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This report presents; the work initiated at the Workshop on "the Comparison of

Methods for deriving Life Long; Risk Indices for the Effects of Ionizing

Radiations", organized by CEPN in Fontenay-aux-Roses (FRANCE), on

August 7-11, 1989. It has been written in collaboration by participants during

the following year.
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GENERAL INTRODUCTION

1. Most advisory committees charged with reviewing radiation risks have used some version

of the "lifetable method" for predicting the impact on a population or a specific cohort of

various patterns of exposure to ionizing radiation, based on various models derived from

epidemiological studies. Some institutions have worked out very specific indices, for

example for liability purposes [1]. This paper deals with estimates for more general purposes

[2] to [7]. In this respect, it has recently been noted that the methods used by different

committees are not equivalent, in the sense that different estimates of lifetime risk are

obtained at low doses. Such differences are partly due to different assumptions about the

biological effect of radiations, but they also arise from methodological differences at other

stages in the process of deriving risk estimates. The most recently published estimates are

those of the UNSCEAR committee of WHO (UNSCEAR 88 Report [5]), and of the BEIR

committee of the US National Academy of Sciences (BEIR V Report [6]). Although the

results can be presented in a similar format, there are underlying differences, such as the use

of a US reference population in BEIR V, and of a Japanese population in UNSEAR 88 (See

table I).

The purpose of this report is to explain these differences, to review some of the most useful

measures of the impact of exposure on populations and to make some recommendations for

standardizing the methods of calculation. The issues will be discussed in the context of

radiation risk assessment, but the principles are general and applicable to evaluating the risks

from any environmental exposure.

Table I. Recently published population lifetime risk estimates

Excess cancer death per 1 000 persons for 1 Sv

SITE

- Leukemia
- All but Leukemia

. BreastF

. Colon )

. Oesophagus ) Digestive

. Stomach )

.Lung

. Ovary F )

. Multiple Myeloma ) Others

. Bladder )

. Remainders '

F : Female only : Should be divided by 2 to arrive at population risk

BEIR V

9,5
69

7

23

17

26

UNSCEAR 88
Multiplicative model

9,7
61

6
7,9
3,4

12,6
15,1
3,1
2,2
3,9

11,4



2. It is recognized that the computation of lifetime risk estimates is only part of the process

of the assessment of the risks from radiation. Both the collection of epidemiological data, the

fitting of models for the biological effect of radiation, and the discussion of the validity of

such models from experimental and theoretical viewpoints are a prerequisite for this

computation. These points are not discussed here, rather the focus is on the elaboration of

lifetime risk indices.

3. In section 1, we begin by defining some standard terminology and notation. (Readers

primarily interested in our substantive conclusions might wish to skip this section.)

Section 2 presents the fundamental measures of population impact and their

interrelationships. Section 3 describes some of the choices that must be made in specifying

the various input parameters and modelling assumptions. Computational practices are

discussed in section 4, together with a presentation of some empirical comparisons of the

effects of the alternative approaches in section 5. Some methods for quantifying the

uncertainty in the risk assessments is discussed in section 6. Finally, section 7 addresses the

estimation of morbidity risks.



1. TERMINOLOGY AND NOTATION

4. The fundamental quantities in survival analysis are the age-specific death rate, the

survival function, the age at death density function, and the expectation of
life [32]. The age-specific death rate (adso called the death rate function) is usually

taken as the starting point for modelling and the other quantities are then computed from it. It

is denoted m(a), and it is defined as the instantaneous probability, per unit of time, for death

at age a, given survival to age a; more formally,

m(a) = lim Pr{ subject dies in (a,a+da) I subject is alive at a } / da . eq. 1.1 .a
da—> 0

5. The age-specific death rate thus has the units of deaths per person-time. (Population death

rates are usually reported by sex and calendar year, but to simplify notation, we will omit

these indices). This function has been given many different names in different disciplines,

including the force of mortality, the incidence density, the hazard function, or simply the

incidence or mortality rate. The age-and-cause-specific death rate, m^ (a), is defined

similarly,

mc(a) = lim Pr {subject dies from cause c in (a,a+da) I subject is alive at a } / d a e q l . l . b
da—> 0

An important relationship is; that the all causes death rate., as above defined, is simply the

sum of the cause-specific death rates: m (a) = Dcmc (a). For most purposes, it will be

sufficient to consider two groups of causes of death, one related to exposure (c=l) and one

independent of exposure (c==0). (For radiation risk assessment, c=l might correspond to

cancer deaths, c=0 to non-cancer deaths). More generally, we let c=O,l,...,C denote the

cause of death categories, with c=0 again being assumed to be independent of exposure. It

should be understood that these rates are defined as theoretical quantities to which

individuals or populations are; subjected as a continuous function of age. They are commonly

estimated by grouping the age scale into a number of categories [a ^, a ^ j ] and assuming

that the rate is a constant within each interval. Then the usual estimator of the cause-specific

death rate in age interval a ^ is :

nc(ak)/PY(ak) eq. 1.2.



where nc (a^) is the number of observed deaths from cause c in the age interval starting at â

and PY (a^) is an estimate of the number of person-years at risk during that age interval.

It is also convenient to define the cumulative death rates, M(a) and Mç(a), as the integral

of the corresponding age-specific death rates e. g.

M(a) = m (u) du and M (a) = mc(u) du eq. 1.3.

"o "0

6. The survival function, S(a), is simply the probability of surviving to age a. The

definition of the death rate as a conditional probability density function leads directly to the

differential equation

dS(a)= -m(a)S(a)da eq. 1.4

for which the solution is :

S(a) = exp[-M(a)] eq. 1.5

7. Thus, the survival function can be computed from the age-specific death rate and vice

versa. For some purposes, it will be useful to consider the conditional survival function

given that a subject is alive at some reference age e (for example e might be the age at

exposure).

S(ale) = Pr { subject is alive at age a I subject is alive at age e } eq. 1.6

= S(a) / S(e).

5. The risk of death q(bla) is the probability of dying over some non-infinitesimal interval

of time (a,b) given that the subject was alive at the start of the interval, and it is simply

related to survival :

q(bla) = 1-S (bla) eq. 1.7

When b-a becomes small q (bla) can serve as an estimate of m(a), but it should be kept in

mind that they do not have the same dimensions.

Also, the risk of dying of a specific cause, qc(bla), can be deduced from the knowledge of

death rates for cause c and for all other causes by integrating over the length of the interval,

m (t) S (tla) dt eq. 1.8.



9. The above expression is too complex for routine use: considerable simplification can be

obtained by assuming that the death rates from specific causes are either constant over the

time interval or vary in constant proportion to each other over the time interval. Provided that

the time interval is sufficiently short, this assumption is usually thought to be reasonable.

Under this assumption, then the risk can be shown to be related to the age and cause specific

death rates by the more simple expression [7] :

qc (bla) = [1 - S(bla)] triç (a)/m(a) eq. 1.9.

10. Note that when addressing a cause specific risk of death, the overall mortality also

comes into play. Thus eq. 1.8 and 1.9 do not give the same result as one would obtain by

using only the death rates for the cause of interest (1 - exp[Mc(a) - M^b)]), as this quantity

fails to allow for the reduction in the number of persons at risk by deaths from other causes.

11. The lifetime risk is the probability of dying of cause c given survival to age e. It is

simply qc(<»|e), which we will abbreviate as Qc (e). For lifetime risk estimation,

simplifications such as eq. 1.9 are of doubtful value because it will generally not be

acceptable to assume that die cause-specific death rates are proportional over the entire

lifespan. A common computational procedure is a discretisation. The lifespan is divided into

intervals [a^a i^] over which the death rates are assumed to be constant (e.g.single years).

Then the lifetime risk of dying of cause c, given survival to age e, is computed using the

"lifetable method":

oo

Qc(e)=Z (^ (ak+1lak) S (akle) eq. 1.10.
ak=e

12. The age at death density function f(a) is the unconditional probability density that

death occurs at age a, i.e., Pi* { death occurs in (a,a+da) } / da. This is related to the death

rates and survival function by the relation

f(a) = m(a)S(a) eq. 1.11.

13. The conditional age alt death density function given survival to age e, f(ale), is

defined in the same manner as the conditional survival function and is given by: m(a) S(ale).

14. Finally, the expectation of life from age e, E(e), is defined as the expected value of

the remaining length of life, but it is also easily derived from the survival function.



E(e) = (a - e) f (ale) da. = S (ale) da eq. 1.12.

75. The knowledge of any one of the basic functions for all cause mortality m(a), S (a), f(a)

and E(a) is sufficient to deduce the three others. The general shape of these curves in the

French population is illustrated in Figure 1. Note that although the death rates for all-cause

mortality continue to rise in old age, the age at death density function returns to zero, owing

to the reduction in the population of survivors.

16. At this stage the problem of lifetime risk estimation can be outlined as follows. From the

life table, one knows the death rates (m(a) and therefore S( a), q(a), f(a)) and the

background rates for specific cancer sites (mc(a)). From a radiation effects model (eg fitted

to data from Hiroshima and Nagasaki) one knows, given an exposure scenario and a certain

number of assumptions, the excess rates (A mc(a)). It is therefore possible to compute the

modified cause specific death rates (m'c(a)) and subsequently the modified all cause death

rates m'(a) and all the fundamental quantities of the new life tables. Appropriate quantities

are then to be used in order to summarize the modification induced by exposure to radiation.

17. In the next section, we will consider the effects of two types of exposure scenarios,

instantaneous exposures and extended exposures at a constant dose rate over a period of life.

