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Information on the risks of cancer following radi- 
ation exposure comes from a large number of 
epidemiological studies, and has recently been re- 
viewed by the United Nations Scientific Committee 
on the Effects of  Atomic Radiation (UNSCEAR) 1 
and by the U.S. Committee on the Biological Ef- 
fects of  Ionising Radiation (BEIR V) 2. The popu- 
lations that have been studied include: 

(i) over 90,000 survivors of the atomic bombings 
of Hiroshima and Nagasaki 3; 

(ii) 14,000 mostly male patients in the UK treated 
for ankylosing spondylitis with x-rays 4; 

(iii) 83,000 women in eight countries treated for 
cervical cancer with x- or gamma radiation s 

Very few epidemiological studies have followed the 
entire study population until the end of life. For 
example, the Japanese atomic bomb survivors have 
so far been followed up to 40 years post exposure, 
and about two-thirds of this population are still 
alive. Those who were exposed when young are only 
now reaching the ages when solid cancers would 
normally be more likely to occur. Consequently 
some means is required of projecting risks beyond 
the period of follow-up in such studies in order to 
estimate the cancer risk over a whole lifetime. 
Another problem concerns how risk estimates de- 
rived in one population should be transferred for 
application to another population. This topic is 
important in view of the large variation between 
different countries in the baseline rates for several 
types of cancer. For example, stomach cancer rates 
are much higher and lung and breast cancer rates 
are lower in Japan than the corresponing rates in 
western populations. Therefore whether or not 
account is taken of these variations when, say, 
projecting radiation risks from Japan to the UK can 
have a large influence on the estimates for indi- 
vidual cancer types, if not on the total cancer risk. 
Two models have commonly been used to project 
risks over time and across populations. Under the 
absolute (or additive) risk model, the annual ab- 
solute excess risk estimated in a study is assumed to 
remain constant across time and/or across popu- 
lations. Under  the relative (or multiplicative) risk 
model, the relative risk is assumed to remain 
constant across time and/or populations. In both 
cases, the risks may depend on sex and age at 
exposure. Since the baseline rates for solid cancers 
increase rapidly with age, the use of a relative risk 
model over time yields a higher estimate of lifetime 

risk than does the absolute risk model. More 
generally, a hybrid model that reduces to either the 
relative or the absolute model as a special case can 
be implemented 6. It is also possible to allow the 
relative risks to depend on time since exposure as in 
the BEIR V report z 
The aim of these models is primarily to provide an 
empirical fit to the data rather to describe the 
carcinogenic process, although they might suggest 
ways in which models for carcinogenesis might be 
improved. In this paper the epidemiological 
evidence from various studies concerning the choice 
of models is reviewed, both for projection across 
time and projection across populations. The esti- 
mates of  radiation-induced cancer risk that arise 
from the application of various projection models 
are then presented and compared. 

