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MODELS FOR COMPARINGLUNG-CANCERRISKS IN RADON- AND PLUTONIUM-EXPOSED
EXPERIMENIALANIMALS

E. S. Gilbert, F. T. Cross, C. L. Sanders,and G. E. Dagle

PacificNorthwestLaboratory,Richland,Washington

ABSTRACT

Eptdemlologic studies of radon-exposed underground miners have provided tile

primary bas_s for estimating human lung-cancerrisks resultlng from radon

exposure. These studies are sometimes used to estimate lung-cancer risks

resultlngfrom exposureto other alpha-emlttersas we11. The latter use, often

referred to as the dosimetrlc approach, is based on the assumption that a

specifieddose to the lung producesthe same lung-tumorrisk regardlessof the

substanceproducingthe dose.

At Pacific Northwest Laboratory,experiments have been conducted in which

laboratoryrodentshave been givenInhalatlonexposuresto radonand to plutonium

(239Pu02). These experimentsoffer a unique opportunityto compare risks, and

thus to investigatethe vaIidityof the doslmetricapproach. This comparison

is made most effectlvelyby modelingthe age-speclflcrisk as a functionof dose

in a way that is comparableto analysesof human data. Suchmodellng requires

assumptionsaboutwhether tumorsare the causeof death or whetherthey are found

Incidentalto death from other causes.

Results based on the assumption that tumors are fatal indicate that the radon

and plutonium dose-response curves differ, with a linear function providing a

good description of the radon data, and a pure quadratic function providing a

good description of theplutoniumdata. However, results based on the assumption

that tumors are incidental to death indicate that the dose-response curves for

the two exposures are very similar, and thus support the dostmetric approach.
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MODELSFORCOMPARINGLUNG-CANCERRISKS IN
RADON-ANDPLUTONIUM-EXPOSEDEXPERIMENTALANIMALS

E.S. Gilbert, F.T. Cross, C.L. Sanders, and G.E. Dagle

INTRODUCTION

Data from human epidemiologic studies have provided the most important

information for assessing risks of exposure to radon and radon progeny. The

major findings from these human studies, which include uranium miners in

Colorado, Czechoslovakia, and Canada and metal miners in Sweden, are

summarized in the report of the BEIR IV Committee (NAS, 1988). The BEIR IV

Report also provides a radon risk model that was developed from analyses of

the miner data.

By contrast, data on humans exposed to inhaled plutonium are far too

limited to permit useful quantification of risks. In general, these data,

which are also summarized in BEIR IV, provide little evidence of increased

lung cancer risks resulting from such exposure, but these negative findings

could have resulted from small sample sizes and the limited magnitude of the

exposures. Because of these limitations, radon risk models are sometimes used

to estimate lung cancer risks resulting from exposure to plutonium and other

transuranics. This approach requires converting exposure to radon decay

products, which is usually expressed in working level months (WLM), to dose to

the lung, and is often referred to as the dosimetric approach.

A difficulty with the dosimetric approach is that radon and plutonium

exposure may differ in ways that are not reflected in a single dose estimate.

For example, plutonium exposures primarily irradiate the alveoli and the

terminal bronchioles, whereas radon and progeny irradiate the entire lung.

The validity of the dosimetric approach can be evaluated using

experimental animal data. At Pacific Northwest Laboratory, experiments have

been conducted in which laboratory rodents have been given inhalation

exposures to radon and to plutonium. Comparing the lung cancer dose-response

functions from these experiments provides a valuable opportunity to examine

the validity of the use of human radon data for estimating lung cancer risks

resulting from exposure to inhaled plutonium.
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DESCRIPTIONOF THE DATA

A lifespan study of rats exposed by inhalation to 239pu02 has been

described by Sanders et al (1988, 1990). Female SPF Wistar rats were exposed

at about 70 days of age, and received lung doses ranging from 0 to more than

20 Gy. Initial lung burdens were estimated using whole body counts at 14 days

after exposure. The lung retention function, which was estimated based on

sacrifice animals, is given by

B(t) = 0 775 e"0"037t + 0 225 e'O'O03gt• • |

where t is time in days post-exposure. The cumulative dose to the lung at

time t was estimated using the expression

d(t) = KE___AAB(u) du,
m

where d(t) = absorbed dose accumulated by time t (in Gy),

K = 1.38 x 10-5 = constant conversion factor for converting Bq to Gy,

E = 5.15 MeV = energy of the alpha-particle emission for 239pu2,

A = estimated initial lung burden (in Bq),

m = 1.6 g, estimated weight of tile lung,

t = time after exposure (in days), and

B(t) = retention function of Pu in the lung.

