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The content of this report has been presented to the UNSCEAR Committee in

1985, during the process of the preparation of the 1988 report.

It has not been released before the publication of the report in order not to

interfer with the preparation process. Nevertheless its content reflects the personnal

view of the author on the question.
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INTRODUCTION

1. The proper use and Interpretation of data pertaining to biological

effects of 1on1r1ng radiations 1s based on a continuous effort to discuss the

various assumptions and uncertainties 1n the process of risk assessment. In

this perspective, 1t has been considered useful by the Committee to review

critically the general scientific foundations that constitute the basic

framework of data for the evaluation of health effects of radiation.

2. This review 1s an attempt to Identify the main sources of uncertainties,

to give, when possible, an order of magnitude for their relative Importance,

and to clarify the principal Interactions between the different steps of the

process of risk quantification. The discussion has been restricted to

stochastic effects and especially to cancer Induction 1n man: observations at

the cellular levels and animal and 1n vitro experiments have not been

considered.

3. The consequences which might result from abandoning the hypothesis of

linearity have not been directly examined 1n this draft, especially 1n respect

to the concept of collective dose. Since another document dealing with

"Dose-response relationships for rad1at1on-1nduced cancer" 1s 1n preparation,

an effort has been made to avoid any overlap by making reference to that

document whenever necessary.
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I. SCIENTIFIC UNCERTAINTIES

ASSOCIATEO WITH RISK ASSESSMENT OR RADIATION

4. This part addresses the problem of the scientific uncertainty associated

with the estimates of detriment resulting from exposure to low doses of

radiation. Although the final objective 1s to analyse in a quantitative

manner all possible types of harm to human health by the use of appropriate

Indices of harm, 1t must be recognized that such an ambitious purpose is

limited by the fact that such Indices cannot be estimated directly within the

framework of scientific data and theories. Rather, they rely on inferences

from a variety of data which have been collected through many different

scientific investigations and the whole process Involves a series of related

assumptions.

5. Not only the subjective selection but also the objective estimation of

indices of radiation harm 1s affected by many sources of variability and these

are of very different nature. First, scientific uncertainties in the

classical sense are Involved, and this kind of uncertainties can be dealt with

within the framework of an appropriate model. This is, for instance, the case

of dispersion of death rates, confidence intervals of regression coefficients

and all other uncertainties associated with the objective statistical

evaluation of measurable parameters. But besides these, there are more

fundamental uncertainties concerning the validity of the models themselves.

These Involve the alternatives for the choice of the general analytic form of

the model to be applied: a well-known example relates to the use of a linear

as opposed to non-linear models of radiation action. Sometimes, the

uncertainties are limited to the selection of a given parameter, such as the

value of the Relative Biological Effectiveness (RBE) of neutrons versus y

rays or of a dose-rate reduction factor. On the other hand, there might even

be no model at all on which to base calculations, such as in the case of

possible genetic differences in sensitivity to tumour induction by radiation.

Other possible sources of variability can H e simply in the way

simplifications are made, or in the choice of a data set instead of another.

Finally, there are also uncertainties associated with empirical decisions,

such as the choice of an Index of harm, which may give rise to differences in

estimation of risk.
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6. The heterogeneity of the sources mentioned does not allow to use one

single method for estimating the variability. The use of confidence Interval,

for example, applies only when a model 1s considered to be valid. Sensitivity

analysis, on the other hand, Implies that the factors of variability can be

quantified, as well as the results of all possible options. Other methods

based on expert consultations, such as 1n the Delphi method, are difficult to

apply due to the controversial nature of the related problem. Therefore, the

present analysis will first address the Identification of the various source

of variability, of their nature and of their possible Interactions, within the

process of quantitative assessment of an Index of harm. Sensitivity analysis

will also be referred to where quantitative data are available.

A. PROBLEMS IN DERIVING QUANTITATIVE INDICES FOR RISK ASSESSMENT

7. Despite some exceptions, such as, for example, accidental events or

Inhalation of radon, exposures of population to Ionizing radiation from

man-made origin are restricted to low doses, generally of low-LET radiation.

These exposures may lead to late effects of stochastic nature, both somatic or

genetic. It 1s for this kind of effects that 1t 1s Important to discuss the

reliability of risk estimates. In agreement with another UNSCEAR document

[U3], 1n the present context low doses are defined as those below 0.2 Gy of

low-LET radiation or 0.05 Gy of h1gh-LET radiation. It 1s well known that

uncertainties on the size of the ratio effect/dose are largest 1n this range

of doses.

8. An Important practical problem 1s that of establishing whether the effect

per unit dose remains constant, decreases or even Increases as the total dose

decreases, and whether the existence of a threshold can be assumed. Given the

lack of direct empirical data 1n this dose region, Indirect Inferences from

fundamental knowledge of the Induction of cancer or genetic disorders may 1n

principle be of help. However, there 1s at present Insufficient understanding

of the basic mechanisms of cardnogenesis and mutagenesis to Improve our

Insight of the radiation action. Much of the new evidence 1s reviewed in

UNSCEAR document [U3] and 1n the document "Genetic effects of radiation"

considered by the Committee at this same session. From those analyses. 1t 1s

fair to conclude that 1n spite of the observations accumulated about the

various effects (microdosimetry, point mutations, chromosomal aberrations,
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malignant transformation of cells 1n vitro, animal experiments and

epidemiology), all of this knowledge cannot yet be Interpreted within the

framework of a coherent theory. Owing to the lack of such a comprehensive

theory, the conclusions obtained 1n these areas are not easily comparable and

they can only confirm or Invalidate each other with great difficulty.

9. It 1s virtually Impossible that effects of very low doses can be shown

directly. It 1s estimated, for example, that a sample of ten million persons

would be required for the effect of 0.01 Sv to be statistically detectable

[L2, L3]. It should also be stressed that the question of controlling the

confounding factors 1s superimposed on the quantitative problem as such, since

radiation 1s only one factor among many others operating for cancer

Induction. Radiation effects are also thought to be relatively small 1n

comparison with the effects of other factors that may be Identified and

monitored to some degree (age, sex, tobacco, chemicals, food, heredity and

general lifestyle).

10. Consequently, the consequences of low doses must be extrapolated from

effects relative to doses at which effects are actually observable 1n human

populations. There doses are generally above 0.5 Gy, although they can be 1n

the range of 0.1 Gy 1n some studies, as for thyroid cancer [R9]. The greatest

uncertainty operates at this level. Would a curve that has been fitted

through observed values be still valid down to the zero dose point? If this

does not apply, how 1s 1t possible to extrapolate from the last observed (or

"reasonably predicted") points to zero? If a single curve 1s to be used what

1s U s functional shape? So far 1n the field of radiation risk assessment a

single curve approach has been used. The function that has been most widely

used until now 1s the "linear model", adopted by many International and

national organizations such as UNSCEAR and ICRP, and many national bodies.

However, more recently there have been suggestions to adopt a "Unear-

quadratic model", that Is, a relationship where both the dose and Its second

power are Involved. This particular model has been advanced by BEIR [N3] and

has been fitted to some human data for some cancers 1n UNSCEAR document [U3].

A last model, namely the "quadratic model", 1s a function only of the square

of the dose.
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11. It is important to underline that, owing to the lack of a theory of

carcinogenesis, the relationships are extrapolated to low doses only by

Inference [U3] from effects in vitro and from studies in animals. The

imprecision of human data at high doses prevents any decision about the shape

of the curve and even if the data would allow to choose one function,

extrapolating this function fitted to relatively high doses down to zero would

still require inferential evidence.

12. The theoretical approach that aims at describing and understanding the

mechanism of cancer induction by radiation must be distinguished from the

pragmatic approach that aims at providing figures in risk assessment. The

aim of the analysis to follow will be to identify not only the assumptions but

also the sequence of pragmatic choices and their interactions within the whole

process of deriving a quantified index of harm. For this purpose, it will be

necessary to recall the working hypotheses underlying the assessment itself.

B. PRELIMINARY CHOICES IN THE ASSESSMENT PROCESS

13. The definition of the goals and means of any assessment must come before

any analysis. An index of harm can be calculated so as to apply to the

general population or only to specific groups that might be of special

interest (i.e., children, workers). Up to now, mostly estimates for the

general population - a population where, in fact, age and sex structure is one

appropriate to developed countries - have been worked out by UNSCEAR [U1],

ICRP [II] and BEIR [N3]. Other calculations for specific groups have been

performed, i.e., adults in ICRP 26 [II]; for various age groups in BEIR III

(Table V: 16-17-18-19-20 in [N3]) or can be developed from Annex G of the

UNSCEAR 1977 Report [Ul]. However, these more detailed calculations are not

taken up in the final statements of the relevant reports. Sensitivity

analysis in respect to this choice will be discussed later in this

presentation.

14. Another choice which relates to. the index of harm for somatic risk is

whether to express the data on the basis of an extra cancer mortality index,

or as a loss of life expectancy index, or any other more sophisticated index,

taking into account the morbidity and the severity of the effect with respect

to the quality of life, age at occurrence or any other factor which would
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qualify the detriment. So far, mostly "life-long risk", I.e., extra

mortality, has been used, although some authors have derived loss of life

expectancy from published mortality ratios [M4, H5]. Computation of the loss

of life expectancy has also be performed for an average worker by the ICRP

[121.

15. Two general principles may guide the adjustment process of a analytical

dose-response relationship to the data. On the one hand, the objective might

be to provide a conservative estimate to be used for applied purposes;

alternatively, one may wish to derive a so-called "best fit" estimate which

alms simply at an accurate description of the data. Such questions have been

widely discussed among statisticians for other carcinogenic agents [A!]. When

addressing the practical problem of curve fitting, these different conceptual

approaches cannot, 1n fact, be clearly distinguished since most models tend to

be linear for small observed Incidences, as 1t 1s generally the case 1n

epidemiological studies [Al]. In the context of radiation effect, the aim 1s

often that of deriving "conservative estimates" but, as ICRP stated, they are

1n fact "reasonably conservative" [12]. No direct sensitivity analysis 1s

possible 1n the present context since neither a plainly conservative approach

nor a true "best fit strategy" has been or can actually be adopted.

16. Finally, a decision must be made about the kind of data base to be used

for deriving radiation risk for man. The three main alternatives are: 1n

vitro studies, animal experiments and human epidemiology. So far, there 1s

general agreement [Ul, II, N3] that only human data are a valid source. The

uncertainties 1n extrapolating from animal to man have been assumed to be more

Important that the uncertainties Inherent 1n ep1dem1olog1cal studies. Indeed,

the variation of the responses to radiation 1n different species 1s high [Ul].

Nevertheless, such a method 1s used for some chemical carcinogenic agents, and

has been also advocated 1n the case of radiation. In addition, the direct use

of ep1dem1olog1cal studies does not preclude an Indirect use of animal

experiments for determining some parameters, such as RBE and curvature [F6].

It must be pointed out that epidemiological studies (which are, unlike animal

experiments, mostly retrospective) cannot be conducted 1n such a way to answer

specific theoretical questions [L2, L3].
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17. Although data 1n man are the best source to derive risk estimates for

human population, 1t does not follow that they will provide any general

Insight on the Induction of radiation effects. The choice of human data 1s

clearly linked to the pragmatic aim of risk assessment. So far, among the

estimates proposed for man, none has been based directly on animal

experiments. However, it must be stressed that knowledge based on animal

experiments plays a key role even when the data come from human exposure. An

overview of what has been done when deriving dose-response relationships for

chemical carcinogens shows that there 1s no general rule. For asbestos,

ep1dem1olog1cal studies are often considered as more reliable [N5], whereas

animal studies are the main basis for the risk estimates 1n use for vinyl

chloride monomer (VCM) [J2]. In other cases both approaches are still

concurrently used, as, for Instance in the case of nickel compounds, [G3]. Of

course, when that choice remains open, the uncertainty 1s much higher than 1f

one stands to a signle approach (see the uncertainties for VCM 1n [32, 01]).

C. THE MAIN STEPS OF QUANTIFICATION

18. After the discussion of general guidelines 1n the process of risk

assessment, 1t 1s useful to distinguish between three steps 1n the process of

quantification of an Index of harm. Figure I shows these three steps and

gives examples of the relevant options. They will be discussed 1n detail

further on, but first 1t 1s necessary to sketch the operations performed at

each step.

19. The first step consists of selecting the data set on which to fit

dose-response relationship. A first choice consists 1n relying only on

whole-body Irradiation data to assess the global risk for "all cancer" as did

the BEIR Committee for all cancers except leukaemia. Another option 1s to

look at data for a number of on specific sites, assess the different risks for

these sites, and then derive a global estimate; such an approach, called,

sometimes Improperly, the "summed site" method, has been adopted by UNSCEAR

[Ul] and ICRP [II]. Even though the risk estimates 1n the 1977 Report of

UNSCEAR were based on the ratio between tumours In other sites and leukaemia,

this approach may be reconducted to the same principle of considering all

sites together.



- 10 -

In vitro Animal
i
I
I
I
•

DATA BASE
I

. _ J
Summed site

FITTING PROCESS
r
4-

EXTRAPOLATION / \ _ / \

Figure I.

Steps and alternatives in the risk assessment process
[H6]

20. Eventually, data are presented in such a way that the values of a

"dependent variable" are computed for two or more groups of population, called

"dose groups', for which an average dose is assessed. The dependent variable

is usually an incidence rate, expressed as ITA: the time average net

incidence rate of death or occurrence of cancer per 10 person years at

risk. The dose is the "explanatory" or "independent" variable. It should be

stressed that this dose is not the total dose received by the individuals. It

is in fact the dose received for a particular reason (bombing, medical

irradiation) and the background doses are therefore neglected. This procedure

is justified from a statistical point of view, but it should not be forgotten

when considering at the logical process of establishing dose-response

relationship. If necessary, the dose received may be split into a low-LET and

a high-LET component, as for the series in Hiroshima and Nagasaki, and there

are thus two explanatory variables. Time after irradiation is also taken into

account, but it is generally not dealt with, as an explicit explanatory

variable.

21. A second step consists essentially in fitting a functional relationship

that links the explanatory variables (i.e., dose) to the dependent variable

(i.e., the average annual cancer incidence). This process implies the use of

an analytical "a priori" function. A general form for low-LET radiation is

the "linear-quadratic with cell killing":
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ITA(D) » ( a ^ ^ D • a / ) e(|3lD " *2 D > (1)

where I-. 1s the Incidence rate, 0 1s the dose, <xQ, a- and a_
are numerical constants applying to the Induction process, and 0. and
0. are numerical constants applying to the killing process.