Epidemiological evidence 

(a) Projection o f  risks over time 

For leukaemia, the temporal pattern of risk ob- 
served in studies such as the Life Span Study (LSS) 
of A-bomb survivors 3 and the Ankylosing Spondy- 
litis Study (ASS) 4 is of  a peak within about 4 - 7  
years of exposure followed by a tailing-off in risk. 
Other studies show a similar pattern for bone 
cancer. Virtually all of  the radiation-induced risk 
seems to have been expressed within the period of 
follow-up of these studies, and so the topic of 
projecting risks beyond the period of follow-up is 
not of  major importance. 
However, for the grouping of all cancers other than 
leukaemia, Shimizu et al. 3 showed that excess 
deaths in the LSS in the most recent follow-up to 
1985 continued to increase over time in direct 
proportion to the increase in natural cancer mor- 
tality with age. Thus, after adjustment for age at 
exposure, the relative risks appeared to be constant 
over time. A possible exception concerns those aged 
less than 10 years at time of exposure, for whom 
there is a suggestion of  a fall in the relative risk. This 
is especially important since the relative risks in- 
crease with decreasing age at exposure, and so this 
cohort would show the highest lifetime risk if the 
relative risk were to remain constant until the end 
of life. However, since those irradiated at less 
than 10 years are only now attaining the ages at 
which solid tumours would normally occur, the 
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absolute excess risk observed to date is lower 
than in older cohorts. Consequently there is sub- 
stantial uncertainty in the eventual lifetime risk 
for the youngest cohort. 
The study of the incidence of second cancers in 
women treated with radiation for cervical cancer 5 
also suggested that the relative risk for solid 
tumours is approximately constant up to at least 30 
years following exposure. However, analyses based 
on the follow-up to 1982 of the ASS 4' 7 revealed a 
tailing-off in the radiation-induced risk for the 
grouping of all cancer except leukaemia and colon 
cancer, both on relative and absolute scales, from 
about 20 years following exposure. This discrep- 
ancy might, in part, be explained by differences in 
temporal patterns of risk for different cancer types. 
Whilst the data for individual cancer types are often 
not sufficiently strong to allow these patterns to be 
distinguished, some of the analyses that have been 
conducted will now be reviewed. 
For lung cancer, the BEIR IV Committee's 8 joint 
analysis of  miner cohorts exposed to radon in- 
dicated a decrease in relative risk from about 15 
years following exposure. The BEIR V 2 model for 
respiratory cancer also allowed for a tailing-off 
in the relative risk. Although this effect was not 
statistically significant in the LSS, it was in- 
cluded on the basis of the pattern observed in the 
ASS 4 
For breast cancer, studies of incidence among the 
Japanese atomic bomb survivors 9, women in New 
York State treated for acute postpartum mastiffs 
with x-rays 10, and tuberculosis patients in Massa- 
chusetts exposed to multiple chest fluoroscopies ~ 
suggested constancy of relative risk up to around 40 
years following exposure. However, among 
Canadian tuberculosis patients 22, there appeared 
to be a decrease in the relative risk of  mortality after 
35 years following fluoroscopic examinations. The 
BEIRV combined analysis of  these data sets 2, 
however, suggested that the relative risk for in- 
cidence and mortality peaked at about 15-20 years 
after exposure and then decreased. It will be of 
interest to see whether such patterns become evident 
in the individual studies with increased follow-up. A 
common feature of these studies is that the relative 
risks were highest at the youngest ages at 
exposure. 
For thyroid cancer, the study of incidence among 
patients in New York State treated with x-rays for 
enlarged thymus 13 was consistent with the const- 
ancy of absolute rather than relative risks over time, 
although there was an indication of a decrease in the 
absolute risk beyond 25 years following exposure. 
However, thyroid cancer incidence among Israeli 
children irradiated for ringworm of the scalp 14 
indicated constancy of the relative risks, both across 
time and sexes. For skin cancer incidence, the study 
of children in New York treated with x-rays for 
ringworm of the scalp 15 yielded evidence for the 

constancy of relative risks based on a mean follow- 
up of 25 years. For digestive cancers and the 
grouping of all cancers other than breast, lung and 
digestive cancers, the BEIRV analysis of the LSS 
data gave rise to models under which the relative 
risks are constant over time but decrease with 
increasing age at exposure. 

