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Abstract: Various mathematical models have been used to represent the dependence of excess 

cancer risk on dose, age and time since exposure. For solid cancers, i.e. all cancers except 

leukaemia, the so-called relative risk model is usually employed. However, there can be quite 

different relative risk models. The most usual model for the quantification of excess tumour 

rate among the atomic bomb survivors has been a dependence of the relative irisk cm age at 

exposure, but it has been shown recently that an age attained model can be equally applied, to 

represent the observations among the atomic bomb survivors. The differences between the 

models and their implications are explained. It is also shown that the age attained model is 

similar to the approaches that have been used in the analysis of lung cancer incidence among 

radon exposed miners. A more unified approach to modelling of radiation risks can thus be 

achieved.( -> i<£«, B-<35 ) 

Introduction 

Ionising radiation is not one of the major causes oFcancer, but it is the one that has been most 

thoroughly analysed and the one for which detailed quantitative models have been constructed 

to account for dependencies on radiation dose (D), on age attained (a), and on age at exposure 

(e). Models for such dependencies of radiation induced cancer have been based primarily on 

the follow-up study of the atomic bomb survivors. The patterns of occurrence are entirely 

different for leukaemia and for solid cancers, i.e. all other cancers except leukaemia (1,2). Fig.l 

exemplifies these patterns. Two different concepts have been deduced for leukaemia and for 

solid cancers. While an absolute risk model (also called additive model) is adequate to 

represent the findings for the leukaemia mortality among the atomic bomb survivors, a. relative 

risk model (or multiplicative model) fits the dependence for the mortality from all solid cancers 

of atomic bomb survivors better(l). The present discussion will not be concerned with the 
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Fig. 1. Age specific mortality rates from leukaemia and from other cancers (solid lines) and the 

increased rates that result according to the estimates of 1CRP 60, but without dose reduction factor, 

from exposures at age 20. (from (4)) 

models for leukaemia; it is, instead, intended to explain different relative risk models that are 

used to model radiation induced solid cancers. 

Current Risk Models 

In risk models the basic quantity is the tumour incidence (or mortality) rate, r. The mortality 

rate is a statistical concept, it is the average number of cases per person and per unit time. A 

general relative risk model has the form: 

r(a,D) = r0(a)(l+Ar(e,a,D)) (1) 

where r(a,D) is the actual rate after the radiation exposure, r0(a) the normal rate at age of a, 

and Ar(e,a,D) the excess relative risk. Simplifications are required to make Eq.(l) manageable 

It will here be assumed, that the dependence on radiation dose is linear, this is in accord with 

the results of earlier analyses on cancer mortality (except leukaemia) among the atomic bomb 

survivors. It will be further assumed, that the excess relative rate factorizes in each of the 
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variables. The dependence on sex is implicitly contained in the normal rate and in the 

parameters of Eq.(l). Confounders, such as smoking, are not considered. With these 

simplifications Eq.(l) can be rewritten as follows: 

r(a,D) = r0(a) ( 1 + f(e) g(a) h(t) D ), with t = a - e (2) 

where t is the time since exposure. The added correction term, h(t), implies a decreasing 

effectiveness of the damage with increasing time since exposure (3). Even with such broadly 

simplifying assumptions the model of EqL|(2) reznaJzas. too cceagBcazed to fcecf praetocai 

applicability- It serves here merely as a connecting link between different models that are in 

current use. 

If the two variables, a and t, are omitted, Eq.(2) reduces to the age at exposure model: 

r(a,D) = r0(a)( l + f(e)D) (3) 

The age at exposure model is the most widely used model for the mortality from solid cancers 

among the atomic bomb survivors. Maximum likelihood computations in terms of this model 

have been performed for the mortality from solid cancers among the atomic bomb survivors up 

to 1985 (3). Fig.2 shows, as an example, the cancer mortality rates that result for males and 

females exposed at 5 years and at 40 years of age. Although this is based on an analysis in 

terms of an exponential function for f(e), the result is essentially equal to that obtained in terms 

of a model with a simple step function, as it has been used in the most recent risk estimates of 

ICRP (7). 

An alternative to the age at exposure model is the relation: 

r(a,D) = r 0 ( a ) ( l+g (a )D) (4) 

That may be termed the age attained model. In terms of maximum likelihood computations 

(3), again with an exponential function for g(a), it has been shown that this relation leads to an 

equally good fit to the mortality from solid cancers among the atomic bomb survivors. The 

results for males and females exposed at 5 years and at 40 years of age are shown in Fig.3. 
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Fig.2. Age specific cancer mortality' rates (solid lines) and the increased rates after an assumed 

exposure at ages 5 (dotted lines) or 40 (broken lines). The data result from maximum likelihood 

fits obtained on the basis of £q.(3) to the observations on the atomic bomb survivors up to 19S5. 

The parameters are from table 1 in reference (4). 

x 10" All cancers except leukaemia Males 

20 

80 
Females 

g 15 

J 10 
5 
n 

-1 Gy 
; 

1 Gy 

*• 

40 
Age (y) 

60 80 

Fig.3. Age specific cancer mortality rates (solid lines) and the increased rates after an assumed 

exposure at ages 5 (dotted lines) or 40 (broken lines). The data result from maximum likelihood 

fits obtained on the basis of Eq.(4) to the observations on the atomic bomb survivors up to 1985. 

