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D.95 
Foreword 

In this paper, it will be shown how dose-response relationships allow to give 
quantitative figures for the detriment of irradiation. At this stage, the detriment is 
expressed directly as a certain number of "health effects", whose valuation is not 
dealt with here. The present tools for quantifying, their weaknesses and their 
strerights, and their scientific basis will be developped. 

1. The ICRP system for quantifying the detriment 

Effects of irradiation which must be considered in ALARA 

Among the various effects of irradiation, only the late effects are to be handled 
with in optimisation processes. The somatic non stochastic effects, such as death, 
temporary sterility, lense opacification..., appear only above a certain level, and 
their severity is proportional to the dose. The dose limitation system aims to 
prevent these effects, sometimes called immediate effect (although they can 
actually appear after many years, such as is the case of lense opacification). 

Tabic 1 : The effects of irradiation 

SOMATIC EFFECTS 
Non-stocnestie -Death 

-Lense opacification 

-temporary sterility 

* Stochastic -cancer Induction 

GENETIC EFFECTS 
> First two generations 

• Equilibrium level 

_ Detriment to te tejrea into account in ALAS A studies 

On the contrary, the other effects can appear whatever the dose and are therefore 
expected to occur even below dose limits. Only their probability of occurence 
decreases when the dose decreases, but not their severity. These, cancer induction 
and genetic effects, are thus the one to be dealt with in an ALARA procedure. 
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1.1. - The ICRP concepts for radiation protection 

One of the problem of radiation protection was to found an index of exposure which 
could apply to the various kind of radioactive exposures and to the different organs 
involved. The. ICRP developped thus the concept of "whole body effective dose 
equivalent"/!/ (see figure 1). 

QUALITY FACTORS _ DOSE EQUIVALENT 

H = 0 . 0 + Q D t n n y -y 

- • H . ,W ,H , 

-» H 2 . V . H , 

H = ZW. H. 

WEIGHTING FACTORS 
I 

EFFECTIVE DOSE EQUIVALENT 

Figure 1 : Setting up the "whole body effective dose equivalent" 

First, the use of quality factors allows to express the physical doses (in Gray) from 
different radiations (a,j3 > "( > neutrons) in terms of "dose equivalent" (in Sievert). 
These factors take into account the difference in the biological efficiency of the 
different radiations. This is a complex question and it should be borne in mind that 
the "quality factors" approach is a simplified one, for the purpose of radiation 
protection. 

Secondly it has been admitted that the distribution of doses within a given organ 
could be neglected, and that it was possible to sum up the information by a single 
figure, the "organ dose". Thirdly, the ICRP published "weighting factors" (see table 
2) in order to allow the aggregation of the doses of all organs. It is therefore 
possible to compute an "effective dose equivalent" which is the whole body dose 
which would produce the same effect, and it is on this index that the .05 Sv limit 
applies. 
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Table 2 : The ICRP 26 weighting factors. 

Time Wr 

Bone surface 0.03 
Red bone marrow 0.12 
Lung 0.12 
Thyroid 0.03 
Breast 0.15 
Other tissues 0.30 
Gonads 0.25 

These figures are computed for the "standard man", their definition implies that 
the risk for the partial irradiation of a single organ is known, so that the weighted 
doses for the various organs bear the same risk. 

An other concept has been introduced, the "collective dose", (more properly the 
collective effective dose equivalent). This latter index is simply the addition of the 
doses of all the individuals which receive some irradiation from a given activity. At 
this steo. it is possible to use a single index to express the potential harm of 
irradiation of manv kinds to different carts of the bodies of different individuals. 
The ICRP suggested that the detriment must be computed on this basis. 

1.2. - The dose response relationships and the main hypothesis 

From the collective dose, ICRP 26 makes it possible to derive the expected number 
of effects, using the coefficient of a linear non threshold dose response relationship. 