(b) Transfer of risks across populations 

There have been relatively few epidemiological 
analyses of how radiation-induced cancer risks 
should be transferred across populations. The par- 
allel analysis of breast cancer incidence by Land et 
al. 16, based on previous follow-ups of the LSS and 
the two groups of US women mentioned above who 
were irradiated for medical reasons, suggested that 
the absolute rather than relative risks were more 
stable between Japan and the US. However, the 
BEIR V analysis 2 based on the most recent follow- 
ups showed that the excess relative risk in the LSS 
was about 50% greater than that in the two US 
cohorts (p = 0.4), whereas the absolute excess risk 
in the former was about half of  that in the latter 
groups (p --- 0.01). For breast cancer mortality, the 
excess relative risk in the LSS was 2 -3  times that in 
the Canadian tuberculosis patients lz (other than in 
Nova Scotia), whereas the absolute risk in the 
former was less than that in the latter; neither 
comparison achieved statistical significance. On the 
basis of  these results, the BEIR V Committee adop- 
ted a relative risk model to transfer risks from Japan 
to North America. However, in view of  the possible 
discrepancies under either model, it may be worth 
considering more general models that lie between 
the relative and absolute models ~ 7 
There is some other evidence favouring the transfer 
of  relative risks. An analysis 18 based on published 
results from the LSS 3 and ASS 4 showed that the 
ratio of lung to stomach cancer risks is similar 
across studies when based on relative risks, but is an 
order of magnitude greater in the ASS than in the 
LSS when based on absolute risks (reflecting the 
differences in baseline rates between the UK and 
Japan). The BEIR IV analysis 8 of the joint effect of  
radon exposure and smoking on the risk of lung 
cancer in miners showed that the data were consist- 
ent with multiplicative as well as sub-multiplicative 
relationships, but not with an additive relationship. 
This provides evidence for transferring relative risks 
of lung cancer across populations with different 
levels of smoking. Among US children irradiated 
for ringworm of the scalp x 5, the radiation-induced 
absolute risk of skin cancer incidence appeared 
to vary according the baseline risk in different 
ethnic groups. Finally, studies of cancer in mice 
have indicated that relative rather than abso- 
lute risks tend to be stable across strains and 
sexes 19. 
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Tab. 1. 1988 U N S C E A R  i Estimates of the lifetime risk of fa- 
tal cancer following whole body exposure at high dose rates 
(based on a Japanese population). 

Deaths, 10 -2 Sv -1 

Relative Risk Absolute Risk 
Model Model 

Population of all 7 b_ 11 ~ 4 a _ 5 b 
ages 

Working populat ion 7 a - 8  b 4b--6 a 
(25-64  years) 

No tes: 
Based on age-specific risk coefficients from the LSS a. 

b Based on age-averaged risk coefficients from the LSS. 

Results of risk projections 

(a) UNSCEAR 

In its 1988 report, UNSCEAR 1 calculated risks for 
individual cancer sites, both under relative and 
absolute projections over time and using data from 
the follow-up of the Japanese atomic bomb sur- 
vivors 3. However, the relative and absolute risk 
coefficients used in this instance were averaged over 
all ages at exposure, whereas information from the 
LSS and other studies indicates that these coeffi- 
cients tend to vary with age at exposure. The 
influence of  this factor is illustrated in Table 1. For 
all cancers, the range on the lifetime cancer risk in a 
population of all ages is 5 - 7 %  Sv -1 if based on 
age-averaged coefficients and 4 - 1 1 %  Sv- 1 if based 
on age-specific coefficients. The range is greater in 
the latter case due to the influence of those in the 
LSS irradiated early in life; these persons have the 
highest relative risks but, because they are only now 
reaching the ages at which solid cancers would tend 
to occur, currently show the lowest absolute excess 
risks. In view of  the age variation in risk coefficients, 
the range based on age-specific coefficients is to be 
preferred. The corresponding range for a working 
population, namely 6 - 7  % Sv-1, is not as great as 
for the general population, since children are ex- 
cluded in the former case. 
For application at low dose rates, a dose rate 
effectiveness factor may be applied to these and the 
following risk estimates. Based on animal and 
human data, UNSCEAR 1 have suggested values in 
the range 2-10.  Although the human data on low 
dose extrapolation point towards values at the 
lower end of this range 2~ virtually all these data 
relate exposures at high dose rates. 
It should also be emphasised that UNSCEAR used 
Japanese baseline cancer rates in their projections, 
and so their calculations are specific to a Japanese 
population. 

(b) NRPB-R226 

Stather et al. 18 in NRPB-R226 developed health 
effects models from the 1988 UNSCEAR report 

Tab. 2. Radiation-induced cancer risks in a U K  population 
(all ages, both sexes) exposed at high doses and high dose 
rates. 

