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Faibles rayonnements: Revue des estimations courantes du risque

encouru par les populations humaines

par
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Résumé

L'humanité a toujours vécu avec de faibles rayonnements ionisants provenant de
sources naturelles. Ces rayonnements ionisants peuvent provoquer des cancers chez les
personnes irradiées et des défauts génétiques chez les descendants de personnes irradiées. Les
estimations internationalement acceptées des risques suggèrent que le nombre des cancers et
des défauts génétiques provoqués dans la population générale par les rayonnements naturels
ne constituent pas plus d'environ ]'/! du nombre des cancers et des defaults génétiques
normalement présents dans cette population. Les risques supplémentaires encourus par le
grand public suite à tout programme d'implantation de central' nucléaire son! faibles
comparés à ceux des rayonnements naturels. Aux niveaux de l'admissibilité maximale des
expositions aux rayonnements fixés pour les travailleurs atomiques, le nombre prévu des
défauts génétiques provoqués est petit (< 2'V' de l'incidence naturelle}, tandis que le nombre
prévu de cancers mortels provoqués memerait à une légère réduction de l'espérance
moyenne de la vie laquelle passerait de 73.0 ans à environ 72.7 ans. litant donné que les
expositions dues au travail sont généralement très inférieures aux niveaux de l'admissibilité
maximale, les risques sont réduits. Les risque.-, encourus au travail sont comparables à ceux
des autres industries. Quelques domaines d'incertitude dans les estimations de risques
acceptés font l'objet de commentaires détaillés dans cette revue.
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ABSTRACT

Mankind has always lived with low levels of ionizing radiation from natural sources. This
ionizing radiation may induce cancers in irradiated persons and genetic detects in the
descendents of irradiated persons. The internationally accepted estimates of risks suggest
that the numbers of cancers and genetic defects induced in the general population by natur.i
background radiation are not more than about 1% of the numbers of cancers and genetic
defects normally present in the general population. The added risks to the general public
due to any prospective nuclear power program are minute compared to those from
background radiation. At the maximum permissible levels of radiation exposures for
occupational workers, the predicted number of induced genetic delects is small « 2':o of
natural incidence), while the predicted number of fatal cancers induced would lead to a
reduction in average life-span from 73.0 years to about 72.7 years. Since occupational
exposures are usually much less than maximum permissible levels, the risks are
correspondingly reduced. These occupational risks are comparable to those in most other
industries and occupations. Some areas of uncertainty in the accepted risk estimates are
discussed in detail in this review.
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FOREWORD

Present nidiution standards Ibr protection of the general population and of

occupational workers are based on human and animal data concerning the hazards ol

relatively high doses of ionizing radiation. The hazards of low-level radiation, which are too

small to be measured directly, are estimated from the above data by a simple linear

extrapolation downwards over a lCF-fold range in total dose and a IOK-fold ra.:;je in dose

rate. These internationally accepted estimates have been frequently challengeu in recent

years. It seemed useful therefore to review the currently accepted estimates of radiation

Inizarils, the methods by which these estimates were derived, and their implications for the

general public and for occupational workers. The autnor is indebted to U.C. Birnhoim. Ci.

Cowper, N.E. Centner. G.C. Hanna, A.M. Marko, H.B. Newcombe. l.L. Ophel. R.V.

Osborne, J.A.L. Robertson and C.G. Stewart of the Chalk River Nuclear Laboratories and

J.L. Weeks of the Whiteshell Nuclear Research Kstablishmeni for valuable comments and

suggestions.
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SUMMARY

The present review is a summary oi'our present knowledge of the hazards of low-level
radiation io humans and attempts to define those areas of tmcerlair.ly which require
particular attention in future research activities.

At low levels of radiation, hazards appear to be restricted to induction of cancer in the
irradiated person and induction of genetic delects in the descendants of irradiated persons.
The internationally accepted risk estimates are based on the conclusions arrived at by three
different groups of scientists from a number of countries; in the present review, we have
relied mainly upon the risk estimates provided by an advisory group to the U.S. National
Academy of Sciences in 1972 and have considered other and more recent publications in the
light of this particular repoi t.

All of the internationally accepted estimates are based on the principle of linear
dose-effect curves for reasons of simplicity and prudence, while recognizing that this
principle may perhaps over-estimate the hazards of low-level radiation. Risk estimates for

| induction of cancer are based on empirical human data which suggest 100 to 150 fatal
cancers per million persons exposed to 1 rcm of radiation each. Risk estimates for induction
oi" genetic defects are derived by extrapolation from animal data since there is no evidence
;!.s yet for any increase in the normal, spontaneous incidence of genetic defects even in the

'•• children of heavily irradiated humans. The internationally accepted risk estimates indicate
- th;;t the number of cancers and genetic defects induced in the genera! population by natural
i background radiation plus man-made sources of radiation are currently not more than about
I V'r of the- numbers of cancers and genetic defects normally present in the genera!

population. The nuclear power industry currently contributes very little to this total.
i certainly less than 0.001';< of the total natural incidence, while any prospective expansion of
j the nuclear power industry is not expected to increase the natural incidence of cancers and
j genetic defects in the general public by more Ihun 0.005'X al maximum.

The main area of concern is thus the hazards of radiation to occupational workers. At
the maximum permissible levels of radiation exposure for occupational workers, the number
of genetic defects produced should not be more than 2% of the natural incidence; the
number of extra fatal cancers induced might be as much as 10'X of the natural incidence of
fatal cancers. This could lead to a reduction in average life-span of maximally exposed
occupational workers from 73.0 to about 72.7 years. The risks involved are similar to those
for employment in most other industries. In practice, most occupational workers receive
considerably less than the maximum permissible exposures, with a corresponding decrease in
risks.

Some areas of uncertainty in the accepted risk estimates are discussed. Synergism
between radiation and other current environmental agents is already taken into account in
the estimates of numbers of cancers induced by ionizing radiation. On the other hand, repair
processes may decrease the risk estimates for low-level 7-radiation considerably and possibly
decrease the overall risks of low levels of all types of radiation 10-fold. Variations in
latent period for cancer induction with radiation dose could also decrease the risk estimates
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for Iow-levei radiation. Risk estimates for induction of genetic defects in human populations
will continue to be based on a number of assumptions whose validity may be challenged,
but the estimates of genetic risks by different international committees are in close
agreement.

Continued research is required in order to refine the currently accepted estimates of
radiation risks and to be certain that radiation protection standards are in fact safely
derived. However, the present risk estimates are generally considered to he based on highly
prudent assumptions and thus to represent maximum estimates of the hazards of low-level
radiation.
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(A) INTRODUCTION

The first man-made source of ionizing radiation was reported by Roentgen in 1895;
the discovery of natural radio-activity was reported by Becquerel 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 ionizing radiation was
also dangerous to humans and other ynimals. The first cancers caused by X-radiation in
occupational workers were reported in 1902, over 70 years ago. Thus ionizing radiation was
added to the list of chemicals and other agents which are known to cause cancer; this list
started with identification of chimney-soot as a cancer-producing agent in 1775, continued
with arsenic in 1822, with paraffin oil in 1876. with coal tar (asphalt) in 1876 and 1892,
with :he ultraviolet component of sunlight in 1894, with chemical dye intermediates in
1895, and has now been extended to include over 1500 different agents which are known to
produce cancer.

Although there is no doubt that ionizing radiation is dangerous, mankind has always
been exposed to low levels of radiation from rocks, 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 man 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.

The currently accepted estimates of radiation hazards to man are primarily derived
from three sources: a publication on the Biological Efffts of Ionizing Radiation
(commonly known as the BE1R report) prepared by an advisory committee for the U.S.
National Academy of Sciences (1), the most recent publication of the United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR report) (2), and
relevant publications of the International Commission on Radiological Protection (ICRP)
(3—5). Each of these .eports represents the general conclusions of a group of about 10- 50
scientists who met to consider the assembled evidence and attempted to arrive at a
reasonable consensus on the significance of data from a wide variety of sources. The names
of the scientists concerned are published in the respective reports. The BEIR committee
consisted largely of scientists from the U.S.A. with one person from Scotland and one from
Canada being invited; 38 of these scientists came from university departments and hospitals
and 13 from national laboratories or government agencies. The ICRP and UNSCEAR
committees are both international in scope and include scientific experts from most parts of
the world. Scientists from Atomic Energy of Canada Limited have also been active in this
work, e.g., Dr. H.B. Newcombe from Chalk River Nuclear Laboratories (CRNL) on the
BEIR committee (I), Dr. P.J. Barry from CRNL on the UNSCEAR committee (2), and Drs.
C.G. Stewart and H.B. Newcombe from CRNL on the main commission of ICRP.



There is no major discrepancy in the estimates of biological hazards that were derived
by these three groups of scientists, which is not suprising 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 revi,:w does not deal directly with the question of permissible levels but rather
with the biological effects that might be expected at these levels. The primary emphasis will
therefore be placed on the BEIR report ( I ) since this particular document goes further than
any of the others in a strictly quantitative prediction of radiation hazards to human
populations. Cross references will be included in this review, where appropriate, to the
UNSCEAR report (?), the ICRP reports (3 5), publications of the U.S. National Council on
Radiation Protection and Measurements (NCRP) (6.7), vital statistics reports and recent
publications by individual scientists.

(B) PRINCIPLE OF LINEARITY

Although there are some threshold-type responses to radiation, the accepted estimates
of radiation hazards (1 3) are all based on the principle of linear dose-effect relationships.
That is to say, it is assumed that all radiation doses of whatever magnitude will produce
cancers and genetic defects, and that the number of defects induced in a given population
will be directly proportional to the radiation dose to that population. None of the accepted
estimates assumes that there is any safe dose of radiation.

The NCRP (7) lias objected to the estimates produced by the BEIR report ( 1 ) as being
possibly too high, since the dose-effect curves for -y-radiation are probably not linear in
many cases (1,2) and the carcinogenic hazards from very low doses of y-radiation at low
dose rates may approach zero in many cases. It is not clear (hat the same objection applies
to estimates of genetic hazards on the basis of a linear dose-effect relationship. One example
of a genetic effect in bacteria is known where the dose-effect is accurately linear down !o
doses that produce less than one ionization per cell (8); moreover, it is generally accepted
that ail the dose-effect curves for genetic changes in mammals do have a linear component at
low doses, even if the cmves may not be linear at high doses (')). Thus it seeris reasonable to
estimate genetic radiation hazards using the principle of linearity.

Carcinogenic hazards are currently estimated by the sanu1 principle. However, except
in a few cases, notable for the induction of mammary tumors in female rats, the data ,'Yom
animal experiments suggest that the principle of linearity is not strictly applicable io
carcinogenic hazards of 7-rudiatIon (2). This possibility will be considered in farther detail
in Section G below. A number of explanations are available, e.g., the effect of repair
processes on radiation damage to living cells and variation of latent period with radiation
dose for cancer induction. Both explanations may actually be valid, but the practical
consequences are slightly different. The first explanation would suggest that the prin.iple of
linearity will over-estimate the carcinogenic hazards of low-levels of sparsely ionizing |3 or y
radiation; the second explanation would suggest that the principle of linearity will
overestimate the carcinogenic hazards of low-levels of all types of ionizing radiation.
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The NC'RP has suggested thai "possibly within a decade, a plausible system of
non-linear addition of dose components to form a dose equivalent may be presented" {!).
Until such time, the accepted estimates of both the genetic and carcinogenic hazards of
ionizing radiation continue to be based on the n ice prudent principle of linearity.

(C) DEFINITION OF RADIATION DOSES AND THE QUALITY FACTOR

Three units of radiation exposure \vi!! be utilized in the present report.

(i) The basic unit of dose is the rail, an acronym for "radiation absorbed dose". The
rad is a direct physical measure of the amount of energy deposited in tissue or oiJier
material during irradiation (10- i2). One rad corresponds to IOjuJ (100 ergs) per gram. In
the new SI units which are currently being introduced (10). 100 rads equal 1 gray (Gy).

(ii) The derived dose equivalent unit is the rein, which is an acronym for "rad
equivalent, man". One rem was originally defined as the absorbed dose of radiation which
does the same amount of biological damage as 1 rad of 250 kV X-rays (1 1,11) and was thus
equal to the absorbed dose in rads m iltiplied by the relative biological effeciir/'iu'ss of the
radiation in question (11,12). This di finition has now been modified, with "quality factor"
replacing relative "biological effect!' eness". for reasons discussed below. There is no SI
unit corresponding to (he rem but R'RP has suggested adoption of the equation: lOOrems
equal 1 sievert (Sv).

The necessity for the dose equivalent unit, the rem. can be seen from the type of data
shown in Fig. 1. The experimental results show clearly that one rad (O.Oi Gy) of neutrons is
about eight times more effective than one rad of 7-radiation in accelerating the appearance
of breast cancers in female Spiague-Dawley rats (in this particular strain, breast cancers-
appear in Wi of the females by the end of their normal life-span even in the absence of
high radiation exposures or chemical carcinogens). Similarly 1 rad of a-radiation seems to be
about 2.5 times more effective than 1 rad of |3-radiation in inducing the appearance of skin
tumors in male rats (Fig. 1). Analogous results have been obtained for a variety of oilier
biological end-points (Fig. 2).