22. At this step arises the problem of choosing among the alternative models:

linear, linear-quadratic and pure quadratic. The linear model, corresponding

to the linear non-threshold hypothesis, 1s generally accepted 1n risk

assessment, over a range of observed values 1n epidem1olog1cal studies of

radiation exposures, or from the lowest estimated dose point 1n other fields.

The choice between these models 1s generally extraneous to the statistical

fitting, since the data does not allow discrimination. Usually it relies on

rad1obiolog1cal theory, such as the dual interaction theory (for this see

[U3]). But this choice 1s equivalent, 1n the fitting process, to the practice

of constrained fitting, with a 2 = 0 for the linear model, a, * 0 for

the quadratic model and <*-|/a2
 3 k or frBe a dJ u s t m e n t f° r tne

linear-quadratic model. On this basis, sensitivity analysis can empirically
be performed.

23. At this step, RBE considerations and the problems of latency distribution

can also be Involved. Since equation (1) has been fitted on the assumption

that D, the dependent variable, is an Important enough dose to neglect other

sources of Irradiation, 1t must also be stated how equation (1) can operate 1n

a case where the dose whose effect is to be assessed 1s, on the contrary,

small with respect to the other sources. In the case of non-11 near curves

this question of the marginal risk of a marginal Irradiation has to be dealt

with.

24. The third step consists 1n deriving an Index of radiation harm from the

"dependent variable". This Implies three extensions. First, one must compute

the Hfe-long risk associated with an index of harm of the dependent

variables. Such an Index can be defined at every age as V(a); possible

solutions for the choice of V will be described 1n section I.G. The use of a

Mortality Table [here the survival ratio at age a : N(a)], allows then to

compute the Hfe-long harm U(aQ) from age aQ to extinction for one cohort:

f100

J
fu ( ao> = J ao
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The classical use of equation (2) 1s for computation of a life-long risk of

cancer mortality, where V(a) 1s the excess probability of cancer death. It

leads to two calculations according to whether an absolute or relative risk

projection model 1s taken. These models differ 1n that the excess 1s constant

throughout all life, or a given time for expression of the effect, after the

latency period in the first case, [and thus, V(a) 1s equal to I_A(D)]; while

it 1s proportional to the "normal" rate of cancer, 1n the second case. This

choice, as the choice of the shape of the curve, does not rely directly on the

ep1dem1olog1cal data (Indeed, the observations tend to show that the actual

pattern lies between these two models), but rather on exogeneous and practical

considerations. The second step consists 1n assessing a value for human

populations that differ from the Irradiated groups with respect to age and sex

structure, genetic background, and way of life. The last step consists 1n

finding a value of risk applicable to different temporal distribution pattern

of the dose.

25. The succession of the above steps may be summarized as follows:

First step: From Irradiated population to a data base presented as:

Dose groups 1 2 3

Net Incidence I T A ( D 1 ) *TA(D2) *TA(D3)

Mean dose Dl 02 03

Second step: Fitting of equation (1):

ITA(0) - (aQ • a^D • a2D
2) e ^ l 0 " V * *

Third step: Calculation of an Index of harm:

Definition of: VQ(a) = f[iTA(D)]

Calculation of equation (2):

f100

Va)»(a)da

A detailed discussion of these steps 1s given 1n the following.
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0. THE DATA BASE

26. There 1s no clear criteria for deciding upon which of the alternatives

(using only whole-body Irradiation or partial-body Irradiation data on

specific site and summing up the risks) 1s the best solution for deriving an

Index of harm for general application. Theoretically, differences between the

two processes can arise from the problems of competing risks, and of the

validity of organ doses 1n estimating site-specific cancer Incidence. Indeed

1f s1te-spedf1c cancers are competing, the overall excess of a whole-body

Irradiation might be lower than the sum of the risks at each site.

Statistically, conducting several studies on small risks 1s very likely to

lead to a different estimate than would a single study on a larger risk. So

far, there has not been any direct attempt to quantify such an excess. The

competing risk effect 1s generally considered to be low 1n ep1dem1olog1cal

studies [L2]. Statistical studies have addressed this point by looking at the

correlation between specific cancer rates and all-site rates [Tl], Although

this might not be the only way to deal with the problem [Dl], 1t 1s

Interesting to note that only stomach cancer seems to be negatively correlated

with other sites. In principle, whole-body Irradiation would be more likely

to affect Immunological and hormonal factors than Irradiation delivered to

single organs, so that the end-effect might Involve different phenomena;

however, it may reasonably be assumed that thresholds do operate on these

mechanisms (see also [U3]) so that they would not be Involved at low and

Intermediate doses. Radford advocates that "the whole-body" method

underestimates risks by a factor of 1.5 [Rl]. Whenever the differences 1n

risk Indices associated with the two methods can be assessed quantitatively,

1t 1s likely that they may also be attributable to some extent to the

different samples.

27. When both mortality and morbidity may be used 1n the analyses, they may

result 1n different estimates, even when the data are corrected for survival

ratios. There 1s not much concern about studies on partial body Irradiation.

Morbidity 1s usually preferred for cancers with a favourable prognosis, such

as breast and thyroid, mortality 1s normally the Index for fatal malignancies

such as lung cancer and leukaemia. As a matter of fact, uncertainties seem to

be of the same order of magnitude 1n both cases, and the collection of data

relies on the same principles, that 1s an evaluation of the health (death, 111

or alive) after thorough enquiries.
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28. Things are different 1n the Hiroshima and Nagasaki series when morbidity

1s used Instead of mortality (see Figure 11 1n [Wl]). In this case the

difference arises from the fact that Incidence data come from tumour

registries, while mortality 1s derived from death certificates. For example,

there were 759 cases of cancer from 1959 to 1978 1n Nagasaki according to

death certificates, while there were 1412 according to tumour registry [Wl].

Both sources, local tumour registries and death certificates, have advantages

and disadvantages. It seems likely that some cancers such as breast and lung

cancer are under- reported 1n death certificates [Rl]. It 1s also possible

that migrations out of the cities can Induce bias 1n data from tumour

registry, 1f these migrations are dose-dependent. These effects can be

roughly quantified: mortality risk estimates are two times lower than

morbidity estimates 1n Hiroshima and Nagasaki combined (see [N3], Table V-20)

or even four times 1n Nagasaki alone [Wl] (see Figure II).

ALL CANCER

LEUKAEMIA

ALL CANCER
EXCEPT LEUKAEMIA

OESOPHAGUS

COLON

LUNG

URINARY TRACT

BREAST (FEMALE)

UTERUS

All methods
confi rmed
Mortality Study

5 10

EXCESS CASES PER MILLION PYR

Figure II.

Excess cancer per million person year and 90% confidence Intervals
for selected cancer sites by method of ascertainment,

Nagasaki, 1959-1978
[Wl]



- 15 -

29. Other problems are common to any epidemiological study. First 1s the
difficulty 1n finding the zero-dose level of risk, I.e., finding an adequate
control group. National averaged rates are often different from cancer rates
of specific subgroups. This is, for example, the case with the Hiroshima and
Nagasaki zero-dose groups, as well as with the control groups for thyroid
cancer due to x-ray therapy of thymus enlargement and with the mastitis
radiotherapy patients (see also [U3]). When specific populations are
surveyed, two kinds of effects may distort the analysis: the "healthy worker
effects", that 1s the fact that well-cared occupationally exposed population
might have a higher standard of living and therefore a smaller risk than other
populations at large; or alternatively, the fact that, 1n therapeutic
irradiation, one may select risk-prone sub-population.

30. A range of confounding factors may also be encountered. Among the most

important is tobacco smoking which is, as well as radiation, a cause of lung

cancer in uranium miners. In Hiroshima and Nagasaki, smoking has been studied

for its possible association with lung cancer and as a socio-economical

variable in respect to breast cancer induction. The authors concluded that

there was a simple additive Interaction with the effect of Irradiation [Kl].

No quantitative analysis of uncertainty may normally be associated with the

problem of confounding factors since they can rarely be controlled. They are

generally used as a qualitative criterion to accept or reject specific

studies. For this reason spatial correlation analyses are often not accepted,

as it is the case for the Three-States Survey or the Hickey's negative

correlation between radiation and cancers [H3].

31. The radiation dose remains the main explanatory variable in the

statistical model and the uncertainties associated with its measure may be a

diriment impediment for the derivation of dose-effect relationship in many

available studies. The ongoing re-evaluation of Hiroshima and Nagasaki dose

estimates has underlined this problem. Retrospectively, it appears that the

error in the doses was due to an over estimation of the gamma doses in Nagasaki

(by about a factor of 1.3) and of the neutron doses 1n both cities (by about a

factor 10 1n Hiroshima and 3 in Nagasaki). At the same time the T65 dosimetry

underestimated the gamma dose in Hiroshima (by about a factor 4, varying

accordingly to the distance from the epicenter) [L4, S8]. The differences

could be reduced when the recent shielding factors from Marcum (0.55, [F7])
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are taken Into account. The differences of mean doses brought about 1n the

various dose groups by the new calculations can be appreciated 1n Figure III,

but 1t should be borne 1n mind that the data are still mainly Illustrative

[F7]. The re-analys1s 1s not yet fully completed, but 1t 1s possible that the

uncertainty associated with the new estimates may be around 50%.

32. Tentative analyses of the leukaemia risk on the basis of the new data

show an Increase of 20% per rad of gamma and of 480% per rad of neutron, but

the results may be less reliable for neutrons since the relevant doses are now

quite small [F7]. This analysis has been performed on the Life Span Study by

use of a linear model for both neutron and gamma doses, and Hareuro's shielding

factors. An Interesting feature 1s that the differences between the two

cities seem to be reduced, for leukaemia as well as for chromosomal

aberrations. As yet little work has appeared on the subject, since 1t 1s

generally assumed that 1t 1s safer to wait for the whole process of

reassessment of doses, shielding factors and organ doses [Nil, K41].

Resetting new dose groups 1n the LSS sample on these new basis will also take

some time.

33. As to other series, doses are generally well known 1n studies on
radiotherapy groups [U3]. There 1s a much greater uncertainty 1n doses from
x-ray diagnoses, where no strict protocol has been applied 1n examinations,
and many variables (beam qualities, patient orientation, field sizes) must be
assessed retrospectively. Different problems are encountered with surveys of
miners, where (with the exception of gamma doses) ambient monitoring has long
been the only source of Information about exposure and the relationships
between environmental and lung doses may be affected by large errors, possibly
by about a factor of 2.

34. The dependent variable 1n epidemiological studies 1s generally ITA,
that 1s the time average net Incidence rate. Loss of life expectancy, or
survival times after Irradiation have not been used for derivation of risk
estimates. As has been mentioned before, iTA might be either the mortality
or morbidity Incidence. I_. 1s defined as follows:

IA

*TA " X/P-*TAref.
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where, X 1s the number of tumours that appeared 1n a group within a given time
(the so-called "risk period"); P 1s the number of person-years 1n the same
group within the same time period; IJA f 1s any appropriate reference
level.

35. Usually, ITA(0) Is expressed as the number of cancers per 106 PYR

(person years at risk). Three main problems are encountered when computing

this quantity. First, the reference level Is not Itself an obvious concept.

As seen before, 1t can be exogenous to the data set, that 1s, derived from a

control group or from a national average. But 1t can also be endogenous, as

for the Nagasaki and Hiroshima data. In this case, the reference level might

be the risk In the groups receiving between zero and 0.09 Gy, or the average

over the whole sample under the hypothesis of no radiation effect. Also, 1t

1s possible not to use any reference level at all and to fit a curve - a

linear one 1n this example - through the raw time average Incidence rate [Wl].

36. A second problem arises on account of the dose groups from which the

Incidences are calculated. The composition of the dose groups plays a key

role on the statistical uncertainty associated with the curve fitting

process. The "observations" on which curve fitting 1s carried out are 1n fact

the net Incidence rate ITA for the different subgroups. A good statistical

analysis would require as many observations as possible, but 1n practice this

means "as many observations as possible with respect to the explanatory

variable (I.e., the dose)". On the other hand, ITA 1s Itself a random

variable whose confidence Interval, for a given true rate, decreases when the

number of people 1n the group Increases. As the total number of subjects 1s

limited 1n the retrospective surveys normally available, the number of

subjects 1n a group decreases as the number of dose groups Increases. These

two conditions are contradictory and some compromise must be found.

37. The analysis of Hiroshima and Nagasaki data may be used to Illustrate

this problem. In this series, eight dose groups have been set up. No

sensitivity analysis 1s possible since no alternative subdivision has been

attempted. On the other hand, analyses based on Individual responses, I.e.,

without grouping, can be performed. Such an analysis was made on the

Hiroshima and Nagasaki sample, and the results were about the same as with the

usual eight dose groups [G2]. However, the compositon of the groups 1s quite
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dependent on the assumed value of Individual doses. For Instance, small

changes 1n the rounding conventions can displace 15% of the zero dose groups

[Kl]. At the present time these are the 0, 1-9, 10-49, 50-99, 100-199,

200-299, 300-399 and 400 and more kerma dose groups. It must be borne 1n mind

that approximately 85% of the sample 1s 1n the first three groups. At this

step, 1t 1s easy to assess confidence Intervals to ITA(D), since Its

distribution 1s well known. As shown 1n Figure IV, the confidence Intervals

are much wider at high doses since sample sizes are much smaller. For these

groups, the uncertainty 1s within a factor of 2 or 3.

£ 2001

2£

ALL TYPES OF LEUKAEMIA
90% confidence limit

Hi roshima
Nagasaki

0.5 2.51 1.5 2
TOTAL MARROW DOSE (Gy)

Figure IV.

Leukaemia Incidence 1n the Hiroshima and Nagasaki dose groups
(LLNL dosimetry)

[S7]

38. This 1s one of the few cases where uncertainties may be dealt with 1n a

classical scientific way. Through the statistical techniques of curve

fitting, the confidence Intervals associated with ITA(°). together with the

other characteristics of the data set, will give rise to the confidence

Intervals associated with the coefficients of the dose-response relationship.

In the usual way of presenting the results of curve fitting, only this

uncertainty - the uncertainty of observation of I_A - 1s Incorporated 1n the

model. On the contrary, the uncertainty around the mean dose of dose groups

1s not accounted for 1n the standard deviation of the coefficients. This 1s

due to the fact that usual regression techniques do not admit random variables

as explanatory variables. Recently, statistical models which take Into
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account the random nature of the explanatory variable have been applied to the

Hiroshima and Nagasaki data set. According to these moels, neglecting the

uncertainties on the dose resulted 1n an underestimate of between 10 and 20%

[62].