Deaths, 10 - 2 Sv-  1 

BEIR V NRPB-R 226 Models 
Models 

Lifetime To 40 years 

Leukaemia a 1.2 b 0.84 0.84 
Breast 0.4c 1.1 a 0.42 d 
Respiratory a 2.3 e 3.6 1.2 
Digestive a 3.5 3.3 f 0.84 f 
Remainder a 3.6 4.0 g 0.65 g 

Total 11.0 12.9 3.9 

Notes:  
Based On the LSS. 
Obtained by multiplying the risks at  low doses under the 
BEIR V linear-quadratic dose-response model for leukaemia 
by 2, the low dose extrapolation factor calculated by BEIR V. 
All the other risks are based on linear dose-response models. 
Based on the LSS and the Canadian cohort 12; relative risk 
decreases over time. 

d Based on the US cohorts 16. 
Relative risk decreases over time. 

f Calculated as the sum of the risk of stomach, colon and all 
other digestive cancers. For  the latter grouping, the age and 
sex-specific relative risks (RRs) for stomach cancer 3 were 
applied to the baseline rates for these other digestive cancers. 

g Calculated by difference from the risks for all cancers other 
than leukaemia, based on the RRs of Shimizu et al 3. 

and calculated cancer risks that are applicable to a 
UK population. The R226 models were based on 
age and sex-specific risk coefficients, generally from 
the LSS 3, but with information from other studies 
for some specific cancers (see footnotes to Table 2). 
For cancers other than leukaemia relative risks were 
generally projected both across populations and 
over time, in one instance until the end of life and in 
the other up until 40 years following exposure (the 
current period of follow-up for the LSS). In view of 
the uncertainty in the temporal pattern of the 
relative risks, these two calculations may provide 
bounds on the lifetime risk. For leukaemia, since 
baseline rates are stable across populations and the 
radiation-induced risk tails off over time, an ab- 
solute risk model with an expression period of 2 -40  
years after exposure was used. 
Table 2 shows the risks under the R226 models for a 
UK population of all ages and both sexes, based on 
exposure at high doses and high dose rates. The 
disease groupings are those used in the BEIRV 
report 2. The total cancer risk under a lifetime 
relative risk projection, namely 13 % Sv- 1, is slight- 
ly larger than the corresponding UNSCEAR value 
due to the slightly higher baseline rate for cancer 
overall in the UK compared with Japan. Also, as 
pointed out in Section 3 (d), the proportions of the 
individual cancer types under this form of projec- 
tion model, differ substantially between the UK and 
Japan. It should also be noted that the total cancer 
risk up to 40 years following exposure is only about 
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Tab. 3. Radiation-induced cancer risks in a UK population 
(both sexes) exposed at high doses and high dose rates, based 
on the NRPB-R226 models. 

Age at exposure Deaths, 10 -2 Sv-1 
(years) 

Lifetime To 40 years 

0 9 32.8 2.1 
I0 -19  20.5 2.6 
20-29 18.5 5.8 
30-39 8.8 5.4 
40-49 6.0 5.2 
50-59 5.0 4.8 
60-69 3.5 3.5 
70-79 1.8 1.8 
80 + 0,72 0.72 

30% of that based on the assumption that the 
relative risks will remain constant throughout life. 
This reflects the uncertainties in the lifetime cancer 
risks for those in the LSS irradiated when young, 
who are only now reaching the ages at which solid 
cancers would normally occur. This age variation in 
the uncertainty for the lifetime cancer risk is 
illustrated further in Table 3, taken from Muir- 
head 21 and based on the R226 models. For those 
aged less than 10 years at exposure, the risk up to 40 
years following exposure and that projected over a 
lifetime differ by over an order of magnitude. 

(c) BEIR V 

The BEIR V 2 models were derived by modelling of 
detailed data from the LSS and certain other 
studies, such as of breast cancer in women in North 
America irradiated for medical reasons. These 
models specified relative risks as functions of sex, 
age at exposure and time since exposure; in parti- 
cular, allowance was made for the possibility that 
relative risks may either remain constant or ulti- 
mately decrease with increasing time since expo- 
sure. A relative risk projection across populations 
from the LSS was assumed. 
Based on the BEIRV relative risk models, Muir- 
head 21 calculated cancer risks that are applicable to 
a UK population of all ages and both sexes. Table 2 
shows the calculated numbers of  radiation-induced 
cancer deaths associated with high dose rate expo- 
sure under the BEIRV models, along with the 
corresponding values under the NRPB-R226 18 
models. It should be noted that the number of 
radiation-induced cancer deaths is a different quan- 
tity from the excess number of cancer deaths that 
was studied in the BEIRV report. The latter 
number excludes the proportion among those who 
die of a radiation-induced cancer who would have 
otherwise died from a naturally-occurring cancer at 
a later time. Thus, for all cancers, the number of 
excess deaths that would be calculated under the 
BEIR V approach is about 20 -25% less than the 

number of radiation-induced deaths presented 
here. 
The following points can be made from Table 2. 