The age(s) at which exposure occurs will be an important aspect of these scenarios. In the

first scenario, we let e denote the age at exposure, D the total dose, and t=a-e the time since

exposure. In the second scenario, we let e0 denote the age at first exposure, t\ the age at last

exposure, and d the dose rate. The total dose is therefore time-dependent,

D(t) = d [min(t,ei), e0]. All of the above fundamental quantities can be defined for a

specific exposure scenario in the obvious way. We will indicate these exposure-specific

quantities by appending the exposure parameters in parentheses. Thus, for example,

m'c(aleJD) denotes the death rate from cause c at age a, given instantaneous exposure at age e

to dose D and Qc(d) denotes the lifetime risk of death from cause c from lifetime exposure to

a constant dose rate d.

18. The indices of exposure impact described in the next section are typically based on

comparisons of these quantities between exposed and unexposed scenarios. We refer to

quantities relating to the unexposed scenario as "baseline" quantities and indicate them by

replacing D or d by Os, or where no confusion would result, by simply omitting the indices

for the exposure parameters.
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2. MEASURES OF LIFETIME DETRIMENT

19. The effect of any specific exposure scenario will be to alter the age- and cause- specific

death rates (and thus the survival function) in a specified way, usually described by some

mathematical model. At first the resulting effect on the age- and cause- specific death rates

must be assessed. The results on some cancers, using the approach adopted by UNSCEAR,

are illustated here (cf figure 2). There is a noticeable jump associated with the end of

leukemia expression time and there are also problems in assessing rates at old ages. These

points will be discussed later, the question here is to construct simple and adequate summary

measures of the detriment resulting from exposure. Four measures, which have been used

by international and national committees on the effects of radiation, are considered here.

20. (ia) Excess Lifetime Risk (ELR). This quantity is the increase in the lifetime risk

of the cancer in question experienced by an individual as a result of the specific exposure.

For an instantaneous exposure to a dose D at age e, the increase in the individual's lifetime

risk of cancer type c is given by the expression

ELR (D, e) =
C

oo

mr (ale, D) S (ale, D) da -
c

m (a) S (ale) da eq. 2.1.

The ELR has been used by two recent BEIR Committees, Beir IV and Beir V, and also by a

number of individual authors [8]. The fundamental principle underlying the ELR is easy to

understand. In a hypothetical experiment, two identical cohorts could be formed, one of

which would be exposed, and both groups would be followed to extinction. The ELR for

cancer type c would then be the difference between the numbers of subjects eventually dying

of this cancer type in the two groups, expressed as a proportion of the total size of each

group. Some other properties of the ELR are less attractive. One of these arises from the fact

that some of the individuals in the exposed group who die in excess from the cancer in

question would, if they had not been exposed, still have died from the same cause, albeit at a

later time. Such individuals make no contribution to the excess risk, although they may

experience substantial life shortening. Another curious property of the ELR is that, when the

exposure induces death from several causes jointly, the ELR for a specific cause may be

negative because of competing effects from other exposure related causes. This can occur if

the increase in the age-specific death rates, from some other cause is sufficiently large so that

the number of deaths from the first cause is reduced, even though the age-specific rates for

that cause were increased at all ages by the exposure. By the same reasoning, it follows that

ELR for all causes combined will always take the value 0.
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21. (ib) Lifetime Risk of Exposure-Induced Death (LRED). This quantity is the

lifetime risk that an individual will die from a cancer that has actually been caused by the

exposure in question. For an instantaneous dose D at age e, the lifetime risk of

exposure-induced death from cause c is given mathematically by :

LREDr(D, e) = [mc (ale, D) - mc (a)] S (ale, D) da eq. 2.2.

22. The difference between this expression and the ELR is that for the LRED the

cause-specific death rate in the unexposed population is multiplied by the survival function

of the exposed rather than that of unexposed. However, this corresponds to a standard

technique in cohort analysis of comparing the observed number of deaths

(i.e J mc(ale,D) S(ale,D) da), with an expected number under the null hypothesis

(i.e J mc(a) S(ale,D) da), conditional on the distribution of person-time among the

exposed. Its interpretation as an expected number of radiation-induced cancers among an

exposed cohort follows from the observation that mc(ale,D) - mc(a) is the excess rate

attributable to exposure at each age. For example, in a hypothetical study in which it were

possible to examine each cancer death to determine its cause (eg. by assay of particular

tumor oncogens yet to be identified [9]), this rate difference would be the risk of such

cancers. The lifetime risk of radiation-induced death has been used by UNSCEAR in its

1988 report and also by individual authors [10].

23. (ic) Approximation to Lifetime Risk of Exposure-Induced Death (LRED)

The BEIR HI committee used a quantity that is similar to the LRED, but with the survival

function, S(ale,D), for an exposed individual in equation (2.2) replaced by that for

unexposed individuals, namely S(ale) [11]. In summarizing the effects of various exposures

on a population, this quantity is easier to calculate than the LRED, because S (ale) does not

need to be re-evaluated for each exposure scenario considered. Although it cannot be

interpreted as a number of excess or exposure-induced cases, it can be shown to be a

reasonable approximation to the LRED in the limit as the dose goes to zero. At very high

doses, however, it is possible for the quantity to exceed unity, which is not possible for

either of the other two measures.

24. Many practitioners of risk assessment have used the concepts of ELR and LRED

interchangeably. However, it is important to realize that they are measuring somewhat

different concepts. For any particular exposure scenario, the LRED is larger than the ELR. It

is greater by a factor approximately equal one plus the lifetime risk of dying from the cancer
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in question; thus, for all cancers combined, the difference will be of the order of 20%. This

factor does not depend strongly on dose, and does not approach zero in the limit of zero

dose. Thus the ELR and LRED can only be thought of as approximations of each other if the

disease under study is extremely rare. For further discussion of this issue see [8] and [12].

25. None of the above measures can adequately summarize the total impact of exposure on a

population. In particular none gives smaller weight to an increase in the risk of cancer at very

old ages compared with an increase of similar size occurring earlier in life, although most

people would prefer the former if asked to make a personal choice between the two.

Therefore, it is often useful to quote a second quantity in conjunction with either the ELR or

the LRED that specifically summarizes the average number of years of life lost under any

particular model.

26. (ii) Loss of Life Expectancy (LLE). This is the difference between the expectation

of life for an individual exposed at age e compared with that for an unexposed individual,

assuming in both instances that the individual has survived up to age e. Mathematically it is

given by

oo oo

LLE (D, e) = S (ale) da - S (ale,D) da eq. 2.3.

27. In comparisons of the results of different risk models, such as those for projection in the

recent UNSCEAR 1988 Report (Table 71 of Annex F [5]), it was found that the years of life

lost (LLE) under the additive and multiplicative models took similar values although the

number of radiation-induced cancers (LRED) was substantially greater under the

multiplicative model.

28. This is due to the fact that under the multiplicative model most of the radiation-induced

cancers occur among the elderly, while under the additive model a larger number of cancers

occurred soon after the exposure. In order to study differences of this type between various

models, we have found it useful to make use of an additional summary measure that

measures explicitly the average loss of life among those who die of radiation-induced cancer.

29. (iii) Loss of Life Expectancy for those experiencing Exposure-Induced

Deaths (LLE-ED). This index is defined as the total loss of life expectancy divided by the

fraction of the population suffering that loss.
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LLE-EDc(D,e) = LLE(D,e) / LREDc(D,e) eq. 2.4

It can be shown that LLE-ED is the mean, for individuals suffering exposure induced

deaths, of life expectancy at age of death. If the detriment associated with dying of cancer is

the loss of life expectancy, then the average detriment on the population is LLE-ED.

30. It is worth noting that LLE-ED characterizes the age structure of the excess risk rather

than the absolute magnitude of the excess risk. When doses decrease, the mean age at

exposure induced death does not depend on the dose and LLE-ED is the life expectancy

at this age, so that the two notions are clearly connected.

31. In contrast with the previous lifetime risk of death and loss of life expectancy, none of

these last measures has ever been proposed as a unique index for the detriment. They are

rather to be considered as a complement to the others.

32. Indeed many summary measures or sets of measures can be constructed and may be of

special interest in certain circumstances. For example a radiation worker might wish to know

his loss of life expectancy resulting from past exposures given that he has survived to his

current age. This and other quantities can be defined in a straightforward manner using the

laws of conditional probability. However, in our opinion the above quantities are the ones of

most general interest when considering the effects of exposure on whole populations.

33. The definitions given above have all been made in terms of an instantaneous dose. For

extended exposures the corresponding definitions involve assumptions about the total effect

at any given age of exposures accumulated over an extended time period, and also

integration over the exposure history. These are discussed further in the next section.
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3. MODEL SPECIFICATION

34. The major challenge in lifetime risk assessment is the specification of the assumptions of

the model. These assumptions fall into two basic categories: assumptions relating to the

baseline rates in the absence of exposure and the population age distribution; and

assumptions relating to trie effects of exposure on the death, rates (cf. Figure 3).

> Population Parameter!; ^

s Radiation Effect Modelling

- Fitted, coefficients
s

S - Rules for transportations, extrapolation... ̂

I
Increase in

death rates

S Exposure ̂

s Situation

Alteration of fundamental life table quantities

Measures of lifetime detriment

FIGURE 3: Steps, inputs and outputs in lifetime risk assessment

Specification of the Population Parameters

35. Baseline death rates. Two basic options present themselves for specifying the

baseline rates. Assuming the model for exposure effects will be estimated from

epidemiological data on some exposed population, one could simply use that same

population to estimate the baseline death rates. For example, in radiation risk assessment, the

strongest data on cancer risks come from the Japanese atomic bomb survivors lifespan

study. This study contains large numbers of minimally exposed subjects which can be used

to estimate baseline rates. These rates have been shown to be very close to Japanese national

rates for the same time period [13]. However, this might not be a sufficient reason to ensure

that Japanese cross-sectional data are particularly suited as a baseline.
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In general, one wishes to use a set of standard death rates for some other real or hypothetical

population, the reference population, for which risk estimates are needed. This

population may either be the total population of some country or a selected sub-group for

which life-tables are available (e.g. workers). This approach raises the transportation

problem that is discussed in greater detail below, basically the assumption that the model

for excess risk derived from one population is applicable to some other population with a

different set of baseline rates.

