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(Prepared for Royal Commission of Inquiry into Uraniuri Mining,
Health and Environmental Protection, Province of British Columbia,

January, 1980)

GENETIC EFFECTS OF IONIZING RADIATION

D.K. Myers

and

J.D. Childs

Health Sciences Division, Chalk River Nuclear Laboratories,
Atomic Energy of Canada Limited, Chalk River, Ontario

The genetic effects of radiation have been discussed actively
in the scientific literature since the late H.J. Muller's experiments
on genetic changes induced in fruit flies (Drosophila) were first
published in 1927 (1). A great deal of scientific effort has been
devoted to quantitative assessment of the genetic effects of
ionizing radiation, particularly during the past three decades.
The present paper will attempt to review briefly the knowledge that
has been accumulated as a result of research carried out by many
scientists in different countries over several decades.

1• Some Basic Concepts in Genetics

Our current understanding of genetics indicates that all the
basic instructions for the complex structure and functions of the
living organism are encoded in the DNA molecule. This is a long,
thread-like organic molecule which contains coded information along
its length that can be read off sequentially, much like the inform-
ation on a computer tape. The number of instructions or genes for
a given organism varies over a wide range from about seven for the
simplest viruses, to several thousand for a simple self-sustaining
and complete organism such as the coliform bacteria which inhabit
our intestine, and on up to about 30,000 - 100,000 separate genes
for mammals such as ourselves.

The blueprint for a human being is thus encoded in the human
DNA which is present in each of the trillionc of living cells that
together constitute one person. The sperm and the ova each contain
one complete copy of this blueprint, organized into 23 separate
chromosomes; all the other cells of the body contain two copies
and 46 chromosomes, one set inherited from the father and one from
the mother. These copies are not identical. Certain of the basic
functions of life are relatively invariable; for example, the gene
specifying a particular catalyst (cytochrome c) which is present in
all air-breathing organisms is probably identical in all human



A-2

beings and has in fact undergone very little change in a wide
variety of living organisms which have evolved at various times
over the past billion years (2). A change in the gene coding for
this particular catalyst is thus probably fatal to the cell. Many
other genes controlling less essential functions (for example,
hair colour, eye colour, etc.) in the body are more flexible and
variations in the structure of many genes from one person to
another can in fact be demonstrated directly.

The DNA molecule is not more stable than any other complex
chemical in water. It is susceptible to damage from a wide variety
of causes; some of the rates of damage which have been measured
directly or indirectly (3) are summarized in Table 1. Given the
necessity to maintain the proper instructions over many generations,
it is thus not too surprising to find that all living organisms
contain a variety of repair systems which actively repair damage
produced in the DNA. Most of the damage does in fact seem to be
accurately repaired; the genetic changes to be considered later
are those changes remaining after the DNA repair systems have
completed their activities.

TABLE 1

RATE AT WHICH DEFECTS ARE PRODUCED AND REPAIRED IN
THE DNA OF A TYPICAL HITMAN CELL

Cause of defect DNA defects produced and
repaired per cell per minute

Background radiation
(0.1 rem per year)

Spontaneous depurination
and strand breakage

Bright summer sunlight
(fair skin only) .

Acute exposure to 100 rem in
one minute

0.000 004 - 0.000 01

10 - 50

1000 - 2000

2000 - 5000

Although there is no absolute dividing line, the changes in
DNA are usually classified as recessive or dominant mutations.
Mutations, whether dominant or rer/essive, may be either beneficial,
neutral or deleterious in their effects. Recessive mutations do
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not affect function when the organism contains one normal copy
plus one altered copy of a particular gene, and exert marked effects
only in those rare cases where the organism inherits the same
mutant gene from both parents. Dominant mutations affect an
organism even when it has one normal copy of the gene; it is
thought that there are about 1,000 traits in humans which can be
affected by changes of this kind (4). Other genetic changes can
be due to gross changes in the chromosomal organization of the DNA
in the cell. Most of these latter changes are lethal to the
fertilized egg and the embryo never develops, but some are
responsible for diseases such as Down syndrome ("mongolism").

Each of us carries inherited variations (or viable mutations)
for a large number of our genes. Moreover, the information in the
DNA molecule undergoes very extensive rearrangement ev?ry time that
a germ cell is formed. The reassortment of genes which occurs
during sexual reproduction thus provides each of us with almost
infinite variation of gene combinations. For these reasons, every
individual (except identical twins) is thought to carry a unique
assortment of variations on many of the 30,000 - 100,000 genes in
his or her DNA; there is no such thing as a pure line of non-mutant
humans. From this type of gene pool in plants and animals, it is
possible to breed variant strains which are selected for any given
quality; most of our domestic plants and animals have in fact been
developed from wild stock in exactly this manner. In recent years,
radiation or mutagenic chemicals have been used to induce mutations
in certain plants of agricultural importance in order to develop
strains with a higher yield or with disease resistance. This
approach is not practical for domestic animals. It should, however, be
noted that domestic animals which are selected and inbred for
some particular quality are not necessarily as healthy as the wild
stock. Several breeds of dogs have genetic problems; for example
bulldogs suffer from a tendency to respiratory difficulties, certain
inbred strains of large dogs suffer from a tendency to hip dysplasia,
while the dachshund would in human terms be classified as an
achondroplastic dwarf. These selected breeds do not normally
maintain themselves under natural conditions, but the wide variations
which have been obtained by selective breeding provide us with some
measure of the differences that are normally present in the gene
pool of any given species.

The assortment of genetic variants in the normal gene pool
helps to permit survival (or change) of the species in response to
changes in the environment. In fact, the genes for certain
diseases appear to be maintained in the human population by reason
of their selective advantage under some conditions. The best known
example is the gene responsible for sickle cell anaemia (5).
A person carrying a single copy of this gene has increased resistance
to malaria but a person with two copies suffers from sickle cell
anaemia. This mutant gene became common only in areas of the world
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where malaria was prevalent and then spread by migration to other
parts of the world. Similarly, the combination of genes
responsible for diabetes is thought to provide a selective
advantage for survival under conditions of chronic under-nourishment
or near-starvation (6). Many other genetic variants are thought
to be probably maintained in the population by similar selective
pressures, although direct experimental proof is lacking (7).

2. Spontaneous and Radiation-Induced Mutations

New mutations are being continuously introduced at random
into the gene pool under natural conditions. Only a miniscule
fraction of the new mutations are ever beneficial to the organism.
Indeed, given the complexity of any living organism, it is highly
unlikely that random chcnges introduced into the instructions for
life functions would be beneficial to the organism. Nevertheless,
it is this type of change which is thought to have been responsible
for the evolution of all current living organisms from simple
micro-organisms like the coliform bacteria over the past three
billion years .

There is no reason to believe that ionizing radiation played
a significant role in the mutational and evolutionary process, or
that it is playing a major role in the production of new mutations
in any species at the moment. The earliest radiation workers such
as Muller and Timofeeff-Ressovsky concluded, based on experiments
with Drosophila, that only a small fraction of spontaneous mutants
could be derived from background radiation (8). Subsequent
genetic experiments with a wide variety of living organisms in the
laboratory have verified this conclusion. Let us take the simple
case of a yeast cell which will, under ideal conditions, produce
a new offspring every two hours. Yeast cells are relatively
easy to work with since one can plate out millions of yeast cells
on nutrient agar dishes and find out, using a variety of techniques,
what happens to the descendants of each of these millions of cells;
genetic studies with these cells are thus relatively cheap and very
precise. On the average, a new mutation in a given gene occurs
in about one of every ten million offspring (Table 2). (Note:
This particular number varies by as much as ten or twenty-fold in
either direction depending on the gene involved and on the type
of genetic change in question. Moreover, we know that living
organisms contain mutator genes and anti-mutator genes which increase
or decrease the spontaneous mutation rate. That is to say, the rate
of spontaneous mutation is controlled in the living organism
under natural conditions. However, in normal, wild-type yeast
growing under optimal conditions, the average measured rate of new
spontaneous mutations of a given gene is, as noted, found to he
roughly one in every ten million per generation). One can make
an extrapolation from these measurements to the whole gene pool of
the yeast cell; assuming that this gene pool contains about
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TABLE 2

APPROXIMATE MUTATION RATES IN YEAST AND MICE

Yeast Mouse

Spontaneous mutation rate 1/10,000,000 1/100,000
(average)

Dose of chronic radiation

required to double spontaneous 100 rem 100 rem in male

mutation rate ^2,000 rem in female

ten thousand separate genes or sets of instructions, then it can
be calculated that perhaps one in every thousand new yeast cells
contains a new genetic mutation somewhere in one of its genes.
Most of these new mutations are deleterious and are simply
eliminated under natural conditions; the individual j'east cell
carrying the mutation either does not reproduce at all or does not
reproduce as well as the other 999 normal yeast cells, whose
progeny increase more rapidly and eventually overwhelm those of
the mutated cell line.

We can also measure very precisely the genetic consequences
of exposing the parental yeast cells to various doses of ionizing
radiation (Fig.l). Two conclusions can be derived from these
experiments (9): First, the increase in mutation rate is
directly proportional to the tot3l accumulated dose of radiation^
that is to say, there is no indication that low doses of radiation,
e.g. one rem, will produce more genetic change per unit dose than
will higher doses of radiation, e.g. ten thousand rem. (Note:
The rem is a measure of radiation exposure which takes into account
the amount of energy deposited in the tissue, and the relative
biological effectiveness of this energy.) second, the spontaneous
mutation rate is doubled by exposing the parental cells to
approximately 100 rem of X-rays (Table 2). From these data,
we can then calculate that the natural background radiation of
0.1 rem per year would be responsible for approximately one in
every ten million of the spontaneous mutations which occur
naturally in these yeast cells. (Note: As before, this is an
average value which depends upon the gene in question, on the
type of genetic alteration in question and upon the presence or
absence of mutator and anti-mutator genes in the parental cell.
It should also be noted that the value for yeast, although typical
of many other micro-organisms, is not necessarily valid for
higher organisms.)
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FIGURE 1

EFFECT OF X-RADIATION

ON NUMBER OF MUTANT CELLS

IN YEAST POPULATIONS.

0 100 1000
X-RAY DOSE (RADS)

[Note: 1 rad X-radiation = 10 mGy = 1 rem.]

There is no reason to believe that this number has changed
greatly over the past three billion years. Knowing the half-life
of the natural radioactive nuclides on the earth (potassium-40:
1.3 x 109 years, uranium-238: 4.5 x 10s years, thorium-232:
14 x 109 years) and that these radionuclides are responsible for
about two-thirds of natural radiation levels, it can readily be
calculated that living organisms on earth have been exposed during
the past three billion years to approximately the same level of
ionizing radiation (within a factor of two) as they are at present.
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Mutagenic radiation from the ultraviolet component of sunlight
may well have been much higher in the remote past (due to absence
of the ozone layer in the stratosphere) than it is at present (10),
but exposures to ionizing radiation are still much the same as they
always have been for living organisms on earth.

Data with yeast have been described in some detail, first
because they are fairly typical for the results obtained with
other microorganisms, second because the results are precise and
reliable, and third because the general principles involved appear
to be equally valid for higher organisms. Similar studies have been
carried out with insects, fish, mammals and other organisms (4,11).
In general, the results become somewhat less precise and the
studies become more expensive as we move to more complex organisms,
but the results are considered more important to us the closer the
organism is to humans in the evolutionary scale. The data for
recessive coat colour mutations in the mouse (4,11) are not too
different from those described for microorganisms. The spontaneous
mutation rate is somewhere in the neighbourhood of one in every
hundred thousand offspring on the average and the dose of chronic X-
or gamma-radiation required to double the spontaneous mutation rate
in male mice is about 100 rem (Table 2). This latter value applies
only to low radiation doses (less than 50 rem) or to radiation at
low dose rate (equal to or less than say 100 rem per day); higher
doses of radiation delivered in a few minutes are about three times
mor-.j effective, probably due to saturation of DHA repair processes
at high doses and high dose rates. The doubling dose of chronic
radiation for mutations induced in the female parent is much higher
than for the male and is probably in excess of 2,000 rem (Table 2).

Most genetic experiments with mice are carried out at higher
radiation doses of 200 to 1,000 rem where some effects can be
observed more easily; the lowest dose tested in any mouse experiment
is 25 rem (4). Based on these experiments, the dose-response
relationship appears to be linear for irradiation at low dose rates,
but none of these experiments can ever prove conclusively how much
genetic effect is produced in mice or other mammals by background
radiation levels of 0.1 rem per year. The various national and
international committees who have considered the genetic effects
of low level radiation in mammals have all assumed that effects
will be directly proportional to total dose even when the effects
are too small to be measured. This assumption appears to be
reasonable for a number of reasons: (a) The dose-effect curve
for mutations induced by radiation at low dose-rates does appear
to be linear in all organisms examined, even though the minimum
dose which can be tested in these experiments is usually 25 rem or
more. (b) In one particular plant (Tradescantia) (12), a linear
dose-response relationship has been demonstrated experimentally
down to a dose ot 0.J rem for X or gamma-radiation at low dose-rate,
(c) In one particular test system using coliform bacteria (iJ),
the dose-response relationship was linear down to a dose which
produced less than one ionizing event per cell on the average and
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therefore the dose-response relationship for this particular
test system should be linear right down to zero dose, (d) The
initial chemical damage produced in the DNA is directly proportional
to radiation dose; the end point of interest is, however, the
number of permanent changes remaining after DNA repair processes
have corrected most of this initial chemical damage. From our
current understanding of DNA repair systems, it is possible to
visualize either that the amount of permanent damage remaining
will be a small but constant fraction of the initial damage or,
alternatively, that more of the initial damage would be repaired
at. low doses of radiation than at higher doses.

There are thus good experimental and theoretical reasons to
believe thut the linear dose-effect relationship is probably
valid (or possibly conservative) for the induction of genetic
changes by low-level radiation. The only other biological hazard
of low level radiation is believed to be induction of cancers.
This is a much more complex process and proof of the linear dose-
response relationship is much less rigorous in this case.