39. Finally, the definition of the "period at risk" rises both theoretical

and practical problems. The clinical manifestation of a tumour does not

Immediately follow Irradiation, but occurs after a time Interval called

"latent time*. Latent time 1s linked to one particular event, I.e., the

manifestation of a tumour In one Irradiated Individual. But whenever one

deals with a group of Irradiated Individuals one observes, for a given

malignancy, a distribution of latent times. This distribution m y result from

the fact that the latent time 1s a random variable for every Individual, the

observation of which lit a group 1s a matter of random sampling. The

dispersion could also derive, however, from individual differences with

respect to the response to Irradiation; or both phenomena could be involved

together. One speaks normally of a minimum latent time, often called "latency

period" designated as L. Under some conditions a maximum latent period can

also be determined, and one then speaks of the "plateau duration" of the

expression of risk, although the actual shape might be slightly different from

a plateau.

40. In most studies (actually, 1n all epidemiological studies) a given cancer

histotype cannot be directly linked to radiation, in that it can have other

causes, and only excess rates are meaningful. Therefore the minimum latent

time will be the time at which the excess number of cancer becomes

statistically significant. The observed latency period takes into account

statistical parameters, such as the size of the population, the reference rate

of cancer incidence and the level of significance of the excess rate.

41. Theoretically, the latent time may be a function of dose, of age at

irradiation and of the type of cancer. The observed excess of risk may be the

result of both a latency effect and a net increase; that is, the excess may be

due to the fact that some "natural" cancers occur earlier and/or that they are

more numerous [U3], Unless a functional relationship is assumed, in

epidemiological studies these two effects cannot be assessed together in a

single analysis. Only separate analyses have been performed (see Figures III

and V and [Kl]).



- 21 -

42. A figure for the value of the latency period, L, Is necessary for

computing i T A(D): 1t can be derived from exogenous data (theory, other

ep1dem1olog1cal studies, etc.) and result 1n an a priori value 1n the

estimation process (such as the L value of 10 years assumed for solid cancers

In BEIR [N3]). It can .also be derived from the data analysis of the sample

Itself as the time Interval at which an excess risk appears. The observed

values of L are quite variable for different tumours. For breast cancer, they

may range from 5 to more than 10 years [U3j. For leukaemia, 2 years might be

sufficient to detect excess deaths [U3].

43. Although the choice of a latent period might be somewhat arbitrary, 1t

does not seem to act as an Important source of variability. For Instance, for

all cancer except leukaemia 1n the atomic bomb sample, this value 1s assumed

to be 10 years 1n BEIR III [N3]. If IJA were computed with an L value of

zero, I,, would only be 30% lower 1n most cases. On the other hand, if this

value were taken to be as high as 20, 1t would result 1n about a 50% higher

value of I-. (Table 1). For leukaemia, such an analysis 1s Impossible,

since the mortality data do not exist prior to 1950, while the usually assumed

latency period 1s less than 5 years.

44. Duration of the follow-up must clearly be another source of variability

because as long as some members of the cohort are still alive, no one can be

sure that all the risk has been taken Into account. Since most of the

available series were Irradiated 1n the forties' - the oldest one being the

luminous dial painters whose exposure started 1n 1915 - no Hfe-long risk

estimates can yet be made. In many studies, the subjects were quite young at

time of Irradiation. For Instance, in the Rochester study on women treated

for mastitis, the oldest group was 44 and 1s still far from being extinguished.

45. The effect of duration of follow-up 1n Hiroshima and Nagasaki can be seen

from Table 1. The decline 1n the risk (absolute risk = I_.) 1s clear for

leukaemia, as 1s the Increase for other cancers which 1s almost three times

higher 1n the period 1974-1978. So far such an effect 1s not very Important

when I-A 1s computed on the whole follow-up period: 1t amounts actually to

about 30%. But further Increases are likely to occur because the populations

are still relatively young (65 and 60 years 1n 1978 1n Hiroshima and Nagasaki,

respectively ). When estimating life-long risk, extrapolations are necessary,



T a b l e 1

Site of
cancer

Leukaemia
All cancer
except
leukaemia

Oesophagus
Stomach
Colon
Other digestive

organs b/
Lung
Breast c/
Uterus
Urinary tract
Malignant

lymphoma
Multiple myeloma

Absolute risk (excess death/104

of death from

Total: 1950-1978

1.72

3.03
0.16
0.79
0.30

0.46
0.61
0.50
0.10
0.15

0.04
0.11

a maliqnancy
by period and

1950
to
1954

( 1.57, 1.87)a/ 4.13

( 2.29, 3.77)
( 0.02, 0.30)
( 0.34, 1.24)
( 0.16, 0.43)

( 0.18, 0.73)
( 0.37, 0.86)
( 0.29, 0.72)
(-0.24, 0.43)
( 0.04, 0.26)

(-0.07, 0.15)
( 0.05, 0.16)

1.58
0.04
0.83
-0.09

0.14
-0.09
-0.01
0.70
-0.03

0.12
-0.00

person year Gv)
among atomic bomb survivors
site of

[K1]

1955
to
1958

2.20

-0.09
0.29
-0.20
-0.08

-0.29
0.30
0.07
-0.19
-0.01

-0.09
too few

cancer

Period

1959
to
1962

1.79

2.58
0.28
0.50
0.01

0.77
0.35
-0.25
0.97
-0.08

0.08
0.29

1963
to
1966

0.92

3.00
0.37
1.20
0.30

0.13
0.73
0.70
-0.48
0.20

-0.01
-0.01

1967
to
1970

1.13

3.24
-0.08
1.14
0.77

0.01
0.40
1.70
-0.61
0.90

-0.01
-0.03

1971
to
1974

0.42

3.70
0.24
0.71
-0.26

1.28
0.53
-0.23
0.03
-0.19

0.51
0.31

0.44

9.17
-0.12
1.62
1.81

1.60
2.59
1.89
0.07
0.35

-0.32
0.21

1975-1978

( 0.05, 0.93)

( 6.49,11.85)
(-0.52, 0.29)
( 0.11, 3.14)
( 1.24, 2.39)

( 0.54, 2.66)
( 1.54, 3.64)
( 1.09, 2.69)
(-0.88, 1.03)
(-0.01, 0.72)

(-0.79, 0.15)
(-0.09, 0.50)

a/ 90% confidence Interval.
b/ Digestive organs excluding oesophagus, stomach, colon, rectum, pancreas.
c/ Females only.
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but the curve fitting Itself 1s always performed on the period actually

observed, and therefore the extrapolation occurs after a dose- response curve

has been fitted to the observed data.

46. Age and sex at the time of Irradiation are also Important factors. Very

often, these factors are not directly taken Into account 1n the dose-response

relationship; on the contrary, the Incidences 1n the different dose groups

ITA(D) are standardized with respect to age and sex structure [K2].

Separate analyses are then performed to take Into account this effect. As

shown 1n Figure V the excess risk, here I-.(O), generally Increases with age

at Irradiation. There 1s about a factor of three between younger and older

age groups. However, for breast the risk 1s maximum for the young ages at

Irradiations and decreases after (see Figure VI). The excess risk Index IT.
IA

1s an absolute risk Index (observed/expected) but one can look at a relative

risk Index (observed/expected) and then another trend 1s apparent. The

relative risk generally decreases with age at observation (see Figure V).

20 -

Ul

2 10 H
t—

(excess death/10o PYR)

Relative risk
2+/0 Gy

"O

10 20 30 40

AGE AT TIME OF BOMB

50

•2

•1

60

Figure V.

Absolute (time average net Incidence rates) and relative risk
for all cancers except leukaemia by age at time of bombing

[Kl]
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Excess breast cancer per million woman-year-6y by age of exposure
among Massachussets TB-fluoroscopy patients

[B3]

E. THE ADJUSTMENT PROCESS

47. Once the data base has been set up, some underlying assumptions are

already Incorporated 1n the dose-response model. The use of age and sex time

average Incidence rate ITft Implies that 1t 1s not possible to take Into

account latency, age and sex, neither to use a "time to tumour" relationship.

However, 1t 1s still necessary to choose between the models that are commonly

employed 1n b1ostat1st1cs for assessing the carcinogenic potency of chemical

substances [C3] (Table 2), that 1s mainly the probit, logistic, s1ngle-h1t or

multistage model. It 1s also possible to adopt the purely pragmatic attitude

of a statistician confronted with scarce data and to use a linear

approximation. In recent times a very common choice has been to use a model

containing coefficients that have some rad1ob1olog1cal meaning, such as the

"linear-quadratic model with cell killing" (see [U3]) defined 1n equation (1).

48. Formally, the three models that have been suggested for the functional

form of the dose-response relationships (that 1s, the linear, linear-quadratic

and the quadratic model) can be derived from equation 1, assuming some of the

coefficients to be zero. In ep1dem1olog1cal studies, according to Land [L2],

the choice 1s limited to these three models because no other plausible

rad1ob1olog1cal model has been developed which 1s simple enough to be used for

Irradiated human populations. However these three models do not cover all

possible forms of the dose-response relationships (see [U3]).
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T a b l e 2

B1ostat1st1cal models 1n use for the assessment of cardnogenecity
[AT]

Model

Dose-response models

Low-Dosr Behavior of U(d)

One-hit l - exp{ -<W] , Bd
linear

Multistage 1 - e x p < - T fl.rf'f.

linear if 0, > 0, convex if 0, = 0

Muhihit

j iil-'exp(-u)<fu

c </\ c = 07T(Jfc + 1)

concave (A < 1). linear (Jt = \\,
or convex (fc > 1)

Logistic

Weibull
(extreme value)

k > 0, 8 > 0

F(a + filogd),

a> 0, ff > 0

0 > 0, 0 > 0

cd',e = exp(-a)
1 concave [fi < 1), linear (/J =

or convex (JJ > 1)

concave (/?<!), linear [fi =
or convex fj? > 1)

1)

1)

Probit F{a + P log J).

2jr-* f

a > 0, /? > 0

lim {
'JO

for all/? > 0. Approaches zero

faster than any power of d.

49. Once such a limitation 1s acknowledged, there remain many alternatives 1n

the curve fitting process. First, 1t must be decided whether the curve

fitting 1s a purely endogenous process, (I.e., 1t relies only on the dat set)

or whether other rad1ob1olog1cal considerations are Involved. In fact, most

studies take Into account some exogeneous considerations. For Instance, 1n

parametric analyses one may find a free adjustment for a., but Its actual

value 1s always constrained to be non-negative when one must select a value

for risk assessment. In other cases a given fit may be rejected on the basis
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that, for Instance, the observed RBE 1s Inconsistent with other evidence, as

was the case for non-constrained fitting for solid cancers 1n the BEIR III

Committee ([N3]). Such exogenous considerations result 1n acceptance or

rejection of results on general plausibility consideration: the relevant

variability factor cannot therefore be assessed.

50. In other cases the exogenous evidence has a more straightforward use.

For example, 1t has been assumed that the coefficients 3, and 3_ 1n

equation (1) can be taken as zero for the atomic bomb series. In another

Instance, some value of the ratio a-i/cio nas oeen used as a constraint

1n the fitting of breast cancer data [W3]. In this case, the exogenous

considerations consist In giving numerical values to some parameters. This

makes 1t possible to evaluate the sensitivity of the model.

51. An example may Illustrate the various assumptions to be made 1n the
empirical fitting process and the analysis of the atomic bomb data provides
some Insight of the Interactions between the various alternatives. First,
equation (1) must be altered 1n order to take Into account the neutron
component of the dose and can be re-wr1tten as:

iTA(0)

" W (3)

where D 1s the gamma dose and 0 1s the neutron dose. Equation (3)

already assumes that the dose-response relationship has no square term for

neutrons.

52. In equations (1) and (3) there are some parameters having a clear

radiobiological meaning that must be considered further. They are: (1) 3-j

and S_, the linear and dose-square parameters for cell killing; (11) r *

a_/a_, a ratio which expresses the relative Importance of linear and

quadratic response for tumour Induction. This ratio may be compared to the

C coefficient deriving from m1crodos1metr1c consideration 1n the dual

Interaction theory. If no other phenomenon occurs, C • 1/r. More

generally, however, r 1s an Index of the curvature of the dose-response

relationships and numerical values for r can be derived at any level, of
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analysis of radiation effect (cellular, animal experiments, etc.) (see also

[U3]); (111) k » Y/<X, 1s the ratio of the neutron to the gamma dose that

produce the same effect at low doses, that 1s the RBE for the specific effect

1n question.

53. These three parameters have a direct Impact on a ^ the low-dose

coefficient, and they may be dealt with 1n three different ways: (a) they may

be estimated and then compared with values derived from other studies to see

1f they are plausible; (b) they may be considered negligible, this resulting

1n a simplified model; (c) they may be assigned to some numerical value,

derived from other observations.

54. Since there are only eight dose groups 1n the series from Hiroshima and

Nagasaki (and this 1s likely to be a maximum) 1t 1s Impossible to adopt

solution (a) above, that 1s to estimate all coefficients from the data,

because the observational material 1s Insufficient for this procedure. When

solution (b) has been adopted, the neglected terms were not always the same 1n

the various analyses. For Instance, the cell killing effect was neglected 1n

the atomic bomb analysis of BEIR, while it was not 1n breast cancer studies

(see [U3]). Sensitivity analysis cannot be easily carried out because 1n a

given data set all parameters are Interdependent. For Instance, neglecting r

(linear model), raises the a, coefficient but also diminishes the RBE. In

addition, the sensitivity of CL. to any one parameter 1s dependent on the

value given to the others.

55. The BEIR III [N3] fitting of atomic bomb data was different 1n the cases

of leukaemia and other cancers. It 1s Instructive to examine the details of

the procedures adopted, for Illustrative purposes: for leukaemia, 1t was first

assumed that there was no cell-killing effect. Then three alternatives were

tested, the linear model (cu = 0, k and a. free), the quadratic model

(ex.. = 0, k and a. free) and the linear-quadratic model (a..,

a. and k free). The results are shown 1n Table 3. The data did not allow

excludsion of any model. In all cases, k and r were judged to be plausible

and therefore the fitting process was assumed to be acceptable. The choice

between the three models had to be done on exogenous considerations.
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T a b l e

Model

LQ-L
L-L
Q-L

a/
b/
£/

0
2
.99
.24

Regression analyses of leukaemia 1
Hiroshima and Nagasaki.

