoters)which, in addition to the radiationdose, are importantin cancer

induction.

INTRODUCTION

One of the most importantaspectsof the study of health risks associated

with environmentalexposureto radon and progeny Is the relationshipbetween

the radiationdose deliveredto singlecells and the probabilityof lung

cancer. An understandingof the health effects of radon is particularly

importantbecause low-levelradon progeny are prevalent,to varyingdegrees,

In breathingair of homes and work places. Analyses of lung cancer risks from

exposure to radon and daughterproductshave proceededfrom tile

epidemiologicaldatabase obtainedfrom study of severaldifferent populations

of undergroundminers. Laboratoryanimal studies have confirmed the causative

relationshipbetweenradon exposureand lung cancer. In vitro irradiationsof

singlecells by alpha particleshave shown that the observed radiationdamage

includeschromosomalaberration,mutation,and transformation. These studies
l

I_ have resultedin some importantgeneralconcepts:

• lung cancer is a rare event,

• the excess incidenceof lung tumors in exposedpopulationsis associated

with radiationexposure,



• the crltical targetsare most likely nuclei of epithelial cells of the

respiratorytract,

• there are enormous uncertaintiesin individualexposure levels, wide

variationsin the dose to bronchialepithelium,and numerous interwoven

factorsthat influencethe distributionof dose to individualcell nuclei,

• the exposure-riskrelationshipis approximatelylinear in the range of about

50-500 WLM* cumulativelifetime exposure to radon and daughter products,and

• there Is tendency to try to relate relative lung cancer rlsk with exposure

to radon progeny in air than to relate risk with actual dose at the cellular

level. However, a direct associationof risk with dosimetry at the cellular

level should be useful for improvingthe quality and accuracy of risk

assessments.

lhe purposeof the present study was to more closely evaluatedose

distributionat the cellular level and extend the concepts of radon

microdosimetryto better understandthe long-termprobabilityof lung cancer.

Of particular interestwere methods for predictingti_ebiologicaleffects of

exposure to alpha particlesfrom low-levelenvironmentalradon and progeny.

An approachfor extendingmicrodosimetricconcepts in radon dosimetryto risk

assessmentis presentedin this paper.

*Working level month (WLM) is a common unit of exposure to radon progeny in
air. lt is defined as the exposureresultingfrom inhalationair with a
concentrationof I working level (WL) of radon progeny for 170 working hours.

One working level (WL) is any combinationof the daughter _roducts in ! liter
of air that will result in the eventual emission of 1.3xi0° MeV potential
alpha energy.
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ESTIMATEDRISK OF LOW-LEVELEXPOSURESTO RADON AND PROGENY

AS many as ZO separatefollow-upstudiesof undergroundmining

popula%ionsshow an excess of lung cancer relatedto cumulative exposure to

radon progeny,generally at levels much greaterthan typicallyfound in

dwellings (NationalResearchCouncil, 1988; Harley, 1989). However, the risk

cancer or other harmful effects from exposureto Iow-level radon and progeny

is not known.

The U.S. EnvironmentalProtectionAgency and others estimated that

indoorexposure to radon progeny could accountfor 5,000 to 25,000 lung cancer

deaths annually in the United States (Lubin,J989; USEPA, 1987; NCRP, 1984).

Publication50 of the InternationalCommissionon RadiologicalProtection

(ICRP, 1987) reviewedcurrent data from epidemiologicalstudies on radon-

exposed uraniumminers and proposed estimatesof individualrisk of lung

cancer from chronic indoorexposure to natural levels of radon and progeny.

The ICRP consideredboth relative risk and absoluterisk projection models,

and obtained lifetime risks per ] WLM exposure (chronic)in each year of 0.007

to 0.016, and 0.004 for non-smokersonly. Each radon-inducedlung cancer was

estimatedto reduce life expectancyby about 15 years.

The functionalrelationshipbetween exposureto radon daughter radiation

and long-termprobabilityof lung-cancermortalityincludes complicating

factors such as age at exposure,prolongationof exposure,time since

exposure,age at risk, and _ompoundingfactorssuch as smoking history,

gender, and exposure to other environmentalcarcinogens. The National Academy

of Sciences (BEIR IV, 1988) adopted a relativerisk model to describe the rate



of lung cancer mortalityper person-yearat risk usin9 data from four cohort_

of undergroundminers:

T(age, period, dose history)- ro(age)[]+O.025_(age)(W1+O.SW_)] (I)

where T is the age-speclficrisk or chance of dying of lung cancer in I yr, at

age a, given that he is still alive at that age; where _o(age)is the age-

specificbackground risk of lung cancer from all causativeagents, the

dependenceof risk on age (7) is 1.2 for age <55 yr, 1.0 for age 55-64, and

0.4 for age >65; Wl is the cumulativeexposure in working level months (WLM)

incurredbetween 5 and 15 yr before age a; and Wz is the exposure in WLM

incurred15 yr or more before this age (NationalResearch Council, 1988).