The committed dose is defined as d(®), and can be shown to equal 78.4 x KEA/m.

lt is noted that with this retention function about 824 of the committed dose

is received by one year post-exposure, and 964 by two years post-exposure.

Analyses in this paper were restricted to rats with doses to the lung

greater than or equal to IGy. The experiment also included a large number of

animals with lower doses (including 1,058 sham-exposed controls), but

pathology is not yet complete for all of the lower dose animals, and the

higher doses are more comparable to those received by the radon-exposed rats.

lt is emphasized that a full evaluation of this experiment must await analyses

based on data from all animals.

A lifespan study of rats exposed by inhalation to radon and radon

progeny has been described by Cross (1989, 1990). In this experiment, male

SPF Wistar rats were exposed at 5, 50, and 500 WLMper week starting at about

90 days of age. Cumulative radon progeny exposure levels were 320, 640, 1280,

2560, and 5120 WLMfor animals exposed at 50 and 500 WLMper week, and 320 WLM

for animals exposed at 5 WLMper week. lt has been estimated (Cross, 1989)

2
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that rat lung-cancer-related doses range from about 0.004 to 0.008 Gy/WLM(0.4

to 0.8 rad/WLM). Dose rates for animals exposed at 5, 50, and 500 WLMper

week would then be about 0.02-0.04, 0.2-0.4, and 2,0-4.0 Gy per week,

respectively.

Comparability of dose rate must be considered in making comparisons

between plutonium and radon-exposed animals. The dose-rate for plutonium

exposed animals increases with increasing dose, and decreases with time after

exposure. The dose received during the first week following exposure ranged

from 0.08 Gy for a committed dose of IGy, to 1.6 Gy for a committed dose of

20 Gy. The average dose rate per week was also calculated, weighting by the

amount of dose received at each rate. These average dose rates ranged from

0.03 Gy per week for a committed dose of IGy, to 0.5 Gy per week for a

committed doses of 20 Gy. These dose rates are more comparable to dose rates

in the radon experiments with animals exposed to 5 and 50 WLMper week, than

those with animals exposed at 500 WLMper week. For this reason, rats exposed

to radon at 500 WLMper week are excluded from analyses in this paper.

Table I summarizes the data from the radon and plutonium experiments

that are used in the analyses in this paper, and shows both the number of

animals and the number of animals with lung tumors in each of several

categories defined by cumulative dose 60 days prior to death. Both malignant

tumors and adenomas were included. For the radon-exposed animals, a

conversion factor of 0.005 Gy/WLM(0.5 rad/WLM) was used, and the dose

categories were chosen to be roughly comparable to the original radon exposure

groups with this conversion factor. Because it is the comparison of risks

from radon and plutonium that is of primary interest in this paper, and

because pathology for the plutonium controls is not yet complete, data on

control animals were not included.

STATISTICAL METHODS

The general approach used in analyzing data from these experiments is to

m_del the hazard, or age specific lung-cancer risks, as a function of

cumulative dose (Breslow and Day, 1987; Gartet al, 1987). This approach

makes it possible to appropriately analyze doses that are accumulated over

time, and risks that may be changing as animals age. lt also allows for

appropriate handling of competing risks. Most recent analyses of data from

3



human epidemiologic studies of miners exposed to radon and radon progeny have

been based on this general approach (NAS, 1988).

In order to correctly model the age-specific risk, it is necessary to

make assumptions regarding whether tumors are the cause of death, or are found

incidentally to death from other causes (Gartet al, 1987; McKnight and

Crowley0 1984; Peto et al, 1980). If the tumors are the cause of death, the

number of animals at risk at age a is the number alive at this age, denoted by

Na, and if da denotes the number of animals dying with tumors at age a, then

the fraction da/Na is an estilnate of the age-specific death rate, or hazard.