36. Whichever approach is used, three issues should be considered. First, it must be

appreciated that cross-sectional rates for the present date will probably not reflect the rates

that birth cohorts alive today will eventually experience. Historical comparisons have

demonstrated major differences in the shapes of age-specific mortality curves computed

cross-sectionally and cohort-wise, owing to the well known "cohort effect" that

cross-sectional comparisons of different ages are confounded by differences in birth

year [14]. For example, figure 4 compares the cross-sectional and cohort age-specific rates

of lung cancer for France (only males). Whereas the cross-sectional rates show a marked

down-turn at older ages, the cohort curves continue to rise; the difference is explained by the

fact that the older ages in the cross-sectional curves represent earlier birth cohorts in which

smoking was less prevalent

37. In such cases, one should consider that those data are not very representative of the

targeted reference population, and one may therefore wish to modify this curve, for example

in assuming rates keep constant at very old ages. This difference should also be taken into

acount when transporting results of models based on biological theories for carcinogenisis.

38. The second issue is that certain measures of lifetime detriment are particularly sensitive

to the rates at very old ages. Most tabulations of cause-specific death rates combine all deaths

after about age 85 into a single category. If it is assumed that these death rates are constant in

age, one generally finds the probability of surviving to age 100 to be too large. It is therefore

important that the all-cause death rates m(a) be estimated from population lifetables for single

years of age. For cancer rates over the age for which detailed information is available, the

choice is between keeping them constant, fitting them to some model, or assuming constant

proportionality with overall rates.

39. The third issue is that cause-specific death rates are tabulated for five-year or ten-year

(depending on the country) intervals of age but there may be appreciable variation within

intervals. This is sometimes addressed by interpolating to obtain single-year mortality rate

estimates, and the effect of this interpolation is usually small [15]. Some numerical

comparisons are provided below.
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FIGURE 4: Cross sectional and cohort analysis:

lung cancer (for males) in France [33]

40. Population age structure. If one simply wishes to predict the effect of a particular

exposure scenario on some group of people born at the same time, then there is no need to

specify a population age distribution. If, however, one wishes to predict the effect of an

exposure to a population exposed at different ages, then one needs to specify the distribution

of ages at exposure. The effect on the population is then obtained as a weighted average of

the effects calculated for each age, the weights being proportional to the distribution of the

age at exposure in the exposed population. Again looking at a whole country, two basic

options for the age distribution present themselves. The first is to use the baseline survival

function in order to define stationary population age distribution. The second is to

use the current age distribution for some real population of interest. These two

calculations can lead to rather different answers because the age distributions of most

populations differ significantly from their stationary distributions as a result of secular trends

in the number of births or of demographic accidents (e.g. war). Thus, for any model that

involves strong modification of excess death rates by age, the age-specific rates will be
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weighted very differently using the two population structures. If there is some population of

particular interest, then the second approach is the natural one, but it must be appreciated that

the results may then not be applicable to other populations with different age structures, even

if they had the same baseline and excess rates. As a third alternative one may consider using

a standard population, such as the one described by WHO as "European" or "World" [16].

Specification of the Death Rates Given Exposure

41. The death rates that would result from the exposure scenario under consideration are

usually specified in the form of some mathematical model involving the age-specific baseline

rates and a small number of regression parameters estimated from the epidemiologic data.

Methods for fitting such models to data are beyond the scope of this report. Suffice it to say

that this involves a complex interplay between simple data description, exploitation of

available biologic theory to establish the form of the model, statistical model fitting, and

examination of the goodness-of-fit and general plausibility of the fitted model. However, it

is necessary to point out some of the model characteristics that have an influence in the

process of deriving lifetime risk. While the model hopefully provides a reasonable

description of the data at hand, the use of the model to predict lifetime risks from some

specific exposure scenario necessarily involves some degree of extrapolation. The amount of

extrapolation involved usually varies with age and other parameters; for example, very little

extrapolation is needed to predict lifetime risk for 50 year olds using the atomic bomb

survivor data, as that cohort has now been followed virtually to extinction, but predictions

for children under the age of 10 are based largely on extrapolation.

42. Two models that have been widely used in the radiation literature are the additive and

multiplicative models. In their most general form, they may be written as

Additive: mc(a,e,t,s,y,D) = mc(a,y) + h(a,e,t,s) f(D) eq.3.1

Multiplicative: vûçfacUsyP) = m ^ y ) [1 +g(a,e,t,s) f(D)] eq.3.2

where a = age at observation, e = age at exposure, t = elapsed time since exposure (t = a - e),

s = sex, D = dose, y = calendar year and h(a,e,t,s) and g(a,e,t,s) are a set of risk

coefficients or a regression model for the dependence of rates on dose at various values of

a, e, t and s and f(D) is a function specifying the form of the dose-response relationship.

These models are also refered to as absolute and relative risk models, respectively. In a

"fully saturated" specification (one in which all the effects of these variables are perfectly

described), these two types of models become equivalent when describing the data, although
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they may differ when used for predicting risk on other populations. In general, more

parsimonious models involving a minimal number of unknown parameters are prefered, and

in this case the two forms of model are not necessary equivalent. For example, the BEIR V

report considers a class of relative risk models of the form

mc(a,e,sj>) = m^a) [1 + f(D)g(a,e,s)] eq. 3.3

where

f(D) = ajD + a2D2 eq. 3.4

and

g(a,e,s) = exptt»! ln(a) + b>2 ln(e) + b3 ln(t) + b4 s + ...] . eq. 3.5

43. Other possibilities include mixtures of additive and multiplicative risk models [17], and

models predicted by specific mathematical theories of carcinogenesis [18] to [23]. Although

there would be a general consensus that biological theory should be exploited in constructing

statistical models, the present state of understanding of the biology of cancer is probably not

far enough advanced for such models to be used exclusively.

44. Earlier reports have relied on the assumption that, though neither the constant additive

nor the constant relative risk model was correct, the tine death rates were probably

intermediate between the predictions of these two models. This cannot be guaranteed to be

true in general [17], although predictions of radiation risks based on detailed modelling of

age and time dependencies are generally bounded by the constant additive and constant

multiplicative models (BEIR V). Furthermore, in many cases, neither model comes close to

providing an adequate descrip'tion of the available data, so the predictions of the two models

provide much wider bounds on the lifetime risk than necessary. For radiation, there appears

to be growing concensus that the constant additive risk model is quite inadequate and should

not be considered further. Relative risks also appear to vary with time since exposure, but

the age-at-exposure specific constant relative risk model might still be considered as a

reasonable approximation for most solid tumors.

45. It is widely accepted that for cancer there is a period of time after exposure during which

there is no detectable increase in death rates in a sample. This period is known as the

minimum latency period and will be denoted L. It is also possible that there is some

maximum period of expression of excess risk (sometimes called the plateau P, although the

risk is not necessarily constant during this period). Little data is available to clarify this

point, as few cohorts have been followed long enough yet, but in making risk projections it

may be prudent to consider such a possibility, if only to establish a lower bound for the

lifetime risk. However, one must be careful that the models used for risk projection be
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consistent with those used for fitting the epidemiologic data; if different assumptions about L

and P are used, for example, the resulting lifetime risk estimates can be seriously

biased [24].

46. In addition to the time-related modifiers discussed above, there may be other strong

confounders or modifiers. To the extent that data on these factors are available, they should

obviously be included in the model fitting and risk projection. If data are not available for

model fitting but separate baseline rates are available for subpopulations of particular

concern, one might consider applying the fitted model (ignoring the covariates) to the

separate baseline rates. In general, there are probably many strong confounders and

modifiers for which no data are available (e.g. for example "hosts" factors). Standard

practice has been to assume if high risk subgroups are not identifiable then protection

standards should be based on population average risks.

47. As mentioned above, the application of a risk model derived from one population to

prediction of risks for some other population raises concern about the validity of that

"transportation". By transportation, we mean not simply the assumption that the biologic

theory and its expression in the form of a statistical model is valid across populations, but

that the particular parameter values estimated in one population are also applicable in other

populations. The concern about the validity of this assumption is particularly acute if the two

populations differ considerably in their baseline rates. Although the transportability

assumption is not directly testable, some support for it can sometimes be found by

comparing risk models derived from several studies. For example, the BEIR V report

considered additive and relative risk models for breast cancer and thyroid cancer from

several populations and concluded that the age and time-specific relative risks were more

stable across studies than the corresponding additive risks. This, together with the

observation that relative risk models required fewer modifying variables with smaller

coefficients, suggested that relative risk models be used for transporting risks from the

Japanese to the American populations. The implications of transportation are important as

shown by the magnitude of differences between countries (see Table H).

48. The fitted risk coefficients derived from the radiation effect model are the basis of the

computation of lifetime risk. They can be more or less detailed according to the underlying

statistical model. In particular they can be age at exposure dependent or not and age at risk

dependent or not. Even though a risk coefficient is not age dependent, any lifetime risk index

will depend on age at exposure because survival and cancer rates vary with age.
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Table II. Age standardized cancer specific death rate per 100 000 of the
Standard population. Source WHO 88 "European" standard population [16]

USA 1984
JAPAN 1984
U.K. 85
FRANCE 86
ARGENTINA 82

ICD 9 - 101
Lung cancer (T)

52,7
24,9
57,2
32,2
30

ICD 9
Breast

31,9
8,1
41,9
27
27,7

- 113
(F)

ICD 9 -
Stomach

6
40,7
16,2
10,8
14,7

091
(T)

49. Also it is important to realize that models including age-dependent coefficients are quite

different from the ones used for deriving age-independent coefficients. For example BEIR V

fitted coefficients that are both dependant on age at irradiation and at risk, assuming a

functional relationship for this dependency. UNSCEAR 88 used average coefficients which

had been obtained by fitting a model with no age dependence in the risk coefficients.