The distinction between sparsely ionizing radiations such as 7. X or /5-radiation (which
deposit very little energy per unit length of track on the average, i.e., have a small linear
energy transfer or LET), and densely ionizing radiations such as neutrons or a-particles
(w.iieh deposit large amounts of energy per unit length of track, i.e.. have a high LET)
represents an important principle in radiation biology ( 5 - 7,1 1 ).

Relative biological effectiveness is not a fixed quantity (Fig. 2). Densely ionizing
radiations usually have more biological effect per rad than sp-irsely ionizing radiations;
however, there are many instances in which both types of radiation are almost equally
effective (Fig. 2). 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 approximately equal to one"
when compared with 250 kV X-rays (2). The relative bioiogical effectiveness may vary with
dose and dose-rate as well as with biological end-point. Carcinogenic hazards in man are



estimated by a linear extrapolation from human data resulting from exposures at high doses
and high dose-rates only. The variation with biological end-point (Fig. 2) remains a critical
feature.

For purposes of health protection, an international set of standard factors ("quality
factors") for conversion of rads to rems (or grays to sieverts) has therefore been agreed upon
by the International Commission on Radiation Units and Measurements (1CRV), (he ICRP
and the NCRP (Fig. 3). These quality factors are, in general, considerably higher than the
majority of the measured values of relative biological effectiveness at high doses (Fig. 2) and
should thus tend to overestimate the general carcinogenic hazards of densely ionizing
radiation. The quality factors are based on estimates of relative biological effectiveness for
some of t. - most sensitive biological end-points, e.g., cataracts and induction of genetic
defects (15).

R A D I A T I O N DOSE I G y )

2 0 10 20 30
100 I

( A) B R E A S T C A N C E R S IB) SKIN C A N C E R S

200 0 1000

RADIATION DOSE (rads)

2000 3000

Fig. 1. (A) Incidences of breast cancers in female rats 46 weeks after whole body irradiation
with neutrons ( • • ) or X-rays (o o) ; the neutrons appear to be about eight
times more effective per rad than the X-rays. (B) Incidence of skin cancers in male rats 76
weeks after irradiation of the skin only with 37 M'5V a-particles (• • ) or 0.3 MeV
(3-rays (o o); the a-particles appear to be about 2.5 times more effective per rad than
the |3-rays. The original data are taken from references ( 13) and (14).
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0 . I I 10 1 0 0 1 0 0 0

L I N E A R ENERGY T R A N S F E R I k e V / p )

Fig. 2. The relative biological effectiveness of radiations with different linear energy
transfers. The data are for illustrative purposes only, and are not intended to be complete
but do represent most of the experimental values cited in references (2) and (11). The top
graph shows values obtained in experiments with microorganisms, plants and insects; the
lower graph is for experiments with mammals. The open circles are for end-points involving
cell death, e.g., mouse or rat lethality, atrophy of the spleen or thymus gland, etc; the closed
circles are for end-points involving genetic damage or cancer induction. All values were
measured at high doses and high dose-rates. The asterisk represents a value of 1 for 250 kV
X-rays.
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Fig. 3 . Qua l i ty factors assigned t o dif férent t y p e s of radia t ion by IC'RP ( 5 ) and N C R P H i i .

These qua l i ty factors are r e c o m m e n d e d for the convers ion of radia t ion dose in rads . o r

grays) t o dose equiva len t in rems (or sieverts).

T h e agreed values for qua l i ty factor are , however , not an integral part of the accep ted

es t ima tes of carc inogenic haza rds to h u m a n p o p u l a t i o n s . The BFIR c o m m i t t e e ( 1 ) e s t ima ted

risks from empir ical h u m a n da t a on the basis that one rad of fast n e u t r o n s might he e i ther

one or five rem dose equiva lences ; except for da t a on leukemia induc t ion which favor the

five rem value, the results d o no t pe rmi t a reasonable choice be tween these two vaines. The

L N S C E A R c o m m i t t e e (2 ) appears to be less logical in its suggestion that one rad of

n e u t r o n s migh t be equa ted to 10 rem at low doses and to one rem at high doses. This

suggestion implies e i ther that each rad of n e u t r o n s at !u\v doses i> 10 times ninn

carc inogenic i n ' h u m a n s than each rad of n e u t r o n s at high closes or that c a d : rad of

T-radiat ion at low doses is 10 times 7i'.v.v effective than each rad of 7-radia l ion at high doses.

E i the r in t e rp re ta t ion c o n t r a d i c t s the pr inciple of l inear i ty . The impl ica t ions of this brief

suggestion were not cons idered in detail in the UNSCHAR repor t (2) . A critical reading o;

both the BEIR ( I ) and U N S C E A R (2 ) r epor t s thus indicates I.I> ;!;jt ne i ther commute - -

believed tha t the r e c o m m e n d e d values of the qual i ty fac tor (Fig. 3) were appl icable foi ;,

realistic assessment of general radia t ion hazards t o h u m a n popu la t i ons , an.! (b) thai bo th

c o m m i t t e e s believed tha t the accepted values of the qual i ty factor overes t imated the

carc inogenic risks of densely ionizing par t ic les such as n e u t r o n s by some u n k n o w n factor

less than 10. The same general conc lus ions might be derived from a compar i son of Fig. 2

and Fig. 3 . The ex ten t to which the general hazards of densely ionizing radia t ion aiv

overes t imated in this m a n n e r might be in the region of twofo ld ; this is not a serious p rob lem

for the assessment of hazards , since h u m a n s are exposed mainly lo sparsely ion i / ing

radiat ion (2 ,7) . Until thi., s i tuat ion is fur ther clarified, it is reasonable that the more p rude i i '



estimates of quality factor for conversion of rads to reins (Fig. 3) are in fact accepted for
health protection purposes.

(iii) The third unit of radiation exposure to be considered is the xorking lev;! month
or WLM. This unit lias been adopted for practical purposes in consideration of radon and
oilier a-emillers inhaled by miners, as well as by the general population. The WLM is
defined as inhalation for 170 hours of an atmosphere which contains auy combination of
the short-lived daughters of2 2 2 Rn in amounts such that their complete decay to 2 ' °Pb will
produce 1.3 x 10s MeV of a 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 included in the calculation of a-energy( 1 5a).

The WLM is a defined ;'.nd measurable radiation exposure in air, whereas the resultant
radiation dose to the lung in racls or in rems is unknown. Theoretical estimates have varied
from less than 0.1 to H) rads per WLM for different segments of the bronchial epithelium
(1,16). In the BHIR report, a figure of 0.5 rad (5 inGy) per WLM was adopted and a facto;
of 10 was used to convert rads to rems of a-radiation, so that I WLM results in 5 rein to
lung tissue ( ! ). A value of 5 rad (50 niGy ) per WLM and a relative biological efficiency of 1
would, of course, have given the same final result, although these values are less reasonable
( 1 )- The factors used in this conversion are only of interest for the comparison of estimates
of risks of lung cancers produced by whole body irradiation and by inhalation ofa-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 ( 16.1 7).

ID) CARCINOGENIC HAZARDS OF IONIZING RADIATION

The numbers o\' cancers induced by exposure of humans to high doses of radiation at
high dose rates have been reasonably well established through (he combined efforts of many
scientists 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 lhat these numbers will be changed by any major factor in the future. Uncertainties
concerning the linear extrapolation of these data to doses which are IO! times smaller and
to dose rales which are 10" times smaller (7) have been mentioned in section B. and
uncertainties concerning the validity of the currently accepted quality factors that are used
to convert rads to rems (Fig. 3) have been mentioned in Section C. However, it is thought
!hal both of these uncertainties can only lead to an overestimation of the carcinogenic
hazards of low-level radiation.

Before considering the estimate of carcinogenic hazards, a number of rekvant facts
should be noted, (a) Cancer is primarily a disease of old age. About 20% of all deaths in
North America ai present are due to cancer, but the average age at death from cancer is
approximately 70 years (see Fig. 4). Diseases of the heart and circulatory system account
for about 50'> of all deaths at present in North America. Unless this major cause of death
were to be eliminated. tlK complete elimination or cure of all cancers would not increase
the average life-span of humans in North America by more than about 2 years (IS), . n)
Cancer incidence is strongly dependent upon environmental factors in the society. Persons
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living in one country tend to develop different types of cancer from those living in another
country with different social and dietary habits (1 9,20). Although some of these differences
could be associated with hereditary factors ()')), emigrants from one country to another,
e.g., from Japan to the U.S.A., tend to develop the same types of cancer as other peisons
living in the same country, indicating that environmental factors are more important.
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Fig. 4. The number of deaths from leukemia (x) and other fatal cancers (<»l in each 5 year
cohort of the normal population, taken from the vital statistics of the U.S.A. in lc>67 ( 1 );
note that the scales for these two classes of cancer fatalities differ by a factor of 20. Also
illustrated is the theoretical effect of 10 rem radiation per year to each of 10 million persons
age 30, on the annual incidence of leukemia and other fatal cancers in a general population
of 200 iniliion. (The irradiation exposure could also be visualized as 44 rem each year to
each of the 2.27 million persons age 30.00-30.99 years.) The area with horizontal hatching
represents a radiation-induced annual excess of 2,500 leukemia deaths, assuming a latent
period of 2 years, a maximum incidence at about 8 years after irradiation, and termination
of the excess at aboui 25 years after irradiation. The area with vertical hatching represents a
radiation-induced annual excess of 12,500 other fatal cancers, assuming a laten! period of
10-15 years, a modest maximum in increased incidence at 20-30 years after irradiation, and
continuation of the excess up to 40-45 years after irradiation.
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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 (19). As a result of these epidemiological studies and other studies in which some of
the more common carcinogenic agents (e.g., tobacco tar, coal tar, betel nut, aflatoxin,
aromatic amines, nitrosamines, chimney soot, asbestos fibres, chromâtes, benzol, heat) have
been identified (19.20), it has been concluded that roughly 70 to 90% of al] cancers are
associated with environmental causes. This raises problems relating to possible synergism
between ionizing radiation and new environmental carcinogens in an industrialized society:
these will be considered later (Section G-iv). However, there is no evidence to suggest that
low-level radiation is a significant environmental cause of cancer in humans at present, (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 over the past 30 years in North
America (18,21). 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 (18,21), but the total incidence of cancer deaths per 106 persons
has remained virtually unchanged. The increase in lung cancer is ascribed primarily to
tobacco smoking and to 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 at present; others, e.g., of the female breast, are fatal in about
50% of all cases diagnosed while still others, e.g., lung cancer and leukemia, are almost
invariably fatal within a few years (Fig. 5). Despite advances in cancer treatment, these
particular survival curves do not seem to have altered greatly since the 1950's (18). This
distinction between fatal and non-fatal cancers has been incorporated in the estimates of
carcinogenic hazards (1).
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Fig. 5. Relative survival rate at various times after diagnosis of acute leukemia (&). lung
cancer (•), chronic leukemia (x) and female breast cancer (o). The data are for cancers
diagnosed in the U.S.A. during the years 1950-1959 (18). The initial portion of these curves
has not altered greatly for cancers diagnosed since 1959.
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Tîie most reliable risk estimates for radiation-induced cancers in humans relate to
leukemia (Table 1). This is due mainly to the fact that most radiation-induced leukemias
seem to develop in a short time, i.e., about 6-15 years, after exposure to high radiation
doses; other forms of fatal cancer may not appear for 20-30 years (1-3,22), and it is still
uncertain how long an excess of other fatal cancers might continue after irradiation of
children and younger persons. Figure 4 shows the type of theoretical result that might be
expected if 10 million persons in the U.S.A. were eacl. expjscd simultaneously to 10 rem of
ionizing radiation each year at age 30; consideration of these data illustrates why the smaller
number of leukemias induced by radiation can be determined more reliably than the larger
number of other fatal cancers induced by irradiation.

1ABLE S

Risk estimates (linear model) for leukemia in persons age 10 or older at time of irradiation
(BE1R report).

Population Type Of Time After Number Of Average Average Leukemias'
Group Radiation Irradiation Irradiated Dose To Dose ( 106 Persons

(years) Persons Tissue (grays) yearrem)"
(rads)

Hiroshima
survivors

Nagasaki
survivors

Spondylitis
patients

Spondylitis
patients

Menorrhagia
patients

Acute 7
plus
neutrons

Acute 7
(mainly)

Fractionated
X-rays

Fractionated
X-rays

Fractionated
X-rays

6-25

6-25

1-20

0-25

0-24

13,630

5,842

61,902

141,796

28,125

74

113

372

372

136

0.74

1.13

3.72

3.72

1.36

1.1(2.

0.55

1.3

0.9

1.2

l>b

a All of these estimates have wide confidence limits and (he differences between
individual values from various irradiated populations are in general not statistically
significant.

b The value in brackets represents the risk estimate that is derived from the empirical
data on the assumption that 1 rad of neutrons equals 1 rem rather than 5 rem.



The empirical human data for radiation-induced leukemias are derived from avaiiety
of sources. The values are conveniently expressed as cases/(IO6 persons-year-rem) but,
except in the eases of the survivors at Hiroshima, the data in Table 1 would be identical if
expressed per rad rather than per rem. The difference for the Hiroshima data is that the
radiation doses in rads include about 20% contribution from neutrons (!). Table I shows,
first, that fractionated X-ray exposures at high dose-rate are as effective as single acute
exposures for induction of leukemia and, second, that the best estimate for leukemia risks is
approximately I case/(IO6 persons•yeiifrcm). during the first 25 years after irradiation of
persons over 10 years of age ( 1 ). The estimates given in an earlier ICRP report (3 ) are about
20% lower than those given in the PEIR report (1 ). The UNSCEAR report (2), which tends
to be less specific in its estimates but which does discuss the practice,' difficulties involved in
making these estimates, suggested a range of 0.7 to 2 l;ukemias/(106 persons-yearrad). A
recent value for irradiated female patients is given as 1.1 leukemias/(106 persons-year Tad)
(23). The most useful single estimate at present appears to be that given in the BEIR report
(1).

