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INTRODUCTION

The underground miner radon epidemiology reported in the past

15 years has produced a wide range of output. Namely,

Modeling of the lung cancer risk from 222Rn exposure

Quantitating the risk in present day mines

Extrapolating the risk to environmental Z22Rn exposure

Relating effects of low and high LET radiation

Pointing out areas where additional data are needed

Although all are important in radiation protection, those of

most practical importance are probably the first three. The reasons

for this is that all countries have occupational guidelines that

now better conform to the actual risks experienced in mining and

many countries have governmental guidelines regarding environmental

exposure which, when fully implemented, can impose substantial

benefit but also substantial cost to society.

For this reason it is of utmost value to follow the

underground mining populations to completion to better understand
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every facet of risk that has been deduced, inferred or calculated.

The outcome of this epidemiology affects a significant fraction of

the world's population.

The purpose of this manuscript is to focus on the above three

areas and indicate the most recent results and advances. In this

examination a biological basis for a new model for 222Rn decay

product risk is developed.

1.MODELS

The human data most frequently used to quantitate and model

the effects of exposure to ionizing radiation are the Japanese A-

bomb data. Although this is a fundamental source of human data it

is important to know that the estimated numbers of cancers due to

the radiation exposure are very few. As of 1988, the number of

excess total cancers is about 360, and the excess lung cancers

number only about 45. For this reason it is difficult to develop

models for human lung cancer risk for low LET ionizing radiation

that are definitive.

On the other hand, the radiation induced lung cancers in the

various underground mining cohorts number in the thousands. The

models are still not definitive because there are unavoidable gaps

in the data, particularly regarding accurate exposure history for

individual miners. However, the underground miner data do provide



the best source of information for development of models regarding

lung cancer risk following exposure to high LET alpha radiation

from 222Rn decay products.

The majority of data provided so far come from the 4 large

follow up studies in Canada, Czechoslovakia, Sweden and the U.S.

(Lundin et al. 1971, Sevc et al 1988, Kunz and Sevc 1988, Muller

et al 1985, Radford and renard 1984, Waxweiler et al 1981, Hornung

and Meinhardt 1987)

It is important to examine the input data for the various

models to understand the inherent fragility in the models derived.

The U.S. Colorado uranium mining cohort is chosen here as an

example to illustrate the nature of the data. Even though there

are substantially elevated lung cancer deaths above those expected

and they make up a significant fraction of the total deaths in the

cohort to date, the data are still weak for purposes of rigorous

modeling.

The Colorado cohort (3346 miners) is selected as this file is

available for analysis on computer disk and is the only cohort with

complete smoking history for the miners. The data for miners with

exposure under 2000 WLM are used in most of the following analysis

as exposures larger than this have shown a reduced risk compared

with lower exposures, presumably due to cell sterilization or other

factors (NCRP 1984a) .



Tables 1 (smokers) and 2 (nonsmokers) show the lung cancer

data, through 1982, broken into 8 groups. These are miners

beginning mining at age <35 and >35 years of age (average ages 24

and 44 respectively) and separated into three time durations of

mining, 1-4, 5-14 and >= 15 years and for three intervals with time

since exposure. Expected number of lung cancers are shown in

parentheses based on the age-specific 1980-1984 tabulation of U.S.

mortality (NAS 1988) . It is clear that the only sub group with

enough data for meaningful modeling is that with 5-14 years of

underground exposure. The total WLM exposure for the corresponding

groups is also shown in Table 1 and 2.

A plot of the excess lung cancer risk in smokers up to the

follow up time (1982) is shown in Figure 1 normalized by the

exposure data to 1 WLM and corrected for the expected number of

cancers. The numbers of lung cancers are shown for each group in

Figure 1.

The next sections present the models for comparison with this

one data set.

The NCRP Model

The National Council on Radiation Protection and Measurements

(NCRP) model was the first to try to project the underground miner



lung cancer risk quantitatively to whole life (NCRP, 1984a/ 1984b) .

It used this model to project total lifetime risk in both mining

and environmental situations.

The model was an empirical model based on the existing

published reports on underground miners (Waxweiler et al. 1981,

Lundin et al. 1971, Radford and Renard 1984, Sevc et al 1976) . The

form of expression of the model is

R(t|t0) = <RC) ( WLM) (8) <PC/PTO) [EXP(-Mt-t0)]

Where

R(t|t0) = attributable annual lung cancer mortality at

age t (t>40) due to a single exposure at age

t0.

Pt/Pc0) = correction for competing causes of death. Pt is

the probability of being alive at age t, Pt0

the probability of being alive at age t0.

