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Abstract

With developing knowledge of the effects
of ionising radiation, interest has increas-
ingly focussed on the effects of low doses
and how information on dose response re-
lationships for cancer can be used for set-
ting limits on exposure for persons who are
occupationally exposed and for members of
the public. It is now believed that any ra-
diation dose is capable of inducing cancer
in exposed persons and that the probability
of its occurrence, but not it’s severity, de-
pends on the radiation dose.

The main source of quantitative informa-
tion on the risks of radiation-induced can-
cer comes from the long-term follow-up of
the survivors of the atomic bombs in Hiro-
shima and Nagasaki. This database pro-
vides information on a population of more
than 90,000 people followed up since-1950
with individuals of different ages exposed
to whole body radiation. Information from
this follow-up is supplemented by studies
on persons exposed for medical reasons,
either to external radiation or incorporated
radionuclides, and people who have been
exposed occupationally, in particular, mi-
ners exposed to radon and its decay pro-
ducts and luminisers exposed to radium.

In it’s most recent recommendations, the
International Commission on Radiological
Protection, re-assessed the epidemiological
data and this resulted in an increase in
estimates of the risks of radiation-induced
cancer. Partly this arose as a result of re-
vised dosimetry for the A-bomb survivors
and a longer follow-up of the population,
but mainly it was attributed to a change in

the model now used to project lifetime.

risks.

The development of the present risk coef-
ficients for radiation-induced cancer both
for the working population and for mem-
bers of the public are described in this
paper, with particular emphasis on the as-
sessment of risks at low doses.

1. INTRODUCTION

The development of cancer is the major late

effect resulting from exposure to radiation

[2,7, 38]. Cancer is generally understood to

develop in a number of stages. That is, for

malignancies to be expressed a series of

events must occur in cells and the rate at

which they occur is thought to be reflected

in the way cancers appear in the population

over the course of time.

Neoplasia in tissues is now seen-as a com-

plex, multi-stage process that can be sub-

divided into four phases: neoplastic initia-

tion; promotion; conversion and progres-

sion. The sub-divisions are necessarily

simplifications of the overall process which

is, in any event, somewhat variable be-

tween different tumour types. However,
they do provide a basis from which to in-

terpret the cellular and molecular changes

involved [37].

Neoplastic initiation encompasses the es-

sentially irreversible cellular damage,

which although not necessarily expressed

immediately, provides the potential in cells

for neoplastic development. There is good

evidence that this initiation process results

from damage to DNA leading to gene

mutations in single target cells in tissues.
The critical damage is likely to be coinci-
dent damage to both DNA strands (DNA
double strand breaks). Although a propor-
tion of such double strand damage will be
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repaired, completely error free repair of
such damage, even at low doses, is not ex-
pected. Neoplastic promotion can be seen
as a process whereby initiated cells receive
an abnormal growth stimulus and begin to
proliferate in a semi-independent manner.
Conversion of these pre-neoplastic cells to
a form in which they are committed to be-
come fully malignant is a central feature of
the process of neoplastic development.
Such changes are now believed to be driven
by further gene mutations accumulating
within the expanding population of pre-
neoplastic cells.

Once the potential for full malignancy has
been established, the subsequent progres-
sion of the disease may depend upon fur-
ther cellular changes that allow invasion of
adjacent normal tissues, the circulation of
neoplastic cells in the blood and lymphatic
systems. and the establishment of metasta-
ses (secondary tumour growths) at other
sites in the body. It is this invasive process
that provides principally for the fatal effects
of most common human tumours. On this
basis, a single mutational event in a critical
gene in a single target cell in vivo can cre-
ate the potential for neoplastic develop-
ment. Thus, a single radiation track tra-
versing the nucleus of an appropriate target
cell has a finite probability, albeit very low,
of generating the specific damage to DNA
that results in a tumour initiating mutation.
These initiated cells can then' develop by
multistage processes into an overt ma-
lignancy. As a consequence, at the level of
DNA damage, there is no basis for assu-
ming that there is likely .to be a dose thres-
hold below which the risk of tumour in-
duction would be zero. For radiation -pro-
tection purposes, a-progressive increase in
risk with increasing dose, with no thre-
shold, is therefore assumed [5].

Radiation is capable of causing tumours in
nearly all tissues of the body, although the
frequency of appearance following a unit
dose may vary markedly from one tissue to
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another. Information on the dose related
frequency of tumour induction by radiation
is gained through follow up of groups of
persons exposed to radiation. The observed
tumour frequency can then be compared
with an age and sex matched control group,
not exposed to radiation, to determine the
increase in frequency due to radiation ex-
posure. _
Tumours induced by radiation are in gene-
ral indistinguishable from those occurring
spontaneously and since cancer is not un-
common (about one in five die as a result
of it), the problem of determining a relati-
vely small excess due to radiation is dif-
ficult. In general large exposed populations
are necessary to obtain statistically mea-
ningful results.

The chief sources of information on the
risks of radiation induced cancer are the A
bomb survivors exposed to whole body ir-
radiation in Hiroshima and Nagasaki, pa-
tients with ankylosing spondylitis and other
patients who were exposed to partial body
irradiation therapeutically, either from ex-
ternal radiation or internally incorporated
radionuclides, and various occupationally
exposed populations, such as uranium mi-
ners and radium dial painters.