(1) N = 1.S5 10"2 x H 
Where 
N is the expected number of effects 
H is the collective whole body dose equivalent (in Sv) 

In the case where only one individual is looked upon, (1) will then provide the 
probability of occurence of a late effect due to irradiation. When dealing with 
whole body irradiation, the 1.65 10" effects to a 1 Sv irradiation can be splitted as 

2 2 
follow : 1.25 10 is the extra-risk for the individual of dying of cancer, .*0 10 is 
the genetic risk for the first two generations. When only partial irradiation is under 
study, the risk is still 1.65 10 per 5v of weighted dose equivalent, but the 
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nature of the detriment may vary accordingly to the organs. It will be for instance 
a pure cancer risk if only the lungs are exposed. As a matter of fact, behind the 
system of several weighting factors and a unique dose response relationships are 
underlying several organ specific dose-response relationships (see ICRP 26 § M to 
60). Table 2 and eq(l) allow to reconstruct them. A pecuniary cost analysis can 
therefore be performed to show how the cost of the detriment may vary 
accordingly to the exposed sites (see /2/). 

Sometimes the dose-response relationship is slightly different, although still relying 
on ICRP, and is written as (2) : 

(2) N = 2.07 10" 2 xH 

The difference is due to the fact that genetic effects to other generations than tne 
first two are taken into account (and also, but this is smail, that a mortality rate 
has been given to cancer of the skin). Eq(l) was more favoured when looking at the 
acceptablity of a detriment for a given individual : he was supposed not to suffer 
from what could happen to his grand son's children. Eq(2) seems more sound when 
looking at the collective detriment. Anyway these are value Judgment which will 
not be considered here, but it should be born in mind that, when using 2.07 instead 
of 1.55 10"" effects Sv" , the weighting factors are not the same. Indeed the tumor 
induction rate for a given organ must remain unchanged whether genetic effects on 
further generations are taken into account or not. It was equal to w_ x 1.65 10" 
per Sv at the organ, it can also be written w_' x 2.07 10 " per Sv and it is therefore 
easy to deduce the new weighting factors. 

Such a system allows to quantify the detriment on health from any irradiation by 
the mean of the dose-response relationship. Although the ICRP has been slightly 
further in recommanding its use in ALARA process, the main scientific committees 
involved in radiation risk assessment have provided such dose-response relations
hips in the past ten years. This is the case of the United Nation Scientific 
Committee on the Effects of Radiation, and of the committee on the Biological 
Effects of Ionizing Radiation of the US National Academy of Sciences (/3/, I1*!, 
151). Satisfactorily enough all these risk estimates have been quite close to each 
other, and the overall dispersion range is of about a factor two. An important 
problem has been raised, however, when the last report of the NAS of the US 
stated that the dose-response relationship might well be non-linear. 
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This is in fact a key issue, since the dose response relationship is the key-stone of 
the above described system. It not only allows quantification of the detriment when 
collective doses or whole body effective dose equivalents are known. But the very 
definition of these concepts relies on the existence of a dose-response relationship. 
In addition, the dose-response relationship must be linear when adding doses of 
different magnitude to different individuals. This is also the condition for using the 
same weighting factor at different dose levels. These are assumptions which are 
necessary for performing ALARA analyses. But in fact very often, any kind of 
radiation protection must admit that organ doses and Sievert are meaningfull 
magnitudes. This will be assumed here, and the main questions which will be dealt 
with is the linearity and the range of possible values for a dose response 
relationship. The fact that health detriment is generally computed as a single 
index, the average life long risk of supplementary cancer death rather than as an 
other index number of years lost for instance can also affect the result of ALARA 
studies. Although this is not of fundamental importance from a theoretical 
standpoint, this question will be examined too. 

2. Background for dose-response relationship 

2.1. - Radiation protection principles and dose response relaronship 

Why orjtimisation might imply a different relationship ? 

When the last statement of the US NA5 has been published (the "BE!R m") report, a 
bitter controversy has followed on the right shape for the curve of the dose-
response relationship for somatic effect, due to a lack of consensus among the 
scientists involver in its preparation(i). To some extent the idea that such a dose-
response curve aimed to optimisation was the incentive for such a controversy. 

(*) This controversy has ended quite quickly, since, at the same time, the 
publication of new dose data for Hiroshima and Nagasaki bombing has started, so 
that these data are worked out again. /6/ . 
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Fundamental knowledge on Radiation Carcinogenesis 

/ \ 
DOSE-RESPONSE RELATIONSHIP 

/ \ 
Best estimate ol tne detriment Conservative approach: 

Is .0; Sv a sale limit.? 

