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Résumé

On sait que l'incidence normale du cancer dans les populations
humaines est accrue par une exposition à des doses modérément élevées
(par exemple 1000 mSv ou 100 000 millirems) de rayonnement ionisant.
Aucune augmentation importante des défauts génétiques n'a été observée
chez les enfants de personnes exposées à des doses semblables de
rayonnement. Cependant, des études de laboratoire effectuées sur des
souris et d'autres organismes vivants donnent à penser qu'une expo-
sition aux rayonnements ionisants peut avoir quelques effets génétiques
sur les humains. Sur la base des données que nous avons sur les
incidences excessives de cancer dans diverses populations humaines
exposées et sur la base des données disponibles en matière de changements
génétiques accrus chez les populations de souris irradiées, il est pos-
sible de faire une estimation des risques par unité de dose de rayon-
nement .

Les humains ont toujours vécu dans un environnement où se trouvent
des rayonnements ionisants de faible activité provenant de diverses
sources naturelles. Les estimations de risque effectuées par divers
comités scientifiques nationaux et internationaux suggèrent que les
niveaux normaux du fonds naturel de rayonnement (1 mSv ou 100 millirems
par an) sont susceptibles d'être responsables d'environ 0,5% de l'ensemble
des cancers et des maladies génétiques existant normalement dans la
population en général. L'éventail total des estimations de risque sug-
gérées par le comité BEIR 1980 de l'Académie nationale des sciences des
Etats-Unis indique que la valeur susmentionnée pourrait en fait se situer
n'importe où entre 0% et 2-3% bien qu'une valeur approchant 0,5% semble
plus probable. On s'attend à ce que l'inhalation de radon, produit de
filiation, augmente d'un petit pourcentage, l'incidence totale des cancers
mortels du poumon laquelle n'est pas comprise dans les estimations ci-
dessus; l'ampleur exacte de cet effet particulier est. encore en discus-
sion. Tous les effets sur la santé indiqués ci-dessus sont trop petits
pour être détectés par l'observation directe des populations humaines.
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Aux niveaux des rayonnements naturels ou aux niveaux des rayon-
nements cent fois plus grands, les risques potentiels pour la santé
sont considérés comme étant directement proportionnels à la dose totale
accumulée de rayonnements. Quelques-unes des incertitudes liées à
cette hypothèse et les estimations de risque acceptées ont été passées
en revue de façon critique dans ce document. En dépit du besoin d'une
recherche plus poussée pour réduire l'ampleur de ces incertitudes, il
ne semble pas y avoir de raisons pour s'attendre à ce que les estimations
de risque acceptées soient grossièrement erronées. Le concensus
scientifique général à l'heure actuelle suggère que ces estimations
peuvent exagérer quelque peu les risques réels des faibles niveaux de
rayonnements ionisants épars (rayons bêta, rayons gamma ou rayons X)
mais il est peu probable qu'elles surestiment les risques réels de
rayonnements ionisants denses (neutrons rapides, particules alpha).
Compte tenu de cette probabilité, le Comité BEIR 1980 a suggéré un
risque absolu de 80 x 10"^ cancers mortels par Sv dans le cas d'une
exposition du corps entier à des rayonnements ionisants épars à de
faibles débits de dose et environ 170 x 10~4 cancers mortels par Sv
pour les rayonnements ionisants denses; ces valeurs peuvent être
comparées avec l'estimation de 125 x 10"4 cancers mortels par Sv pour
tous les types de rayonnement qui a été suggérée par la Commission
internationale de protection radiologique en 1977 et réaffirmée par
cette commission en 1980. On autre modèle (risque relatif) considéré
par le Comité BEIR donne un nombre triplé de cancers mais approximativement
la mime diminution pour l'espérance de vie par dose unitaire de rayon-
nement .

Aux niveaux admissibles maximaux d'exposition pour les travailleurs
dans les centrales nucléaires, le danger potentiel pour la santé en
matière d'espérance de vie serait comparable à celui rencontré dans le
transport, les services publics ou l'industrie de la construction. Aux
expositions moyennes aux rayonnements reçus par ces travailleurs, en
pratique, les dangers potentiels pour la santé sont semblables à ceux
s'appliquant aux catégories sûres des industries. L'extraction minière
de l'uranium reste une occupation relativement dangereuse.

Aux doses de rayonnement allant jusqu'aux limites admissibles
maximales, il n'y a pas de raison de s'attendre à des dangers appré-
ciables pour la santé autres que la provocation de cancers et de défauts
génétiques. En termes de chiffres absolus, les dangers génétiques
moins bien établis sont considérés comme étant plus petits que les
dangers cancérogènes des rayonnements lorsque l'on ne considère que la
première génération mais ils sont du même ordre de grandeur que les
dangers cancérogènes lorsque le nombre total de troubles génétiques
induits est accumulé sur toutes les générations.
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ABSTRACT

It is known that the normal incidence of cancer in human
populations is increased by exposure to moderately high doses
(e.g. 1000 mSv or 100,000 millirem) of ionizing radiation. No
significant increase in genetic defects has been observed in
the children of people exposed to similar radiation doses;
however, laboratory studies on mice and other living organisms
suggest that exposure to ionizing radiation must have some
genetic effects on humans. From the data on excess cancer
incidence in a variety of exposed human populations and from
the data on increased genetic changes in populations of
irradiated mice, estimates can be made of the risks per unit
dose of radiation.

Humans have always lived with low levels of ionizing
radiation from various natural sources. The estimates of risk
produced by various national and international scientific
committees suggest that normal levels of natural background
radiation (1 mSv or 100 millirem per year) are potentially
responsible for about 0.5% of the total cancers and genetic
diseases that are normally present in the general population.
The total range of risk estimates suggested by the 1980 BEIR
committee of the U.S. National Academy of Sciences indicates
that the above value might in fact be anywhere from near 0% to
2-3%, although a value near 0.5% appears more probable. The
inhalation of radon daughters is expected to contribute an
additional small percentage to the total incidence of fatal
lung cancers which is not included in the above estimates; the
exact magnitude of this particular effect is still under
discussion. All of the above health effects are too small to
be detected by direct observation of human populations.

At background radiation levels or at radiation levels
which are 100 times greater, the potential health risks are
considered to be directly proportional to the total accumulated
dose of radiation. Some of the uncertainties associated with
this assumption and with the accepted risk estimates have been
critically reviewed in this document. Despite the need for



further research to narrow the magnitude of these
uncertainties, there does not appear to be any reason to expect
that the accepted risk estimates are grossly in error. The
general scientific consensus at present suggests that these
estimates may exaggerate the actual risks of low levels of
sparsely ionizing radiations (beta-, gamma- or X-rays) somewhat
but are unlikely to overestimate the actual risks of
densely ionizing radiations (fasrA neutrons, alpha-particles).
Allowing for this probability, the 1980 BEIR committee
suggested an absolute risk of about 80 x 10"^ fatal cancers
per Sv of whole body exposure to sparsely ionizing radiations
at low dose rate and about 170 x 10"* fatal cancers per Sv
for densely ionizing radiations; these values can be compared
with the estimate of 125 x 10"^ fatal cancers per Sv for
all types of raaiation that was suggested by the International
Commission on Radiological Protection in 1977 and reaffirmed by
this commission in 1980. Another model (relative risk)
considered by the BEIR committee yields a threefold larger
number of cancers but approximately Che same decrease in life
expectancy per unit dose of radiation.

At the maximum permissible levels of exposure for
radiation workers in nuclear power stations, the potential
hsalth hazards in terms of life expectancy would be comparable
to tho;'.- encountered in transportation and public utilities or
in the construction industry. At the average radiation
exposures received by these workers in practice, the potential
health hazards are similar to those associated with safe
categories of industries. Uranium mining remains a relatively
hazardous occupation.

At radiation doses up to the maximum permissible limits,
there is no reason to suspect any appreciable health hazards
other than induction of cancers and genetic defects. In terms
of absolute numbers, the genetic hazards , which are less well
established, are thought to be smaller than the carcinogenic
hazards of radiation when only the first generation is
considered but to be of the same order of magnitude as the
carcinogenic hazards when the total number of induced genetic
disorders is summed over all generations.

Chalk River Nuclear Laboratories
Chalk River, Ontario

May 1982
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FOREWORD

This document replaces an earlier version with the same
title and was revised in order to include more recent data
available up to October 1981. The author is indebted to a
large number of people who gave freely of their time and
knowledge to provide many valuable comments and suggestions,
most of which have been incorporated into the text. The author
would particularly like to acknowledge the reviews made by Dr.
J.D. Boice, National Cancer Institute, Eethesda, Maryland, by
Prof. J.V. Neel, University of Michigan Medical School, Ann
Arbor, Michigan, and by Prof. H.H. Rossi, Columbia University,
New York, N.Y. of material in section D(ii), E and Appendix
(ii), respectively. Comments on those portions of the text
that are concerned with sparsely ionizing radiation were
generously provided by Prof. T.W. Anderson, Vancouver, Dr. G.W.
Gibbs, Montreal, Dr. J. Muller, Toronto, and Dr. H.B. Newcombe,
Deep River. A large number of invaluable suggestions on the
text were received from Dr. J.L. Weeks, Whiteshell Nuclear
Research Establishment, Pinawa, Manitoba, from Dr. P.J. Waight,
Radiation Protection Bureau, Ottawa, Ontario, from Dr. V.
Elaguppillai, Atomic Energy Control Board, Ottawa, Ontario, and
from G. Cowper, Dr. A.M. Marko, I.L. Ophel and Dr. M.C.
Paterson of the Health Sciences Division, Chalk River Wuclear
Laboratories. (Comments were also requested from Prof. E.J.
Sternglass , Pittsburgh, Pennsylvania, but no reply was
received.)

On behalf of the readers of this review, the author would
like to extend sincere thanks to all of the above persons who
assisted so much in correcting, clarifying and improving the
original draft of this document. Any errors that may remain
are of course the sole responsibility of the author, who is
also greatly indebted to Brenda Gillies, Connie Nagy and
Margaret Myers for secretarial assistance in the preparation of
this document.

For a more detailed discussion of radiation effects and of
research in this area, the reader is referred to a document
entitled "Biological Effects of Ionizing Radiation" by
A.M. Marko (editor), Atomic Energy of Canada Limited, Report
AECL-7164 (1981).
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(A) INTRODUCTION

The discovery of X-radiation was reported by Roentgen in
1895; the discovery of natural radioactivity was reported by
Recquerel in 1896. Rapid advances in knowledge followed these
two reports. Within 10 years after Roentgen's initial
discovery, X-radiation was being used for medical diagnosis and
for the treatment of certain skin diseases including skin
cancer. However, it soon became apparent that high doses of
•ionizing radiation were also dangerous to humans and other
animals. The first cancer caused by X-radiation in an
occupational worker was reported in 1902. Thus ionizing
radiation was added to the list of chemicals and other agents
which are known to cause cancer; this list started with the
identification of chimney soot as a cancer-producing agent in
1775, continued with arsenic in 1822, and has now been extended
to include over 2000 different agents which are suspected to
produce cancer and about 30 agents known to cause cancer in
humant. .

Although there is no doubt that high doses of ionizing
radiation are dangerous, mankind has always been exposed to low
levels of radiation from the earth, from cosmic rays and from
the natural constituents of our own body. The question thus
remains: exactly how hazardous is low-level radiation? Over
the past three decades in particular, a great deal of effort
has been devoted to the quantitative assessment of radiation
hazards to humans and other living organisms. The purpose of
the present document is, first, to review and assess what we
do know about the hazards of low-level radiation to humans, and
second, to attempt to define those areas of uncertainty which
require particular attention in future research activities.

For the purposes of the present review, low levels of
X-rays or equivalent types of radiation will be defined as
doses up to about 0.2 gray (20 rad) at any dose rate, or as any
total dose up to about 3 gray (300 rad) which is accumulated at
a dose rate of 0.05 gray (5 rad) or less per year. [The
restriction to dose rates of less than 0.05 gray per year may
not be critical. Evidence from animal experiments indicates
that the late effects of 3 gray at low dose rate may not be
appreciably different with an increase in dose rate up to about
0.1 gray (10 rad) per day. The restriction to a total dose of
3 gray may be more important in order to be certain that
non-specific effects of higher radiation doses do not confound
the interpretation of data.]

The currently accepted estimates of radiation hazards to
man are usually taken from four sources: publications on the
Biological Effects of Ionizing Radiation (commonly known as the
8EIR report) prepared by an advisory committee for the U.S.
National Academy of Sciences (1,2), the most recent
publications of the United Nations Scientific Committee on the
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Effects of Atomic Radiation (UNSCEAR report) (3,4), relevant
publications of the International Commission on Radiological
Protection (ICRP) (5-14), and relevant publications of the U.S.
National Council on Radiation Protection and Measurements
(NCRP) (15-20). Each of these reports represents the general
conclusions of a group of about 15-80 scientists who met to
review the assembled evidence and attempted to arrive at a
reasonable consensus on the significance of data published in
the scientific literature. The names of the scientists
concerned are published in the respective reports . Frequently
many of the scientists on ICRP are also represented on UNSCEAR,
but there is little or no overlap in the list of names of
scientists responsible for the recent UNSCEAR, BEIR and NCRP
reports. The BEIR committee consisted largely of scientists
from the U.S.A.; most of these scientists came from university
departments and hospitals with a minority from national
laboratories. The ICRP and UNSCEAR committees are both
international in scope and include scientific experts from most
parts of the world. The ICRP is responsible to the
International Congress of Radiology while UNSCEAR reports to
the General Assembly of the United Nations. UNSCEAR currently
consists of representatives from 20 countries in different
parts of the world [Argentina, Australia, Belgium, Brazil,
Canada, Czechoslovakia, Egypt, France, Germany (Federal
Republic), India, Indonesia, Japan, Mexico, Peru, Poland,
Sudan, Sweden, the U.S.S.R., U.K. and U.S.A.] plus observers
from other international organizations such as ICRP,
International Atomic Energy Agency, International Commission on
Radiation Units and World Health Organization. The scientific
representatives from Canada at recent UNSCEAR meetings have
come from the National Research Council, Health and Welfare
Canada, Atomic Energy Control Board, Atomic Energy of Canada
Limited Re?;arch Company, and Environment Canada.

There is no major discrepancy in the estimates of
biological hazards that were derived by these different groups
of scientists, which is not surprising in view of the fact that
the same primary data were considered. The ICRP recommendations
have been used in many countries as the basis for regulations
governing the permissible levels of radiation exposure. The
present review does not deal directly with the question of
permissible levels but rather with the biological effects that
might be expected at these levels. Cross references will be
included in this review, where appropriate, to vital statistics
reports and recent publications by other groups and by
individual scientists.

(B) PRINCIPLE OF LINFARITY

Although there are some threshold-type responses to
radiation, particularly for early effects such as reddening of
the skin following exposures at high dose rate, the accepted
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estimates of the late biological hazards of low-level radiation
(1-4) are based on the principle of linear dose-effect
relationships. That is to say, il is assumed that all
radiation doses of whatever magnitude will produce cancers and
genetic defects, and that the number of these diseases Induced
in a large population will be directly proportional to the
radiation dose to that population. None of the accepted
estimates assumes that there is any safe or threshold dose of
radiation for induction of cancers or genetic defects.

One example of a genetic effect, in bacteria is known where
the dose-effect relationship is accurately linear down to doses
that produce less than one ionization per cell (20a); moreover,
it is generally accepted that all the dose-effect curves for
genetic changes in mammals do have a linear component at low
doses , even if the curves may not be linear at high doses and
high dose rates. Thus it seems reasonable to estimate genetic
radiation hazards using the principle of linearity.

Carcinogenic hazards are currently estimated by the same
principle. There is still appreciable scientific discussion of
this topic, which will be noted again below, since the
mechanisms involved in cancer induction are unclear. The
principle of linearity will, however, be generally adopted in
this review. As has been noted elsewhere (21), there is an
increasing tendency to use the same principle for estimating
maximum potential hazard of chemical agents that cause cancer.

Alternative dose-response models for cancer induction were
considered in detail in the most recent BEIR report (2). It
was recognized that any doss-response relationship can bend
downwards in the high dose range due to cell killing. Thre'e
possibilities were given serious consideration for the low
(0-0.2 Gy) and intermediate (1-2 Gy) dose ranges. First, that
response was directly proportional to total accumulated dose
regardless of dose rate (the linear model). Second, that
response was proportional to the square of the dose at high
dose rates (the quadratic model). Third, that response was
directly proportional to total dose (regardless of the dose
rate) at low doses plus au increased response proportional to
the square of the dose at intermediate doses and high
dose rates (the linear-quadratic model). In this third model,
it is expected that the dose-squared or quadratic component
would disappear at low dose rates such as are normally
encountered in the environment, leaving only the linear
component (Fig. 1). The available data on humans are not
precise enough to decide which model is correct (2). The BEIR
report (2) favoured adoption of the linear model for densely
Ionizing radiation (neutrons, alpha-particles) and of the
linear-quadratic model for sparsely ionizing radiation (beta-,
gamma-, and X-rays). As noted above, there is, however, no
basic difference between the linear and linear-quadratic models
at low dose rates. In both cases, there is no threshold dose



SCHEMATIC REPRESENTATION OF THREE TYPES OF DOSE - RESPONSE

MODELS FOR LATE EFFECTS OF SPARSELY IONIZING RADIATIONS

LINEAR QUADRATIC LINEAR - QUADRATIC
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Fig. 1. Three theoretical models for probability of cancer
induction by low and intermediate doses of sparsely ionizing
radiations at high dose rate ("acute", solid line) and at low
dose rate ("chronic", dashed line). A H of the above curves
for acute irradiation may bend downwards at higher total doses
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for induction of cancer and the probability of cancer induction
is directly proportional to the total dose of radiation that is
accumulated at low dose rate.

(C) DEFINITION OF RADIATION DOSES AND THE QUALITY FACTOR

Three units of radiation dose will be utilised in the
present report.
[i] The basic unit of absorbed dose is the "gray" (Gy). The
gray is a direct physical measure of the amount of energy
deposited in tissue or other material during irradiation. One
gray corresponds to one joule per kilogram. In the older units
which were used for many years, 100 rads equal one gray (Gy).
[ii] The derived dose equivalent unit is the "sievert" (Sv).
One sievert can be defined as the dose of radiation which does
the same amount of biological damage as one gray of 200 kV
X-rays and is equal to the absorbed dose in grays multiplied by
the quality factor of the radiation in question. For
comparison with the older doss equivalent units, 100 rem equals
one sievert (Sv).

The necessity for the dose equivalent unit, the Sv or the
rem, can be seen from the type of data shown in Fig. 2. The
experimental results show clearly that 1 Gy (100 rads) of
neutrons is more effective than 1 Gy of gamma-radiation in
accelerating the appearance of breast cancers in female rats.
Similarly, 1 Gy of alpha-radiation is more effective than 1 Gy
of beta-radiation in inducing the appearance of skin tumors in
male rats (Fig. 2). Analogous results have been obtained for a
variety of other biological endpoints.