3. Quantitative Assessment of Radiation Risks in Humans

The results of experiments on genetic effects of radiation
have been reviewed pe r iod ical 1)' by the national and international
committees of scientists which are appointed to review the published
scientific data (4,10,14,15). Data on animals, micro-organisms
and other species of living organisms are crucial in estimating
the genetic effects of radiation on human beings for one simple
reason: No excess of genetic defects has been detected in the
children of human populations exposed to approximately 200 rem
of radiation as a result of the atomic bomb explosions at Hiroshima
and Nagasaki (4). (No te : The situation is thus different from
that for estimation of the number of cancers induced in humans by
exposure to radiation, since a measurable increase in cancer
incidence has been observed in humans exposed to high radiation
doses at Hiroshima and Nagasaki, as well as in persons exposed
to high doses of X-rays for medical diagnoses or for treatment
of certain diseases and in persons exposed to high concentrations
of radon daughters in uranium mines and certain other underground
mines). Knowing approximately the exposures to rad±ition that
occurred at Hiroshima and Nagasaki, the absence of increased genetic
defects in the children of Hiroshima-Nagasaki parents permits us
to estimate only the lower limit of the doubling dose for the type
of genetic defects that might be expected to affect these children
during the first 17 years of life. These particular data suggest
that the minimal doubling dose of chronic radiation is at least
138 rem in human males and over 1,000 rem in human females (4).
However, in view of the data obtained with other species, the
United Nations Scientific Committee considered it prudent to assume
a doubling dose for humans of about 100 rem of chronic radiation (4).
It is thought that this assumption will not underestimate genetic
risks of radiation, c 'en though it may well overestimate these
risks .
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A large amount of effort has been devoted to measurement of
the numbers of people in normal populations who suffer from
some genetic or partially genetic condition that results in some
more or less serious trouble at some time in a person's lifetime.
Basically this can be defined as a health condition requiring
medical attention at some time in, say, 70 years of life. The
range of health effects involved is very broad and includes diseases
of all organs and systems in the body. From a total of about
1,000 known diseases, some examples of the better-known disorders
are shown in Table 3. The birth frequencies in this table are
derived from a variety of sources (4,7,16,17) and should be
regarded only as reasonable approximations. The most common
diseases are those which are multifactorial in origin, that is
to say, they are caused by the interaction of a number of different
genes with a strong influence by the environment on expression of
the disease. To illustrate this with the example of diabetes
mellitus, it is estimated from blood sugar tests that at least
35 persons out of every thousand have a predisposition(17) to
develop diabetes, but only about half of this number develop symptoms
of the disease in the U.S.A. (18); studies on identical twins
with an identical tendency to diabetes show that those who lead
temperate lives are less likely to develop symptoms (6).

Some of these diseases (Table 3) have noticeable effects
early in life (e.g. dominant childhood blindness, dominant deaf-
mutism) but for many the effects are delayed until middle age
or later (e.g. Huntington chorea, dominant deafness in old age).
Further, spontaneous or induced mutations may be eliminated from
the population within the first generation or may persist for many
generations depending upon their type (recessive or dominant)
and upon the severity and age of onset of the effect. Dominant
mutations are expected to persist for about five generations on
the average. However, there is considerable variation between
severe effects expressed early in life (e.g., young persons
suffering from dominant deaf-mutism produce about one-third of
the number of children expected by comparison with the general
population) and less severe effects expressed later in life
(e.g., the dominant mutation causing deafness late in life could
persist for a very large number of generations). Most people
suffering from diseases caused by gross chromosomal abnormalities
reproduce very rarely if at all and thus the disease is not
perpetuated past the first generation; for example, half of
the children born with Down syndrome (mongolism) die in the first
decade of life while male children born with Klinefelter syndrome
are infertile (6,17). Recessive mutations, which have little
effect on the person carrying one copy of the defective gene,
are expected to be eliminated only in those rare instances when
a person has inherited two copies of the same mutation.

The best estimates of numbers of genetic diseases affecting
children derives from studies carried out in British Columbia
using methods devised at the Chalk River Nuclear Laboratories (16);
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TABLE 3

SOME DISEASES WITH A GENETIC OR PARTIALLY GENETIC
(MULTIFACTORIAL) ORIGIN

DISEASE
AFFECTED
SYSTEM

MODE OF
INHERITANCE

AGE OF ONSET
BIRTH FREQU-
ENCY PER
THOUSAND

Down syndrome

Klinefelter syndrome

Severe mental
retardation

Cleft lip with or
without cleft palate

Polydactyly

Deaf-mutism

Sickle cell anemia

Hemophilia

Childhood blindness

Albinism

Xeroderma pigmentosum

Diabetes mellitus

Huntlngton chorea

Severe deafness
in old age

Multiple

Male gonads

Brain

Mouth

Hands or
Feet

Ear

Blood

Blood

Eye

Skin

Skin

Pancreas

Nervous

Ear

Trisomy,
chromosome 21

Chromosomal
(XXY)

First decade

First decade

i) Dominant First decade
il) X-linked " "
iii) Recessive " "
iv) Multifactorial " "

i) Dominant First decade
ii) Multifactorial " "

i) Dominant First decade
ii) Multifactorial "

i) Dominant
ii) Recessive

Recessive

X-linked

Dominant

i) X-linked
ii) Recessive

Recessive

First decade

First decade

First decade

First decade

First decade
it II

First decade

i) Recessive (?) Second decade
ii) Multi- Fourth decade

factorial onwards

Dominant

Dominant

Third to Fourth
decade

Fifth decade
onwards

1.4

0.9 - 1.7

0.003
0.03
0.5
15.0

0.01
0.8 - 1.7

0.03
0.4

0.07
0.3

0.1
(variable)

0.07

0.03

0.006
0.04

0.004
(variable)

0.2
17 (-35)

0.3

1.0
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estimates of numbers of genetic diseases affecting adults
derive from studies in Northern Ireland (19) and other countries.
From these data, it has been calculated that, out of every 1,000
persons born, approximately 10 suffer from a dominant or X-linked
mutation causing some genetic disease, one from a recessive mutation,
four from a chromosomal aberration, 43 from a multifactorial
congenital abnormality and 47 from a multifactorial disorder
appearing later in life (4,15). To summarize the data given in the
most recent (1977) report of the United Nations Committee (4),
it appears thus (a) that about 105 persons out of every thousand
suffer from some genetic or partially genetic condition requiring
medical attention at some time in the person's lifetime, (b)
that about six persons out of every thousand live-born offspring
carry a new genetic mutation that arose in the germ cells of their parents,
(c) that about 0.2 persons out of every thousand live-born carry
a genetic mutation which is due to exposure of the parents to
a atural background radiation level of 0.1 rem per year for an
average of thirty years, and (d) that approximately 0.5 persons in
each thousand live-births carry a genetic mutation with adverse
effects upon their health that was due to the continued exposure
of many generations of ancestors to the background radiation level
of 0.1 rem per year.

The risk estimates given above are of course subject to
differences in interpretation and to revisions as more data are
accumulated. A summary of recent estimates is given in Table 4.
It can be seen that there are considerable variations in the risk
estimates given. These variations are not unexpected in view of
the uncertainties involved; in general, risk estimates for
deleterious genetic defects induced in humans by radiation have
tended to decrease somewhat (but not dramatically) over the past
20 years as more information has accumulated.

Accepted risk estimates for cancers induced by radiation are
indicated in Table 5. Again, there are appreciable variations in
the values given. The major differences in this case are due to use
of what are called relative risk or absolute risk models by the
U.S. National Academy of Sciences BEIRcommit tees(14,15).Both of these
models may be incorrect and the truth of the matter may well be
somewhere in between these two extremes; however, even though
the actual numbers differ, the degree of life shortening is
approximately the same with either model for risk of cancer
induction (20,21). The variations in risk estimates are again not
too unexpected, since we will have to wait until all of the exposed
populations are dead before the final numbers of cancers can be
tabulated more accurately.
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TABLE 4

DELETERIOUS GENETIC EFFECTS PER 1000 NEW-BORN
PRODUCED BY EXPOSURE OF PARENTS TO

0.1 REM/YEAR FOR 30 YEARS

Mutations arising in Total mutations in
each generation population due to
due to exposure exposure of ancestors
of parents for many generations

BEIR 1972 (13) 0.036 - 0.6 0.18 - 4.5

UNSCEAR 1972 (10) 0.018 - 0.045 0.9

UNSCEAR 1977 (4) 0.19 0.55

Draft of BEIR 1979 (14) 0.015-0.195 0.18-3.3

Natural incidence of genetic defects: approximately 105 per thousand.

TABLE 5

MAXIMUM NUMBER OF CANCERS PER 1000 PERSONS
PRODUCED BY EXPOSURE TO 0.1 REM/YEAR FOR 60 YEARS

FATAL CANCERS NON-FATAL CANCERS

BEIR 1972 (13) 0.5 - 0.6 OR (Similar to number
0.95 - 2.7* of fatal cancers)

UNSCEAR 1977 (4) ~ 0.6 ~ 0.6

Draft of BEIR 1979 (14) 0.4 - 0.7 OR 1.1 - 1.5 OR
0.9 - 1.8* 2.65 - 3.9*

Natural incidence of fatal cancers: approximately 200 per thousand.

Natural incidence of non-fatal cancers: approximately 200 per thousand.

(*These values are based on the relative risk model; all other values
are based on the absolute risk model.)
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Our understanding of the origins of cancer is more limited
than that of the origins of genetic defects.' Genetic defects
are ascribed directly to alterations in the genetic material,
i.e. the DNA. There is good evidence to indicate that cancers
are also associated with changes in DNA but we know that many other
factors are involved, e.g. control of the expression of various
genes in the cell, immunological suppression of the growth of
pre-cancerous cells, and promotion of the growth of pre-cancerous
cells by other external agents. The values given in Table 5
represent the best estimates that have been derived in recent years
for human populations living under the conditions that have prevailed
over the past thirty years.

The main conclusion to be drawn from the comparison of Tables
4 and 5 is that the fraction of all fatal cancers and the fraction
of all deleterious genetic defects caused by background radiation
are probably similar and are thought to be somewhere in the region
of 0.2 to 2 percent of the natural incidence in both cases. The
commonly accepted value, based on the 1977 United Nations review (4),
is about 0.5 percent, i.e. one in every two hundred fatal cancers
or genetic defects are due to natural background radiation.

4. Radiation Exposures from Various Sources

Humans have always been exposed to low levels of ionizing
radiation from natural sources, notably cosmic rays, radiation
from the earth and radiation from internal radionuclides. Each
of these sources contributes about one-third to the average
background radiation level of 0.1 rem per year (Table 5) (4).
The internal radionuclides are derived from food and water; since
small amounts of radioactive materials are naturally present in
all soil and in the air, all food and water also contains trace
amounts of these materials.

The major contribution to internal radiation exposures derives
from potassium-40 (4) (Table 6), an isotope which has been present
in small amounts (0.01% at present) in all naturally occurring
potassium for billions of years. Normal life processes depend
upon potassium ion, which is actively concentrated by living
organisms to a point where its concentration inside the cell is
approximately 50 times greater than that in sea-water. Since the
concentration of potassium in the body is closely regulated by
normal physiological processes, the radiation exposure due to
potassium-40 in the body does not vary appreciably from one person
to another or from one area of the world to another.

Other radioactive components of the elements essential to
life include carbon-14 and tritium (hydrogen-3). These two
isotopes are produced by cosmic radiation in the atmosphere and
normally account for about 0.5% of natural background radiation
levels (Table 6); because of atmospheric testing of atomic bombs
around 1960, the contribution of these two radionuclides to totaJ
background radiation has been increased to approximately 0.65% at
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TABLE 6

AVERAGE RADIATION EXPOSURES TO GONADS AND BONE MARROW
OF THE GENERAL PUBLIC

(excluding occupational radiation workers)

Radiation Source Gonads
(rem/ye ar)

Bone
Marrow
(rem/year)

Cosmi c Rays

Terrestial sources
(Potassium, uranium and thorium
in rocks and soil)

Internal sources

(a) ingestion of cosmogenic radio-
nuclides (C-14, Na-22, H-3)

(b) ingestion of primordial radio-
nuclides
- potassium (K-40)
- uranium (U-238) and daughters
- thorium (Th-232) " "
- rubidium (Rb-87)

0.032

0.032

0.0005

0.032

0.032

0.002

0.015
0.007
0.0013
0.0008

0.027
0.013
0.005
0.0004

Total from natural sources 0. 09 0.11

Medical diagnostic procedures (USA)

Inhalation of radon in buildings

Fallout from bomb tests
(Cs-137, Sr-90, C-14, H-3, etc.)

Nuclear power stations

All other man-made sources
(air travel, electronic equipment,
luminous signs, smoke detectors,
phosphate fertilizers, combustion
of coal and natural gas, etc.)

0.023

0.004

0.001

0.001

0.003

0.

0.

-

< 0.

< 0.

12

006

--

001

003

Total from human activities 0.03 0.13
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present (4). Increments in the concentrations of these two
radionuclides are also observed in the immediate vicinity of
CANDU nuclear power reactors.

The contribution from internal radionuclides which are not
essential to life may vary considerably from on; part of the
world to another depending upon the concentrations of these
materials in local food and water. In the case of radium-226
(one of the daughters of uranium-238), for example, the average
daily intake for humans in most regions of the world is about
one picocurie (or 0.038 becquerel)(4). About 90% of this total
derives from food and 10% normally from drinking water, since the
concentration of this isotope in rainwater and many surface
waters is relatively low. However, radium-226 concentrations of
one to 10 picocuries per litre are not exceptional in well and
mineral waters (4,27). At a concentration of 10 picocuries per
litre, drinking water would become the major source of intake for
a person who consumed one to two litres of this water per day.
The average radiation dose to the gonads would be increased by
0.005-0.01 rem per year under these circumstances, i.e. by
5-10 percent of total natural background radiation levels. These
and other related factors have been considered in the recommend-
ations of the International Commission on Radiological Protection
(22) concerning annual limits on intake for a variety of radio-
nuclides including radium-226.

Other variations in natural background radiation levels are
caused by differences in cosmic ray exposure at different altitudes
about sea level and by differences in the radioactivity of the
soil from one place to another (4). Although the average background
from all sources is usually taken to be about 0.1 rem per year,
this value varies from about 0.08 to 0.25 rem per year in populated
areas of the U.S.A. and may reach as much as 1 rem per year in
certain areas of the world such as the thorium-rich sands of
Kerala, India (4,11,15).

As far as cancer hazards are concerned, the two major
increments in general radiation exposure of the general public
caused by human activities are (a) the inhalation of radon daughters
which accumulate in houses and other enclosed spaces and (b)
exposure to medical X-rays (4). Inhalation of radon and radon
daughters results in high radiation doses to the lung and bronchial
epithelium, but has little effect upon radiation doses to the
gonads and thus presents little genetic hazard (4) (Table 6).
Medical X-rays and radio-pharmaceuticals are thought to add about
0.1 to 0.12 rem per year on the average to whole body dose to
the population; of this total, only about 0.02 rem per year is
genetically significant (4) (Table 6). For most persons in the
general population, therefore, radiation exposures of genetic
importance have changed very little during the past thousands of
years and the major contribution still derives, as it always has
done, from the natural background of cosmic rays, radiation from
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the soil and radiation from the radionuc1ides which form a
normal constituent of the body.