Quantification (or ALARA analysis n ' . Quantification (or standard setting 

Figure 2 : Radiation protection, quantification and dose response relationship. 

As suggested in figure 2, there might be indeed a connection between the purpose of 
quantification and the resulting dose response relationship. So far, quantification of 
the detriment aimed to set an exposure limit, and the issue was to know whether it 
was acceptable or not. Since our knowledge on radiation carcinogenesis still suffers 
from some limitations, certain assumptions are to be made when trying to assess 
quantitative figures for the risk. In the standard-setting approach, it appeared 
sound to adopt a conservative attitude in doing so, since there were no incon
vénients in overestimating the risk. When aiming to optimisation, the conservative 
approac'' has been criticized, since it might introduce some bias and thus lead to 
choose non-optimal solutions. It has therefore been suggested that the dose 
response relationship" should be based "on best estimate fits rather than on 
conservative ones. Ana this gave rise to controversies in the field of radiological 
risk as well as for other carcinogens 171. Among many other consequences, the 
shape of T h e curve has been questionned. 

The theoretical basis for dose response relationship 

It is difficult to understand why these changes in the goal of the quantification 
have such an impact on the dose response curve and other parameters, if one does 
not keep in mind the very specific scientific status of a dose response relationship. 
First our knowledge on the mechanisms of radiation carcinogenesis is still limited. 
In spite of the observations accumulated about the various effects (micro-
dosimetry, point mutations, chromosomal aberrations, malignant transformation 
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of cells in vitro, animal experiments and epidemiology), all of this knowledge 
cannot yet be interpreted within the framework of a comprehensive theory. Second, 
the search for a dose response relationship -and this is a consequence of what was 
said above- is an essentially empirical process. The observation of an extra cancer 
risk at relatively high doses (about .5 Sv) and the plausibility of a causal 
relationship between ionizing radiation and cancer induction are sufficient grounds 
for implementing such a process. The only aim of the relationship is to provide 
quantitative estimates for radiation protection, let it be within the framework of 
optimisation or not. It is not to proove or to discard the theoretical hypothesis on 
radiation carcinogenesis. Therefore, the fundamental knowledge on the carcino
genesis will mainly be used as a "theoretical framework to distinguish what makes 
sense from what does not" / 8 / . 

The practical process will consist in fact in fitting some curve on the points at 
which it is possible to observe the effects of irradiation. That is mainly, either on 
Hiroshima and Nagasaki population sample or on medically or occupationally 
irradiated samples. The shape of this curve is indeed an issue, but it is a parameter 
among many others since it is necessary to extrapolate from observed values to 
lower doses, to other dose rates, to other kinds of radiations, to other populations 
and so forth... In the following part, we shall try to list all the sources of 
variability which can affect the eventual figure of a risk estimate. This will 
encompass scientific uncertainties in the classical sense, but also some more 
empiricii choices such as the decision to rely on one sample rather than an other, 
or even the way to make the necessary simplifications. The purpose will be to 
identify which are the key factors, when looking at the final results rather than 
examining theoretical considerations, and to look at the validity of the hypotheses 
which are necessary for operating ALARA analyses. 

2.2. The curve fitting process 

The main steos of the process 

As sketched out in figure 3, three main steps can be distinguished in the process of 
deriving a quantitative index of the detriment. It is not possible to fully describe 
here ail the hypotheses as well as their grounds, theoretical or not. Rather, this 
paper will try to exemplify the major options which have been taken by the main 



- 1 0 -

scientific committees. Although it is of importance, the question of neutron dose 
response relationship is only occasionnally dealt with. An important work has been 
actually performed in this field, scientits as doctor Rossi raised this question 
/9 / and since the reassessment of Hiroshima and Nagasaki dosimetry. But, so far, 
no proposals have yet been made by the committees dealing with radiation 
protection. The genetic effects will also be left aside, for no controversy has 
been developped, and the BEIR III considers them as being linearly connected with 
the dose as did the previous work. 