2. DOSE RESPONSE
RELATIONSHIPS

There is always a minimum period of time
between irradiation and the appearance of a
radiation induced tumour. This period is
termed the latent period and its length va-
ries with age and from one tumour to
another. Some types of leukaemia and

bone cancer have latent periods of only a

few years but many solid tumours have la-

ttent periods of ten or more years. For leu-

kaemia and bone cancer there is fairly good
evidence that the risk is completely ex-
pressed within about twenty-five years
following exposure. For tumours of longer
latency, such as those of the GI tract and li-
ver, it is not yet clear whether the incidence
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of these tumours passes through a maxi-
mum and declines with time following ex-
posure or whether the risk levels out or al-
ternatively increases indefinitely during the
remainder of life.

To project the overall cancer risk for an ex-
posed population, it is therefore necessary
to use models that extrapolate over time da-
ta based on only a limited period of the
lives of the individuals. Two such pro-
jection models have generally been used:
(a) the additive (absolute) risk model
which postulates that radiation will induce
cancer independently of the spontaneous
rate after a period of latency, variations in
risk- may occur due to sex and age at expo-
sure

b) the multiplicative (relative) risk
model in which the excess (after latency) is
given by a constant factor applied to the
age dependent incidence of natural cancers
in the population.

In most cases this spontaneous risk increa-
ses with age and therefore the multiplica-
tive model will predict an increasing inci-
dence of cancer with increasing age. The
relative risk model also gives different risks
of radiation-induced cancer in different po-
pulations, depending on the national cancer
incidence. Data available from the A bomb
survivors in Japan and from studies on
uranium miners suggest the multiplicative
projection model gives a better fit to the
data, at least for some of the most common
cancer types (Table 1). Despite this there
are indications from a number of exposed
groups that the risk of cancer may start to
decline many years after exposure. This has
been well documented for leukaemia, but
has also been observed in the case of bone
cancers (German >**Ra cases), thyroid can-
cers (US follow up study after thymus ir-
radiation), solid cancers (ankylosing spon-
dylitics) and possibly lung cancers in the
uranium miners. These results suggest that
for the Japanese population the excess risk
may ultimately decrease with time and thus
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multiplicative: projection models ; applied
over a lifetime could result in an overesti-
mate of the cancer risk.

Dose and dose rate both influence cancer
induction and are linked to the form of the
dose response relationship. For radiological
protection purposes tumour induction is
generally assumed to increase with increa-
sing dose, with no threshold, as indicated
above. However, studies from cells in cul-
ture reveal that for many endpoints, inclu-
ding mutation, the dose response is not li-
near, but that the effectiveness of radiation,
per unit dose, increases as the. dose increa-
ses. At very low doses, where there is a low
probability of more than one radiation
event occurring in a cell nucleus it may be
expected that the effect is linearly related to
dose. At higher doses, where multiple ioni-
sing events within a single cell are com-
monplace, damage arising from interactions
between two or more events becomes pro-
bable. :
The difficulty in assessing risks. of cancer
following exposures to low LET radiation
at low doses and dose rates is illustrated in
the Figure. This gives, schematically, data
points and possible dose.response curves
for cancer induction. Frequently, as in this
example, information is only available at
relatively high doses. An. approach com-
monly used in risk assessment is to fit a li-
near dose response relationship to the data
(curve B) a procedure usually considered to
give an upper limit to the risk at low doses.
This will be the case unless significant cell
killing has occurred. If this linear relation-
ship is due to single tracks acting indepen-
dently then the effect per unit dose would
be expected to be independent of dose
magnitude and dose rate. In practice, how-
ever, this is not generally observed and the
linear quadratic relationship (curve A) fre-
quently gives a better fit to the data at low
to intermediate doses implying that at
higher doses damage is the result of both
single and multiple tracks. At still higher

|
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doses cell killing becomes significant with
a consequent reduction in tumour yield.
With a progressive lowering of the dose
and the dose rate, allowing more opportu-
nity for repair of damage, a point may ulti-
mately be reached at which multiple track
events make a negligible contribution to
tumour incidence and damage is produced
only as a result of single tracks acting alone
giving a linear response (curve D) with the
effect proportional to dose (slope 1, the risk
coefficient). A similar response would be
obtained by lowering the dose rate alone as
" even with high total doses the rate of build
up of lesions would be slower and the op-
portunity for multiple track events would
decrease. Hence in the limit, curve D, could
be achieved either by reducing the dose to
very low values so that effects are indepen-
dent of dose rate or by reducing the dose
rate to very low values. The approach used
for assessing risks at low doses and low
dose rates of low LET radiation is de-
scribed in Sections 5 and 6. For high LET
radiation it is assumed that there is no dose
rate effect and the response is proportional
to dose for doses below those at which
there is cell killing.
The data on the A-bomb survivors provide
information on risks of cancer in a range of
tissues, although- to date no information is
available under the new dosimetry for ra-
diation-induced cancers of the liver, cells
on bone surfaces, thyroid and skin. Infor-
mation on radiation induced cancer in these
tissues is, however, available from other
epidemiological studies summarised in
Table 2. The principal studies used to
quantify the effects of both external radia-
tion and internally incorporated radionucli-
des are summarised below.