(i) Although the leukaemia risk coefficients in the 
R226 and BEIR V models were both based on 
the LSS, there are differences in the range of 
doses over which models were fitted and in the 
projection of risks, both before and after the 
current follow-up period. It is notable that the 
risk calculated here under the BEIR V model is 
somewhat smaller than that implied in the 
BEIR V report (1.9 % Sv- 1). This is due largely 
to the inclusion of chronic lymphatic leuka- 
emia (CLL) in BEIRV's analysis and risk 
projection (D. G. Hoel, Personal Communi- 
cation), whereas CLL (which appears not to be 
radiation-inducible) was excluded from the 
calculations presented here. 

(ii) The breast cancer risk under the BEIR V model 
is at the lower end of the two R 226 estimates, 
not only because the former model incorpo- 
rated a decrease in the relative risk with time, 
but also because it was based on both the LSS 
and Canadian data (see section 2 (b)). In view 
of the differences in relative risk between these 
data sets, it may be better (as in R226) to use 
only data from North America when calculat- 
ing risks for western populations. 

(iii) The BEIRV model for respiratory cancer 
allowed for a decrease in the relative risk over 
time. Consequently the corresponding estimate 
lies between the R226 values. 

(iv) For digestive and remaining cancers, BEIR V 
assumed constancy of  the relative risk over 
time. Hence these estimates are similar to the 
upper R226 values. 

The overall risk estimate under the BEIR V models 
for a population of all ages, namely 11% Sv- t, lies 
towards the upper end of the R226 range, 4-13 % 
Sv - 1. For a working population of both sexes aged 
20-64 years, the risks are 9.1% Sv- 1 under BEIR V 
compared with 5.2-9.7 % Sv-1 under R226. 

(d) i c n P  

The International Commission on Radiological 
Protection (ICRP) published a draft of  its new 
recommendations in February 1990 22 In an annex 
dealing with the biological effects of  ionising radi- 
ation, provisional estimates of radiation-induced 
cancer risks were presented, based on a forthcoming 
paper by C. E. Land and W. K. Sinclair. These were 
based on age and sex-specific risk coefficients 
derived from published data on the LSS 3. Projec- 
tion models were used that involved (i) constancy of 
relative risks across both time and populations, (ii) 
relative risks constant over time but absolute risks 
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constant across populations (the so-called "NIH" 
model), and (iii) absolute risks constant across both 
time and populations. Of these three models, the 
first two were preferred. 
Calculations were performed for several countries. 
For the UK, the results under the relative risk model 
were similar to those given in NRPB-R22618, due 
to the similarity in methodology. However, while 
the total cancer risk did not vary greatly across 
countries under the relative risk model (and was 
approximately 10% Sv -1 for high dose rate expo- 
sure), the risks for some individual cancers varied 
substantially. For example, the risk of stomach can- 
cer was about 4 times higher in Japan than in the 
UK, whereas the lung cancer risk in the UK was 
more than double that in Japan and the UK breast 
cancer risk was about 6 times the Japanese risk; 
these differences reflected the corresponding dif- 
ferences in the baseline rates between these coun- 
tries. Under the NIH model the individual cancer 
risks were similar for different countries, because of 
the assumption of constancy of absolute risk coeffi- 
cients across countries. Overall risk estimates were 
derived by averaging values over countries and the 
two models (relative and NIH), since the view was 
taken that there is not enough information to decide 
how the transfer of risk coefficients across popula- 
tions should be performed. Whilst, as indicated in 
section 2(b), there is some information which would 
suggest that a transfer based on relative risks may 
be preferred, more work is clearly needed. 