In vitro • Anlaal Kin 

j ' S imd sit* HiroshiM-ltasisaM 

t ' Morbidity Morality 
DATA BASE 

L_ 

FITT1NC PROCESS 

x Lluir Unur-aiidntie 

i Absolute risk Relative risk 
EXTRAPOLATION _ / \ /< 

A N 
Figure 3 : Steps and alternatives in deriving quantitative risk estimates. 

The first step consists in selecting the data set on which to base the quantitative 
assessment. So far ICRP, NAS and UN5C5AR have agreed on relying on human 
data. However results from animai or in vitro studies are not completiy absent 
from the process, since they are of help when judging of the plausibility of some 
results. At this step, one can act as did the NAS ; studying a popuiation which has 
suffered whole-body irradiation and directly connecting the extra incidence from 
all cancers (only leukemia has been treated separately) to the whole-body doses 
(which is thus a true whole-body dose and not the ICRP concept of whole-body 
effective dose equivalent). The UNSCEAR and the ICRP a.'opted an other 
approach, which can be grossly described as the "summed site" approach. There, 
data from all irradiated populations are compiled for every site and dose-response 
relationships are assessed site by site and then summed up. This gave rise, for 
instance, to the weighting factors. This late option allows to use medical and 
occupationnai data, for these are generally partial irradiations, while the first one 
implies to use almost exclusively the data on the survivors on Hiroshima and 
Nagasaki. Both methods have advantages and d;sadvantages,and there is no 
definitive criteria upon which to base "he choice. Some competing effects for 
instance may result in a lower risk estimate in studies dealing with whole body 
irradiation, but this effect is generally considered as low /$/. 
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An other choice is still to be made, between mortality and morbidity data. Here 
again both data sets have their supporters, morbidity seems to result in slightly 
higher estimates for Hiroshima and Nagasaki, but since these are two different 
samples, there are no fundamental reasons for such a situation. At the tnd of step 
1, data are presented in such a way that the values of a "dependent variable", 
usually an incidence of cancer, are computed for two or more dose groups of the 
population. The dose is then the "explanatory" or "indépendant" variable. In some 
cases, when neutron and 7 doses are mixed as in Hiroshima and Nagasaki, two 
indépendant variables are considered. It should be clear that at this step the "risk" 
is an extra annual incidence of cancer, generally averaged over the observation 
period, sometimes after that a latency period have been discounted. At t.':e same 
time, the dose is not the total dose of every individual, but the average dose due to 
a canicular event or sequence of events in a dose group. Neither in Hiroshima and 
Nagasaki, nnr in medically irradiated group, does the "dose" take into account the 
previous cumulated dose. The "risk" which is therefore computed is the risk of an 
additive irradiation. Of course these irradiations, medical, occupational or due to 
bombing are generally greater than background doses, even cumulated, and this is 
rather a formal remark. Nevertheless one must be cautious when fitting a 
particular shape of curve on such observed data. 

Table 3 : Output of the main data steps. 

1 ' step : Choice of a data base 

Output : rearranged sample as follows 
Cose groups : 1 2 3 

Time averaged net incidence of cancer : I- , (D,) , I_, (D,), I j , (D,) 

Mean doses : D, D, D, 

2* step : Fitting of the dose response curve (2) 
( 2 ) : I T A = ( a o + a i D + ( v 2 D 2 ) e ( - ^ D - / 3 2 D 2 ) 

Output : a,, a2' jSi» j8? a n c ' associated standard deviation 

3* step : Computation of an index of the detriment 
Example : Life long risk = 1.25 10"2 H 
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Once the data are presented in such a way, the problem is now to fit a functionnal 
relationship on the observed points, which are generally between five and ten in 
number. It is at this step that the choice of the shape of the curve is of 
importance. The general form of table 3, known as "linear-quadratic with cell 
killing", needs indeed to be simplified before being fitted because of the paucity of 
data. 