The working level month unit of exposure to radon progeny is a convenient

term for expressing an estimateof the time-integratedexposure of workers to

po{entialalpha-particleenergy from radon progeny in air. lt can be

calculatedfrom airborneconcentrationmeasurementsand estimatesof the tim_

_pen{ by a worker in an area breathingair having that concentration.

Hbwever,estimates of radiationdose to sensitivetissuesof the respiratory

tract are dependent on additionalfactors; the dose/WLM conversion factor may

range over an order of magnitudeor greater (James, 1988). These additional

factorspertain to the breathingrate and whether the subject inhaledby mouth

or nose, the unattachedfractionof potential alpha energy,particle-size

distributionand other characteristicsof the aerosol that affect deposition

and retentlon,the geometricalstructureof the respiratorytract, progeny

equilibrium,the thicknessof the mucus and sol gel layers in which the radon

progenyare depositedand transported,the transferof radon progeny in mucus
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to epithelialtissues and uptake by blood, and the spatialdistributionof

target cell nuclei relative to the source distributionwithin the epithelium.

These factorscan lead to wide variationsin radiation dose to the sensitive

cells of the respiratorytract epitheliumfor constant levels of exposure in

working level months. A correspondingwide variation in lung cancer risk

would be expected as weil. We thereforeconsider evaluationof radiation

doses to sensitivetissues to be an importantstep toward understandingthe

risks of exposure to radon and progeny. Radiationabsorbed doses may be

calculateddirectly given certain assumptionsabout these factors.

DOSIMETRYOF RADON AND PROGENY

Doses to epithelialtissuesof the respiratorytract from inhaled radon

and progeny cannot be measured directly--butmay be calculated if sufficient

informationis known about their depositionand spatialdistribution,

residencetimes and translocationrates, and proximityto target tissues, as

mentionedin the previous section. Depositionis determined by the fraction

of progenyattached to inhaledparticlesand particle size, electricalcharge,

breathingrate, and airway geometry and morphometry,whereas clearance is

determinedby mucociliarytransport,absorption into tissue and into blood,

and physicaldecay rates. The relativedistancesbetween alpha-emitting

sourcesand target nuclei are dependenton tiledistributionof sources in

mucus and tissue_ the size of airways,thicknessof the mucus layer, and the

distributionsof basal and secretorycell nuclei within the respiratorytract

epithelium. _he dose is dependenton the number of radioactive

transformationsand decay energies. The number of atoms availablefor decay,



therefore, dependson the airborne co,,.:,_.nlrationin breathing air and the

degree of equilibriumof radon with progeny.

Numerous investigatorshave calculated"average"doses to the respiratory

tract from inhaledradon and its aIpha-emlttingdecay products Zt°Poand Z_4po

for a number of differentexposure parametersas reviewed in the NEA Experts

Group Report (1983),in NCRP Report No. 78 (1964),and in the BEIR IV Report

(NationalResearch Council, J988). lt is not our purpose to review these

methods in this paper; however,we wish to emphasize that the estimateddose

to lung tissue is highly variable and dependson assumptionsfor each of the

terms used in the calculation. Publishedvalues of the dose conversionfactor

in NCRP Report No. 78 for various studiesranged from 0.002 to J4 rad/WLM (or

0.00002 to O.J4 Gy/WLM, NCRP 1984), with the most common factorscited ranging

from 0.2 to 2 rad/WLM. The averagedose varies among the different

generationsof the respiratorytract, with generations2-6 receiving9_nerally

higher doses than the smaller airwaysof generations7-15. Within a single

airway, the differencesin local absorbeddose may also vary due to nonuniform

distributionsof progeny. Doses may also be significantlyhigher at bronchial

bifurcations,particularlyat carinal ridges,due to the combined effects of

enhanced radionuclidedeposition and relativelyslow clearance (Hofmannand

Martonen 19BB). Althoughthe average absorbeddose per unit exposurewas

about 0.J5 Gy/WLM, Hui, Poston, and Fisher (1990)showed that a large fraction

of individualcells remained unirradlatedand that the doses to individual

cells with energy impartedranged from 0.0] to more than 300 Gy. Thus, the

"average"dose is clearly inadequatefor describingenergy depositionsamong



dlfferentgenerations,within a rer_ionof a single generation,or to single

cells within a region.