WLM = the exposure at time t0 in working level months

8 = factor to initiate risk at age 40. If t>=40

then 8=1, if t<40, 8=0. Lung cancer risk is

essentially zero before age 40.



X = decrease in rate of risk expression following

exposure due to repair, cell death or

unspecified mechanisms ( ln2/20 yr"1) .

RC = risk coefficient, lxlO"5 per year per WLM,

adopted for the report.

The NCRP model did not accumulate risk until a 5 year minimum

latent period has elapsed following each exposure.

The lifetime risk (to age 85) from a single exposure using the

NCRP model is

85

LR(to) = 2 R(t|t0)

to

The lifetime risk for exposures over many one year intervals

is calculated by summing the risk for each exposure over full life

for each of the exposure years,t = t0, t2 etc..

t

LR * I LR(t)

to

The model accomodated the observed larger lung cancer risk



reported in the literature for persons exposed at older age up to

the time of reporting. The exponential term reduced the risk with

time since exposure, so that lifetime risk at younger age of first

exposure is less than that for first exposure at older age.

The NCRP model is a modified absolute risk model. The risk

from 222Rn decay products and other contributing risks are

independent and additive. The additional risk from smoking and

222Rn combined was not able to be considered as there were too few

data. However, it was stated that the risk coefficient would be

modified accordingly to accomodate the apparent higher risk in

smokers for the same 222Rn exposure.

The NCRP model is shown in Figure 2 to predict annual risk for

exposures beginning at age 24 and 44, the average age at start of

mining in the less than 35 years and greater than 35 years age

groups in the Colorado cohort. The calculated annual risks are for

an 8 and 7 year exposure respectively, the average for the group of

miners in these age groups. Figure 3shows the risks summed for the

5-i4, 15-24, 25-34 post exposure age intervals to compare with the

observed Colorado miner data.

The BEIR IV Model

In 1988 a committee established by contract for the National



Science Foundation, was permitted to use the raw data from four of

the underground miner follow-up studies (NAS, 1988) . Applying Cox

regression techniques for grouped data for the analysis, various

types of models could be tested for goodness of fit using log

likelihood ratios. One model that appeared to best fit the data

is,

r(t)=ro(l + 0.025 Y(a) [ WLM5.15 + 0.5 WLM15+]

where

before

r(t) = age specific lung cancer mortality rate

r0 = age specific background rate

WLM5_1S = WLM exposure incurred 5-15 years before this

age

WLM151. = WLM exposure incurred 15 or more years

this age

y(a) =1.2 when age <55, 1.0 when age 55-64, 0.4

when age is 65 or greater

The BEIR model predictions of risk are shown in Figure 4 for

the same exposure intervals as in the NCRP model in Figure 2 and 3

( 24 and 44 years at start of exposure) and for an 8 and 7 year

exposure duration respectively. Figure 5 shows the BEIR model risk

summed over 5-14, 15-24 and 25-34 year intervals post exposure for

comparison with the miner data in Figure 1.



A Biologically Based Model

A significant finding of the BEIR IV committee and in the work

of Sevc et al reported at this conference, is not only the

verification in the reduction in risk with time since exposure, but

the additional finding of reduction in risk with attained age, the

y(a) factor. In the BEIR IV model this is a dramatic reduction

factor, i.e., 0.4 at age 65 versus 1.0 with attained age 55. The

reason for the two separate factors requires a biological

explanation.

It is important to interpret the results of a mathematical

model in terms of the underlying biological principles. If these

are not in agreement, the models can not be thought of as

mechanistic but merely fitting an artificial model to data. Many

models can be well fit to data without the true analytical features

being known.

One plausible explanation for the observations in the Colorado

miner data is as follows.

The target cells for bronchogenic carcinoma are located in the

thin layer of epithelium lining the bronchial airways. The target

cells can be basal cells, the classical stem cells for repopulating

epithelium, or the more recently implicated secretory cells

(Johnson and Hubbs 1990, Boren and Paradise 1978, McDowell et. al.



1978, Reid and Jones 1979, Ayers and Jeffery 1988, Breuer et al

1990, Harmon et al 1991). Both cell types lie within the range of

alpha particles emitted by 222Rn decay products deposited on the

airway surfaces (Robbins 1992).

The epithelium constantly regenerates itself by cell division.

This turnover rate for the cells in bronchial epithelium is

relatively low compared to other well studied epithelia such as the

epidermis or intestinal lining. The turnover rate is not well

documented. The division of a stem cell, however, to replace a

lost or dying cell, maintains the number of cells in the epithelium

at a constant number per unit area. It is important to know

whether this number changes with age and smoking status.