The distinction between sparsely ionizing radiations such
as beta-, gamma- or X-radiation (which deposit very little
energy per unit length of track on the average, i.e., have a
small linear energy transfer or I^ET), and densely ionizing
radiations such as neutrons or alpha-particles (which deposit
large amounts of energy per unit length of track, i.e., have a
high LET) represents an important principle in radiation
biology.

Densely ionizing radiations usually have more biological
effect per Gy than do sparsely ionizing radiations. However,
there are instances in which both types of radiation are almost
equally effective; for the induction of thymus cancers in
female mice, for example, "it has been demonstrated that at
high doses and high dose rates the relative biological
effectiveness of fast neutrons, 14 MeV neutrons, and 60 MeV
protons is apj. roximately equal to one" when compared with
200 kV X-rays (3). The relative biological effectiveness may
vary with dose and dose rate as well as with biological
endpoint.

For purposes of health protection, an international set of
standard factors ("quality factors") for conversion of Gy to Sv
(or rad to rem) has therefore been agreed upon by the
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International Commission on Radiation Units and Measurements
(ICRU), the ICRP and the NCRP (Fig. 3). These quality factors
are, in general, somewhat higher than the majority of the
measured values of relative biological effectiveness at high
doses but are based on estimates of relative biological
effectiveness for some of the most important biological
endpoints, e.g., cataracts, leukemia and genetic defects. In
cases where the energy of the particles in question is not
specified, alpha-particles are given a quality factor of 20 and
fast neutrons a quality factor of 10 (9,10).
[iii] The third unit of radiation exposure to be considered is
the "working level month" (WLM). This unit has been adopted
for practical purposes in consideration of radon and other
alpha-emitters inhaled by miners, as well as by the general
population. One WLM is defined as inhalation for 170 hours of
an atmosphere which contains any combination of the short-lived
daughters of ^̂ iin in amounts such that their complete
decay to 210Pb will produce 2.08 x 10~5 joules (1.3 x
10^ MeV) of alpha energy per litre. One example of this is
air containing 100 picocuries (3-7 becquerels or 3.7
disintegrations per second) per litre of radon and each of
its daughters in equilibrium, though it is the short-lived decay
products of radon rather than the radon itself which are
responsible for most of the radiation exposures of the lung and
bronchial epithelium. If the average breathing rate is taken as
1.2 m-^.h"1 (9), then one WLM is equivalent to inhalation
of 4.24 millijoules of potential alpha energy.

The WLM is a defined and measurable radiation exposure in
air, whereas the resultant radiation dose to the bronchi and
lung in Gy or in Sv is uncertain. Theoretical estimates of the
dose equivalent have varied by up to 100-fold. In the 1980 BEIR
report (2), a figure of 4-8 mGy (0.4-0.8 rad) per WLM was
suggested and a factor of 8-15 was used to convert Gy to Sv of
alpha radiation, so that one WLM results in about 60 mSv (6 rem)
to lung tissue (1). The UNSCEAR report (4) suggested that one
WLM would be equivalent to 10 mGy (1 rad) to the bronchial
epithelium and 2 mGy (0.2 rad) to the lung. A more detailed
discussion of the microdosimetry of radon daughters is given in
a recent ICRP publication (i4). The factors used in this
conversion are mainly of interest for the comparison of
estimates of risks of lung cancers produced by whole body
irradiation and by inhalation of alpha-emitters. For practical
purposes, the only applicable estimates of risk of lung cancer
in uranium miners are those made directly in terms of the
measurable exposure, i.e., the WLM.

(D) CARCINOGENIC HAZARDS OF IONIZING RADIATION

The numbers of cancers induced by exposure of humans to
high doses of radiation at high dose rates have been reasonably
well established through the combined efforts of many scientists
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over the past two decades (despite some uncertainties concerning
the actual radiation doses received by any particular group of
heavily irradiated persons). It is highly unlikely that these
numbers will be changed by any major factor in the future.
Uncertainties concerning the linear extrapolation of these data
to doses which are 10^ smaller and to dose rates which are
10° smaller (15) have been mentioned in Section B, and
uncertainties concerning the validity of the currently accepted
quality factors that are used to convert Gy to Sv (Fig. 3) have
been mentioned in Section C. The importance of these
uncertainties will be considered later.

Before considering the estimate of carcinogenic hazards, a
number of relevant facts should be noted. [a] Cancer is
primarily a disease of old age (see Fig. 4). About 20% of all
deaths in North America at present are due to cancer, but the
average age at death from cancer is approximately 70 years.
Diseases of the heart and circulatory system account for about
50% of all deaths at present iu North America. Unless this
major cause of death were to be eliminated, the complete
elimination or cure of all cancers would not increase the
average lifespan of humans in North America by more than about
two years (22). (Alternatively stated, the average lifespan of
one in every five persons would be increased by about ten
years.) [b] Cancer incidence is strongly dependent upon
environmental factors in the society. Persons living in one
country tend to develop different types of cancer from those
living in another country with different cultural and dietary
habits (23,24). Although some of these differences could be
associated with hereditary factors (24), emigrants from one
country to another, e.g., from Japan to the U.S.A., tend
eventually to develop the same types of cancer as other persons
living in the same country, indicating that environmental
factors are more important. Similarly, the incidence of
different types of cancer within a given country can often be
correlated with social class (and thus presumably living habits
of the persons) in that country (23). As a result of these
epidemiological studies and other studies in which some of the
more common carcinogenic agents (e.g., tobacco 'car, coal tar,
sunlight, aflatoxin, aromatic amines, nitrosamines, chimney
soot, asbestos fibres, chromâtes, benzol, heat) have been
identified (23,24), it has been concluded that roughly 70 to
90% of all cancers are associated with environmental causes in
their broadest sense (i.e., including type of diet, infectious
viruses e'.c). This raises problems relating to possible
synergism between ionizing radiation and new environmental
carcinogens in an industrialized society; these will be
considered later (Appendix iv) . However, there is no evidence
to suggest that low-level radiation is a major environmental
cause of cancer in humans. [c] Since infectious diseases were
largely eliminated as a major cause of death, the proportion of
all deaths that are due to cancer has not altered appreciably
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«GE IN YEARS

Fig. 4 . Risk of death from cancer and from a l l other causes for
people of d i f fe ren t ages . Data from reference (55) .
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over the past 30 years in North America (22,25). The frequency
of deaths due to stomach and uterine cancer has declined
appreciably, while the frequencies of cancers of the lung,
pancreas and ovary have increased over this period of time
(22,24,25), but the total incidence of cancer deaths per 106

persons of any given age has remained essentially unchanged.
The increase in lung cancer is ascribed primarily to tobacco
smoking with a small contribution from carcinogenic pollutants
in the air in cities. [d] Approximately 50% of all cancers
diagnosed in North America are fatal. Some types of cancer
(e.g., of skin and thyroid) are readily treated a»; present;
others (e.g., of the female bre?st) are fatal in 40-50% of all
cases diagnosed while still others (e.g., lung cancer and acute
leukemia in adults) are almost invariably fatal within a few
years (Fig. 5). Despite advances in treatment of childhood
leukemia (22a), Hodgkin lymphoma and certain other cancers,
these particular survival curves do not seem to have altered
greatly since the 1950's (22). This distinction between fatal
and non-fatal cancers has been incorporated in the estimates of
carcinogenic hazards (1-4).
(i ) Leukemia

The most reliable risk estimates for radiation-induced
cancers in humans relate to leukemia (Table 1). This is due
mainly to two facts: first, leukemia is a relatively rare form
of cancer whose incidence is increased markedly by high doses of
radiation; second, most radiation-induced leukemias seem to
develop in a short time, i.e., usually about 3-20 years after
exposure to high radiation doses. Other forms of fatal cancer
may not appear for 20-30 years (1-4,24,26), and it is still
uncertain how long an excess of other fatal cancers might
continue to appear after irradiation of younger persons.

The empirical human data for radiation-induced leukemias
are derived from a wide variety of sources; at least 14
different groups of persons exposed to medical X-rays or
radiopharmsceuticals have been studied (see 1-4,19) although
only two of these groups plus the atomic bomb survivors are
listed in Table 1, The values are conveniently expressed as
cases per 10 persons per year per Sv but, except in the case
of the survivors at Hn;ishiiaa, the data in Table 1 would be
identical if expresasd per Cy rather than per Sv. The
difference for the Hiroshima data is that the radiation doses
may include some contribution from neutrons (1), although
recent studies (27) suggest only a small exposure to neutrons
and an increase in previously estimated exposures to
gamma-radiation at Hiroshima.

Table 1 suggests, first, that fractionated X-ray exposures
at high dose rate appear to be about as effective as single
acute exposures for induction of leukemia, and second, that the
best estimate for leukemia risks is approximately 1 case per
10 persons per year per Sv, during the first 25 years after
irradiation of persons over 10 years of age (1).
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TABLE 1

RISK ESTIMATES (LINEAR MODEL) FOR LETTKEMIA IN PERSONS AGE 10 OR OLDER
AT TIME OF IRRADIATION (1)

Population Type of
groups radiation

Duration of
follow-up
after Irrad-
iation
(years)

Number of Average Leukemias
irradiated dose per 10
persons persons per

year per
(Sv) Sv*

Hiroshima
survivors

Nagasaki
survivors

Spondylitis
patients

Menorrhagia
patients

Acute gamma 6-25
(plus some
neutrons)

Acute gamma 6-25
(mainly)

Fractionated 0-25
X-rays,high
dose rate

Fractionated 0-24
X-rays,high
dose rate

13,530 0.41 2.0**

5,842 0.63 1.0**

14,554 3.72 0.9

2,0 68 1.3 6 1.2

* All of these estimates have wide confidence limits and the
difference between individual values from various irradiated populations
are in general not statistically significant.
** Radiation doses to the bone marrow have been corrected on the
assumption that the absorbed dose was 56% of the T65 kerma dose (2).
Recent data (27) suggest that risk estimates derived from the study of
Nagasaki survivors should be increased slightly while those derived from
the study of Hiroshima survivors should be decreased to about the samo
value as that for Nagasaki survivors.
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Estimates of total lifetime risk (rather than cases per
year as in Table 1) of leukemia after irradiation of a complete;
population (children and adults) have been produced by various
committees. These data are summarized in Table 2. It is note-
worthy that there has been little change in the risk estimates
for induction of leukemia over the 14 years since 1966;
moreover, the most probable values suggested by the various
committees are all essentially identical and center around a
value of about 20 cases total in a population of 10,000 persons
each of whom is exposed to 1 Sv (100 rein).

The total lifetime risk for leukemia was thought to be
possibly as much as 10-15 times greater after exposure of a
fetus to irradiation than for the average of the remaining
population (1). Similar values were used in the most recent
BEIR (2) and UNSCEAR (3,4) reports. The risk appears to be
lowest for persons age 10-20 at the time of irradiation and
roughly 3-fold higher both for children below age 10 and adults
over age 50 at the time of irradiation. All of the above data
were considered in deriving the average risk estimates for
radiation-induced leukemias in the total population as given in
Table 2.

TABLE 2

ESTIMATES OF TOTAL LIFETIME RISK OF LEUKEMIA AFTER EXPOSURE TO
LOW LEVELS OF SPARSELY IONIZING RADIATIONS

Source Leukemias per 10
persons per Sv

ICRP, 1966 (7) 20

UNSCEAR, 1972 (3) 14-40

BEIR, 1972 (1) 26-37

UNSCEAR, 1977 (4) 15-25

ICRP, 1977 (10) 20

BEIR, 1980 (2) 23 (range 0.3 to 48)

The national and international scientific committees
appointed to review the evidence on radiation hazards have
discussed and reported on the evidence for reliability or
unreliability of risk estimates for radiation-induced leukemia.
It is generally agreed that various published reports, including
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recent data (28,29,30,31), suggest a leukemia risk which varies
from nearlv zero to several times the central value of 20
leukemia deaths per 10,000 persons each exposed to 1 Sv (Table
2). However, after consideration of the sizes of the
populations involved, the age distribution and other factors
which affect the reliability of individual studies, all of these
committees have agreed upon a most probable value for risk of
radiation-induced leukemia which has not altered greatly from
one decade to the next or from one committee to another (Table
2).
(ii) Other Fatal Cancers

This relative certainty with regard to leukemia risk
estimates is less valid in the case of risk of other radiation-
induced cancers. The relevant data are summarized in Table 3.
There has been little change in estimates of risk of radiation-
induced cancer since 1972.

The data in Table 3 also indicate, first, that the central
values for risk of radiation-induced cancer that were adopted by
the ICRF in 1977 (10) are not likely to be in error by more than
a factor of two in either direction (i.e., either two times too
high or two times too low), an" second, that the extreme ranges
of values suggested by experienced biologists vary from nearly
zero to approximately five times the central values adopted by
the ICRP in 1977. As judged by the dissenting statements and
comments included in the text of the most recent BEIR report
(2), 1 of the 14 members in the subcommittee on somatic risk
estimates in 1980 was convinced that the total cancer risk of
low levels of sparsely ionizing radiation was near zero, 1 of
the 14 was convinced that only the upper limit of the risk
estimates as given in Table 3 should be used, 3 of the 14 agreed
in principle with the final report but considered that the most
probable values given (Table 3) were about three times too high,
and the remaining 9 scientists out of the 14 apparently agreed
that the values given represented a balanced view. This
internal divergence in opinion among the BEIR committee members
(2) was given considerable publicity in the news media prior to
its publication.

The basic reason for these divergent conclusions is
primarily due to the paucity of data on radiation-induced
cancers other than leukemia. This factor can be illustrated by
the study on the Hiroshima-Nagasaki survivors, which represents
one of the most important studies because of the large number of
persons involved and the fact that all ages and both sexes of
humans were exposed simultaneously to a wide range of radiation
doses. Although the total number of survivors is much larger,
the critical group consists of about 27,000 documented persons
who were exposed to radiation doses in the range of 0.05 to 3 Gy
(5 to 300 rad absorbed dose in internal organs; 10 to 600 rad
T65 "kerma" dose, where the T65 dose is a tentative 1965
estimate of the first collision dose received by a gram of
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TABLE 3 /

ESTIMATES OF TOTAL LIFETIME RISK OF RADIATION-INDUCED CANCER
FOR LOW DOSES OF BETA-, GAMMA- OR X-RADIATION

Source Fatal cancers per
10 persons per

Sv

Curable
cancers* per
10^ persons

per Sy

T o t a l

ICRP,19 66 (7) > 40

UNSCEAR.1972 (3) >75-140

BEIR,1972 ( 1 ) * * 150-200
( r a n g e 86-450)

UNSCEAR.1977 (4 ) 100
(range 75-175)

ICRP,1977 (10) 125
(100 for males,
150 for females)

BEIR.1980 (2)** 67-226***
(range <10-500)

10-20

50-180

150-200

100

125

> 50-60

125-320

300-400

200

250

30-45*** 100-270***
(range <4-770)(range <14-1270)

* Curable cancers are primarily skin cancers, thyroid cancers and
about half of the total breast cancers.

** The BEIR estimates Include both absolute and relative risk
models as discussed later in the text.

*** The range of values given in the first row represents those
numbers calculated by absolute risk and relative risk models,
respectively, and agreed upon by the majority of the scientists on
the BEIR III committee as the most probable risk estimates (2). The
second and wider range of values given in brackets in the above table
includes the lower and upper range of the risk estimates suggested by
the BEIR III report (2). The risks of densely ionizing radiations
such as fast neutrons or alpha-particles are suggested in BEIR III to
be twice as high per rem as those given in the first row (2).
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tissue in free air). Between 19 50 and 1972, 5,182 deaths due to
disease (including cancer) were recorded for this group; this
number is approximately the same ad (actually 385 less than)
that expected for persons of the same age in the general
population of Japan (4). In this cota1., however, 84 deaths were
ascribed to leukemia, whereas only 17 (range 14 to 21) would
have been expected. This represents roughly a fivefold
increase due to the radiation °:;posure. More recent reports (2)
indicate that the total number of excess leukemias has not
changed appreciably with further increase in time after
exposure. We have thus a total of approximately 70 radiation-
induced leukemias in this group of persons. Despite peripheral
scientific discussions on the shape of the dose-effect curves.,
the relative biological effectiveness of neutrons and whether or
not there was any appreciable neutron dose resulting from the
Hiroshima bomb blast, there is no serious scientific dispute on
the total number of leukemia deaths that were induced by
radiation in this group of Hiroshima-Nagasaki survivors. This
statement is not true for other types of radiation-induced
cancer. Between 1950 and 1972, a total of 1,128 deaths due to
cancers other than leukemia were recorded in this Japanese
group; of this total, only a small fraction, either 8 or 15
percent depending on which group is selected as control, are
attributed to the radiation exposure in 1945 (4). The data on
fatal cancers other than leukemia can be fitted equally well by
linear, linear-quadratic or quadratic dose-response models (2).
Moreover, the numbers of fatal cancers other than leukemia are
still increasing, as expected (2,4), so that it is not possible
to distinguish whether absolute or relative risk models (2) are
more suitable. We will not know how many cancers other than
leukemia were induced by radiation exposure of the Hiroshima-
Nagasaki survivors until some time about the year 2020, after
all these persons have died.

In order to arrive at some reasonable assessment of life-
time risk of fatal cancers induced by exposure to radiation, the
UNSCEAR report of 1977 (4) suggested, primarily on the basis of
long-term follow-up of patients exposed to medical X-rays, that
the total number of fatal cancers other than leukemia induced by
exposure to ionizing radiation would ultimately approach 4 to 6
times the total number of radiation induced leukemias. The 1980
BEIR report (2) has extended the assessment of carcinogenic
hazards of ionizing radiation to include all models that were
scientifically plausible and concluded, as noted earlier, that
the most probable risk estimates do not differ greatly from
those adopted by UNSCEAR and ICRP (Table 3).

The total estimate", risk of fatal cancers has been broken
down by ICRP (10) into risks for radiation-induced cancers of
various organs in the manner indicated in Table 4. Most of the
values given are in reasonable agreement with those suggested in
the 1980 BEIR report (Table 4) and in other reports (1,3,4).
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However, more detailed comment on the two sets of data given in
Table 4 may be of value in understanding the logic involved.

TABLE 4

1977 ICRP (10) AND 1980 BEIR (2) ESTIMATES OF LIFETIME RISK OF
DIFFERENT TYPES OF FATAL CANCERS AFTER EXPOSURE TO SPARSELY

IONIZING RADIATIONS

Type of cancer Fatal cancers per 10 persons per Sv
ICRP (10)

20

5

20

5

BEIR (2)*

20-23

0.5

17-67

4-17

Leukemia

Bone

Lung

Thyroid

Breast

All other tissues

25 (average of
0 for males and of
50 for females)

50

6-25 (average of
0 for males and of
13-51 for females)

20-93

To tal 125 67-226

* These values are derived from the most probable total risk
estimates as indicated in the bottom row of Table 3, with further
apportionment for various tissues as suggested by Table V-15 and V-16
of the 1980 BEIR report (2). The range of risk estimates represents
values calculated by the absolute and relative risk models (2); as
noted in section D-iii, only the lower of this range of risk estimates
is applicable to workers or other persons over age 35 at the time of
exposure. Both higher and lower values can be derived from other
tables in this report (2) but these other values were considered to be
less probable by the majority of the BEIR committee members.