Leukemia incidence in the normal population displays two peaks, one at about 70
years of age and the oliier in childhood (Fig. 4). The predominant type of leukemia is not
the same for these two age groups. However, the data suggest that very young children and
developing infants in utero might be especially sensitive to environmental factors associated
with leukemia induction. The data summarized in the BEIR report (I) show that children
under !0 years of age are in fact twice as sensitive as persons over 10 years of age to
radiation-induced leukemia. The data for leukemia risks from fetal or intra-uterine
irradiation are less extensive. Two studies on risks due to medical X-irradiation of the fetus
suggest that the fetus may be 20 to 30 times more sensitive than adults to radiation-induced
leukemia, while studies on persons irradiated in the fetal stage in Hiroshima and Nagasaki
suggest an increase of only two times in leukemia risks (I ). For the calculation of radiation
hazards to whole populations, the BEIR committee assumed that the fetus was 25 times
more sensitive than persons over 10 years of age, but also assumed that this increased risk
lasted only for the first 10 years after birth.

Reliable comparisons between risk estimates for fractionated and single radiation
exposures are available for thyroid and breast cancer (1 ). Again there was no indication that
fractionated exposures at high dose-rate were less carcinogenic than the single acute
exposures, hi these cases, the data did not suggest that one rad of neutrons was more
carcinogenic than 1 rad of X-radiation. The risk of thyroid cancer in particular appeared to
be highest for irradiation during adolescence. In the final assessment of carcinogenic
hazards, it was assumed that most thyroid cancers and 50% of the cancers of the female
breast are not fatal (1).

Among the fatal cancers considered in addition to leukemias, considerable interest is
attached to the empirical human data on radiation-induced lung careers (Table 2). The risk
estimates derived by the BIER committee do not differ greatly whether the lung .issue was
exposed to acute doses of 7-radiation plus neutrons, to fractionated acute doses of
X-radiation, or to chronic a-radiation from inhaled radon and daughter products. The best
estimate for lung cancers was taken as 1.3 cases/(106 persons-year-rem), or 6.5 cases/(106

persons-yea r-WLM). (1). The UNSCEAR report (2)suggestsa range of estimates rather than
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a single best estimate; the UNSCEAR committee proposed values of 0.6 to 2 lung
cancers/(106 persons -year -rad) for the data on survivors of Hiroshima and Nagasaki and did
not place much reliance on the risk estimates for lung cancer in uranium miners.

TABLE 2

Risk estimates (linear model) for lung cancer (BEIR report).

Population Type Of Time After Number Of Average Average Lung Cancers
Group Radiation Irradiation Irradiatea Dose To Dose (106 Persons •

(years) Persons Tissue (grays) year-rem)
(rads)

Hiroshima Acute 7 16-25 19,472 86 0.86 0.6(0.9 ia

+ Nagasaki plus neutrons
survivors

Spondylitis Fractionated 6-27 14,554 400 4 1.2
patients X-rays

Thorotrast Chronic a 0-35 921 50 0.5 about 0.5
injections

Uranium Chronic a 6-50 4,146 468 4.68 0.5b

miners

Fluorospar Chronic a 11-33 800 277 2.77 l.db

miners

Metal Chronic a 16-37 1,759 172 1.72 0.7b

miners

a Value in brackets assumes that I rad of neutrons equals 1 rem rather than 5 rem.

b Assuming 1 WLM = 0.5 rads (5 mGy) = 5 rem of oradiation to the lung.

The cumulative excess of all forms of cancer amounted to 50-78 deaths/* 10f>

persons-rem) in the survivors of Hiroshima and Nagasaki during the 20 year period from
1950 to 1970, or a total of 2.5 to 4 fatal cancers/* 106 persons -year -rem). Patients treated
with fractionated X-radiation for ankylosing spondylitis showed an excess of 3.4 to 6 cancer
deaths/(106 persons "year -rem). In both cases, the range in values represents an uncertainty
in the estimates of radiation dose received by the tissues rather than an uncertainty about
the excess numbers of fatal cancers (1 ).

In order to arrive at a more accurate value, the BEIR committee estimated the risk ol"
radiation-induced fatal cancers at different sites in the body from the type of data shown in
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Tables 1 and 2. The total risk for persons aged SO or more at the time of irradiation was
thus estimated to be A fatal eancers/( 106 persons year rem) (Table 3). The most recently
reported value for all fatal cancers in X-irradiated female patients is identical with that given
in the BEIR reporf (23). Adjustments were made for the twofold increase in risk of
leukemia in children under 10, and the total risk of fatal cancers for persons irradiated in
utero was estimated to be 50 per (106 persons -year Tern) during the first 10 years after
irradiation (1). These values are somewhat higher than the actual values observed in the
survivors at Hiroshima and Nagasaki, and the UNSCEAR report suggests only 20 latal
eancers/OO11 persons-year-rem) for persons irradiated in utero (2). However, the BEIR
committee considered the value of 50 to be more prudent and possibly more accurate in
view of the fact that the Hiroshima and Nagasaki data will be incomplete for many years;
children under 10 who were irradiated during the devastation of these two cities in 1945
had only reached about 30 years of age by 1970.

TABLE 3

Average risk estimates for induction of different types of fatal cancer in persons 10 years or
older at time of irradiation (BEIR report).

Type Of Cancer Fatal Cancers/(106 Persons-year-rem)-

Leukemia 1.0

Lung ].3a

Breast 1.5b

Gastro-intestinal tract 1.0

Bone 0.2

All others 1.0

TOTAL 6.0

a Assuming that I WLM = 5 rem of a-radiation to the lung (Table 2), this value is
equivalent to 6.5 fatal lung cancers/CIO6 persons-year-WLM).

b The best estimate for total incidence of breast cancer in irradiated females was taken
to be 6 cases/(106 females-year-rem). The value of 1.5 fatal cancers/(IO6 persons-year-rem)
is based on the assumption that 50% of the irradiated population is male and that 50% of
the breast cancers are curable.
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Usin., the values in Table 3 for persons over 10 and appropriately lower or higher
values for younger persons, the total number of cancers induced by chronic exposure to
low-level radiation was calculated (Table 4) for a population equival :nt in age distribution
to that of the U.S.A. in 1967 (Fig. 6). On the basis of a rigidly linear dose-response curve,
the carcinogenic risk estimate for the whole population becomes 100 fatal cancers per 106

persons per rem 'Table 4). However, in order to make a reasonable compromise with other
predictions based on different models, particularly for risks to children ^see footnotes to
Table 4), a value of 150 fatal cancers/( 106 persons-rem) (25) is frequently adopted for the
carcinogenic hazard of radiation to whole populations.

TABLE 4

Excess annual number of cancer deaths induced in a population of 106 persons by annual
exposure to 1 rem/year eacha.

Type Of Cancer Exposure Of Whole Population Adult Exposures Only
(Age 20 to 65 Years)

Leukemia 25 16

Other fatal cancers 751"1 67

Total fatal cancers 100 83

a The data are derived directly from the tables given on p. 16l> and p. 1 70 of the BKIR
report. The same numerical values would be predicted for total number of radiation-induced
fatal cancers after a single exposure of I rem to each member of tJie population.

b The data for leukemia induction are fairly well established but the total number of
other fatal cancers induced by radiation is not entirely certain. Mole (24) has suggested that
the number of other fatal cancers induced by exposure of whole populations to I rem each
might increase up to 250 in place of the 75 predicted by the BE.IIÎ report on a linear
extrapolation model. The BE1R committee itself (1) also suggested that 150-200 fatal
cancers/(106 persons-rem) might be the most likely value from consideration of a relative
risk model as well as a linear extrapolation model. UNSCEAR (2) has suggested a value of
115 to 140 for total fatal cancers, while Pochin (25). after consideration of the various
reports, has suggested adopting a central value of 150 for total fatal cancers. Pochin's figure
would thus bring the estimate for other cance: *r 125 rather than 75 after exposure of
whole populations to 1 rem. An interim report of the UNSCEAR working group in 1976
indicates that this group is tentatively considering somewhat higher values for leukemia risks
with total carc'nogenic risks in the region of 150 fatal cancers per 10'' persons per retn;
these values are not finalized as yet. The 1CRP is reported to be currently considering a
value of about 100-125 fatal cancers per IOf> persons per rem: the final figures are expected
to be published in 1977 (ICRP Publication 26).
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In addition to the estimate of 100 or !50 fatal cancers/( 10r> per.ons-rem), it is to be
expected that exposure of whole populations to irradiation would give rise to another 100
non-fatal cancers/(I06 persons rem) (1-3). The non-fatal cancers include most skin cancers.
50% of the breast cancers induced by radiation in females and 90% or more of the thyroid
cancers induced by irradiation of children and adolescents.

The above values represent average estimates for the excess numbers of cancers
induced in a complete population with the age distribution shown in Fig. 6, on the basis of
linear extrapolation of risks from high doses to low doses of radiation. Other useful figures
can be derived from the data given in Table 3. The BEIR committee (I) calculated the
number of cancers that might be produced by irradiation of the working-age, adult portion
only (age 20 to 65 years) of the U.S. population (Fig. 6) and estimated a total of 83 (rather
than 100) fatal cancer/(106 persons-rem) (Table 4). However, if one wished to calculate the
risks to occupational workers, it would seem more reasonable to assume simply that each
person (past the first year of life and, more particularly, during the working years) should

2 -

I -

i
10 20 30 40 50 60

AGE IN YEARS

70 80 90 100

Fig. 6. Age distribution of the U.S. population in 1967. This represents the particular type
of population considered in the BEIR report (I). In a stationary or non-expanding
population, the number of persons in the age group 0-15 years would he about 1.7 times
smaller assuming that the number of persons over age 25 remained unchanged.
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on the average live to 73 years of age under normal circumstances (this value being derived
from Canadian vital statistics and having remained approximately constant for the past 20
years). On the basis of the figures used by the BEIR committee (1 ), tlie expected number of
radiation-induced cancers should be highly dependent on the age of the person at the time
of irradiation (Table 5). The total number of excess fatal cancers induced by radiation could
vaiy from about 265/(106 persons-rem) in persons aged 10 at the time of irradiation to
about 1/(106 persons-rem) in persons aged 70 at the time of irradiation (Table 5). This
variation is not due to any change in radiosensitivity, which was assumed to be constant
over this range of ages (1), but simply to changes in the time available for appearance of
radiation-induced cancers.

TABLE 5

Calculated values for total number of cancer deaths induced by 1 rem/person in population
of 106 persons of different ages at the time of exposure, assuming an average normal
life-span of 73 years.

Age At Total Number Of Total Number Of Other Fatal
Time Of Exposure Radiation-Induced Cancers Induced by Irradiation

To 1 rem Leukemias

(Years) (a)

10 25

20 25

30 25

40 -25

50 21

60 11

70 1

Average Values 19 81 100

a Assuming a latent period of 2 years and a subsequent response period of 25 years ( 1 )
during which 1 rem irradiation each induces an average of 1 Ieukemia/(106 persons-year)
(Table 3).

b Assuming a latent period of 1 5 years and a subsequent response period of 30 years
(1) during which 1 rem irradiation each induces an average of 5 other fatal cancers/(106

persons-year) (Table 3).

c Same as for b, except that the subsequent response period is assumed to l;i:t for a
life-time rather than for 30 years (I ).

30 Year
Response

(b»

150

150

140

90

40

0

0

Life-Time
Response

(c)

240

190

140

90

40

0

0
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For calculations of the risks of radiation to occupational workers, we have therefore
also calculated the predicted effects of 5 rem/year on a year-by-year basis commencing at
age 20 for a period of 35 years (Table 6). Both the average age at death and the predicted
number of radiation-induced fatal cancers for each year of exposure are indicated in this
table. The total number of fatal cancers induced by 35 years of exposure to 5 rem/year is
estimated to be about 22,000/106 persons (Table 6), or an average of 125 fatal cancers/(IO6

personsTem) for this particular choice of occupational exposures. This can be compared
with the natural incidence of about 2 x 10s fatal cancers/106 persons. Occupational
exposures are in general much less than 5 rem/year (I). However, these values will be
referred to again in more detail in the final section of this review.

TABLE 6

Calculation of number of radiation-induced cancer deaths in I06 occupational workers
exposed to 5 rem per year for 35 years commencing at age 20, assuming an average normal
life-span of 73 years.