However, ivarious groups of occupational workers are exposed
to considerably greater radiation doses; quantitative estimates
of the genetic hazards of radiation are particularly important
in this case. The total number of genetic defects which might
appear in the children and grandchildren of these workers is
indicated in Table 7. The risk estimates used for this calculation
are those published in 1977 by the United Nations Scientific
Committee (4) and the International Commission on Radiological
Protection (23); the estimates released by the BEIR III committee
in 1979 (15) would give values which range from the same number
to a number which is about ten times smaller.

The calculated values in Table 7 assume that the radiation
worker in question is exposed to the same annual dose every year
from age 18 to age 30, the average age of reproduction. At 0.4
rem/year, which is the average for employees of the Chalk River
Nuclear Laboratories (and for aircrew flying commercial sub-sonic
jet aircraft), the predicted increase is about 0.5 percent of
the normal incidence. At 1 rem per year, which is the average
for employees of Ontario Hydro Nuclear Division and for many
underground uranium miners (4), the number of deleterious
genetic diseases might be increased by about one percent, i.e.
from 105 to 106 per thousand. At 5 rem per year, which is the
maximum permissible dose for radiation workers, the predicted
increase would be about six percent (or, using BEIR III estimates,
between 0.6 and 6 percent). Assuming that humans respond in the
same way to radiation as other mammals, most of these genetic risks
would be due to irradiation of the male parent; very few mutations
are expected to result from exposure of the female parent to low
level radiation.

Uranium miners, in contrast to other radiation workers, are
exposed not only to higher levels of whole body radiation from
external sources but also to higher concentrations of radon and
radon daughters in the air which they breathe during working hours.
However, the main hazard of inhalation of radon daughters is the
increased incidence of lung cancer (4). The increase in radiation
dose to the gonads' due to inhalation of radon and radon daughters
is small (0.02-0.09 rem per year) in comparison to the whole-body
radiation dose of x rem per year or more from external sources
to uranium miners.
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TABLE 7

INCIDENCE OF GENETIC OR PARTIALLY GENETIC DISEASES
IN OUR CHILDREN AND GRANDCHILDREN

General population 105/1000

Radiation workers (predicted)

- 0.4 rem/year 105.5/1000

- 1 rem/year .106.0/1000

- 5 rem/year 111.0/1000

5. Population Studies

A question frequently raised by non-biologists who are
concerned about radiation effects is the extent to which the
accepted risk-estimates may be in error. Do we have any direct
proof that natural background radiation could not be responsible
for either (a) zero percent of all genetic defects and zero
percent of all cancers in human populations, or (b) one hundred
percent of all genetic defects and one hundred percent of all
cancers in human populations? There is no direct proof that
low level radiation has any effect at all on humans; it is only
a reasonable assumption. Secondly, we do have sufficient
information on humans exposed to varying low levels of radiation
between 0.1 and 1 rem per year to indicate that natural background
radiation could not be responsible for more than a few percent of
fatal cancers. The logic involved is straightforward. If ten
percent of all fatal cancers were due to the natural background
of 0.1 rem per year, then populations exposed to 1 rem per year
should have about double the incidence of fatal cancers found in
most people, assuming that the dose-response relationship is
linear. We know that this is not true. Persons exposed to 1 rem
per year in nuclear power stations are, if anything, healthier
than persons of the same age and sex in the general population(24)
(Fig.2). Persons exposed to 0.2 rem per year at higher altitudes
are also healthier than average; they do not suffer from a higher
incidence of fatal cancers nor is there any increase in the proportion
of fetal deaths which could be ascribed to genetic or partially
genetic causes (25)(Fig.3). There may be a number of reasons
(unrelated to radiation exposure) why this is true; nevertheless,
these data in themselves are sufficiently accurate to prove directly
that low-level radiation is not a major environmental hazard,
either in terms of fatal cancers or of genetic defects.
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FIGURE 2

MORTALITY OF ONTARIO HYDRO EMPLOYEES 1970-1978
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A f u n d a m e n t a l law of p o p u l a t i o n g e n e t i c s w a s f o r m u l a t e d
in 1908 by H a r d y and W e i n b e r g . T h i s law s t a t e s that if a m u t a t i o n
is n e u t r a l , that is it c o n f e r s no a d v a n t a g e or d i s a d v a n t a g e on the
c a r r i e r e i t h e r w h e n horaozygous or h e t e r o z y g o u s , t h e n its f r e q u e n c y
in the p o p u l a t i o n w i l l r e m a i n c o n s t a n t from g e n e r a t i o n to g e n e r a t i o n .
T h i s is irue w h e t h e r the m u t a t i o n is r e c e s i v e or d o m i n a n t .
;t a l s o f o l l o w s from the H a r d y - W e i n b e r g law chat if a m u t a t i o n is
b e n e f i c i a l it is l i k e l y to s p r e a d in the p o p u l a t i o n , but if it is
d e l e t e r i o u s it s h o u l d d e c r e a s e in f r e q u e n c y In p r a c t i c e of
c o u r s e the loss if d e l e t e r i o u s m u t a t i o n s , c a u s e d by a f a i l u r e or
r e d u c e d a b i l i t y of c a r r i e r s to r e p r o d u c e , is b a l a n c e d in each j; <.• n e r T t i i
by an e q u a l n u m b e r of n e w l y a r i s i n g m u t a t i o n s . Any c h a n g e in the
e n v i r o n m e n t l i k e l y to i n c r e a s e m u t a t i o n rate w i l l c a u s e an i n c r e a s e
in m u t a t i o n s u n t i l a n e w e q u i l i b r i u m is e s t a b l i s h e d , and v i c e v e r s a .
A m o r e d e t a i l e d d i s c u s s i o n oi t h e s e p r i n c i p l e s can be found in
r e f e r e n c e s (6) and ( 8 ) .

T h e s e p r i n c i p l e s can be d e m o n s t r a t e d in l o w e r o r g a n i s m s such
as the fruit fly ( D r o s o p h i l a ) . In the e x p e r i m e n t s h o w n in F i g u r e 4,
a s t o c k s t r a i n of f r u i t f l i e s w a s f i r s t f r e e d of r e c e s s i v e lethal
m u t a t i o n s on one p a r t i c u l a r c h r o m o s o m e ( c h r o m o s o m e 2) by s e l e c t i v e
b r e e d i n g p r o c e d u r e s in the l a b o r a t o r y ( 2 8 ) . T h i s i n b r e d s t o c k w a s
d i v i d e d into t h r e e s e p a r a t e g r o u p s of 1 0 , 0 0 0 i n d i v i d u a l s e a c h ,
c o m p r i s i n g a c o n t r o l g r o u p e x p o s e d to n o r m a l b a c k g r o u n d r a d i a t i o n
l e v e l s of 0 . 0 0 0 0 1 rem per h o u r , a g r o u p e x p o s e d to 0.9 rem per h o u r
and a g r o u p e x p o s e d to 5.1 rem per h o u r c o n t i n u o u s l y o v e r m a n y
g e n e r a t i o n s . In the c o n t r o l p o p u l a t i o n , s p o n t a n e o u s m u t a t i o n s
i n c r e a s e d the l e v e l of r e c e s s i v e l e t h a l s on c h r o m o s o m e 2 f r o m
fie i n i t i a l l e v e l of 07 t o ~ " 2 5 % by g e n e r a t i o n 60 to 80 ( F i g . A ) .
Ttiis e q u i l i b r i u m l e v e l , w h i c h r e p r e s e n t s a b a l a n c e b e t w e e n the rate
at w h i c h a d d i t i o n a l m u t a t i o n s are i n t r o d u c e d into the p o p u l a t i o n
and the r a t e at w h i c h they are e l i m i n a t e d f r o m s u b s e q u e n t g e n e r a t i o n s
by the p r o c e s s of n a t u r a l s e l e c t i o n , r e m a i n e d r e l a t i v e l y c o n s t a n t
o v e r the r e m a i n d e r of the s t u d y ( 2 8 ) . T h e p o p u l a t i o n e x p o s e d to
0.9 r e m per h o u r or a b o u t 350 rem per g e n e r a t i o n did not d i f f e r
m a r k e d l y f r o m the c o n t r o l a f t e r 120 g e n e r a t i o n s ( F i g . 4 ) . A m a r k e d
d i f f e r e n c e f r o m the c o n t r o l p o p u l a t i o n w a s o b s e r v e d o n l y in f l i e s
e x p o s e d to 5.1 r e m p e r h o u r or 2 0 0 0 rem per g e n e r a t i o n ( F i g . 4 ) ;
in t h i s c a s e , the i n c i d e n c e of r e c e s s i v e l e t h a l m u t a t i o n s i n c r e a s e d
to a b o u t 85 p e r c e n t a f t e r 6 0 - 8 0 generation;; and r e m a i n e d at this
e q u i l i b r i u m l e v e l for the n e x t 60 g e n e r a t i o n s ( 2 8 ) . C e s s a t i o n
of e x p o s u r e at 2 0 0 0 rem per g e n e r a t i o n r e s u l t e d , as e x p e c t e d , in
a g r a d u a l d e c r e a s e in the l e v e l of r e c e s s i v e l e t h a l s t o w a r d s that
o b s e r v e d in c o n t r o l p o p u l a t i o n s ( F i g . 4 ) . T h e r a d i a t i o n e x p o s u r e
r e q u i r e d to d o u b l e the s p o n t a n e o u s m u t a t i o n rate in f r u i t f l i e s
is b e l i e v e d to be s i m i l a r to the d o u b l i n g d o s e for m i c e and h u m a n s
( 1 1 ) . It is t h e r e f o r e not too s u r p r i s i n g that no a d v e r s e g e n e t i c
h e a l t h e f f e c t s c o u l d be d e t e c t e d in s t u d i e s on h u m a n s e x p o s e d to
0.2 rem per y e a r (6 r e m per g e n e r a t i o n ) for a v e r y few g e n e r a t i o n s
( F i g . 3 ) .

P o p u l a t i o n s t u d i e s w i t h m a m m a l s h a v e n e c e s s a r i l y b e e n
r e s t r i c t e d to l o w e r r a d i a t i o n d o s e s t h a n t h o s e used in the a b o v e
e x p e r i m e n t w i t h f r u i t f l i e s ( F i g . 4 ) . T h e r e w e r e no s i g n i f i c a n t
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FIGURE h

EFFECT OF CHRONIC GAMMA-IRRADIATION
ON THE ACCUMULATION OF RECESSIVE
LETHAL MUTATIONS IN FRUIT FLIES

(DATA FROM WALLACE, 1956)
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[Note: 1 rad gamma-radiation = 10 mGy = 1 rem.]

differences in genetic characteristics (skeletal traits,
pre-natal mortality) of natural populations of Indian black rats
living in areas which differed 7.5-fold in background radiation
levels (11) .

In laboratory experiments, parental male mice were repeatedly
exposed to relatively high radiation doses (e.g., 900 rem for
each of eight generations, 300 rem for 15 generations, or 200 rem
for 35 generations), so that the cumulative radiation exposure
to the males of all of the combined generations approached 7,000
rem. Despite these high exposures, no change in the general
health or fitness of the offspring could be detected in any of
the generations (26). It is possible that these negative results
could be ascribed to the relatively small size of the experiments
and their inability to detect "small genetic variability" (26).
However, these experiments provide further good reason to believe
that even large radiation exposures over many generations would
not have any dramatic effect on the health and fitness of human
populat ions.
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6. S u m m a r y

The g e n e t i c m a t e r i a l in l i v i n g o r g a n i s m s is s u s c e p t i b l e
to d a m a g e from a w i d e v a r i e t y of c a u s e s i n c l u d i n g r a d i a t i o n
e x p o s u r e . M o s t of this d a m a g e is r e p a i r e d by the o r g a n i s m ;
the r e s i d u a l d a m a g e and d a m a g e w h i c h is not c o r r e c t l y r e p a i r e d
can lead to g e n e t i c c h a n g e s such as m u t a t i o n s . In lower o r g a n i s m s ,
it can be d e m o n s t r a t e d (a) that m o s t o f f s p r i n g c a r r y an u n a l t e r e d
copy of the g e n e t i c i n f o r m a t i o n that w a s p r e s e n t in the p a r e n t a l
o r g a n i s m , (b) that most of the g e n e t i c c h a n g e s w h i c h do o c c u r
are not c a u s e d by n a t u r a l b a c k g r o u n d r a d i a t i o n , and (c) that
the i n c r e a s e in f r e q u e n c y of g e n e t i c c h a n g e s a f t e r i r r a d i a t i o n
at low d o s e - r a t e s is d i r e c t l y p r o p o r t i o n a l to t o t a l r a d i a t i o n d o s e .
The same p r i n c i p l e s a p p e a r to be v a l i d in m a m m a l s and o t h e r h i g h e r
o r g a n i s m s .