The third steps consists in deriving an index of harm from the "dependant variable", 
which, at the present time, is simply an extra incidence of cancer averaged during 
the observation time. Since the cohorts in epidemiological studies are still far from 
being extinguished, it must be stated whether this extra annual incidence will 
disappear, remain constant or increase in the forthcoming years. This is the 
question of the "projection model". Together with the assumption on the projection 
model there remain many extrapolations to perform. Is the observed population 
representative of any other population which might be irradiated ? Is it possible to 
discard the possibility for specific subgroup to be specially sensible to irradiation ? 
To which extent the effects observed at the high dose rate of medical irradiation 
or bombing are significant for assessing the risk of the low dose rate exposures 
which are more typical of public exposures, etc... ? Many theoretical problems of 
this kind have to be solved, or at least given a pragmatic.answer. At the same time 
the choice of the proper index to express the risk remains open. After the time 
averaged excess incidence of step 2 have been projected for a whole life span, it is 
still possible to choose to compute the life long risk of mortality associated with 
this extra-risk - this is the usual "life long risk" of ICRP - or the loss of life 
expectancy. It must also be stated whether average figures are sufficient or whether 
age, and sex specific ratios are needed. Among all the pragmatic choices which 
have been described here, it is worthwhile to focus on two of them which have 
been widely discussed, the shape of the curve and the projection model. 

The choice of the shape of the curve 

For the epidemiologist, the problem is to reduce the number of parameters to be 
fitted in equation (2). He may find some guidance in radiological theories or in 
animal experiments, but so far the results in this field do not provide definitive 
solutions. The practical way is thus to constraint some parameters to be zero (see 
figure *). 
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Figure fr : The shapes of the curve. 
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It is generally assumed that the exponential term can be neglected. This factor, 
known as "cell killing effect", aims to describe the fact that at relatively high 
doses (around 3 Sv ?)some cells are destroyed and cannot therefore give rise to 
malignant transformation. By doing so, the risk estimate will be underestimated, 
may be by a factor of 1.5. As for the other coefficients, there is no consensus as 
for the cell killing terms. The a, term can be contrained to be nui, and this lead to 
the quadratic (Q) model. If the a_ term is nul, this means using a linear (L) model. 
At last a free adjusment consists in adopting a linear quadratic (LQ) model. 

A quantitative illustration can be derived from the BEIR HI report, with the fit of a 
dose response relationships on Leukemia data from Hiroshima and Nagasaki. There 
equation (2) is sophisticated since the neutron dose must be taken into account and 
it can be written as (3) : 

(3) ! T A = a l D + a 2 ° 2 + 0 D n 

Here I-., is still the time averaged net incidence of Leukemia on the observation 
period (from 1950 to 1974 in this case). The results of the fit are given in table 4. 

Tabie & : B£IR HI Fit on Leukemia data. Unit : 10 excess annual incidence per 5v. 

" LQ " R • 0,59 

(.33) 

D « 0.00SJ D 2 

(0,0036) 

• 27,3 D„ 

(7,:) 

L R • 

(.£0) 

D * 0 • 23,» D n 

Q R •_ 0 • 0,01» D 2 

(0,004) 

+ 31,1 D„ 

(6,9) 

This figures can be considered as somewhat out-dated since tile dosimetry data are 
being revised. Some tentative analyses showed an increase of about 20 % of the a 
risk coefficient /9/ . However this does not undermine their illustrative power. First 
it should be quoted that these coefficients, although empirical, have radiological 
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meanings. The curvature index, r, (r = a.^1 CKj) is frequently compared to £ , a 
coefficient derived from the microdosimetric theory of dual interaction /10/. 
Would no phenomenon interfere between the hit of a cell nucleus and cancer 
induction, then J would be equal to 1/r. An other ratio (S/a, is the ratio of the 
neutron dose versus gamma dose efficiency. It is generally called Radio-Biologicai 
Efficiency (RBE), and this concept is connected to the Quality Factor of ICRP. 
These remarks illustrate how the theoretical background interfere with the 
statistical considerations in the fitting process. For example, the BEIR committee 
rejected a direct fit for cancers other than leukemia for the reason that the RBE 
was not "consistant with other evidences". In this respect, it must be noticed that 
the RBE is dependant on the shape of the curve for gamma radiations (about 10 
with the linear model versus 30 with the linear quadratic one in this example). But 
this interaction between epidemiology and other considerations is generally "soft", 
since the latters do not provide figures accurate enough, and it has been called on 
epidemiology to discriminate among the models. As shown here, the goodness of fit 
test (with probability of .49, .49, .42) do not allow to reject any of the three model. 
So, once it has been decided to try many models, neither theoretical nor statistical 
considerations can operate a discrimination. It is also interesting to look at the 
variancies of the estimates (number in bracket are the standard deviations in table 
ft). Although not excellent they are acceptable for neutron coefficients and in the 
linear and purely quadratic model. But for the coefficients of the linear quadratic 
model the SD is almost equal to the coefficient, which means a SO % confidence 
interval between 0.05 and 1.90 for the linear term. This does not mean that a linear 
quadratic model does not correspond to the reality, but that it cannot be fit 
accurately with the available data. The reluctancy of most epidemiologists to use 
the "sophisticated" models of raciobiologists is grounded on these constraints /$/, 
and the reassessment in Hiroshima and Nagasaki dosimetry will not change this. 