Age At
Time Of
Exposure

(Years)

20-21

21-22

22-23

23-24

24-25

51-52

52-53

53-54

54-55

55-56

Average Age At Death
From Radiation-Induced

Cancer (Years)

35

36

37

38

39

63

63.5

64

64.5

65

1 . . . . . . ~..ri n«kor

54

54.5

55

55.5

56

69.5

70

70.5

71

71.5

Total Number of Radiation-Induced
Cancers Per 106 Pesons

Leukemia
(a)

125

125

125

125

125

98

93

88

83

78

Lung Cancer
(b)

244

231

231

224

218

42

36

29

23

16

Other

695

677

656

638

619

120

102

33

65

46

Approximate totals for exposure to a
total of 175 rems over 35 years: 4 200 4 600 13 000

a Assuming a latent period of 2 years and a subsequent response period of 25 years
during which 1 rem irradiation each induces an average of 1 leukemia/(IO5 persons-year)
(Table 3).

b Assuming a latent period of 15 years and a subsequent life-long response period
during which 1 rem irradiation each induces an average of 1.3 lung cancers plus 3.7 other
fatal cancers/OO* persons-year) (Table 3: see also last column of Table 5).
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(l£) GENLT1C HAZARDS OF IONIZING RADIATION

It luis been known for approximately live decades, since Ihc pioneering work of
Muller iiiul co-workers, (hat ionizing; r;icii;i(ion produces liercdil;iry genetic defects in living
organisms, and that the number of these genetic delects is directly proportional to the close
of acute radiation {X). In recent years, the second part of this generalization lui:; been
modif iai as follows: the number of genetic defects produced in mammals by radiation doses
below about 100 rads ( I Gy) is directly proportional to dose bill high radiation doses may
produce a relatively greater frequency of genetic defects (°). This relinement does not alte.
(lie basic principles involved in the assessment of genetic hazards on the hasis of linear
dose-effect curves.

There is, however, one major uncertainty in any assessment of genetic hazards to man.
This uncertainty stems from the absence of empirical evidence for unv radiation-induced
genetic defects in (lie children of heavily irradiated human parents.

in order to calculate the theoretical values for genetic hazards of radiation in human
populations, one would therefore need to know: (a) the proportion ol persons in the general
population that is afflicted at some time in their life by a hereditary disease, (h) the
radiation dose that will double the natural mutation rale in man, and (c) the percentage of
each of the different types of natural diseases in man that is maintained by natural or
spontaneous mutations at each generation.

The first number has now been fairly well established. The best current estimates
indicate thai approximately one person in ten suffers from heritable genetic defects leading
to clinically detectable disease at some lime in his life (2(>.27). 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 diabetes, epilepsy,
schizophrenia, cystic tlbrosis, haemophilia, hyper-cholesteiemia, sickle cell anaemia,
relinoblastoma, progressive muscular dystrophy, colour blindness, pyloric stenosis. Down's
syndrome ("mongolism"), hydrocephalus. congenital cataract, congenital heart defects, club
loot, cleft lip, congenital dislocation of the hip, and strabismus ("cross-eyes").

The radiation dose required to doubk the natural mutation rate has been estimated
from experiments on mice, with supporting data from lower organisms. The UNSCl'AR
committee gave 100 re m as a best estimate for this doubling dose when the radiation
exposure occurs over a prolonged period of time at a low dose rate (2). The HHIR
committee suggested a range of 20 to 200 rem ( 1 ). However, alter considering the data from
the children of parents who survived bomb explosions at Hiroshima and Nagasaki, the IJ11IR
committee suggested that the minimum doubling dose in humans must be at least 75-150
rem of chronic radiation and that these data "offer strong evidence against the doubling
dose for mutation being as low as 20 rem of chronic irradiation" ( I ) . It would therefore
seem reasonable to simplify the BlilR estimates of genetic hazards ( I ) by assuming that the
doubling dose for mutations in humans is 100 rein of chronic radiation (2).
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The third rL-c)Liircd number, i.e., the peiecnligc <>l" each of the different types ol
heritable discuses tluil is maintained by new mutations in each generation, is unknown. I he
various committees who have al templed to make quantitative assessments ol'&i1'—:;..- lia/.ards
(Table 7) do not use similar assumptions in their calculations. It docs not seem worthwhile
to consider the different assumptions in detail in this review, firstly, because of the lack of
empirical human data on this topic, and, secondly, because the final estimates produced (or
being considered by various committees) are essentially similar (Table 7).

The current estimate is thus about 40 genetic defects per 10'' live-births per rein in the
first generation and about 300 genetic defects per IOr> live-births per re m per generation at
equilibrium (Table 7), i.e., after continuous exposure of many generations of humans to the
same dose of chronic radiation per generation. A different logic (27) would lead to an
estimate which is roughly 10 times lower than that given in the BEIR report ( I ). Methods
by which this logic could be tested in experiments with mice have been suggested and will
be considered in detail elsewhere (2H).

TABLE 7

Estimates of the number of additional genetic defects observed per 10fl live-births in human
populations after exposure of parents to 1 rein each per generation, assuming that 100 rein
of chror./c radiation will double the natural mutation nite in humans.

Cases/10A Live-Births

6-15

25-40

K>5)

(W)

300

125-300

(185)

(320)

Source of Data Firs! Generation Equilibrium Value With
Repeated Irradiations

UNSCEAR l°72

BEIR I «72

Suggested UNSCEAR !"76 ; l

Suggested ICRP 1976a

a) These data derived from interim reports of UNSCEAR and ICRP working groups in
1976. The values given in these two cases should not be considered as part of any agreed
consensus but are included simply to indicate the type of values being tentatively considered
by current working groups. In the most recent Recommendations of the International
Commission on Radiological Protection (ICRP Publication 26), "the risk of serious
hereditary ill heal!'', within the first two generations following the irradiation of either
parent is taken to be about Iff"2 Sv"1, and the additional damage to later generations to be
of the same magnitude." When expressed in the terms used in the above table, this would
suggest about 100 cases per 106 live-births per rem in the first two generations and about
200 cases per 106 live-births per rem at equilibrium. For the purposes of radiation
protection involving individuals (rather than total populations), the average risk factor for
hereditary effects was taken to be about 40 percent of the above values (i.e.. 40 cases per
106 live-births per rtm in the first two generations) to ai^w for the fact that most radiation
exposures received by adult individuals will not be genetically significant.
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It should be noted that these genetic risk estimates are expressed per rem 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 poition 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, 300 genetic defeets/(106 live-birthsTem"generation)
(Table 7) into total numbers expected at any given exposure rate in rem/year, the age of the
potential parent during exposure must be taken into consideration. For example, the
average background exposure of 0. J rem/year equals 3 rem total over the first 30 years of
life. The number of genetic defects expected at equilibrium as a result of this exposure
would thus be 300 x 3 or 900 per 106 live-births, as compared with the total natural
incidence of 105 per 106 live-births.

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 recently that "at the levels of radiation likely to be permitted in
relation to possible somatic effects, the genetic effects should be of little concern" (29). A
further consideration of the data on induction of cancers and genetic defects under various
conditions of radiation exposure (Section H) substantiates this conclusion.

(F) OTHER RADIATION HAZARDS

High doses of radiation are known to produce many injurious effects upon humans
and related living organisms. For example, an acute dose of 600 rem to the body is fatal to
mammals within a few weeks, due to destruction of bone marrow and intestinal mucosa

j cells (6,11,12). However, the immediate lethal effects are not directly proportional to
radiation dose; exposure to 300 rem does not usually produce any fatalities at all within a
few weeks (6,11,12). 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 (his
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 are likely
to exhibit linear dose-effect curves. The short answer to this question is: probably none.
Safe threshold doses do appear to exist below which radiation does not induce skin burns,
cataracts or sterility (1,3). Infants exposed to moderately high doses of radiation in 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 maternal doses below 40 rads
(1 ). In fact the infant mortality after fetal exposure to 10-39 rads (100-390 niGy) was about
40% less than exr-. ;ted; the BEIR committee concluded that no detrimental effects were
likely to occur at dose levels compatible with present radiation protection standards (1 ). A
similar conclusion was derived from the data on abnormalities in growth and development
after fetal irradiation (1,3).

This conclusion is particularly interesting in view of the fact that many of the above
end-points, notably sterility and abnormalities in fetal development, may be determined by



an unusual phenomenon in radiobiology, i.e.. the "interphase death" of non-dividing cells
(30). In most cases, lethally irradiated cells die during or following cell division ( I 1 ). 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 (1 1,30); 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 (30-34). 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 result in the development of auto-immune disease (2). This possibility was
considered in detail by the 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" (2). The UNSCEAR report recommended further research on this problem (2) but,
like the BEIR (I) and 1CRP (3) reports, 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 several rads).

The evidence relating to non-specific life-shortening, i.e., acceleration of the onset of
cardiovascular disease and changes other than cancer whic'i lead to death, is less conclusive.
Evidence from some animal experiments does suggest that non-specific life-shortening may
be approximately proportional to radiation dose, at least at the 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). There is no evidence for an increase in onset of cardiovascular disease
among uranium miners (16,17) or in X-irradiated female patients who received an average
dose of 134 rads (1.34 Gy) (23). 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). It was
concluded that "thus far the experience of the A-bomb survivors does not confirm the
hypothesis of accelerated aging, but it remains possible that the youngest will eventually
show a disturbance of mortality patterns consistent with the hypothesis of accelerated
aging" (I ). This conclusion is similar to that given six years earlier in an ICRP report: "The
possibility that small doses of radiation have a non-specific and deleterious effect on life
expectancy is not excluded; but the weight of evidence in favour of such an effect is not
sufficient to justify any quantitative estimate of the risk" (3).

Until further evidence is forthcoming, the accepted estimates of the hazards of
low-level radiation are therefore based only on the induction of cancers and genetic defects.

(G) SOME AREAS OF UNCERTAINTY

(i) Lung Cancer Due to Inhaled a-Emitters

The data discussed above are based on the dose of radiation in rads or rems, regardless
of how this particular dose is delivered. There are, however, intricate and special problems
associated with the dosimetry of internal a-emitters such as plutonium, whose distribution



in the tissues is known to be grossly non-uniform. A large amount of experimental work has
been devoted to this particular area and recent reviews on plutonium toxicity are available
(35-38). Two reviewers suggest something in the region of 10,000 to 60,000 fatal cancers
per juCi (3.7 x 104 Bq) of 2 3 9 Pu inhaled by each of a million persons (35,36). Three

• reviewers (35-37) suggest that the current recommendation of 0.07 juCi (2600 Bq) for
maximum permissible intake of inhaled plutonium should be revised downwards by ICRP
by some factor between 2- and 9-fold in order to bring the permissible limits for plutonium
into line with those for radium and external sources of radiation.

The best available data suggest that the present limits for inhaled plutonium arc
somewhat less conservative than those for ingested radium. 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 (iCi or 3700 Bq)of plutonium during 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 (38). 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" (38) and are

) "certainly . . . not grossly inadequate" (37). 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 life-span of the animal (37).
This interpretation of these data will be considered further in Section G-vi.

\\

; Of more immediate interest for the nuclear power industry in Canada are the
j estimates of the hazards posed by radon and radon daughters inhaled by uranium miners.
' Estimates of the numbers of lung cancers induced by the inhalation of high concentrations
; of radon and other a-emitters in uranium, fluorospar and met;1! nines was considered in the
j BEIR report (Table 2). The respective values were 2.7, 8 and 3.4 lung cancers/( 10''
j persons-year-WLM) with, ultimately, a value of 6.5 cases/(106 persons-yearAVLM) being
i adopted as the best estimate (cf. Table 3). It was suggested that this value might eventually

approach 10cases/(106 persons-y ear-WLM) (1 ). Another analysis of the same data ( 1 7) has
yielded an equilibrium rate of 1.7 ± 0.2 lung cancers./( 106 persons-year-WLM) (C.C.. Stewart,
personal communication, 1977).

The Ham report (16) has recently reconsidered the evidence for induction of lung
cancers in uranium miners at Bancroft and at Elliott Lake in Ontario. The data suggest, first,
that the excess number of induced lung cancers is directly proportional to the exposure in
WLM with no evidence of a "safe" threshold, and second, that the excess of lung cancers
was in all probability caused by the inhalation of a-emitters. Both of these conclusions agree
with the assumptions made in the BEIR report (1). Underground mining per sc does not
necessarily lead to any increase of lung cancer risk in the absence of radioactivity in the air
(1), though other atmospheric contaminants such as asbestos and talc (38a) in mines may
also promote lung cancer.

The presentation of the Ontario data was not intended to provide a quantitative
estimate of risks; a preliminary estimate can be made from Fig. Cl in Appendix C of the
Ham report (16) which is not greatly different from the values suggested in the BEIR report
(1). A revision of the estimates derived from the BEIR report (I) does not therefore seem
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warranted on this basis, but further analysis of these data would undoubtedly be valuable
for assessment of lung cancer risks from inhalation of radon.

One area of uncertainty is noted in the BEIR report (1), which derives from the
original data reported by Lundin et al. (17) for excess lung cancer in uranium miners in the
U.S.A. The risk for uranium miners who smoked heavily was about 10 times higher than the
risk for non-smokers (17). This difference in risk was not due simply to addition of the
carcinogenic risks of smoking and those of inhalation of a-emitters. The two alternative
explanations, that of a constant doubling dose for radiation-induced cancers regardless of
the background rate and that of synergistic interactions between ionizing radiation and
other environmental carcinogens, will be considered in more detail in parts ii and iv below.

Another facet of the empirical data on lung cancers induced by the inhalation of
i radon and other a-emitters might, however, be considered at this point. A recent publication

(39) develops the argument that (a) cigarette smoke is known to contain sinaJI amounts of
an a-emitter, (b) a-emitters are known to cause cancer, (c) cigarette smoking is known to be

< associated with an increased risk of early death from Jung career and cardiovascular disease.
| (d) cancer is responsible for roughly 20% and cardiovascular disease for roughly 50% of all

deaths in North America at present, and therefore (e) about three-quarters of all non-violent
j deaths can be attributed to low level a-emitters in our environment. This line of reasoning is

not substantiated by the empirical human data considered previously. There is, as noted
' earlier, no evidence that the inhalation even of very high concentration of a-emitters is
• associated with an increased risk of cardiovascular disease ( 1,16,1 7) and the number of fatal
! cancers caused by inhalation of a-emitters by the general public can be shown to be very
I small.