3. EXPOSURES TO EXTERNAL
RADIATION

3.1 The A-bomb Survivors in Japan

The mortality experience of the Hiroshima
and Nagasaki A bomb survivors has been
the single most important source of infor-
Imatlon on the risk of radiation-induced
:cancer. Information is available on the ex-
posure of individuals to whole body radia-
t10n at a range of ages. New data that
became available in the 1980s on this popu-
;latlon of more than 90,000 people in the

;Llfe Span Study (LSS) followed up since
1950 necessitated a revision of previous

risk estimates [23, 26]. There were a num-
ber of components to this change. The first
is a revision of the dosimetry (DS86) to
allow, amongst other factors, for the high
humidity in the air over the cities which has
substantially reduced the neutron dose at
Hiroshima from the earlier 1965 (T65)
estimates which were based on measure-
ments in the dry atmosphere of the Nevada
desert. Improved estimates have also been
made of the yield of the Hiroshima bomb
(increased from 12.5 to -15 ktonnes), the
shielding provided by buildings and of
tissue and organ doses. The second is that
the number of excess fatal cancers in the

population has increased due to the increa-

sed period of follow up (to 1985) and an
estimate of the cancers occurring in the
period 1945-1950 have now been made.
The third is that multiplicative, rather than
additive risk models appear to provide a
better basis for assessing lifetime risk of
most solid cancers.

UNSCEAR (1988) in a report to the Gene-
ral Assembly provided information on ra-
diation induced cancer risks for a number
of tissues in the Japanese population based
on both additive and multiplicative pro-
jection models. The total cancer risk at high

"dose and high dose rate was estimated to be
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4 and 7 1072 Sv'!* using the additive and
multiplicative models respectively and an
age averaged risk coefficient. This com-
pared with the Committee's 1977 assess-
ment of 2.5 102 Sv™! at high dose rate
using the additive model [33]. Because
children and young persons are more sensi-
tive to radiation than adults the application
of age specific risk coefficients increases
the predicted numbers of radiation induced
cancers.

- These risk estimates for whole body radla-

tion exposure were based on an extrapola-
tion into:the future which is somewhat un-

certain for solid cancers because two thirds

of the Japanese survivors are still alive and
two thirds of the cancer risk has still to be
expressed. Up to 1985 about 80 excess
leukaemias and 260 excess solid cancers
had occurred in the LSS population for
whom DS86 doses are available out of a to-
tal of about 6000 cancer deaths [23]. The
risk of radiation-induced leukaemia is more
certain than that for solid cancers, however,

. as few more excess cases are now expected.

There are also uncertainties in extrapolating
the cancer risks based on the Japanese po-
pulation exposed to radiation at high dose
rates to the low doses and dose rates rele-
vant for radiological protection purposes
(see Section 5). Further data on mortality in
the A-bomb survivors are expected to be
published during 1996.

3.2 Thyroid Cancer

Groups of children and young persons who
received thyroid irradiation, and who can
be used to derive risk coefficients for thy-
roid cancer, include children who received
X ray treatment for thymic enlargement,
patients treated in US hospitals for thyro-
toxicosis and other benign lesions of the
neck and patients who received X ray

* Arisk of 1 107 Sy corresponds to a risk of
cancer of 1 in 100 per Sv or 1 in 100,000 per
mSv.

treatment for thyroid disease [21, 27]. In
the majority of cases, particularly in the

-young, thyroid canceris not fatal. The mor-

tality from radiation-induced thyroid cancer

is expected to be about 10% of the inci-

dence. There is also evidence that the risk
in adults is about half that in children and
that the risk in females is about twice that
in males. For a population uniformly expo-
sed to external radiation the risk of fatal
thyroid cancer is estimated to be 8.0 107
Gy~! assuming a 5 year latent period [8]. In

_human populations given iodine 131 for

non therapeutic reasons, and who received
doses well: below 2 Gy, no significant
excess of thyroid cancers has been obser-
ved. This suggests a risk coefficient 3 to 4
times less than that obtained following ex-
ternal radiation at high dose rates.[21]. Data
on thyroid cancer incidence in children in
areas of the former Soviet Union that were
contaminated with fall-out from Chernobyl
indicate an increased risk of thyroid cancer

_in some areas. To date the data are insuf-

ficient to provide quantitative risk estima-
tes. ‘

3.3 Skin Cancer ) ‘

An ICRP Task Group [9] has reviewed data
on the risks of skin cancer. Most of the data
come from groups given partial body irra-
diation in the course of medical treatment,
although some data are available from oc-
cupationally exposed groups, in particular
radiologists and radiation technicians and
uranium mining populations. Little infor-
mation is available from the A-bomb survi-
vors. On the basis of a relative risk model,
the Task Group calculated a risk of fatal
skin cancer for exposure.of a general popu-
lation of 2 107 Sv™! at low doses, on the as-
sumption that 0.2% of cases would-be fatal.
The Task Group stressed the uncertainty
over assessing the temporal pattern of ra-
diation-induced skin cancers.
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3.4 Breast Cancer

Data are available on radiation-induced
breast cancer from follow-up studies on the
A-bomb survivors as well as from studies
of patients in North America given fluoros-
copy examinations for tuberculosis or trea-
ted for acute postpartum mastitis [15].
Risks calculated from either population are
little different, based on additive projection
models. ICRP has based its risk estimate of
2 1073 Sv, for a mixed population of men
and women, on the data on the A-bomb
survivors [8]. The risk of breast cancer also
varies considerably with age at exposure.
Thus, for exposure in the first decade of
life, the risk is about 4 times that at ages
40-50 years [19].