Fitting of ITA(D) = c^D;
[N3]

Coefficient ± SO

<X*| OL2

± 0.93 0.0085 ± 0.0056
l 0.60

0.014 i 0.004

incidence
1950-1971.

r + a2DY

0

27.5 ±
25.4 ±
31.1 ±

1

7.5
7.5
6.9

LSS

'lDn

Goodness

10.
11.
12.

,d1

.4,
5,
.3,

F

11
12
12

of fit

(P)

(0.49)
(0.49)
(0.42)

a/ LQ-L = 11near-quadratic gamma, linear neutron model,
b/ L-L a linear gamma, linear neutron model,
c/ Q-L » quadratic gamma, linear neutron model.

56. The same process was adopted for other cancers, but in this case the

value of the RBE found by the linear-quadratic fit, (which was 91) was not

considered plausible and therefore k and r were assigned exogenous values.

The source of these values was eventually the leukaemia fitting (that 1s

1/r = 116, k = 27.8) after consideration of other evidence (chromosomal

aberrations). This example Illustrates the complexity of the Interactions

between the various possible sources of variability. For solid cancers, the

first alternative was to Introduce an a- coefficient (linear-quadratic

model). This implied a second decision, the rejection of the fit. Finally,

this rejection raised the problem of choosing a value for r and k.

57. The results of the curve-fitting process after the revision of dose

estimates 1n Hiroshima and Nagasaki are not easily predicted on available

Information. For Instance, the recent preliminary estimates show a 20%

Increase of the c^ term for leukaemia [F7], but this Implies a RBE between

100 and 150, a figure even higher than the one judged to be unlikely by the

BEIR Committee. Although it should be stressed that these results derive only

from preliminary analysis, they illustrate the fact that, 1n addition to

change 1n the numerical value of the coefficients, the dose revision might
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eventually involve changes in the fitting strategy. Neglecting the neutron
dose or adoption of an exogenous value for the RBE are among the possible
alternatives.

58. Owing to the mutual interaction of the different variability factors, an
exhaustive sensitivity analysis is impossible. Only the variability of the
linear coefficient for low-LET radiation, Oj, will be addressed here, with
the help of the somewhat sparse analyses that have been performed.

59. The statistical precision of the estimates of a. was analysed by Land

[L2, L3]. An index of the precision is the standard deviation (S.D.) of the

estimate associated with every fitting. Tables 3 and 4 give some examples of

the <x.| values and of the corresponding standard deviations. With simple

linear models, the standard deviation is about 25% of the coefficient,

implying that a gross estimate of the 70% confidence interval would be at ±

25% around a...

60. When one attempts to estimate an additional term, as in the case of the

linear-quadratic model, the standard deviation becomes appreciably higher. It

is about 90% of the value of the coefficient for leukaemia in the atomic bomb

study with the T65 dosimetry or in the Rochester study. In the latter case,

when a further cell killing coefficient is assumed the standard deviation

becomes 4 times the coefficient.

61. Using a linear-quadratic model, implies a reduction of a, by about a

factor 3 for leukaemia. The same factor applies also for all cancer except

leukaemia, since it is a constrained fit. The introduction of an coefficient

a. may also be Impossible (Rochester study where <x2 was found to be

negative) or of less importance (20% on the Massachussets example). On the

breast cancer data in atomic bomb survivors, fits were carried out with

exogenous values for the <t^/a2 ratio. When a2^a1 = 1/100,

the estimates of a, was one-half that for the linear estimate, when

cu/a.. » 1/10, the estimate became one-fifth.

62. Introducing a cell killing term, on the contrary, raises the estimates

value for gamma. In Table 4, this 1s apparent only for the Rochester study

where the estimate 1s 50% higher. A 50% increase due to the introduction of
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T a b l e 4

Values of the linear coefficient for low-LET radiations
according to the models In epidemiological surveys

Oata base

Atomic bomb,1950-1971
T65 doses,
leukaemia

Nagasaki,1950-1971,
T65 doses,
leukaemia

Nagasaki, 1950-1974,
T65 doses, breast

Rochester (breast)

Massachussets
(Fluoroscopy,
breast)

Model

Linear
Linear-quadratic (with
neutron coefficient)

Linear
Linear-quadratic

Linear
Linear-quadratic a/

Linear
Linear-quadratic b/
Linear + cell killing
Linear-quadratic +
cell killing

Linear
Linear-quadratic
Linear + cell killing c/
Linear-quadratic +
cell killing c/

*1
(10-4

per PYR
per Sy)

2.24
0.99

2.5
1.0

2.2
2.7

5.6
5.6
8.6

3.2

5.6
4.5
5.6

4.5

S.D.

0.6
0.93

0.6
1.2

0.4
0.8

1.5
4.3
2.9

11.4

1.2
3.0
2.3

8.6

Oegrees
of

freedom

12
11

6
5

8
7

4
3
3

2

4
3
3

2

Ref.

[N3]

[L3]

[L3J

[U3]

[U3]

a/ ct2 1s negative.
b/ ct2 negative, was taken as zero.
c/ 3 negative, was taken as zero.

the cell killing was also noted by Radford for the Hiroshima and Nagasaki

analyses [Rl]. However, no actual data were published for this case. It has

been reported, on the contrary, that such an effect would be negligible [N3].

63. The Committee [U3] has carried out a thoretical analysis of the

variability of the linear term coefficient, 1n addition to dose squared and

cell killing parameters. Assuming an excess Incidence of 5000 cases/10"

6y~ at 3 Gy, the Committee selected maximum and minimum hypotheses, that 1s
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a ratio <*j/<*2 ranging between 0.5 and 2 Gy, and a cell killing between

exp -(10"^D • 1(T2D2) and exp -(4 10^0 + 8 10' 2D 2). These ranges

are representative of 1n vitro studies.

64. Detailed comments are given in chapter IV of [U3]. Table 5 1s derived

from the results of the Committee's analysis, assuming a, =» 1 for a fit

with no dose-squared terms and no cell killing effect. It has been suggested

that oL,/<*2
 1s rather below 1.5 Gy than 2 Gy [U3] for malignancy

Induction; on the other hand, analysis 1s performed on observations at lower

doses, between 1 and 2 Gy. In this case 1t can be predicted that the linear

term could be reduced from 33% to 66% when a quadratic term 1s added 1n the

fitting process. The figures 1n Table 5, for minimum curvature and cell

killing effects apply quite well to the ep1dem1olog1cal result of Table 4.

T a b l e

Sensitivity of the low-LET linear coefficient a-j
with respect to curvature and cell killing hypothesis

(Extrapolation from observation at 3 Gy)

Curvature

None
Minimum: a,/a

Maximum: a-j/a

:2 = 2

:2 = 15

Cel

None

1

0.4

0.15

1 kill

M1n.

1.5

0.6

0.2

1ng

Max.

6.8

2

1

65. It should be pointed out that such an approach does not allow to take

Into account the statistical uncertainty, which Implies that even with the

simplest model and a 70% confidence Interval, the a^ value, lies between

75% and 125% of Its estimate. For a more complex model, <x. would rather

fall between zero and twice Its fitted value.
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F. CHOICE OF AN INDEX OF HARM FOR RADIATION EXPOSURE

66. One possible application of the analyses discussed so far is to develop

an index of the harm attributable to a given dose of radiation. For the sake

of simplicity, the most commonly used Index, the life-long risk of cancer

mortality, will be considered in the following. This index expresses the

extra probability of cancer death for an irradiated Individual and equation

(2 1), a specific form of equation (2), expresses 1t 1n the following way:

f100 _,_,
M(aft,D) = i(a,an,D) £ % • da (21)

° % ° n/V
where M(ao,O) is the life-long risk for dose D, at age aQ; n(a)/n(aQ) is

the probability to live, up to age a, for people alive at age aQ, as given

in a life table; and 1(a,aQ,D) is the extra incidence of cancer death for

individuals receiving an Instant dose D at age aQ. This formulation Implies

in fact that the effect of extra cancer incidence can be safely neglected in

estimating survival probability. This assumption proves to be reasonable up
-3to an extra Incidence of 10 for all ages, 1n which case the overestimation

is only 3%.

67. To compute the life-long risk, the studies on irradiated population

provide the following input: (a) the time-average net Incidence rate,

ITA(D). This corresponds to the average of 1(a,aQ,D) between ages aQ +

b and aQ + e, where b and e are the beginning and end of the observation

period; (b) the latency, L, derived from independent curve-fitting analyses,

or arbitrarily selected (see paragraph 43). For ages below aQ + L, the

extra incidence 1s zero; (c) the plateau duration P which, up to the present

time 1s generally an arbitrary parameter, except for leukaemia. For ages

above aQ + L + P, the extra incidence 1s zero.

68. Since usually (b) in the paragraph above is taken as L, equation (2') can

be written as:

M ( V D ) . |]° + L iTA ( V D ) ajfjy da + | a ° + e i(ao,D) ̂  da (2<)

69. Computation of the life-long risk index of mortality requires a numerical

value for the extra incidence after the observation period. Such a projection
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of the risk cannot rely on analytical models. In spite of the fact that the

actual patterns may be variable, only two simple rules may be given at the

present time. The first considers that the absolute risk remains constant and

consequently uses the time average net incidence rate I... as the extra

incidence over the whole life time or for the duration of the plateau. The

other implies knowledge of the natural incidence of cancer to which the extra

incidence is supposed to be proportional. The two following expressions for

excess incidence are associated with absolute and relative risk models:

1(a,aQfD) = I T A (aQ,D)

1(a,ao,D) = K(aQ,D) x C(a)

where C(a) is the natural incidence rate, K(aQ,0) is the observed relative

risk. Since C(a) increases with age for almost all cancers (with few

exceptions such as cancer of the testis) the relative risk model will result

in a greater figure for 1(a,aQ,D).

70. Thus, life-long risk estimates can be expressed as follows:

Absolute risk estimate: Ma(an,D) = iT«(an,D) I*
0* + ^ W y da <4')

a u IA o J a + | n(aQ)

Relative risk estimate: M
r(

an»D) • K (ao»D) ± V C(a) da (4«)

71. It has not been possible so far to decide upon the most appropriate

projection model. As for the shape of the curve, data are still too limited

to provide such an information, but with further follow-up selection of one

model may become possible. In their latest analysis of the data from

Hiroshima and Nagasaki, Kato and Schull [Kl] state that the relative risk

model is now supported "more strongly". However, as shown in Figure VII, the

situation might be different for different types of cancer. Absolute and

relative risk projections might be potentially very important because the

natural incidence of cancer raises sharply after the age of 40 and to become

10 times higher at age 65. However, as the lengths of follow-up increases,
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the gap between the two projection models Is reduced. At the time of the BEIR

III Report [N3], the relative risk estimate was on the average about three

times higher than the absolute one.

72. Life-long risk estimates depend on two different types of variability
*

factors. The first encompasses all the variability of the ITA estimate

(I.e., all the uncertainty linked to the biological response to Irradiation);

the second relates to the demographical parameters used to compute the

Integral term. Although this latter class 1s, strictly speaking, not linked

to scientific uncertainty, the choice of the demographic parameters has

Important quantitative consequences. Furthermore, the above equations show

clearly that the variabilities in these two fields have multiplicative

effects. The selection of an appropriate life table, age, latent period and

plateau duration are the variability factors Involved at this step. With

respect to age, sex and latency, 1t appears that they act separately 1n the

two fields. From a biological point of view, age 1s a parameter for

estimating ITA, computing the demographic term. At this step, sensitivity

analysis becomes more complex. Since the effect of a change 1n the projection

model 1s age-dependent and vice-versa, both factors must be studied at the

same time.

73. The demographic term has been analysed by Mall H e [M4] who proposed

tabulated values for this term under the relative and absolute risk

hypotheses. He used for the life-long risk a formulation derived from

equations (41) and (4") written as:

Absolute risk: Ha(aQ,0) - I(aQ,D) R(aQ,L,P) l/li(aQ) (51)

Relative risk: Mr(aQ,D) - K(ao,O) H(aQ,L,P) (5H)

74. In the relative risk model, the tabulated values for the demographic

term, H, are given 1n Table 6. Sens1v1ty to age, sex, latent time and plateau

can be derived from these figures. The Table shows that males have a slightly

higher coefficient than females, except at old ages. For ages above 45, the

alternative on plateau (30 years or Hfe time) has no effect, but a 30-year

plateau reduces the coefficients to one-third for the young ages. When no

cut-off 1s applied, the demographic coefficient decreases slowly with age from

1.8 to 1.1 between 15 and 55 years to reach much lower values (0.3) at 70

years of age.
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T a b l e 6

(

Age

15
20
25
30
35
40
45
50
55
60
65
70

Relative risk demoqraDhic factor for rad1at1on-1nduced
cancer mortality except

for 106 people at each age

Normal Incidence
(1n hundred thousands)

Mixed

1.77
1.77
1.78
1.78
1.79
1.80
1.80
1.78
1.75
1.69
1.59
1.46

Male

1.81
1.81
1.82
1.82
1.84
1.85
1.87
1.88
1.87
1.83
1.75
1.65

Female

1.66
1.66
1.66
1.66
1.66
1.65
1.64
1.60
1.54
1.45
1.34
1.22

, H(a0,

(L

L,P) to

leukaemia

be applied in equation 5"))

»15; P-30)
(in hundred thousands)

Mixed

0.387
0.587
0.819
1.06
1.28
1.41
1.41
1.29
1.10
0.850
0.581
0.340

Male

0.395
0.622
0.879
1.14
1.38
1.52
1.51
1.35
1.12
0.870
0.570
0.302

Female

0.381
0.551
0.735
0.937
1.13
1.25
1.27
1.17
1.00
0.790
0.553
0.323

(L=15; P to
(1n hundred

Mixed

1.76
1.76
1.75
1.73
1.68
1.61
1.48
1.31
1.10
0.849
0.581
0.340

Male

1.80
1.80
1.79
1.78
1.74
1.66
1.54
1.35
1.12

lifetime)
thousands)

Female

1.65
1.65
1.63
1.60
1.55
1.46
1.34
1.18
1.00

0.870 0.790
0.570 0.553
0.302 0.323

75. If an absolute risk model 1s adopted, the same analysis can be

performed. The ICRP [12] computed the Hfe-long risk estimates at various

ages and since 1t used a single value for I,, for all ages, the decrease

with age 1s due only to demographic parameters. The results appear 1n Figure

VIII and show that the effect of age 1s also Important and the risk for the

50-year-old age group 1s only one-fourth of that at 20 years. In addition,

there 1s about a 50% difference between females and males.