E a c h h u m a n b e i n g c a r r i e s a u n i q u e a s s o r t m e n t of v i a b l e
m u t a t i o n s or v a r i a t i o n s on the b a s i c i n s t r u c t i o n s e n c o d e d in the
g e n e t i c m a t e r i a l . S o m e of t h e s e m u t a t i o n s lead to d e l e t e r i o u s
h e a l t h e f f e c t s . C u r r e n t e s t i m a t e s i n d i c a t e that a b o u t 105 out
of e v e r y 1,000 p e r s o n s b o r n s u f f e r f r o m some g e n e t i c or p a r t l y -
g e n e t i c c o n d i t i o n r e q u i r i n g m e d i c a l a t t e n t i o n at some time in
the p e r s o n ' s l i f e . No i n c r e a s e in g e n e t i c d e f e c t s has b e e n d e t e c t e d
in the c h i l d r e n of h u m a n s e x p o s e d to h i g h r a d i a t i o n d o s e s in the
p a s t . T h u s no d i r e c t e s t i m a t e of g e n e t i c h a z a r d s in h u m a n s is
p o s s i b l e but the d a t a p e r m i t c a l c u l a t i o n of m a x i m u m r a d i a t i o n
r i s k s . T h e s e m a x i m u m risk e s t i m a t e s are not out of line w i t h the
r e s u l t s o b t a i n e d in m i c e and o t h e r o r g a n i s m s . On the b a s i s of
the l a t t e r r e s u l t s , it has b e e n e s t i m a t e d that a p p r o x i m a t e l y
0.5 p e r s o n s in e v e r y 1,000 b o r n c a r r y a d e l e t e r i o u s g e n e t i c m u t a t i o n
that w a s c a u s e d by the c o n t i n u e d e x p o s u r e of m a n y g e n e r a t i o n s of
our a n c e s t o r s to the n a t u r a l b a c k g r o u n d r a d i a t i o n level of
0.1 rem per y e a r . On the s a m e b a s i s , it is p r e d i c t e d that the
i n c i d e n c e of g e n e t i c or p a r t i a l l y g e n e t i c d i s e a s e s w o u l d be
i n c r e a s e d f r o m the n o r m a l v a l u e of 105 up to 106 per 1,000 in the
c h i l d r e n and g r a n d c h i l d r e n of r a d i a t i o n w o r k e r s w h o w e r e e x p o s e d
to 1 rem per y e a r c o m m e n c i n g at age 1 8 . H o w e v e r , t h e r e w a s no
d e t e c t a b l e c h a n g e in the h e a l t h and f i t n e s s of m i c e w h o s e m a l e
a n c e s t o r s w e r e r e p e a t e d l y e x p o s e d to h i g h r a d i a t i o n d o s e s up to
9 0 0 rem per g e n e r a t i o n .
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1. INTRODUCTION

The quantification of radiation hazards depends primarily
on (a) accurate measurement of harmful effects caused by high
doses of radiation, where effects are large enough to be observed,
and (b) prediction from these data of the number of harmful
effects expected at low levels of radiation, where effects are
too minute to be measured. During the past twenty years,
published data on deleterious effects of high radiation doses
have been repeatedly reviewed by the various national and inter-
national scientific committees that are appointed for this purpose
(1-5). There is thus a fairly general consensus on effects
produced by high-level radiation in humans or in other living
organisms. However, reliable extrapolation from these known and
measured effects of low-level radiation requires understanding
of dose-response curves. This presentation will therefore focus
on the latter area, which is crucial to the assessment of the
hazards of low-level radiation.

The first tentative guidelines for protection of radiologists
against the deleterious effects of high doses of X-rays were
developed in the 1920's. The harmful effects considered at that
time were reddening of the skin, radiation burns, gross destruction
of tissues, and induction of cancer by high radiation doses.
It was implicitly assumed that small doses of radiation would
not have any harmful effect. This assumption is no longer thought
to be correct for induction of cancer, although it has been amply
confirmed for the other deleterious effects mentioned above.

Evidence for a non-threshold, linear dose-response relation-
ship was first derived from genetic experiments. In 1927, Muller
demonstrated that X-radiation could also induce changes in the
genetic characteristics of a living organism, i.e. the fruit fly
(6); it was later concluded that the number of induced genetic
changes was directly proportional to total radiation dose. The
idea that the number of genetic defects induced in humans would
increase linearly with radiation dose was consequently brought
into the discussions of the International Commission on Radiological
Protection (ICRP) and was in part responsible for the reduction
in maximum permissible occupational exposures to 5 rem per year
in the late 1950's (7).
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The non-threshold concept for radiation-induced cancers was
introduced in quantitative forms into the scientific literature
in 1957 in two independent papers (8,9), one from the Chalk River
laboratories. This concept has now been accepted as the best
method to estimate maximum carcinogenic risks by all the national
and international committees appointed to assess the hazards of
low-level radiation. The present paper will review some of the
evidence involved.

For the present purposes, low-level radiation will be defined
as whole body exposures of 5 rem or less per year. At these levels,
the radiation hazards of concern are induction of genetic defects
and of cancers. Dose-effect curves for various harmful effects
produced by exposures to much higher radiation levels will not
be reviewed.

2. UNITS OF RADIATION EXPOSURE

For many years, the basic unit of radiation dose has been
the "rad". This is equivalent to the quantity of radiation that
deposits 100 ergs of energy in each gram of irradiated material.
The rad is essentially identical to the older unit, the roentgen,
when the source of radiation is X-rays and the irradiated material
is water. In the new SI units which are currently being introduced,
one gray (Gy) equals 100 rads, and is equated to the deposition
of one joule of energy per kilogram of irradiated material.

Dose equivalents have been expressed in "rem". The rem is
defined as one rad multiplied by an internationally accepted
value for the quality factor of the radiation in question. The
quality factor for 200 kV X-rays is unity; thus one rad of
X-rays equals one rem. The quality factors for 1 MeV neutrons
and for 1 MeV alpha-particles are 10 and 20 respectively (10);
thus one rad of neutrons equals ten rem and one rad of alpha-
particles equals twenty rem. The quality factor depends upon the
energy of the particles involved (10). Strictly speaking, the
quality factor is applicable only to low levels of radiation (5 remsor less),
Doses will therefore be expressed in rads rather than rem through-
out most of this particular review.

Radiation exposures caused by inhalation of radon daughters
are uncertain and have usually been expressed in terms of working
level months (WLM). The "working level" is defined as any
combination of short-lived radon daughters in one litre of air
that will result in emission of 1.3 x 105 MeV of potential alpha
energy; the working level month is the exposure by a working
adult to one working level for 170 hours (2). The 1977 UNSCEAR
report suggested that 1 WLM is approximately equivalent to 1 rad
to the bronchial epithelium (2). The 1972 U.S. BEIR committee
suggested that one WLM is approximately equivalent to 5 rem to
the bronchial epithelium (3) but noted that this number has a large
range of uncertainty. The hazards of inhalation of radon daughters
have, however, been estimated on the basis of exposures in WLM,
not rem, so that an exact conversion from WLM to rem is not
required for the calculation of radiation risks.
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3. GENETIC EFFECTS OF RADIATION

There is reasonably good proof that the linear dose-response
relationship describes accurately the induction in yeast cells of
certain types of genetic changes by low-level radiation (11,12).
A dose-response curve which is linear from say 5,000 rads down to
1 rad (11,12) provides strong circumstantial evidence in favour of
the supposition that the response would be linear down to still
lower doses of radiation, but does not prove this fact conclusively.
In one particular test system with coliform bacteria (13), it has,
however, been possible to prove that the dose-response curve is
linear down to a radiation dose which would produce less than one
ionization per cell on the average; in this case, the dose-response
curve must necessarily be linear right down to zero dose.

Dose-response relationships have been extensively studied
(14,15) for mutations that produce a change in the colour of stamen
hairs in Tradesaantia (spiderwort) (Figs.1-4). Each flower has about
300 stamen nairs; thus large numbers of individual stamen hairs
can be examined using a relatively small number of plants. With
X- or gamma-radiation at high dose rates, the number of genetic changes
induced is directly proportional to radiation dose below 10 rads,
is increased in response to the square of the dose between 10 and
100 rads, and decreases again at doses above 100 rads (Figs.l and 2).

FIGURE 1
(data from reference 14)
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FIGURE 2
(data from reference 15)
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There is no indication of a threshold or quasi-threshold
at low doses, nor is there any indication of increased response
per unit dose at very low doses. The decrease at high doses above
100 rads is attributed to cell "killing" or sterilization. That
is to say, at high radiation doses many of the cells have suffered
so much damage to various portions of the cell that they can no
longer grow and produce altered daughter cells. In fact, 50%
of all the stamen hairs, whether mutant or not, fail to grow after
an acute dose of about 170 rads of X-rays (15).

When the dose rate of X or gamma-radiat ion is decreased, the
linear portion of the dose-response curve remains unchanged but
the dose-squared component disappears (Fig.2). Thus the number
of mutations produced at 50-80 rads decreases as the irradiation is
spread over longer and longer periods of time, until this number
reaches a minimum value corresponding to that expected for a simple
linear dose-response relationship (Fig.3).

These curves are interpreted to mean that the genetic change
in question depends upon two co-existent events in the genetic
material that are close enough to interact. All sparsely ionizing
radiations such as X-or gamma-rays contain a small component which
is densely ionizing enough to produce nearly simultaneous (or
co-existent) events in the genetic material; this component is
responsible for the linear portion of the dose-response relationship.
The dose-squared portion of the curve observed at high dose rates is
thought to be due to interaction between events produced by two
separate X-or gamma-ray tracks. This dose-squared component
disappears when the dose rate is low because damage caused by the
first event has been repaired before the second event can occur.
Some scientists use the phrase "saturation of repair systems" at
high doses and high dose-rates to describe the same sequence of
events; it is a fairly general phenomenon in radiobiologica1 studies

The dose-response curve for densely ionizing particles such as
neutrons exhibits only the linear relationship between dose and
number of mutations at low doses, plus the decrease in response
per unit dose caused by cell killing at high doses (Figs.l and 4 ) .
No change in the linear portion of the curve was observed with a
decrease in the dose rate of neutrons from 60 to 0.2 rads per hour
(14). Linearity was demonstrated down to doses of 0.01 rads of
neutrons (and about 0.3 rads of gamma-rays). As expected (10),
the maximum biological effectiveness for neutrons was observed
with neutron energies in the region of 0.4 MeV (14).

The results obtained with Tradesaantia (14,15) have been
described in some detail because they are fundamental to our
interpretation of dose-response curves in mammals. Millions of
dollars have been devoted to measurements of genetic changes
induced in irradiated mice. Although the mouse data are highly
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FIGURE 4

(data from reference 14)
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relevant to the calculation of genetic risks in humans, they are
still much less precise than those obtained with lower organisms
and are therefore potentially open to different interpretations;
moreover, the lowest dose of X- or gamma-radiation at which it has
been possible to detect any increase in spontaneous rate of
genetic events in mice is 25 rads (2). However, the mouse data
(Fig.5) are in general agreement with the results obtained with
Tradesaantia. Based on the results obtained with Tradesaantia
and with lower organisms, there is therefore good reason to
believe the dose-response curve at low dose rates is linear down
to zero dose in mice and in humans.

No increment in incidence of genetic diseases has been
detected among the children of parents exposed to high doses of
radiation at Hiroshima and Nagasaki (2,3). Quantitative estimates
of the genetic hazards of low-level radiation in humans are
therefore based largely on the results of mouse data such as those
shown in Fig.5. A number of safety factors have been introduced
into the calculations in order to be certain that genetic risks
in humans have not been underestimated (2,3). The resulting
numbers are used extensively in the calculation of the hazards of
low-level radiation. It should, however, be noted that no marked
changes in health and general fitness are observed in mice whose
fathers, grandfathers and other male ancestors were repeatedly
exposed to high radiation doses (200 to 900 rem per generation)
with a cumulative total dose of about 7,000 rads over several
generations (18). There is thus no reason to believe that low-level
radiation presents a major genetic hazard to the health of human
populat ions .

4. RADIATION-INDUCED CANCERS

It is currently believed that cancers, like genetic defects,
are associated with changes in the genetic material of the cell.
There are a numbar of reasons for this assumption: (a) The basic
instructions for cell functions are encoded in the genetic material
(DNA) and it seems reasonable to assume that the change (or changes)
in cell function associated with the transformation to cancer cells
is (or are) associated with some change in the genetic material,
(b) Chemicals which produce cancer in animals also cause mutations
in lower organisms; in fact, new chemicals are currently screened
for carcinogenic potential on the basis of their ability to produce
genetic changes in microorganisms (19). (c) Humans who suffer
from rare hereditary deficiencies in their ability to repair damage
to the genetic material of the cell are prone to development of
cancer (20).

It seems reasonable to assume, therefore, that the induction
of potentially cancerous changes in the genetic material of the
cells of the human body follows the same type of dose-response
functions that were described above. That is to say, at low dose
rates the number of pre-cancerous, or potentially cancerous, lesions
induced by radiation is directly proportional to total radiation
dose all the way down to zero dose.
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FIGURE 6
(unpublished data from J.F. McGregor, CRNL)
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However, there is a major gap between our understanding of
the kinetics of induction of potentially cancerous changes in
the genetic material at a given time and the actual growth of a
clinical cancer some ten to thirty years later. It is known that
many potentially cancerous cells remain dormant throughout the life
span of an animal. Cancer development after the initial exposure
can be stimulated by promoting agents, is suppressed by immunological
factors in the body, and probably depends in some as yet poorly
understood manner upon internal control of the functioning or
"expression" of the information encoded in the genetic material.
One example of the promotion of tumor development after irradiation
is shown in Fig.6. In this experiment, beta-radiation was used
to induce skin tumors in a defined area on the backs of rats.
If the irradiated area was painted with cigarette smoke condensate
(which in itself did not induce any skin tumors) starting two
months after irradiation, the number of skin tumors produced at
any given time after irradiation was increased roughly two-fold.
The induction of cancer is thus a much more complex system than
induction of genetic changes, but some similarities in dose-response
relationship do exist.
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FIGURE 7
(data from reference 21)
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Fig 7 illustrates how incidence of myeloid leuk -nia (and
ovarian tumors) in mice is affected by dose and dose rate of
radiation. These particular results agree reasonably well with
predictions based on the Tradeseantia system (Figs.1-4). The
number of leukemias induced by 100-200 rads of X- or gamma-radiation
decreases markedly with a decrease in the dose rate; there is no
evidence for a reduction in leukemia induction when the dose rate
for densely ionizing particles such as neutrons is reduced (Fig.7).

Dose response curves for radiation-induced leukemia in humans
can be derived from data on the survivors of Hiroshima (who were
exposed to neutrons plus gamma-rays) and of Nagasaki (who were
exposed primarily to gamma-rays). Apart from the tens of thousands
who died as a result of bomb blast, burns, and early effects of high
radiation doses, these data involve approximately 27,000 survivors
who were exposed to doses of 10 to 600 rads (average roughly 100 rads
or 200 rems) within a few seconds in 1945. In this group of persons,
5,182 deaths due to disease were recorded during the period
1950-1972, roughly the same number that would have been expected
in this period in the absence of radiation exposure (2). However,
the deaths included 84 attributed to leukemia, when only about 20
leukemia deaths would have been expected in the absence of the
radiation exposure in 1945 (2). As far as can be determined
from this small number of excess leukemia deaths, the shapes of the
dose-response curves (Fig.8) may again be similar to those
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FIGURE 8
(data from reference 22)
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described for Tradescantia. That is to say, the excess leukemias
increase in direct proportion to the neutron dose but increase
in proportion to the square of the dose for high doses c: gnmma
radiation at high dose rates (22). Thus risk estimates for
leukemia induction based on effects of high doses of X- or gamma-
radiation at high dose rate probably over-estimate the effects of
chronic gamma-radiation by some substantial factor (Fig.9). This
general principle has been accepted and clearly stated in recent
reports of the ICRP (23), the United Nations Scientific Committee
(2) and the U.S. National Academy of Sciences committee on the
biological effects of ionizing radiation (4).