Obviously great differences on the lifetime risk at a given age result from such different

approaches. An illustration of this effect based on a comparison of BEIR V and UNSCEAR

88 lung and breast cancer risk estimates is provided in the next section.

50. It should be recognize*! that the population lifetime risk obtained from an average risk

coefficient may differ from the population average of lifetime risks computed from the

age-specific risk coefficients that were averaged. An obvious reason is that the age structure

of the reference population may not match the one of the survey. However, even when the

age structure is the same, results can differ because non linear functions are averaged in

different orders.

51. For projecting risks from extended exposures, two additional considerations arise: the

additivity of the effects at different ages, and the possible modifying effect of dose rate,

conditional on total dose. These issues are usually addressed by carrying out the lifetable

calculations with the death rate at age a computed as an integral of excesses due to each

increment of past dose, e.g., for the relative risk model.

min (ej.a)

mc (a, e0, elf D) = mc (a) [1 + DREF g (ale, s,t, ...)f(D(e)))de] eq. 3.6.

•H)

where DREF is a constant Dose Rate Effectiveness Factor. This model implicitly

assumes that the cumulative effects of doses at different ages are simply additive, i.e., the
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sum of their separate effects, weighted by the various time-related modifiers in the model,

and do not modify each other. The evidence to support this additivity assumption is that we

do not tend to observe the exponential dose-response relationships for extended exposures

that would be predicted if each increment of exposure acted on the cumulative damage

caused by prior increments. One could, however, imagine more complex models involving

repair of intermediate lesions, together with interactive effects of exposures at different times

that would not lead to an additive model for cumulative effects (see [21] for a discussion of

these issues).

52. It is hoped that data for estimating the DREF in human populations might eventually

become available, but until then, the DREF must be estimated from experimental data. Some

reports have, however, used the following argument to base an estimate of the DREF from

epidemiologic data on acute exposures. It has been observed in some experimental and

human studies that the dose response relationship from acute exposures is linear-quadratic

and that from chronic exposures is purely linear and that the slope of the linear components

is the same for the two exposure scenarios. Thus, it suffices to fit a linear-quadratic

relationship to data on acute exposures and, in projecting risks from chronic exposures, to

use only the linear component with no additional DREF. The problem arises when in fitting

the linear-quadratic model, the estimate of the quadratic component becomes very small.

(This appears to be the case for most solid tumors in the atomic bomb survivor data, for

example.) In this case, if one were to believe the model, the effect of acute and chronic

exposures would be the same, but this appears to be in conflict with the experimental data on

these cancers. Faced with this situation, the BEIR HI committee chose to estimate a Linear

Extrapolation Overestimation Factor (LEOF) from the ratio of the linear slope

estimates in pure linear and linear-quadratic models for leukemia and then to treat this

quantity as an estimator of the DREF to apply to the linear slope estimate for solid tumors.

This argument is tenuous at best. The range of LEOF values consistent with the atomic

bomb survivor data has recently been investigated [25]. Faced again with this same

situation, the BEIR V committee adopted essentially the same position, except that instead of

justifying their choice of the DREF for solid tumors as estimated by the LEOF for leukemia,

they relied on a range of DREF estimates from the experimental literature (a rather wide

range that included the leukemia LEOF estimate). Fortunately, the lifetime risk can be

reasonably approximated by ignoring the DREF and simply multiplying the resulting

estimate by the assumed DREF at the end. (This is not the case for assumptions about

latency, plateau, or time-related modifiers.) Since the BEIR V committee was unable to reach

a consensus about a single value of the DREF to recommend, they therefore reported risk

estimates based on a DREF of 1 and invited the reader to multiply them by some value

chosen from their suggested range. Similarly, UNSCEAR has published estimates with a

DREF of 1, together with a corresponding discussion of the question.
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Specification of the dose to organs

53. One further aspect of the model that needs specification before calculation can begin

concerns the dose. Even for instantaneous exposures it is insufficient simply to specify the

total dose, but it is also necessary to specify which organs are involved. This is so even

when calculations are carried out for a single site or type of cancer, as an individual's

survival function will be altered by changes in the age-specific death rate for any disease

even if it is not the one specifically being studied. Three basic options are available. One

possibility would be to assume that the individuals were exposed to a uniform whole body

dose, but this would involve extensive assumptions about die shielding of individual organs

by the remainder of the body and consequently has not been used frequently in recent

literature. The resulting risk estimates would have to be clearly labeled as relating to external,

not organ dose. A second alternative that has been used by both the BEER V and UNSCEAR

Committees is to assume tha.t all organs have received identical doses. Although this does

not correspond to any possible exposure scenario, it is conceptually very simple. A third

alternative would be to assume that only trie organs corresponding to the types of cancer

under consideration have been irradiated, but this would necessitate a separate lifetable

calculation for each site. The risk from whole-body exposures could not then be computed

as simply the sum of the cause-specific risks because each is not adjusted for the competing

effects on other sites. Whichever method is used it is, of course, necessary to ensure that the

calculation of death rates in the lifetable is based on organ doses that are consistent with

those used to derive the regression coeffficients of the mathematical model specifying the

death rates given exposure.

Summary

54. The separate components of the computation of lifetime risk have now been reviewed.

From what precedes, it is clear that a wide range of choices are possible when performing

such a task. Therefore, it is not surprising that separate organisations may select different

options so that the final results are not really comparable. Some of the important

methodological differences in the most recent derivations of estimates are listed in table HI.

Here we mention the UNSCEAR methodology as it is applied for computing the results of

the main report. One should keep in mind that alternatives have been published in the

F-scientific annex.
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TABLE III: Methodological differences between BEIR V and UNSCEAR 88
reports in estimating lifetime risk due to radiation exposures

Methodological Issue

Measure of lifetime risk

Reference population : Death rates

Reference population : Age structure

Variation of rates within intervals

Oldest age group for cancer

Estimation of rates in the oldest group: Cancer

Estimation of rates in the oldest group: All causes

Time dependence of Ratio of excess
death rates to baseline (risk coefficient)

Sex dependence

Cancer site groupings

BEIR V

ELR

USA

US stationary

Constant

85 and more

Constant

Life table
(single year <iata)

age at exposure,
time since exposure

yes

Leukemia
Breast
Respiratory
Digestive

Other

UNSCEAR 88

LRED

Japan

Jap. current

Exponential increase

75 and more

Extrapolated up to 90
then constant

As for cancer

Constant

no (except breast)

Leukemia
Breast
Lung
Oesophagus, stomach,
colon
Ovary, multiple myeloma,
bladder, remainder

55. As suggested in the above review, it is useful to group the possible options in three

categories. The first category comprizes what is linked to die choice of a reference population

(eg. country, age structure...). It is rather a matter of convention and it will only be dicussed

briefly here. The second category deals with all computational options, that is the choice of risk

index, the way to derive an exhaustive set of baseline rates from available data on the reference

population and discretization of the theoretical formulas, which are based on continuous age

and time parameters. The third category concerns the more fundamental hypotheses associated

with modelling the effect of radiation (eg. additive vs multiplicative models, time related

modifiers, use of a DREF,...). Note that some points are not adressed here, such as the quality

factor for high LET radiation. It is believed to be an independent problem, and it has actually

been dealt with separately in BEIR and UNSCEAR. The point here is not to discuss the choices

per se, rather an approach will be adopted that permits an examination of the impact on lifetime

risk of such choices, after the other aspects of the process have been standardized. The

difference between the risk projections of UNSCEAR 88 and BEIR V, that stems from

differences in to the radiation effect modelling can then be assessed.



23

4. SENSITIVITY ANALYSIS OF THE COMPUTATIONAL PROCEDURE

56. The objective here is to present a sensitivity analysis of the options in the computational

procedure itself. For this purpose, a fixed reference population (the Japanese 82 population),

and also a fixed radiation effect model (a constant relative risk model), will be used. Results

based on the computer programs that have been developed for the lifetime risk computation

in both those Committtees, are presented, thus also allowing some comparisons of the

results obtained from different computer programs. All the figures refer to doses of low LET

radiation and are expressed in Gy.

57. At this point it is useful to recapitulate the main steps of the process of calculation.

- Building up the baseline all causes and cause-specific death rates from available data on the

reference population (eg. Figure 5).

- Setting up the excess risk coefficients from the radiation effect model (eg. relative risks in

Figure 6).

- Building up the new cancer death rates in the population from the previous data (eg. excess

death rates in Figure 7).

- Building up the new probabilities of dying from cancer (eg. excess probabilities in

Figure 8).

- Computing the summary indices of effect of radiation exposure (eg. ELR, LRED, LLE,

LLE-ED...) from the previous data.

58. The basic demographic functions and their theoretical relationships have been presented

in section 1 and 2. Some details on how these functions and relationships are implemented in

the computations must be given for two reasons. Firstly, the theoretical relationships or

analytical functions are not available in practice. Since, even an accurate life table provides

only a numerical, and discrete, definition of the various life table functions. For example,

m(a) is not given as a function, but as an array of values that may be considered as the

average over successive one-year intervals. Therefore all the analytical formulas of section 1

and 2 must be transformed into discrete formulas, in a way similar to the one suggested for

Qc (see eq.1.10). Secondly, as stated above, life tables are incomplete (i.e. detailed data for

ages over 85 may not be given) and the choice of extrapolation formulas may have a

non-negligible impact on the final results. All these hypotheses have been implemented in the

computer programs that were built up for the BEIR V and UNSCEAR estimations. The first

program will be referred as "BEIR V" and second as "CEPN" or "PENNSTATE" because

both those organisms have written down a code with the same assumptions. Those

programs were written by the authors of this report with, in the case of Pennstate

University, Renee Pennington.
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59. Insisting on discrete formulas means that we discard the alternative way which consists

of fitting a parametric model 1:0 all-causes and cause-specific death rates. It is recognized that

this alternative approach is taken in many demographic analyses, but it has not been applied

by neither UNSCEAR or BEIR. One reason for this is that such parametric fitting are not

very good for ages above 75 [26]. This will cause problems in the present application since a

large proportion of the radiation induced deaths occur at old ages (see Figure 2).