Among the conclusions of this analysis is the fact that there is about a factor 2 
between linear and linear quadratic models, and that it is more a quantitative than 
qualitative difference. The linear quadratic model is in fact quasi linear, with a 25 
% departure from linearity at .3 Sv. In addition the coefficients are rather loose 
estimates in that case. 
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Absolutc and relative risk projection model 

Since the excess risk coefficients are derived from a survey shorter than the usual 
life span, one has to predict what will be the excess annual incidence at older ages. 
Except in the case of leukemia, no extinction of the extra risk seems indeed to 
appear during the survey period. After the irradiation has occured, the variation '.i 
the extra risk with age does not show clear patterns. 

There are two possible situations which can be illustrated by figure 5 !\2l. The 
extra incidence may remain constant with age, and it is thus said that the absolute 
risk is constant (see stomach cancer). This extra incidence can also increase with 
age, together with the "natural" incidence (see lung cancer). This is the case where 
the relative risk (ratio from extra incidence to natural incidence) is constant. The 
reality may well lie between these two evolutions, but at the present time only two 
solutions are available for projecting the extra incidence : assuming that the 
absolute risk will remain constant - the absolute risk projection model-, or that the 
relative risk is the unvariant parameter- the relative risk projection model. ICRP, 
UNSCEAR and BEIR III adopted the first one, in the BEIR m report the NAS 
computed the two alternatives. 

Since cancer rates are usually increasing with age as an exponential function, the 
differences may be very important. This is especially true for people irradiated at 
younger ages, since the follow up ends, too, at younger ages. These differences in 
the extra-incidence however are not straighforwardly meaningfull when looking at 
the life long risk itself. Many years after irradiation they become very huge, but 
since one has to take into account the low survival probabilities, the effect is 
deflated. In order to analyse the impact of these alternatives, a life long risk index 
has to be chosen. The usual one, the excess number (or probability at the individual 
level) of deaths from cancer over the Jife has been computed here to exemplify this 
phenomenon (see figure 6). 
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Stomach cancer deaths per 1000 persons a l i v e 
on 1 October 19S0, by age ATB and T65 dose. 

. cumulative 1950-1974, Hiroshima 

Lung cancer deaths per 1000 persons a l i v e 
on 1 October 1950, by age ATB and T65 dose, 

cumulative 1950-1974. 

Figure 5 : Variation of the risk with time after exposure for some cancers in 
Hiroshima and Nagasaki /12/. 

The annual incidence rate of the 0-9 rad group is compared to the one of the 100 
rad and more group, for different Ages at Time of Bombing (ATB). 
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Relative risk 
Absolute risk 
Males 
Females 

m o. 
01 01 u u 

Age at irradiation 

Fieure 6 : Age, sex and projection model. Effect on the life long risk of cancer 
death /12/. 

While an the average the relative risk modei gives risk estimates three times 
higher, there might be an aimost tenfold difference at young ages. These data are 
taken from the BEIR [II report, and computed with the help of French life tables. 
However, as recommanded by the BEIR committee, the relative risk at very young 
ages at irradiation was not computed. 