[a] Tha 1977 ICRP (10), 1977 UNSCEAR (4) and 1980 BEIR (2)
estimates of risk of leukemia after exposure to low levels of
sparsely ionizing radiations are in close agreement (Tables 2
and 4 ) . However, the 1980 BEIR report (2) does suggest a higher
risk estimate, about 50 leukemias per 10 persons exposed to
one Sv each, for densely ionizing radiations. This latter value
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is based primarily upon an analysis of leukemia incidence among
the survivors of the atom bomb explosion over Hiroshima in 1945.
Although many reports have devoted considerable attention to the
effects of the densely ionizing component of the radiation
received by the survivors of the Hiroshima bomb (1-4,21), there
is a distinct possibility that there was in fact very little
exposure from densely ionizing radiation (i.e., from fast
neutrons) at Hiroshima (27) and that these previous speculations
were incorrect. Thus there is at present little data that could
provide measured risk estimates for the induction of leukemia by
densely ionizing radiation and the only reliable values for
radiation-induced leukemia are those for sparsely ionizing
radiation (Table 4).
[bj The 1977 UNSCEAR (4) and 1980 BEIR (2) reports appear to
agree that the risk of induction of bone cancer following
injections for medical purposes of an alpha-emitter, radium-224,
is in the region of 25-27 fatal bone cancers per 10^ persons
each exposed to 1 Gy of densely ionizing radiation to the
endosteal cells of the bone. However, the 1977 UNSCEAR report
(4) assumed that alpha-particles might be 5-20 times more
effective per Gy than sparsely ionizing radiations; on this
basis and on the basis of some less certain data concerning
induction of bone cancer following ingestion of radium-226 or
following exposure of the nsad to X-radiation for medical
purposes, it was suggested that the risk of fatal bone cancer
following exposure to sparsely ionizing radiations might be in
the region of 2-5 per 10^ persons per Gy. The 1977 ICRP
report (10) appears to have chosen the upper limit of this
particular range in order to err, if anything, on the side of
prudence in radiation protection and expressed the risk
estimates in terms of Sv; consequently, if the recommended
quality factory of 20 were to be applied, this would mean that
exposure to 1 Gy of alpha-radiation from radium-224 would be
expected to induce 100 fatal bone cancers per 10^ persons -- a
value which is four times higher than the original measured risk
estimate. The 1980 BEIR report (2), on the other hand, started
with essentially the same value for fatal bone cancers induced
by radium-224 (i.e., 27 fatalities per 10 persons each
exposed to 1 Gy of alpha-particles to the endosteal cells of the
bone), assumed that sparsely ionizing radiations would be 20
times less effective (thus reducing the risk estimate to 1.4
fatal bone cancers per 10 persons each exposed to 1 Gy of
sparsely ionizing radiation) and then further assumed that the
best fit to the data would be provided by a linear-quadratic
dose-response model with P risk estimate of 0.5 fatal bone
cancers per 10^ persons per Gy of sparsely ionizing radiation
at low doses of radiation or at low dose rates (2). Although
this latter logic appears reasonable, it should be pointed out
that the most probable risk estimate for densely ionizing
radiations from radium-224 "is still about 25-27 fatal bone
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cancers per 10^ persons per Gy (1-A) or about 1.4 per 10^
persons per Sv when using a quality factor of 20, i.e.,
intermediate between the values suggested in Table 4.
[c] The risks for lung cancer induced by sparsely ionizing
radiations as given in the 1980 BEIR report (2) are based
primarily on complex assumptions that attempt to relate known
and measurable effects of inhalation of radon daughters in high
concentrations by adult males (a majority of whom were cigarette
smokers) to the presumed effects of sparsely ionizing radiation
on the lung; the less certain values for actual effects of
sparsely ionizing radiations ( 1--4 ) suggest somewhat smaller risk
estimates, notably among the survivors of the Nagasaki bomb. A
minority of the members of the 1980 BEIR committee (2) suggested
that the risk estimates for lung cancer induced by
sparsely ionizing radiations might well be lower than the values
indicated in Table 4.
[d] Various committee reports (1-4) indicate substantial
scientific agreement on the total number of thyroid cancers
induced in humans by exposure to sparsely ionizing radiation.
However, the 1977 UNSCEAR report (4) suggested that at most only
5% of all radiation-induced thyroid cancers were fatal whereas
the 1980 BEIR report (2) suggested that the corresponding
proportion of fatal cancers of the thyroid might be as high as
18-20% of the total. These differences are reflected in the
risk estimates shown in Table 4. In view of the complexities
involved with respect to the different types of thyroid cancer
that may or may not be induced by exposure to radiation (2,4)
and in view of the fact that the risk of induction of thyroid
cancer by sparsely ionizing radiation from iodine-131 is known
to be close to zero (2,4,32), minor discrepancies between the
risk estimates for fatal thyroid cancers as cited in Table 4
would not seem to form an area of major concern at present.

[e] Although the various risk estimates for radiation-induced
breast cancer cited in Table 4 appear to be in reasonable
agreement, there is some reason to believe that these values
(which are derived from a variety of source? including Japanese
atomic bomb survivors) may be too low for general application to
North American females. There appears to be general scientific
agreement that the female breast Is relatively susceptible to
radiation-induced cancer, particularly when exposed to radiation
during adolescence (1-4,10,20). It is also generally agreed
that the crude risk estimates for radiation-induced breast
cancer derived from studies on Japanese survivors at Hiroshima
and Nagasaki are considerably lower than those derived from
studies on U.S. females exposed to X-radiation for medical
purposes (1-4). Part of this difference can be ascribed to
differences in age at irradiation: the group of Japanese atomic
bomb survivors contained substantially more very young and very
old women who appear to be at decreased risk for radiogenic
breast cancer. The risks derived from the U.S. and Japanese
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TABLE 5

AUTHOR'S CALCULATION OF THE RISK OF RADIATION-INDUCED BREAST
CANCER IN NORTH AMERICAN FEMALES, BASED ON A LINEAR DOSE-

RESPONSE MODEL*

Age in years
at time of

exposure to
radiation

5(0-9)
15(10-19)
25(20-29
35(30-39)
45(40-49)
55(50-59)
65(60-69)

Average life
expectancy
in years
after

irradiation

73
63
53
44
34
25.5
17.5

Years of
life at

risk

—

46
43
34
24
15.5
7.5

Average for females with a life expectancy

Total
risk per

10*
females

per year
per Sv

0**
10.4-22.4
6.6-8.7
6.6-8.7
6.6-8.7
6.6-8.7
6,6-8.7

of 76 years

Lifetime risk of
radiation-

induced
cancer |
females

Curable

0**
290-630
170-230
140-180
100-130
60-80
30-40

breast
jer 104

per Sv

Fatal

0**
190-400
110-150
90-120
60-80
40-50
20-30

*** 90-150 60-100

* The calculations in this table are essentially similar to those
carried out by Boice et al. (33) but are extrapolated over a more
complete range of ages at time of exposure. Data on average life
expectancy are taken from Canadian life tables for 1971. Years at risk
equals years of life expectancy minus a 10 year latency period, with
minor revisions for the age 10-19 group as suggested in various reports
(2,20,33). Total risk estimates are taken from Boice et al. (33, see
also 2,20) and divided into curable or fatal cancers on the assumption
that 39% of all induced breast cancers are currently fatal (2). All
lifetime risk estimates were rounded to the nearest 10 for simplicity.

** Although this value is given as zero in the 1977 UNSCEAR (4) and
1980 BEIR (2) reports, the evidence for zero risk at age 0-9 is not
very substantial. More correctly, one might say that this risk is
probably low enough so that it does not affect the calculations of
lifetime risk appreciably.

*** The lifetime risks for various age groups as given in the upper
portion of this table are the more appropriate values for consideration
when dealing with the practical medical problem of mammography of a
female of known age. The average for females with a life expectancy of
76 years Is the more appropriate value for consideration when dealing
with a whole population in which the females are assumed to be exposed
continuously to radiation from environmental sources from birth to
death. Consideration of relative risk models as well as absolute risk
models (33) would provide a total range of about 60-120 fatal breast
cancers per 10^ females per Sv, slightly greater tl.an the range of
60-100 indicated above.
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data are not greatly different for females age 10-30 at the
time of irradiation. Scientists interested in the biological
effects of X-ray examinations of the female breast in North
America (20,33) have argued that the best risk estimates for
this particular purpose are those derived from the detailed
published studies of U.S. females exposed to X-radiation. The
types of risk estimates that can be derived from the latter
studies are illustrated in Table 5. These values are not too
different from those cited in the 1977 UNSCEAR report (paragraph
19 6 on page 39 3 of reference 4), namely, about 60 fatal breast
cancers and 140 curable breast cancers per 10 females per Sv
following exposure to medical X-rays. One further point should
be noted in this respect. The 1980 BEIR report (2) specifically
indicated that the "breast cancer data obtained from human
subjects exposed to fractionated doses of X-rays - i.e., where
the exposure was to small doses repeated over a period of weeks
to years - do not indicate a significant difference in cancer
risk per rad, compared with the effects in groups exposed to
acute doses of low-LET radiation". This statement would imply
that the linear dose-response model is more likely to be correct
than the linear-quadratic model in the particular case of
radiation-induced breast cancer and therefore, by inference,
that the risk estimates for breast cancer given in Table 5 are
more likely to be correct than those based on a linear-quadratic
model such as indicated in the last column in Table 4.
Dose-rate effects have, however, been observed for induction of
breast cancer by gamma-radiation in mice and in rats (19);
moreover, data from a recent Canadian study on breast cancers
induced by X-rays (A.B. Miller and G.R. Howe, unpublished) do
not seem to substantiate a linear dose-response model. Further
analyses will thus be required in order to determine whether the
risks of radiation-induced breast cancer in females are likely
to be closer to the values given in Table 5 than to the somewhat
lower values adopted by the ICRP (10) (Table 4).

To summarize this rather extensive discussion, the
following three points might be emphasized. First, the central
ICRP (10) risk estimates for radiation-induced fatal cancers as
given in Table 4 appear more likely to be too high than too low
in the case of bone and lung cancer, while the reverse may be
true in the case of breast cancer (see Table 5). Second, the
over-ill risk estimates for all fatal cancers suggested by the
ICRP in 1977 (10) are unlikely to be in error by a factor much
greater than twofold in either direction (Table 3). Third, th e
total potential risk of a radiation-induced fatal cancer was
suggested by ICRP (10,11) to be 50% higher in females than in
males (Table 4). The difference in risk estimates for males and
females may be even greater than 50% if the data on fatal breast
cancers given in Table 5 are correct (although the 1980 BEIR
report itself suggested that the increase in risk of fatal
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cancers in females amounted only to 20-50% more than the risk to
males) .

The 1980 BEIR estimates of the risk of radiation-induced
curable cancers (2), as cited in Table 3, represent average
values for a mixed population of males and females. Since the
risk of both thyroid and breast cancers is higher in females
than in males (2,4), the total risk of curable cancers induced
by radiation was thought to be about three times higher for
females than for males (2). If the risk estimates for
radiation-induced breast cancer given in Table 5 were
substantiated by further analyses, this difference in risk of
induction of curable cancers might be even greater than
threefold between males and females. However, the average ris k
for radiation-induced curable cancers would, in this case, still
not differ greatly from that suggested by the ICRP in 1977
(Table 3).

The quantitative effect of the type of dose-response model
adopted by the recent BEIR committee (2) deserves further
consideration. As noted above, this report (2) indicates that
the linear-quadratic model was favoured by a majority of the
committee for assessment of the carcinogenic risks of
sparsely ionizing radiations such as beta-, gamma- and X-rays.
The probable risks of low doses (e.g., less than 0.2 Sv or 20
rent) or of any dose at low dose rates (e.g., less than 0.05 Sv
or 5 rem per year) of these radiations was thus reduced by a
factor of two from the values that might have been predicted for
a strictly linear extrapolation from measured effects at high
doses and high dose rates. Exactly the same principle was
adopted, on a pragmatic basis, in the 1977 UNSCEAR report (see
paragraphs 317-318 on page 414 of reference 4). The 1980 NCRP
report (19) suggested, primarily on the basis of animal
experiments at different dose rates, that a decrease in
dose rate to 0.05 Sv per year would probably reduce the
carcinogenic hazards of sparsely ionizing radiations by a factor
of two to ten. There would thus seem to be a general scientific
agreement on the principles involved in estimation of risks of
sparsely ionizing radiations.

A problem does arise in assessment of risks of
densely ionizing radiations. The BEIR report favoured a linear
dose-response model with no reduction in carcinogenic hazards at
low dose rate for densely ionizing radiations such as neutrons
or alpha-particles (2) and added that this model may, in fact,
underestimate the risks of such radiations. This might be taken
to imply that the risks from densely ionizing radiations per Sv
are at least two times those given in Tables 2, 3 and 4 above.
This does not represent a serious practical problem in radiation
protection. First, apart from inhalation of radon daughters
(which will be considered separately), most of the radiation
exposures which result either from natural sources, medical
X-rays, or from nuclear power reactors are due to
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sparsely ionizing radiations. Second, the quality factors which
have been adopted for conversion of absorbed dose in Gy to dose
equivalent in Sv are thought to be sufficiently high to
compensate for any potential twofold difference in risk
estimates for densely ionizing radiations,
(iii) Absolute and Relative Risk Models

Both BEIR reports (1,2) considered two theoretical models
for estimating total number of cancers that might be induced
over a lifetime after exposure to ionizing radiation. The
simplest version of the absolute risk model assumes that an
excess of cancers begins a certain number of years after
exposure, continues for a definite period (e.g., for another 2 5
years), and then ceases. This appears to be true both for
leukemia induced by external radiation and for the bone cancers
induced by injection of radium-224 (1-4), in which instances the
initial latent period has been estimated at 2 and 4 years,
respectively. The actual distribution of the excess cancers may
be log-normal with time (1-4) rather than rectangular, but this
does not affect the average numbers calculated by the absolute
risk model.

Since some types of cancer may not appear in excess until
20 years or more after exposure to radiation and since the
excess may continue well beyond 30 years after exposure, it is
still uncertain how many cancers of this type will be induced by
the initial exposure. The BEIR committee (1,2) made two
alternative assumptions: that the recorded excess per year might
continue for the remainder of the normal lifetime on the basis
of the absolute risk model, or that the excess cancer risk
might be expressed as a percentage of the natural age-specific
cancer risk for that population. The effect of the latter
assumption, known as the relative risk model, is illustrated in
Fig. 6. Since natural cancer incidence increases sharply with
age (Fig. 4 ) , the number of cancers per year induced by exposure
to radiation at some earlier time may also increase sharply with
age (Fig. 6); this possibility can neither be proven nor
disproven on the basis of human data at present.

The implications of these two models are examined in more
detail in Table 6, which is derived directly from that section
of the 1980 BEIR report (2) which gives estimates for the
effects of continued exposure to 10 mSv (1 rem) per year. The
major conclusions to be drawn from this report are listed below,

[a] Neither model is necessarily correct for all types of
radiation-induced cancer or for all diverse groups of
persons in the general population and the true risk
estimates may lie somewhere between the two theoretical
extremes indicated in Table 6 (1,2).

- [b] If follow-up of persons exposed to high radiation doses
in the past were complete for the entire lifetime of
these persons, both the absolute and relative risk
models would give the same result for lifetime risks
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Fig. 6. Two theoretical models for potential number of cancers
produced at various times after exposure to ionizing radiation
or other carcinogenic agents. A similar representation is given
in reference 2; the above models do not apply to
radiation-induced leukemia and bone cancer. The particular
schematic diagram above is intended to represent an
approximation of a situation which exists at present for some of
the current estimates of radiation hazards, i.e., (a) the excess
number of cancers induced within the first 30 years after
exposure is known but the data are not sufficiently accurate to
distinguish between the two models; (b) the total number of
excess cancers that might appear over the remaining lifetime of
the population, as indicated by the dotted lines, is not yet
known and could differ by as much as threefold for persons who
were fairly young at the time of exposure, depending upon which
model turns out to be more accurate.
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(2). The current difference between the two estimates
derives mainly from incomplete follow-up of younger
persons as noted earlier.

[cj The relative risk, model predicts a risk which is roughly
threefold greater than that derived from the absolute
risk model either for exposure of the whole population
or for persons exposed below age 35 (Table 6; see also
Table 3). Above age 35, there is little or no
difference in risk estimates derived by these two models
(Table 6).

[d] As has been noted by several authors (34,35), the number
of years lost per Sv due to radiation-induced cancer is
essentially identical with either model, despite the
fact that the number of induced cancers per Sv is about
three times higher with the relative risk model. This
is due to the fact that the larger number of cancers
suggested by the relative risk model occurs later in
life (Fig. 6).

Since lung cancer incidence is about ten times higher in
persons who have continued to smoke cigarettes for many years
than it is in non-smokers (24,36), the relative risk model would
predict that radiation should induce about ten times more lung
cancers in smokers than in non-smokers. This does not seem to
be true for the persons who survived exposures to high doses of
external radiation from the atomic bomb explosions over
Hiroshima and Nagasaki (2). The data for uranium miners exposed
to high concentrations of radon daughters are more equivocal; it
now seems unlikely that the relative risk model is strictly
correct in this case (2) but there is little doubt that
cigarette smoking accelerates the appearance of radiation
induced lung cancers in these miners and thus results in a
greater loss of life expectancy, whether or not this factor
actually increases the total lifetime risk of lung cancer,
(iv ) Lung Cancer and Radon Daughters

The data on lung cancers induced by inhalation of radon
daughters deserve separate consideration because this source of
radiation exposure probably represents an appreciable portion of
the total carcinogenic hazard of the ionizing radiation to which
the general population is normally exposed and a major portion
of that to radiation workers (notably uranium miners) involved
in nuclear power production. Since radiation doses in Sv
resulting from inhalation of radon daughters are not precisely
known, the data will be expressed in terms of risk per WLM (see
section C), the same terms in which all of the original risk
estimates were expressed.

It had been known since the 16th century that certain
miners suffered early mortality due to chest diseases associated
with their occupation. After discovery of radioactivity in the
1890's, it was suggested in the 1920's that this mortality,
which was meanwhile identified as lung cancer, might be
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TABLE 6

1980 BEIR (2) ESTIMATES 0F PROBABLE LIFETIME RISK OF FATAL
CANCERS INDUCED BY EXPOSURE AT DIFFERENT AGES TO LOW LEVELS OF

BETA-, GAMMA- AND X-RADIATION*

Ages during which
persons are exposed
to 0.01 Sv (1 rem)

each year

Lifetime (0-71)

20-65

35-65

50-65

0-20

20-35

35-50

Fatal
Absolute

Male

57

61

54

54

65

75

54

Cancers per
risk model
Female

77

86

79

78

80

100

74

4
10 persons per Sv
Relative

Male

167

109

53

58

350

222

49

risk model**
Female

198

144

81

89

38 0

2 70

73

* All values in this table were calculated from Tables V-16 and
V-19 of the 1980 BEIR report (2) and represent estimates of
numbers of fatal cancers expected to result from continuous
exposure of the population to 10 mGy (1 rad) of sparsely
ionizing radiation per year during the years indicated in the
table. The BEIR III values in Table 3 above include data from
Table V-4 of the 1980 BEIR report (2) which represent the
predicted effect after a single exposure of the whole population
to 100 mGy (10 r a d ) .