4. EXPOSURE TO INTERNALLY
INCORPORATED
RADIONUCLIDES

Human data on the effects of internally in-
corporated radionuclides are available for
only a few radionuclides and have been
reviewed by UNSCEAR (1994). Quantita-
tive data for risk estimation are available
only for alpha particle emitters.

The available information covers groups
exposed to radium isotopes (?**Ra, ?*Ra,
?28Ra) where bone tumours are the predo-
minant late effect, and Thorotrast (colloidal
ThO,) which principally results in irradia-
tion of the liver, spleen and bone marrow,
with tumours arising mainly in the liver and
bone marrow (leukaemia). Information is
also available in man on lung cancer fol-
lowing exposure to radon and its decay
products. Epidemiological studies of do-
mestic exposure to radon are presently un-
der way, but it will be some time before
sufficient data are available to obtain an
indication of possible risks. Twenty-six
men who worked with plutonium on the
Manhattan project during the Second
World War have also been studied

(estimated body contents 52-3180 Bq). Se-
. ven individuals have so far died. The cau-
ises of death were lung cancer (2 cases),
» myocardial infarction, arteriosclerotic heart

i disease, accidental injury, respiratory fail-

| ure due to pneumonia/congestive heart fail-
||| ure and osteosarcoma of the sacrum. Three
I men also reported a history of skin cancer.

1 There is a high probability that the bone

i cancer was caused by exposure to pluto-
nium as the spontaneous risk is about 1 in
« 2000.

4.1 Radium-226/228 Luminisers

An increased incidence of bone cancer and
of head sinus carcinoma has been observed
in persons exposed to long lived radium,
particularly in painters of luminous dials,
but also radium chemists or persons treated
with radium salts for a possible therapeutic
effect [24, 25]. These persons became in-
ternally contaminated with pure 2?Ra (t'2 =
1,600 years) in some cases, and in other ca-
ses with various mixtures of 226Ra and ?*Ra
(t¥4 = 5.77 years). Bone cancers and head
- sinus carcinomas have arisen in these popu-
lations. The majority of these cancers had
appeared by 1969, although three bone tu-
mours have appeared since then and head
cancers have recently appeared at a greater
rate than bone cancers. The radium isotopes
- deposit principally in the skeleton and the
bone sarcomas appear to have been induced
by particles from either the 2°Ra or ?**Ra
decay series. The head sinus carcinomas
lare thought to be caused mainly by the ac-

4 cumulation of radon (*2Rn) gas in the fron-

-tal sinuses and mastoid air cells. This ra-
. don is produced by the decay of ?26Ra in the
bone.
Except for the bone sarcomas and head si-
-nus carcinomas no definite excess in other
types of malignancy, including leukaemia,
is .presently ascribed to the internal depo-
sition of long lived radium.
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4.2 Radium-224 Patients |

The effects of intakes of radium has also
been studied in German patients injected
with 2Ra shortly after World War II. The
study group consists of a population of 682
adults and 218 juveniles (age at first in-
jection varied between 1 and 20 years) who
received weekly or twice weekly intrave-
nous injections of ?**Ra, mainly for the
treatment of bone tuberculosis or ankylo-
sing spondylitis [14, 29]. The last bone tu-
mour occurred in 1988, 41 years after the
injection of ?*Ra into a three year old boy
and is the only bone sarcoma reported in
this series since 1974. Very few new tu-
mours are now expected.

Based on the information on bone cancer
risks following intakes of radium, ICRP
(1991a) has adopted a total risk estimate of
5 107 Sv™! (assuming a radiation weighting
factor for -particle irradiation of 20).

4.3 Miners Exposed to Radon

An increased mortality from lung disease
has been observed in under-ground miners
working in Czechoslovakia, Canada, Uni-
ted States of America and Sweden exposed
to ?2Rn and its decay products [1].

The increase in mortality from lung cancer
has been correlated with air concentrations
of radon in different mines and the duration
of exposure. Bronchial stem cells and
secretion cells in the airways are considered
to be the main target cell for the induction
of Jung cancer resulting from radon expo-
sure. There are many difficulties in calcu-
lating the radiation dose to these cells as a
result of exposure to radon decay products
(expressed in working level months**). The

** 1 WL is any combination of the short-lived
decay products of radon per litre of air which
will result in the ultimate emission of 1.3x10°
MeV of particle energy. A WLM results from
exposure to a concentration of decay products
in air of 1 WL for an average working month of
170 hours at a breathing rate of 1.2 m3 h™!,

51

radiation dose over the working life must
be taken into account and the dust loading
of the atmosphere known as it determines
the extent of absorption of radon daughters
onto the respirable particles. In addition to
any possible synergistic effects between
smoking and radon exposure, the presence
of dust, diesel fumes and other possible
carcinogens in the mine atmosphere causes
some uncertainty as to whether an excess of
cancer can be attributed to radiation alone.
The BEIR IV Committee have suggested a
risk of lung cancer following exposure to
radon and its decay products of 350 cases
per 106 persons per WLM. This corre-
sponds broadly to a risk of 0.42 1072 Sv™!
following exposure of the lung (3.5 1072
Sv7l, Effective Dose), assuming a radiation
weighting factor, w, for irradiation of 20
and is similar to the value of 0.68 1072 Sv!
adopted by ICRP [7] for a working popula-
tion based on the A bomb survivors.