By contrast, if the tumors are incidental, an animal is at risk of having a

tumor identified at age a only if it dies of some other cause at that age. Ix

this case, the appropriate denominator is na, the number of deaths at age a0

and the fraction da/n a is an estimate of the cumulative probability of

developing a tumor by age a. To model the hazard or age-specific risk, this

cumulative probability must beexpressed in terms of the parameters of the

hazard. This is accomplished by using the relationship P(a) = i - exp{H(a)},

where H(a) is the cumulative hazard at age a or h(u) du, where h is the

hazard function. The expressions H(a) and P(a) depend on the pattern of

exposure over time as well as the parameters of the hazard function.

In this paper, analyses based on the assumption that all tumors are

fatal and on the alternative assumption that all tumors are incidental are

presented. Although there is evidence from radon experimental data (Cross,

1988; Chmelevsky et al, 1984; Gray et al, 1986) that lung tumors in rats are

usually not the cause of death, some tumors are undoubtedly fatal, and it is

possible that the situation is different for plutonium-induced tumors.

The model used for the hazard function is as follows:

h(a*) = (_ + 2) a_ f(da),
*where a indicates the age of the animal in days; a = (a* 60)/720 is the age

scaled to indicate the fraction of the average life span after 60 days

(average survival time for control animal was about 780 days); f is the dose-

response function; da denotes cumulative dose in Gy for the animal at age a.

The expression a_ is the Weibull function, and the parameter _, which is

estimated from the data, measures the increase in risk with age. The function

f also includes parameters that are estimated from the data. Both dose and

the Weibull function are lagged for 60 days, comparable to about 5 years in a

4
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huma_ life. The hazard, h(a*), is assumed to be zero for a < 60 days. With

age scaled in the manner indicated, it can be shown that the expression f(d)

estimates the cumulative hazard to 780 days of age associated with continuous

lifetime exposure, and that for low doses this expression approximates the

lifetime risk (Gilbert, 1989).

BecauS_ there is uncertainty in the appropriate factor fo "_ converting

exposure in WLMto an appropriate dose to the lung, analyses have been

addressed at determining if the dose-response functions for radon and

plutonium have the same shape, and at estimating the conversion factor that

makes the two response functions most comparable. If it is found that the two

functions have the same shape, and if the estimated conversion factor is found

to be in the range obtained by radon dosimetrists, then it can be concluded

that the data are consistent with identical dose-response functions for the

two exposures.

To state the above in mathematical terms, let lp(d) denote the dose-

respons e function for plutonium, and fR(d) denote the dose-response function

for radon. The two functions have the same shape if for some ¢,

lp(d) = fR(eW), where w denotes exposure in WLM. In the results that follow,

the conversion factor _ is one of the parameters estimated. Two forms of the

dose-response function are evaluated. The power function f(d) = 8 dr is

emphasized, but the linear-quadratic function f(d) = 8 d + 6 d2 is also
considered.

With the power function, the functions for plutonium and radon have the

same shape if the powers r are the same for the two exposures. In this case

fp(d) : 8 dr and fR(d) = 8 (_w) r. In general, Greek letters (_, r, 8, 6) are

used to denote parameters that are estimated from the data, with r indicating

the shape, 8 and 6 indicating the overall magnitude of the risk, and

indicating the relationship of the magnitude of radon and plutonium risks.

Additional detail on statistical methods and the specific models that were

fitted is given in the appendix.

With all functions considered, f(O) = O; that is, it is assumed there is

no risk at zero dose. Although unexposed SPF Wistar rats can develop lung

tumors, this risk is extremely small compared with that in animals exposed at

the levels considered in this paper, and the estimated dose-response functions

are minimally affected by assuming zero baseline risk.

5
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RESULTS

Tumors assumed incidental. Under the assumption that tumors were

incidental findings, a good fit to the data was provided by a power function

of dose, with the power estimated to be about 1.3. Results of fitting this

model are shown in Table 2. Estimating separate values of the power (m) for

plutonium and radon did not significantly improve the fit. A linear-quadratic

model, with fp(d) = fR(_W), also provided a reasonable fit, but a linear model

could be rejected.