Approximations similar to eq. 1.10. result in the following equations for ELR and LRED,

which can be programmed as such:

(D, e) = I qc (ajc+ilafc, D) S(afcle, D) - S qc (afc+ilafc) S(akle) eq. 4.1.

LREDC (D, e) = I A qc (afc+i lafc, e) S(akle) eq. 4.2.

S can also be easily computed, as:

k=a-e-l

S(ale)= n [l-q(ae+k+1le+k)] eq. 4.3.
k=0

60. One should recognize that this discretization introduces some complications. For

example, a given increase in the rate is not equivalent to the same increase in the probability

of death and it should be taken into account when the population decrements are computed,

even for one year intervals:

A

A q (a+1, a) « A m (1 - 0.5 m (a)) eq. 4.4.

A

where m (a) is the estimator of m (a), computed over the interval from a to a+1.

The effect of such correction is negligible for young ages, but it becomes important at old

ages. Failing to do this can result in an error of the order of a few percent for the lifetime risk

(eg. 3% for an exposure of 0.01 Gy to the lung at age 0 using the UNSCEAR model).

61. There are many possibilities for such approximations, but they lead to almost identical

results, provided they follow the basic principles of demographic computation.

Construction of a complete set of life table data

62. This part of the computations consists of defining the basic demographic parameters

(survival function and death rates) for ages in steps of one year.
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63. The simplest way is to decide that the average value applies to every age in the age

interval for which the average is reported. BEIR V used this approach in the lifetime risk

computations; the age dependency of the various rates is here described by a step function. It

relies on 5 year age intervals, up to age 100 for the overall mortality, and up to age 85 for the

cancer death rates. The later rates are assumed constant above age 85 years.

64. In the UNSCEAR approach, the data were smoothed, using logarithmic interpolation

between the centers of age groups (i.e. linear interpolation on the ln{m(a)}). The slope of

the log-linear interpolation between the centers of the two last age groups is used to

extrapolate until age 90; above this age, the rates are assumed to be constant. Figure 5

illustrates this approach, with age intervals of ten years. Notice that the step function

approach gives smaller rates than the smoothing approach for old ages, and that it slightly

shifts mortality towards young ages. The difference is most pronounced for lung cancer,

which shows the steepest increase with age.

65. A comparison of these two approaches were done using the CEPN computer code. Ten

year age intervals were used for the results presented in Table IV. The differences in the

lifetime risk of radiation induced death were small but increased with age at exposure: 2 % at

age 50, 5 % at age 65, for the most sensitive site. The differences are of the same order of

magnitude for the loss of life expectancy, but the trend with age at exposure is reversed, and

the differences apply here to the ages where the risk is the greatest. In countries where site

specific data are available in 5 year age groups, the effect of using a step function instead of

a smoothed function is reduced further.

Table IV Comparison of excess cancer risks (per 100 000) from 1 Gy
exposure, at age 0, with constant-relative risk model, between interpolated
and constant hazard rates in each age class (10 yrs) (using CEPN program).

Lifetime
(LRED)

Age 0
Age 50
Age 65

Loss of

Age 0
Age 20
Age 50
Age 65

risk

Lung
Lung
Lung

life expectancy

Lung
Lung
Lung
Lung

Constant rates
in intervals

1
1

fdavs)

673
542
883

75,
76,
57,
21,

,9
,6
,7
,5

Interpolated
functions

1 677
1 574

923

73,0
73,8
57,2
21,4

Difference
%

0,3
2
4,5

4
3,7
0,9
0,4
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Obtaining baseline rates for old ages

66. Different methods for closing the life table, i.e. extrapolation of a given life table beyond

the ages where detailed data are available, may also lead to difference in the final risk

estimates. In order to give an upper bound to these discrepancies, Table V provides fractions

of exposure induced deaths occuring before ages 65 and 85 years (and lifetime risk) for

individuals exposed at age 20 and 50 years. These results indicate that what happens after

age 85, although not negligible, is not very important (about 10 % to 15 % for lung cancer

with exposure at age 50). Consequently, it seems fair to conclude that differences in the way

the Life table is completed for old ages will not have a great impact on the final risk estimates.

(For cross section analysis, problems occur after 85, but the problem is small. If one wants

to predict real longitudinal rates, it is an other issue, uncertainties may start at 65, it is a

bigger problem (see Figure 2 ).)

Table V Effect of closing the life table
- Radiation effect hypothesis - UNSCEAR 88, Multiplicative model.
- Exposure = 1 G y
- Reference population : Japan 82 (sex averaged)

lifetime risk of mortality : number of excess deaths (LRED)
per 100 000 persons per Gy

Age at exp = 20
Leukemia
Breast
Lung

Age at exp = .SO
Leukemia
Breast
Lung

Disrminting risk after age
1M 35

756
409

1702

1455
246

1574

Ù5.

756
394

1525

1367
230

1389

100%
96%
90%

94%
94%
88%

756
243
392

484
70
206

100%
59%
20%

33%
28%
13%

67. In summary it can be said that variation in the way the complete life table is derived from

published life tables may introduce effects on the lifetime risk measures of the order of

magnitude up to 10 to 20 % provided individuals exposed at old ages are not considered. It

should also be noted that the effects on lifetime risk of exposure induced death and on the

loss of life expectancy are in opposite directions.
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The choice of risk measure: ELR or LRED

68. The differences in the basic measures which have been used have theoretical

consequences (see section 2). The differences between the excess lifetime risk - ELR - (used

in the BEIR V report) and the lifetime risk of exposure induced death - LRED - (used in the

UNSCEAR 88 report) were discussed in section 2. It was mentioned that the different basic

models which have been used to project lifetime risk of cancer have different theoretical

consequences for risk. Theoretical considerations indicate that for relative risk models, the

ELR is approximately a factor 1 - B smaller than the LRED [12]-[27], where B is the lifetime

probability of dying from cancer in the exposed organ. This relationship is based on the

assumption that B is independent of age at exposure, an assumption that is only very

roughly fulfilled in real populations.

69. Numerical confirmation of the appropriateness of this approximation is shown in

TABLE VI. The two measures (ELR and LRED) were estimated using the Japanese data on

overall mortality and cancer mortality, using the constant relative risk model with coefficients

taken from recent reports of the analyses of the Japanese A-bomb survivors

(UNSCEAR 88 [5]). The calculations were done for all cancer sites together, and for lung

and breast cancer separately. It can be seen that the LRED are consistently higher than the

corresponding ELR, and that these are indeed close to but always smaller than the predicted

value, (1-B), where the latter is calculated from Japanese life tables. It can thus be concluded

that the choice of summary risk measures (ELR or LRED) may have an important effect on

the numerical values of the risk estimates of cancers together. However, the effect may well

be masked by differences in the implementation of other aspects of the model.
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Table VI. Comparison between models for lifetime excess cancers per
100 000 exposed persons to 0,10 gray, multiplicative risk model with
10-year latency and lifetime constant plateau, based on Japanese data
(Computed by Penn State program. Data interpolated according to the CEPN exponential interpolation
method)

SITE AGE AT EXPOSURE

0 20 50
LUNG
.ELR
.LRED
.RATIO

(1-B)

BREAST
.ELR
.LRED
.RATIO

(1-B)

ALL CANCERS
.ELR
.LRED
.RATIO
(1-B)

Combined effect of computational options

70. To elucidate the combined effects of the computational options the two risk projection

programs used by the BEIR and the UNSCEAR Committees were applied to the same

baseline population (the sex-averaged Japanese 1982 population as described in the WHO

publication) using the same constant relative risk model for the excess risk. The calculations

were performed for three different ages at exposure (0, 20, 50 years) two dose levels (1 and

.OlGy) and three cancer sites (leukemia, breast cancer and lung cancer) separately and

combined. Any discrepancies in the results can only be explained by the differences in:

- the choice of lifetime risk measure (ELR, LRED)

- the smoothing of some specific cancer death rates

- the extrapolation to old ages

- the discrete approximations of the exact mathematical relationships.

71. The main results of this calculation are provided in table VÏÏ.

167,3
170,7

0,98
0,973

413
41,4

0,998
0,996

649,9
747,8

0,868
0,816

167,1
170,5

0,98
0,972

41,2
41,3

0,998
0,996

645,3
742,2

0^69
0,814

152,6
155,5

0,981
0,972

25,9
25,9

0,999
0,997

563,5
6423

0,877
0,818
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Table VIL Lifetime projections according to lifetime risk programs
- Radiation effect hypothesis - UNSCEAR 88, Multiplicative model.
- Exposure = 1 Gy
- Reference population : Japan 82 (sex averaged)
lifetime risk of mortality : number of deaths per 100 000 persons per Gy.

UNSCEAR
proj. program

443
417

1,550

1,423
262

1,499

BEIR
proj.

BEIR/UNSCEAR
program

.97
1.04
.92

.98
1.07
.95

Age at exp = 0
Leukemia 458
Breast 403
Lung 1,680

Age at exp = 50
Leukemia 1,455
Breast 246
Lung 1,574

72. For the three ages at exposure considered the results from the two risk projection

programs are surprisingly close in view of the potential effect described above. However, it

should be emphasized that the differences seen are purely the effect of differences in the

implementation of the same input data, so it is important to keep them as small as possible.