Before proposing any major decrease in accepted risk estimates
for gamma radiation, three objections need to be considered:

(i) First, we still do not know how the shape of dose-response
curves is affected by promoting agents. One published

experiment involves induction of a virus-associated leukemia in
mice by X-radiation (24); in this case, a curve with increasing
response per unit dose at higher radiation doses was converted into
a linear dose-response relationship by use of urethane as a
promoting agent. Presumably the human populations exposed to high
radiation doses in the past were also exposed to the usual
promoting agents in their environment during the subsequent decades
when any excess cancers were developing. However, a better
understanding of the effects of promoting agents and co-carcinogenic
agents on the shape of dose-response curves would be useful. It is
quite possible that the effects of any single carcinogenic agent,
e.g. ionizing radiation, may always tend to be directly proportional
to exposure when these effects are superimposed upon.those of a
wide variety of other carcinogenic, co-carcinogenic and promoting
agents to which a human population is exposed.

(ii) The second caution concerns the relatively recent discovery
of radiosensitive subgroups, comprising perhaps 1-5 percent

of the general population of humans, that are believed to carry
hereditary deficiencies in their DNA repair systems (20).
Laboratory studies suggest that there will be little difference
in sensitivity to densely ionizing particles such as neutrons (12)
and that differences in sensitivity to gamma-radiation will be less
than two-fold (Fig.10). The currently accepted risk estimates
(2,4,23) are, as noted above, believed to overestimate leukemia
risks at low levels of gamma radiation by a factor of three or
more. This safety factor appears to be more than adequate to
ensure that leukemia risks are not underestimated even for persons
who belong to one of these radiosensitive subgroups (12,26).
These radiosensitive subgroups were presumably included in the
human populations exposed to high radiation doses in the past and
there is therefore no reason to believe that accepted risk
estimates are too low. However, any large decrease in accepted
risk estimates may be inadvisable until the results from these
studies can be more completely evaluated.
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(iii) The third and probably most important caution concerns
the induction of breast cancers in females by radiation.

Animal experiments suggest a strictly linear dose response
relationship for acceleration of the appearance of breast cancers
in rats by X- or gamma-radiation (27); moreover, there is little
decrease in the radiation effects when the exposure is protracted
over a long period of time (Fig.11). The limited human data
available also suggest that the increased incidence of breast
cancer observed in women who were exposed to repeated small doses
of X-rays in fluoroscopic examinations over a long period of time
is at least as great as in women exposed to a single large dose
of X—or gamma-rays in a few minutes (2,5). This type of response
does not resemble that observed for mutations in Tradesoantia
(Figs.1-3) or for induction of leukemia (Figs.7,8) but is
comparable to that observed in some micro-organisms (11-13). The
data suggest that there is little or no margin of safety in currently
accepted risk estimates for induction of breast cancer in females.

Induction of breast cancers represents a large component of
the total radiation hazard to females, as indicated by the following
study of the risk estimates published in 1977 by ICRP (23):

Females - fatal breast cancers 0.5 x 10 * per rem

- all other fatal cancers 1 x 10 "* per rem

Females - all fatal cancers

Males - all fatal cancers

1.5 x 10 per rem

1 x 10 * per rem

In addition, to the fatal breast cancers in females, it is
anticipated (2) that radiation would induce an equal number of
breast cancers which are curable by medical treatment (the cure
being often accompanied by disfiguration of the body). If a
realistic estimate of low level radiation hazards which did not
include any safety factors could be made, the major hazard to
females would in fact probably be induction of breast cancer.

Exposure to low doses of neutrons is roughly 100 times more
effective per rad than exposure to X-or gamma-radiation for
acceleration of the appearance of breast cancers in female rats
(30). This value is larger than the accepted quality factor of
ten (23) for conversion of neutron dose in rads into rems.
However, there is no evidence that the relative biological effect-
iveness of neutrons is appreciably greater than one for induction
of breast cancer in humans (2,31) and therefore no reason to
believe that the accepted risk estimates will underestimate the
carcinogenic risk of densely ionizing particles in this case.
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5. EPIDEMIOLOGICAL STUDIES OF RADIATION WORKERS

The major source of densely ionizing radiation for humans is
alpha-particles froir radon daughters in the lungs and from radium
in the bone. There h=»s been considerable scientific discussion
relating to dose-effect curves derived from follow-up of groups of
persons who were in the past exposed to high concentrations of
radium or of radon daughters. Early ICRP recommendations on
maximum permissible concentrations of radium in drinking water (32)
were based on the assumption of a safe dose (or threshold value)
for radium in bone; more recent recommendations (33) no longer
invoke this assumption.

High radium concentrations in the bone lead to a marked increase
in incidence of bone cancer (Fig.12). No bone cancers have been
observed in some 540 dial painters who were exposed to less than
500 rads cumulative dose to the bone from radium ingested roughly
fifty years earlier; the statistical probability that this
deviation from a linear dose-response curve would be observed by
chance is about ten percent (34). It has been suggested that these
data should be interpreted in terms of a practical threshold dose
for the carcinogenic action of alpha-particles from radium (35).
There is experimental evidence to support this contention (36).
As the concentration of radionuclide in the bone is decreased, the
time to appearance of bone cancer in dogs may increase. The same
may well be true for induction of lung cancer in dogs (36), and
the same principle can be demonstrated with some carcinogenic
chemicals (37). In theory, therefore, the normal life span of
the animal may dictate a practical threshold for the concentration
of a radionuclide which could produce a bone cancer within this
time, even if the number of cancers induced over a much longer
period of time would have been directly proportional to dose down
to very low concentrations. This principle is not generally
accepted in radiation protection, mainly for reasons of prudence
but also because there is no evidence for a similar threshold in
all studies of tumor induction by densely ionizing particles (34)
or by chemical carcinogens (38).

The dose-response relationship for lung cancers induced by
exposure of uranium miners to high concentrations of radon
daughters has also been a topic of considerable discussion.
Owing to uncertainties in calculation of the dose in rads or rems,
exposures are normally expressed in working level months (WLM)
as noted in section 2, pending resolution of those uncertainties
within the scientific community.

There does not appear to be any significant increase in
lung cancer incidence with exposures less than 60-120 WLM (39-42),
and the data can be fitted equally well by a number of different
dose-response functions including those (e.g. a probit function)
which predict a threshold or quasi-threshold (43).
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FIGURE 12
(data from reference 34)
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Fig.13 illustrates a log-log plot of the most recent data for
uranium miners from Czechoslovakia (40) together with various
alternative interpretations of these data. Predicted risks at
low exposures are very different depending upon the model chosen
to interpret the dose-response relationship. Above 100 WLM, the
lines representing a linear dose-response relationship with no
threshold, a linear dose-response relationship with a threshold
at 10 WLM, and a log dose-probit response relationship are
virtually identical and the epidemiological data would fit all
three models (Fig.13). However, the data are sufficiently
precise to indicate that any postulated threshold or quasi-
threshold must be fairly small and probably less than 10 WLM
(43). The distinction between a linear model and a threshold or
quasi-threshold model could thus be regarded as largely irrelevant
for estimation of practical hazards to uranium miners who are
exposed to 1-4 WLM per year. The main importance of this
possible distinction lies in assessment of the health effect
of radon daughters on the general population, where persons are
normally exposed to roughly 0.1 WLM per year on the average.
It has been argued that predicted risks based on a direct linear
extrapolation of measured hazards of radon daughters to uranium
miners greatly overestimate risks to the general public (44).
Probit models have been used in the past for estimating risks of
chemical carcinogens to the general public (45), but this latter
model is becoming less popular and an increasing number of
scientific arguments are being published in favour of adopting
a linear dose-response model for many chemical carcinogens
(38,46-50) .

The 1977 UNSCEAR report assumed that the number of lung
cancers induced by radon daughters would be directly proportional
to the exposure (2). The data on lung cancer in uranium miners
have also been interpreted in terms of a curve that is essentially
linear up to 100 WLM and then shows a decreased response per unit
dose at higher doses (51). This type of curve is frequently
observed with densely ionizing particles (Figs.4,5,7 and 12)
provided that the dose range is sufficiently large. The particular
curve suggested by Archer et at does not provide a good fit to
recent data for all Czech miners(40), although it does fit
data for Czech miners who were over age 30 at the beginning of
their exposure (39). However, in order to arrive at the particular
curve suggested by Archer et al (51), six out of eight data points
for U.S. uranium miners had to be discarded. If all of the U.S.
data (51) are evaluated (Fig.14), it becomes obvious that the
suggested curve is probably incorrect (43). On the basis of
maximum likelihood calculations, the most probable dose-response
relationship is very close to linear (43).

Risk estimates for lung cancers induced by radon daughters
will undoubtedly continue to be a topic of discussions, since the
data can be fitted by a number of different models and since the
actual exposures involved are uncertain. On the basis of
statistical probability, the data on the U.S. (51) and Czech
(39,40) uranium miners both suggest a linear dose-response
relationship with an intercept indicating a small excess of lung
cancers in miners which is not associated with exposure to radon
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FIGURE 14
(data from references 43 and 51)
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daughters (Fig.14)(43). Until such time as further information
becomes available, therefore, the linear dose-response relationship
adopted by the international committees does seem to provide a
reasonable interpretation of data on increased lung cancer incidence
in persons exposed to radon daughters.

There has not, as yet, been any good evidence for increased
incidence of cancer among radiation workers exposed to whole body
gamma-radiation below 5 rem per year in nuclear power stations,
reprocessing plants or research establishments. In fact, these
particular radiation workers, whether at Hanford (52 53),
Windscale (54,55), Oak Ridge (56) or Ontario Hydr" / ) , appear to
exhibit an overall incidence of cancer mortality .iich is less
than the average for persons of the same age and the same sex in
the general population. Initial suggestions that workers on
nuclear-powered submarines at Portsmouth, U.S.A., suffered from a
high incidence of leukemia (58) currently seem to be incorrect
(59). The cnly reliable data on radiation workers indicating
adverse health effects are in fact those mentioned above, i.e.
dial painters who in the past ingested large amounts of radium
and underground miners (in uranium, fluospar and other mines)
who inhaled large amounts of radon and radon daughters. Continued
follow-up of these particular groups of persons will play an
important role in increasingly accurate assessments of radiation
hazards in future.
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6. CARCINOGENIC AGENTS AND IMPLICATIONS OF THE LINEAR
DOSE RESPONSE MODEL FOR HEALTH PROTECTION

The list of agents known to be carcinogenic in humans
includes ionizing radiation, the ultraviolet component of
sunlight, asbestos, the polycyclic aromatic hydrocarbons found
in cigarette smoke and in soot, tar, or smoke from the combustion
of any other organic material, and about 26 other agents
(aflatoxin, benzene, diethy 1 sti 1 bestro 1 , vinyl chloride, etc.) .
There is reason to believe that about two thousand other known
chemicals are potential carcinogens for humans (60).

The two major environmental factors which have been
specifically linked to incidence of cancer in humans in North
America are (a) cigarette smoking, which is thought to be
responsible for most lung cancers (usually fatal) as well as for
an increase in incidence of fatal cancers of the mouth, throat,
esophagus, bladder, and other organs ( 6 1 > , and (b) exposure to
sunlight, which is thought to be responsible for most skin cancers
(usually non-fatal) (62). Dietary factors (63) and socio-economic
factors (64) are known to play a major role in cancer incidence;
this area is currently the topic of active research and highly
interesting data are gradually accumulating but, at the present
moment, the specific agents involved are not yet all clearly
identified. The agent responsible for most occupational cancers
in North America is thought to be asbestos. Ionizing radiation
ranks low on the list of leading causes of cancer (63,65).

In the past, regulatory agencies in the area of chemical
carcinogens frequently quantified the carcinogenic hazards of
chemical agents using probit dose-response models or other models
(38,45) which imply a threshold or quasi-threshold dose below
which no cancers would be induced. However, there is now a
tendency, both within and without the regulatory agencies
(38,46-50,66,67), to use the linear dose-response model for
predicting the maximum potential effects of low doses of chemical
carcinogens. The linear model implies that there is no safe dose
of the chemical in question and that tht. predicted carcinogenic
effects will increase in direct proportion to an increase in dose.
It is believed that this is a "conservative assumption" and will
not underestimate the potential health hazard of the chemical
agent (38,46-50).

The same assumptions have, of course, been used in radiation
biology for the past twenty years to assess the health hazards
of ionizing radiation (6-9) and consequently more time has been
available to assess the validity of these assumptions. The human
data base for assessment of the carcinogenic hazards of high
doses of ionizing radiation is also more extensive at present
than that for assessment of the carcinogenic hazards of most
chemical agents. This data base (2) includes groups of persons
from various countries who were in the past, for one reason or
another, exposed to (a) atomic bomb explosions over Hiroshima
and Nagasaki, (b) fallout on the Marshall Islands from nuclear
weapons tests, (c) inhalation of radon daughters in uranium
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mines, fluospar mines and certain other mines, (d) ingestion
of radium-226 during painting of luminous dials, (e) spinal radio-
therapy for treatment of gynecological disorders, (g) Thorotrast
as a diagnostic radiocontrast medium, (h) scalp radiotherapy
for treatment of tinea capitis, (i) throat radiotherapy for
tonsillar, thyroid or thymic enlargement, (j) chest fluoroscopy
during treatment of tuberculosis, (k) breast radiotherapy for
post-partum mastitis, (1) pre-natal X-ray diagnoses, and
(m) injection of radium-224 for treatment of bone tuberculosis
or of ankylosing spondylitis. As noted earlier, there is thus
a fairly general scientific consensus on the number of excess
cancers induced in human populations by exposure to high doses
of ionizing radiation, and also a fairly general consensus that
the linear dose-response model should be used to extrapolate
from these known effects to predicted maximum potential effects
of much lower radiation levels (1-5).

Consideration of the data included in the present review
suggests that (a) current estimates of the carcinogenic hazards
of radiation, based on the linear dose-response model, over-estimate
the risks of induction of leukemia and certain other cancers by
low levels of sparsely-ionizing radiation such as X-, gamma- or
beta-radiation, (b) the "safety factor" involved in these over-
estimates is probably in the region of two-to ten-fold, but not vastly
greater than ten-fold because all sparsely ionizing radiations elicit
a linear Component (as well as dose-squared and other components) in the
dose-response relationships, (c) there is little safety
factor involved in current estimates of the risk of induction of
breast cancer by low levels of sparsely ionizing radiation, and
(d) there is little or no safety factor involved in current
estimates of the carcinogenic hazards of low levels of densely
ionizing radiations such as neutrons or alpha-particles.