! The concentrations of a-emitters in the atmosphere of the earth have been studied in
j detail and are known to vary widely from one location to another (2). As an approximation
i to the atmosphere which most persons in North America breathe, one might take the

average of the concentrations of radon measured in the five American cities (Boston,
Chicago, Cincinnati, New York and Washington) listed on p.79-80 of the UNSCEAR report
(2). This value is 0.12 pCi (0.004 Bq) of radon per litre which, for 8800 hours per year,
would correspond to 0.06 WLM/year if one were to ignore the fact that this radon is not in
equilibrium with its daughters and that the average amount of air inhaled per hour is
somewhat less than that inhaled per hour by men at work (40). The corrected value might
be closer to 0.02 WLM/year. The additional contribution from 2 I 0 P o in cigarette smoke
should be relatively small, assuming 10-40 pCi (0.4-1.5 Bq) of2 ' °Po in the smoke from 100
cigarettes (41) and considering that the amount of natural radon inhaled per day should be
in the region of 2000 pCi (74 Bq). In other words, even smoking 100 cigarettes/day would
add very little to the total amount of a-emitters inhaled per day by a non-smoker. (The
increased risk of lung cancer in heavy smokers is due to the chemical carcinogens in cigarette
smoke (41); similar cancers are caused by inhalation of soot and fumes from other sources
(19).) The exposure of 0.02 WLM/year due to inhalation of natural radon and radon
daughters should produce about 2.2 lung cancers/(106 persons-year), assuming 11 0 lung
cancers/( 106 persons-WLM) in a population of which a major fraction smokes cigarettes ( 1 ).
The concentrations of radon inside many brick, stone or concrete buildings are frequently
10 to 20 times higher than the concentrations outside (2,42). However, even these increased
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natural concentrations could not account for more than a small percentage of the normal
incidence of lung cancer in the U.S.A., which was 141 cases/* 10'1 persons-year) in J*J50 and
327 cases/(106 persons-year) or 3.4% of all deaths in 1969 (22). The percentage of all
deaths which could be attributed to inhalation of a-emitters by the general public is thus
likely to be in the region of 0.02 - 0.05'.'?, rather than 75% as suggested elsewhere (39).

(ii) Relative Risk Estimates Based on the Concept of Doubling Dose

In the absence of empirical data derived from irradiated human populations, the
genetic hazards of ionizing radiation are usually estimated from the radiation dose which is
thought to double the natural mutation rate (see Section E). Some scientists have attempted
to estimate carcinogenic hazards in the same manner, assuming a uniform doubling dose for
different types of cancer in a variety of circumstances (43). Theoretical values for hazards
can be derived in this manner which are as much as 50 times higher than the observed
values.

There is some evidence in favour of this particular model for radiation effects. As
noted earlier, young children seem to be more sensitive to whatever environmental stimuli
are responsible for leukemia and are also more sensitive to induction to leukemia by
irradiation; this result could be interpreted in terms of a constant value for the doubling
dose of radiation (1,43). The data on lung cancer in uranium miners who smoke cigarettes
could also be interpreted in the same manner (1,1 7,43).

There is, however, very strong evidence against the concept of a uniform value for the
doubling dose. In the first place, doubling doses for different types of cancer in humans can
be estimated from the Hiroshima and Nagasaki data. The values are approximately 26 rads
(0.26 Gy) for leukemia, 28 rads (0.28 Gy) for breast cancer, 215 rads (2.15 Gy) for lung
cancer and 813 rads (8.13 Gy) for gastrointestinal cancer (1). The skin requires such high
radiation doses to induce cancer that no value for doubling dose could be estimated from
the available human data (1). These relative variations for different types of cancer agree
reasonably well with data from animal experiments (2). Secondly, a comparison of data
derived from irradiated women in Japan and in North America gives absolute risk estimates
for breast cancer [6-8 cases/(106 females -year-rad)] which are very similar for both
populations (1 ). However, the natural incidence of breast cancer in North America is much
higher than in Japan; consequently the apparent or conjectural doubling dose for breast
cancer would be approximately 120 rads (1.2 Gy) in North America as compared to 28 rads
(0.28 Gy) in Japan (1).

In view of the uncertainties in interpretation of the data, the BEIR committee also
calculated relative risk estimates bas'ed on the concept of doubling doses (1), using more
accurate values for doubling doses than those proposed earlier (43). That is to say, instead
of assuming an absolute increase of 1 leukemia and 5 other fatal cancers/(106

persons-year-rem) for absolute risk estimates to persons over 10 years of age (Table 3), a 2%
increase in leukemias and an average of 0.2% increase in other fatal cancers per year per rem
were assumed to calculate relative risk estimates ( I ). The primary difference between these
two models lies in the numbers of cancers per million persons that would be induced in
different age groups by constant exposure of the whole population to a given dose of
radiation. The absolute risk model assumes that a given radiation exposure would induce the
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same number of fatal cancers per million persons whether these persons were, for example,
age 20-29 or 65-74 years. The relative risk model assumes that the percentage increase in
cancer incidence would be the same in different age groups with vastly different rates of
spontaneous cancer (cf. Fig. 4); in other words, a given radiation exposure would induce a
very small number of cancers per million persons age 20-29 years and a 70-times larger
number of cancers per million persons age 65-74 years.

For irradiation of adults only, the relative risk estimates for numbers of fatal cancers
provided a value twice as high as the absolute risk estimates (Table 8). For irradiation of
whole populations, the relative risk estimates varied from about 2 to 4.5 times the absolute
risk estimates (1), depending upon the assumptions made concerning the effects of
irradiating children under 10 years of age. The BE1R report considered 150-200 fatal
cancers/(106 persons-rem) to be the most likely estimate from consideration of this typ<; of
model (1), as compared to the value of 100/O06 persons-rem) that was derived from the
absolute risk model (Table 4). As noted earlier, a compromise value of 150 fatal
cancers/(106 persons Tern) is frequently adopted (25).

TABLE 8

A comparison of two suggested estimates of the number of extra cancer deaths induced by
exposure of 106 persons between the ages of 20 and 65 to 1 rein of radiation each3.

Type Of Cancer Number Of Radiation-Induced Cancers

Linear Extrapolation Relative Risk Estimates
From Empirical Human Based On Doubling Dose

Data At High Doses Concept

Leukemia 16 36

Other fatal cancers 67 149

a These data are derived directly from the table given on p. 170 of the BE1R report.

A recent report (44) has suggested that the estimates of doubling doses given in the
BEIR report (I) are much too high. This suggestion was based on différences in incidence of
fatal cancers among exposed and non-exposed occupational workers (44); with one
exception, however, these differences do not appear to be statistically significant. The
exception, fatal cancers of the reticulo-endothelial system, will undoubtedly be taken under
further consideration and the data compared with other data on the same topic. For the
time being, however, the preliminary data (44) do not provide any reason to suspect that
the BEIR data (1) will require major revision in the future, and a value of about 100 or 150
fatal cancers/(106 persons-rem) (25) still appears to be a reasonable estimate of carcinogenic-
hazards.
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(iii) Radiosensitive Sub-Groups of the Population

The possibility that low doses of radiation arc more hazardous per rad than high doses
of radiation has been suggested by Baum (45), Sternglass (46) and others. The most
plausible explanation for this hypothesis seems to be the one suggested by Baum (45).
namely, that humans jepresent "a heterogenous population with mixed predisposition to
cancer due to genetic differences" and other factors. Thus one portion <>!' the general
population might develop appreciable numbers of cancers after exposure to low radiation
doses and another portion only after exposure to high doses. The direct evidence in favour
of this hypothesis was provided by log-log plots of numbers of radiation-induced cancers ;ii
Hiroshima and Nagasaki against radiation dose (45). It was claimed that the slope of these
lines was consistently less than one; a slope of one 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 (45). if we plot the niw data for leukemia
incidence at Hiroshima and Nagasaki against radiation dose on a log-log basis, together with
statistical limits (Fig. 7), there does not seem to be any reason to assume a value less than
one for the slope of the line for radiation-induced leukemias. It is thus difficult to accept
these data as evidence for Baum's hypothesis, even though the hypothesis is not inherently
implausible. The BEIR committee considered but rejected the concepts proposed by Baum
(45) and Sternglass (46).

Other evidence for radiosensitive sub-groups in the population has been published by
Bross and Nat.:rjan (47), who studied the case histories of 205 children with leukemia, of
whom 92 had been exposed to intrauterine X-rudiation 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 3.? times in non-irradiated children with allergic diseases
and was increased 8.4 times in children with allergic diseases who had also been exposed to
X-irradiation /'/; 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 (48) 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 (48).

There is one sub-group in the population that is known definitely to be radiosensitive;
this is represented by the victims of the hereditary disease ataxia telangieclasia (Louis-Bar
syndrome) (49,50). 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 be much more common,
i.e., about one person in 100. These carriers would appear to be normal in other respects but
there is a theoretical possibility that they might be more sensitive than normal to the
carcinogenic hazards of ionizing radiation, particularly if irradiated when young (51).
Experiments to explore this possibility are currently in progress at CRNL.
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Fig. 7. Leukemia deaths in the survivors at Hiroshima (•) and Nagasaki (x) plotted against
radiation dose on a log-log scale. The original data and confidence limits are taken from the
UNSCEAR (2) and BEIR (1) reports, assuming that I rad neutrons equals 5 rein (1). The
dashed line has a slope of 1, as would be expected if the number of radiation-induced
leukemias were directly proportional to the radiation dose. The solid line represents the
total numbers expected from the sum of the radiation induced leukemias (dashed line) plus
the natural background level of 3 leukemia deaths/(10s persons-year) for the general
population of Japan; the natural incidence of leukemia in the U.S.A. is about 2.7 times
higher (1,20). The two points with arrows on the left side of the graph represent the
incidence rates for those inhabitants of Hiroshima and Nagaski who were not in the city at
the time of the bomb and who thus received zero dose from this source; the incidence of
leukemia in these two groups is very close to that of the general population. If the empirical
data lit the theory of a linear dose-response curve, the points should lit the solid line. Nc'.e
that the number of leukemia deaths in the group who were estimated to have received an
average of 71 rads (0.71 Gy) at Nagasaki is zero (1,2) and that the Nagasaki data would also
fit a line with a slope of 2, i.e., a line in which the number of radiation-induced leukemias
was proportional to the square of the radiation dose.

The radiation doses are expressed in terms of T65D or tentative 1965 dose estimates.
These dose estimates may be too high (52) and consequently the risk of leukemia induction
per rad suggested by this graph may be too low by some small factor.
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The main purpose of attempts to define radiosensitive sub-groups in the population is
to increase our basic understanding of the processes involved. It is conceivable that some
recommendation might derive from such data; for example, it 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 (cï.
51), 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, fn other words, these particular persons would be expected to be more sensitive than
average to a variety of environmental factors including radiation.

The precision of the empirical data on leukemia in irradiated human populations (cf.
Fig. 7) is probably sufficient to detect any major segment, e.g., 25%, of the general
population that is very much more sensitive than average to the leukemogenic hazards of
radiation. The data (Fig. 7) do not support this suggestion. It seems reasonable to assume
that no major fraction of the population belongs to this category. However, the current data
would neither prove nor disprove the existence of minor radiosensitive sub-groups
accounting for a very small fraction, e.g., 1%, of the general population. For this purpose,
other more sophisticated techniques would be required.

(iv) Synergisrc. 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 some reliable data in the scientific literature which require further explanation
before we can be certain that we have not underestimated the future carcinogenic hazards of
high-level radiation. The most interesting is perhaps the 10-fold difference in risk of king
cancer in uranium miners who smoked large numbers of cigarettes and those who did not
smoke cigarettes (17). One possible interpretation of these data has been considered under
part (ii) of this section. However, a parallel synergism exists between the carcinogenic
effects of inhaled asbestos fibres and of cigarette smoking (53); in this latter case, the
inhalation of asbestos fibres alone may not lead to any increase at all in lung cancer
incidence except in persons who smoke large numbers of cigarettes (53). An alternative
explanation of the data on lung cancer in both asbestos and uranium miners would thus be
that inhaled asbestos fibres and inhaled a-emitters both act synergistically in some
unexplained manner with inhaled cigarette smoke (43). A similar description, i.e.,
synergism, could be applied to the data on leukemia induction in young children (1,47,48)
that were mentioned above (Sections G-ii and -iii).

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 modest synergistic action between
tobacco tar and ionizing radiation for induction of skin cancers has been obtained recently
in animal experiments at CRNL (54). This result parallels, to some extent, the well-known
synergistic action between croton oil and ionizing radiation (55,56), 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 (56). Although these findings are extremely interesting.
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other evidence from both CRNL (57; and elsewhere (58,59) shows clearly that carcinogenic
synergism is not necessarily a common phenomenon. There is, for example, no evidence for
s>nergistie interactions between ionizing radiation and chemical carcinogens for the
induction of breast cancer in animals. An explanation of these differences is obviously
required and animal experiments to examine one possible explanation are already in
progress at CRNL (cf. 51).