They are the most important for loss of life expectancy but they are limited to about 20% at

age 50, both for additive and multiplicative risk model. Therefore the first result of this

benchmarking exercise is that both programs are similar when general populations are under

study.

73. Should the differences reflects the influence of the handling of the total death rates and

the cancer death rates at old ages. They should increase with age at exposure. This is not

very clear in Table VII. Further insight can be derived from Table VIH that gives the

contribution to the lifetime risk from those dying before and after age 65 year, where

differences appear to be relatively important when there is a cut at age 65 in computing

lifetime risk.

74. Table VEI indicates that the computational differences are in fact larger than is suggested

from Table VII, but it seems that the effects of the different choices tend to compensate each

other. Here the age at death is somewhat younger with the UNSCEAR approach; but the

effect is opposite with an additive risk model. It seems difficult when comparing the two

programs to isolate the effect of one single alternative.
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Table VIII. Lifetime projection: distribution of excess risk according to age.
- Radiation effect hypothesis: UNSCEAR 88, Multiplicative model
- Exposure = 1 Gy
- Reference population : Japan 82 (sex averaged)
Lifetime risk of mortality: number of deaths per 100 000 persons per Gy.

UNSCEAR proj. BEIR proj. BETR before 65

before 65 after 65 before 65 after 65 UNSCEAR before 65

Age = 0

Breast

Lung

Aye = 50

240

388

218

1,292

240

317

223

1,133

1

.82

Breast 70 176 71 182 1.02

Lung 200 1,374 145 1,344 .7

The BEIR m approach

75. The implications of approximating the LRED, as done in BEIR HI, using a survival table

which is not alterated by radiation induced cancer cannot be shown using the same example

as before. Instead it is necessary to compute this difference for a variety of doses, some of

which are quite high and for which the radiation effect modelling should not, in principle, be

applied. However this was done for one site, lung, still using the same Japanese data as a

reference population. Actually, the effect does not depend on the nature of the site but on the

magnitude of the alteration of the survival curve, of which the lifetime risk (approximated or

not) is a good index. Provided the lifetime risk is similar, any site produces the same effect

as illustrated in table DC.

Table IX. Approximation of the Risk of Radiation Induced Cancer

- Lung, UNSCEAR 88 - relative risk model

- Japanese sex averaged population

Dose 10-3 Gy 10-2 Gy 10-1 Gy 1 Gy 10 Gy

Approximated LRED/LRED 1 1.0001 1.001 1.012 1.13

LlfeTim'e"~risk L7~ioT5 l~7~ï6~-~4 î7fTo~"3 T.7~ï()r2
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76. It can be seen from Table DC that it is necessary to envisage exposures leading to large

numbers of excess cancer deaths (10%) to have a substantial difference between the LRED

measure and its approximation. When one is limited to more plausible situations, like the one

for which the effects of other assumptions have been tested, the actual difference is quite

small.

Exposure of several sites

77. The question was raised above as to how to model the effects of exposure when more

than one organ is simultaneously exposed In the first place if one computes the lifetime risks

separately for each organ, altering the cancer rates for that organ to account for radiation, but

not altering the rates for other exposed organs, the sum of these risks will not in general

equal the risk computed for all organs combined. The reason is that when projecting risks for

organ A, the "background" risks for organs B, C,.... which also were exposed should also

be changed according to the fitted risk model. When LRED is used, table EX shows that the

numerical difference can not be very large (because the effect of the alteration of the survival

curve is limited to about 1%, if the lifetime risk is 15%). However, in some instances,

especially with highly age-sensitive sites such as breast, there may be substantial differences

when ELR is used the change may be dramatic and ELR can be negative. A related problem

is that the aggregate coefficient for all sites is not equal to a simple weighted average of the

individual site specific coefficients, so that the all-cancer risk will not be the sum of the site

specific risks. The effect appears only for doses of the order of magnitude of 1 Gy (or more),

which was the scenario considered in the calculation. In actual risk estimation, the problem is

masked because of the fuzziness of the assessment of the "remainder" effect which is often

computed by substracting the sum of individual sites' risks from all cancer combined risk

(see [5] Annex F - Table 69).

78. There is another, more difficult, issue in attempting to assess single-site effects when

other sites have been exposed. This is that the correct dose must be known for each site

involved. In the UNSCEAR report, which relied heavily on the Japanese data, the dose to the

large intestine was used as a surrogate for the dose to all other organs. However, this is not

generally accurate and BEIR V used different hypotheses. In assessing the risk of exposure

to diagnostic or other partial body exposures, the difference between the dose to the targeted

organ and to other organs may be even greater than the difference among organs in

whole-body exposures such as occured in Japan. We have no quantitative computations to

present on this issue, but it is clear that if seriously inaccurate doses for ancillary sites are

used, their effect on person years at risk (the S (a,D) in the equations of part I) can be

substantial.
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Population risk

79. Another important comparison for assessing the nature of lifetime risk projections has to

do with how the projection is computed for whole-population exposures. If the consequences

of exposure to a specific, known population are to be estimated the actual age distribution of

that population should be used. Table X provides lifetime risk estimates for the population of

France (1985), using lung cancer as example, and the age-dependent excess relative risk

coefficients from the UNSCEAR report.

TABLE X - Population risk : stationary vs actual population

Excess lifetime risk per 100,000 (LRED): whole population • French population - Lung

cancer - exposure at 0.1 Gy - UNSCEAR lifetime risk program

LRED

Actual population 158

Stationary population 149

Difference 6%

80. For general or exploratory use, a specific population may not be available, or it may not

be desirable as a "reference population". In its place, one might use a variety of test

populations, as a way of testing the sensitivity of the lifetime estimate to the demographic

structure of the exposed population. Of special interest would be the stationary population

intrinsic to the schedule of age-specific baseline mortality rates, (that is the schedule of

values of S (a) as described in part 1). For 100,000 exposed persons, the proportion at age a

would be 100 000 S (A)/ S (a). The difference between the stationary and the actual

populations is due to the fact that immigration, emigration, population growth and changes

in the mortality rates in the last few decades have caused the Japanese age structure to differ

from that derived from current (cross-sectional) mortality rates alone.

81. Also, in some countries, wars have resulted in large departures from stationary (or

constant increase) populations. In Europe, WWI resulted in a "deficit of births" as high as

about 40% which was usually followed by an excess, although distributed over many years.

At present, even a steep decline in birth rate can not induce much more than a 40% departure

from a stationary population. Similar excesses are seldom found in developed country. Even

if a single age group causes all the risk, the difference between stationary population and

current population can not arise 40%.
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82. This kind of contrast may be much more sensitive for some sites than for others,

particularly where, as in breast cancer, exposure is highly sensitive at some ages relative to

others. Similarly, an age-varying risk model may produce larger potential variation in

lifetime risk estimates for different population age structures than a model with age-constant

risk coefficients. This occurs when such a model amplifies the age dependancy of lifetime

risk instead of reducing it.
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5. COMPARISON OF RADIATION EFFECT MODELLING

83. Having reviewed the consequences of particular alternatives in the lifetime risk

computation procedure, it is worthwhile to compare the two different radiation effect models

of BEIR V and UNSCEAR 88. In doing this, it is not relevant to merely compare the final

results of those reports because of all the differences in. the computational procedures

(although they have been shown to be small) and because of the difference in the reference

population. When comparing the excess risk models, this is indeed necessary, because

simple comparison of the fitted coefficients (i.e. the excess relative risks) gives only an

imperfect sense of the resulting lifetime risk. On the other hand, published results are not

comparable, and this was the incentive of this report

84. For this comparison, we have applied the results of the BEIR V risk estimation analysis

of the Hiroshima and Nagasaki data - that is the fitted, time-varying excess relative risk

model - to the reference population that has been used for the UNSCEAR 88 report, using

the UNSCEAR lifetime risk projection programme.

55. This has been done for two sites, breast and lung. The first has been choosen because

of the interesting age dependency of the excess risk. The second one deserves interest

because of the steep increase of the rates with age. For both organs, the comparison has

been made on the basis of an irradiation of 1 Gy, occuring at ages 25 and 55.

Hypotheses concerning the excess risk

86. In the UNSCEAR 88 publication, the constant multiplicative risk model assumes that the

excess relative risk (Excess rates/background rate) is not dependent on the age at exposure,

nor on the age at risk. Therefore, three figures are sufficient for characterizing the excess

risk. In addition, the figures are sex averaged. For the purpose of the comparison, the

BEIR V coefficientss for lung were also sex averaged, weighting equally males and

females. As the order of magnitude of the differences will show, this approximation does

not alter the conclusions. The hypotheses were the following:

- In both cases : . 10 years latency and lifetime plateau thereafter

. Unit : Excess cases per Gy per background case

- For breast (female):

Constant excess relative risk: 1.19

Varying excess relative risk: 1.22 exP[-o.oi4 Ln((a-e)/20) -2.212 Ln2((a-e)/20) -0.0628 (e-15)]

(age at exposure above 15)
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- For lung (average):

Constant excess relative risk: . 6

Varying excess relative risk: (1.5) x .635 exp - 1.44 Ln((a-e)/20)

87. The consequences of such assumptions are illustrated for lung in Figure 6, where the

decrease in the relative risk appears when non constant relative risk modelling is applied.

Application to a homogeneous data set

88. UNSCEAR 88 used the Japanese census population (1982 data, as published in WHO).

After discussions, all computations have been performed on the sex averaged population

(except for breast). For the present purpose, the main point is to use the same data set, so for

simplicity sex averaged ratios were used. However one should bear in mind that the breast

cancer lifetime risk should be multiplied by 2 when applied to women. Also applying a sex

averaged excess risk ratio to a sex averaged population results in a lifetime risk that is not

equivalent to the average of sex specific lifetime risks.