STATISTICALVARIATIONS IN DOSE AND RESPONSE

Although we know that biologicaleffectsresult from discrete energy-

deposition events at the cellular and subcellularlevel, it is difficultto

es1_ablishthe dose-responserelationshipat low levelsof exposure because

there are large stochasticvariations in both the ionizationdensitieswithin

cell nuclei and in the types of biologicalresponsethat are possible for any

amount of energy imparted. A variety of differentbiological responsesare

possibleat constant absorbeddose when the factorsaffecting hit probability

at the cellular level are modified. This means that two outcomes are

possible: 1) the same absorbeddose could result in different biological

effects, and 2) the same biologicaleffect could result at two different

absorbed dose levels.

To analyze the dose-responserelationship,two statisticalvariations

need to be dealt with simultaneously: First, for a given average (absorbed)

dose, the energy impartedto cell nuclei will be highly variable,depending on

whether the cells are hit or missed by alpllaparticlesand the ionization

density (which is determinedby the length of tracks and the number of

tracks). The distributionof "doses" impartedto microscopictargets may be

representedby a probabilitydensity in specificenergy, f(z). Second, for a

given specific energy distributionthere will be a variable biological

response because of the large variety of biochemicalchanges that may result

when radiolysis products (free radicals and ions) randomly interactwith

8
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molecular DNA. Accordingly, the dose-effect relationship was Interpreted by

Morstin, Bond, and Baum (1989) as an integralconvolution(or inner product)

of these two separate functions. Thus,

E(D) - I f(z,O).c{z,f(z,D)}dz (2)

where E(D) ts the biologicalresponse at an absorbed dose D, f(z,D) is the

probabilitydensity in specificenergy (ICRU 1980, 19B3), and ((z,f(z,D))is

the correspondingcellular responsefunction. Evaluationof the

microdosimetricfunction is described in the next section.

MICRODOSIMETRICMETHODS FOR CELL-SPECIFICDOSIMETRY

Generalmethods for calculatingf(z) for irradiationof basal and

secretorycells of the respiratorytract epithelium by inhaledradon and

progeny (Hui, Poston,and Fisher, ]990); Fisher,Hul, and James, 1990). These

methods also provide the absorbeddose (O), tileprobabilitythat ce]_ nuclei

are hit once, twice, or n times, and the probabilitythat cell nuclei are

completelymissed by alpha particlesand secondaryelectrons. As with

conventionalradon dosimetry,these methods accountedfor the many factors

that influencethe probabilityof alpha particleenergy depositing in cell

nuclei.

Monte Carlo techniqueswere appliedto determinechord-length

distributionsfor distancesbetween alpha-emittingsources and nuclear

targets. The mathematicalmethods of Roesch (]977) for internalemitterswere

then appliedto determineprobabllitydensities in specificenergy for any

region of the respiratorytract and any set of assumptionswith regard to the

above variables.

g
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The product of a microdosimetrycalculationis a probabilitydensity in

specific energy. An example is shown in Figure ]. This figure shows a

statisticaldistributionof doses f(z,P) to individualtarget cell nuclei from

alpha_partlcleirradlai;Ions,lt includescontributionsCrom both 21BPo and

214Po, The cell nuclei were assumedto be sphericaland to have a known

radius. The distributionincludesa high probabilityof zero specificenergy

{0.27),meaning that 27_ of the targets receivedno energy deposition. Thus,

73F,of the targetsreceived at least one "hit" by an alpha particle. The mean

of the distribution_or the absorbeddose D) was 0.7 Gy, and the mode 0.5 Gy.

The mode correspondsto the dose mean for single hits. Most targets received

less than 2 Gy, but a small fractionreceived 2-3.5 Gy. Tlleprobabilityof a

site receivingI_ 2, 3, or n hits may also be determined from the calculation.

A computationalmodel for evaluatingradiationdose distributionsto cell

nuclei from exposure to radon progenythroughoutthe human bronchial tree was

describedrecentlyat the Third InternationalWorkshop on Lung Dosimetry

(Fisher,Hul, and James, I990). The model incorporatedcurrent informationon

respiratorytract geometry,nasal and oral filtrationefficienciesfor

unattachedradon progeny, characteristicsof bronchialdepositionby diffusive

and inertialprocesses,mucus clearance,transfer of progeny into airway

epithelium,locationsof secretoryand basal cell nuclei, and other factors

importantfor assessingthe probabilityof radiation interactionswith cell

nuclei. In addition,this model was used with microdosimetrictheory to

determine 1) probabilitydensities in _pecificenergy, 2) mean absorbed doses,

3) fractlonof cell nuclei receivingno hits and thereforeno radiation

energy, and 4) hit probabilitiesfor nuclei with single and multiple hits.
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The model was used to compare these values for different total exposures (WLM)

in homes or underground mines. Both soluble (transportable in epithelial

tlssue) and Insoluble progeny were also considered. The results (Fisher, Hui,

and James, 1990) are summarized in Table 1, The exposure levels chosen for
e

comparison were 0.15 and 1.0 cumulative WLM(typical of exposures in home

atmospheres) and ]0 and 100 cumulative WLM(typical of exposures in

underground mlnes).