With the power model shown in Table 2, the conversion factor ¢ was

_stimated to be 0.0050 Gy/WLM, and this value is in the range obtained by

dosimetrists. The linear-quadratic model yielded a very similar estimated

conversion factor of 0.0049 Gy/WLM.

The Weibull parameter _, which measures the change in risk as animals

age, was estimated to be 0.54, and the fact that the confidence limits include

zero indicates that an absolute risk model, with no change in risk with age,

cannot be excluded. A model with separate Weibull parameters for plutonium

and radon yielded an estimate of 0.13 for plutonium exposeJ animals, and an

estimate of 1.09 for radon exposed animals. However, the twocoefficients did

not differ significantly (0.I0 < p < 0.20). Inferences regarding time-

related effects, including inferences about the Weibull parameter, are likely

to be especially sensitive to assumptions regarding whether tumors are fatal

or incidental. If some tumors were fatal, which is likely, then the Weibull

parameter may have been underestimated.

Figure I shows the fitted power function graphically. The figure also

shows the results of fitting separate risk coefficients for the following five

dose categories: i-2.25, 2.26-4.52, 4.53-9.04, 9.05-180.9, and 181.0+ Gy. The

conversion factor 0.005 Gy/WLM(5 mGy/WLM)was used to convert WLMexposures

to dose in Gy, and the dose categories were defined to be reasonably

comparable to the original radon exposure categories with this conversion

factor. The group risk estimates were based on the model f(d) = 8j d, where j

indexes the dose categories; the values plotted in Figure i represent 8j times
the average dose for the category. This figure indicates that the responses

for plutonium and radon are very similar, and that a good fit is provided by

the power function model.



Tumors assumed fatal. Under the assumption that tumors were fatal, it

was not possible to find dose-response functions of the form lp(d) = fR(eW)

that adequately fit the data. However, a good fit to the data was found with

a pure quadratic function for plutonium and a pure linear function for radon;

results of fitting this model are shown in Table 3. Power functions with

separate powers fit for plutonium and radon did not significantly improve the

fit, and the estimated powers were 1.99 and i.ii, respectively. Fitting a

model with both linear and quadratic terms for both exposures also did not

significantly improve the fit. Details for these additional models are shown

in the appendix=

In Table 3, it is seen that the estimated Weibull parameter of 5.17 is

much larger than that estimated under the assumption that tumors were

incidental. However, if, as is likely, many of the tumors were incidental,

the estimate based on the assumption that all tumors were fatal may be too

high. Based on the quadratic and linear models (Table 3), there was some

evidence that fitting separate Weibull parameters for plutonium and radon

improved the fit (0.05 < p < 0.I0); other models yielded stronger evidence for

a difference in the Weibull parameters. This difference could reflect a

difference in the proportion of fatal tumors from the two exposures.

Alternatively, it couid reflect differences in the timing of exposures, or sex
differences.

The fitted quadratic and linear functions ere shown graphically in

Figure 2. In this case, the conversion factor 0.0035 Gy/WLMwas used; this

factor was the estimate of i obtained when the model lp(d) = _ dr , fR(lW)_was

fit. The dose categories used in Figure 2 were I-1.57, 1.58-3.16, 3.17-6.33,

6.34 12.66, 12.67+ Gy, and were defined to be reasonably comparable to the

original radon categories with the conversion factor 0.0035 Gy/WLM. From

Figure 2, it appears that the difference in radon and plutonium risks is

especially strong in the highest dose category. For this reason, analyses

were conducted with this category excluded. These analyses still provided

strong evidence that the dose-response functions for plutonium and radon

differed, and the estimated powers for the two exposures (1.84 for plutonium,

1.08 for radon) were similar to those obtained with the full data set.

Analyses of specific tumor types. Table 4 shows the number of plutonium

and radon exposed animals with tumors of various types (some animals had more

7
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than one tumor). The distribution by tumor type is different for the two

exposures with proportionally more epidermoid carcinomas in plutonium exposed

animals, and more adenomas and adenocarcinomas in radon exposed animals.