89. The first use of the reference population is to compute the excess cancer mortality rates

by applying the excess relative risk to background cancer rates. The pattern of the curves is

the same as above, but the absolute numbers are more meaningful (Figure 7).

90. The difference between the two approaches is here quite sensible, both in the levels and

in the patterns. The effects differ according to ages and sites. However, the common point

is that the non constant relative risk model results in a shift of excess mortality towards

younger ages. Consequently, the probability of death from radiation induced cancers earlier

(Figure 8), although they can be higher (see Lung).

Results

91. The results of the comparison are quite striking and the observed differences demand

explanation (see Table XI).

92. For breast cancer, the excess lifetime risk of mortality, when computed on the same

Japanese population, is lower when using a variable relative risk model (BEIR V).

However, this effect is rather linked to the age at exposure dependency that is assumed in the

BEIR V radiation effect model. Indeed, the BEIR V published results (i.e. on the US

population with the BEIR V projection model) show a steep decrease of breast cancer risk

with age. At age 25, the risk is already below the population averaged risk (52 instead of 70
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cases per 100,000 females per lGy). Therefore, it is too early to state that the variable

relative risk approach systematically results in a lower lifetime risk. In order to check this,

the excess lifetime risk has been computed at the age 15. Indeed at age 15 the variable

relative risk produces a lifetime risk estimate which is higher than the corresponding estimate

for constant relative risk. However, it is only slightly higher, by 10 % so that it cannot

compensate for the four to ten fold difference observed after age 20.

TABLE XLa. Lifetime risk of mortality. Comparison of constant relative risk
model (UNSCEAR 88) and variable relative risk model (BEIR V)

Reference population: Japanese sex averaged populations - UNSCEAR lifetime risk programs.
Unit : No of deaths per 100,000 persons for a dose of 0.1 Gy

Age at irradiation
Breast

. constant relative risk

. variable relative risk

Lung
. constant relative risk
. variable relative risk

20

42
11.4

172
73

25

41
10.1
(26)*

172
86

(124)*

50

25
2.13

159
215

55

19.5
1.3

(3)*

146
243
(333)*

* BEIR V computation on US population, sex averaged
** BEIR V computation on US population, sex averaged and age averaged

TABLE Xl.b. Loss of life expectancy. Comparison of constant relative risk model
(UNSCEAR 88) and variable relative risk model (BEIR V)

Reference population: Japanese sex averaged populations - UNSCEAR lifetime risk programs.
Unit : No of days lost per person exposed to 0.1 Gy

Age at irradiation
Breast

. constant relative risk

. variable relative risk

Lung
. constant relative risk
. variable relative risk

20

2.98
1.14

7.44
4

25

2.86
0.93

7.41
4.8

50

1.10
0.09

5.76
9.7

55

0.71
0.04

4.78
9.6

(35)*

(170)*

93. Indeed, the figure proposed for the US population by BEIR is quite similar to the one

computed by UNSCEAR on the Japanese population (70 insteed of 60 for lGy). When one

notices the four fold difference in the baseline rates (Table H) it might have been possible to

forecast the difference computed above.



41

6. QUANTIFICATION OF THE UNCERTAINTY IN ESTIMATES OF

DETRIMENT

94. In view of all the different choices to be made in the process of risk assessment, one

might reasonably wonder about the validity and precision of any conclusions drawn. In this

section, we discuss some approaches that might be considered to address these concerns.

95. It is helpful to divide the uncertainties in risk assessment into three categories. The first

is pure sampling variation in the epidemiologic data used for fitting the model(s) used for

projection. The second is uncertainty in the form of the model to be used. And the third

comprises the various nonstatistical concerns that cannot be formally specified in terms of

probability distributions, 'including the effects of systematic and random errors in the source

data, the validity of the various assumptions used for extrapolation and transportation, the

influence of unmeasured confounding amd modifying factors, completeness of the

modelling, and so on.

96. The influence of sampling variation is described by the statistical confidence region for

the fitted model parameters, which depends on the particular statistical technique used for

model fitting. General results in statistical theory indicates that for sufficiently large sample

sizes (i.e., "asymptotically"), the confidence regions for a broad class of statistical

estimators should be multivariate normal and this theorem is used to justify the standard

practice of summarizing the results in terms of a set of point estimates and asymptotic

standard errors (or covariance matrices). Standard methods such as the "delta method,"

based on Taylor series expansions, can then be used to compute the asymptotic variance of

functions of the parameters like the lifetime risk or loss of life expectancy [27].

97. Whether this theoretical result applies in any finite sample, however, needs to be

established. The statistical literature abounds in examples of marked departures from

asymptotic normality in data sets typical of the size of many epidemiologic studies,

particularly for certain types of models like linear relative risk models. Fortunately, methods

are available for estimation of confidence regions which have acceptable statistical

properties. For example, if the model is fitted using maximum likelihood, then one can

iteratively search for the parameter values that lead to the reduction in the likelihood

corresponding to the desired confidence level. In this case, however, the lifetime risk is not a

direct output of a statistical model. Thus there is no simple method available for computing

the resulting confidence region on derived quantities. The most convenient approach seems

to be to simulate the distribution using Monte Carlo methods. The BEIR V committee used

this approach, by randomly sampling 1000 parameter vectors from their asymptotic
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distributions (corrected for skewness using the likelihood-based search method described

above), and then doing a separate life table calculation for each of these random vectors.

The resulting distribution of lifetime risks was then summarized in terms of a set of

histograms and a table of empiric 90% confidence limits.

98. The problem of model misspecification is more difficult because there are an infinite

number of possible model forms and it is not possible to fit them all. Furthermore, the

different possible models are not equally plausible, either a priori or in the light of the

available data. Clearly the first task is to use expert judgement and biologic theory to limit the

class of models to be considered. Standard statistical significance testing can then be used to

further eliminate those models that do not fit the data. This will often leave a number of

alternative models that cannot be eliminated on purely statistical grounds or on the basis of

prior knowledge. Common practice has been to report the results based on a single "best"

model (by some combination of statistical or expert judgement) and possibly a range of

results for the alternatives considered. Confidence regions based upon only the "best" model

are clearly too narrow, because they assume that the form of that model was chosen in

advance and not influenced by the data used for fitting it. On the other hand, ranges based on

the set of alternatives considered are usually too wide, as then include models that do not

adequately fit the data (recall the comments made in section 3 about ranges based on constant

absolute and relative risk models); furthermore, such ranges have no clear interpretation in

terms of confidence levels.

99. To resolve this problem, we propose an approach again based on Monte Carlo

simulation. This would involve carrying out the first two steps described above, use of prior

knowledge to define a broad class of models and use of statistical criteria to select reasonably

well fitting models from that class. Each of the remaining models would thus be

characterized by a set of parameter estimates, their confidence regions, and some posterior

probability. The posterior probability represents a combination of their relative likelihood

given the study data and their prior plausibility. The former is simply given by the likelihood

for the point estimate, although one might wish to consider adding a penalty based on the

number of variables as does the Akaike criterion [28]. The latter requires the use of expert

judgement and may be more controversial, but some attempt should be made to distinguish

the alternatives. (In a sense, the Akaike criterion can be thought of as a purely statistical way

of weighting the alternatives to favor parsimony.) However this is done, one would then

carry out the simulation described above, first sampling models with frequency given by

their estimated posterior probabilities and then sampling parameter vectors from their

respective confidence regions.
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100. Consider alternative, dose-response models as an example. Many radiation biologists

would argue that the dose-response should contain both a linear and a quadratic component

on the basis of microdosimetry theory, extensive experimental data, and previous

epidemiologic studies. Suppose, however, that in fitting the atomic bomb survivor data the

quadratic term appears to be "nonsignificant". To simply exclude the linear-quadratic model

from further consideration might only slightly bias the resulting risk estimates upwards, but

it could considerably underestimate the uncertainty in the slope estimates. On the other hand,

if the pure linear model is correct, predictions based only on the linear-quadratic model

could be slightly downwardly biased and ha.ve overly wide confidence limits. Since the two

models fit approximately the same, a combined analysis v/ould weight the two confidence

regions about equally (or would down-weight the linear-quadratic model on grounds of

parsimony) to obtain a compromise region. Adding "a priori" plausibility would thus alter

the relative weight the two analyses were given in reaching this compromise.

101. The nonstatistical uncertainties are the most difficult to quantify and will usually have to

be based on expert judgement. The BEIR V committee attempted to construct what they

called "90% credibility" intervals in the spirit of confidence intervals, but based on their

judgement as to the magnitude of the uncertainty contributed by each component

independently. Although the procedure might well be improved, the basic idea seems

appropriate. The components of uncertainty that were discussed included misclassification of

cause of death, dosimetry errors, mis specification of the form of the dose-response

relationship and the modifying effects of age, time, dose-rate, and the RBE for neutrons,

uncertainty about the validity of the transportation assumptions, and dependencies on sex

that were not modelled explicitly. The total uncertainty ascribed to transportation, dosimetry,

and sex effects was estimated to correspond, to an additional "geometric standard deviation"

of 1.25. A problem with this approach, however, is that it failed to distinguish between

uncertainties that would introduce bias from those that would introduce variability. For

example, the effect of random dose errors, rather than to increase its standard error, is to

bias the estimated slope of the dose-response relationship towards the null so that it must be

adjusted upwards. In principle, such effects could have been incorporated in a similar

manner to produce estimates of "bias" and "variance". These could then be incorporated into

the Monte Carlo simulation a straight-forward manner, or appended at the end if they were

felt to be too speculative.
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7. PREDICTION OF MORBIDITY DETRIMENTS

102. So far, the discussion has been limited to summaries of lifetime mortality effects. In

this final section, we make a few comments about the special problems posed in

summarizing morbidity effects. These include problems of definition and problems of

estimation.