The only data of this kind is currently being established in

measurements by Robbins et al (1992). Table 3 shows preliminary

data on the cell density in a 27 and 61 year old nonsmoker, and in

a 69 year old smoker. Interestingly, the cell density in the

nonsmokers does not change appreciably with age. The cell density

for the smoker is significantly less.

Scant information in the literature for cell turnover rate in

the rat indicate that the turnover rate decreases with age (Reid

and Jones 1978, Ayers and Jeffery 1988). These facts may be

brought into a biological model of cell survival and division in

the epithelium.
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The current philosophy concerning carcinogenesis is that lung

cancer originates from a single damaged cell. The damaged or

initiated cell may not divide for many years, during which time it

can acquire the necessary changes for transformation to a cell with

the potential for carcinogenesis upon division. During the period

of dormancy, there is a finite probability that this cell will be

lost.

The probability for loss can be expressed as the fractional

removal due to the replacement process within a group of cells.

This is most likely an exponential function.

dQ/dt = P - X Q = 0

where P= production rate of cells.

X = cell removal rate.

Q = steady state number of cells per unit area.

In order to establish a steady state, cell production must

equal cell loss. However, the removal rate, X, is not thought to

be constant over time but a decreasing function with age. If this

is true, the production rate must also decrease to accomodate the

observed constancy of cell density in nonsmokers with age in Table

3.
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The survival of any cell irradiated at time t0/ at time t, can

therefore be expressed as,

S= Exp[-X (t-t0) ]

The probability of a particular cell dividing is,

P(t) = X S

Estimates of the reduction in turnover rate, X, in the rat are

that it decreases by about a factor of two over the life span.

Assuming a linear relationship in the turnover rate, X, with age

may be expressed as

X = (KL - K2 age)

The probability of a potential cancer cell dividing at a

particular age as a function of time post exposure, (age-t0,/ is

then

P(age|t0) = (Ki-K2 age) Exp[- (iq-K;, age) (age-t0) ]

Lung cancer following exposure at t0, can be modelled by including

a risk coefficient to normalize the expression.

R(t|t0) = RC [P (age I to)3

12



where RC = risk coefficient, cases year"1 WLM'1

The introduction of X as a function other than linear produces

important changes in the model. Inclusion as an exponential, for

example, would simply change the overall removal constant and the

effect of attained age could not be distinguished from a simple

time since exposure process. The biological model accommodates the

observation in the miners data that risk is reduced with time since

exposure and with attained age.

The biologically based model is shown in Figure 6 and 7 for

the same conditions as in Figures 2 and 3, for two different cell

turnover rates. In the first, the cell turnover rate decreases

from a cell half life of 2 years to 4 years over the ages from 20

to 80. In the second, the cell turnover rate decreases from a cell

half life of 4 years to 20 years over the ages from 20 to 80.

3. COMPARISON OF MODELS WITH COLORADO MINER DATA

The biological model has the characteristic that if the cell

removal function, X, is chosen with appropriate half times, it can

be adapted to fit the observed miner data. Cell turnover half

times are not well known and this is an area where data are badly

needed. The actual miner data have too large an error associated

with the points to state definitively whether any particular model

is best. Note that there are only 7 lung cancers in the under 35
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age group with 1-4 years of exposure duration.

Any of the models discussed could be fit to the observed miner

data by selecting appropriate parameters. The biological model has

the advantage that it is a mechanistic model and this type of model

is desireable.

3.SMOKING

Smoking is an important problem which must be considered in

modeling 222Rn lung cancer risk because smoking alone is such a

significant carcinogen (Newcomb and Carbone 1992).

Clearly it can be seen in Tables 1 and 2 that the majority of

Colorado miners were smokers. The number of nonsmoking deaths is

too few to do significant modeling.

BEIR IV tested the data for the Colorado cohort and found that

the risk to smokers was not purely multiplicative, with the effect

of smoking between multiplicative and additive.

The BEIR IV model accommodates smoking by using a relative

risk model even though this is not strictly correct by their own

analysis. The modified absolute models (NCRP and the biological

model) can accomodate smoking by multiplying by different risk

coefficients for smokers and nonsmokers.

14



In Figure 8, the fraction of lung cancer in smokers in each

exposure group is plotted versus the fraction of lung cancer in

nonsmokers. The data are for the 5-14 year exposure group. The

maximum exposure category is 3000 WLM and the total fractions of

lung cancer at this exposure are 0.12 and 0.045 in smokers and

nonsmokers respectively.