** The values given are the sun of the absolute risk estimates
for leukemlas and bone cancers plus the relative risk estimates
for all other fatal cancers; no relative risk estimates were
given for leukemias and bone cancers ( 2 ) .
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associated with radioactivity in these mines (cf.37,38 for
review). The source of the radiation exposure was not, despite
considerable scientific discussion,, identified until 1951 (39)
and was at that time shown to be radon daughters inhaled into
the respiratory organs. Radon itself is an inert gas (like
helium) which is radioactive (unlike ordinary helium); most of
the radon which is inhaled is simply exhaled again (like helium)
and results thus in little increment in the natural radiation
exposure either of the respiratory organs or of other tissues in
the body. On the other hand, the products of the radioactive
decay of radon, commonly known as radon daughters, tend to
attach to the surface of dust particles (which are in turn
trapped on the surfaces of the bronchial tubules or other
surfaces in the respiratory system) or, in the absence of dust
particles, will themselves tend to deposit directly onto the
surfaces of the respiratory organs. Because the radon daughters
are deposited (by either of the above mechanisms) onto the
mucous on the surfaces of living tissue in the respiratory tract
and tend to remain there for a period of time, during which they
undergo further radioactive decay, they result in very
considerable radiation doses (and potential cancer hazard) to
the surfaces (e.g., bronchial epithelium) of the respiratory
organs. The basic principles involved have been generally
agreed upon by the scientific community since the initial report
in 1951 (39), although the actual radiation doses in Sv to a
particular tissue (e.g., the bronchial epithelium) are still
under discussion (see section C and reference 14).

On the basis of their theoretical calculations of radiation
doses resulting from inhalation of radon daughters, the ICRP
recommended as early as 1959 (6) that maximum permissible
occupational exposures should be restricted to the equivalent of
4 WLM per year. This recommendation was not radically altered
by the ICRP in 1980 (13), which recommended a maximum
permissible exposure of 5 WLM but further recommended that
exposures to radon daughters and to external gamma-radiation
should be added together in estimating total exposures.
Occupational exposures in uranium mines during the 1950's and
1960's were generally much higher than 4 WLM per year (4,40) but
average exposures in uranium mines in Canada at present are
reported to be about 1-2 WLM per year.

In order to determine the actual risks involved, data on
the effects of inhalation of radon daughters on human beings are
required. Up until 1972, the available data were not considered
reliable enough for scientific committees to make an assessment
of actual risks. By 1972, sufficient data on follow-up of
workers in uranium, fluorspar and other mines containing high
concentrations of radon daughters in the air had been published
in order to attempt preliminary risk estimates. The values
published by the BEIR committees (1,2) and by UNSCEAR (4)
suggest a lifetime risk estimate of about 100 to 600 fatal lung
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cancers per 10^ miners each exposed to 1 WLM (Table 7). These
values apply to adult male miners of whom a majority (about 70
percent) were cigarette smokers and who were occupâtionally
exposed to various co-carcinogenic factors (notably dust and
diesel fumes) in addition to radon daughters; the data are
therefore not directly applicable to the general public. The
1980 BEIR report (2) indicated that the interaction between
radon daughters and cigarette smoking is probably not
multiplicative but is likely to be intermediate between additive
and multiplicative. If this is true, then the value of 600 lung
cancers per 10° WLM, which is calculated by the multiplicative
or relative risk model, is presumably too high.

Because this topic is still under active discussion, the
risk estimates given in seven other recent reviews of the
scientific literature are also included in Table 7. Although
the total range of these estimates is greater, a range of 100 to
500 fatal lung cancers per 10° persons per WLM is not
inconsistent with most of the data (44a). The reason for this
range is fairly simple. When the best available data, i.e.,
those from U.S. and Czechoslovakia!) miners, are analysed, these
two sets of data are both fitted reasonably well by a linear
dose-response curve and yet the slopes of the dose-response
lines for the two groups appear to differ by a factor of three
(2,4,41,44). There is as yet no obvious reason for this
difference. This range of uncertainty can be further expanded
by consideration of other data and of other models for the
biological response to radiation but cannot readily be reduced
to less than threefold until many more years of follow-up of
the various groups of persons currently under study have
elapsed.

The ICRP has suggested, on the basis of both dosimetric and
epidemiological considerations, that the health hazards per WLM
are essentially similar to those of exposure to 10 mSv (i rem)
of whole body radiation (13). Taking both the carcinogenic and
genetic hazards of whole body radiation into account (10), this
would imply a risk of about 165 fatal cancers per 10° persons
per WLM. In a recent description of the further details of the
dosimetric and epidemiological considerations used to derive
this value, it has been indicated that about 150-450 lung
cancers per 10*> miners per WLM would be a reasonable estimate
of lifetime risk based on epidemiological data only (14).

The inhalation of radon plus radon daughters results in
doses to other tissues which are roughly 100 times smaller than
those to the respiratory organs. The main biological hazard is
thus fatal cancers of the respiratory organs. Whole body
radiation, on the other hand, produces fatal cancers, non-fatal
cancers and genetic defects. Addition of the central ICRP risk
estimates for number of fatal cancers in the irradiated
individual (Table 3) plus number of genetic defects in all
descendants of irradiated persons (see section E) plus some
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arbitrary portion (assuming that a curable cancer is less
serious than a fatal cancer by a factor of say 3 to 10) (11,13)
of the number of curable cancers (Table 3), the total number of
serious consequences resulting from exposure of each of 10,000
persons to 1 Sv of whole body radiation would be approximately
230 (i.e., 125 fatal cancers plus 80 genetic defects plus a
number of non-fatal cancers equivalent in impact to 12-40 fatal
cancers). If exposure of each of 10" persons to 1 WLM results
in 100-500 fatal cancers (44a), one can thus arrive at an
equation in terms of the serious biological effects resulting
from whole body radiation and from inhalation of r?ion
daughters, namely,

100 WLM equivalent to 0.4-2 Sv whole body radiation
or

1 WLM equivalent to 0.4-2 rem whole body radiation

On this basis, the equivalence of 100 WLM to 1 Sv or 1 WLM to 1
rem whole body radiation suggested by ICRP (13) does not seem
unreasonable. In terms of numbers of fatal cancers only, 100
WLM could be considered equivalent to about 1-4 Sv whole body
radiation.

A number of additional points might be noted before leaving
this topic.
[a] Cigarette smoking accelerates the onset of lung cancer
produced by Inhalation of radon daughters, resulting in a larger
number of years of life lost per WLM.
[b] The risk of lung cancer per year per WLM appears to be
greater in older miners than in younger miners (2). This does
not necessarily mean, however, that the total lifetime risk of
lung cancers per WLM or years of life lost per WLM will be
highly dependent on age at the time of exposure (see discussion
in section D-iii above).
[c] Uranium miners may also suffer from an excess of skin
cancers caused by high doses of alpha-radiation to the skin in
the past (2); all of these skin cancers were reported to be
readily curable (46).

(E) GENETIC HAZARDS OF IONIZING RADIATION
It has been known for approximately five decades, since the

pioneering work of Muller and co-workers, that ionizing
radiation produces hereditary, genetic defects in living
organisms (47), and that the number of these genetic defects is
directly proportional to the dose of radiation. In recent
years, the second part of this generalization has been modified
as follows: the number of genetic defects produced in mammals
by radiation doses below about 0.5 Sv (50 rem) is directly
proportional to dose but high radiation doses at high dose rate
may produce a relatively greater frequency of genetic defects
(1-4). This refinement does not alter the basic principles
involved in the assessment of genetic hazards on the basis of
linear dose-effect curves and is essentially identical to the
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TABLE 7

ESTIMATES OF FATAL LUNG CANCER RISKS IN MINERS AFT!iR INHALATION
OF RADON DAUGHTERS

Source of data Lung cancers
per 106

persons per
year per WLM

Lifetime total lung
cancers per 10
persons per WLM

Jacobi, 1976 (41)

NAS, 1976 (42)

Archer et al. , 1979 (43)

Myers and Stewart, 19 79 (44)

EPA, 1980 (34a)

Evans et al., 1980 (45)

Myers et al., 1981 (44a)

10

39

3.5-20

100-300

1170

50-400
(assumes excess

extends 10-30 years
after exposure)

500-1000
(general public)

< 100
(general public)

100-500

UNSCEAR, 1972 (3) (Available data were considered unreliable)

BEIR, 1972 (1) 3-8 (100-500)*

UNSCEAR, 1977 (4) 2-8 200-450**

BEIR, 1980 (2) 18*** (200-600)****

ICRP, 1980 (.3,14) - 165

* This value Is nor. given in the first BEIR report (1), but
can be derived readily from the data given, using their
assumption that 1 WLM » 5 rem to the bronchial epithelium.

** The data on U.S. miners suggest a lower value in the region
of 70-100 lung cancers per 106 WLM.
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*** The first ten years after exposure are deleted in this
particular calculation. The data on U.S. miners yield a 3-fold
lower value. This report (2) also provides age-specific annual
risk estimates in addition to the average value quoted in the
above table.

**** This value is not given in the 1980 BEIR report (2) but
can be derived from the data given in Table V-20 for persons age
20-65 at the time of exposure, using their assumption that 1 WLM
= 6 rem to the bronchial epithelium, their calculated numbers of
total fatal cancers as based on the linear dose-response model
(which was considered to be most appropriate for densely
ionizing radiations), and further assuming that 40% of all the
radiation-induced fatal cancers in adult males indicated in
Table V-20 are lung cancers (see Tables V-14 and V-15 in
reference 2). A similar range of values can also be calculated
directly from the age-specific annual risk estimates given for
inhalation of radon daughters by miners (2).

use of the linear-quadratic model for assessment of the
carcinogenic hazards of sparsely ionizing radiation (2,19).

There is, however, one major uncertainty in any assessment
of genetic hazards to man. This uncertainty stems from the
absence of empirical evidence for radiation-induced genetic
defects in the children of heavily irradiated human parents
(1-4). The most important human data relate to approximately
16,000 children conceived 0-13 years after one or both parents
were exposed to external radiation at Hiroshima and Nagasaki in
1945 (4); the total dose received by both parents together is
estimated at approximately 0.6 Sv (60 rem mean absorbed dose in
the gonads; 117 rem kerma dose) for this particular group of
children (2,4). No significant effects of parental exposure on
childhood mortality could be demonstrated (4). On the basis of
these data, it was concluded that the minimum limits of the dose
of chronic radiation required to double the rate of spontaneous
genetic defects in humans would be approximately 0.7 Sv (70 rem
absorbed dose; 139 rem kerraa dose) in the human male and at
least 5 Sv (500 rem absorbed dose; 1,000 rem kerma dose) in the
human female (2,4).

A variety of studies have been carried out on the children
of persons exposed to gamma-radiation at Hiroshima and Nagasaki;
these studies have been reviewed recently by Neel and co-workers
(43). On the basis of these studies, Neel et al. suggest a
genetic doubling dose of about 4.7 Sv (470 rem absorbed dose to
the gonads) based on the Hiroshima-Nagasaki data (48) (assuming
that gamma-radiation at low dose rate is three times less
effective than at high dose rate, as has been observed in
genetic studies on mice). This report (48) also included an
estimate of the effects of marriages between close relations and
of the effects of multiple births (e.g., twins) on the risk of
an untoward outcome of birth in the Hiroshima-Nagasaki group,
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where untoward outcome was defined as the risk of stillbirth, of
neonatal death or of a congenital defect detectable within the
first year after birth (48). It was concluded that the risk of
an untoward outcome of birth (as defined above) following
exposure of parents to a total gonadal dose of 1 Sv (100 rem)
must be approximately 100 times smaller than the risk resulting
from first-cousin marriages or from multiple births. These data
provide some indication of the reasons why it has been so
difficult to detect any radiation-induced effects in the
children of irradiated parents.

The best current estimates indicate that approximately one
person in ten suffers from hereditary genetic defects leading to
clinically detectable disease at some time in their life (2,4).
These diseases cover a wide range of severity, some being
readily treated at present while others are not. The diseases
which are thought to have a genetic component include examples
such as deafness in old age, diabetes, epilepsy, schizophrenia,
cystic fibrosis, haemophilia, hyper-cholesteremia, sickle cell
anaemia, retinoblastoma, progressive muscular dystrophy, colour
blindness, pyloric stenosis, Down syndrome ("mongolistn"),
hydrocephalus, congenital cataract, congenital heart defects,
club foot, cleft lip, congenital dislocation of the hip, and
strabismus ("cross-eyes"). The incidence of many of the
congenital defects listed is strongly affected by other factors
(e.g., nutrition and oxygen supply to the developing fetus) in
addition to the genetic characteristics.

There is little doubt that radiation must affect the
incidence of genetic defects in humans as it does in other
living organisms. The problem involved is a quantitative
estimation of the extent to which the incidence of the above
diseases would be increased by exposure of parents to a given
dose of radiation. Since, as noted above, the data on children
of human parents exposed to high radiation doses have not
provided any evidence of significant increases in genetic
diseases, estimates have necessarily relied upon the results of
laboratory studies of the genetic effects of radiation in mice
and in other organisms. The estimates arrived at by various
committees, who reviewed all of the evidence available to that
time, are summarized in Table 8. Three gtneral conclusions
might be noted. First, estimates of radiation-induced genetic
hazards have not altered greatly since 1972. Second, the 1966
ICRP risk estimates for number of genetic defects apparent in
the first generation after irradiation of parents are similar to
current risk estimates but the 1966 estimate of total numbers
summed over all generations (which is identical to total numbers
produced at equilibrium as a result of repeated exposure of many
generations to the same radiation dose) was about 40 times
(range 8 to 140 times) higher than more recent values. Thus
even though the preliminary 1966 ICRP estimates of risk of
radiation-induced cancer may have been somewhat lower than
current estimates (Table 3), the total biological hazard
(cancers plus genetic defects) of ionizing radiation is
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TABLE 8

ESTIMATE OF NUMBERS OF GENETIC DEFECTS INDUCED BY EXPOSURE OF
HUMANS TO RADIATION PRIOR TO PARENTHOOD

Source of data Genetic diseases per 10 persons per Sv
Apparent in first Total number

generation at equilibrium

ICRP, 1966 (7) 20 8500

UNSCEAR, 1972 (3) 6-15 300

BEIR, 1972 (1) 12-200 60-1500

UNSCEAR, 1977 (4) 20-63 185

ICRP, 1977 (10) -* 200

BEIR, 1980 (2) 5-75 60-1100

* No value is given for the first generation but the sum of the
values for the first and second generation is given as about
100 per 10^ perscns per Sv.

TABLE 9

APPROXIMATE ICRP ESTIMATES (10) OF AVERAGE NUMBERS OF GENETIC
DEFECTS INDUCED BY EXPOSURE TO RADIATION AT VARIOUS

AGES

Age of exposed persons Genetic diseases per 10H persons per Sv
Children plus Total number in
grandchildren all subsequent
of exposed descendants of

persons exposed persons

Prior to parenthood 100 200
(age 0-30)

Average for workers 100 200
age 18-30

Average for whole 40 80
population age 0-73

Average for workers 26 52
age 18-65
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currently thought to be somewhat lower than was first estimated
by the ICRP in 1966. Third, the central 1977 ICRP estimate of
200 genetic defects per 10^ persons per Sv for the total of
genetic consequences in all descendants of irradiated parents is
not inconsistent (within a fourfold range) with that calculated
in the 1980 BEIR report (2), the latter providing a wider
variety of possible values.

An additional problem might be noted at this point, namely,
whether these genetic defects represent a serious or a trivial
burden upon society. Preliminary discussions of this point are
anticipated in the 1982 UNSCEAR report and may be expected to
indicate that, on the average, the social impact of genetic
diseases is roughly equivalent to that of the same number of
fatal cancers.

It should be noted that these genetic risk estimates (T ble
8) are expressed per Sv per generation to potential parents and
that the average age of the parent (i.e., the average generation
time) is usually taken to be about 30 years. Only that portion
of the total population exposure which is received by persons
under 30 years of age is of genetic significance on the average,
the number of parents who are older than 30 at the time of
procreation being balanced by the number who are less than 30 at
this time. In order to convert a given value of, for example,
200 genetic defects per 10^ livebirths per Sv (Table 8) into
total numbers expected at any given exposure rate in mSv/year,
the age of the potential parent during exposure must be taken
into consideration. For example, the average background
exposure of 1 mSv (100 millirem) per year equals 0.03 Sv tctal
over the first 30 years of life. The number of genetic defects
expected at equilibrium as a result of this exposure would thus
be 200 x 0.03 or 6 per 10* livebirths, as compared with the
total natural incidence of 1050 per 10^ livebirths. Natural
background radiation of 1 mSv per year would then be responsible
for about 0.5% of all naturally occurring genetic defects in the
population (4) .

Any large increases in radiation exposure above background
levels due to employment in the nuclear power industry will in
general be received by persons close to or over 30 years of age.
From a practical point of view, the British Royal Commission on
Environmental Pollution has concluded r'iat "at the levels of
radiation likely to be permitted in relation to possible somatic
effects, the genetic effect should be of little concern". This
conclusion is substantiated by the type of data given in Table
9. Since the proportion of persons under the average age of 30
will be about 0.4 of the total population in a country such as
Canada or the U.S.A. where the population is not expected to be
growing rapidly in future, the average genetic risk per Fv of
radiation distributed randomly over the whole population will be
about 0.4 times that to persons under age 30. Similarly, a Sv
of radiation distributed randomly over an occupational work
force which is evenly distributed between age 18 and 65 would
present a genetic risk which is 12/47 = 0.26 times that to



persons under age 30 (Table 9). At present, the occupational
work force is, however, not equally divided into all age groups.
The ICRP has chosen an average value of 0.4 to represent the
genetic risk of a Sv randomly distributed over the whole working
population (10,13) compared to that of a Sv to potential
parents.

The above values are those which are used for radiation
purposes in most countries. If, however, the interpretation of
the Hiroshima-Nagasaki data given by Neel et al. (48) is correct,
all of the above numbers are likely to overestimate the genetic
hazards of radiation in humans by as much as fourfold.

(F) OTHER RADIATION HAZARDS

Very high doses of radiation in a short period of time are
known to produce many injurious effects upon humans and related
living organisms. For example, an acute dose of 6 Gy (600 rad)
to the body is fatal to humans and other mammals within a few
weeks, due to destruction of bone marrow and intestinal mucosa
cells (49). However, the immediate lethal effects are not
directly proportional to radiation dose; exposure to 2 Gy (200
rad) does not usually produce any fatalities at all within a few
weeks (49) It is clear that we are dealing with a threshold
type of dose response for acute effects in this case, i.e.,
small radiation doses are perfectly safe in as far as this
particular effect is concerned.