76. Due to their high statistical uncertainty, age-spec1f1c estimates of the

"biological factor" L.. are seldom used 1n a risk assessment perspective.

However, the BEIR III Report [N3] published such values, and so did Kato [Kl]

(Figure V). An analysis of sensitivity to age and sex must take Into account

both the variation of iTA and the demographic term. As relative risk

coefficient decrease with age, while absolute risk net incidence increases

(see Figure V), the effect of the age dependency of ITA will reinforce the

global age dependency 1n the relative risk model and 1t will relax it In the

absolute risk model.
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Variation with age and sex of risk (somatic and genetic)
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between that for males (1.0 10-2 Sv-1) and females (1.5 10-2 sv-1)

for a complete expression of carcinogenic risk.

Figure VIII.

Variation with age and sex of the Hfe-long risk for mortality
[12]

77. The Interplay between age, sex and projection model on the estimates of

Hfe-long risk 1s analysed 1n Figure IX, which 1s based on BEIR III [N3]

age-spedf1c regression absolute risk coefficient for all cancer except

leukaemia. They are slightly different from Kato's [Kl] coefficients in

Figure V, the main difference being the lack of an Increase between the 0-9

and the 9-19 age groups, resulting 1n a non-monoton1c curve for age dependency

for the life-long risk. In Figure IX data from France have been used for the

life table and for the structure of age groups, which are not much different

from data in the United States. The estimates are not exactly comparable with

those 1n Figure VIII since in Figure IX only somatic risks (excluding

leukaemia) is computed. It 1s clear that the difference between absolute and

relative risk models 1s manifested only in the younger age groups and 1t

amounts to about a ten-fold difference at 10-20 years of age. The gap 1s

still greater below 10 years, although the BEIR III Report suggests that a

relative risk approach might not be valid for these young ages [N3].
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Life-long risk according to age and projection model
[H5]

78. With the absolute risk projection, the effect of age 1s not very

Important and 1t amounts to about a factor 2 for the age groups 1n Figure IX.

Women have also a higher risk than men. Using the relative risk projection,

the effect of age becomes much more Important. It 1s about an order of

magnitude between the 10-20 age groups and the 50 years and more age group

(whose average age 1s about 68). Adding the leukaemia risk, which has only a

limited "plateau duration" would presumably reduce these differences.

Actually, all the above analyses compute Hfe-long risk estimates up to about

the age of 65. For older people, the risk sharply decreases with life

expectancy.

79. An Important difference n between the results of the two projection

models 1s that the age dependence does not follow the same pattern. Actually,

the small Increase from younger ages to maturity 1n the absolute risk model

corresponds to the steep decline 1n the relative risk model. This observation

stresses the point that the choice of the demographic factors and of the

projection model should not be treated separately because the sensitivity to
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the projection model 1s Indeed dependent on the demographic parameters and

vice-versa.

80. The life-long risk of mortality 1s not the only Index on which one may

assess radiation risk: morbidity may also be used. For this purpose, 1t 1s

either possible to compute a Hfe-long risk of morbidity In analogy with the

Hfe-long risk of mortality (and then to perform a direct fit on morbidity

data) or to apply a morbidity/mortality ratio to an estimate of mortality

coefficient. Such ratios are commonly taken to be of the order of 3 to 2 for

breast, 20 for thyroid, and 100 for skin cancer; they are of course very

dependent on the current cure rates and are therefore bound to change 1n time.

81. On the whole, mortality and morbidity Hfe-Iong risks differ by about a

factor of two [C1]. This change 1n the Index must be distinguished from the

change 1n the dependent variable 1n the fitting process. It 1s possible to

fit a curve on mortality and develop a morbidity Index of harm. It 1s also

possible to base a mortality Index on a fit of morbidity. However, the use of

morbidity Indices 1n risk assessment 1s still limited, because they are only

meaningful 1n association with some Index of severity.

82. Another risk Index 1s the loss of life expectancy. This 1s widely used

1n risk comparison, especially when the causes of deaths are heterogeneous.

In the United States, the Environment Protection Agency has worked on the

development of such an Index 1n the radiation field. The losses of life

expectancy for a typical working population have been computed by Bunger [BS]

and by the ICRP [12] and they can be computed with the usual demographic

tools. The additional risk coefficient (ITA for the absolute risk model and

k C(a) for the relative risk model) 1s simply added to the natural mortality

rate 1n order to obtain a modified life table. The new survival ratio, N'(a),

1s deduced from the extra Incidence 1, using the equation N'(a+1)/N'(a) =

[N(a*l)/N(a)] - 1(a). The life expectancy (I.E.) at age aQ 1s given by

l f100

L.E. = rrA-r N'(a) da (6)

83. In contrast with the Hfe-long risk, the life expectancy Index 1s not

linear with respect to the extra Incidence. Therefore, while the dose

response shapes are Identical for the net Incidences and the Hfe-long risk
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Index, this 1s not true for the loss of life expectancy. However, the

departure from linearity 1s negligible for small values of extra Incidence.
-3Even for a high extra Incidence (for example, 10 per year, which

corresponds to about 1 Gy; see for Instance, Tables 3 and 4) this departure 1s

only 2.5%. Even at an extra risk of 10 per year (virtually corresponding

to 10 Gy) 1t 1s still limited to 20%. Since such high dose values fall within

the domain of non-stochast1c effects, linearity can safely be assumed over the

whole range of stochastic effects.

2 2 10-2-!

s
us 10

io-2.

0.5 10-2

s
Ui
Q.

Excess mortality estimate
Loss of l i f e expectancy

Males
Females

Solid cancers
Linear model
BEIR I I I age-specific coefficients
Absolute risk projection
Single exposure to 0.01 Gy
French Life Tables 1979

0 10 20 30 40 50 60
AGE AT TIME OF EXPOSURE

Figure X.

Life-long risk and loss-of-Hfe expectancy at different ages
[H5]

84. Figure X shows a comparison between the two Indices of harm computed by

the use of French demographic data and BEIR III [N3] risk coefficients. The

comparison 1s limited to the case of absolute risk projection model. It 1s of

course meaningless to directly compare these two Indices because they are not

measuring the same effect; however, one may notice that age and sex

differences are amplified when expressed 1n terms of Hfe-expectancy. The

ratio between risk at ages below 40 and above 60 raises from 2 to 4. The
_2

order of magnitude for the loss of life expectancy (1 day for 10 Gy)
should be noted, because 1t compares favourably with the figure adopted by

_2
ICRP of about 0.5 day for an exposure of 10 Sv at 40 years of age [12].
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G. EXTENSION OF THE CONCEPT OF RADIATION HARM TO NON-FATAL EFFECTS

85. In the previous part, death was mostly the end-point taken Into account

for deriving the different Indices (life long risk and loss of life

expectancy). However, the Introduction of a measure of morbidity or loss of

life expectancy has also been discussed 1n relation to curve-fitting and the

assumptions concerning of the dose-response model. This chapter considers the

general question of assessing non-fatal cancer and genetic effects which are

also part of the total detriment associated to radiation exposure.

86. If one restricts the discussion to stochastic effects, particularly those
of the somatic type, the detriment for a person exposed at age aQ to a dose
1n an organ or tissue 1 may be expressed as follows:

s i ( u )

where P.(t) 1s the Incidence probability per unit time, at age t of the

effect considered; n(t)/N_ 1s the survival ratio between age a_ and t 1n

the general population; S^(u) 1s the severity of the effect considered

which occurred at age t and lasted up to age u; N'(u)/N'(t) 1s the survival

ratio between age t and u 1n the population affected by the effect considered;
2

Sx(u) 1s the severity Index associated with a year of life lost due to
the premature death associated with the effect considered. The scheme below

makes more explicit the different categories of events envisaged 1n this

general expression of the detriment:

Severity Index
related to
morbidityS5

Severity Index
related to

premature mortality

ao
t

age at
exposure

t
t

age at
occurrence

of the effect
considered

u
t

age at
death

100
t

maximum
life-
span
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87. Various simplifications have been Introduced by the ICRP to this general

formula for the purpose of establishing a dose limitation system based on the

concept of "effective dose equivalent" [II]. Namely, the equation has been

simplified Introducing of the following assumptions:

(a) neglecting.the Interaction between different tissues: 1t 1s assumed that

susceptibility to cancer Induction 1n any one organ 1s not modified by

the concomitant exposure of, and harm to, other organs;

(b) neglecting the time distribution of the effects: equal weighting 1s given

to the detriment Irrespective of when 1t occurs during the life span of

the Individuals (I.e., the term T-t, describing the loss of healthy years

of life disappears);

(c) neglecting the time distribution of the severity of the effects:

essentially, the whole process of cancer diagnosis, treatment and

survival, 1s taken globally as a single event characterized solely by the

localization of the malignancy and Its severity (S. 1s Independent of

t);

(d) assuming that the total Incidence probability 1s proportional to

accumulated dose and Independent of dose rate, I.e.:

P^t) = ai(t)H1(t)

where a. 1s the risk factor for the malignancy occurring per unit

cumulative dose and H. 1s the cumulative organ dose equivalent at age t.

88. With this whole set of assumptions, 1t 1s possible to reduce the previous

equation to the following:

f100
GT = S Sj J P^tjdt - 2 Si a. H1 = 2 ^ H1 (8)

ICRP has provided some estimates of risk factors Q. 1n respect to effects

of equal severity (I.e., lethal effects) Induced 1n the six most Important

organs (cancer of the breast, lung, bone, thyroid, leukaemia 1n the

bone-marrow and hereditary effects 1n the first two generations through

exposure of the gonads). These risk factors are based essentially upon the

ep1dem1olog1cal evidence reviewed by UNSCEAR [Ul] and are adapted for the

purposes of practical radiation protection. They apply explicitly to large

populations of Individuals having an average distribution of age and sex.
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89. When considering an extension of the concept of detriment to include non

lethal health effects, the main question is how to measure their relative

severity and the first aspect of this question concerns the assessment of

cancer cure rates for the various tissues and organs of interest. A review

has been produced by UNSCEAR [U4] based on the criteria of 15-year survival

after diagnosis and adequate treatment. This document compiled and analyzed

figures mostly from countries with well developed medical facilities. Table 7

summarizes the main results of that review. It is important to recall that

the figures in this Table are affected by various limitations and

uncertainties due to the lack of reliable data, particularly for thyroid

cancer and bone tumours.

T a b l e 7

Estimation

Locali

of the

zation

fatality rates
[U4]

of cancers

% Survival
after 15 years

Breast
Leukaemia

(red bone marrow)
Lung
Thyroid
Bone
Skin
Remainder

~ 40%

0-5%

91-97%
20-25%
95-99%
~ 25%

90. Estimates of cancer cure rates may be obtained by very sophisticated

models that have been extensively discussed. Indeed cancer belongs to a

category of disease where the concept of cure cannot be defined at the

individual level. When the percentage of patients cured is the only matter of

interest, different methods of analysis are available, based on the comparison

between the life tables of the patients and of a control group [B2, H2J.

91. A further step in assessing severity is the development of adequate

weighting factors for the different types of curable cancer. Such factors are
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not yet directly available but extensive research efforts are now under way

which could provide some results 1n the future.

92. An extension of the concept of detriment (cancer or genetic effect) to

Include various social dimensions, 1s now a general tendency predicated on a

variety of arguments. The first 1s the need to put Into perspective the risk

from the various sources of radiation with other comparable risks. There 1s

an Interest to develop comparative approaches to build objective data bases

useful for the formulation of Informed judgements on perceived risks. ICRP

recommendations on exposure limits, are themselves based on a comparison with

occupational mortality 1n other safe Industries not Involving radiation

exposure. In the field of risk assessment the development of concepts and

measures which might allow easy comparisons between different sources of risks

and effects would be highly desirable. It 1s very difficult, a priori, to

compare effects of such different nature as occupational Injuries and deaths,

Induction of cancer, hereditary diseases and other kinds of health effects.

Such a comparison could become possible only 1f sufficiently general and

comprehensive health Indices • could be developed to correctly apprehend the

human and social consequences of such heterogenous states of health. In the

field of hereditary effects of radiation UNSCEAR has suggested a methodology

to develop risk estimates based on the severity (and the Incidence) of the

potential harm, as a first attempt to take Into account socially-related

health consequences of radiation exposure [U5].

93. An obvious limitation to such an attempt 1s due to the absence of

ep1dem1olog1cal and sociological data, sufficiently extensive and reliable In

terms of standardization and statistical validity. Mortality data by causes

remain up to now the main source of Information for public health purposes at

the national and International level. However, an Interest 1s developing for

more sophisticated health Indicators, Including morbidity, degree of various

kinds of Impairment and disability and appreciation of autonomy and well-being.

94. Such an expansion of the concept of detriment may be warranted on both

practical and theoretical grounds. The World Health Organization has defined

health, not 1n a negative way as the absence of disease but more positively as

a state of total social, mental and physical well-being. Ionizing radiations,

like any other environmental risk factor, must be regarded as capable of
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producing not only biological effects having a clear pathological connotation

but also other health-related consequences having economic and social

relevance. Cancer, which remains the dominating aspect of long-term somatic

radiation risk, may of course be viewed simply as a phenomenon of derangement

of cellular reproduction but 1t 1s also undeniably a source of distress, of

premature death, of mobilization of medical and scientific resources, etc.

95. Besides these general considerations, particularly 1n the domain of

cancer there 1s an evolution 1n the direction of more refined assessments,

motivated by different needs [R2, R3, R4, R5, M5]. One motivation 1s related

to the development of therapeutic trials In clinical oncology. Up to now

survival, rates were considered sufficient as objective criteria to test new

protocols 1n cancer therapy. However, the specific case of breast cancer and

the traumatic effects of Its surgical treatment have originated the need to

Introduce new qualitative criteria of judgement, besides the traditional

mortality Indices [C2, E, Fl, Jl, H2, M8, P3, SI]. The cases of leukaemia

[B6] and of laryngectomy 1n laryngeal cancer treatment have also been the

object of Investigations [61, Ml]. Such a general Interest becomes an

absolute need 1n cases where, for Identical results 1n survivals, some

treatments might result 1n a minimum of side-effects, 1atrogen1c consequences

or psycho-sodal distress.