Because of these differences, separate analyses of epidermoid carcinomas end

of the combined category of adenomas and adenocarcinomas were conducted.

Specifically, power functions with separate estimates of the powers for the

two exposures, and with a single estimate, were fitted. In addition, for

analyses with tumors assumed fatal, a model with a pure quadratic function for

plutonium and a pure linear function for radon was fitted. Animals with both

types of tumors were counted as having a tumor in both analyses; there were 7

plutonium-exposed animals and 20 radon-exposed animals with both types of
tumors.

Results of theseanalyses based on the assumption that tumors are

incidental are presented in Table 5. For both epidermoid tumors and the

category of adenomas and adenocarcinomas, a good fit to the data was provided

by a model with the same power of dose for both plutonium and radon. However,

the estimated powers for the two types of tumors were different, 1.7 for

epidermoid tumors, and i.I for adenomas and adenocarcinomas. The estimated

conversion factors were also very different, 0.003 and 0.012 Gy/WLM

respectively.

Results of analyses of specific tumor types, based on the assumption

that tumors are fatal, are presented in Table 6. The dose-response functions

for the specific categories in Table 6 were reasonably described by power

functions with the same estimated power for both plutonium and radon (although

there was modest evidence that for epidermoid tumors, the estimated powers for

plutonium and radon differed with 0.05 < p < 0.i0). However, as with the

analyses based on the assumption that tumors are incidental, the estimated

powers (_) and conversion factors (_) were quite different for epidermoid

tumors and the category of adenomas and adenocarcinomas, lt is also noted

that the pure quadratic function for plutonium, and the pure linear function

for radon, found to describe the total lung tumor risk weil, did not

adequately describe the dose-response for either epidermoid tumors or adenomas

and adenocarcinomas considered separately. Apparently, the different shapes

of the dose-response functions for total tumor risk came about at least in

8
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part becauseof differencesin the types of tumors being observed for

plutoniumand radon.

DISCUSSION

Analyses based on the assumptionthat lung tumors were incidental

yielded very similardose-responsefunctionsfor plutoniumand radon with an

estimatedconverl;ionfactor of 0.0050 Gy/WLM (0.5 rad/WLM). This conversion

factor is consistentwith the range estimatedby radon dosimetrists.

Therefore, if it is true that tumors are predominantlyincidentalfindings,

these data are consistentwith similar overalllung tumor dose-response

'Functionsfor plutoniumand radon, at least over the range of doses included

in the data analyzed.

However, analysesbased on the assumptionthat lung tumors were fatal

yielded a differentconclusion. In this case, the response functionshad

differentshapes,and would not be consistentacross the entire range of doses

for any conversionfactor._ Furthermore,if these functionswere extrapolated

to low doses, plutoniumwould be estimatedto be much less effective (perunit

of dose) than would radon.

Unfortunately,it is not possibleto determineon statisticalgrounds

whether tumors are fatal or incidentalunless adequate sacrificedata are

available (McKnightand Crowley, 1984). Limitedsacrificedata from the radon

experimentsdo not providean unequivocalanswer to this question. As

indicatedearlier in this paper, a case has been made for most radon-induced

lung tumors being incidental. An approachto this problem,which we hope to

apply in the future, is to conductanalyses that utilizepathologist

judgementsregardingwhether individualtumors are fatal or incidental.

Patterns of risk appear to depend on the type of tumor. Analyseswith

tumors assumed incidentalprovidedan estimatedpower of 1.7 and a conversion

factor of 0.0033 Gy/WLM for epidermoidcarcipomas,but a power of 1.1 and a

conversionfactor of 0.0121Gy/WLM for adenomasand adenocarcinomas. Even

though these separateanalysesfound comparableshapes of the dose-response

functionsfor plutoniumand radon, the fact that very differentestimatesof

the conversion factorwere obtained suggeststhat average dose to the lung,

using a single conversionfactor for convertingradon exposure in WLM to dose

in Gy, does not adequatelypredictrisks of specifictypes of tumors.