In considering radiation hazards other than the induction
of cancers and genetic defects, it is therefore essential to
know how many of these other injurious effects (Table 10) are
likely to exhibit linear dose-effect curves. The short answer
to this question is: probably none. Threshold doses do appear
to exist below which radiation does not induce skin burns,
cataracts or sterility (1-4). Infants exposed to high doses of
radiation iri utero do experience high mortality rates shortly
after birth, but again the data from Hiroshima and Nagasaki show
no evidence of increased infant mortality with moderate doses
below 0.15 Gy (15 rad absorbed dose; 40 rrj kerma dose) (1,2).
In fact the infant mortality after fetal exposure to 0.04-0.15
Gy (4-15 rad absorbed dose) was about 40% less than expected;
the BEIR committee concluded that no detrimental effects were
likely to occur at dose levels compatible with present radiation
protection standards (1).

The 1980 BEIR report (2) considered that abnormal
development of the embryo or fetus (resulting in potential
malformation, growth retardation or functional impairment) after
exposure to moderate or high doses of radiation Ln utero
represented the area of greatest concern in the assessment of
radiation hazards other than induction of cancer or genetic
defects. A significant increase in the incidence of children
with smaller than average head circumference ("microcephaly")
was noted after exposure as fetus or embryo i_n utero at
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TABLE 10

MINIMUM THRESHOLD DOSES OF RADIATION KNOWN OR SUSPECTED TO
PRODUCE VARIOUS BIOLOGICAL EFFECTS IN HUMANS WHEN THE DOSE

IS RECEIVED IN A SHORT PERIOD OF TIME (1-4)

Stage of
development

Biological effect Threshold dose
(Gy)

Embryo

Fetus , embryo

Female fetus

Child

Adult

Adult

Adult

Adult

Male adult

Female adult

Small head circumference

Diminished body growth,
increased incidence of mental
retardation, increased
incidence of infant mortality

50% death of oocytes*

Hypothyroidism

Opacity of lens of eye

Death

Non-specific aging

Erythema (reddening of skin)

Temporary sterility
Permanent sterility

Permanent sterility*

0.04

0.2

0 .

5 (t

0

05-0.1*

o thyroid)

2 - 5

2 - 3

3

3-10**

.5-1
>5

3-4

* Death of oocytes probably represents a non-threshold or
linear response to radiation. However, there is no evidence of
any reduction in fertility following exposure of the female
fetus to doses of 0.1 Gy or even higher (2). The female child
is normally born with about two million oocytes , of which only
about 400 mature during reproductive life while the remaining
two million normally disappear in any case (2). The ovary thus
contains a large excess of oocytes and fertility is not readily
impaired by low-level radiation.

** The threshold erythema dose depends upon the energy of the
radiation and will be lower for 100 keV X-rays than for 1 MeV
gamma- or X-rays.
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Hiroshima (but not Nagasaki) to doses of 0.0A to 0.08 Gy (4-8
rad absorbed dose; 10-20 rad "kerma" dose) (2). Mental
retardation was not observed until the radiation dose to the
fetus exceeded 0.2 Gy (20 rad absorbed dose; 50 rad "kerma"
dose) (1). Mental retardation, eye defects and general
impairment of body growth have been observed In a considerable
number of children who were accidentally exposed as fetus or
embryo to medical X- or gamma-ray doses in the region of several
Gy (several hundreds of rads) (1).

Estimates can be made of the potential hazards involved if
congenital abnormalities of this kind were directly proportional
to radiation dose. On the basis of observations at doses of
gamma-radiation in excess of 0.2 Gy (20 rad) delivered at high
dose rate during a critical stage of embryonic development to
Hiroshima-Nagasaki survivors, the potential risk of mental
retardation associated with microcephaly is thought to be about
2 x 10""* per Gy (2 x 10~3 p e r rad) after correction of
T65 kerma doses to absorbed dose (4). For the purpose of a
theoretical calculation, it could be assumed that the total risk
of all congenital abnormalities produced by irradiation during
embryonic development might be as high as 5 x 10"* per Gy.
The critical stage of embryonic development could be taken to be
about three months (4), during which time the average dose
received from natural background would be about 0.25 mSv (25
mllllrem). If the risk of induction of congenital malformations
were directly proportional to radiation dose with no dependence
upon dose rate, then the risk of congenital abnormalities
resulting from natural background radiation would be about 5 x
10"1 per Sv multiplied by 0.25 x 10~3 Sv equals 1.3 x
10~4. Since four out of every 200 children born suffer
from some congenital abnormality (4), the above calculation
suggests that exposure to natural background radiation levels
during embryonic and fetal development might potentially be
responsible for as much as 0.3% of all congenital abnormalities
that o'ccur normally in human populations. However, the BEIR III
report (2) suggests that the theoretical values calculated in
this manner are probably much too high.

Because most of the perceived abnormalities produced by
exposure of the fetus or embryo to radiation probably result
from damage to more than a single cell, the BEIR committee
concluded that it is "unlikely that such effects bear a linear
relationship to Jose" (2). Moreover, "because sensitive stages
for many specific abnormalities are relatively short, dose
protraction may result in lowering to below the threshold the
portion of the total dose that is received during a particular
critical period". Although the ICRP did include potential harm
to the embryo in one of its reports assessing hazards to
radiation workers (11), it seems to be generally agreed that
perceptible abnormalities of this kind would not be produced
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with protracted radiation exposures of less than 0.05 Gy (5 rad)
per year. Discussion of this topic is continuing (35,50).

It should be noted that many of the effects considered
above, notably sterility and abnormal fetal development of the
brain, are associated with an unusual phenomenon in
radiobiology, i.e., the "interphase death" of non-dividing cells
(51). In most cases, lethally irradiated cells die during or
following cell division (49). A few types of non-dividing cells
in the animal body, e.g., spermatogonia, oocytes and lymphocytes
in the adult and differentiating nerve cells in the embryo, are
known to die within a few hours after irradiation (49,51); the
reason for cell death is still not clearly understood. Not only
are these cells exceptionally sensitive to radiation-induced
death, but the dose-response curves are essentially linear with
little indication of a "safe" threshold at low doses of
radiation (49,51). Death of the above cells can lead to
sterility and immune deficiencies in the adult and to
abnormalities in development in the fetus. Moreover,
radiation-induced deficiencies in the immune responses could
facilitate the development of cancers and also the development
of other diseases (3). This possibility was considered in
detail by the 19 72 UNSCEAR committee who concluded that, despite
the remarkable radiosensitIvity of lymphocytes, "the immune
system appears to have large built-in factors of safety, so that
it can withstand substantial injury and recover from damage"
(3). The basic reason why no biological effects are observed
until a certain threshold dose is reached, despite the fact that
cell killing is a stochastic or non-threshold type of response,
is the fact that a considerable fraction of total cells present
has to be killed before the biological function of the system is
impaired. The UNSCEAR report recommended further research on
this problem (3) but, like the BEIR (1,2) report, did not find
any evidence that this type of radiation-induced cell death led
to measurable hazards at low radiation doses (in the region of
say 0.05 Gy or 5 rad per year). Hypothyroidism is another
example of a threshold type of response which is produced by
thyroid doses in excess of about 5 Gy (500 rad) (2) in children
or of about 25 Gy (2500 rad) in adults (Table 10).

The evidence relating to non-specific life shortening,
i.e., acceleration of the onset of cardiovascular disease and
changes other than cancer which lead to death, is also
reasonably conclusive. Evidence from some animal experiments
does suggest that non-specific life shortening may be
approximately proportional to radiation dose at very high doses
where some effect can be measured. However, epidemiological
studies on medical radiologists, X-ray technologists, dentists,
and patients irradiated for ankylosing spondylitis have not
yielded definite results (1,2). There is no evidence for an
increase in onset of cardiovascular disease among uranium miners
(40) or in X-irradiated female patients who received an average
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dose of 1.3 Gy (134 rad) (52). The most carefully studied
groups of heavily irradiated persons have been the survivors of
Hiroshima and Nagasaki. No evidence of radiation-induced life
shortening by causes other than cancer has been observed (1,2).
The 19 72 BEIR report concluded that "thus far the experience of
the A-bomb survivors does not confirm the hypothesis of
accelerating aging, but it remains possible that the youngest
will eventually show a disturbance of mortality patterns
consistent with the hypothesis of accelerated aging" (1). This
conclusion is similar to that given in the 1966 ICRP report (7),
and the 1977 UNSCEAR report agreed with these conclusions (4).
The 1980 TEIR report (2), after reviewing the evidence again,
concluded that "there is no firm evidence that exposure to
ionizing radiation causes premature aging in man or that the
associated increased incidence of carcinogenesis is due to a
general acceleration of aging". For doses of less than
approximately 3 Gy (300 rad) of beta-, gamma- or X-radiation,
the principal mechanism of life-shortening is induction or
acceleration of cancer (2).

Under these circumstances, and with all due concern for the
fact that acute radiation doses of 0.04 to 0.08 Gy to the fetus
may increase the incidence of microcephaly, the accepted
estimates of the biological hazards of low level radiation are
therefore based on the induction of cancers and genetic defects
only .

(G) DISCUSSION OF THE IMPLICATIONS OF ACCEPTED RISK ESTIMATES
FOR LOW-LEVEL RADIATION

As indicated in section D, there has been little change in
accepted risk estimates for induction of cancer by
sparsely ionizing radiations (beta-, gamma- or X-radiation)
since 1972 (Table 3). The major factors affecting these
particular risk estimates since 1972 have probably been
[a] attempts to assess numerically the extent by which a simple
linear extrapolation from risks measured at high radiation
levels might overestimate the actual risks of low-level
radiation (2,19), [b] the utilization of recent data (53) on
absorbed tissue doses rather than "kerma" doses in air to
estimate the risks of the radiation exposures of the
Hiroshima-Nagasaki survivors (2,4,19) and [c] the recent
indication that past estimates of .leutrcn exposures at Hiroshima
may have been grossly exaggerated while those of gamma exposures
may have been too low (27).

This latter suggestion has cast doubt on some of the more
involved calculations of risk estimates in the 1980 BEIR report
(2). The differences between data from Hiroshima and Nagasaki
were discussed in considerable detail in this report (2) in an
effort to derive separate risk estimates for leukemia induction
by sparsely and by densely ionizing radiations. If previous
estimates of neutron exposures at Hiroshima in 1945 were
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exaggerated by a factor of about tenfold (27), this would seem to
mean that sparsely ionizing gamma-radiation was responsible fo"
essentially all of the excess cancer cases observed in the
Hiroshima survivors, that any differences In induced cancer
incidence per unit dose at Hiroshima and Nagasaki (see Table 1)
were due to Inaccurate dosimutry and to statistical fluctuations,
a'.id that there are no reliable human data for Induction of cancer
by neutrons. The 1980 BEIR estimates (2) for risk of leukemia
induction by sparsely ionizing radiations relied primarily upon
the Hiroshima data, as interpreted in terms of a linear-
quadratic dose-response relationship, and largely excluded the
values derived from data on persons exposed to medical X-rays.
Thus there does not at the moment seem to be any good reason to
alter drastically the previously accepted risk estimates for
radiation-induced leukemia which were derived from a wider
variety of sources (1,4,10).

A practical problem involved in the application of accepted
risk estimates derives, not from minor discrepancies in the risk
estimates suggested by different scientific committees, but from
the current requirements for a formal risk estimate for each
tissue and for a formalized quality factor applicable for all
tissues that would make it possible to construct a simple set of
rules for radiation protection purposes. The risk estimates for
cancer induction in different tissues in humans depend primarily
upon the follow-up of groups of persons exposed to
sparsely ionizing radiation at high dose rate in the case of
leukemia, thyroid cancer, breast cancer and total fatal cancers;
risk estimates for bone, liver and lung cancer depend primarily
on follow-up of persons exposed to local irradiation of these
tissues by densely ionizing radiation over long periods of time
(1-4). The numbers do not always add up In the precise manner
that might be desired and approximate values must therefore be
used in formal calculations of risks for purposes of radiation
protection.

Minor errors can also be involved in a simple extrapolation
from the measured badge exposure of radiation workers to
absorbed doses in various tissues. As noted above, risk
estimates for leukemia, for example, are calculated per unit
absorbed dose in the bone marrow. Health physicists have paid
considerable attention to potential differences between
gamma-radiation exposures as recorded on badges worn by
radiation workers and absorbed doses in various tissues; one
example of the results obtained (54) is illustrated In Fig. 7.
As might be expected, the absorbed dose in the internal organs
of the body Is highly dependent on the energy of the
gamma-radiation involved (54). For radiation workers around
nuclear reactors at AECL and Ontario Hydro, who would normally
be exposed to gamma-rays with a wide range of energies, whole
body absorbed doses are currently recorded as 0.87 times the
exposure measured on a badge located on the front of the trunk;
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Fig. 7. Relationship between absorbed radiation dose in bone
marrow and radiation exposure of the dosimeter worn by radiation
workers in a position on mid-front of trunk of body. The above
data are for X- and gamma-radiation received uniformly from all
directions around the body; further data for other tissues and
for radiation received from the front or from the back are given
in reference 54.
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in the National Dose Registry (Health and Welfare Canada), which
was originally established to measure the exposures of other
radiation workers including medical technologists who would
normally be exposed mainly to X-rays with an energy of about 100
kV , doses were recorded as identical to the exposure on the
badge. However, the differences involved are relatively small
compared to the uncertainties that exist in estimation of
resultant biological effects (Table 11).

After review of the data involved (see section D-ii) and
the practical problems noted above, it is the author's personal
conclusion that the central values for risk estimates for
whole body irradiation suggested by the ICRP in 1977 (10) (Table
3) are as accurate as any others that have been proposed. The
particular risk estimates associated with the irradiation of
each organ (Table 4) appear, however, to be too- uncertain to
warrant anything more than very approximate calculations as to
the actual risk associated with irradiation of one particular
tissue.

In contrast to the 1977 ICRP report (10), the 1980 BEIR
report (2) does provide upper and lower limits on the hazards of
low-level radiation; these limits provide a useful adjunct to
the central risk estimates given by the ICRP in 1977 (10) and
reconfirmed by the ICRP in 1980 (13). The basic data of concern
from Tables 3, 8 and 9 are summarized in Table 11, where the
values are expressed per Sv of radiation received by a total
population that includes persons from age 0 to over 70. The
above values apply to a mixed population of males and females.
The upper limits on the risk estimates for both fatal and curable
cancers include the data on radiation-induced breast cancers in
females (2) that were discussed in connection with Table 5.

The ICRP estimates (10) have been used to calculate
approximate numbers of radiation-induced cancers and genetic
diseases that might be produced in populations exposed to
various radiation levels continuously for many years (Table 12);
all numbers in this table have been rounded off to avoid any
false impression of extreme accuracy. Natural background
radiation levels of 1 mSv (100 millirem) per year would be
predicted to be potentially responsible for approximately 0.5%
of all cancers (both fatal cancers and curable cancers) and of
genetic disorders that occur naturally in human populations
(Table 12). The upper limits on these estimates (Table 11)
range from about 1.6% of fatal cancers to 3.1% of genetic
disorders; the lower limits approach zero (Table 11) (2).

Average radiation exposures from the use of X-rays and
radioactive isotopes in the healing arts also approach 1 mSv
(100 millirem) per year in North America (2,4) although the
genetically significant component of this source of exposure is
much smaller (2,4). [In the particular case of mammography,
which has been the topic of considerable practical concern (see
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TABLE 11

SUMMARY OF RISK ESTIMATES FOR A GENERAL POPULATION EXPOSED TO
LOW-LEVEL IRRADIATION OF THE WHOLE BODY

Biological effect ICRP value (10)
(risk,per Sv per

10 persons
exposed )

Range of BEIR III
values (2) (risk
per Sv per 10

persons exposed)

Fatal cancers induced
in the irradiated
population

Curable cancers
induced in the
irradiated
population

Total genetic
diseases in all
subsequent
descendants of the
irradiated population

125

125

80

< 10 to 500

< 4 to 7 70

24 to 440

TABLE 12

HEALTH HAZARDS OF RADIATION AS PREDICTED FROM ICRP RISK
ESTIMATES

Type of hazard

Genetic diseases
in all subsequent
generations 0.003

Approximate number of radiation- Normal
induced effects per 100 persons lifetime

exposed incidence
0.05 mSv 1 mSv 50 mSv 5 WLM per 100
(5 milli- (100 milli- (5 rem) per persons
rem) per rem) per per year, year,
year, age year, age age 18-65 age

0-75 0-75 18-65

0.8

3.5

16

15

10.7

Leukemia

Lung cancer

All other fatal
cancers

Curable cancers

0

0

0

0

.001

.001

.003

.005

0.015

0.015

0.06

0.09

0.5

0.5

2

3

0.06
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Table 5), the radiation dose to the breast may be about 10 mSv
(1 rem) while that to the gonads is essentially zero (4,20).]
The design target for increment in radiation exposure to a
person living at the boundary of a nuclear power reactor is 0.05
mSv (5 millirem) per year; this increment also happens to be
approximately the same as that predicted for the average
radiation exposure to the general population resulting from the
complete nuclear fuel cycle in a system where each person in the
world had received 1 kW electricity continuously from nuclear
power for a period of several hundred years (4,56). The
biological hazards resulting from this increment would be
one-twentieth of those predicted to be caused by natural
background levels of 1 mSv per year if the linear dose-response
model is correct (Table 12). None of the above health effects
would be detectable (2).

Detectable health effects would be predicted for radiation
workers exposed to the maximum occupational dose of 50 mSv (5
rem) per year for 47 years from age 18 to 65 (Table 12). The
first health effect that might be detectable should be an
increase in incidence of leukemia, first, because the latent
period for radiation-induced leukemia is fairly short, and
second, because the percentage increase in natural incidence
should be relatively large. A number of studies of the mortality
of radiation workers in nuclear power plants and reprocessing
facilities have been published; none of these have shown any
increment either in leukemia incidence or in overall incidence of
all fatal cancers as compared to the general population (57). It
should, however, be noted that the average lifetime exposures of
these radiation workers were in general much smaller than the
total of 2.35 Sv (235 rem) for which the data in Table 14 were
calculated; moreover, the exposures were predominantly to
sparsely ionizing radiations and the radiation workers in
question were almost exclusively male. Although suggestive, the
absence of adverse health effects among these radiation workers
does not prove that the ICRP risk estimates, based on a linear
dose-response model, have exaggerated the hazards of low-level
radiation. This finding does, however, indicate fairly
conclusively (a) that ICRP risk estimates have not grossly
underestimated the hazards of low levels of sparsely ionizing
radiation to adult males and (b) that past radiation protection
measures adopted for these particular groups of workers have
worked effectively to protect the health of these workers.

Appreciable health effects would be predicted for uranium
miners or other persons exposed to 5 WLM per year for 47 years
from age 18 to 65 (Table 15). In this particular case, the only
detectable effect is expected to be an increase in lung cancer
associated with the inhalation of radon daughters. In contrast
to the absence of measurable effects of exposure of the whole
body to very low levels of sparsely ionizing radiation, there is
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no doubt about the existence of adverse health effects of radon
daughters (even though the exact magnitude of the effects per
unit dose is still under discussion) (Table 7). Most of the
data on excess lung cancers in uranium and other miners (e.g.,
Newfoundland fluorspar miners) relate to the effects of
accumulated exposures well above 235 WLM; however, excess lung
cancers are observed with accumulated exposures in the region of
50-100 WLM (2,4).