Synthesis on the variability factors 

As stated before there are many sources for variability in the risk estimates. The 
choice of the curve, with about a factor 2, and the projection mode!, with about a 
factor 3, are not the only ones. Among the others are the choice of a human data 
base,and of mortality data, the choices between whole body and summed site 
method, the way to deal with confounding factors, such as living habits (tobacco...). 
The imprecision of the estimates, of the dosimetry, neglection of cell killing 
effects are still other sources for increasing the imprecision, and so is the problem 
of the dose rate effect, and this is not a comprehensive list. With some of these 
factors can be associated figures for their impact on the result, for others it is not 
possible, either because alternatives were not computed, either because they are 
too tightly interconnected to other hypotheses. The impact of cumulating the main 
sources of uncertainty is shown on figure 7. 
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* Central value of previous estimates 
(BEIR III, UNSCEAR, ICRP) „. 

1) Form of the curve •«—! >-
Z) Prediction model »• 

J3 Data base , «» • <" 
4) Dose rate 

<Q • <H • » ) • ( I ) 

10 s id"* i t f 3 

Somatic effects for 10 Sv 

Figure 7 : The effect of cumulating variability factors in life long risk estimates 
of mortality / l * / . 

Among the features which are of interest in radiation protection is the fact that 
the exact figure cannot be known, and that many assumptions must be made to 
make a quantitative figure available. The aim of the dose-response relationship is 
radiation protection and not "neutral" description of carcinogenesis-cannot be left 
aside. 

It did also appear that the difference between a "best estimate strategy" and a 
"conservative strategy" is rather a theoretical one. For example, in the case of the 
shape of the curve, the best estimate strategy is to operate an unconstrained 
fitting. Due to the paucity of data this lead to imprecise estimates. Besides, the 
result is very near from the one of the linear curve. As for the projection model 
there are only two extremes and no best estimate solution. On the whole, it is 
interesting to quote that the linear model, as proposed by the ICRP cannot be 
considered as very conservative. Would ail the conservative options have been 
systematically chosen, the risk estimate would have resulted about ten times 
higher. The expert judgements which have been applied by the various committees 
do not seem to be as extremes as it has been said, and it is a positive fact that they 
lie quite close from each other. 
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3. Application in risk assessment and ALARA studies 

3.1. - Requirements for an application 

Is it possible to use a quadratic term ? 

The previous analysis has proven that using a linear-quadratic relationship instead 
of a linear one makes no significant difference with respect to the overall 
uncertainty of the process. On the other hand, such an option cannot be rejected on 
this basis. Although there are no important evidences standing for a purely 
quadratric term, it might be interesting to see if such an approach can be used in 
risk assessment. This will also show how the quadratic term of a linearquadratic 
curve can be dealt with. 

What must be computed is the effect of an additive irradiation, or rather, the 
marginal risk of a marginal irradiation. The doses which are dealt with in decision 
concerning radiation protection are indeed quite low with respect to other present 
and past sources. So the effect of a small increment is the proper quantity to 
study. Let be 0 3 this increment, D the cumulated dose of this individual at the 
time of this irradiation . Kis extra annual cancer incidence will then raise from 
<XD" to a(D + 5 D) , and one must therefore compute the difference : 2a D.ÔD 
The term ( ô D) being negligible, if this irradiation takes place at age i, the 
individual will suffer an extra annual incidence of cancer during the rest of his life, 
after the latency period. Computations of this extra risk will require knowledge of 
the cumulated dose at the age of exposure. This might be called the "immediate 
effect". Since the impact of the future doses will also be increased they must be 
known too to compute what can be called a "prospective effect". 

Of course it can be stated that things are not so simple and that there is some 
protraction effects, so that the past doses do not straightforwordly multiply the 
effect of the following ones. However, when computing the risk there are only two 
alternative5,either using the previously cumulated doses and the derivative of the 
dose response curve, or simply forget the past doses. An exemple of such a 
computation where the forthcoming doses have been neglected is given in table 5. 
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Table 5 : Quadratic model applied to two specified conditions /!*/. 