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 (48).
There is increasing interest in this particular problem not only at CRNL but also at national
laboratories in the U.S.A. (an international meeting on this matter has been scheduled for
1977), and it is therefore probable that more definitive conclusions will be possible within a
few years. 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). 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 (54-59) 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, in order to be certain that these supposition1; are in fact correct.

(v) Effect of Repair Processes

The previous considerations have been concerned with areas of uncertainty that might
have led either to overestimates or underestimates of radiation hazards by factors of two- or
three-fold. Discussion of the effect of repair processes, on the other hand, is concerned with
the possibility that ihe accepted estimates of the hazards of low-level y- and /3-radiation may
be exaggerated by several orders of magnitude. For reasons of both prudence and
convenience, the BEIR report ignored the effect of known repair processes in their
assessment of the carcinogenic hazards of low-level radiation (1). Indeed, the empirical
human data provided some measure of support for this assumption of equivalent effects for
acute and chronic radiation (Tables I and 2), as has been noted above, even though this
assumption has been challenged by the NCRP (7).

Mays et al. (60) proposed one possible revision of the BEIR assessments, based on a
consideration of the effect of repair processes. These authors assumed, first, that the
dose-response curves for induction of leukemia by 7-radiation in the survivors of Nagasaki
might be sigmoid rather than linear and the effects might be proportional thus to the square
of the dose over a range of low doses (cf. Fig. 7); second, that the total number of
radiation-induced fatal cancers would be about five times the number of radiation-induced
leukemias for chronic as well as for acute 7-irradiation; and third, that an average estimate
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of the relative effects of chronic 7-inadiation as compared to acute irradiation in humans
could be derived from relevant experiments with animals. Chronic 7-radiaiion is about 30'?.
less effective than acute radiation for acceleration of appearance of breast cancers in female
rats and about 20 times less effective for induction of bone sarcomas in mice; the average
value from ten animal experiments considered by Mays el al. (60) suggested that chronic
7-radii.tion might in general be about five times less effective than acute radiation at high
doses. On the basis of the above three assumptions, the calculated number of fatal cancers
produced by low levels of sparsely ionizing p\ 7 or X-radiation would then be roughly
10 000 times smaller than the currently accepted estimates (Table ')), i.e., 0.02 instead of
100-150 cancers/(106 persons-rem). As Mays et al. (60) noted, this possible revision would
apply only to estimates of the hazards of low levels of sparsely ionizing radiation and not
necessarily to low levels of densely ionizing radiation such as neutrons or a-particles. In the
latter instance, there is less evidence to support the conclusion that chronic low-level
radiation would be any less hazardous per rem than acute radiation due to the effect of
repair processes.

The effect of repair processes on the dose-effect curves for low levels of ionizing
radiation has been a topic of considerable interest in many laboratories, including CRNL
(51). This area of research has widespread implications for many basic questions in biology,
in addition to those concerned specifically with radiation hazards. One cause of possible
misunderstanding should be made clear. If it can be clearly shown that low levels of
7-radiation are 10, or even 10 000 times (Table 9) less hazardous per rem than acute

TABLE 9

A comparison of two suggested estimates of the number of extra cancer deaths per 106

persons after exposure of whole populations to 1 rad of sparsely ionizing 7-radiation:l.

Type Of Cancer

Leukemia

Other fatal
cancers

Assumed Shape
Of Dose-Response

Curve

Linear

Sigmoid

Linear

Sigmoid

Number Induced
At High Dose

Rates (>10 rad/
min or 0.1 Gy/min)

25 b

0.1

100b

0.4

Number Induced
At Low Dose

Rates « 0 . 0 1 rad/
min or 0.0001 Gy/min)

5

0.004

20

0.016

a These figures are derived directly from the report by Mays et al. (60). The value of 100 for
other fatal cancers induced at high dose rates on the linear model is slightly higher than that
proposed by the BE1R report (1) and slightly lower than that proposed by Pochin (25), a
fact which is discussed in the text accompanying Table 4.

b These two estimates are applicable to any type of ionizing radiation. The other six
estimates given in the above Table would be applicable to sparsely ionizing 0, 7 or
X-radiation but not densely ionizing radiation such as neutrons or a-particles.
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7-radiation or acute neutron irradiation, due either to repair processes or microdosimetric
factors (13,61), this does not mean that the quality factor for neutrons, for example, should
be increased by the corresponding amount. This type of suggestion has appeared in the
scientific literature (see, for example, references 61 and 62), but seems to be illogical. In as
far as we understand the effects of repair processes at present (cf. 63), any future revisions
of quality factors should, as suggested by the NCRP (7), more properly be directed towards
a decrease in the quality factor for chronic low-level 7- or ^-radiation to values which
approach zero. The same conclusion would apply to any revisions based on microdosimetric
explanations of neutron dose-effect curves which are linear and 7-ray dose-effect curves
which are non-linear (61).

Any future decrease in the accepted estimates of total radiation hazards on the basis
of the effects of repair processes would presumably not be greater than 10-foid. Spmsciy
ionizing radiation "represents the principal exposure of the public now and anticipated in
the immediate future" (7). However, a-particles plus neutrons account for 1% to 4% of the
total radiation received from natural sources in "normal" areas of the earth's surface (2),
and it is generally assumed that low levels of densely ionizing radiation will be almost as
hazardous per rad as high levels of the same type of radiation (7,60).

(vi) Variation of Latent Period for Cancer Induction with Radiation Dose

It is now reasonably well established that the maximum incidence of leukemia in
humans occurs about 6 to 15 years after exposure to high radiation doses; the preliminary
data on other fatal cancers suggest that the maximum incidence may occur at 20 to 30 years
after irradiation, although smaller numbers are of course induced at an earlier time (22). It is
also known from animal experiments that the time required for cancer appearance is
frequently dependent on the radiation dose (22, 37,48,64-66). Fig. 8, for example, shows
the rudiation-indueed acceleration of the appearance of breast cancer in female rats. In this
case, the time required for 50% of the animals to «ievelop 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 (65) and to data on other fatal cancers in heavily
irradiated human populations (66). It is suggested that the empirical human data should fit a
relationship in which the latent period after irradiation is proportional to (radiation
dose)0-33 (66). That is to say, every 1000-fold decrease in radiation dose should lengthen
the time required for cancer appearance by 10-fold. At low radiation doses, which could in
the case of radium in bone be as high as 1000 rads (10 Gy)(65), the time required for the
appearance of any radiation-induced cancers could therefore be greater than the normal
life-span (65-66). 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 provided by the data on
lung cancers in beagle dogs after inhalation of plutonium (37); since the latent period for
development of the cancers increased with decreasing dose, the data suggest that no lung
cancers would be induced within the normal life-span of the dogs by any quantity below 1
or 2 nCi (37 or 74 Bq)of 2 3 9 Pu/g of lung tissue.
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Fig. 8. Number of breast cancers in female Sprague-Dawley rats at various times after
exposure to 7-radiation at 40 days of age (64). After doses of 0. 62. 125. 250 and 500 rads.
the cumulative percent rats with tumors at 1 year after 7-radiation was 4. 17. 33. 59 and 74
respectively but the cumulative number of cancers per rat was 0.04. 0.24. 0.43. 1.00 and
1.94 respectively (64). The difference between the various curves is thus greater than
indicated in the left-hand graph, when the total number of cancers are plotted in the manner
suggested by the lines in the right-hand graph. ( 1 rad = 0.01 Gy)

Although there is good evidence for variation in latent period with radiation dose both
in animals and in humans (22,37,64-66), it is not certain that this variation is similar for all
types of tumors or that the extrapolations to very low dose levels are valid. Attempts to
study variations in latent period for induction of bone cancers by various doses of radium
injected into mice have led to the conclusion that the true latent period may be constant
and independent of do^e (67), a conclusion which is in conflict with that reached by Jones
and Grendon (66) after consideration of similar data.

The theory that the latent period for cancer induction is proportional to dose to the
power of 0.33 (66) assumes that one needs, not a single altered cell, but two or more altered
cells in close proximity in order to produce a single cancer (cf. 13). Since most carcinogenic
agents, whether physical, chemical or viral, do react with the DNA, the alteration involved is
probably radiation damage to DNA, i.e., the same basic type of alteration that is involved in
the production of genetic defects. In fact, current procedures for scanning the potential
carcinogenicity of environmental chemicals depend heavily upon experimental tests of the
ability of these chemical agents to produce genetic defects in lower organisms (68).
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However, although one appropriately altered germ cell is sufficient to produce a genetic
defect in the offspring of irradiated parents, one appropriately altered somatic cell is not
necessarily sufficient to produce a cancer in the irradiated person. A recent review of cancer
induction and cancer therapy states flatly, though with some exaggeration, that "no one still
believes that cancer starts from a single cell" (69). If this statement were correct, then there
might well be good reason to predict (a) that dose-effect curves for cancer induction by any
type of ionizing radiation or carcinogenic chemical should not be strictly linear right down
to zero dose, and (b) that the latent period for cancer induction should be dependent upon
the dose of the carcinogenic agent. In effect, the theory would predict a "practical"
threshold dose below which neither sparsely ionizing nor densely ionizing radiation would
induce any cancers within the normal life-span (65,66).

This interpretation would thus have important implications for the assessment of
radiation hazards. There is, as noted above, a limited amount of data from humans exposed
to ingested radium (65) and inhaled plutonium (38) which could be interpreted in this
manner; however, the numbers of persons involved are rather small and the data are still
incomplete.

The mechanisms by which an appropriately altered cell or group of altered cells is
transformed into a fatal cancer are unfortunately obscure (2,48,56,69-72). When one
considers the total number of cells in the bouy that is exposed to radiation, the probability
of a carcinogenic effect per cell after a given dose of radiation is found to be several orders
of magnitude lower than the probability of inducing cell death, cell mutation or visible
chromosomal abnormalities (70). This fact in itself indicates how little we really know
about the exact mechanisms controlling the events between the initial alteration of the
cell(s) by ionizing radiation and the clinical manifestation of a malignant cancer. This topic-
has been discussed in greater detail by Storer (48). It is thus difficult to predict how the
latent period should vary with radiation dose in theory, and whether the variation should be
similar for all types of fatal cancer.

If we restrict ourselves to examination of the empirical data only and ignore various
possible theoretical interpretations, several conclusions can be drawn. First, the time
required for manifestation of a fatal cancer is nearly always more prolonged as the dose of
chemical carcinogen (73) or of ionizing radiation (2,22,27,48,64-66) is reduced. Second, the
scatter of the experimental data is sucn that a strict proportionality between dose to the
power of 0.33 and latent period is not obvious (cf. 2,66). Third, in at least one animal
experiment, the investigators have concluded that there is no appreciable variation in latent
period for bone cancers over a wide range of radiation doses (2,67), and the suggestion (66)
that the latent period for leukemia induction varies significantly with the radiation dose
received by the survivors of Hiroshima and Nagasaki may also be in error.

This whole question obviously requires more attention in view of its importance for
the practical assessment of carcinogenic hazards (48). However, until some consensus on this
topic is forthcoming, it is prudent in the nuclear power industry to assume, as previous
international committees have done (1-3), that there isw« consistent or marked variation in
latent period with radiation dose and, consequently, that there is no practical threshold or
non-carcinogenic dose of radiation below which fatal cancers would not appear within the
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normal life-span of irradiated persons. The reason for this assumption is described clearly by
the BEIR committee (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."

(H) DISCUSSION OF THE ESTIMATED HAZARDS OF LOW-LEVEL RADIATION

High doses of acute radiation produce many deleterious effects on humans and other
living organisms (11). However, as noted in Section F, the only measurable hazards of
low-level radiation appear to be the induction of cancers in the irradiated individuals and of
genetic defects in their progeny. The carcinogenic hazards were recognized both in man and
in animals as early as 1902-1911 and the need for radiation protection standards was
recognized in the 1920's; the history of these developments has been reviewed recently by
Upton (74).

The accepted estimates of hazards have been summarized in Table 10 for various levels
of radiation exposure and are compared there to the natural incidence of cancers and
genetic defects in North America.

Even if the accepted estimates of carcinogenic hazards were too low by 50% (see
Section D) and if we were to add another 40-50 mrem/year for medical exposures (cf. 1.2).
it is clear that the maximum number of cancers and genetic defects induced in the general
population by the sum of natural and man-made sources of radiation would not be more
than about 1% of the numbers of cancers and genetic defects normally present (Table 10).
Assuming a linear dose-effect relationship and either 100 or 150 fatai cancers/f 10''
personsTem). then the natural background of 100 millirem/year would account for 0.5 to
0.8% of all spontaneous fatal cancers, medical exposures of 40-50 millirem/year would
account for 0.2 to 0.4% of all fatal cancers, and current exposures of the general public to
0.003 millirem/year from the nuclear power industry ( 1 ) would increase the number of fatal
cancers by 0.00002%. Radiation exposures to the general D'iblic from all portions of the
nuclear industry could in future conceivably rise to a maximum of about 0.5 millirem/year.
assuming that each person were supplied with I kW electricity from nuclear sources (25):
this particular figure would be predicted to produce an increase of 0.003 to 0.004% in the
natural incidence of fatal cancer in the general public in North America.

The main area of concern is thus the hazards of radiation to occupational workers.
Reasonable maximum estimates of radiatio.i hazards to occupational workers are also
summarized in Table 10. It is evident that maximum permissible exposure* continuer] for 35
years could increase the spontaneous cancer rate by as much as 10% and might increase the
incidence of genetic defects in the children of these occupational workers by as much as 2%.