Although it may be premature to extrapolate precisely
analogous conclusions into L.he field of carcinogenesis by chemical
agents, it does however appear reasonable to suggest that the
linear dose-response model will similarly over-estimate the
carcinogenic hazards of some chemicals but may well provide a
reasonably accurate estimate of the carcinogenic hazards of other
chemical agents. A detailed discussion of the evidence in
favour of the linear dose-response model for asbestos and other
chemical agents will be found elsewhere (38,46-50).

Adoption of the linear dose-response model for estimating
the carcinogenic hazards of polycyclic aromatic hydrocarbons
in the urban atmosphere was recommended by a committee of the
U.S. National Academy of Sciences (46) as early as 1972. This
report (46) suggested that "the concept of a threshold dose is
probably meaningless, and it would be prudent, because of these
uncertainties of measurement,to extrapolate dose-response curves
to zero in a linear fashion". The reasoning appears identical to
that used by another committee of the U.S. National Academy of
Sciences concerned with the biological effects of ionizing
radiation (3). The report of this latter committee (3) suggested
"it is unlikely that the presence or absence of a true threshold
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for cancer in human populations can be proved. If the intent
of authorities is to minimize the loss of life that radiation
exposures may entail, they must, indeed, be guided by such
(linear) estimates, and will r>ot rely on notions of a threshold".

As noted by this latter committee (3), linear models are
easy to apply and give clear-cut estimates, but do provide non-
zero estimates of risk even at very low doses of carcinogen.
Table 1 indicates the results obtained when this model is used
to predict the (maximum) carcinogenic risks of human exposures
to low levels of ionizing radiation, or polycyclic aromatic
hydrocarbons, and of asbestos. The risk estimates used in these
three cases were, respectively, 1 fatal cancer per 10,000 rem
of whole body radiation (2), a 5 % increase in lung cancer death
rate for 1 pg of benzo(a)pyrene (BP) per litre of air (46),
and 3 % of all deaths of asbestos workers due to exposure to one
fiber of asbestos per cubic centimeter of air for 20 years (50).
It was further assumed, on the basis of recent vital statistics
for Canada and the U.S.A., that 20% of all deaths are due to
cancer and that 5% of all deaths are due to lung cancer specifically,

The comparisons shown in Table 1 indicate, first, that the
accepted radiation exposure limits for workers provide about the
same degree of health protection as the exposure limits recently
recommended for other known carcinogenic agents such as asbestos
and, second, that the predicted number of cancers caused by
radioactive effluents from nuclear power stations are several
orders of magnitude smaller than those caused by the polycyclic
aromatic hydrocarbons and other combustion products present in
the urban atmosphere. This fact has been noted earlier by a
number of authors (70-75). When the linear dose-response model is
used to assess carcinogenic hazards of various agents in our
environment (Fig.15), it appears thus that nuclear power represents
a relatively "clean" source of energy as compared, for example,
to the combustion of organic materials in urban areas (Table 1 ) .

The problems arising from adoption of the linear dose-
response model are not unique to radiation biology, where this
model originated, but now appear to involve the whole area of
chemical carcinogenic agents. Our culture has survived for many
years without considering these problems in detail. During the
past decades, infant mortality, maternal mortality, deaths from
infectious diseases, from parasitic diseases, from industrial
accidents and from malnutrition have all been greatly reduced
as industrial prosperity has increased. The average life-
expectancy has been increased by some 30-35 years as a result (75)
and the average hours of work have been reduced from 70-80
hours per week to approximately half that number. It is not
certain how much further the average life-span can be increased
in the near future but there is no indication that a maximum has
yet been reached (75). Due to the fact that people are living
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TABLE 1

CHANCES OF DEATH DUE TO EXPOSURE TO RADIATION, POLYCYCLIC AROMATIC
HYDROCARBONS AND ASBESTOS AS CALCULATED BY THE LINEAR DOSE-RESPONSE MODEL

Type of population
and years of exposure

Exposure level Chance
due to

of death
expo sure

Radiat ion:
Workers,40-50 years

Total population,
complete lifetime

5 rem/year (a) 2
0.5 rem/year (b) 0 2%

0.1 rem/year (c) 0.1%
0.005 rem/year (d) 0.005%

3 x 10~ 6 rem/year (e) 0.000003%

Polycyclic aromatic
hydrocarbons:

Total population,
complete lifetime

Asbestos:
Workers, 20 years

0

0

3
.2

2
.1

Pg BP
pg BP

fibers
fibers

per
per

per
per

litre
litre

cm 3

cm 3

of
of

of
of

air
air

air
air

(f)
(g)

(h)
(i)

0
0

6
0

.75%

.05%

%
.3%

(a) 5 rem/year is the maximum permissible exposure for individual
workers.

(b) 0.5 rem/year is recommended by ICRP as a desirable goal for
average occupational exposures.

(c) 0.1 rem/year is average natural background radiation level to
the whole body; this value does not include radiation
exposure to the bronchial epithelium from radon daughters.

(d) 0.005 rem/year is the design target for increment in radiation
exposure received by persons living on the boundary of a CANDU
nuclear, power reactor; actual exposures may be somewhat smaller(79)

(e) 3 x 10 6 rem/year is the average increment in radiation exposure
received by persons living within 88 kilometres of a 1000
megawatt LWR nuclear power reactor during normal operation (80).

(f) 3 pg BP per litre of air represents an average concentration for
polycyclic aromatic hydrocarbons in American cities in the
1960's (46); current values maybe somewhat lower.

(g) 0.2 pg BP per litre of air is taken to represent a similar
average for non-urban areas of the U.S.A. in the 1960's (46).

(h) 2 fibers of asbestos per cm3 of air is the 1976 OSHA maximum
permissible limit (time-weighted average) for occupational
exposures (68).

(i) 0.1 fibers of asbestos per cm3 of air is the 1977 NIOSH
recommendation for occupational exposures. The same value
corresponds to the mean concentration of asbestos in the air in
many schools and offices during routine activities (68); it
should however also be noted that asbestos is probably ten-fold
less carcinogenic for non-smokers (e.g. children in schools) than
for cigarette smokers (69).
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longer, cancer has now become the second leading cause of
death in North America and Europe. The average life span
could probably be increased by 2-3 years if all fatal cancers
could be eliminated (76). On the other hand, it is reasonable
to recognize the fact that the average life span could be
reduced by 30 years if our society were to revert to more primitive
conditions. The success of our industrial society has thus raised
the problem "how to retain present benefits and obtain still
greater benefits while at the same time reducing the social costs
in so far as it is possible to do so" (77). This involves
ensuring that workers and the general public will not be exposed
to levels of radiation or other carcinogenic agents that will have
appreciable deleterious effects upon their health, in as far as it
is possible to do so.

The approach to health protection standards taken by the
ICRP has been to recommend maximum radiation exposure limits and
further to recommend that all exposures below these limits should
be kept "as low as reasonably achievable, economic and social
factors being taken into account" (7,23,78). This approach, which
is based on the linear dose-response model for assessment of the
health hazards of low-level radiation, involves a continuing
effort within the nuclear power industry to find practical methods
for reducing radiation exposures still further when possible to
do so. A similar reasoning is currently becoming more widespread
in many of the other areas of our society that are subject to
regulation for health protection purposes.



B-2 3

7 . SUMMARY

The linear dose-response model used by international
committees to assess the genetic and carcinogenic hazards of
low-level radiation appears to be the most reasonable interpretation
of the available scientific data that are relevant to this topic.
There are, of course, reasons to believe that this model may
overestimate radiation hazards in certain instances, a fact
acknowledged in recent reports of these committees. The linear
model is now also being utilized to estimate the potential
carcinogenic hazards of other agents such as asbestos and polycyclic
aromatic hydrocarbons. This model implies that there is no safe
dose for any of these agents and that potential health hazards will
increase in direct proportion to total accumulated dose. The
practical implication is the recommendation that all exposures
should be kept "as low as reasonably achievable, economic and social
factors being taken into account".
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1. Introduction

Energy sources and supplies have been frequent topics of discussion,
primarily because our whole cultural system is dependent upon cheap and safe
supplies of abundant energy, and traditional supplies have become less reliable
and more costly in recent years. Of course, energy cannot be created de novo;
so when we speak of energy sources, we speak of existing energy that can be
converted into forms which humans can use for their own purposes.

Our main source of useable energy is the sun, a giant fusion reactor some
150 million kilometres from the earth. We are at present almost completely
dependent (and presumably always will be) upon radiation energy from the sun
for heat, light and, indirectly, for the food and oxygen which are essential to
life. In addition, humans have long adapted various sources of energy for
their own purposes, These sources include humans and domestic animals, wind,
wood, fossil fuels and water power. All of these sources are, directly or
indirectly, dependent upon the radiation energy from the sun. The energy
liberated during combustion of .wood, for example, represents solar energy that
was converted into chemical form by the process of photosynthesis in recent
years. The energy liberated during combustion of fossil fuels represents solar
energy that was similarly trapped and converted into hydrocarbons from
photosynthetic products millions of years ago.

In recent decades, developments in science and technology have led to the
exploration of two new energy sources which do not depend upon radiation from
the sun. The first of these is the fission of heavy elements such as uranium.
In the fission process, a nucleus of the heavy element splits into two
fragments of almost equal mass, with the release of energy and several
neutrons. This process occurs naturally in the earth, and in the biosphere, at
a very low rate. These neutrons can be used to initiate the fission of other
nuclei of the heavy element, and this "chain reaction", if controlled, can
produce useable energy. An understanding of the physics involved and the
development of the appropriate technology has led to the construction of
"nuclear power reactors" based on the fission process that currently produce
about 30% of the electricity used in Ontario, and about 12% of that used in the
U.S.A. and in Great Britain. The second of these sources of energy derives
from the fusion of light elements into heavier ones, with the liberation of
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energy. Fusion is also a natural process which is responsible for most of the
energy liberated by the sun. The technology for carrying out controlled and
sustained fusion reactions has not yet been fully developed and it is not
anticipated that useable energy from fusion reactors will be available for some
decades.

The production of useable energy from either the fission or fusion
processes involves large quantities of radioactive materials, both as starting
materials and the inevitable by-products of the processes, and care must be
exercised in handling these materials to protect workers and members of the
public from their possible adverse effects. The remainder of this presentation
will deal primarily with nuclear fission power reactors, since these represent
an existing alternative energy source.

2. Light and Heavy Water Power Reactors

A wide variety of nuclear reactors has been designed for various purposes
including those used as research tools, to produce radionuclides, for space
heating, to provide power for ships, and to produce electrical power. The
reactors used for the commercial production of electrical power in North
America are various versions of the U.S. light water reactor (LWR) and the
Canadian heavy water reactor (CANDU)*. Both of these reactor types consist of
a reactor core, a moderator fluid, a coolant fluid and a steam generator, which
drives conventional turbine electrical generators. The reactor core contains
the fissionable material (reactor fuel) that produces heat and neutrons. The
moderating fluid (ordinary water or H^O in a LWR, and heavy water or DjO in
a CANDU) slows down the neutrons (moderates their energy) so that they may more
efficiently produce other fissions. The coolant fluid (H^O in a LWR and
D2O in a CANDU) carries that heat from the reactor core to the steam
generator.

The CANDU and LWR both produce electricity cheaply and efficiently;
differences in the characteristics of these power reactors are summarized in
Table 1. Versions of these two reactor types currently producing power both
use the isotope uranium-235 as the primary fissionable material. The LWR must
use uranium that has been enriched in this isotope to about 3% by weight of
total uranium; this enrichment is carried out in plants that were originally
developed for military purposes. The CANDU reactor, because D?0 is a better
moderator, can use "natural" uranium, which has about 0.7% U-235 by weight. In
order to supply enriched uranium for a LWR program, large uranium enrichment
facilities are required, whereas in order to supply heavy water for CANDU
reactors, facilities that enrich water from its normal deuterium concentration
of about 0.015% to essentially 100% are required.

For good thermal efficiency of the steam generators, the coolant in both
types of reactors must be kept under pressure. The LWR reactor core, which can
be made smaller than a CANDU reactor core because of the enriched uranium, is
housed in a "pressure vessel", and fueling of these types of reactors can only
take place when the reactor is shut down. In the CANDU reactors, each "fuel

•Canadian Deuterium Uranium
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TABLE 1

CHARACTERISTICS OF LWR AND CANDU REACTORS
(from APS, 1978 and Robertson, 1979)

LWR CANDU

Enriched uranium Natural uranium

Ordinary water Heavy water

Pressure vessel Pressure tubes

Shut-down for re-fueling On-line re-fuel ing

channel" is in i ts own "pressure tube", which contains reactor fuel along with
coolant. Fueling takes place while the reactor is running, leading to a better
ut i l izat ion of the generating station. A large CANDU reactor has about 400
separate fuel channels. I t has been argued that this feature also makes the
CANDU much safer than the LWR, as the rupture of a pressure vessel in a LWR
would be considered a major accident, whereas the rupture of a pressure tube in
a CANDU would be of less consequence.

One of the by-products of burning uranium fuel in a reactor is the isotope
plutonium-239, which is i t se l f a fissionable material and therefore a fuel for
nuclear reactors. In fact, some of the Pu-239 produced in the CANDU and LWR is
fissioned and provides a portion of the power produced during normal operation
of these reactors.. Pu-239 is produced from the isotope U-238 in the uranium
fuel . CANDU reactors, with their higher U-238 content (U-238 being 99.3% by
weight of natural uranium) and different design, produce more of this isotope
than LWR. Fuel requirements and products of the LWR and CANDU are summarized
in Table 2.