In order to place these risk estimates (Table 11) into
perspective, the degree jf life shortening has been calculated
for workers in various industries and with various radiation
exposures (Table 13). For this purpose, the normal life
expectancy was assumed to be 73 years of age. As noted in
section D-iii, loss of life expectancy due to radiation-induced
cancers does not depend greatly on whether the absolute risk
model or relative risk model is more correct; thus the numbers in
Table 13 will be essentially identical whether ICRP risk
estimates or BEIR relative risk estimates or some intermediate
values are thought to be most accurate. A number of detailed
calculations of predicted loss of life expectancy due to
radiation-induced cancers have been published (58); the values
are all reasonably consistent with an estimate of about five
months for an accumulated exposure of 235 rem between age 18 and
65 (Table 13). The degree of life shortening due to lung cancers
caused by inhalation of radon daughters was calculated from this
number on the assumption that exposure of 10" persons to 1 WLM
each would, on the average, cause about 165 fatal cancers (13,14)
as compared with 125 fatal cancers per 10* persons each exposed
to 1 Sv of whole body radiation (Table 11). T.™ loss of life
expectancy caused by a fatal accident is two to three times
greater than that caused by a radiation-induced fatal cancer (11)
since fatal accidents occur with about the same frequency in
younger and in older persons while the fatal cancers usually
arise many years after the initial radiation exposure and thus
tend to occur later in life. The values in Table 13 are
calculated on the basis that the average fatal accident will
cause about 30 years loss of life expectancy (11).

An accumulated occupational exposure of 0.2 Sv (20 rem),
which Is about the average expected for persons working 47 years
in a nuclear research establishment such as CRNL (61), should
have less effect on average life expectancy than working in any
of the other industries listed in Table 13. The total lifetime
exposure of persons working in a nuclear power station in Canada
is expected to be about 0.5 Sv (50 rem) (4) which is still
predicted to have less effect on life expectancy than employment
in most other industries. At the maximum permissible exposure
of 2.35 Sv resulting from 50 mSv (5 rem) each year for 47 years
from age 18 to 65, the predicted loss of life expectancy exceeds
that resulting from employment in "safe industries", i.e. those
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TABLE 13

AVERAGE LOSS OF LIFE EXPECTANCY FOR WORKERS EMPLOYED IIV VARIOUS
INDUSTRIES FROM AGE 18 TO 65 AND PRESUMED LOSS OF LIFE EXPECTANCY
FOR WORKERS WITH VARIOUS LEVELS OF ACCUMULATED RADIATION EXPOSURE

Occupation Immediately fatal
accidents per 10
workers per year*

Average loss of
life expectancy

(months)

0.2 Sv (20 rem) radiation
exposure

Trade

0.5 Sv (50 rem) radiation
exposure

Service industries

50 WLM to lungs

Manufacturing

Government

Transportation and public
utilities

2.35 Sv (235 rem) radiation
exposure

235 WLM to lungs

Non-occupational off-job
(60% were motor vehicle
accidents)

Construction

Mining and quarrying

0.6

0.7

0.9

1.1

2.9

4.4

5.7

6.3

0.4

1

1

1.2

1.4

1.5

1.9

5

. 5

7

7.5

10

11

* Data for 1978 published by the U.S. National Safety Council (59).
These are reasonably consistent with available Canadian data (60)
except for the category of agricultural workers which has therefore
not been included.
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industries with an average of less than one fatal accident per
10* workers per year (11, 61). The above calculations (Table
13) do not include the low rate of fatal accidents in nuclear
power stations or the curable cancers and genetic defects that
might be produced by radiation exposure. The degree of "harm"
caused by these other factors might be considered to increase
the harmful effects of radiation indicated in Table 16 by about
50% (Fig. 8 ) . Since harmful effects have not yet been observed
in radiation workers exposed to low levels of sparsely ionizing
(low LET) radiation, all of the above predictions should be
regarded with some degree of caution and presumably represent
maximum potential health effects. It should also be emphasized
that, to some extent, all of the data in the top half of Table 13
could be considered misleading since workers in nuclear power
reactors and in other safe industries tend to be healthier than
the average for the general population; that is to say, their
chance of death at any given age is 15 to 20% less than expected
for persons of the same age and sex in the general population
(57). Any loss of life expectancy due to radiation-induced fatal
cancers or to fatal accidents is so small in these cases that it
is more than offset by the increase in life expectancy due to
this "healthy worker" effect.

The data on life shortening due to inhalation of radon
daughters by uranium miners (Table 16) should be taken more
seriously since an excess of lung cancers is known to occur in
miners exposed to 100 WLM (2,4). In addition to the effects of
radiation-induced lung cancer, underground miners also suffer
from a very high rate of fatal accidents, approximately 10 to 12
per 10 underground miners per year (40,60). Underground
uranium mining is thus a relatively hazardous occupation, though
not much more so than underground mining in general if exposures
to radon daughters are kept to low levels, e.g., 1 WLM per year.
Provided that radiation exposures are kept to low levels as
recommended by ICRP, the major improvements in deleterious
occupational health effects of uranium mining would be expected
to result from a reduction in rate of fatal accidents; the loss
of life expectancy due to inhalation of radon daughters would
probably be reduced more by a marked decrease in cigarette
consumption than, for example, by a twofold reduction in radon
daughter concentrations.



OCCUPATIONAL HEALTH HAZARDS IN A NUCLEAR POWER PLANT AND
IN NON-NUCLEAR INDUSTRIES

{from ICRP No. 27, where health hazards are compared in terms of loss of life
expectancy and allowance is made for genetic effects, non-fatal injuries, etc.)
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Fig. 8. Relationship between the index of harm to health of
workers in a nuclear power plant for any given average radiation
exposure in rem per year (100 rem » 1 Sv) and the index of harm
to health of workers in occupations without radiation exposure
but with various average fatal accident rates. Data are taken
from reference 11, where harm to health is estimated in terms of
loss of life expectancy and allowance is made for genetic
effects, non-fatal injuries, effects of radiation exposure on
the fetus, and other industrial diseases. It is assumed for
this calculation of index of harm that half of all radiation
workers are female.
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APPENDIX: SOME AREAS OF UNCERTAINTY

(i) Lung Cancer Due to Inhaled Alpha-Emitters
Most of the data discussed above are based on the dose of

radiation in Gy or Sv regardless of how this particular dose is
delivered. There are, however, intricate and special problems
associated with the dosimetry of internal alpha-emitters such as
plutonium, whose distribution in the tissues is known to be
grossly non-uniform (42). A large amount of experimental work
has been devoted to this particular area and recent reviews on
plutonium toxicity are available. Plutonium ingested into the
gastro-intestinal tract is largely excreted and poses a very
much smaller hazard per unit of radioactivity than does inhaled
plutonium. Two reviewers suggest something in the region of 100
to 600 fatal cancers per uCi (3.7 x 104 Bq) of 239Pu
inhaled by each of 10,000 persons (62,63). The ICRP has
recently recommended that the annual limit of intake for
occupational workers should not exceed 0.005 UCi (200 Bq) of
inhaled ^39Pu (12). However, there exists a small number of
persons known to have been exposed to relatively large amounts
(residual body burdens in 1972 in the region of 0.1 uCi or 3700
Bq) of plutonium duiing the Manhattan Project in 1944-46; no
disease attributable to plutonium toxicity has been diagnosed in
any of these persons over a period of 30 years (64). Thus, "the
record of human experience with plutonium to date is reassuring
in the sense that the radiation protection standards which have
been followed for many years are very probably quite adequate"
and are "certainly.. .not grossly inadequate". In addition to
these data on humans, there is also reasonably good evidence
from animal experiments that very low concentrations of
plutonium may not induce any cancers at all within the normal
lifespan of the animal (65).

Of more immediate interest for the average person in Canada
are the estimates of the hazards posed by inhalation of radon
and radon daughters. Radon is formed by the radioactive decay
of the small amounts of radium-226 present in all soil and
diffuses continuously from the soil into the atmosphere in all
parts of the world. The concentrations in the air can vary
appreciably depending upon the local concentrations of radium in
the upper layers of soil, on the water content of the soil, on
local changes in atmospheric pressure, on amount of snow cover,
etc. The average equilibrium concentration of radon daughters
in air over the continents is estimated to be about 0.06
picocuries (0.002 Bq) per litre or about 0.0006 WLM. Assuming
that the average person in North America spends about 20 percent
of their time outdoors, the exposure resulting from this source
would then be about 0.003-0.005 WLM per year (4,66). The major
exposure of the general public does not arise from this source
but from the radon daughters which accumulate in the air inside
houses and other buildings (4). The source of radon in
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buildings is both the soil from beneath the building and the
building materials themselves; in certain isolated localities,
notably in the New England states and eastern maritime Canadian
provinces, dissolved radon in water from deep wells may also
contribute to the total accumulation of radon daughters in
houses. The contribution from radon present in natural gas is
very small except in cases where the buildings using this
natural gas are very close to the gas well (4). The 1977
UNSCEAR report, based primarily on measurements of radon
daughter concentrations in houses in various European countries,
suggested an international average of about 0.16 WLM per year
(4). Other recent reports have indicated average exposures of
0.1-0.2 WLM per year for other countries (67) and 0.05-0.1 WLM
per year for Canadian houses (68, cf .44a).

The major area of uncertainty with respect to effects of
inhalation of radon daughters by the general public has to do
with the actual risk estimates. As indicated above, the central
risk estimates for inhalation of radon daughters by uranium
miners are in the region of 100-500 fatal lung cancers per 10"
persons exposed to 1 WLM each (Table 6). A number of scientists
have been concerned as to whether or not the same risk estimates
are applicable to the general public and some widely different
risk estimates have been published (see Table 6). On the basis
of the data available at present (35,41-45), there appears to be
much greater uncertainty about the most appropriate risk
estimates for the general public than for uranium miners but a
risk estimate of 100 fatal cancers per 10" person'WLM does
not seem unreasonable (45).

If we assume that the average Canadian is exposed to 0.08
WLM per year (68) and that this exposure results in 100 fatal
lung cancers per 10° person'WLM (45), this would mean that,
given current smoking habits in the population, the radon
daughters in houses and other buildings in Canada are
potentially responsible for 8 lung cancer deaths per million
persons per year. This represents approximately 3% of all lung
cancer deaths or 0.5% of all cancer deaths in Canada at present.
These numbers would be doubled in countries where the average
concentration of radon daughters in the air inside buildings was
twice the Canadian average, and would be different in countries
with different smoking habits and consequently different rates
of lung cancer. A simple decrease in vent lation rate in
buildings by a factor of two in order to jnserve on energy
requirements, without other measures to reduce radon daughter
concentrations, would increase radon daughter concentrations by
a factor of about two and potentially double the number of lung
cancer deaths caused by radon daughters (66,69). Similarly, a
simple tenfold decrease in ventilation rates would increase the
potential number of lung cancers caused by radon daughters to
more than 80 per million persons per year. At this potnt, the
average exposure of all persons living in such houses would be
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similar to the average occupational exposure of uranium miners
in Canada. This may ?<e considered to represent a significant
public health problem and the question obviously warrants
further attention. It should, however, be noted that roughly
90% of the current incidence of lung cancer in Canada and other
western countries can be directly attributed to cigarette
smoking, and that any loss of life expectancy due to lung
cancers induced by inhalation of radon daughters in houses would
presumably be greatly diminished in a non-smoking population.

(ii) Effect of Repair Processes
The kinds of events which are known to result from exposure

of living organisms to ionizing radiation are illustrated in
Fig. 9 (70). Different kinds of repair processes have been
distinguished, for example,
[a] an initial physico-chemical "repair" of radiation-induced
changes by sulphydryls and other normal biological materials
within microseconds after the initial deposition of radiation
energy in the tissue,
[b] replacement of damaged temporary cell constituents by new
materials, using the permanent hereditary information (DNA) in
the cell as blueprint for the synthesis of the new materials,
[c] active repair of radiation damage to the hereditary
information (DNA) itself, and
[d] replacement of dead cells by division of "stem" cells which
normally serve as the progenitors of the cells that died.

Each of these types of "repair processes" is thought to
play a significant role in different biological effects of
ionizing radiation, particularly in counteracting those effects
(e.g., death) produced by high radiation doses at high dose
rate. In the case of the late effects (i.e., those effects
which become evident several years or several decades after
irradiation in humans) of low-level radiation, the most crucial
process is, however, believed to be the active repair of damage
to DNA.

Cancers and genetic defects are both currently believed to
be associated with chemical alterations or damage to DNA. The
logic linking changes in DNA structure to genetic changes is
fairly simple, since DNA is thought to carry the hereditary or
genetic information for all life processes from one generation
to the next. There are three basic reasons for believing that
some type of alteration in DNA is also associated with
development of cancer:
[a] Since DNA carries the information for all life processes,
some alteration in the structure or functions of DNA is probably
associated with an unusual event such as development of a cancer
from one of the (approximately) 5 x l O ^ cells which
constitute the human body.
[b] The efficacy with which most agents can produce cancer in
experimental animals tends to be directly correlated with their
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SEQUENCE OF EVENTS FOLLOWING
IRRADIATION OF A LIVING ORGANISM

(A) PAST REACTIONS
s) ABSORPTION OF

RADIATION ENERGY

FREE RADICALS IN ORGANIC
CONSTITUENTS * WATER

FREE RADICALS IN D N A —
FREE RADICAL IN NON-
DNA COMPONENTS

J
CHEMICAL DAMAGE IN DNA TRANSIENT EFFECTS

(B) BIOLOGICAL
PROCESSING

(10-3 TO 104 s )

rENZYMATIC REWIR
OF DNAL

DAMAGED CONSTITUENT
REPLACED EY NORMAL

TURNOVER

DNA RESTORED
TO NORMAL

RESIDUAL DAMAGE
FIXED IN DNA

NO EFFECT

(C) BIOLOGICAL
CONSEQUENCES

(10» TO I P ' s )

1. GENETIC EFFECTS IN SUBSEQUENT GENERATIONS
( 0 POINT MUTATIONS (i i) GROSS CHANGES IN DNA SEQUENCES

2. SOMATIC EFFECTS IN IRRADIATED INDIVIDUAL
(a) DUE TO DNA DAMAGE IN SURVIVING CELLS

( i ) CANCER INDUCTION (i i) PREMATURE AGING

(b) QUI TO CELL DEATH AT HIGH DOSES
( i )ABNORMALITIES IN FOETAL DEVPT. Cii)STERILITY ( i i i ) CATARACTS SKIN
ULCERATION, ETC. (iv)SUPPRESSION OF IMMUNE RESPONSES Cv) DEATH OF WHOLE ANIMAL

Fig. 9. Types of events that have been shown to occur in living
organisms at various times (given in seconds) after exposure to
ionizing radiation.
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ability to produce changes in the genetic information in lower
organisms (24,71).
[c] Humans who suffer from hereditary deficiencies in their
normal ability to repair DNA damage are also more prone than
normal to early development of cancer (2,72,73). Under these
circumstances, considerable interest in radiation biology is
currently attached to the DNA damage caused by radiation and to
the consequences of active repair of this damage by the living
organism.

Table 14 illustrates the problems involved in any attempt
at a direct correlation between the late effects of radiation
and the initial chemical damage which can be measured in the DNA
of human cells shortly after irradiation. The measured number
of radiation-induced changes in DNA exceeds the estimated number
of stable mutations by a factor of 10^. Even if nine-tenths
of the DNA in mammalian cells were not directly or uniquely
functional (74), allowance for the possibility of less efficient
repair in this portion of the DNA and for other factors (e.g.,
redundancy in the triplet code of DNA) affecting the
significance of changes in DNA structure still leaves a ratio of
about 10** between measurable DNA changes and estimated number
of permanent genetic alterations. The majority of chemical
changes in DNA are known to be repaired in living cells within a
few hours after irradiation; the above numbers (Table 14)
suggest that the proportion of genetically significant changes
which are not repaired or which are incorrectly repaired after
exposure at low dose rate might be as small as one in ten
thousand. The probability of initial DNA damage also appears to
exceed the probability of preventing repeated cell divisions by
a factor of about ten thousand after exposure to low-level
radiation. Current techniques are not sensitive enough to
directly measure this small number of residual chemical changes
in the DNA after completion of DNA repair processes.

Another measure of radiation effects is the proportion of
normal cells in tissue culture that are "transformed" after
irradiation in a manner such that their growth is no longer
inhibited by contact with adjacent cells; these transformed
cells, in contrast to normal cells, are potentially able to grow
into tumors, particularly in animals that lack the normal immune
responses (79). The number of transformed cells produced by a
given dose of radiation (Table 14) is again several orders of
magnitude smaller than the number of chemical changes produced
in the DNA of these cells by the same radiation dose.

There is at present no reason to believe that transform-
ation of normal cells to potentially malignant cells does not
occur in tissues of the body in much the same way as has been
demonstrated in tissue culture. However, the number of cell
transformations induced by low-level radiation is roughly
10-10*2 times greater than the number of cancers
produced, either in the whole body or in selected radiosensitive
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TABLE 14

ESTIMATION OF EFFECTS PRODUCED IN MAMMALIAN CELLS BY EXPOSURE
TO 1 <?y (100 RAD) OF SPARSELÏ IONIZING RADIATION

Target Cells Effect produced
per Gy

Relative Foot-
effect note
(approx.)

All of cells of
human body

Cells of human
female breast

Cells of human
bone marrow

Cells of human
thyroid

Mammalian cells
in tissue
culture

Germ cells of
human gonads

Lymphocytes or
spermatogonia

Somatic cells
of human or
other mammal

2.5 fatal cancers/10 cells 1
o r

; 16
5 total cancers/10 cells

14 I
3 breast cancers/10 cells 10

14 2
1 leukemia/10 cells 10
(higher for children)

12 4
2 thyroid tumors/10 cells 10

0.3-10 "transformations'1/ 10'
10 * cells

12

1-10 cases,of genetic 10
disease/10 cells or about
10-20 mutations/10"3~cells

1-10 visible chromosomal 10
aberrations/102 cells

2200 measured chemical changes 10
in DNA/cell

14

14

19

Footnotes : [a] Effects were calculated on the assumption that
1 Gy of radiation to the whole body causes 125 fatal cancers
plus 125 curable cancers per 10* persons (Table 3) and that
the adult body contains approximately 5 x 10*3 cell nuclei
(9). [b] Effects were calculated on the assumption that 1 Gy of
radiation to the female breast causes 200 breast cancers per
10* persons (Table 5), that the adult female breasts each
weigh 400 grams (9) and contain roughly 10^ cells per gram,
[c] Effects were calculated on the assumption that 1 Gy of
radiation to the red bone marrow causes 20 leukemias per 10*
persons (Table 2) and that the adult bone marrow weighing 1500
grams contains about 2 x 10 1 2 nucleated cells (9); the same
effects were calculated previously by Mole (75) using slightly
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different numbers. The number of leukemlas induced in children
per Gy is about the same as in adults (2,4) but the number of
cells at risk in the bone marrow is several times smaller (9).
[d] Effects were calculated on the assumption that 1 Gy of
radiation to the thyroid causes about 300 thyroid tumors per
10A persons (4), that the thyroid weights 10-20 grams (9) and
contains roughly 10" cells per gram. The cell numbers
suggested in Footnotes a-d are approximations which could be in
error by a factor of about two. [e] Effects are taken directly
from data for mouse embryo cells cited by Little (76), Miller
et al. (77) and Han and Elkind (78); the rate of production of
transformed cells from normal cells in tissue culture varies
greatly depending upon cell density, radiation dose and dose
rate in a manner which is still under discussion in the
scientific literature. [f] Effects were calculated on the
assumption that 1 Gy of radiation to parents would cause
roughly 10-100 cases of genetic disease per 10^ children of
these parents (Table 8). The estimated total number of
dominant and recessive mutations is taken from the 1977 UNSCEAR
report (4). [g] Effects are taken directly from data cited in
the 1977 UNSCEAR report (4) and in NCRP report no. 64 (19) for
mammalian cells exposed to I Gy of sparsely ionizing radiation
at high dose rate; the numbers of visible chromosomal
aberrations produced at low dose rate by sparsely ionizing
radiation are usually somewhat smaller (19). [h] Effects are
calculated on the basis that exposure of any somatic cell
containing 6 x 1 0 " ^ grams of DNA to 1 Gy of X- or
gamma-radiation will directly produce about 1200 single-strand
breaks, 900 measurable base defects and 60-100 double-strand
breaks in this DNA (70); these numbers should be directly
proportional to total dose and independent of dose rate, but
will be reduced by a factor of two for germ cells containing
one-half the total amount of DNA.
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tissues such as thyroid, bone marrow or the female breast (Table
14). In other words, most transformed cells never develop into
a frank cancer or tumor within the normal life span of a human
being.