4.4 Thorotrast Patients

Thorotrast is colloidal thorium oxide. In the
late 1920s it began to be injected into the
arteries of patients for use in diagnostic ra-
diology as an X ray contrast material. The
average dose of about 25 ml of Thorotrast
contained 5 gms of thorium with an activity
() of about 20 kBq ?*?Th with additional
radioactivity from its decay products. The
colloidal Thorotrast was cleared from the
bloodstream by uptake into phagocytic
cells depositing about 60% in liver, 30% in
spleen and 10% in red marrow. Extensive
epidemiological studies in Portugal, Swe-
den, Denmark, the United States, the Fede-
ral Republic of Germany and Japan have
shown that retention of thorium oxide par-
ticles in the liver and in the bone marrow
has resulted in an increased risk of liver
tumours and leukaemias as well as liver
cirrhosis and other cardiovascular diseases
[1, 39, 40]. On the basis of an injected dose
of 25 ml the dose to the liver is estimated to
be 0.25 Gy y~!. Present estimates, based on
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a latent period of 20 years, suggest a life-
time risk of liver cancer following exposure
to Thorotrast of about 0.15 1072 Sv™! [1, 7],
about half this risk is expected to be ex-
pressed by 40 years after exposure.

5. DOSE AND DOSE RATE
EFFECTIVENESS FACTORS
(DDREFs)

Risk coefficients for radiation induced can-
cer are mainly based on population groups
exposed at high doses and high dose rates.
Studies at the molecular, cellular, tissue and
whole animal level have demonstrated that
radiation damage increases with dose and
that, at least for low LET radiation, at high
dose rates it is often greater per unit of ex-
posure than at low dose rates. Thus, al-
though the assumption normally made for
radiation protection purposes is that the
dose response curve for cancer induction is
linear, with the risk proportional to dose, in
practice a dose and dose rate effectiveness
factor (DDREF) has commonly been used
to allow for a reduced effectiveness of ra-
diation in inducing cancer in man at low
doses and low dose rates. The choice of a
suitable DDREF has caused considerable
debate with relevant data being available
from cellular and animal studies, as well as
human epidemiology.

In. 1986 UNSCEAR suggested that for
many cancers the assumption of a linear re-
sponse when extrapolating from informa-
tion at high dose rates could overestimate
risk at low dose rates by up to a factor of 5
[35]. In 1988, UNSCEAR stated that risks
at low dose rates of low LET radiation may
be less than high dose rates by a factor of
between 2 and 10 [36]. Similar conclusions
were reached by the BEIR V Committee.
UNSCEAR in its 1993 report comprehen-
sively reviewed experimental and epide-
miological data relevant to the choice of
DDREF. The Committee suggested an ap-
propriate value of DDREF was < 3. ICRP
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in its 1990 recommendations based estima-
tes of DDREF principally on an analysis by
Pierce and Vaeth (1989) of the data from
the Japanese survivors. This analysis shows
that the data do not allow for a reduction
factor of much more than about 2. Other
epidemiological data showed little evidence
of dose rate effects although studies on thy-
roid cancer incidence [28] and breast can-
cer mortality [15] indicate possible reduc-
tion factors of up to 3 or 4. As a conse-
quence. ICRP [8] have adopted a DDREF of
2, recognising that "the choice is somewhat
arbitrary and may be conservative". In
practice, the DDREF would be expected to
vary with tissue and exposure conditions al-
though a single value has had to be as-
signed for protection purposes. A better
understanding of the mechanisms involved
will be essential for improving understan-
ding of the effects of both dose and dose ra-
tes on radiation-induced tumour induction
in man. A summary of values of DDREF
recommended by national and international
bodies is given in Table 3. No DDREEF is
recommended for high LET radiation.

6. RISK COEFFICIENTS FOR
RADIATION-INDUCED CANCER

In the last few years a number of studies
have been published which have calculated
risks of radiation induced cancer for diffe-
rent populations. They have been based
predominantly on information derived from
the A-bomb survivors but supplemented by
data from other epidemiological studies.
Most risks have been calculated for the ge-
neral population, although a number of re-
ports have also given risks for workers.
These tend to be lower (by about 20 40%)
because of the greater risk to children and
young persons calculated using the relative
risk projection model for most solid can-
cers. '

Table 4 summarises the information on so-
matic radiation risks at high doses and high
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dose rates published in recent years by
UNSCEAR (1988), BEIR (1990), NRPB
(Muirhead et al , 1993) and ICRP (1991a),
using mainly relative risk projection mo-
dels for most solid cancers. In the majority
of studies lifetime risks of cancer have been
calculated, although NRPB also gave risks
to 40 years after exposure (the present pe-
riod of follow-up of the A-bomb survivors).
UNSCEAR (1988) calculated risks based
on both an age-averaged and an age-speci-
fic constant relative risk models. BEIR V
(1990) calculated risks to a US population
and gave values for a number of tissues
using time-varying relative risk models for
some cancers (leukaemia, respiratory tract,
breast cancer in females). It is noteworthy
that BEIR V, unlike UNSCEAR, calculated
excess cancer deaths, not early deaths. The
former risk is about 20-25% less than the
latter reflecting the baseline cancer rate in
the population. ICRP (1991a) calculated
risks for a 'world' population based on an
average value for five populations (Japan,
UK, USA, Puerto Rico, China) and on
transferring both absolute and relative risks
across populations.