I f the f i ss i le U-235 and Pu-239, and the fe r t i l e (can be used to "breed"
f iss i le plutonium) U-238 were to be extracted from spent fuel and processed
into new fuel on a continuous basis, the amount of natural uranium required to
produce 1 GW-year of electr ic i ty would be reduced appreciably. Other
"breeding" and recycling programs are being considered. One of these is the
"Fast Breeder Reactor", such as that currently under construction in France,
which wi l l burn mixtures of f i ss i le plutonium and depleted or natural uranium
and wi l l use fast, or high energy, neutrons to ut i l ize U-238 more ef f ic ient ly .
The amount of uranium required to produce one GW-year of electr ic i ty is
expected to be reduced by 50- to 100-fold using fast breeder reactors. Another
program, currently being studied for use in CANDU reactors, is to ut i l ize a
mixture of f i ss i le plutonium and fe r t i l e natural thorium (which is readily
available) to produce energy and the f iss i le material U-233, with the object of
eventually burning mixtures of U-233 and recycled thorium. These types of
breeding programs, when developed, wi l l increase the potential useable energy
that can be produced by fission reactors many fold.
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TABLE 2

FUEL REQUIREMENTS FOR NUCLEAR REACTORS PRODUCING 1 GW-YEAR* OF ELECTRICITY
(data from APS, 1978; see also Mooradian, 1980)

LWR CANDU

Natural Uranium required

Depleted Uranium produced in
enrichment process

U-235 used in reactor

U-235 le f t in spent fuel

Fissile plutonium in spent fuel

Fission products in spent fuel

169 tonnes

141 tonnes

0.62 tonnes

0.23 tonnes

0.17 tonnes

0.45 tonnes

131 tonnes

0.72 tonnes

0.22 tonnes

0.35 tonnes

0.37 tonnes

*0ne gigawatt-year (GW-year) of e lectr ic i ty is the amount required to supply a
ci ty of one mill ion people with one kilowatt per person continuously for one
year. This is about the current per capita electrical power consumption in
Canada and the U.S.A.

For future expansion of electrical power production in most areas of the
world, the only economically feasible alternative to nuclear power that is
currently available is coal-fired generating stations. A comparison of fuel
requirements is given in Table 3. Approximately three mill ion tonnes of coal
is required to produce one GW'year of e lect r ic i ty . This coal has to be
mined, transported to the generating station, and burned; this inevitably leads
to the release of atmospheric pollution, and one to two hundred thousand tonnes
of waste to be disposed of. By comparison, the production of 130 tonnes of ?""
uranium for the CANDU reactor requires mining 0.13 mill ion tonnes of ore
containing 0.1% uranium, such as that currently mined at El l iot Lake, Ontario.
This ore is refined at the mine, and only relatively pure uranium need be
transported. I f the spent fuel from the CANDU reactor were to be reprocessed
so that the uranium and plutonium could be uti l ized to produce more power, the
amount of waste (fission products) requiring disposal would be about 0.4 tonne
per GW-year of electr ic i ty (Table 3). The ultimate fate of the spent fuel
from the CANDU reactor has not yet been decided; as long as uranium remains
cheap and plentiful in Canada, there may be l i t t l e economic incentive to
conserve this fuel by reprocessing. I f necessary, whole fuel bundles
containing spent fuel with i ts fission products and plutonium could be
encapsulated and buried deep in the rock of the Canadian Shield.
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TABLE 3

FUEL REQUIREMENTS FOR COAL-FIRED STATIONS AND THE CANDU SYSTEM
PER GW-YEAR OF ELECTICITY PRODUCED

(data from Ford/Mitre, 1977 and CONAES, 1979)

Coal-fired stations CANDU

Mined 3 million tonnes coal 0.13 million tonnes ore

Transported 3 million tonnes coal 130 tonnes uranium

Waste 0.1-0.2 million tonnes ash 0.4 tonnes fission products

Applications of the CANDU system are of course not restricted to the
production of electricity. Basically the reactor is simply a source of heat
which could be used for a variety of purposes including space heating or
recovery of oil from tar sands. It may, however, be more economically feasible
to use other reactor types, whose design has not been optimized for the
production of electricity, for these applications.

3. Uses of Ionizing Radiation and Radionuclides

Ionizing radiation and radionuclides are widely used in medicine, research
and industry. Table 4 lists some of the common uses of X-rays in Canada, the
U.S.A. and other technologically developed nations, while Table 5 lists some of
the applications of radionuclides other than the production of power in nuclear
generating stations. A more extensive discussion of the use of radionuclides
is given in a recent document by Beddoes. The number of persons who use X-rays
or radionuclides in their work is estimated to be between 2 and 4 out of every
thousand persons in the general population (or roughly 4 to 8 out of every
thousand persons in the work force) in technologically developed countries
(UNSCEAR, 1977).

TABLE 4

SOME USES OF X-RAYS
(from UNSCEAR, 1977 and EPA, 1977)

Medical diagnoses

Dental diagnoses

Veterinary diagnoses

Industrial radiography

Luggage surveillance in airports
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TABLE 5

SOME USES OF RADIONUCLIDES
(from UNSCEAR, 1977 and Beddoes, 1980)

Basic research in chemistry, physics and geology

Basic research in agriculture and health sciences

Medical diagnoses (^30% of all hospital diagnoses)

Cancer therapy

Sterilization of disposable medical supplies

Industrial radiography

Luminous dials and signs

Control of thickness of sheet materials during production

Locating pipes and leaks in pipes

Power units for isolated weather stations and pacemakers

Soil testing for highway construction

Smoke detectors

Oil exploration and pipeline transport

Forensic medicine (neutron activation analysis)

Study of underground water movement and contamination

Food preservation

Control of certain insects

Many of the radionuclides used in medicine, research and industry are
produced by nuclear reactors; while these reactors are not normally power
reactors, they provide, particularly in Canada, facilities for research in
reactor fuels and materials. As examples, Table 6 is a list of radionuclides
being produced at Chalk River and being marketed by Atomic Energy of Canada
Radiochemical Company. Other examples of radionuclides produced in reactors,
and their uses, are H-3 for luminous dials and signs and tracer studies, Cs-137
for therapy units, Pu-238 for power sources (heart pacemakers for example) and
Am-241 for smoke detectors.



C-7

TABLE 6

RADIONUCLIDES CURRENTLY BEING PRODUCED AT CHALK RIVER FOR SALE
BY THE RADIOCHEMICAL COMPANY

(data from PDR, 1979 and Johnson, 1980)

Radionuclide

C-14

S-35

Cl-36 t
 A

Cr-51

Ni-63

Co-60*

Fe-59

Se-75

Y-90

Mo-99(Tc-99M)

1-125

1-131

Xe-133

Yb-169

Ir-192

Au-198

Half- l i fe

5730 a

87 d

3.1 x 105 a

28 d

100 a

5.27 a

45 d

118 d

64 h

66 h

60 d

8 d

5.3 d

32 d

74 d

2.7 d

Principal
Radiation

B

B

B

Y

B

Y

Y

Y

B

Y

Y, X-rays

Y

Y

Y

Y

e.r

Principal Use

Tracer

Tracer

Tracer

Imaging, diagnostic

Industrial smoke detectors

Therapy, steri l izat ion of
medical supplies

Imaging, diagnostic

Imaging, diagnostic

Therapy

Imaging, diagnostic

Imaging, diagnostic

Imaging, diagnostic

Blood flow, pulmonary
function

Imaging, diagnostic

Industrial radiography

Therapy

*Major production at Pickering Generating Station

Another whole spectrum of radionuclides is now being produced by high
energy particle accelerators, such as TRIUMF in Vancouver. This availability
of a range of radionuclides, and sometimes of several radioisotopes of the
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same element, often allows a physician to select a radionuclide with an optimum
hal f - l i fe and radiation spectrum to achieve the desired image, or the desired
therapeutic result, while keeping the radiation dose to the patient and the
staff to a minimum. As an example, the radiation dose to a patient's thyroid
resulting from a thyroid scan ranges from 65-90 rad for 1-131, 45-90 for 1-125,
to 1-2 rad for 1-123.

Another recent development in nuclear medicine is Positron Emission
Tomography (PET). This technique ut i l izes the fact that positron-emitting
radionuclides wi l l result in two 511 keV gamma rays being emitted 180° from
each other at the position that the positron is trapped by an electron. The
detection of these gamma rays in any two of a ring of detectors positioned
around a patient can be used to te l l very accurately where the
positron-emitting radionuclide is in the body. A PET instrument is currently
being developed at Chalk River Nuclear Laboratories.

4. Radioactivity and Nuclear Energy

The radionuclides encountered in the production of energy from nuclear
reactors are al l present or produced naturally in our environment; however, the
concentrations o, most of them are so small that they do not contribute
signif icantly to the background radiation dose received by individuals. Those
radionuclides that contribute significantly to the background radiation dose
are l isted in Table 7. The average background radiation dose in North America
is about 0.1 rein per year with about a third resulting from internally
deposited radionuclides, a third resulting from external radiation from
materials around us, and a third from cosmic radiation. These fractions wil l
vary somewhat, as wi l l the to ta l , depending on the location in which a person
lives and the type of buildings he lives and works in . Table 8 gives an
example of external dose rates above three types of ground.

Doses from cosmic radiation vary from about 0.03 rein per year at sea level
to over 0.1 rem per year at an altitude of three kilometres. In addition to
the doses received by individuals from natural radioactivity and cosmic
radiation, the average annual dose to individuals in North America from medical
and dental diagnostic procedures is about 0.1 rem. The special case of
increased radiation exposure due to the accumulation in buildings of radon
daughters from natural sources wi l l be considered separately below; the
effective dose equivalent from this particular source is s t i l l uncertain. In
order to put these numbers into a more readily understandable perspective, we
have compared the expected health hazards of 0.1 rem with those of various
other act ivi t ies in Table 9.

This total average dose of about 0.2 rem per year from natural sources
plus the healing arts should be compared to the regulatory annual dose l imi t of
5 rem for persons occupationally exposed, and 0.5 rem for individual members of
the public. In practice, the annual average dose to nuclear power plant
operators is one-fifth to one-tenth of the l im i t , or about 0.8 rem, and to the
highest exposed member of the public l iv ing around a CANDU reactor is about
0.005 rem, or one hundredth of the regulatory l imi t (Table 10). A radiation
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TABLE 7

CONTRIBUTION OF VARIOUS RADIONUCLIDES TO
NATURAL RADIATION EXPOSURES

(data derived from UNSCEAR, 1977)

Radionuclide

H-3

C-14

K-40

U-235
+Daughters

U-238
+Daughters

Th-232
+Daughters

Rb-87

Radioactive
half-life
in years

12.3

5730

1.3 b i l 1 ion

0.7 billion

4.5 billion

14 billion

48 billion

Internal 1

Yes

Yes

Yes.

Yes

Yes

Yes

Yes

External2

No

No

Yes

Yes

Yes

Yes

Yes

Source3

Cosmic

Cosmic

Primordial

Primordial

Primordial

Primordial

Primordial

Contribution
to total
natural
radiation
exposures of
bone marrow^

0.001%

2%

33%

0.3%

22%

16%

0.4%

^Contributes to the dose because it has been ingested or inhaled.
^Contributes to the dose because it emits gamma rays that can irradiate the body from
surrounding materials.
3Cosmic: being continuously produced by cosmic rays interacting with the atmosphere.
Primordial: have been around since the elements of the earth were formed billions of
years ago.
^Total natural radiation exposures of the bone marrow taken as 0.12 rem per year; the
remaining 26% of natural exposures of the bone marrow is due to cosmic rays.

dose of 0.005 rem per year is thought to be roughly equivalent, in terms of
health hazards, to smoking one-half of a cigarette per year (Table 9) or to
inhalation of the combustion products in the air of an average North American
city for approximately five days per year (Myers and Newcombe, 1980).
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TABLE 8

RADIATION FROM EARTH'S SURFACE
(data from UNSCEAR, 1977; see a lso NCRP, 1975)

Source Concentrat ion of na tu ra l
rad ionuc l i des (pC i per g)

^TO U 2̂3~8 Th-232
+ daughters + daughters

Absorbed dose r a t e
at 1 metre above
sur face (rem per yea r )

Granite

Limestone

Average soil

?.l

2.

10

4

1.

0.

0.

6

75

7

2.

0.

0.

2

19

7

0.11

0.02

0.04

L N o t e : 1 pCi = 0.037 Bq.J

TABLE 9

ROUGHLY EQUIVALENT HEALTH HAZARDS
(data from Pochin, 1978 and Myers, 1979; see also Cohen and Lee, 1979)

Dose of 0.1 rem per year

Smoking 10 cigarettes pert year

Driving 600 miles per year

Flying 4000 miles per year

Working 2-3 days per year in mining,
lumbering or f ishing industries

TABLE 10

RADIATION DOSES FROM CANDU REACTORS
(exposure data from Wil son, 1977 and Clarke, 1978)

Regulatory
1 imit

Actual
doses

Workers 5 rem/year

Individual member of public 0.5 rem/year

0.8 rem/year

< 0.005 rem/year
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The nuclear generating stations operate on the principle recommended by
the International Commission on Radiological Protection, that all exposures to
radiation should be kept as low as reasonably achievable, economic and social
factors being taken into account. This principle has not yet been applied by
all practitioners of the healing arts; radiation doses to patients undergoing a
given diagnostic routine may vary as much as 20-fold from one hospital to
another. However, it is anticipated that more attention will be given to
reduction of unnecessary radiation doses of patients by radiologists in future
(Taylor et al, 1979).

Increased radiation doses must also be considered for the individual
members of the puDlic living in the immediate area of other nuclear facilities
such as a ui-onium mine-mill, fuel fabrication plant, or reprocessing plant;
small quantities of radioactive material will inevitably escape to the
environment, or become more available in the environment as a result of man's
activity, and increase the background radiation dose on a regional, continental
and even global scale. This increase not only results from a nuclear power
program, but also results from many other human activities. Some of the other
sources of radiation which have been considered by various scientific
committees are listed in Table 11.

TABLE 11

OTHER RADIATION SOURCES RESULTING FROM HUMAN ACTIVITIES
(from UNSCEAR, 1977 and EPA, 1977)

Accumulation of radon in buildings

Radioactivity in water supplies

Radioactivity in building materials

Radioactivity in fallout from weapons testing

Uranium in phosphate fertilizers

Potassium in potash fertilizers

Radioactivity liberated by combustion of coal

Radon in natural gas

Radium and radon from geothennal power sources

Uranium in ceramic glazes and dental porcelain

Increased cosmic radiation from high altitude flying

X-radiation from television sets
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Consideration of the data on these other radiation sources emphasizes the
variability in radiation dose received by individual members of the general
population depending on the exact circumstances of their life. However, on the
average, most of the other sources listed in Table 11 add very little to the
total radiation dose. The major exception is the dose from radon and radon
daughters that accumulate in buildings. The average concentration of radon
daughters in houses may result in an exposure of about 0.16 working level
months (WLM) per year. This exposure results in a relatively high dose to the
bronchial epithelium and lungs (with little effect on doses to other organs in
the body). Assuming that 1 rein of whole body dose and 1 WLM due to inhalation
of radon daughters both result in a 10~4 risk of fatal cancers, then 0.16
WLM per year might be considered to be equivalent to 0.16 rem whole body dose
per year in terms of fatal cancers only (Table 12). On this basis, the total
average dose received by the general population would be equivalent to about
0.4 rem per year; of this total, only about one-third is genetically
significant (Table 12). The contribution from nuclear power production
(estimated to be about 0.00002 rein per year for the U.S.A. in 1975) is
considerably less than 1% of the total and is not expected to exceed 1% of the
total in future even if all of our electricity were generated in nuclear power
stations.