As a result of several factors, most notably the active
repair of DNA damage by the living organism and the failure of
most "transformed" cells to grow into a tumor or cancer in the
normal animal, the number of chemical changes produced in the
DNA of human cells by a given radiation dose exceeds the proba-
bility of cancer induction after exposure of the whole body by a
factor of approximately 10*9 (Table 14). IK the case of a
rather radiosensitive tissue such as the thyroid gland, this
ratio is decreased to about 10 1 5 (Table 14).

DNA is exposed to damage from a variety of sources in
addition to ionizing radiation (Table 15). Added to those
effects on DNA indicated in Table 15 are those of the free radi-
cals produced during normal metabolic processes in living
organisms (80) , of the nitrites and nitrosamines normally found
in the blood stream (81) and of numerous other potential carcin-
ogenic agents. Nearly all of this damage to the "blueprints" of
the living organism is actively repaired.

The active DNA repair processes are thought to play a
crucial role in the shape of the dose-response curves observed
for the late biological effects of exposure to ionizing
radiation. If a high dose of radiation (e.g., 8 Gy or 800 rad)
is received over a long period of time, this longer period of
time affords a better opportunity for replacement of damaged
cell constituent» or of lethally irradiated cells and thus the
high dose of radiation will not kill the animal, as it would do
if given in a short period of time (49). In the same manner,
longer periods of time at any given radiation dose provide a
better opportunity for active repair processes to correct DNA
damage before this damage becomes fixed as a permanent change in
the hereditary information in the cell. This In itself might be
expected to simply reduce the probability of late biological
effects being produced by a given radiation dose as the time of
exposure is prolonged. However, because of differences In th<?
manner in which different types of radiation energy are
deposited in the cell and the type of changes in DNA that can
result from incorrect repair of damage, the situation is more
complex (Fig. 10).

Densely ionizing radiations (e.g., alpha-particles, protons
produced during exposure to high energy neutrons) tend to
depor.it their energy in tissues over a relatively short length
(e.g., several micrometres) of track; consequently damaged sites
*.n tha DNA of a given cell are frequently close enough (e.g.,
within one micrometre) to interact during the process of DNA
repair (83). This -nay lead to incorrect repair of the radiation
damage. For exampii two broken ends of the thread-like DNA
molecule may be rej .'.îed in such a manner that the segmr->r.
between the two breaks is inverted, deleted or moved tv • -.other
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TABLE 15

APPROXIMATE RATES AT WHICH CHEMICAL CHANGES ARE PRODUCED IN THE
DNA OF MAMMALIAN CELLS (82)

Causative agent Number of chemical changes
in DNA per cell per hour

Natural level of ionizing radiation 0.0003

(1 mSv or 100 millirem per yeav)

Spontaneous degradation 600

Bright noon sunlight on fair 150,000*
skin only

* These values are 10- to 20-fold lower than those given in a
previous document (82) to allow for shielding of cells by the
superficial corneal layers of the skin.

DNA molecule. The existence of gross alterations of this kind
was demonstrated microscopically as chromosome aberrations long
before their relationship to DNA structure and DNA repair
processes was understood (20a,49). Smaller changes of the same
nature can also be demonstrated by advanced techniques in
genetics and molecular biology. Such changes in DNA structure
due to incorrect repair of DNA damage may well be responsible
for many of the late effects of radiation.

The 1980 BEIR committee regarded the above interpretation
as hypothetical, and preferred "a conservative terminology that
states that the basic action is one in which pairs of sublesions
combined to form lesions" (2). However, the concept of repair
of sublesions at low dose rate remained crucial to the
interpretation of dose-response curves discussed in this BEIR
report (2) and the repair processes involved are almost
certainly DNA repair processes, regardless of whether or not the
final lesions in question are of the type suggested in the
previous paragraph.

Because of the nature of energy deposition by densely
ionizing particles, all of their energy is deposited within a
very small fraction of the cells at low radiation doses (Table
16). This particular fraction is independent of the dose rate.
An increase in total dose leads only to an increase in the
number of cells traversed by a densely ionizing particle and not
to an increase in effects on each cell, at least not until the
total dose becomes moderately high. Thus the xate effects
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resulting from lesions in the DNA tend to increase linearly with
dose and to be Independent of dose rate of densely ionizing
radiation (Fig. 10). At high doses where the damage to an
appreciable proportion of the altered cells becomes so great as
to kill these cells, there Is a possibility that the cell
killing effect may be reduced as the dose rate is reduced (Fig.
10) .

Sparsely ionizing radiations, in particular high energy
gamma-rays, tend to deposit their energy in tissues over a
relatively long length of track (for example, some centimetres
in length, that is to say, 10^ times the average diameter of a
living cell). Even at very low doses of sparsely ionizing
radiation, the sites of DNA damage are thus relatively uniformly
distributed throughout the multitude of cells in the tissue
(Table 16). The tendency is thus for each cell to contain a
single sublesion in the DNA at very low doses, rather than two
or more sublesions that are close enough to interact to form a
biologically-significant lesion (such as, for example, a
deletion or inversion of a segment of the DNA chain) . At high
dose rates, the chances that any given cell will contain two
adjacent sublesions at a given time increases in proportion to
the square of the dose. At low dose rates, the first DNA
"sublesion" will probably be repaired before the second site of
damage is produced, even when the total radiation dose is high.
Thus the dose-squared or quadratic component of the effects of
high doses of sparsely ionizing radiation tends to disappear at
low dose rates (Fig. 10).

TABLE 16

FRACTION OF CELLS IN A TISSUE THAT ARE AFFECTED BY 1 mGy
(100 MILLIRAD) OF SPARSELY AND DENSELY IONIZING RADIATION (2)

Type of

Sparsely

Fission

radiation

ionizing

neutrons

Affected
Percent of
total cells

33

0.2

cells
Average
dose in
mGy

3

500

Unaffected
Percent of
total cells

67

99.8

cells
Average
dose in
mGy

0

0

Since all sparsely ionizing radiation contains a component
with a moderate density of ionizations (namely, low energy
electrons produced in the tissue), there may well be a linear
component in the dose-response curve for effects of
sparsely ionizing radiations which is independent of dose rate
(Fig. 10). The possibility that the dose-squared or quadratic
component is predominant at all doses of sparsely ionizing
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Fig. 10. Dose-response models for probability of appearance of
cancers and genetic defects after exposure to densely and
spersely ionizing radiations. In these diagrams, the simpler
representations shown In Fig. 1 have been expanded to allow for
cell killing produced by high doses of radiation at high
dose rate (i.e., "acute" irradiation); cell killing is assumed
to be minimal with the same range of doses when the dose rate is
low (i.e., "chronic" irradiation). As discussed in the text and
in reference 21, data from a number of studies on biological
effects of radiation appear to fit these general models.



radiation, even at low dose rate, cannot be excluded on purely
biophysical grounds (2). Thus the 1980 BEIR report did include
the purely quadratic or "two-hit" model as a lower limit- for
estimating the carcinogenic hazards of sparsely ionizing
radiation (2). Because of the uncertainties involved and
because there does seem to be a linear or "one-hit" component to
the measured dose-response curves for induction of genetic
changes by sparsely ionizing radiation, the majority of the
committee (2) preferred the linear-quadratic model to the
quadratic model for estimating carcinogenic hazards of
sparsely ionizing radiation.

The above hypothesis, which was presented in general terms
as early as 1946 (84) and which has been worked out in detail in
many research laboratories in various countries over the
intervening decades, represents the main theoretical basis of
the linear-quadratic model which was adopted by the 1980 BEIR
committee (2). Th? mathematical equations involved are given in
detail in this repori (2) and in cited references (83). The
experimental data obtained in detailed studies of genetic
changes affecting somatic cells in Tradescantia (spiderwort) fit
the hypothesis exactly (19,21,85,86) and there are many other
research data, including those on induction of genetic changes
in mice (19), which could be explained by the same hypothesis.
The problem remains as to whether or not this hypothesis is
really applicable to cancer induction, particularly in view of
the vast quantitative difference between the measured effects of
radiation on DNA and the actual probability of a
radiation-induced cancer (Table 11).

Some experienced investigators have suggested that the
observable results from studies on induction of cancer in
experimental animals by sparsely ionizing radiation could more
properly be divided into three classes (86): those in which the
linear-quadratic model represents a reasonable working
hypothesis to explain the experimental data, those (notably
acceleration of the development of breast cancer in female rats)
for which the dose-response curve for sparsely ionizing
radiation appears to be more nearly linear even at high dose
rate, and those (notaoly induction of ovarian tumors) in which
there appears to be a true threshold, due perhaps to the fact
that interaction between a number of affected cells in this
tissue may be required for cancer development. The scientific
committee which produced NCR? Report No. 64 (19) considered the
linear-quadratic model in detail as a working hypothesis only
but placed more emphasis ., the actual results obtained with
experimental animal ; at high and at low dose rates of
sparsely ionizing radiations. As noted above, this latter
committee came to the conclusion that the carcinogenic effects
of low levels of sparsely ionizing radiation were likely to be
two- to ten-fold smaller than those estimated on the basis of a
linear extrapolation from effects measured at high doses of
sparsely ionizing radiation at high dose rate. This NCRP
estimate can be compared with the 2.3-fold difference derived by
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the 1980 BEIR committee (2) after fitting available data on
radiation-induced cancers in humans to the linear-quadratic
model for carcinogenic effects of sparsely ionizing radiations,
and with the twofold difference that was incorporated into the
19 77 UNSCEAR report (4) after consideration of data on induction
of leukemia in humans.

The scientific committee which prepared NCRP Report No. 66
(20), like the earlier Ad Hoc Working Group of the U.S. National
Cancer Institute (87), used only the linear dose- : ssponse model
for the particular case of radiation-induced breast cancers In
human females because the few available data for this particular
example appeared to favor the linear model. However, a
reduction factor of 2 is not inconsistent with the data on
induction of breast cancer in experimental animals by
sparsely ionizing radiation at low dose rate as compared to high
dose rate (19).

Two further points may be noted. First, it is not known
whether or not most other agents that damage DNA (Table IS) will
produce a linear-quadratic type of dose-response curve analogous
to that observed with sparjely ionizing radiation (88). These
other agents have not yet been studied in the same detail as
have ionizing radiations.

Second, the dose-response curves for cell killing caused by
vparstly ionizing radiations usually fit the linear-quadratic
model with normal cells but approach more closely to the linear
model with cells which have a hereditary deficiency in DNA
repair systems; this general conclusion is valid both for cells
from lower organisms and for cells from humans (cf.70,72). This
finding leads to the suspicion that the dose-response curves for
the late biological effects of ionizing radiation might also
tend to be more nearly linear for the small fraction of the
human population which suffers from some hereditary defect in
DNA repair systems (e.g., for the carriers of a defective gene
responsible for ataxia telangiectasia) and which therefore
repairs damage to DNA less efficiently than normal. In this
case, a reduction in the dose rate of sparsely ionizing
radiations would result in a smaller decrease in late biological
effects per unit dose for those persons who carried a defective
DNA repair gene than would occur with the majority of the
population. Some research in both of the above areas is in
progress at CRNL.

(iii) Radiosensitive Sub-Groups of the Population
The possibility that low doses of radiation are more

hazardous per Sv (or rent) than high doses of radiation has been
suggested by a number of persons. The most plausible
explanation for this hypothesis seems to be the one suggested by
Baum (89), namely, that humans represent "a heterogeneous
population with mixed predisposition to cancer due to genetic
differences" and other factors. Thus one portion of the general
population might develop measurable numbers of cancers after
exposure to low radiation doses and another portion only after
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exposure to high doses. However, Baum's evidence in favour of
this hypothesis was provided by log-log plots of numbers of
radiation-induced canctrs at Hiroshima and Nagasaki against
radiation dose (89). It was claimed that the slope of these
lines was consistently less than 1; a slope of 1 would be
expected if the effects were strictly proportional to the
radiation dose. The manner in which the data were corrected for
spontaneous cancer rates was not explained (89). If we {/lot the
raw data for leukemia incidence at Hiroshima and Nagasaki
against radiation dose (Fig. 11), there does not seem to be any
reason to assume greater effects at low doses than would be
predicted from a linear dose-response relationship. It is thus
difficult to accept these data as evidence for Baum's
hypothesis , even though the hypothesis is not inherently
implausible (35). The 1972 BEIR committee (1) considered but
rejected the data proposed by Baum.

Other evidence for radiosensitive sub-groups in the
population has been published by Bross and Natarajan (91), who
studied the case histories of 295 children with leukemia, of
whom 92 had been exposed to intrauterine X-radiation and 34 had
a history of allergic diseases, notably asthma or hives. From
this sample, they concluded that the risk of childhood leukemia
was increased 8.4 times in children with allergic diseases who
had also been exposed to X-irradiation jtn utero. Children with
a history of viral diseases, e.g., smallpox, showed similar but
smaller increases in leukemia incidence. Some evidence to
support these conclusions had been published earlier (cf.92) but
the data do not seem to be easily interpreted and are in fact
not supported by the presently available data from Hiroshima and
Nagasaki (92). Further analyses of these particular data have
been published by Bross, Bertell and others. These analyses
were considered in detail by the 1980 BEIR committee who
concluded that "the applications by Bross 3t al. have been
clearly incorrect, and they provide no evidence that the risk of
cancer from low-dose radiation is greater than indicated by
conventional estimates" (2).

There is one sub-group of the population that is known
definitely to be radiosensitive; this is represented by the
victims of the hereditary disease ataxia telangiectasia
(Louis-Bar syndrome) (72,73). The particular disease is very
rare and its victims suffer from many other difficulties leading
to early death; thus the existence of this sub-group would not
affect the assessment of radiation hazards for the general
population. However, it is expected that carriers of a
recessive genetic mutation related to this disease would ba much
more common, i.e., about 1 to 5 persons in 100. These carriers
would appear to be normal in other respects but are thought to
be cancer-prone and there is good Vn vitro evidence that they
may be somewhat more sensitive than normal to ionizing
radiation.

The main purpose of attempts to define radiosensitive
sub-groups in the population is to increase our basic
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Fig. 11. Increase in risk of leukemia in Japanese survivors of
atomic bomb explosions in 1945. The horizontal dashed line is
the relative incidence of leukemia in people fror Hiroshima and
Nagasaki who were either not in the city at the time of the bomb
explosions or who were so far from the centre that their <
estimated dose was less than 0.05 Gy (5 rad). The solid circles
represent data from persons included in the Life Span Study
group, while the x's represent less certain data from the
Leukemia Registry for the inhabitants of these two cities. Data
are taken from reference 90, assuming that the absorbed bone
marrow doses were 56 percent (2) of the "kerma" doses given in
this reference. The straight lines were fitted --> the data by
eye.

The slopes of the above lines differ by a factor of about
two. More recent estimates of doses received at Hiroshima and
Nagasaki (27) suggest that the slopes of these two lines should
in fact be similar and close to the slope indicated for Nagasaki
survivors in the above graph.
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understanding of the mechanisms involved in cancer development.
It is conceivable that some recommendation might derive from
such data; for example, ^t might be suggested that particular
individuals should not engage in activities involving unusually
high exposures to radiation, in much the same way that some
Individuals have to avoid exposure to strong sunlight. From
everything that we know about radiation damage to DNA and its
repair (cf.70,72), the same logic would then dictate a
suggestion to the same Individuals that they should also not
engage in activities involving unusually high exposures to many
hazardous chemical agents. In other words, these particular
persons would be expected to be more sensitive than average to a
variety of environmental factors including radiation.

Humans, like other animals, normally carry a wide range of
potential variability in their genetic material; in fact, it is
highly improbable that any two humans, with the exception of
identical twins, carry exactly the same inherited instructions
in their genetic material (82,93a). Some degree of variability
in susceptibility to induction to cancer by any given agent
might well be expected from one individual to another. The 1980
BE1R committee (2) concluded thus that "Inasmuch as the risk
estimates developed for this report are averages for large
populations that presumably include many genotypes, it is
unlikely that these risk estimates would be notably altered if
data representing very small subsets of abnormally radio-
sensitive persons could be recognized and excluded from the
calculations. If population subsets can be identified as being
at substantially greater risk of radiation carcinogenesis, their
risk will require separate estimation". Research in this area
is continuing at CRNL and in other laboratories in various
countries.

(iv) Synergism Between Radiation and Other Environmental Agents
Although we have reasonably good estimates for the

carcinogenic hazards of high levels of ionizing radiation to
human populations over the past 30 years (Tables 1-6), there are
epidemiological data in the scientific literature which require
further explanation. The most interesting is the apparent eight-
to ten-fold difference in risk of lung cancer in uranium miners
who smoked large numbers of cigarettes and those who did not
smoke cigarettes (93); as noted above, this apparent difference
may be due to earlier appearance of lung cancers in uranium
miners who smoke cigarettes and to the fact that the follow-up
of uranium miners will necessarily be incomplete for some
decades yet (2,43,44a). A parallel synergism exists between the
carcinogenic effects of inhaled asbestos fibers and of cigarette
smoking (94); in this latter case, the inhalation of asbestos
fibers alone may not lead to any marked increase in lung cancer
incidence except in persons who smoke large numbers of
cigarettes (94). An alternative explanation of the data on lung
cancer in asbestos and uranium minera would thus be that inhaled
asbestos fibers and inhaled alpha-emitters both act
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synergistically in some unexplained manner with inhaled
cigarette smoke.