The parameters are from table 1 in reference (4). 
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For the cohorts \viti higrier age at exposure Ife o o s e r r a ^ 

fits in terms of both nsodeis. must conform to the observed data, and indeed they agree roughly. 

Comparing Figs.2 and 3 one finds that for those exposed at 40 years of age or more nearly the 

same life time attributable risks are obtained with both models. The two models, however, 

differ considerably for those who were exposed at young ages, Le. for ages at exposure for 

which the observation is not yet completed among the atomic bomb survivors. For tliose who 

were exposed at young ages distinctly higher lifetime estimates are predicted by the age at 

exposure model. 

Somewhat more complex models have been utilised for the analysis of the lung cancer morta

lity among underground miners. In a pooled analysis of major western cohorts the BEIRIV 

committee has employed a model which depends on age attained and cm time, it, siocc 

exposure: 

r(a,C) = r 0 ( a ) ( l+g (a )h ( t )C) (5) 

where C is the exposure which is usually given in the special unit working level month (WLM). 

The relation of Eq.(5) refers, of course, to an one-time exposure, while the miners have been 

subject to exposure over their working periods of several years. The model should then take 

the form: 

r(a) = r0(a) 
a-L 

l+g(a)^C{e)h{a-e)de (6) 

where C(e) is the exposure incurred at age e, and L is the assumed lag period that is usually 

taken to be 5 years for radon induced lung cancer. 

The choice of the model by the BEIR IV committee may have been co-determined by the 

practicability of the numerical procedure, however it is notable that this model is even more 

different from the usual age at exposure model (Eq.(3)) than the age attained model (Eq.(4)). 

It is of interest to consider these differences. 
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Differences of the Two Models 

The differences between the relative risk models -which have been considered above can be 

recognised readily from the mathematical expressions. According to theage at exposure 

model, the excess relative risks are higher for the persons exposed, at younger ages. In, contrast,, 

the relative rislrs ?»f specified a£e attained are independent of the age at evpovnre, according to 

the age attained model. 

The differences between these two relative risk models which have been applied to the atomic 

bomb survivors and their difference to the relative risk model for radon exposures will not be 

discussed in detail here. However, an essential difference needs to be pointed out. 

Consider a specified attained age, for example 60 years. One can then ask for the remaining 

excess risk due to a preceding radiation exposure, depending on whether it has happened a 

long time ago or more recently. For leukaemias the answer would be clear, a maximum of the 

excess risk is reached about 10 years after the exposure, and the excess relative risk declines 

subsequently. For solid cancers the classical interpretation would be based on the age at 

exposure model (see Eq.(3)), and this implies that the relative risk is largest for the earliest 

exposures. An exposure of 1 Gy at age 10 would be associated - according to the age at 

exposure model and the latest recommendations of ICRP (7) - with an excess relative risk of 

0.63 for males and QJ92 IOT females, Aixording to tr« same cxvidairmuA later exrx»ure to 1 

Gy, for instance at age 50, would lead to an excess relative risk of only 0.17 for males (and 

0.28 for females). 

For the age attained model the analysis which is based on the same data of solid cancer 

mortality among the atomic bomb survivors, the answer will be substantially different. In fact 

the same excess relative risk of 0.27/Gy for males (and 0.48/Gy for females) would apply at 

age 60 due to an earlier exposure of 1 Gy. 

The difference between the two models, which, up to now, fit the observations among the 

atomic bomb survivors equally well, is striking. However, an even more divergent answer is 

given, when one considers radon exposures. In this case all analyses agree that the relative 
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excess rate due to an exposure decreases rapidly -with t ine sauce exposure; let. fc(t) is a rapidly 

decreasing function of tone-, t, since exposure. "There are rx> reliable, data for radon exposures at 

young ages> however an exposure to 100 WLM between age 35 and 45 would actually lead to 

a substantially lower excess relative risk at age 60 than the same exposure received between 

age 45 and 55. According to the BEIRIV model, the excess relative risk is 1.25 due to the 

earlier exposure, while the value 2 3 results for the later exposure. The values. 1.9 and 2.8 

result if the Czechoslovak data are analysed (5) by a model that is largely analogous to the 

foranaEatoooi of BEIR IV„ 

The example and the associated discussion show that there are still widely open questions in 

the modelling of radiation risk, whenever it pertains to the extrapolation of excess risks or 

excess relative risks over long periods after radiation exposure. 

Conclusion 

The most usual model for the quantification of excess tumour rates among the atomic bomb 

survivors is a dependence of the relative risk on age at exposure, while for the radon exposures 

a model is utilised that invokes a dependence on age attained (3,5,6), It is shown here that an 

age attained model can equally represent the observations among the atomic bomb survivors. 

This provides a more unified approach to risk modelling. It also Leads, to substantially reduced, 

life time projections of risk for young ages at exposure. 

The uncertainty about risk projection has important implications for radiation protection. A 

final answer, however, will have to await the' continued follow-up of those who survived the 

atomic bombs as children. 
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