TABLE 12

AVERAGE EXPOSURES OF GENERAL POPULATION TO IONIZING RADIATION
(data from NCRP, 1975; UNSCEAR, 1977; EPA, 1977; and BEIR, 1979)

Source Equivalent whole
body dose

Gonad dose
(below age 30)

Radon daughters in
buildings

Natural background

Medical X-rays*.

Radiopharmaceutical s*

Fall-out

All other sources*

0.16 WLM/year (pos-
sibly equivalent to
about 0.16 rem/
year in terms of
fatal cancers)

0.1 rein/year

0.1 rem/year

0.02 rem/year

0.004 rem/year

<0.003 rem/year

0.1 rein/year

0.02 rem/year

0.003 rem/year

0.001 rem/year

0.003 rem/year

Total Equivalent to
0.3-0.4 rem/year

0.13 rem/year

*Data for U.S.A.; other data are international averages
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Uncertainties exist in the calculation of average doses to populations
from the release of radioactivity to the environment resulting from the nuclear
power program, combustion of coal or use of fertilizers. Often, because it is
prudent to do so, conservative estimates are made. Another area of uncertainty
is in the calculation of detrimental health effects from these low level doses.
The "dose-effect" relationship usually used is found by a linear extrapolation
of effects found at high dose and dose rate to these much lower levels, even
though it has been demonstrated that this extrapolation would over-estimate the
number of effects in many situations. These linear dose-effect relationships
are then used to calculate health hazards resulting from the production of
nuclear power, which is the subject of the next section.

5. Health Hazards and Benefits of Various Energy Sources

We are all accustomed to sporadic reports of miners being killed in a coal
mine, construction workers being killed while building factories or dams, of
oil tankers sinking in the ocean, and so forth. Most of us are less accustomed
to a study of the statistical probability of death, disease or injury in
various occupations, even though excellent reports on this topic are
available (see, for example, Clark, 1979).

There is of course a certain health hazard associated with any human
activity. Three of the most hazardous occupations in Canada are lumbering,
mining and fishing. The occupational death rate per 1,000 workers per year in
these industries is about 10 times that in all manufacturing industries and
25-30 times that of persons employed in trade or services. Construction and
agriculture also fall into the category of occupations with a higher than
average risk. This is a fact of life, even though we may not think of this
when we order some wood, coal or fish from a neighbourhood supplier, read a
newspaper, or eat our dinner.

The same principle is involved in the production of electricity, even
though we again may not think of this when we turn on the nearest light switch.
There are published estimates of the number of early deaths associated with the
production of electricity from various sources. Several of these were reviewed
by the American Medical Association Council on Scientific Affairs and the
results of their review were published in 1978 (Table 13). The estimates are
subject to a considerable range of uncertainty as indicated by the numbers in
brackets in this table. If we use the geometric mean of the estimated ranges,
the data indicate that the production of 1 kW electricity for each of a million
people continuously for one year (equal to one gigawatt year) from coal-fired
stations results in about 26 early deaths per year (with a 12-fold range of
uncertainty in both directions). The number of early deaths resulting from the
production of the same amount of electricity from nuclear power stations was
estimated to be 100 times smaller (i.e. 0.22 per year, with a 5-fold range of
uncertainty in both directions). These numbers include early deaths caused by
all phases of electrical production, e.g. mining, transportation of the fuel,
construction and operation of the power plant as well as those caused by
effluents from the power plant, and also include estimates of the effects of
possible accidents in nuclear power stations. Our own estimates of number of
early deaths associated with nuclear power tend to favour the upper limit of
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the range suggested by the American Medical Association review. All of the
available data do, however, indicate that nuclear power is considerably safer
than coal as a source of energy, although the upper range of the risk estimates
for nuclear power does overlap the lower range of the risk estimates for coal
in some calculations.

Risk estimates for other sources of useable energy have not yet been
examined in as great detail in the scientific literature. However, one initial
report suggests that the number of early deaths associated with other energy
sources such as hydroelectricity, wind and solar heating will be intermediate
between those for coal on the one hand and nuclear power or natural gas on the
other hand (Inhaber, 1979). Another recent analysis indicates that future
developments such as coal combustion with atmospheric fluidized bed or the
combustion of liquid and gaseous fuels derived from coal will result in much
the same health and environmental effects as those which exist for current
methods of coal combustion (Morris et al, 1979).

It is perhaps debatable whether risks to workers can be classed as
voluntary or involuntary risks, but risks to the general public are usually
considered to be involuntary. As indicated in Table 13 risks to the general
public from the combustion of oil and coal are thought to be about 250 and 600
times greater than those from nuclear power and only in the case of natural gas
do the risks to the general public become vanishingly small. These data
suggest that our society could, if it seemed desirable to do so for social or
economic reasons, prevent an appreciable number of early deaths by
concentrating specifically on natural gas and nuclear power as energy sources
for the immediate future.

TABLE 13

ONE ESTIMATE OF THE ANNUAL NUMBER OF EARLY DEATHS ASSOCIATED WITH THE
PRODUCTION OF ONE GIGAWATT-YEAR OF ELECTRICITY FROM VARIOUS SOURCES

(data from AMA, 1978)

Workers

Public

Total

Coal

2.1

24

26
(2-314)

Oil

0.4

10

10
(1-10)

Nuclear

0.18

0.04

0.22
(0.05-1)

Natural gas

0.13

0.13
(0.06-0.28)

Because attempts have been made to estimate the health hazards of ionizing
radiation in detail, and to protect people against exposure to excess radiation
resulting from the nuclear power industry, the general public is sometimes left
with the impression that radiation is exceedingly dangerous and that any
accident in a nuclear power station would be a major disaster to the
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surrounding population. There is no reason to expect that even the worst
conceivable and most improbable disaster at a nuclear power station would have
as much effect on the population as would a deliberate attempt to k i l l people
with nuclear weapons. Most of the people who survived the in i t i a l effects of
the atomic bomb explosions at Hiroshima and Nagasaki in 1945 are s t i l l al ive,
and less than 1% of the deaths among these persons to date can be ascribed to
radiation-induced cancer. Any increase in the natural incidence of genetic
defects in the children of these persons has been too small to be detected.
The internationally accepted estimats of total risk of fatal cancer in persons
exposed to various levels of radiation are shown in Table 14. These estimtes
are based both on long-term follow-up studies of Hiroshima-Nagasaki survivors
and on follow-up studies of persons exposed to high doses of X-radiation.
After acute exposure to 100 rem, the cause of death of 99 persons out of every
hundred should be unaffected by this exposure; exposure to 10 ran should leave
999 persons out of every thousand unaffected, and so forth. The numbers of
radiation-induced cancers given in Table 14 might be in error by as much as
3-fold in either direction, but the fact remains that the proportion of the
surrounding population who would be directly affected by any major accidental
releases of radioactive materials from a nuclear power station would be
extremely small, and that ionizing radiation is a relatively inefficient agent
to produce either cancers or genetic defects in human populations.

TABLE 14

CAUSES OF DEATH AT VARIOUS LEVELS OF ACUTE RADIATION EXPOSURE
OF THE WHOLE BODY

(data derived from ICRP, 1977 and UNSCEAR, 1977)

Acute radiation Deaths per 10,000 persons
exposure (rem) Radiation-induced Other normal causes

cancers 5-50 years
after exposure

100 100 9900

10 10 9990

1 1 9999

0.1 0.1 10000

0.01 0.01 10000

As noted earlier (Table 11), increased radiation doses have been
considered for persons living in the vicinity of other facilities besides those
associated with the nuclear power program. Preliminary estimates of the number
of cancer deaths caused by radioactive materials released from various
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facilities have recently been published by the U.S. Environmental Protection
Agency. A brief survey of some of these numbers is given in Table 15; the
reader is referred to the original publication for a more complete list
together with details on the methods of calculation. The suggested numbers
should be used carefully with the recognition that they have large
uncertainties; however, it is fairly obvious that nuclear power facilities are
not unique as a source of radioactivity to which the public is exposed.

TABLE 15

PRELIMINARY ESTIMATE OF NUMBER OF FATAL CANCERS CAUSED BY ATMOSPHERIC
EMISSIONS OF RADIONUCLIDES FROM VARIOUS FACILITIES IN THE U.S.A.

(data from EPA, 1979)

Facility Fatal cancers produced in regional
population within 80 km as a result
of one year's operation of the fac i l i t y

Non-metal (clay, limestone, etc.)
mine and mil l

Nuclear power station (LWR)

Ground water treatment plant

Metal mine and mill

Existing coal-fired power station

Geothermal power site

Uranium mine and mill

Phosphate mine and separation plant

(a) The estimated value for a uranium mine and mill is increased from 0.04 to
0.1 when the whole population of the U.S.A. is considered rather than the
regional population only. The principal radiological hazard for all
fac i l i t ies marked (a) derives from radon-222 and i ts short-lived
daughters but no estimate of total population hazard is given for these
fac i l i t ies except in the case cf uranium mining and mil l ing.

(b) The estimated value for a LWR is increased from 0.001 to 0.03 when
world-wide population rather than regional population is considered.

(c) The wide range in values given for existing coal-fired power stations is
due primarily to differences in s i t ing, where the regional population
within 80 km is assumed to vary from 12 thousand for remote sites to 17
million for urban sites. Estimated values for new stations are five to
ten times lower than those for existing stations.

0.00002-0.001

0.001

0.001

0.0001-0.02

0.0004-1.5

0.03

0.04

0.1

(a)

(b)

(a)

(a)

(c)

(a)

(a)

(a)



C-17

A discussion of the health risks associated with various sources of
useable energy would be incomplete without <̂ -ne mention of the associated
benefits. The major health benefit associated with cheap and safe sources of
useable energy is longevity. A recent analysis of life span in various
countries has attempted to extricate the contribution of various social factors
to life expectancy. As far as these factors can be separated, only energy
consumption and literacy showed a strong positive correlation with life span
(Sagan and Afifi, 1978). The average life expectancy of Canadians has
increased by about 30 years over the past century and is currently 50 years
greater than that of primitive people living under natural conditions in Ohio
some 900 years ago. Despite all the apparent problems associated with
industrial effluents in the environment, it is fairly obvious that
industrialization (a combination of technology and cheap useable energy) has
had a marked beneficial effect upon our health, and our average life expectancy
is still increasing slowly. There is no reason to expect this trend to
continue if cheap and safe sources of useable energy are not available (Myers
and Newcombe, 1980).

It is difficult to balance the benefits of many of the uses of radiation
and radionuclides, such as those listed in Tables 4 and 5, against the very
minute but predicted health risks involved. The benefits and risks cannot
always be expressed in the same terms. One can however balance the health
benefits of nuclear power against the health risks to society. The health
benefits are a considerable portion of the essential energy required to support
a technology which is known to increase average life span by 30 to 50 years;
the health risks are a potential loss of less than one-hundredth of a year from
this overall increase. As noted earlier (see Table 13), every available or
potential energy source carries with it a certain risk, and the only available
energy source which may have a smaller overall risk than nuclear power appears
to be natural gas. However, the health benefits derived indirectly from any of
the energy sources mentioned above appear to outweigh the health hazards by a
very considerable factor (see, for example, Cohen and Lee, 1979; Eisenbud,
1978; Myers and Newcombe, 1979).

Looking ahead to energy supplies over the next three decades to the period
up to the year 2010, a four-year study by the Committee on Nuclear and
Alternative Energy Sources of the U.S. National Academy of Sciences has
recently emphasized the importance of conservation, coal and nuclear power.
This report indicates that coal is more expensive than nuclear power in most
regions of the country and that the potential environmental hazards of coal are
still uncertain but may be relatively large. While intermediate term measures
such as conservation, development of synthetic fuels from coal and use of
nuclear power to produce electricity for such applications as space heating are
being taken, the research and development necessary to bring truly sustainable
energy sources - nuclear fission in breeder reactors, solar energy, geothermal
energy in certain areas, and perhaps nuclear fusion - into place for the long
term must receive continued attention.

As noted in this report (CONAES, 1979), "the energy problem does not arise
from an overall scarcity of resources. There are several plausible options for
an indefinitely sustainable supply, potentially accessible to all the people of
the world. The problem is in effecting a socially acceptable and smooth
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transition from gradually depleting resources of oil and natural gas to new
technologies" over the next fifty years. The conclusions drawn by the authors
of this report, which represents a relatively extensive discussion of all
aspects of energy production, indicate that nuclear power will play an
increasing role in energy production in many areas of the world in the future.

6. Summary

Energy sources and supplies have been frequent topics of discussion,
primarily because our whole cultural system is dependent upon cheap and safe
supplies of abundant energy, and traditional supplies have become less reliable
and more costly in recent years.

Current systems in North America for commercial production of electricity
using nuclear fission reactors are various versions of the light water reactor
(LWR) and the Canadian heavy water reactor (CANDU). Both systems produce
electricity cheaply and efficiently, and both use uranium as primary fuel.
These nuclear power reactors produce some fissionable byproducts, which can be
recycled to extend energy resources many-fold.

Besides the production of electrical power, the nuclear industry has
facilitated the production of various products, which include cobalt-60 and
caesium-137 radiotherapy units for treatment of cancer, a variety of
radioactive isotopes used in diagnostic procedures in nuclear medicine,
ionization smoke detectors and radioactive tracers, which are widely used for
various technological applications including the study of the mechanisms of
life.

The increment in environmental radiation levels resulting from operation
of nuclear power reactors represents a very small fraction of the radiation
levels to which we are all exposed from natural sources, and of the average
radiation exposures resulting from diagnostic procedures in the healing arts.
The total health hazard of the complete nuclear power cycle is generally agreed
to be smaller than the hazards associated with the generation of an equal
amount of electricity from most other currently available sources of energy.
The hazards from energy production in terms of shortened life expectancy are
much smaller in all cases than the resulting increase in health and life
expectancy.
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