9
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Analyses wit_J tumors assumed fatal indicated that the overall lung tumor

response could be well described by a pure quadratic function for plutonium

and a linear function for radon. Yet, such functions could be strongly

rejected as describing the response for epidermoid carcinomas alone, or for

adenomas and adenocarcinomas alone. Examining these tumor types separately

reduced the evidence for different shapes of the plutonium and radon response

curves, but, as with the incidental analyses, yielded very different estimated

conversion factors (0.0028 Gy/WLMfor epidermoid carcinomas, and 0.0070 Gy/WLM

for adenomas and adenocarcinomas).

In interpreting these findings, it is important to consider that the

these studies were not designed to investigate the question considered in this

paper. The studies were conducted by different investigators and iri different

facilities, lt is thought, however, that the determination as to whether

animals had tumors of various types was reasonably comparable in the two

studies, although some diffe_nces are possible. In addition, the plutonium-

exposed animals were females while the radon-exposed animals were males. We

are not aware of published data comparing lung tumor risks in male and female

Wistar rats. Unpublished analyses of lung tumor risks by sex in PNL beagle

dogs exposed to inhaled plutonium did not reveal any differences. These

studies are described by Dagle et al, 1989.

Finally, the comparison in this paper was based on animals exposed at

doses that exceeded IGy, and thus the implications of these findings for

lower doses and exposures are uncertain. Additional data at lower doses and

dose rates will eventually be available for both plutonium and radon (Sanders

et al, 1990; Cross et al, 1990), and these data need to be carefully evaluated

before drawing firm conclusions.

CONCLUSIONS

Data from human epidemiololic studies of persons exposed to radon and

radon progeny are sometimes used to estimate the risk resulting from exposure

to plutonium. The validity of this dosimetric approach has been evaluated by

comparing lung tumor dose-response, function obtained from data on rats exposed

through inhalation to plutonium (239pu02) and to radon and radon progeny.

There are several limitations to this approach. Firut, results depend

on whether tumors are assumed to be incidental findings or assumed to be

I0
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fatal, and it is not known with certainty which assumption is more

appropriate. Second, uncertainty regarding the factor for converting exposure

in WLMto dose in Gy limits the extent to which differences in ris_'s from the

two exposures can be quantified. Third, it is not known to what extent

differences in the sex of the animals, or the fact that the experiments were

conducted by different investigators, might affect results. Finally. the

comparisons have been based on high dose data, and the implications for lower
doses are not clear.

Regardless of whether it was assumed that all tumors were incidental, or

that all tumors were fatal, there was evidence that the risk of specific types

of lung tumors as a function of average dose to the lung differed for the two

exposures. For risk assessment purposes, it is the total lung tumor risk that

is of primary interest. Conclusions about this total risk were found to

depend strongly on whether tumors were assumed to be incidental or fatal.

Results based on the assumption that tumors are fatal indicated that the radon

and plutonium dose-response curves differed with a linear function providing a

good description of the radon data, and a pure quadratic function providing a

good description of the plutonium data. These results would not support the

use of the dosimetric approach, especially for extrapolating to risks at very

low doses. However, results based on the assumption that tumors were found

incidentally indicated that the dose-response curves for the two exposures

were very similar. These latter results would tend to support the use of the

dosimetric approach for estimating total lung tumor risk.

II



Table I. Number of rats and number of rats with lung tumors (in parentheses)

by cumulativedose 60 days pri_r to death.

Dose in Gy (based Exposedto Exposedto radon

on 0.0050 Gy/WLM)I 239pu02 radon progeny

1-2.25 41 (3) 225 (32)

2.26-4.52 70 (16) 63 (18)

4 53-9.04 42 (22) 33 (21)

9.05-18.09 63 (48) 40 (26)

18.I0+ 14 (7) 23 (21)

Tota] 230 (96) 384 (118)

iNote that the original radon exposure groups of 320, 640, 1280, 2560, and

5120 correspond to 1.6, 3.2, 6.4, 12.8, and 25.6 Gy respectively.