Table l. Calculated Values of Absorbed Dose and Alpha-particle Hit
Probabilitiesfor SecretoryCell Nuclei.

Exposure Mean Specific Hit Probabilities
Location Solubility (WLM) Energy (Gy) 0 __L__ _._2 >2

Indoor-home Solu'61e 0.15 0.0034 0.996 0.004
Insoluble 0.15 0.0033 0.996 0.004
Soluble 1.0 0.023 0.974 0.0?6
Insoluble 1.0 0.022 0.977 0.023

Underground Soluble 10 0.31 0.69 0.26 O.OS
mine Insoluble 10 0.28 0.75 0.22 0.03

Soluble 100 3.1 0.0?9 0.087 0.16 0.72
Insoluble 100 2.8 0.053 0.156 0.23 0.56

These results show that single-hitinteractionspredominatedat low

exposure levels, as expected. However, we also found that more than g9% of

potentialtarget nuclei were completelyuninvolvedat the 0.15 WLM cumulative

exposure level. The hit probabilityratlos and dose distributionsalso

changed as the exposure level increased. Multlple-hitinteractionswere more

frequent at higher levelsof exposure. The resultingdose conversion factors

(Gy/WLM)obtained from Table I ranged from 0.008 to 0.033 Gy/WLM (0.8 to

3.3 rad/WLM).
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EVALUATIONOF MICRODOSIMETRICINFORMATIONFOR RISK ASSESSMENT

One of the questions that we've had for many years has been, "what do we

do wlth a probabilitydensity in specificenergy f(z,D),and how can this

spectrumhelp us predict the biologicaleffects of radiation(such as that

receivedby the respiratorytract epitheliumfrom radon and progeny)? We

alreadysuggestedone possible answer to this question by pre_entin9the

conceptof hlt-slze effectivenessfunction. The probabilitydensity f(z,D)

may be useful for evaluating the biologicaleffectivenessof radiation, using

the relationshipgiven in equation (Z) if sufficientdata are availablefor

determiningthe cellular response function _{z,f(z,D)}. The cellular response_

function is not availableat the presenttime for the irradiationof

epithelialcell nuclei by alpha partlcles;furtherexperimentsare needed to

obtain it. We can predict, however,some characteristicsof this function

from other informationthat is avai!able.

Because radiationeffectsbegin at the cellular level_ we believe that

the specificenergy to the nucleus is directly relatedto the probabilityof

biologicaleffects. The transformationof cells from their normal state to a

malignantstate Is generally believedto result from low-specific-energy

interactionsIn the cell nucleus. These would necessarilybe non-lethal

energy depositionsbecause inactivatedcells cannot reproduce. The

transformationresponse to exposure is probably linear with increasing

probabilityof single-hits. As the probabilityof multiple hits increases,

there may be increasedprobabilityof cell death and somewhatreduced

probabilityof transfo_'mationper unit exposure. Therefore,a non-linear

responsemay be anticipatedwlth increasinglevels of exposure.
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Kellerer and Rossi (]97Z, 1978) proposed a theory of dual radiation

action Jn whtch the biological resptnse of a cell resulted from an interaction

of tWOsubleslons in a sensitive volume. The number of sublesions is

proportional to the specific energy z, in the target volume, and the

expectation value tor the number of lesions is proportional to the squa;-e of

the specific energy:

E(z) = Kz2 (3)

The mean number of lesions as a function of the absorbed dose E(D), obtained

by averaging over E(z) for all sensitive volumes In a population, is

E(o) - FKz f(z,O)dz = K D+Oz, (4)
I
*'0

wher,E0 is the single-event dose mean specific energy (ICRU, ]983). The

average diameter of the sensitive volume over which sublesions combined was

approximately I /_m. However, the sensitive volume may be the entire

inhomogeneous nucleus having a diameter of 4-8 /_mand a complex substructure

of various sensitive sites. Wetherefore look to other possible

interpretations of the microdosimetric spectrum.