Synergism in this sense means simply that ionizing
radiation together with some other environmental agent will
produce more cancers than predicted from the sum of the effects
of either agent alone. Some preliminary evidence for a true
synergistic action between tobacco tar and ionizing radiation
for induction of skin cancers has been obtained recently in
animal experiments at CRNL (95). This result parallels, to some
extent, the well-known synergistic action between croton oil and
ionizing radiation (96,97), in which case the radiation is
considered to be the initiating agent and the chemical to be the
promoting agent for the induction of skin cancers (97).
Although these findings are extremely Interesting, other
evidence from both CRNL (98) and elsewhere (99) shows clearly
that carcinogenic synergism is not a universal phenomenon.
There is, for example, no evidence for synergistic Interactions
between ionizing radiation and polycyclic aromatic hydrocarbons
for the induction of breast cancer in animals. An explanation
of these differences is obviously required and animal
experiments to examine these possibilities are in progress at
CRNL.

The question of carcinogenic synergism between ionizing
radiation and other environmental chemicals has turned out to be
a complex topic. An excellent review of radiation
carcinogenesis in which this topic is discussed has been
published by Storer (92). For the time being, a reasonable
guess may be useful. In the first place, the BEIR committee
deliberately estimated the carcinogenic hazards of ionizing
radiation for human populations that were already exposed to a
wide variety of environmental carcinogenic stimuli including
tobacco smoking (1,2). Thus, provided other environmental
stimuli remain the same as they were over the past 20 to 30
years, there would be no reason to alter risk estimates for
carcinogenic hazards in future. Secondly, in the event that a
major new environmental carcinogenic stimulus were introduced in
future during the further evolution of our society, the animal
data already available (95-99) suggest that the extent of any
upward revision of radiation hazards would probably be closer to
zero than to tenfold on the average. An improved understanding
of the reasons for carcinogenic synergism is highly desirable,
both for purposes of protection against cancer development and
in order to be certain that the above suppositions are in fact
correct.

(v) Divergent Views on Risk Estimates
Most of the data on risk of cancer induction following

exposure to radiation are derived from prolonged follow-up of
atomic bomb survivors and of various groups of persons exposed
to therapeutic and diagnostic radiation for medical purposes.



- 82 -

In these cases, the total dose was usually, but not always,
moderately high, for couple, 1 Sv (100 rem) or more. Since
1959, the various national and international committees who have
reviewed the available data have adopted the principle that the
maximum potential number of cancers caused by low levels of
radiation is directly proportional to total accumulated
radiation dose. This is usually regarded as a reasonable
working hypothesis which E;.V err on the side of caution and
which may overestimate the actual numbers of cancers produced by
low levels of sparsely ionizing radiations (1,4,10,19). Both
the 1977 UNSCEAR (4) and the 1980 BEIR (2) reports attempted to
make some allowances for these latter considerations in their
derivation of risk estimates.

A number of reports have indicated that low levels of
radiation have no measurable effect at all on the health of
human populations (100-102). For example, Frigerio and Stowe
(101) found ££ correlation between background radiation levels
and cancer mortality rates or infant mortality rates for various
areas of the U.S.A. (Fig. 12). These and similar studies were
considered by the BEIR :->mmittee (2) who concluded, in essential
agreement with Frigerio and Stowe (101), that "these studies
indicate that effects of differences in background radiation on
cancer induction must be so small that other factors related to
cancer are overwhelming". The committee further indicated that
it was impossible to know whether dose rates of gamma- or X-rays
of about 0.001 Sv (1 mSv or 100 millirems) per year are
detrimental to humans, since any effects at these dose rates
"would be masked by environmental or other factors that produce
the same types of health effects as does ionizing radiation"
(2).

The same conclusion appears to be applicable to the health
survey of high background radiation areas in China (102). This
survey is particularly interesting since the families of 91%
of the 73,000 persons in the high background areas had lived in
the same area for more than five generations. No significanc
differences between persons from high background areas and from
control areas were observed ii Lhe incidence of congenital
abnormalities and hereditary diseases (except possibly Down
syndrome) in children or in ths incidence of fatal cancers
(102). Indeed, no measurable differences would be expected if
the accepted risk estimates are correct and about 0.5% of all
fatal cancers and hereditary dises-t5 could be attributed to
normal background radiation of I mSv (100 millirem) per year.
If, however, the accepted risk estimates were 30 times too low
and 1 mSv per year were responsible for about 16% of all fatal
cancers, as has been suggested recently by one author (103),
one might expect to detect appreciable increases in cancer
mortality .i.jng persons living in areas with an extra 1 mSv per
year in natural background. The absence of detectable increases
under these conditions (101,102), together with the absence of
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DEATHS DUE TO VARIOUS CAUSES IN DIFFERENT PORTIONS OF
U.S.A. WIT!S NATURAL BACKGROUND RADIATION LEVELS OF
(A) 0.21 REM, ( B ) O . I 7 REM AND (C) 0.12 REM PER YEAR
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Fig. 12. Effect of variations in natural background radiation
levels in different areas of the U.S.A. on incidence of fatal
cancers and on incidence of those infant deaths which may be
associated with genetic defects. Data from reference 101. Note
0.1 rem « 100 millirem = 1 mSv.
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an increase in average cancer mortality among radiation workers
exposed to higher levr1 oe sparsely ionizing radiations (57),
strongly suggests that the accepted risk estimates cannot be
grossly underestimated.

The data from China (102) also indicate again the large
differences in types of fatal cancer that are observed in
diverse parts of the world. The ratio of death rates from
different types of cancer in China (102) as compared with Canada
(55) appears to vary from about 5 in the case of liver cancer to
about 0.06 in the case of lung cancer. This type of variation,
which has been noted in many areas of the world (24), is usual!"
attributed primarily to differences in dietary and smoking
habits of the populations in question. Since the average
radiation exposures of these different populations are very
similar, the variation in incidence of specific types of fatal
cancer in these groups of persons does seem to support previous
conclusions (2) that the carcinogenic effects of low-level
radiation in the region of 1-2 mSv (100-200 millirem) per year
must be extremely small in comparison with the effects of other
factors .

Other viewpoints have also been expressed. The situation
has been summarized by Newcombe (104) as follows:

"A number of people, studying populations that have
received low levels of irradiation in the form of
diagnostic and occupational exposures, have claimed
effects substantially in excess of what would be
expected on the basis of the atom bomb survivors and
therapeutically irradiated groups such as people
treated for ankylosing spondylitis. These
investigations have questioned the linear
dose-effect relationship for cancer induction.
Certain of them have claimed increases in morbidity
and mortality of kinds other than cancer, sometimes
as a result of increments of dose that are less than
those accumulated unavoidably from natural background
radiation, and less than the natural variations in
this unavoidable dose."

To quote one particular example which was given some
attention in the popular press in Canada in 1980, Sternglass has
reportedly claimed that the nuclear reactor accident at Three
Mile Island in the U.S.A. in 1979 resulted in roughly 400 infant
deaths and appreciable numbers of cases of hypothyroidlsm due to
uptake of radioactive iodine in the thyroid of the fetus and of
infants in the local area (105). The maximum exposure of the
population to radioactive iodine results from ingestion of milk
obtained from cows who forage on grass on which the radioactive
iodine has been deposited (the resulting concentration of
radioactive iodine in the milk being greater than in local water
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supplies or in other sources to which the local population might
be exposed). The concentrations of radioactive iodine in fresh
cow's milk in the Three Mile Island area were measured shortly
after the reactor accident and found to average less than 20
picocuries (0.7 Bq) per litre, with a range from near zero to
about two times this average (106). The amount of milk (not
necessarily fresh cow's milk) consumed by a newborn infant is
about one litre per day while the amount of fluid (not
necessarily fresh cow's milk, again) consumed by the average
adult is about two litres per day (9). Assuming that a pregnant
mother, a newborn infant or an adult in the local area had
ingested a total of 100 picocuries of iodine-131, the total
radiation dose to the thyroid of the fetus, infant and adult in
the local area at the time of the Three Mile Island accident
would be approximately 0.005, 0.015 and 0.0015 mSv (0.01 mSv = 1
millirem), respectively (12,107). Whole body exposures
resulting from this reactor accident were in general about 0.1
mSv or less (108). As noted earlier by Newcombe (104), effects
are thus being claimed to result from increments of radiation
dose that are a minute fraction of the natural background level
of 1 mSv (100 Killirem) per year. This particular claim (105)
is even more surprising when it is realized that hypothyroidism
is not induced clinically with radiation doses below 5-50 Sv
(500-5,000 rem) to the thyroid (2,109), i.e., doses which are
roughly one million times greater than the thyroid doses
potentially resulting from the Three Mile Island accident.

Sternglass has also claimed adverse effects on infant
mortality due to atomic weapon tests and to the normal operation
of nuclear reactors (1,2). His alleged findings were debated in
the scientific literature. In 1972, the BEIR committee came to
the conclusion that the correlations he had presented were the
result of "arbitrary selection of data supporting the hypothesis
and ignoring of those that do not" (1). The 1980 BEIR committee
similarly concluded "that the alleged association did not fit
the time course for radioisotope movement into the cow-milk food
chain; nor was there clear evidence of a universally applicable
change in infant mortality rates. Thus, the Committee did not
believe that the allegation was substantiated" (2).

Neither Sternglass, nor any of the other investigators
(e.g., I.D.J. Bross, R. Bertell, J.W. Gofman, T.F. Mancuso) who
have claimed to be able to demonstrate unexpectedly large
effects of low doses of radiation in humans, "have so far
succeeded in convincing any significant number of their
scientific colleagues, or lu creating a favourable consensus in
any major body appointed to review the evidence" (104). Some of
the above investigators have turned to the public to plead their
case, frequently in highly emotional language, :nd have cast
doubt upon the whole of the scientific review system, a
situation which has been discussed in more detail elsewhere
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(104). This has raised considerable problems with respect to
public understanding of radiation effects.

Differences in interpretation of scientific data and open
discussion of these differences in the scientific literature is
essential, indeed crucial to the advance of scientific
knowledge. However, various people have tried to turn accepted
differences in scientific opinion on radiation effects into a
political issue, despite the fact that universal scientific
rules will remain unaffected by political debate or by popular
vote. There does not, on the basis of present evidence, appear
to be any good scientific reason to believe that the radiation
risk estimates derived by the various national and international
scientific committees are greatly in error, at least within the
range of the limits suggested in the 1980 BEIR report (2).

( v i) Variation of Latent Period for Cancer Induction with
Radiation Dose
It is known from animal experiments that the time required

for cancer appearance is frequently dependent on the radiation
dose (65,110,111,cf.75). Figure 13, for example, shows the
radiation-induced acceleration of the appearance of breast
cancer in female rats. In this case, the time required for 50%
of the animals to develop breast cancer is obviously dependent
upon the radiation dose. Attempts have been made to apply the
same concepts to data on the induction of bone cancers in humans
by radium (112) and to data on other fatal cancers in heavily
irradiated human populations (113). At "low" radiation doses,
which could in the case of radium-226 in bone be as high as 8 Gy
(800 rad) or 160 Sv (2,112), the time required for the
appearance of any radiation-induced cancers could then be
greater than the normal life span (112,113). Thus, very few or
no cancers would be produced by low-level radiation within the
normal life span of the population. A striking example is also
provided by the data on lung cancers in beagle dogs after
inhalation of plutonium (65); since the latent period for
development of the cancers increased with decreasing dose, the
data suggest that n£ lung cancers would be induced within the
normal life span of the dogs by any quantity below 1 nCi (37 Bq)
of plutonium-239 per gram of lung tissue (Fig. 13).

A similar increase in latent period with decreasing dose
has been established for induction of cancers or tumors in a
specific target organ by chemical carcinogens (Fig. 13).
Exactly the same arguments for and against a practical threshold
exist in the case of chemical carcinogens (115) as in the case
of radioactive materials. A number of theories have been
developed to formulate the relationship between dose of
carcinogen and practical threshold dose for cancer induction in
mathematical terms; it is, however, uncertain whether any of
these theories are correct. The most plausible reasoning to
account for the possible variation in latent period with dose of
carcinogenic agent would appear to be that developed by Latarjet
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Fig. 13. The top graphs
show percent rats with
breast cancer and
cumulative number of
breast cancers per rat at
various times after
exposure of female
Sprague-Dawley rats to
increasing doses of
gamma-rediation. Data
from reference 111;
exposures in R are
approximately equivalent
to doses in rads, where
100 rads = 1 Gy.

Flu.»
VARIATIONS IN THE LATENT PERIOD BETWEEN EXPOSURE TO A

CARCINOGENIC AGENT AND THE DEVELOPMENT OF CANCER

ma

120

100

80

60 -

• Ufa «xpccuncv oF contrôla

io

(DMA FROM BAI R «NO

THOMPSON. 1974)

I

0.01 0.1 I
MICROCURIES PLUT0NIUM-239 PER KILOGRAM

INJECTED INTO DOGS

10

(0*7» FRCV BWM MID

SHIMKIN, 1941)

0 . 0 0 1 0 . 0 1 0 . 1 I

MILLIGRAMS OIBENZANTHRACENE PER MOUSE
10

The bottom graphs show
the variations in latent
period between the
initial exposure to
plutonium-239 or to
dibenzanthracene and the
development of lung
cancer in dogs or the
development of skin
cancer in mice,
respectively. Data from
references 65 and 114,
respectively.



- 88 -

(116). This reasoning stresses the difference between a
permanent genetic chang : leading to a precancerous or
potentially malignant "transformation" of a cell in the body and
the actual development of a cancer from one of these transformed
cells. "Cancer occurs only if a transformed cell finds
conditions favourable for its development and, in particular,
can overcome certain antagonistic reactions of the organism"
(116). The data on ratio of cell transformations to actual
cancers per unit dose (Table 11) emphasizes these differences.
The most obvious reason for the possible existence of a
practical threshold dose of carcinogenic agent is simply that a
person is more likely to develop a cancer within the normal
life span if there are, say, a billion transformed cells in the
body than if there is only one such cell in the body. The
theoretical argument against this reasoning is that there must
obviously be many transformed cells accumulated in the body
since any practical thresholds for cancer development in humans
have in many cases already been exceeded under normal conditions
of living; consequently, any increment in probability of cancer
would be expected to be linearly related to increments in number
of transformed cells (115,116).

This whole question may require more attention in view of
its importance for the practical assessment of carcinogenic
hazards. The 1980 BEIR committee (2) attempted to estimate
latent periods after various radiation exposures but did not
consider the above topic in any detail. A scientific group of
the World Health Organization indicated, in very careful terms,
"that the possible existence of a threshold in the effects of
both chemical carcinogens and tnutagens may be envisaged" (117).
Similarly Selikoff, in considering occupational hazards to
workers in nickel smelters and asbestos factories, has indicated
on practical grounds that "sharp reduction of total carcinogenic
burden by good engineering practice... could well be followed not
only by equivalent reduction in the total number of cancers that
might occur but also those that did result would tend to appear
at the end of, or beyond, the normal human lifespan" (118).

Similar conclusions may well apply in the case of radiation
carcinogenesis. However, the various national and international
committees who have estimated radiation hazards have assumed,
for reasons of prudence, that there is no practical threshold or
non-carcinogenic dose of radiation below which cancers would not
be induced. The reason for this assumption is described clearly
in the 1972 BEIR report (1): "It is unlikely that the presence
or absence of a true threshold for cancer in human populations
can be proved. If the intent of authorities is to minimize the
loss of life that radiation exposure may entail, they must
indeed be guided by (linear) estimates, and will not rely on
notions of a threshold." A similar reasoning was used to
justify application of the principle of linearity to estimate
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the carcinogenic hazards of inhalation of low levels of
combustion products in the urban atmosphere (119).

(vii) Genetic Effects
Although reasonable agreement exists in the reports of

various scientific committees concerning the range of
approximate numbers of cases of genetic disease that might
appear in the first generation after exposure of parents to
ionizing radiation (Table 8), the number of genetic defects that
might result at equilibrium after repeated exposure of parents
to the se^e radiation dose per generation for many generations
is somewhat more speculative. The uncertainties in estimates of
genetic hazards of radiation were reviewed by Newcombe in 1976
(120); since the general statements in this particular portion
of the review still appear to be valid, the paragraphs in
question will be quoted directly:

"Failure to observe directly any increase in the frequency
of hereditary diseases among offspring from irradiated humans
has imposed a limitation on those who attempt to estimate the
genetic risks of radiation exposure. Similarly, studies with
laboratory mammals have provided only limited evidence of actual
harm in offspring from irradiated parents. Indeed, experiments
with populations of small mammals, heavily irradiated over many
generations, have yielded so little indication of any increased
disease, or lack of well-being, that this type of experiment has
largely ceased to be of interest to those geneticists who study
hereditary changes (121). Thus, an indirect approach to the
problem of hereditary harm has had to be employed.

The estimates of genetic risks presented here assume that
all of the known, serious, dominantly-inherited diseases of man
would increase over the generations to a new level, in direct
proportion to any sustained elevation of the mutation rate such
as would occur with exposure to any environmental mutagen,
including radiation. They also assume, with much less
assurance, that some substantial fraction of the irregularly
Inherited diseases and congenital anomalies would do likewise.

The first of these assumptions may well be correct, but the
combined frequency most often quoted for the severe dominant
diseases is based on a survey which included common conditions
that are no longer regarded as dominantly inherited. Until a
revised estimate for the frequency of severe dominant disease
becomes available, and is generally accepted, it would seem
likely that there has been an over-estimation of this part of
the risk, by perhaps something like three-fold.

The second of the two assumptions, i.e. that many of the
severe irregularly inherited diseases of man would also increase
similarly in frequency, is open to considerable doubt. Although
testable in lower animals, no evidence has been produced in its
support. If the assumption is wrong, two thirds of the
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original estimate is removed; and considering the two
assumptions together, the '..rue risk might be lower than that
estimated here by perhaps as much as ten-fold. Alternatively,
theoretical arguments are occasionally put forward to the effect
that the estimated risk neglects some forms of genetic injury
too subtle to be detected and measured by current methods in
either man or laboratory mammal. No strong reasons have been
advanced, however, to support this view in the absence of direct
evidence."

Revisions of the estimates of frequency of severe dominant
disease have been initiated since the above review was written
but there is continuing uncertainty concerning the estimates of
effect of mutation rates on irregularly inherited disease. The
BEIR reports (1,2) assumed that 5-50% of the incidence of
irregularly inherited disease might have a mutational component,
while the 1977 UNSCEAR report (4) assumed that the more likely
figure would be close to 5%. The human data on dose of
radiation required to double the spontaneous mutation rate (48)
have not yet been taken into consideration in derivation of
genetic risk estimates. Research in this area is continuing but
there is no human data to suggest that the genetic hazards of
Ionizing radiation have been grossly underestimated in the past.



ISSN 0067 - 0367

To identify individual documents in the series

we have assigned an AECL- number to each.

Pleass refer to the AECL- number when re-

questing additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ 1J0

ISSN 0067 - 0367

Pour identifier les rapports individuels faisant

partie de cette série nous avons assigné

un numéro AECL' à chacun.

Veuillez faire mention du numéro AECL- si

vous demandez d'autres exemplaires de ce

rapport

Service de Distribution des Documents Officiels

L'Energie Atomique du Canada Limitée

Chalk River, Ontario, Canada

KOJ 1J0

Price $5.00 per copy Prix $5.00 par exemplaire

1803-82