12
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Table 2. Parameter estimates with 954 confidence limits based on the model

h(a*) : (_ + 2) a_ f(da), fp(da) : r_ dr , fR(Wa) = ;3 (_Wa)r. Tumors assumed
incidental .I

Parameter Estimate (954 confidence limits)

0.54 (-0.20, 1.27)

[3 1.04 (0.81, 1.35)

r 1.30 (1.12, 1.49)

0.0050 (0.0035, 0,0066)

I h is the hazard, a is age in days, a = (a* - 60)/720, da is dose in Gy

accumulated by age a, wa is exposure in WLMaccumulated by age a, fp is the

dose-response function for plutonium, fR is thedose-response function for

radon, and _, _, r, and ¢ are parameter_ to be estimated.

13
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Table 3. Parameter estimates with 954 confidence limits based on the model

h (a*) = (_ + 2)a _ f(da) , fp(da) = 6 d2, fR(Wa)= 8 wa. Tumors assumed
fatal .I

Parameter Estimate (954 confidence limits)

5.17 (4.57, 5.78)

6 0.99 (0.80, 1.21)

0.65 (0.52, 0.80)

* ' , = - 60)/720, da is dose in Gy1 h is the hazard, a is age in days a (a*

accumulated by age a, wa is exposure in WLMaccumulated by age a, fp is the

dose-response function for plutonium, fR is the dose-response function for

radon, and _, B, and 6 are parameters to be estimated.

14
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Table 4. Number of animals with tumors of each of several types•

Type of Tumor Exposed to Exposed to radon

239pu02 and radon progeny

Epi dermoi d/squamous 59 41

Adenocarc i noma 28 72

Adenoma 3 26

Other 18 19

15



Table 5. Parameterestimateswith 954 confidencelimits based on the model

fp(da) = 8 d_, fR(Wa) = _ (lWa)_. Tumors assumedincidental.1

Parameter Epidermoidtumors Adenomasand adenocarcinomas

1.66 (1.36, 1.96) 1.09 (0.88, 1.31)

i 0.0033 (0.0018, 0.0048) 0.0121 (0.0067, 0.0175)

Ida isdose in Gy accumulatedby age a, wa is exposure in WLM accumulatedby

age a, fp is the dose-responsefunctionfor plutonium,fR is the dose-response

functionfor radon, and F_,T, and i are parametersto be estimated.

16
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Table 6. Parameter estimates with 954 confidence limits based on the model

fp(d a) = 8 dr , fR(Wa) = 8 (¢Wa)r. Tumors assumed fatal. I

Parameter Epidermoid tumors Adenomasand adenocarcinomas

r 1.972 (1.66, 2.28) 1.21 (i.00, 1.42)

0.0028 (0.0017, 0.0029) 0.0070 (0.0040, 0.0099)

ida is dose in Gy accumulated by age a, wa is exposure in WLMaccumulated by

age a, fp is the dose-response function for plutonium, fR is the dose-response
function for radon, and 8, r, and _ are parameters to be estimated.

2 There was modest evidence that estimating separate powers improved the fit

of the data (0.05 < p < 0.10).
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APPENDIX

This appendix provides additional detail on statistical methods, and on

the results of analyses. Analyses were based on grouped data, with age

grouped in 60-day intervals. For the plutonium exposed animals, dose was

grouped into i0 categories as follows: I-, 1.28-, 1.81-, 2.56-, 3.62-, 5.12,

7.24-, 10.24, 14.48-, and 20.48+Gy. For radon exposed animals, exposure was

grouped into 5 categories as follows: 226-, 453-, 905-, 1810-, 3620+ WLM.

With the exception of animals that died befor_ their scheduled exposure was
!

completed, radon exposures were 320, 640, 1280, 2560, and 5120 WLM, the

geometric mid-points of the categories. In all cases, cumulative dose was

calculated up to 60 days prior to the age of interest.

For analyses based on the assumption that tumors were incidental,

animals were grouped int.o categories defined by age and dose at death, and by

whether the animal was exposed to plutonium or radon. Each observation

included information on the number of animals (n) in the category, the number

of animals with lung tumors (y), and the age and average cumulative dose

associated with each 60-day interval preceding the interval in which death

occurred. The latter informalion was needed to allow calculation of the

cumulative hazard. The expected value of y is then given by n P, where P is

the cumulative probability of developing a tumor' by age a. P is related to

the hazard h(a) by P : I - exp{-H(a)}, where H(a) is the cumulative hazard.