UfrOon? 
probability 
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Llntar Mdtl (2.43 10-*) 

For these two application, quite representative of ALARA studies (a dose of 22 
mSv for a worker or 10 fiSv for an individual of the public), a very important 
discrepancy resulted between the two ways of computing the effect of a quadratic 
term. It is of about three orders of magnitude. In addition, even wiih a purely 
quadratic term, the risk estimate, when past doses are taken into account are quite 
near from linear estimates. What happens here is that, even though quadratic terms 
have been proposed in some publications, the practical way to perform the 
calculations in radiation protection conditions '(ALARA studies or mere risk 
assessment) has not been made available. 

Requirements for application of dose response relationships 

The above example raises the question of the requirements for a dose response 
relationship to be of some help in ALARA studies. ; 

There are two imperative requirements. The computation of the health effects 
must be possible under any circumstances. Very often the theoricians whish to set 
limits for the validity of their results ; this is clearly impossible when applying 
ALARA principles. The other key requirement is that it must be possible to 
attribute the health effect to a given irradiation. When using a linear model there 
is no problem but with a quadratic model this condition is not met. With two 
sources of irradiation, the risk due to the sum is not the sum of the risks. So it is 
not possible to decide whether it is the occupational irradiation which increases the 
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risk due to radiodjagnosis or the other way round. This is clearly a problem which 
might also encountered in other circumstances. If some day it is proven that 
tobacco and radiations have a multiplicative effect some rule for defining 
attributaiity will have to be found. 

There are other requirements both for ALARA studies and for radiation protection, 
which «.re not so imperative, but which would make almost impossible to apply 
ICRP principles if not fullfilled. It must be possible to neglect background and 
medical doses when computing the effect of a protection action. This is quite 
equivalent to the possibility to attribute the risk. It must also be possible to use the 
collective dose concept, as well as the whole body effective dose equivalent 
concept. The two latter, it has been seen, rely on the linearity of the dose response 
relationship, and so does the dose equivalent concept. 

3.2. - Which figures to adoot 

The requirements for a dose-response relationship to be adopted in an ALARA 
analysis imply that it must be a linear relationship. The property of additivity is 
essential both for attributabiiity of the risk and for simple computation. As a 
matter of fact, the non-linearity would also make problem for the management of 
the system of dose limits, since it would imply to register separately all organ 
doses. However this wouH not allow to impose linearity where the facts are 
contradictory. Fortunately.this is not the case, the difference between linear and 
linear quadratic curves is very small. No marrer which is the "right" one, a Unear 
approximation is perfectly correct along the dose ranges of interest in radiation 
protection. Also, when looking at the variability in the estimations, it seems sound 
to stick to the ICRP relationship, which did not appear to be exceedingly 
conservative. 

At the same time this analysis showed that there is some uncertainty around this 
estimate. This must be kept in mind when using the results of ALARA studies. Also 
this is an incentive to avoid too much sophistication in building up very specific 
indices. Most often the average value, which is given in ICRP 26, can be safely 
used. For various reasons, especially when the subjective aspects of the detriment 
interferes, it might proove to be interesting to split the collective dose. Seldom the 
rationale for this rely in the dose-effect relationship. For instance, making a 
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distinction between the (0 to 0,01 mSv) and the (0.01 to 0,5 mSv) dose groups, is not 
based on differences in the number of effects per unit of dose, whatever might be 
the curve. The dose is indeed marginal in both cases. When the characteristics of 
an ALARA analysis require it, it is however possible to use some of the results 
developped in setting up dose response relationship. 
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Figure 8 : Life long risk and losses of life expectancy at different ages /13/. 

It is for example possible to distinguish age groups (see figure S), although the 
difference is really significant after 50, or sexes. What might prove more 
interesting is to compute other indices for the objective health detriment. This was 
performed here with life expectancy. In ICRP 27 /15/, it can be found other 
indications for computing a loss of occupational life expectancy. Use of ICRP 26 
also allows to work on every cancer, allowing the analyst to use its own specific 
factors to take into account the degree of the various kinds of disability and 
impairment linked with a given cancer. But in any case, although the dose-response 
relationship allows the use of a more sophisticated form of analysis, provided this 
is consistant with the uncertainty on the risk estimates, it must not be forgotten 
that it does not require, by itself, anything else that the straightforward use of the 
collective dose. 
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