Figure Z shows a representationof a probabilitydensity in specific

energy for a hypotheticalpopulationof cell nuclei irradiatedby a 5 MeV

alpha particle. We may assume that for every irradiatedcell, there exists a

value of specificenergy zo above which the impartingof that amount of energy

within the nucleuswlll be lethal to the cell, or below which the cell may

survive and continuedivision. If we integratethis "partialarea," then

13



survivingfractiontransformationis proportionalto the integratedarea

(indicatedwith diagonal lines). This is an idea we have not tested

experimentallybecausethe value of zo is not a constant or a step function,

but rather is more likely to be a continuousfunction s(z}, which is the

survivalprobabilityof a cell receivinga specificenergy z. The survival

probabilitys(z) may possibly be related to an exponentialof z. Therefore,

the probabilityof a biologicalendpolnt for the survivingcells is an

integralthat incorporate_s(z), f(z), and _(z) (Hui, ]989):

E(o)- s(z) f(z,O)dz (5)

where s(z) is the probabilityof a cell survivingreceipt of a specific

energy z, _(z) is the probabilityof a cell transformingor having another

blologicalchange from z, and k is a constant of proportionality. If we

assume no effect at zero dose and a definitiveeffect at high values of z,

then _(z) may be representedby a function shown in Figure 3. However, the

function has yet to be determinedexperimentally. Further evaluation shows

that equations (5) and (2) are matl_ematicallyequivalentand that the function

described in Figure 3 is the hit-sizeeffectivenessfunction. The expectation

values of s(z) and x(z) may be determinedexperimentallyby irradiatingcells

at differentabsorbeddose levels, whereas f(z_D) may be calculated for
,-,

different absorbeddose levels.
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perhapswe may assume that the risk of transformationis proportionalto the

integratedarea (Indlc_,tedwith diagonal lines). This is an idea we have not

tested experimentallybecausethe value of zo is not a constant or a step

function,but rather is more likely to be a continuousfunction _(z), possibly

relatedto an exponentialof z (Figure3).

Hui (1989) proposed a functiondescrlbln9the probabilityof a biological

enclpolntthat incorporatedboth f(z) and _(z):

I"°E(D)- k s(z) _(z) f(z,O)dz (5)
0

where s(z) is the probabilityof a cell survivingreceipt of a specific

energy z, and k is a constantof proportionality. Furtherevaluation shows

that the equations (5) and (2) are mathematicallyequivalentand that the

functiondescribed in Figure 3 is the hit-slzeeffectivenessfunction. The

expectationvalues of s(z) and _(z) may be determinedexperimentallyby

irradiatingcells at differentabsorbeddose levels,whereas f(z_L))may be

calculatedfor different absorbeddose levels.

SUMMARY

Alpha particles from radon progeny impart a specificenergy to epithelial

cell nuclei;the probabilitydensity in specific energy may be calculatedfrom

the dosimetricmodel and assumptionsdescrlbing the physlcalproperties of the

aerosoland its depositionand clearancein the lung. Only cells having a

non-lethalenergy depositionevent may eventuallytransform,and

]4
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transformation is an extremely low-probability process. A hit-size

effectiveness function may be unfolded from experimental data to descrtbe the

probability of a transformation for a discrete value of specific energy. This

functlon enables one to understand the relationship between mtcrodostmetric

results and biological effects_ and should be useful for risk assessment. The

application of this work will be prediction of the effects of radon progeny

for low-level environmental exposures, More information is needed about the

response of cell populations to alpha particle radiation to evaluate the dose-

response relationship. Additionalfactors that remain to be quantifiedare

the time course of irradiation,dose rate, linearityof the response at low

levelsof exposure,and relative impactof cofactors (initiatorsand

promoters)which, in addltlon to the radiationdose, are importantin cancer

induction.
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Ficlures

Figure I, An Exampleof a ProbabilityDensity in Specific Energy

Calculatedfor 4,66 _ Cell Nuclei Irradiatedby 5 MeV

Alpha Particlesfrom UniformlyDistributedSources. The

mean absorbed dose is 0.7 Gy, and the fractionof

unirradiatedsites (6) is D.27.

Figure2r SchematicRepresentationof a ProbabilityDensity

Distributionfor a Single Cell Indicatinga Value of zo

Below Which the Specific Energy Impartedis Nonlethalto

the Cell.

Figure3. SchematicRepresentationof the Probabilityof a

BiologicalEndpoint as a Function of Specific Energy

Impartedto the Cell Nucleus
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Table I CalculatedValues of Absorbed Dose and Alpha-particlelilt

Probabilitiesfor SecretoryCell Nuclei
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