The effects of these hazards on the life expectancy of occupational workers is
illustrated in Table 11. With the assumptions used in the calculations for this table, it
appears that the average life expectancy of persons exposed to the maximum limit of 5 rem
per year for a total of 35 years commencing at the age of 20 would be 72.7 years in place of
73.0 years. Radiation-induced changes in the average life-span of miners exposed to 4 WLM
per year for 35 years should be essentially the same, i.e.. 10 years x 1.8%= 0.18 years, on
the basis of the data in Table 10.
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TABLE 10

Summary of the total radiation hazards predicted from the BEIR report for various levels of
exposure, using a linear extrapolation model0.

Type of Total Number Of Radiation-Induced
Hazard Cases/106 Persons Exposed

Whole Population Exposure Occupational Workers Normal Incidence
Exposed For 35 Years (Cases/10'1 Persons)

Commencing At Age 20

0.003 5 100 5 rem 4 WLM
mrem/year mrem/year mrem/year wiiole body/ t o lungs/

year year
(b) (c) Id) fe> ({) (g)

Leukemia

Lung ^anc

Other fatal
cancers

9 175

140

385

4 200

4 600

13 000

1 8 000

7 600

35 000
(males 60 000;
females 10 000)

132 000

Total fatal
cancers 0.021;

Non-fatal

cancers 0.02

35h 700h 22000' 18000J

35 700 22 000

-185 000

-200 000

Genetic
defects in
1st generation

Genetic
defects at
equilibrium

<0.03

<120 <2 000k
unknown

100 000

a All values are derived from the particular BEIR estimates given in Tables 4, 6 and 7
above. Whole population exposures were assumed to produce 100 fatal cancers/Y 106

persons-rem) (Table 4): the effects of occupational exposures were calculated in the same
manner as in Table 6. Lung cancer estimates were abstracted from the category of "other
fatal cancers" on the assumption that 1.3/5 (Table 3) or 26% of other cancers were lung
cancers. Note that all values are calculated for total number of induced cases per 106

persons under various conditions ofirradiation, not as cance"-s/(rem year) as in Table 3 or as
genetic defects/(rem-generation) as in Table 7. In aecoj'i-\nee with generally accepted
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practice, the average generation time is taken as 30 years for the calculation of genetic
defects, i.e., only the radiation exposures accumulated up to 30 years of age on the average
should be considered for this particular calculation.

b 0.003 mrem/ye;ir represents the annual average dose to the U.S.A. population from
nuclear reactors in 1970 (1). The UNSCEAR report (2) gives similar values.

c 5 mrem/year representsapproximately the annual dose received from global fallout in
the past few years (1,2). It also represents the current design target for maximum whole
body radiation at the boundary of nuclear power stations and further represents the
calculated value for the total of all radiation exposures received in conjunction with the
nuclear power program in the future if each person in the population were to be supplied
with 1 kW of electricity from nuclear power sources only (25).

d 100 mrem/year represents the average annual dose received from all natural sources
including cosmic rays and terrestrial radiation ( 1,2).

e 5 rem/year represents the maximum pennissible limit for occupational workers in the
nuclear power industry.

f 4 WLM/year represents the maximum recommended limit for uranium miners. Only
lung cancers were considered to be a significant hazard in this case.

g The values for normal incidence are derived from recent data on populations in
Canada and the U.S.A. (21,75). Data on lung cancers, for example, are almost identical for
both countries but the value for incidence of total fatal cancers appears to be slightly higner
for Canada (20% of all deaths) than for the U.S.A. (17% of all deaths).

h These particular values should all be increased by 50% if Pochin's (25) and one of the
alternative BEIR estimates (1) of !50 fatal cancers/(I06 persons Tern) (see Table 4) is
accepted.

i This particular estimate (Table 6) would be decreased by about 20% if only male
occupational workers were involved, the difference being due to radiation-induced breast
cancers in the female.

j This estimate was calculated on the assumption that 1 WLM = 5 rem (1) and thus
multiplying the corresponding figure for lung cancers in the previous column by a factor of
4.

k On the basis of the logic used in the BEIR report ( 1 ), this estimate of genetic hazards
might be increased twofold if only male occupational workers were involved and would
decrease almost to zero if only female occupational workers were involved. This supposition
is based on the fact that mutations at specific genetic loci are observed after chronic
irradiation of male mice but not after chronic irradiation of female mice (1,2). The
estimates of genetic hazards to whole populations (Table 7) assume that equal numbers of
males and females are involved. The genetic hazards for occupational workers are calculated
for accumulated exposures between 20 and 30 years of age.
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I No estimate of genetic hazards at equilibrium is applicable in this case unless all the

males in one particular family line were to be exposed as occupational workers in the same

mariner for a considerable number of generations.

TABLE 11

Calculation of maximum average life-shortening after exposure to 5 rem whole body

radiation/year for 35 years commencing at age 20.

Fatal Cancers Approximate Average Age Fraction Average Life- (Average Life-
Induceii by Induction Period at Death in of Total Shortening Shortening)
Irradiation in Years Yearsa Persons'5 in Years x (Fraction)

in Years

Leukemia

Lung cancer

Othe. fatal cancers

None

TOTALS

13

30

30

-

51

ft 3

63

73

0.0042

0.0046

0.0 ! 3

0. l)78

1.0

n

10

10

0

0.09

0.05

0.13

0.00

0.27

a These values were derived from the data given in the 2nd and 3rd columns of Table

6. The figure of 73 years for average life-span was taken from the Lalonde report (75) and

other data on vital statistics for Canada.

b These values are taken from Tables 6 and 10.

A number of variations in the above calculations are feasible. The maximum incidence

of radial ion-induced fatal cancers might be underestimated by a factor of about two (Table

8). This would then increase the predicted degree of life-shortening in occupational workers

(5 rem/year for 35 years) from 0.27 years (Table 11 ) to 0.5 yea rs, and that due to uranium

mining (4 WLM/year for 35 years) from 0.18 to 0.4 years. On the other hand, it is equally

possible that the carcinogenic hazards of low-level radiation may have been overestimated

by a factor of 10 (Table 9 and Sections G-v, G-vi). In this case, the predicted degree of life

shortening for occupational workers with the particular exposures indicated in Table 1 1

would become 0.03 years. As noted above, the latter correction is only applicable to the

effects of low-level (3 or 7-radiation and not to the effects of a-radiation inhaled by uranium

miners. The maximum expected life-shortening due to lung cancers in uranium miners might

therefore be predicted to remain in the region of 0.2 years.

More accurate calculations on a reasonable basis do not seem feasible at present. On
the ba^is of the principle of a linear extrapolation of radiation risks from high-level to
low-level radiation, it would currently appear that the vast majority, e.g., 98% (Table 11 ), of
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occupational workers in the nuclear power industry would not suffer from any
radiation-induced fatalities after exposure to the maximum permissible level of 5 rem/year
for 35 years. In practice, even heavily exposed occupational workers will receive less
radiation than this because doses of 5 rein are rarely readied in a year. Life-time exposures
of about 50 rein rather than 175 rein seem more probable in practice (77), with a
corresponding reduction in expected number of radiation-induced fatal cancers and in
consequent life-shortening.

Ft is of interest to compare the above data with the corresponding data for niher
industries. Approximately 1 fatal accident/(10 000 persons"y:ur) appears to he the average
risk for the operation of all industries in North America (76). For persons employed in these
industries for 35 years commencing a( age 20. one would thus expect 3 500 fatal
accidents/106 persons at an average age of 38 years. The expected life-shortening is thus 35
years x 0.35% = 0.12 years. For a total life-time exposure of 175 reirs under the same
circumstances, one would expect 22 000 fatal cancers/1 0f) persons (Table 10). .. value which
appears at first to be about 6 times higher than the value of 3 500 fatalities/1 0(1 persons.
Owing to the fact that most of the radiation-induced fatal cancers do not appear for many
years after exposure, the maximum expected life-shortening of 0.27 years (Table I 1 ) is
actually equivalent to that expected for 2.2 immediately fatal accident/) 10 000
persons "year). The more probable figure of 50 rem life-time exposure (77) would, on the
same basis, be equivalent to 0.08 years of life-shortening or to 0.6 immediate fatal
accidents/(10 000 persons-year). These values are compared with risks in other industries
and with risks of fatal accidents to workers outside of their regular employment time in
Table 12.

The long-term effects of industrial chemicals and atmospheric pollutants from other
industries have been ignored in this comparison. Accurate data on these industrial effects are
not available. Current estimates suggest that roughly 25'.i of all fatal cancers can be
attributed to cigarette smoking and to chemical pollutants in the atmosphere of
industrialized cities, roughly 35% to dietary factors. 20-30'v to other environmental causes
and 10-20% to spontaneous events in the living being. Reasonable data are available for
incidence of lung cancer which is attributed to cigarette smoking and to industrial pollutants
in the urban atmosphere (19). A large part but n"l all (perhaps 90%) of the increase in lung
cancer deaths over the past 50 years is attributes to cigarette smoking while the remainder
(perhaps 10%) is attributed to general atmospheric pollutants such as effluents of domestic
and industrial furnaces, exhaust of gasoline and diesel engines, dust and fumes from rubber
tires, asphalt and oiled roads, etc. (19). Calculations based on the above data suggest thus
that about 2% of all cancer deaths in the general public might be attributed to atmospheric
pollutants (excluding cigarette smoking) resulting from industrialization; this suggested
value is about 4 times higher than the number of fatal cancers which could be attributeu to
100 millirem of radiation per year.

A great deal of effort has been put into an accurate determination of the hazards of
high-level radiation and the current estimates (1-3) are generally accepted as well-founded.
Indeed, the hazards of ionizing radiation to human populations are much more clearly
defined and better understood than are those of most of the potentially hazardous toxic
chemicals which are currently being produced in industrialized societies, or of the



environmental chemical agents which are accepted as a normal part of living in less
developed societies. The major area of uncertainty in the assessment of radiation liazards fan
uncertainty which applies equally to the assessment of the hazards of chemical
carcinogenics) concerns the validity of the linear extrapolations of risks downwards over a
10s-fold range of total doses and a 10"-fold range of dose raies. There have been repeated
suggestions that the principle of linear extrapolation from high doses to low doses may have
grossly underestimated the hazards of low-level radiation (30,43-46, 61,62). On the other
hand, the concensus of most experts in the field (1,2,7.60,65) seems to be that the principle
of linear extrapolation may well overestimate the liazards of low-level radiation, since it fails
to take into consideration known recovery and repair processes. This latter possibility,
which also directly affects the assessment of the hazards of chemical carcinogens (7S|, is
being actively explored in research at CRNL (5 1 ) as well as in many other laboratories.

A rational decision concerning the various theories suggesting higher or lower values
for the hazards of low-level radiation and other environmental agents would be greatly
facilitated by increased understanding of both (a) the complex molecular mechanisms that
arc involved in the sequence of events by which only a small portion of the initial chemical
damage in the living organism results eventually in the appearance of cancers or genetic
defects (Section G-v). and (b) the role of possible muHieellular effects in cancer induction
(Section G-vi).

It has become abundantly clear during the past decade that DNA. the chemical coding
tape which carries the instructions for all of the life processes in the living organism, is
constantly exposed to spontaneous chemical changes as well as those caused by ioni/ing
radiation, by heat, by a host of environmental chemicals and by the ultraviolet component
of sunlight. The number of spontaneous chemical changes that occur every day in the DNA
of each cell in the human body is probably several orders of magnitude greater than the

! numbers induced by normal "background" radiation from natural sources (see Appendix).
• Since these alterations in DNA are currently thought to lead to cancers and genetic defects,

as noted earlier, it is therefore not too surprising that radiation from natural sources does
not account for more than about V'< maximum of all the cancers and genetic defects that
occur spontaneously in human populations. It is also clear that the absence of very large
numbers of cancers and genetic defects in the normal person is due to a series of defence
systems in the living organism, the most important of which is the enzymatic repair systems
which can eliminate more than W # of the initial chemical damage to this coding tape (5 I ).
A better understanding of these repair processes and of Iheir implications would seem in be
crucial for any further refinement of the current estimates of radiation liazards. as well as
for an understanding of the basic processes that are responsible for our existence and our
normal health. For this reason, a study of these repair processes and their implications for
assessment of radiation hazards is the central theme of research activities in radiation
biology at CRNL (51).

Specific proposals for research projects concerned with other areas of uncertainty in
the assessment of hazards, e.g.. interactions between radiation and environmental chemical
carcinogens (Section G-iv) and effects of radiation-induced mutations on the frequency of
inegularly inherited genetic defects (Section E). have been outlined elsewhere (5 1). One
other particular area of uncertainly which might have a major impact upon the assessment
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of the carcinogenic hazards of ionizing radiation and environmental carcinogens is the
variation of latent period with dose (Section G-vi). A direct involvement in research of this
kind is difficult with current facilities at CRNL but further reviews of the scientific
literature on this topic are expected.

TABLE 12

Risk of fatal accidents due to engagement in various occupations for 35 years coir.mencing
at age 20.