Overall the lifetime risks calculated in
recent years are not too different for the
various studies, the lowest value being for
UNSCEAR (1988) using age-averaged risk
coefficients. ICRP (1991a) have adopted a
rounded value of 10 1072 Sv! for the risk
coefficient for fatal cancer at high doses
and high dose rate following exposure of a
mixed population of all ages. Applying a
DDREF of 2 gives a risk of 5 1072 Sv™! for
radiation protection purposes. Risk coef-
ficients for individual tissues are given

in Table 5, which also gives risk coef-
ficients recommended by ICRP in 1977.
For workers the risk coefficient adopted for
radiation protection purposes is 4 1072 SvL

7. LOW DOSE STUDIES
The majority of studies on which risk esti-
mates for radiation-induced cancer are
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based are for populations exposed at high
doses and high dose rates. Studies of low
dose rate exposure generally involve low
doses and because of the likely low excess
risks are hampered by lack of statistical
power and possibly also by confounding
factors. However low dose rate studies can
provide a check on the risks derived by ex-
trapolation from high dose rate studies.
The main studies of interest are on workers
who are occupationally exposed although
some data are also available on risks in
children following exposures in utero and
on persons from areas of high natural back-
ground.

7.1 Occupational Exposures

Several studies have been conducted of
nuclear industry workers. In the USA, Gil-
bert et al, (1989) performed a joint analysis
of data for about 36,000 workers at the
Hanford site, Oak Ridge National Labora-
tory and Rocky Flats weapons plant. Nei-
ther for the grouping of all cancers nor for
leukaemia was there an indication of an in-
creasing trend in risk with dose.A study of
just over 95,000 individuals on the UK's
National Registry for radiation Workers
(NRRW) has examined cancer mortality in
relation to dose [10]. For all malignant
neoplasms, the trend in the relative risk
with dose was positive but was not statisti-
cally significant (p=0.10). Based on a rela-
tive risk projection model, the central esti-
mate of the lifetime risk based on these data
was 10% Sv~!, which is 2% times the value
of 4% Sv~! cited by ICRP (1991a) for risks
associated with exposure of workers (based
on applying DDREF of 2 to the Japanese
data). The 90% confidence interval for the
NRRW-derived risk ranged from a negative
value up to about 6 times the ICRP value.
For leukaemia (excluding chronic lympha-
tic leukaemia (CLL) which does not appear
to be radiation inducible), the trend in risk
with dose was statistically significant
(p=0.03). Based on a BEIR V - type pro-
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jection model (BEIR, 1990), the central
estimate of the corresponding lifetime leu-
kaemia risk was 0.76% Sv~! which is 1.9
times the ICRP value for a worker popula-
tion (0.4% Sv'), with 90% confidence
limits ranging from just above zero up to
about 6 times the ICRP value. There were
also an indication of an increasing trend
with dose in the risk of multiple myeloma
(p=0.06), the estimated trend in the relative
risk was about 3 times that obtained from
the Japanese survivor data under a linear
dose-response model, with a 90% confi-
dence ranging from just.under zero up to 20
times the Japanese value. An increasing
trend in multiple myeloma risk with dose
was similarly found in the US study of Gil-
bert et al (1989) (p <0.05).

The National Registry for Radiation Wor-
kers therefore provides evidence of raised
risks of leukaemia and multiple myeloma
associated with occupational exposure to
radiation, but, like the combined study of
US workers [6], is consistent with the risk
estimates for low dose/dose rate exposures
derived by ICRP (1991a) from the Japanese
survivor data. In particular, combining the
NRRW and US results produces central
estimates for lifetime risk of 4.9 1072 Sv™!
(90% CI1 <0, 18) for all cancers and 0.30
10-2 Sv-1 (90% CI <0, 1.04) for leukaemia,
excluding CLL (Kendall et al, 1992b),
which are similar to the ICRP risk estima-
tes.

7.2 Exposures In Utero

A number of studies have been published
that have examined the risks of cancer in
childhood following exposures in utero.
These studies have particular advantages
for detecting risks of cancer at low doses
because of the low spontaneous cancer rate
in children.

The Oxford Survey of Childhood Cancers
(OSCC) is a case-control study and was
started in the mid-1950s. Up to 1979, mo-
thers of 14,759 cases and the same number

of matched controls had been interviewed.
‘During the late 1950s, the study investiga-
tors reported a doubling in the risk of
childhood cancer associated with prenatal
x-ray exposure. Later analysis covering a
ilonger period indicated a falling risk with
itime and average raised risk of about 40%
{(95% CI: 31-50) [3, 30, 31]. Although there
.1s some uncertainty in the doses received,
ithey are considered to fall in the range for
about 5 to 20 mGy (low-LET) [33].