Discussion 

Taken overall, the evidence from epidemiological 
studies tends to favour the use of relative rather 
than absolute risk models to project risks across 
time and populations for most solid cancers. How- 
ever, there are clear indications for certain solid 
cancers (eg. lung) of a tailing-off in the relative risk 
over time. Also, there is the possibility that risks 
may vary across populations in a sub-multiplicative 
manner. Further parallel analyses such as those in 
the BEIR IV and V reports would be of great help in 
understanding these topics. 
However, to reduce the large uncertainty in the 
evaluation of lifetime risks for those irradiated 
when young, as shown in Table 3, requires the 
continued follow-up of such groups. In the next 10 
years or so, the baseline rates among those in the 
LSS irradiated at ages less than 10 years will 
increase further and so it should be easier to discern 
any decrease in the relative risk over time. In the 
meantime, it may be better to consider ranges (as in 
NRPB-R226 18) as well as best estimates for cancer 
risks, given the uncertainties involved. 

Summary 

Various methods can be used to project the risks of 
radiation-induced cancer estimated in cohort 
studies beyond the period of follow-up and to other 
populations. The epidemiological evidence for the 
choice of risk projection model is reviewed based on 
data from studies such as those of the Japanese 
atomic bomb survivors and UK ankylosing spon- 
dylitis patients given x-ray therapy. The results of 
risk projections based on various approaches 
are presented, including those suggested by 
UNSCEAR and by the BEIR V Committee. It is 
emphasised that the continued follow-up of popu- 
lations such as the Japanese atomic bomb survivors 
is of great importance in estimating lifetime risks, 
and that further parallel analyses are required to 
examine how risks vary across populations. 

Zusammenfassung 

Die Extrapolation von Strahlenkrebs-Risiken aus 
den beobachteten Daten auf sp/itere Lebens- 
abschnitte und andere Populationen 
Ffir die Projektion von Strahlenkrebs-Risikowerten 
aus Kohortenstudien auf Zeitabschnitte jenseits der 
bisherigen Nachbeobachtungsdauer und auf andere 
Bev61kerungen stehen verschiedene Methoden zur 
Verffigung. Die epidemiologischen Fakten, die fiir 
die Wahl der Risikoprojektionsmodelle mitbe- 
stimmend sind, werden diskutiert, wobei auf die 
Daten der Atombomben-Uberlebenden in Japan 
und der r6ntgenbestrahlten Bechterewpatienten in 
Grossbritannien sowie auf andere Follow-up-Stu- 
dien Bezug genommen wird. Die mit den verschie- 
denen Modellen erzielten Risikowerte - darunter 
auch die Risikosch/itzungen des UNSCEAR-Be- 
richtes 1988 und des BEIR V-Berichts von 1990 - 
werden einander gegenfibergestellt. Weitere Nach- 
beobachtung und Parallelanalysen der verschiede- 
hen Studienbev61kerungen sind notwendig, um 
verlfisslichere Sch/itzungen des strahlenbedingten 
Krebsrisikos fiir eine ganze Lebensdauer (lifetime- 
risks) zu erhalten und Gemeinsamkeiten und Un- 
terschiede der Risikomuster zwischen den Bev61- 
kerungen besser zu charakterisieren. 

R6sum6 

La projection des risques de cancer radiog6nique dans 
diff6rentes populations et diff6rentes p6riodes 
Diverses m6thodes peuvent ~tre utilig6es pour pro- 
jeter les risques de cancer radiog6nique estim6s dans 
les 6tudes de cohortes au-delfi des p6riodes de suivi 
ou dans d'autres populations. Les bases 6pid~mio- 
logiques permettant de choisir le module de pro- 
jection de risque sont pass~es en revue sur la base 
d'6tudes comme celles sur les survivants de la born- 
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be atomique japonaise et sur l'&ude britannique 
concernant les patients atteints de spondylite an- 
kylosante trait6e par rayons X. Les r6sultats des 
projections de risque bas6s sur diff6rentes appro- 
aches sont pr6sent~s, y compris ceux sugg6r6s par 
UNSCEAR et par le Comit6 BEIR V. Le suivi 
continu de populations comme celle des survi- 
vants japonais fi la bombe atomique est d'une 
grande importance pour estimer les risques <dife- 
time>>; d'autres 6tudes sont n6cessaires pour 
mieux connaTtre la variation des risques entre les 
populations. 
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