96. As a result, numerous methods to derive quantitative estimates of the

quality of life, and of subjective aspects of well-being and autonomy have

been proposed and are currently under discussion. An operational definition

of these heterogeneous aspects of the quality of life 1s difficult to

elaborate, and even more to standardize, at an International level. For a

long time the literature on these matters has remained only anectodal. For

example, Van Dam, 1n a general review of the literature published 1n 1981, did

not find, among more than 100 papers, any consensus on a clear definition of

such concepts [VI]. However, as a result of extensive International

discussion, some agreement 1s now emerging concerning at least the broad

categories and dimensions to be considered for such analyses: namely, the

autonomy 1n dally activities, both at home and at work; physical complaints

(Including pain and other discomfort); psychological expressions of anxiety,

depression and fear of the future; subjective feelings of well-being; sexual

and relational behaviour; and others.
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97. These conditions may be explored by various techniques of questionnaire

and Interview. Some of these may regard special aspects such as anxiety or

depression (for example, the scale of anxiety evaluation by Hamilton [HI]) or

the psychological sphere (for example, the "Brief Psychiatric Rating Scale").

Other questionnaires are intended particularly, for cancer patients (for

example, the "Anamnestic Comparative Self-Assessment" [B7] or the

questionnaire proposed by the European Organization for the Research and

Treatment of Cancer (EORTC) Study Group on quality of life, etc.), or for

groups undergoing special treatments (for example, women undergoing radical

mastectomy). International organizations (WHO, OECO) are also promoting

coordinated efforts to define and standardize criteria of autonomy, Impairment

and disability.

98. Current efforts are not only finalized to clinical trials but they are

also coherent with the need, expressed by clinicians involved in cancer

treatment, to Integrate psycho-social considerations in the process of caring

for this type of pathology. The attitude of anxiety characterizing at present

the societal perception of cancer has important consequences on patients'

attitudes and behaviours [PI, N2]. Also the problems associated with the

attitudes of the physician prognostic and diagnostic information to be given

to the patient have been widely discussed [M8, S5]. All this has originated a

movement for the development of special services such as patient counselling,

psychiatric assistance, group counselling and psycho-social rehabilitation

[F2J. The interest of such assistance 1s of course emphasized by the

improvements of long-term survival in cancer therapy. A review of methods and

results now available on the behavioural and subjective dimensions of cancers,

could enlighten the concept of detriment associated with the assessment of

cancer risk.

H. OTHER PROBLEMS RELATED TO RISK ASSESSMENT

99. The life-long risk of mortality is generally computed for an average

individual belonging to a given population. This means developing one single

index which takes into account the age and sex structure of a population to

average the age and sex specific Hfe-long risk. One consequence of the use

of that index is its lack of precision, a problem discussed in the preceding

paragraphs. Another Implication 1s that choosing such an Index Implies a
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reference population. So far, the populations 1n developed countries have

been taken as reference. However, when applied to other populations, such

Indices might be misleading for two reasons. Firstly, the life table Itself

could be very different 1n other countries where the life expectancy could be

35 Instead of 70 years. (This remark applies to an average Index but also to

age- and sex-spec1f1c Indices.) In addition, the life table for a given year

represent only transversal data. When using a given table 1t 1s assumed that

the death rates, and also the cancer rates 1f the relative risk 1s computed,

will remain constant. Secondly, the age structure of populations differs

according to the country. Although this may not be very different among

various developed countries, 1t should be borne 1n mind that other countries

1n less developed parts of the world are also exposed to radiation risk.

100. No estimate of the Hfe-long risk has been reported, based on life
tables pertaining to developing countries. Some rough figures may however be
Inferred from life expectancies. Life expectancies at birth show differences
of about 25 years between developed and developing countries,' but these might
be misleading due to the high Incidence of Infant mortality. Life
expectancies at 1 year show smaller differences: for example, 64 years 1n
India, compared to 74 years In France. Differences 1n age specific Hfe-long
risk should not therefore exceed 20%. When using the average life-long risk,
1t Is not even sure that this Index could be higher for developed countries,
since the average age 1s older by about 10 years.

101. The levels of exposure and the conditions of Irradiation are other
factors to be taken Into consideration. The discussion 1n section I.E. was
focused on the linear term for low doses. However, comparison between linear
and quadratic models, or the Inclusion of a quadratic term 1n a
11 near-quadratic model Imply that the level of Irradiation 1s defined. For
BEIR estimates on leukaemia, the responses of linear curves equal the
linear-quadratic at about 1.5 Gy. For breast cancer 1n the Massachussets
fluoroscopy series, the responses are equal at about 4 Gy. Purely quadratic
curves equal the linear ones at 1.7 Gy for leukaemia 1n BEIR, and at 4 and 5
Gy for breast cancer 1n the Massachussets and Rochester studies, respectively,
while a figure of 3 Gy, applies to the atomic bomb survivors, according to
Land's analysis. These figures derive directly from the fits on ITA.
Values for the Hfe-long risk of mortality have seldom been reported 1n the
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literature for non-linear dose-response relationships. The last BEIR Report

1s the only one to give such figures, for a single exposure of 0.1 Gy. For
-3

the absolute risk projection, the risk 1s 1 10 per Gy with the quadratic
-3 -2

model, 7.7 10 with the linear-quadratic model and 1.67 10 with the
linear model. In this particular case, differences span a factor of about 20.

102. The figure of 0.1 Gy received 1n a single acute exposure 1n the above

example has been considered as the lowest one that would allow a reasonable

estimate of the Hfe-Iong risk with a quadratic model. For other types of
_2

exposures, such as continuous exposures to 10 Gy per year, the quadratic
term has not been computed. It should of course be realized that any
difference between models will be Increased when doses are lower, to reach a
maximum corresponding to the ratio of the linear coefficients when
11 near-quadratic and linear models are compared. Differences are potentially
unlimited when only a quadratic term 1s Involved with no allowance for the
background level.

103. Another problem relates to the validity of risk estimates derived from

short single exposures to relatively high doses of radiations as compared with

lower doses at much lower dose rates. Typical values for man-made Irradiation
-5of the public at large are of the order of 10 Sv per year, while they are

_2
of the order of 10 Sv for workers. These values are over and above the

-31-3 10 Sv per year due to natural sources. It 1s generally admitted that
low doses of low-LET radiations delivered at low dose rate are less

efficient. The NCRP considered this problem and Introduced the notion of OREF

(Dose Rate Equivalent Factor) [N4]. It concluded that extrapolation from

high-dose-rate to low-dose-rate exposures (below 5 10 Gy per year) might

overestimate the risk by a factor of between 2 to 10. The UNSCEAR also used a

DREF of about 2 to 3 [U1].

104. A question linked to the use of risk estimates 1s whether and to what

extent such estimates apply to different sub-populations. Problems related to

changes 1n the demographic structure have already been discussed, but there

remains the possibility that genetic 1nhomogene1t1es 1n the population may

result 1n different susceptibilities to tumour Induction. At present such an

assumption does not seem to be supported by strong evidence, but 1t Is 1n fact

not possible to definitely accept or reject such a notion (on these points see
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also [U3]). The same may be said about environmental factors which were

considered by the UNSCEAR 1n its 1982 Report [U5]. Even if differences

between subgroups could be assumed, either on genetic or environmental bases,

no quantitative estimate would be possible of their role 1n respect to

radiation carcinogenesis.

105. As stated previously, exposure conditions encountered 1n practice are

far from those that have allowed ep1dem1olog1cal studies. Under normal

conditions, doses are generally small when compared to the background exposure

level, whereas, on the contrary, background and past exposures may be

neglected under abnormal conditions as in Hiroshima and Nagasaki. The vast

differences 1n exposure levels raise theoretical problems when a quadratic

term is to be computed. What are the implications of constraining the a.

term (linear term) when fitting the relationship on Hiroshima and Nagasaki

atomic bomb dose? Since the explanatory variable 1s the atomic bomb dose and

not the total dose, the slope at zero dose has no reason to be zero.

Statistically, this question is rather formal, but 1t involves other and more

fundamental problems. If one wishes to fit a quadratic relationship (or

compute the contribution of a quadratic term) in order to assess the life-long

risk attributable to a small increment of dose (60), what process should be

followed? One could consider the effect as an extra incidence a(6Q)

and simply fit the dose-response relationship as given by the epidemiologist

(see paragraphs 25 and 48); however, one cannot forget that 6D 1s only a

small part of the total dose. On the other hand, there is much evidence

concerning dose rate and dose protraction suggesting that 1t 1s not reasonable

to simply add all the doses previously cumulated. However, would an acute

Irradiation DQ*6D have been applied instead of DQ, it 1s easy to compute

the extra risk, expressed as an Increase of annual incidence of cancers, with

the derivative of dose response curve:

61 * 2a2 DQ 6D (9)

Thus, the Inclusion of a quadratic term raises both a theoretical problem
2

(namely, the use a26D or 2a2DQ6D or some Intermediate value)
and a practical one. When computing a Hfe-Iong risk, it 1s also necessary to

take Into account what occurs after the time of irradiation.
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106. In order to understand the practical problem which 1s encountered 1n
risk assessment, a very simple example will be discussed. If one wishes to
calculate, supposedly, the "marginal risk" of a small dose Increment 60 at
age a., that 1s, to compute the Increase 1n the Hfe-long risk of cancer due
to that dose Increment 1n the case of a purely quadratic curve. The
assumption 1s that, 1f a given cumulated dose 1s reached at age aQ, the
annual extra Incidence of cancer at age a will be given by:

2
1(a, an, C ) « o C (for a > an + L, 0 otherwise) (10)u afl afl u

where C 1s the cumulated dose at age an. This 1s simply an

extrapolation of the curve (3) as fitted on epidemioiogical data. So far the

theoretical basis for such an extrapolation has not been set up, and this Is

only an example showing a result for computing risk estimates. If this dose

were entirely taken at age aQ> the Hfe-Iong risk could be derived

multiplying by the demographic factor (number of years to live after the

latency period) as shown In equations (4') and (5 1). In the simplest

hypothesis, which 1s the absolute -risk projection model, and the life-long

risk can therefore be written as:

H(aft, C ) = 1(an, C ) x surv(an) (11)
U a0 U afl U

where M 1s the Hfe-Iong risk of cancer and surv(aQ) 1s the number of years
to live after the age an+L. Assuming that an Individual will be submitted

to the series of background annual doses 0 (thus C = Z D ), the
a a0 «•*$ a

extra cancer Incidence due to radiations will have a yearly Increase as

follows:

A . 1 = a z\ - a C^ , (12)
ao ao a "'

It 1s this fraction of the extra cancer Incidence which will be expressed
during aQ+L and death. Thus, the contribution of the age aQ to the total
Hfe-long risk will be, due to this Increase 1n the dose:

AM(aQ, Ca ) = (a C* - a cjj _.,) x surv(aQ) (13)
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The Hfe-long risk then can be expressed for a continuous Irradiation by:

«M 2 2

M » E a <C* - C* ) x surv(a) (14)

where M 1s the excess probability of cancer death for a set of yearly
Irradiations D . Now, 1f at age aQ, the dose DQ 1s Increased by 60,
the "natural" risk Increase at this age will be:

6M(an) =» 2a C 60 x surv(an) (15)
u aQ u

Thus, at all following ages the cumulated dose will be C +-60 Instead of
C . So the contributions of age a to the total Hfe-long risk will also be
Increased by 6M(a), which, for ages greater than aQ, 1s given by:

6M(a) » 2a 0 60 x surv(a) (16)
a

107. Owing to the need to take Into account the demographic factors, no
2

further simplification (60 has already been neglected) 1s possible, and
one has to consider two terms for the "marginal risk" of a small dose

Increment. First 1s what could be called the "direct" effect (see equation

15) when past cumulated doses are combined with the Increment. Second 1s a

"prospective" effect showing how this Increment will Interfere with future

doses; this 1s obtained by summing up the Increases at each age (see equation

16). It can be therefore written as:

6H(an,60) = 2a6D w C surv(an) + Z 2a 60 D surv(an)

f t t (17)

Marginal risk Direct term Prospective term
of Irradiation
60 at age a.

108. Under the very approximate hypothesis that the demographic term (number

of years to live after the latency period) Is not age dependant, the formula

can be drastically simplified, and equation (15) 1s equivalent to equation (9)

and can be written as:

6M(aQ,6D) = 2a C 1 Q 0 6D surv (17')
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where 6M 1s the marginal risk of Irradiation 50, Independent of age, and
c100 1s the cumulated dose over the whole life span. Although this
hypothesis appears Implausible since the demographic term decreases almost
linearly with age, this s1mpl1g1ed approach should be mentioned since It 1s
consistent with the one which considers that life-long risk 1s age-Independent
(see paragraph 87).

109. With non-linear relationship, 1t seems appropriate that risk assessment

should rely on the concept of marginal risk. However, even 1f the theoretical

problems would be solved, the actual computation of the risk would Imply the

availability of a much greater amount of Information since not only the

cumulated dose up to a given age but also the future doses at all ages should

be known. In addition, the question of attribution may be raised. It has

been stated that a dose Increment 1s responsible for the Increase 1n

"efficiency" of any future dose. In order to show the order of magnitude of

the marginal risk when previous and future doses are neglected and when the

cumulated dose 1s fully taken Into account, a quantitative example has been

developed 1n Figure XI for linear, I1near-quadrat1d and quadratic

relationships fitted on the atomic bomb sample. For the sake of simplicity

I
U l

0.42x
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U l
OO

u
in
uj
u
2

LINEAR

Male population
Age average:

see BEIR I (V16 to V20)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
CUMULATIVE DOSE (Gy)

Figure XI.

Marginal risk of an Irradiation
according to the dose-response model

[H5]
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the "prospective" part of the marginal risk has not been computed. It 1s

Interesting to point out that, however small the dose Increment, the risk 1s

only ten times lower with the quadratic model than with the linear one at

0.1 Gy, and that above 0.8 Gy of cumulative dose, the linear model provides

the lower risk estimate.