It has been suggested that, owing to the
retrospective nature of the OSCC, with at
least partial reliance upon mothers’ memo-
ries, some bias may have been introduced.
The results of the follow-up were supported
by a study in the United States based on
contemporary records of x-ray exposure; an
association between prenatal x-rays and
childhood cancer was confirmed [13, 17].
The possibility still exists that there may be

'some, as yet unidentified, confounding

factor in the OSCC affecting both the pro-
bability of the fetus being irradiated in
utero and the risk of subsequent cancer.
The data obtained in the survey were
reanalysed, however, by Mole (1974), who
showed that the frequency of leukaemia
and of solid cancers in childhood is greater
following prenatal x-radiography, not only
in singleton births, but also in dizygotic
twins. The radiography rate was 10% in
singletons and 55% in twins. A similar
excess frequency of leukaemia and of solid
cancers in those x-rayed with such different

~rates of radiography provides evidence for

irradiation as the cause.

The effect of other possible confounding
factors such as sibship position, maternal
age and social class was considered by
Bithell and Stewart (1975) and by Kneale
and Stewart (1976). Generally, the relative
risk associated with prenatal x-rays was
changed little after allowing for these
factors [18].

Other case-control studies give estimates of
the relative cancer risk associated with ex-
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posure to x-rays in utero that are greater
than 1.0. Bithell (1989) has shown that the
relative risks obtained from 13 additional
studies are consistent with information
from the OSCC, even though they relate to
different. populations and the studies some-
times differ in their design and method of
analysis. With the OSCC excluded, the
weighted average of the relative risks is
1.36 (95% CI: 1.20-1.51), which is signifi-
cantly greater than unity and is consistent
with the estimate of 1.4 obtained from the
OSCC. Inclusion of the OSCC estimate
yields an average relative risk of 1.39 (98%
CI: 1.31-1.47).

While no excess of childhood cancer has
been observed among those exposed to
atomic bomb radiation in wutero, there is
only borderline evidence that this result dif-
fers to a statistically significant extent from
the OSCC [42]. Among 1263 children ir-
radiated in utero and followed from birth, 2
cases of cancer arose up to 15 years of age,
compared with 0.73 expected from Japa-
nese national rates [41]. The resulting up-
per limit on the 95% CI for the absolute
radiation-induced risk is 2.8 1072 Gy’!
(low-LET). Continued follow-up showed
an excess of adult cancers among those ex-
posed to atomic bomb radiation in utero.
Based on the follow-up to 1984, the relative
risk at 1 Gy was estimated to be 3.77,
which is similar to that seen among survi-
vors of the atomic bombings irradiated in
the first 10 years of life [26]. Further fol-
low-up to the end of 1989 suggested a sub-
sequent decrease in the relative risk [42], in
line with the pattern indicated by the earlier
follow-up of those exposed postnatally at
ages under 10 years.

Thus, although there is some consistency in
the case-control studies in showing a raised
risk of childhood cancer, the absence of
confirmation in cohort studies leaves some
uncertainty in establishing a risk estimate.
Muirhead et al (1993) have estimated a risk
of cancer incidence of 6 1072 Sv™!'to age 15
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years following irradiation in utero from
the OSCC data. Since slightly less than
50% of childhood cancers consist of leu-
kaemia and other lymphatic/haemopoietic
cancers, and the relative risks are similar
for these and other cancers, a risk of 2.5 10-
2 Gy™! may be assumed for leukaemia and
3.5 102 Gy"! for solid cancers. Also, as
slightly less than half of all childhood can-
cers are fatal, the number of excess cancer
deaths may be taken as 3 102 Gy™!, com-
prising 1.25 1072 Gy™! for leukaemias and
1.75 1072 Gy™' for solid cancers. As seen in
the OSCC, all increase in childhood cancer
risk may arise from doses in the range of
about 5-20 mGy (low-LET).

7.3 Background Radiation

Studies of exposure to natural radiation
(other than radon) have generally involved
looking for any geographical correlation
with cancer rates. Such studies are difficult
to interpret however owing to the effect of
confounding factors such as socio-demo-
graphic variables and other factors that vary
geographically.

8. SUMMARY OF RISK FACTORS
FOR THE GENERAL
POPULATION AND WORKERS
USED IN SETTING DOSE LIMITS

The International Commission on Radio-
logical Protection [8] now considers four
components of the detriment (health ef-
fects) due to irradiation of the tissues and
organs of the body at low doses when as-
sessing the overall effects of radiation.
These include the probability of fatal can-
cer; the probability of non-fatal cancer and
the probability of severe hereditary disease,
both weighted for severity relative to fatal
cancer; and the time scale of appearance of
these detrimental effects. The overall
weighted severity values assigned to ‘the
non-fatal cancers and severe hereditary di-
seases (including multifactorial diseases)
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each amount to about one-fifth of the de-
triment associated with fatal cancer. In
summary the aggregated detriment amounts
to 7.3 x 1072 Sv™! for a nominal population.
1t is slightly less (5.6 x 1072 Sv™!) for a po-
pulation aged 18-64 years who are occupa-
tionally exposed, when account is taken of
the omission of younger persons who are
more radio-sensitive and the shorter mean
potential period of reproduction. The risk
factors recommended by ICRP for protec-
tion purposes are summarised in Table 6.