103. Many more options are available for defining measures of lifetime morbidity detriment

than for mortality. First, unlike death which occurs only once for each subject, one might

develop more than one disease or the same disease more than once; one must therefore

decide whether to count only the first event or all events, and if the latter, whether to count

each equally. Secondly, diseases differ in severity; although the judgement of severity must

be subjective, no reasonable person would, weight cancer and the common cold equally.

Third, as discussed for mortality in section 2, one might wish to weight cases in some way

by age at onset, and similarly one might consider taking the duration of the disease into

account, e.g., by replacing the expectation of life by the expectation of disease-free life.

There is a considerable literature on these various options [29], and it is not our intention to

propose any new measures.

104. One fairly straight-forward adaptation of the measures of lifetime mortality risk that

was used in the BEIR III report is the excess number of new primary cancer cases

attributable to radiation. This measure counts all cancer cases in a subject, irrespective of

whether it was the first cancer the subject had at any site or even at the same site (provided it

was a new primary and not a metastasis). Although the definition of the measure is

straight-forward, its calculation poses several complications. The first is the general absence

of good incidence data for modelling, that is discussed below. Next is the problem that any

change in the incidence rate must be reflected in a change in the survival function and thus in

the expected time at risk of subsequent cancers. This problem is addressed by "multistate"

lifetables [30], which would exploit published cancer case-fatality rates assuming that

radiation-induced and background cancers had the same fatality. More difficult is the

possibility that the presence of one cancer can modify the baseline and perhaps

radiation-induced risks of subsequent cancers (through changes in host factors, through

treatment, or through common risk factors). Although this can also be addressed using

multistate lifetables, the necessary data are difficult to obtain for second cancer baseline rates

and completely unknown for radiation-induced second cancer rates.

105. Currently the most serious barrier to estimation of incidence detriments is the absence

of trustworthy incidence data on radiation-induced cancer rates for most sites. The BEIR V
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report used incidence data only for breast and thyroid cancers. Some incidence data on

leukemia also exists for the atomic bomb survivors and the cervical irradiation patients, but

was not available at that time. For the remaining sites, one could in principle reconstruct a

model for incidence by combining mortality data with case-fatality data under the assumption

that the latter are not influenced by exposure history (see [21] and [31] for the details).

Since good case-fatality data are not available for Japan, an additional assumption is that US

fatality rates can be applied to the Japanese population. The BEIR HI report approximated

this approach by multiplying the absolute risk coefficients for each site by the ratio of

population incidence and mortality rates. A simpler alternative is to apply a relative risk

model for mortality to population incidence rates. Both of these are approximations because

they ignore the lag between diagnosis and death. The approach suggested by Hoel [31],

seems the most elegant, but it needs to be validated by comparing the "reconstructed"

incidence model with one directly estimated from comparable incidence data (e.g., for breast

cancer in the atomic bomb survivors).
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8. CONCLUSION

106. Part of the work has been devoted to comparison of the actual codes for computing

lifetime risk, using as data the outputs of epidemiological analyses. The results appeared to

be satisfactory. It is believed that this good agreement results from the facts that the

approaches were all based on standard practices in demography. For example, both

computations rely on cross sectional data. We think that such a reference should be kept, and

also, that assumptions adopted in closing up the life table are made explicit.

107. The index for the lifetime risk of mortality is often called: excess number of deaths.

Actually, two different concepts correspond to this generic definition: the Excess Lifetime

Risk (ELR) adopted by the BEIR V and which is strictly speaking the attributable risk and

the Lifetime Risk of Exposured Induced Deaths (LRED), adopted by UNSCEAR, which is

the number of exposured induced deaths wjihjn the exposed group. The first one is closer to

attributability, but it is more difficult to interpret when several sites are irradiated, so that the

choice is open. However, it should be clearly stated which one is chosen.

108. None of the above indices is sufficient to describe fully harmful effects of exposure. As

a complement, Loss of Life Expectancy (LLE) can also be used, as well as Loss of Life

Expectancy among those Experienced Radiation Induced Death, or mean age at death. It is

not possible yet to find a set of indices that can sum up the "lifetime risk" and that are

universally accepted. When it is meaningful (e.g. for exposure at a given age), tables of the

excess risk by age should be given. When this is not possible, all definitions should be made

clear, and accompanied with ine exact formulae.

109. It is trivial to state that the underlying hypotheses should be made very explicit, but this

is not such an easy task to do in this complex field. It might be convenient to group them in

the following categories:

- Lifetime risk computations:

- Conventions: reference population, index, cross sectional analysis

- Computational hypotheses: closing up the life table...

- Extrapolation rules: Transportation of absolute or relative risk, Dose and dose

rate reduction factor

- Fit of the data:

- Statistical hypotheses: assumed independencies, fitting models, time

dependencies...

- Exogeneous hypotheses: dose réponse relationship based on
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biological assumptions
- Critical analysis of the sample: uncertainties of doses, reporting of

causes of deaths, homogeneity of the population...

110. For the purpose of comparison, it is suitable to establish a data set that can totally

describe a "reference population", as well as a series of exposures conditions. Such

reference populations are of current use, for example WHO uses them for comparing cancer

rates in various countries. Table XII lists some of the points that must be adressed.

Table XII BASES FOR COMPARISON OF MODELS FOR RADIATION
EFFECTS

STANDARDIZED POPULATION
- Defined on an age by age basis

. for overall mortality

. for cancer rates

. for structure

STANDARDIZED EXPOSURE
. Dose
. Ages
. No dose rate effects

STANDARD RESULTS
. Graphical result : excess death rates
. INDICES

. LRED

. Mean age at death

. Fraction after 85

. ELR

. LLE

111. Other issues (beside of course, the general question of carcinogenesis and

radio-carcinogenesis) have been found to deserve further investigations. Among those, one

should mention the question of dealing with uncertainty, both in looking at the propagations

of errors and at the way to present results. Another set of problems arises when assessing

morbidity from cancer rather than mortality. One last question refers to the use of

cross-sectionnai data for which alternatives should be explored.
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FIGURES AND TABLES

FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

Relationship between the basic quantities of life table analysis.

Illustrated by French data on males

Changes in cancer mortality pattern due to iiTadiation

Irradiation of 1 Gy at age 0 - UNSCEAR hypotheses (relative risk,

Japanese population). Lung, breast, Leukemia

Steps, inputs and outputs in lifetime risk assessment

Cross sectional and cohort analysis: lung cancer in France

Interpolation of age-specific rates for cancer mortality

Lung, breast and leukemia on Japanese population (UNSCEAR 88)

Excess relative risk. Constant relative risk model (UNSCEAR) and

age dependent relative risk model (BEIR V). Lung - Exposure

to .1 Gy at ages 25 and 55

Excess cancer rates in the population - UNSCEAR model, lung,

exposure to .1 Gy at age 25 and 55. Sex averaged,

Japanese population - vs BEIR model

Probabilities of dying from radiation induced cancer.

- Constant vs age dependent relative risk model

- Lung - . lGy - Exposure at age 25 and 55

TABLE I

TABLE H

TABLE m

Recently published population lifetime risk estimates

Excess cancer death per 1000 persons for 1 Sv

Age standardized cancer specific death rate per 100 000 of the

standard population.

Methodological differences between BEIR V and UNSCEAR 88

reports in estimating lifetime risk due to radiation exposures
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TABLE IV

TABLE V

TABLE VI

TABLE Vïï

TABLE VIE

Comparison of excess cancer risks (per 100 000) from 1 Gy

exposure, at age 0, with constant-relative risk model, between

interpolated and constant hazard rates in each age class (10 yrs)

(using CEPN program).

Effect of closing the life table

- Radiation effect hypothesis - UNSCEAR 88, Multiplicative

model

- Exposure = 1 Gy

- Reference population : Japan 82 (sex averaged)

Lifetime risk of mortality : number of excess deaths (LRED) per

100 000 persons per Gy.

Comparison between models for lifetime excess cancers per

100 000 exposed persons to 0,10 Gy, multiplicative risk model

with 10-year latency and lifetime constant plateau, based on

Japanese data

(Computed by Penn State program. Data interpolated according to

the CEPN exponential interpolation method)

Lifetime projections according to lifetime risk programs

- Radiation effect hypothesis - UNSCEAR 88, Multiplicative

model

- Exposure = 1 Gy

- Reference population : Japan 82 (sex averaged)

lifetime risk of mortality : number of deaths per 100 000 persons

per Gy.

Lifetime projection : distribution of excess risk according to age.

- Radiation effect hypothesis : UNSCEAR 88, multiplicative model

- Exposure = 1 Gy

- Reference population : Japan 82 (sex averaged)

Lifetime risk of mortality : number of deaths per 100 000 persons

per Gy.
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TABLE IX

TABLE X

TABLE XLa.

TABLE Xl.b.

TABLE

Approximation of the Risk of Radiation Induced Cancer

- Lung, UNS GEAR 88 - relative risk model

- Japanese sex averaged population

Population risk : stationary vs actusd population.

Excess lifetime risk per 100,000 (LRED): whole population -

French population - Lung cancer - exposure at 0.1 Gy - UNSCEAR

Lifetime risk program

Lifetime risk of mortality. Comparison of constant relative risk

model (UNSCEAR 88) and variable relative risk model (BEIR V)

Reference population : Japanese sex averaged populations - UNSCEAR

lifetime risk programs.

Unit : No of deaths per 100,000 persons for a dose of 0.1 Gy.

Loss of life expectancy. Comparison of constant relative risk

model (UNSCEAR 88) and variable relative risk model (BEIR V)

Reference population : Japanese sex averaged populations - UNSCEAR

lifetime risk programs.

Unit : No of days lost per person exposed to 0.1 Gy.

Bases for comparison of models for radiation effects