It can be seen that the cumulative data follow a reasonably

straight line indicating that 222Rn induced lung cancer for smokers

is a constant factor times that in nonsmokers. This does not imply

that a multiplicative model is correct but rather that the two are

related by this ratio.

Most of the models can be made to fit the data well once two

or more parameters are used in the modeling. The emerging issue is

whether the models are accurate representations of the underlying

biological functioning.

4. CONCLUSIONS FROM PRESENT EPIDEMIOLOGY

The present status of the epidemiology indicates that the

underground miners provide the best information on lung cancer

induced by high LET radiation. Further follow up of the various

populations is necessary to carry the studies to completion, but

for the 4 major mining groups, enough information is available to

15



model the major features of carcinogenesis.

The basic features that appear to be factual are,

1. There is a reduction in the appearance of lung cancer with the

passage of time since exposure.

2. There is a reduction in the appearance of lung cancer after

exposure with attained age.

3. The effect of 222Rn exposure and smoking is greater than that for

222Rn exposure alone. The ratio of fractional lung cancer in

smokers/nonsmokers is about a factor of 2. The mechanistic model

to evaluate the interaction of 22ZRn and smoking has not yet been

developed.

4. Many types of models can be used to fit the lung cancer data for

the purpose of risk projection as long as there is more than one

parameter included in the modeling.

5. The extraordinary number of lung cancers that are in excess at

this point in time in each of the cohorts would not have arisen if

there had been compliance with even the early mining standard

(about 12 WLM yr"1) . Maximally exposed persons, say mining for 20

16



years, would have acquired less than 250 WLM. However, in the

Colorado data chosen here as an example, 274 smoking miners with

exposure between 200-300 WLM (average 270 WLM) showed 6 excess

cancers while BEIR IV would predict about 40.

6. The present day ICRP mining standard of 5 WLM yr"1 is higher in

terms of calculated risk than the new ICRP guidelines permit for

external low LET radiation (2 rem yr"1) . Two rem yr"1 for 20 years

would predict a 2% risk for all cancers. BEIR IV, for example

would predict a 5% risk after 20 years of mining at 5 WLM yr"1. nO

the other hand, the 5 WLM yr"1 standard is only 5 times the USEPA

guideline for indoor radon exposure in homes.
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Table 1. Lung Cancer with Time Since Exposure
Smokers - Colorado Cohort to 1982

Ag« (Number)

<35(467)

WLM

> 36 (371)

WLM

< 35 (739)

WLM

> 36 (521)

WLM

<36(223)

WLM

>36(44)

WLM

5-14YrTSE

3(.1)

1573

16(2.6)

7006

11 (.2)

9581

40(3.6)

30734

12 (.1)

17900

6 (.3)

8366

15-24 yrTSE

3 (.9)

635

5(3.1)

2170

10(1.5)

7912

25(4*)

22089

8 (.5)

9859

4 (.4)

3523

25-34 yrTSE

M*2)

1034

2(3.1)

319

3(5.1)

1741

1(4.4)

176

4(1.5)

4189

0(.4)

0

Mindly Duration

1-4YEARS

•

5-14YEARS

•

>15YEARS

•



Table 2. Lung Cancer with Time Since Exposure

Nonsmokers - Colorado Cohort to 1982

Age (Number)

< 35 (171)

WLM

> 35 (75)

WLM

< 35 (202)

WLM

> 35 (107)

WLM

< 35 (44)

WLM

> 35 (11)

WLM

5 - 14 Yr TSE

0

0

0

0

1 (.4)

562

4 (.7)

2940

2

1420

1 (.1)

1914

15 - 24 yr TSE

0

0

0

0

3 (.4)

2677

1 (.9)

952

0

0

0

0

25 - 34 yr TSE

0

0

0

0

0 (1.4)

0

0 (.9)

0

0 (.3)

0

0

0

Mining duration

1 - 4 yr

N

5 - 14 yr

•

> 15 yr



Table 3. Basal Cell Density

Average Over Airways 3 - 6

Nonsmoker

27 yr

61 yr

Smoker

69 yr

Cells/ cm2

2.6 x 10 6

2.2 x 10 6

1.05 x 10 6



Fig. 1. Colorado Miner Data -1982
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Fig. 3 NCRP Model
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Fig. 5. BEIR IV

Sum Risk Over Time Since Exposure

8

CO

o 5

x 4
•3 3

1

> 35 (7 yrs)

< 35. (.8 yrs)

5-14 15-24 25 - 34

Time Since Exposure
0



Fig. 6. Biological Model
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Fig. 7. Biological Model
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Fig. 8. Fraction Lung CA with Total Exposure

Colorado Miners - to 1982
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