9. FUTURE PROSPECTS

There remain a number of important que-
stions that remain to be answered in the as-
sessment of the risks of radiation-induced
in human populations. Very limited infor-
mation is available at the low doses and
low dose rates that are important for radia-
tion protection and the risks have to be as-
sessed principally from populations expo-
sed at high doses and dose rates by
applying an appropriate dose and dose rate
effectiveness factor. Increasingly, however,
epidemiological studies on groups of wor-
kers in the nuclear industry are providing
information on exposures at low doses and
dose rates although at present any estimates
of risk have large uncertainties associated
with them. With the development of these
national studies and by pooling them inter-
nationally by the International Agency for
Research in Cancer, these uncertainties
should be progressively reduced. The pro-
jection of lifetime risk remains uncertain,
particularly for those exposed at younger
age groups, and is largely based on empiri-
cal fits to the epidemiological data obtained
to date. Continued follow up of exposed
populations, in particular the A-bomb sur-
vivors in Japan is needed for validating cur-
rent models. It seems likely that epidemio-
logical studies will be unable to answer all
the questions concerned with the effects of
dose, dose rate, radiation quality and indi-

vidual sensitivity on cancer induction. Ul-
timately this must depend on a much better
.understanding of the response of tissues to
iradiation. This will come partly from care-
fully controlled animal studies but increa-
singly from cellular and molecular studies
on the fundamental mechanisms involved
in cancer induction.
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Table 1
Numbers of deaths from all cancers other than leukaemias among Japanese

atomic bomb survivors with a DS86 dose of 0.75 Gy or more (from Preston
and Pierce, 1987)

Age at Time since exposure (years)
Exposure
5-25 25-40 5-40
<20 0a 14 44 58
Eb 4.03 17.8 21.8
O/E€ 3.47 2.47 2.66
20-34 0 26 58 74
E 13.0 24.4 374
O/E 2.01 1.96 1.98
35 (6] 119 99 218
E 86.7 68.9 155.6
O/E 1.37 1.44 1.4
Al o} 159 191 350
E 103.7 111 215
O/E 1.53 1.72 1.63
a0 - Observed number of deaths
bg - Expected number of deaths in a unirradiated population,

based on rates among those with a DS86 dose <0.1 Gy
CO/E - Relativerisk

Table 2
Human populations available for risk estimation

Atomic Bombs Japanese Survivors
Marshall Islanders?

Medical Diagnosis Multiple Fluoroscopies (breast)
Prenatal Irradiation
Thorotrast Injectionsb

Medical Therapy Pelvic Radiotherapy (cervix)
: Spinal Radiotherapy
(ankylosing spondylitis)
Neck and Chest Radiotherapy (thyroid)
Scalp Radiotherapy
Radium Treatmentb

Occupational Exposure Uranium Miners
Radium Ingestion (dial paimers)b

2 exposure to external radiation and / - emitting radionuclides
exposure to -emitting radionuclides.
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Table 3
Summary of dose and dose rate effectiveness factors
Source DDREF

ICRP 1977 25
NCRP 1980 2-10
UNSCEAR 1986 upto5
UNSCEAR 1988 2-10
BEIR 1990 2-10
ICRP 1990 2
NRPB 1993 2
UNSCEAR 1993 <3

Table 4

Estimated lifetime fatal cancer risks in populations (all ages, both sexes)
associated with exposure to low LET radiation at high doses and high dose
rates, based on a multiplicative projection model

Population Fatal cancer risk
10-2 §v-!
UNSCEAR 1977 - 2,54
UNSCEAR 1988 Japan 7 -11b
BEIR V 1990 USA 7.9¢
ICRP 1991 Five nations 10.0d
49-118
Muirhead 1993 UK

[~

additive model

b range based on age-averaged and age-specific constant

relative risks

see text (Section 5.2)

d  average value based on US, UK, Japan, Puerto Rico and
Chinese populations. Risk for workers 8.0 10-2 sv-1

€ risk calculated to 40 years after exposure and lifetime

assuming'age-specific relative risks. Risk for workers

5.9-10.110-2 Sv-1.

[¢]
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Table §

Risk coefficients for fatal cancer adopted by ICRP

Organ or tissue Fatal cancer,
10-2 8v-1
ICRP 1977 ICRP 1991
Population Workers

Bladder 0.30 0.24
Red bone marrow 0.20 0.50 0.40
Bone surface 0.05 0.05 0.04
Breast 0.25 0.20 0.16
Colon 0.85 0.68
Liver ' 0.15 0.12
Lung 0.20 0.85 0.68
Oesophagus ‘ 0.30 0.24
Ovary . 0.10 0.08 '
Skin 0.02 0.02
Stomach 1.10 0.88
Thyroid 0.05 0.08 0.06
Remainder 0.50 0.50 . 0.40
Gonads
(hereditary disease) - - . -
Total 1.25 5.0 ) 4.0

Table 6 .
Risk Factors for Protection, 1072 Sv~1.
ICRP 1977 ICRP
1991
Public Workers
Fatal cancer 1.?5 5.0 4.0
Hereditary defects 0.42 1.0b 0.6b
Total 1.65 6.0 4.6
Total (weighted)© - 73 ‘ 5.6

a two generations

b al generations

€ to allow for non-fatal cancers and years of life lost for |

cancers and hereditary disease.
|
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Figure 1: ‘
Dose-response relationship for radiation-induced cancer. Possible inferences
are illustrated in extrapolating data available at high doses and high dose
rates to response at low doses and dose rates for low-LET radiation.

i

A - High absorbed doses and high!dose rates

B - Lincar, no threshold, slope ay

C - Low dose rate, slope ac, Low-LET
D - Limiting slope for low dose rate, slope ar,

H - High-LET

ABSORBED DOSE (Gy)
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