110. So far, there 1s no model capable of taking Into account the effect of

an exposure added to a dose or series of doses received 1n the past. In the

absence of such a model, it 1s possible to assume that all doses received 1n

the past may Increase the effect of a new dose according to a quadratic

relationship [I.e., that one can use the derivative (7) of the dose-effect

relationship to compute the effect of a small dose Increment]. An example of

such a calculation 1s shown 1n Table 8. The prospective term has been

neglected 1n this example, but 1t would account for about one third of the

total risk. Based on 8EIR [N3] coefficients, this table shows the life-long

T a b l e 8

Quadratic model applied to two specified conditions
[H6]

Value of the
exposure 6D Parameters Hypotheses

Life-long
probability
of cancer

Induction for
the Increment

60

10 uSv

22 mSv

Han, 42 years,
natural and
and medical
exposure to
3 mSv per year

Man, 42 years,
occupational
exposure
to 300 mSv

Discounting previous doses
Accounting for dose cumu-
lated over the whole life

Linear model

Discounting of previous doses
Accounting for dose cumu-
lated over the whole life

Linear model

0.6 10" 1 2

16 10-9

(110 10-9)

0.04 10-*
1.2 10-*

(2.43 10-*)
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risk for an Individual of the public for a 10 IXSV Increment, and for a

hypothetical occupational exposure of a 22 10 Sv Increment. In the first

case, the Importance of the cumulative dose 1s considerable. If previous

doses are totally discounted, the Ufe-long risk 1s 4 orders of magnitude

lower with the quadratic model. On the other hand, the linear and quadratic

models give comparable estimates when the cumulative dose 1s fully taken Into

account. The ratio of the results obtained by the linear versus the quadratic
-5 -3

model 1s 7 for a 10 Sv exposure or 2 for the 22 10 Sv exposure.

I. SUMMARY ANO CONCLUSIONS

111. Three main steps are Involved in the process of assessing risk

estimates: selection of the data base, fitting of a dose-response relationship

and developing an Index of harm. These steps are quite independent in the

sense that the choice of an alternative at the first step does not preclude

other choices at other steps. It 1s possible to choose mortality Incidence

for the data base and to express the index of harm as an excess of mortality,

or a loss of life expectancy. In the computation of a Hfe-long risk of

mortality the hypotheses on the biological effect of radiation and the

assumptions made about the characteristics of the population act independently.

112. The main sources of variability may be analysed as 1n Table 9 to show

that they are different in nature. Some, such as the shape of the dose-effect

curve, the dose-rate effect or the projection models are closely linked to the

fundamental theories of radiation action and cancerogenesis. Others are

related to practical problems, such as the dosimetry uncertainties or the

choice of mortality versus morbidity. Other parameters such as those

regarding the structure of the population are linked to the use of life tables

and may be modified without any theoretical Implication.

113. A sensitivity analysis in respect to these factors is not always easy

but may be performed in some cases. This applies, for example, to those

factors that act Independently and for which the effect of a choice does not

depend on the other options. In this case uncertainties have multiplying

effects. Thus, the choice of the data base, choice of the shape of the curve,

statistical uncertainties, choice between relative and absolute risk

projection model, dose rate effect and, to some extent, dosimetry limitations,
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T a b l e 9

Summary of the variability factors
[H6]

Step of the assessment Factors and alternatives

Selecting the data base

Curve-fitting process

Deriving and assessing
the validity of an
Index of harm

Animal vs. man
Morbidity vs. mortality
Summed site vs. whole-body exposures
Dosimetry
Length of the follow-up
Latencies
Age and sex: separate analysis vs.

standardization
Confounding factors
Setting up the dose groups
Shape of the curves
Considerations about consistency
Precision of the estimates
Neglection of cell-killing effect

Latency, plateau
Age and sex
Relative vs. absolute risk

projection model
Life expectancy vs. mortality index
Mortality vs. morbidity Index
Reference life tables
Dose-rate effect
Differences in sensitivity to

radiation

when combined, can result in an important overall uncertainty (see Figure

XII). It may also occur that alternatives are interdependent, but they can

still be quantified. For instance, the effect of age is not the same with

different risk projection models: it has been shown that while risk 1s lower

for young than for middle-aged cohorts 1n the case of absolute models, it may

be 10 times greater for relative models.

114. Some variability factors are more difficult to quantify, because while

they Increase the estimates at one step of the analysis, they may decrease

them at another step. This is, for example, the case with age and latency,
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2 + 1

3 + 2

10'5 10"4 10'3

SOMATIC EFFECTS FOR 1O'2 Sv

4 Central value of previous estimates
(BEIR IH, UNSCEAR, ICRP)

1 FORM OF THE CURVE

2 PREDICTION MODEL

3 DATA BASE

4 COSE RATE

Figure XII.

The effect of cumulating variability factors
1n life-"long risk estimate

[H6J

which may modify both the net Incidence from the data base and the demographic

factor when deriving Hfe-long risk Indices. The re-evaluat1on of the

dosimetry 1n the survivors 1n Hiroshima and Nagasaki could also raise a

complex problem. New risk estimates could be easily computed if the process

of estimation 1s not modified, but 1f the results should modify the process

they might Imply entirely new risk figures. Considerations regarding the

consistency of the fitted dose-response relationship, with respect to the RBE,

or to the shape of the curve, might also lead to modifications of the fitting

process. Sensitivity analysis 1n relation to these rather qualitative

judgments 1s difficult to perform. Finally, 1t Is worth noting that not all

the possible alternatives have yet been explored. For example, there 1s at

present no risk estimate from studies In animals to be compared with

epidemiological studies: 1t 1s only possible to compare the percentage of loss

of life expectancy 1n animal study and ep1dem1olog1cal surveys [U2, Annex H].
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Animal experiments appear to produce estimates which are an order of magnitude

above those derived from human data, but 1t should be recalled that such

analyses were not aimed at producing extrapolations to man, so that any direct

comparison could be unwarranted. Finally, there 1s no model which allows a

comprehensive evaluation of new and past exposures under the hypothesis of

quadratic or 11 near-quadratic models.

115. Attempts have been made to quantify the role of different variables at

the various steps of the assessments. It 1s clear that the results of

sensitivity analyses of the life-long risk under various assumptions must

differ for various authors, since a given estimate may depend on the values of

the whole set of parameters. Tables 10 and 11 provide some quantitative

figures. According to an absolute risk projection model, the central value of

the estimates for the Hfe-long risk may range between 70 and 250 10"

excess cancer per Gy [Ul, II, N3]. Separately, each class of variability

factor appears to add an uncertainty by about a factor 2 to 3. Approaches

have been described which are more conservative than those giving rise to the

usual estimates, for which the qualification of "reasonably conservative" used

by ICRP [12] seems to apply.

T a b l e 10

Magnitude of some variability factors
[H5]

Theoretical hypothesis
Linear-quadratic •*• linear x 2
Absolute risk •* relative risk x 3(1 to 8) a/
LSS mortality -» summed sites x 2 to 3
Dose distribution effects * 2 to 10

Parameters of population
0-20 years group *» average x 1.3 to 0.17
Hale •• female x 1.4
Previous doses x 5 b /

a/ Depending on age group.
b/ For marginal effect, with linear-quadratic

model, on a 200 rad basis and with no effect
of time distribution of dose.
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T a b l e 11

Magnitude of some
CRT

Assumption

Assumptions A a/
Lifetime expression assumed for
most solid cancers

No lifetime expression of high
risk from irradiation
£ 10 years of age

Oose-rate effect Ignored for
low-LET radiation

Sensitivity population subsets
not considered for general
risk estimates

Assumptions B b/

variability factors
, N3]

Possible effect
on calculated

risk

Overestimation

Underestimation

Overestimation

Underestimation

Approximate
quantitative

factor

2̂x

2x

~2x

2-3x

Cell-survival effect omitted
(linear extrapolation
not followed)

Cancer mortality emphasized
instead of incidence

Sex difference not emphasized

Use of Japanese data as sole basis
for risk

In utero cancer Induction ignored

Underestimation 2x

Underestimation 2x
Females:

underestimation 1.5x
Kales:

overestimation 1.5x

Underestimation 1.5x
Underestimation small

a/ Assumptions accepted by the 8EIR Somatic Effects Subcommittee [N3],
b/ Assumptions not accepted by the BEIR Somatic Effects Subcommittee.

116. There are profound differences between the basic approach to radiation

cancerogenesis and the pragmatical assessment of risk estimates. A good

example is found in the analysis of the shape of the curve where the use of a

linear-quadratic as opposed to a linear model, results in a relatively small

change 1n the risk estimate (a factor between 2 and 3). The increase of the

confidence Interval associated with the choice of a linear-quadratic as

compared to a linear model 1s quite Important. Purely quadratic functions

might imply higher differences, but it is still not possible to apply such a
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model to calculate the effect of small dose Increments owing to the lack of

knowledge of the Impact of remote exposures. Uncertainties 1n data collection

add another and quite Independent difficulty.

117. In addition to providing some measure of the overall variability, the

present analysis Identifies different sets of variability factors: some are

linked to basic scientific uncertainties, others are associated with various

methodological options or with the choice of numerical parameters and have

therefore a purely pragmatic Interest. Among the latter, an appropriate

choice of the Index of harm, the decision to aggregate or not sex and age

groups, the use of suitable life tables may add to the overall variability of

the risk estimates, even though they do not reflect true scientific

uncertainties. Better knowledge of the Interplay of different variability

factors should allow development of more elaborate methods and techniques of

risk assessment.
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Appendix A

EXAHPLES OF SENSITIVITY ANALYSIS

Al. This Appendix 1s the first draft of a chapter which alms at

quantitatively Illustrating the general considerations on scientific

uncertainties developed in the first part. A computer model has been

developed 1n order to perform parametric analysis of different variability

factors and indexes of radiation harm. Considering the number of assumptions

and of parameters included in the model, the Secretariat would like to receive

advice from the Committee as to the most appropriate choices and the best way

of presenting the data.

A2. The to various parameters and assumptions have already been discussed in

the main document. Essentially, three steps 1n the process of developing

quantitative risk estimates were discussed, namely, the selection of data

base, the fitting of dose-response curves, and the development of an Index of

harm. The Input for this last step 1s the extra annual Incidence of cancer

(IjA) derived from the epidemiological analysis. It has been shown that, in

this last step a high Interdependency between the variability factors made it

difficult to perform separate sensitivity analysis. In view of the large

number of combinations of the parameters that could be envisaged, 1t seems

appropriate to select some reference situations and compare the risk Indices

obtained in such cases.

A3. The following factors will be taken as the parameters for the

sensitivity analysis:

(a) Biological results and assumptions concerning the relationship between

extra-incidence and dose. These Include risk coefficients, plateau

duration, shape of the dose-response curve, projection model (absolute

versus relative).

(b) Demographic factors. The distribution of the populations by age shows

large differences among countries. For example, the 0-14 year age group

represents more than 40% of the total population In over one-half of
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countries and almost 20% for most of the developed western countries. The

mortality rate 1s also an Important parameter for consideration, since the

expression of the radiation risk 1s clearly linked to life expectancy.

(c) Ep1dem1o1og1ca1 characteristics of the population. The utilization of

the relative risk model of protection Implies the use of age-spedfic

cancer rates which largely differ among countries.

(d) Analysis of specific groups. Occupational exposures Imply the use of
specific parameters describing their demographic, ep1dem1olog1cal and
exposure characteristics.

A4. For the sensitivity analysis 1n the case of exposure of the population

at large, different reference situations will be used to cover the variance of

demographic and ep1dem1olog1cal parameteres. These situations are taken to be

representative of the combination of two aspects: "young" versus "old"

populations, and "low" versus "high" mortality rates. At the present stage of

the analysis, three countries (Salvador, Sweden and the United States of

America) have been selected to serve as reference populations. Other

countries might of course be considered.

A5. A first type of sensitivity analysis may be performed on the basis of

either whole-body or bone-marrow doses taken arbitrarily 1n the range of

plausible values. This approach allows to use the age- and sex-related risk

coefficients for the annual Incidence of cancer as published by BEIR [N3]

(Table A1). This 1s the most readily accessible set of parameters which takes

Into account the age and sex factors for the computation of the annual

extra-Incidence of cancer and leukaemia. A limitation of this approach lies

1n the fact that it mainly allows consideration of whole-body Irradiations in

relation to cancer of all sites. Despite this limitation, this analysis has

already been performed by some authors [C5].

A6. Another approach consists in relying on published estimates of doses to

populations due to different sources, such as those previously derived by the

Commute [U5], In this case, the data are given in terms of effective dose

equivalent (per caput or collective). This expression of dose (as defined by

ICRP 1n Publication 26 [II]), 1s based on the use of a given set of

organ-specific dose-response relationships. Also, the weighting of the doses

to different organs implies linearity for all the site-specific dose-response
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T a b l e AT

Age at
Irradiation

0-9
10-19
20-34
35-49
> 50

Estimated excess Incidence (and mortality)
from low-LET radiation

Fatal cancers other than leukaemia
and bone cancer (solid cancers)

Absolute

Males

0.19
0.146
0.433
0.529
0.881

risk a/

Females

0.258
0.196
0.581
0.710
1.182

Relative risk b/

Males Females

0.0279 0.344
0.00402 0.00536
0.00282 0.00497
0.000846 0.00205
0.000679 0.00158

Leukaemia and
bone cancer

Absolute risk c/

Males

0.398
0.185
0.260
0.192
0.432

Females

oo
o 

o 
o .254

.119

.166
,124
.276

a/ Annual Incidence per 10-2 sv; number of deaths per 10s;
(Table V-20 1n BEIR III [N3]); linear model; latency period 10 years,

b/ Data were computed with an assumed latency period of 10 years
from BEIR III [N3] and RERF.

c/ Annual Incidence per 10~2 Sv; number of deaths per 105;
(Table V-20 1n BEIR III [N3]); linear model; latency period 5 years;
plateau duration 20 years.

curves. Under these conditions, the sensitivity analysis must be restricted

to factors which comply with the- ICRP risk assessment system and concepts.

For example, 1t 1s no longer possible to use age specific coefficient for

annual extra-Incidence of cancer. Indeed, the Hfe-Iong risk estimates will

depend only on demographic factors (longevity). It 1s however possible to

modify the risk coefficients by a multiplicative factor which will be

necessarily the same for all sites, and thus to assess the relevant changes

Induced 1n the different Indexes of harm.

A7. As stated above, there are some limitations when performing a global

sensitivity analysis. The two data sets (whole-body dose and risk

coefficients 1n BEIR III [N3], or effective dose equivalent and ICRP

coefficients) will allow sensitivity analysis as 1n Table AT. More exhaustive

analysis might of course be carried out by focusing on a given dose-response

relationship for a given site and fitting 1t to the basic ep1dem1o1og1ca1
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data. The presentation provided here is limited by the decision to work on

widely available data providing the extraannual incidence of cancer versus

dose. At this step, the assumed curve is linear. The analysis consists in

changing the value of the risk coefficient within certain limits. As stated

before, it is not advisable to use a quadratic curve, neither to compute the

contribution of a quadratic term in a linear-quadratic model. Comparison of a

linear-quadratic to a linear model is. actually equivalent to comparing the

linear coefficients 1n the two models. Therefore the variation of these

coefficients allows the comparison of the models.