Occupation

Trade

50 rem total radiation exposure

Manufacturing

Service

Government

140 WLM total radiation exposure

175 rem total radiation exposure

Transportation and public utilities

Non-occupational, off-jobc

Agriculture

Construction

Mining and quarrying

Average Life-
Shortening

(Years)3

0.07

0.08

0.10

0.11

0.15

0.18

0.27

0.41

0.54

0.71

0.75

0.77

Equivalent in
Immediately Fatal

Accidents Per 10 000
Persons Per Year*5

0.6

0.6

0.8

0.')

1.2

1.5

3.3

4.4

5.8

6.1

6.3

a These data are calculated from those given in the last column by the method
described in the text, except in the case of radiation exposures. The values for radiation
exposures are calculated by the method given in Table 11.

b These data are those published by the National Safety Coinicil, U.S.A., for 1975
(76), except in the case of radiation exposures. The values for radiation exposures are
calculated from the data in the second column.

c About 55% of the non-occupational, off-job fatal accidents are due to motor vehicle
accidents (76). No account is taken of the long-term effects of other industrial chemicals in
the environment, even though it is known that about 80% of all fatal cancers must be
environmental in origin (18-20).
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(J) APPENDIX: COMPARISON OF THE NUMBER OF DEFECTS INDUCED IN
DNA SY IONIZING RADIATION AND BY SPONTANEOUS DEGRADATION

(i) 7-Rndiation Induced Defects

The total number of defects induced in the DNA of a normal human cell by exposure
to ionizing radiation can be calculated in the following manner: The normal cell contains h
x 10"'- v. of DNA (7')). Four types of molecular delect have been distinguished and
measured. Production of a single-strand break requires approximately 30 eV of radiation
energy, while production of a double-strand break requires approximately 600 eV. The
measured number of single-strand breaks includes a minor component (30',!,) which is
probably due to loss of purine bases and sugar damage. In addition, a number of other base
defects can be detected, amounting îo about 0.7 times the total number of single-strand
breaks (80). Exposure of matter to I'X) rads (I Gy) of ionizing radiation will by definition
deposit 10 000 ergs (1 mJ) of energy per g, or 0.625 x 10lr> eV per g. This represents the
deposition of 3.75 x 104 eV of radiation energy in the 6 x 10"' 2 g of DNA contained in a
typi'vil human eel!. !t follows then that exposure of the cell to 100 rads (1 Gy) should
produce approximately 1250 single-strand breaks (including sites where a purine has been
lost). <S80 base defects and fi() double-strand breaks, for a total of about 2200 molecular
defects in the DNA of this cell.

One can also calculate the maximum theoretical number of defects produced. If the
diameter of the nucleus of the average cell is about <S /um and the density is about 1.1 g/cnr1.
the mass of the whole nucleus would be 3 x 10"' ° g. Exposure of the tissue to 100 rads
(0.625 x 10"' eV/g) would thus result in the deposition of 1.8 x 10" eV in the material
contained in the nucleus. Approximately 80% of the nucleus is water which requires 34 eV
lo dissociate it into ion pairs (81 ) or, in other words, an average of 1 7 eV per free radical. If
we use a similar value for free radical formation in the organic constituents of the nucleus,
exposure to 100 rads (1 Gy) should thus produce 1.05 x I05 free radicals in the whole
nucleus. Most of these free radicals are derived from the water and are in theory able to
recombine or to react with any of the organic constituents of the nucleus. If 20',X of the
nucleus or 0.6 x !0~10 g is organic material, then 6 x 10"'3 g of DNA would represent
one-tenth of the total organic material in the nucleus. Assuming that till of the free radicals
were used in reaction with all of the organic constituents without discrimination, a
theoretical maximum of I0"1 free radicals would be available to react with DNA and thus
produce molecular defects in DNA. This calculated maximum value of 104 is not altered
greatly by small, natural variations in the size of tite nucleus.
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Most of the indirect damage to the DNA in the living cell during irradiation seems to
be caused specifically by -OH radicals (82); these in turn represent 45'i of all the free
radicals produced in irradiated water. The calculated estimate for the maximum theoretical
number of defects produced in the DNA by exposure to 100 rads (I Gy) would thus
become approximately 5000 defects per cell.

If this radiation dose of 100 rads ( 1 Gy) were delivered in 1 min, we would have thus
2200 known defects and a theoretical potential of 5000 defects introduced into the DNA of
each human cell in 1 min (Table 13). In comparison, the normal "background" radiation
from natural sources amounts to 0.1 rem per year, i.e., to 2.2 known and 5 potential defects
per cell per year, or to 0.000004-0. 00001 defects per minute in the DNA of each cell. The
maximum permissible dose of 5 rem per year for occupational workers would similarly be
expected to produce 110-250 defects per cell per year, or, assuming an 8 hour working day
and 240 working days per year, 0.001-0.002 defects per minute in the DNA of each cell
(Table 13).

Another radiation dose of some interest is about 200 rad(2 Gy)/week, equivalent to
10 400 rad(104 Gy)/year or 0.02 rad(0.2 mGy)/min. Mice exposed continuously to
7-radiation throughout life suffer approximately 50% shortening of their normal life-span
(due mainly to induction of fatal cancers) at this particular dose rate (11). At a dose rate of
0.02 rad(0.2 mGy) per minute, we would expect 0.4-1 defect per minute in the DNA of a
typical human cell (Table 13).

TABLE 13

Estimates of the rate at which defects are introduced into the DNA of a typical human cell.

Cause of Defects DNA Defects/)Cell-

minute)

Background radiation (0.1 rem/year) 0.000004 0.00001

Maximum occupational exposures 0.001 0.002
(5 rem/working year)

50% life shortening in mice 0.4-1

(200 rem/week for life)

Spontaneous depurination 2 10

Total spontaneous degradation 10 50

Bright sunlight (fair skin only ) 1000 2000

Acute exposure to 100 rem in one minute 2200-5000



- 4 9 -

(ii) Defects Induced by Ultraviolet Radiation

It is also possible to calculate the number of defects introduced into the DNA of the
cells of skin by exposure to the ultraviolet component of bright sunlight. Ultraviolet light of
254 nm wavelength will induce about 2.5 dimers/(10 8 daltons-J -m2 ) (79) or 9 x 10"
dimers/(6 x I0"12 g DNA-J-m2). Knowing the relative quantum efficiency for ultraviolet
light of Ic'ger wavelengths (83) and the incident intensity of ultraviolet light of different
wavelengths at noon on a clear June day in the neighbourhood of Cleveland and
Washington, U.S.A. (84), one can calculate that this incident sunlight should be able to
induce about 17 000 dimer defects/(cell-minute) into the DNA. Most of these defects are
due to the ultraviolet component at 300 to 305 nm. However, the epidermis of fair white
skin filters out 95-90% of this incident light (83). Thus those skin cells which lie
immediately below the epidermis should be exposed to I 000 to 2 000 DNA
defects/(ce!l-minute) under these conditions (Table 13). This value is, of course, only
applicable under conditions of maximal exposure of bright sunlight and will be decreased
10-fold at 8 a.m. or 5 p.m. on a clear June day (84), at noon on a clear winter day (84) or in
persons with coloured skin (83). The types of defects induced in DNA by ionizing radiation
are not the same as those induced by ultraviolet light. If, however, we simply compare the
rate of induction of all defects in DNA, it is apparent that bright sunlight is equivalent to
about 50 rad (0.5 Gy) per minute (Table 13) for those cells which lie immediately below the
epidermis of the skin.

(iii) Spontaneous Defects

DNA is not inherently more stable than any other organic chemical in aqueous
solution; it does undergo spontaneous degradative changes which have been described in the
literature. The best known and most carefully documented of these is spontaneous
depurination or loss of purine bases from the DNA (85,86). The rate constant for
depurination of "native" or double-stranded DNA in aqueous solution under physiological
conditions is given as 3 x 1CT1 ' per second (86) or 1.8 x 1 0~9 per minute. Tine 6 x 10"'2 g
of DNA contained in a normal human cell contains 6 x I09 purine bases and should thus
lose about 11 purine bases per minute or 5.7 x I06 bases per year, i.e. 0.1% of the total
purine bases per year. This value might be reduced by 50% or more due to the stabilizing
action of specific proteins in thé cell (86). An estimate of 2-10 purine bases lost per minute
from the DNA of each human cell should thus represent a reasonable range (86). This
spontaneous depurination alone occurs thus at a rate which is roughly one million times
faster than the rate at which defects are introduced into the DNA by natural "background"
radiation and roughly ten thousand times faster than the rate at which defects are
introduced by maximum permissible levels of radiation exposure for occupational workers
(Table 13).

There is also a slow spontaneous loss of pyrimidine bases from DNA (87) and a
spontaneous deamination of bases, particularly of cytosine (88). The rates of these reactions
are less than 10% of the rate of depurination of native DNA (86-88) and they thus
contribute little to the total incidence of spontaneous defects in DNA.

Another possibility is the spontaneous formation of single-strand breaks in DNA (89).
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This end-point is more difficult to measure separately, since any sites in DNA which have
lost a purine base tend to form single-strand breaks slowly in neutral aqueous solution ('»())
and are converted rapidly to single-strand breaks under the alkaline conditions that are
usually employed to measure single-strand breaks. The total rate of spontaneous formation
of single-strand breaks plus potential breaks due to depurination was estimated to be 4.5
times (90) {hat reported for depurination alone (86). This particular measurement places an
upper limit on the spontaneous rate of degradation of DNA. With due allowance l'or possible
stabilization by protein complexes in the cell (86), a total value of 10-50 defects per minute
introduced spontaneously into the DNA of each human cell would thus appear to provide a
reasonable estimate at present (Table 13).

(iv) Role of Repair Processes

If we consider only the number of spontaneous defects that are introduced into the
DNA of the cell (Table 13), it becomes obvious why the DNA in 'ill living organisms does in
fact contain cc'^d instructions for DNA repair systems as part of the general instructions

j for life processes (5 I ). The DNA itself is not particularly stable; yet an accurale copy of the
information encoded in it must be available on demand at all times in order to correctly

, carry out the life processes in the parent organism and in order to faithfully transmit the
same information on to the next generation. In the absence of repair systems, the

(, spontaneous errors introduced into the information in the DNA would soon result in the
', degeneration and failure of these life processes.
*
i A total value of 10-50 defects per minute introduced into the DNA of a typical

human cell by spontaneous processes (Table 1 3) corresponds to 5-25 million defects per cell
• per year. Assuming that about half the DNA is redundant and that the remainder represents
J two copies of each of about 10s separate instructions (or "genes"), we are still left with
j about 10 to 60 errors being introduced each year into each copy of each separate
1 instruction encoded in the DNA. It does not currently seem plausible that life could

continue under these conditions in the absence of repair systems.

By way of analogy, the repair systems can be considered to act as editing machines
whose function is to scan the DNA coding tape for errors or misprints and to correct these
errors promptly. The exact mechanisms of repair are discussed in detail elsewhere (51 ). We
know that repair systems can rapidly correct more than 99% of the errors introduced by low
doses of ionizing radiation or other environmental agents (51 ). We also know that some of
these systems tend to become saturated by higher doses of radiation (or other agents), and
either fail to correct these errors or repair them incorrectly (51,91). Thus it is not too
surprising that living organisms, including humans, appear to cope effectively with lower
doses of radiation but die fairly quickly when exposed to high radiation doses (91 ) (see
Section F).

A radiation dose of 100 rads (1 Gy) in one minute (Table 13) was chosen as an
example of the type of dose that might be expected to double the normal incidence of
cancers (see Section G-ii); as noted above, most of these extra cancers will be manifested
some 20 to 30 years later. We do not really know what low levels in the region of 0.1 rads ( 1
mGy) per year would do, although the effects can be calculated (Table 10) on the basis of a
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linear dose-response relationship. If die total number of DNA defects produced by low-level
radiation is compared with that which is thought to occur spontaneously (Table 13). it
might be concluded that low-level radiation should have little or no permanent effect upon
the DNA. This conclusion would, of course, be incorrect if the radiation-induced defects
were repaired less efficiently than those which occur spontaneously.

The available evidence suggests that most of the known radiation-induced defects can
be rapidly repaired by normal cells and that the same repair systems are involved in the
repair of spontaneous defects (cf. 51). However, we also know that 200 rads (2 Gy) of
chronic 7-radiation per week (20 mrud/min) for life will shorten the life-span of mice by
507' (11). presumably by inducing fatal cancers; this dose rate produces DNA defects at less
than one-tenth the rate of spontaneous degradation of DNA (Table 13). Moreover,
radialion-induced mutations at specific genetic loci can be detected in mice with dose rates
as low as 1 rnrud (10 fiGy) per minute (525 rads or 5.25 Gy per year) (2). This dose rate,
which is not necessarily the minimum at which mutations could be measured (2), should
produce DNA defects at less than one-hundredth of the rate at which defects are introduced
spontaneously and yet it will double (lie spontaneous mutation rate when exposure is
continued for 10 weeks or a total of about 100 rads (1 Gy) (2). It seems reasonable to
conclude that differences in the type of DNA defects introduced by various agents are
important and that some part of the radiation-induced de Ici ts are not repaired as efficiently
as are the spontaneous defects in DNA.

The effect of repair processes upon the estimates of the carcinogenic hazards of
low-level radiation was discussed in more detail in Section G-v. The data considered in this
appendix appear to substantiate the conclusion that the accepted estimates of carcinogenic
hazards of low-level radiation may contain a margin of safety in provisions for health
protection. However, until such time as the repair of different types of DNA defects is more
completely understood, it vould be imprudent to assume thai any large margin of safety
does exist.
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