Maximum likelihood estimates were obtained using iteratively reweighted least

squares, with the y treated as binomial variables.

For analyses based on the assumption that tumors were fatal, data on 60-

day "interval in each animal's lifespan were grouped according to the

cumulative dose categories above, and by whether the animal was exposed to

plutonium or radon. Each observation included the total rat-days (N), the

number of animals with lung tumors occurring in the category (y), age, and

cumulative dose. The expected value of y is given by N h(a), and maximum

likelihood estimates of the parameters of h(a) were obtained using iteratively

, reweighted least squares, treating the y as Poisson variables.

For both incidental and fatal analyses, the SAS procedure NLIN was used

to carry out the necessary computations. The improvement in fit resulting

from the addition of parameters to the model was assessed using likelihood

ratio based tests. Confidence limits for parameters were based on asymptotic

2O
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standarderrors. For some parameters (_ and 6), multiplicativeor geometric

standarderrors were thoughtto providea more reliableassessmentef

uricertainty;the was accomplishedby parametrizingthe model in terms of B =

log 8, orC = log 6.

Additionaldetail regardingthe fit of variousmodels is shown in Tables

IA and 2A. Table IA shows resultsof analyses in which tumors were assumed

incidental,and Table 2A shows resultsof analyses in which tumorswere !'_

assumedfatal. Those models in which the dose-responsefunctionshave the

same shape are indicatedwith an asterisk,and are parametrizedso that fp(d)

= fR(eW),with _ one of the parametersto be estimated. Those models not

indicatedwith an asteriskare more generaldose-responsethat do not assume

the same shape for plutoniumand radon.

For each model, a likelihoodratio chi-squarestatisticfor comparing

the fit of the model with other models is given. This chi-squarestatisticis

obtained as twice the logarithmof the likelihoodratio statisticfor the

fittedmodel minus twice the likelihoodratio statisticfor the null model

with f(d) equal to a constant. Differencesin the likelihoodratio chi-

square statisticsbetween alternativemodels, in which one model is a more

generalform of the other, follow an asymptoticchi-squareddistributionwith

degreesof freedomequal to the differencein the number of estimated

parametersin the models being compared. Thus these differencesprovidea

measure of whether a particularmodel providesan adequate fit to the data, or

whether a more complexmodel is needed. For example, in Table lA, it can be

seen that fitting separatepowersT and _' for plutoniumand radon, as in

model I, did not significantlyimprovethe fit of the data over fittinga

single power r (the differencein the chi-squarestatisticsis 0.85, which,

with one degree of freedom,dees not indicatestatisticalsignificance.)

However,the same comparisonfrom Table 2A yields a differencein chi-square

statisticsof 20.54,which indicatesstatisticalsignificancewith p < 0.001.
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Table IA. Results of fittingseveraldose-responsemodels based on the

assumptionthat lung tumors _re incidentalfindings.

fpd_Cd_)_ fR(w) LikeIihood Ratio Comments

Chi-square

I*. F_wr 8 (®w)_" 194.42

I. 8 dr (3'wr' 195._/ p > 0.3 for improvementin

fit over model I*.

II*. F_d F_(_w) 183.60

III*.F_d + 6 d2 (3(_w) + 6 (ew)2 193.11 P < 0.005 for improvement

in fit over model II*.

III. _ d + 6 d2 F_'w + 6' w2 193.55 p > 0.5 for improvementin

fit over model III*.
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Table 2A. Resultsof fittingseveraldosg-responsemodels based on the

assumptionthat lung tumors are fatal.

fpd._ fR(w) Likelihood Ratio Comments

Chi-Square

I*. (3dr B (_w)r 265.62
!

I. 8 dr 8' wr 286.16 p < 0.001 for improvement

in fit over model I*.

p > 0.2 for improvementin

fit over model IV.

II*. 8 d 8 (_w) 251.12

III*.8d 4,6 d2 8 (®w) + 6 (_w)2 269.50 P < 0.001 for improvement

in fitover model II*,

III. B d + 6 d2 (_'w + 6' w2 286.45 p < 0.001 for improvement

in fit over model III*.

p > 0.2 for improvementin

fit over model IV.

IV. 8 w2 6 w 284.87
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