A8. As described 1n Table A1, age- and sex-specific annual Incidence

coefficients are available only in the BEIR III Report [N3] and this is also

the case for relative risk coefficients. Changes in the projection model can

thus only be tested in this case. When doing so, it is possible to Introduce

different "natural" rates of cancer Incidence in the populations under study,

according to the reference situations referred to above. It should be noted

that the plateau period for the expression of cancer may be taken as a

parameter, while the latent period may not. The reason for this is that

computation of the risk coefficient assumes a given latent period (for

example, BEIR III is computed on a period starting in 1955) so that the

relevant risk coefficient is not valid for another latency. On the contrary,

the duration of the plateau 1s part of the projection model. In any case, it

is possible to choose the age and sex of the cohort at Irradiation. This will

affect the result via the life expectancy, whether or not the coefficients are

age-dependent. Alternatively, the index of harm can be computed for a given

age structure which is to be chosen from the population data of reference

countries. The life-table will also be chosen among these countries. When

using the ICRP coefficients, the weighting factors allow to compute specific

organ risk 1f organ doses are given. However, such analyses have not yet been

attempted here. As for the index of harm, there are. different possibilities

from which to choose, such as the excess mortality, the number of premature

deaths, or the loss of life-expectancy. Computations may be carried out for

the whole population, or an average Individual of this population or an

individual of given age and sex. In this latter case, a reference age on

which to base, for example, the loss of life-expentancy, has to be chosen. In

the present analyses this 1s the age at irradiation.
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A9. The following graph Illustrates the structure of the model used for the
sensitivity analysis.

I N P U T
Reference situations
(population structure, mortality,
cancer mortality)

Projection model (RR or AR)
Dose structure
Age and sex of the cohort at Irradiation
Single dose or continuous Irradiation

Dose-response
relationships

Cohort analysis
continuous exposure

Cohort analysis
single exposure

Population analysis
annual dose

O U T P U T

- Life-long risk of mortality
- Loss of life expectancy
- Other related Indices

A conversational part allows Introduction of Input data such as demographic
factors, plateau duration and the projection model. Three kinds of
computations may be carried out:

(1) the effect of a single exposure on a cohort of a given age and sex;
(11) the effect of a continuous exposure; or,

(111) the effect of an annual dose to a given population (mixed age and sex).
The parameters from the dose-response relationship and the population
Hfe-table and structure are then considered and the following Indices are
computed: loss of life expectancy; Hfe-long risk of mortality, different
kinds of other related Indexes.

A10. The hypotheses taken from the results of ep1dem1olog1cal studies are set

out 1n Table Al. They are derived from the BEIR III Report [N3] 1n the case

of the linear model. If the linear coefficient should be derived from the

11 near-quadratic fit 1n the BEIR Report, the age- and sex-spedf1c

coefficients should be divided by about 2.3. Therefore, although all the

following results on the detriment Index have been computed with the
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coefficients derived from the linear fit, 1t 1s sufficient to divide all the

Indices by the above factor to find their value under the other set of

coefficients.

All. The three features which characterize the reference populations - age

structure, overall mortality rates and cancer mortality rate (excluding

leukaemia and bone cancer) - are Illustrated 1n Figures AI, All and AIII,

respectively. Only the results for males are provided. Although males and

females differ within a given country with respect to these characteristics

(differences 1n life expectancy can be as high as 10 years), the conclusions

of a comparison between the reference population are the same whether males,

females or both are considered. In Figure AI, a very Important difference

between "young" and "old" populations appears. In many developed countries,

such as the United States of America and Sweden, a low mortality rate and the

recent decrease 1n birth rate have resulted 1n a relatively low proportion of

young people. Looking at the overall mortality rates (Figure All) one can

observe a difference of almost ten fold between high mortality (here Salvador)

and low mortality (here United States and especially Sweden) populations, up

to about 50 years. After this age the gap 1s reduced to become negligible

after 70 years. Some populations suffer from still higher mortality rates,

but the pertinent data cannot be found 1n documents such as the WHO Reports

used here. The third characteristic 1s the cancer mortality rate, which 1s

required when comparing on the basis of a relative risk model. In the

examples provided on Figure AIII, an 8-fold difference appears between

Salvador and the United States of America or Sweden. This difference persists

over the whole life span, so that 1t 1s easy to deduce that a relative risk

model applied to a country like Salvador will give much lower risk estimates,

possibly even lower than those derived from an absolute risk model.

A12. The analyses 1n Figures AI-AIII were performed on cohort analyses, 1n

which the sex and age at Irradiation were fixed and served as a reference for

the computation of the Hfe-long risk detriment Indices. They are the excess

number of cancer death and loss 1n life expectancy, knowing that the

Individuals were alive at a given age. In what follows all parameters are

varying together: age, sex, reference population, projection model, and Index

of the detriment. It should be noted that some of them pertain to scientific

hypotheses (projection model), while others are related to choices of
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different nature (Index of harm). Nevertheless, the sensitivity analysis will
deal with all of them at the same time.

A13. A first possible Index 1s the excess number of cancer deaths

attributable to radiation, or, rather, the number of premature deaths caused

by the exposure, since eventually all the cohort 1s supposed to die.

Alternatively, this Index can be Interpreted as the excess probability for an

Individual of dying from cancer; or, again, the probability of a premature

death, by comparison with what one might expect from "natural" mortality.

This figure, 1n most reports dealing with the subject, lies around 10 per

Sv and 1s assumed to apply to the average Individual 1n any population.

Figures AIV to AVII examine the variability of this Index as a function of

age, population structure, sex and projection model. When the absolute risk

projection model 1s adopted with no limitations on the duration of the

expression of rad1at1on-1nduced cancer ("life time plateau") the effect of age

(see Figure AIV) appears quite Important and 1n any case more Important than

the differences Induced by changes 1n the demographic parameters (I.e., the

life-table).

A14. For all populations, the pattern as a function of age follows the same

trend. At any given age there 1s as a maximum only a 15% difference between

populations. There are oscillations 1n the mortality up to about 40 years,

but after about 50 years the risk falls steeply, and the curves for the

different countries are no longer discernible. In spite of the very large

differences 1n life expectancies between the populations of various countries,

these results are not surprising, as these differences are mostly due to the

very high differences 1n Infant mortality. The life expectancies computed at

5 years are not so different (for example, 58 and 66 years 1n Salvador and 1n

the United States, respectively) and the number of years available for the

expression of the risk 1s therefore about the same. As shown 1n Figure AV,

the effect of sex appears more Important than the effect of the country. The

difference by about a factor of two observed at most ages depends on the fact

that, after Infant mortality, the difference between males and females 1n the

same country are higher than the differences between Individuals of the same

sex 1n different countries. It appears, 1n conclusion, that the effect of age

1s the most Important (although the differences before 30 to 40 years must be

seen with caution), followed by the effect of sex, and by a comparative small

effect of the population structure.
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A15. Using the same index, the analyses were performed by means of a relative

risk model. Figures AVI and AVII show that most of the variabilities are

amplified and the choice of the reference population emerges as the key

factor. For the case of Salvador, the absolute risk model gives higher risk

estimates at ages greated than 20 to 25 years, while In general the opposite

1s true for the developed countries exemplified here. For the average

Individual of a population such as that in Salvador, the relative risk

estimate 1s lower than the absolute risk estimate, Instead of about two times

higher, as in the other two countries. Together with the effect of age, the

effect of sex 1s also increased when a relative risk model is adopted, but not

to the same extent (Figure AVII). It should be recalled that the BEIR III

Report recommended that a relative risk model should not be applied.for ages

below 10 years. Thus, shifting from an absolute to a relative risk model

produces a change in the level of risk, but also in the dependence of risk on

age, and the decrease of risk with age appears more Important and more regular.

A16. On the same general bases, another Index, namely, the loss of life

expectancy, has been analysed. With an absolute risk model, the dependence of

this Index on age 1s again very important (an almost 16-fold difference

between age 5 and age 70 Instead of a 3-fold difference for the mortality

index). Looking at male data (Figure AVIII), the choice of the reference

country is not very important (the change of the index is possibly of the

order of 20%), and the same is true for the two sexes (see Figure AIX). Thus,

the main conclusions drawn in paragraph A15 with respect to mortality apply

also to loss of life, although in the latter case the effect of age is

substantially increased. When loss of life is analysed by the relative risk

model, its decrease with increasing ages is even more accentuated (see Figure

AX). In addition, there is an important drop between 30 and 40 years. Since

this is a rather young age, the discontinuity creates a difficulty which was

not obvious in the case of the mortality estimates computed by the absolute

risk model. The effect of sex 1s still Important, but much smaller than that

brought about by the change in the reference populations. Here again, a

relative risk model produces a lower risk estimate for countries with a

relatively low cancer rate, such as Salvador.

A17. It is difficult to draw clear conclusions from the cohort analyses since

the numerous parameters have multiple Interaction. However, it is interesting
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to notice that some situations are more stable than others. An approximate

scale of Importance of the various factors analysed 1s given 1n Table A2.

T a b l e A2

Importance of changing the age at Irradiation

Loss of life
Mortality expectancy

Index Index

Absolute risk
projection model

Relative risk
projection model

Whenever an absolute risk projection model 1s used, the mortality Index

appears to be very Insensitive to age, sex, and natural mortality variations.

The maximum difference covers only a factor of about three from 5 to 70 years

under all situations. At the other extreme 1s the loss of life expectancy

Index computed by a relative risk projection model: this Index becomes highly

dependent on age, sex and also on the characterises of the population, such

as the natural cancer rate. In this latter case, the factor of about 30 over

the whole age range, speaks against the use of a single value of the Index for

all cases.

A18. Further analyses were carried out under the assumption that a population

having an age and sex structure Identical to that of the reference countries

undergoes uniform Irradiation, to derive average risk Indices for the average

Individual 1n these populations. With the use of an absolute risk model (see

Table A3) the number of premature death (per 100,000 population) 1s almost

Identical 1n all situations. It appears that the higher percentage of young

people compensates for the slightly lower figure of the age-spedf1c risks 1n

populations like that of Salvador. Under these conditions, the use of the

United States population for reference demographic computations does not

provide unreasonable answers. There 1s some difference on the loss of life

expectancy Index, although not dramatic. The age structure results 1n a
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T a b l e A3

Comparison of detriment indices
(Single exposure of 10-2 sv to the total population (105) a/

Absolute risk model (BEIR III) [N3]

Population exposed

United States Sweden Salvador

Collective dose
Premature deaths b_/

Number of
person-years lost

Mean loss of life
expectancy per
cancer or leukaemia

103 man Sv 103 man Sv TO3 man Sv
18.8 18.3 18.3

(M:16.5; F:21) (H:16.3; F:20.4) (M:15.7;F:20.9)
453 417 517

(K:402; F:502) (M:375; F:459) (M:438; F:597)

24.1 22.8
(M:24.4; F:23.9) (H:23; F:22.5)

28.2
(H:27.9;F:28.6)

Expected number
of cancer deaths
(total) 20 900 21 200 2500

Percentage increase
of natural cancer
mortality 0.09 0.08 0.7

a/ Representative sample of the total population, both sexes,
b/ Value based on ICRP coefficient = 12.5 deaths.

higher risk for the average person in a Salvadorian-type population, despite

the fact that all age- and sex-specific risks are lower. The mean loss of

life for the victim of a radiation-induced cancer appears somewhat higher than

1t 1s often assumed (for example, 15 years in ICRP Publication 27 [12]).

Computations based on the relative risk model, as recommended by the BEIR

Committee (see Table A4) show a higher risk measured by both Indices for

populations such as those 1n the United States and Sweden. On the contrary,

for populations such as that in Salvador the figures are not greatly changed.

It is concluded that before applying a relative risk model one must take Into

consideration the demographic parameters of a country because using the

populations of developed countries as reference may lead to erroneous
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T a b l e A4

Comparison of detriment Indices
(Single exposure of 10-2 sv to the total population (105) a/

Relative risk model (BEIR III) [N3]

Collective dose
Premature deaths b/
Number of

person-years lost
Mean loss of life

expectancy per
cancer or leukaemia

Expected number
of cancer deaths
(total)

Percentage Increase
of natural cancer
mortality

United States

TO3 man Sv
44.7

734

16.4

20 900

0.21

Population exposed

Sweden

103 man Sv
41.4

620

14.9

21 200

0.19

Salvador

TO3 man Sv
18.5

460

24.9

2500

0.74

a/ Representative sample of the total population, both sexes,
b/ Value based on ICRP coefficient = 12.5 deaths.

conclusions. A specific population, such as the working population, has also

been compared with the population at large. It appears that the differences

1n both Indices are noticeable (6 to 7% more by the number of death, 10% less

for the loss of life expectancy) although not drastic; with more specific

subgroups they could of course be higher.

A19. In addition to providing examples of sensitivity analyses, these

parametric studies have exemplified the multiplicity of the risk Indices to be

utilized. So far this Appendix has mainly focused on the excess mortality and

the loss of life expectancy, but the mean loss of life per Induced cancer (see

Tables A3 and A4) 1s also an Important reference value. For the average

Individuals 1t may vary from 15 to 28, according to the various assumptions.
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Other Indices, such as the ratio of the loss of life expectancy to the normal
life expectancy, or the ratio of the radiation-induced cancer probability to
probability of natural cancer (which are of Interest for the Individual
detriment) may also be informative. From the point of view of the
socio-economic impact of radiation exposure, it may also be interesting to
compute the loss 1n the working life expectancy.
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Figure AI.

Age structure (males). Effect of different populations.
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Cancer mortality rate (males). Effect of different populations.
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Mortality associated with a single exposure (0.01 Sv, whole-body Irradiation)
Effect of age at exposure for different populations.
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Mortality associated with a single exposure (0.01 Sv, whole-body 1rad1at1on)
Effect of age at exposure and sex for two different populations

on an absolute risk model.
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Figure AVI.

Mortality associated with a single exposure (0.01 Sv, whole-body Irradiation)
Effect of age at exposure for different populations.
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Mortality associated with a single exposure (0.01 Sv, whole-body Irradiation)
Effect of age at exposure and sex for two different populations

on a relative risk model.
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Figure AVIII.

Somatic detriment (life lost) associated with a single exposure
(0.01 Sv, whole-body Irradiation). Effect of age at exposure

on an absolute risk model.
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Figure AIX.

Somatic detriment (life lost) associated with a single exposure
(0.07 Sv, whole-body Irradiation). Effect of age at exposure and sex

on two different populations on an absolute risk model.
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