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BIOLOGICAL EFFECTS OF LOW DOSES OF RADIATION AT LOW DOSE RATE

SUMMARY

The purpose of this report was to examine available scientific data and models relevant to the
hypothesis that induction of genetic changes and cancers by low doses of ionizing radiation at
low dose rate is a stochastic process with no threshold or apparent threshold. Assessment of the
effects of higher doses of radiation is based on a wealth of data from both humans and other
organisms.
The best evidence to support the linear non-threshold hypothesis stems from studies on
radiation-induced genetic changes in lower organisms such as bacteria, yeast and spiderwort
plants (Tradescantia). At low dose rate, the yield of genetic mutations in these organisms is
strictly proportional to dose down to very low doses in the region of a few mSv of sparsely
ionizing radiation. Studies on specific locus mutations in the offspring of irradiated male mice
represent a less sensitive endpoint but the results are compatible with the linear non-threshold
hypothesis and demonstrate that the effects of radiation delivered either at low dose rates or in
fractionated doses are additive.
The data on radiation-induced cancer are less clear. This may be due to the fact that the
development of cancer, in contrast to genetic changes, involves several different steps. It may
therefore be unwise to extrapolate directly from the data on radiation-induced genetic changes
to radiation-induced cancers in some cases. Not all available data on radiation-induced cancers
fit the linear non-threshold hypothesis.
In humans, epidemiological data suggest a practical threshold for induction of bone cancer by
long-lived radium-226 and for induction of liver cancer by thorotrast (an insoluble form of
long-lived thorium-232). The concept of a practical threshold for induction of bone cancer by
long-lived radionuclides has been confirmed in experimental animals with a variety of internally
deposited alpha and beta emitters. Similar evidence of a practical threshold appears for
induction of lung cancer in (non-smoking) dogs by long-lived alpha emitters, in (non-smoking)
rats after prolonged exposure to low levels of radon, and possibly in non-smoking humans where
lung cancer incidence is relatively low. However, the data on induction of lung cancer by radon
in miners who smoke cigarettes, and who already demonstrate a high incidence of lung cancer
due to smoking, is compatible with the linear non-threshold hypothesis. The concept of a
practical threshold implies an accumulated dose below which no excess cancers are likely to
appear within the normal life span of humans or other animals (even if excess cancers might
appear below this threshold dose if the animals were to live forever). This concept is most
likely to apply to those types of cancers which are relatively rare in humans when the radiation
dose is accumulated over a large portion of the human life span.
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Other human data which do not appear to fit the linear non-threshold hypothesis include some,
but certainly not all, of the results on excess cancers after exposure to medical'x-rays. For
example, the data suggest a marked threshold in the dose response relationship for induction of
lung cancer in fluoroscopy patients both in Massachusetts and in Canada. The data on excess
cancers other than leukemia induced in the Japanese bomb survivors at Hiroshima and Nagasaki
are clearly compatible with the linear non-threshold dose response hypothesis, but the data on
excess leukemias in the same bomb survivors are possibly compatible with a threshold in the
region of 200 mSv even for brief radiation exposures at high dose rates. The reasons for these
discrepancies are unknown.
The dose response relationship for induction of different types of tumors in experimental animals
are complex. In general, there is roughly an equal chance of observing linear and non-linear
dose response relationships for induction of different types of tumors. However, life shortening
due to induction of all cancers in two strains of mice followed accurately a linear non-threshold
dose response relationships for lifetime gamma-ray exposures at dose rates from about 3 up to
200 mSv per day. There is some evidence that highly fractionated doses of sparsely ionizing
radiation may actually increase the life span of animals, especially in the presence of other
environmental stresses such as unusual ambient temperatures. It is highly probable that any
potential increases in average life span are associated with other physiological factors necessary
for the maintenance of a healthy state, not with a decrease in cancer incidence.
Adaptive responses to radiation doses as low as 5 mSv are known to occur and were reviewed
in this report. However, it currently seems improbable that these adaptive responses would have
any influence on the shape of the dose response relationships at low dose rates equivalent to 50
mSv per year received at a relatively uniform rate over the course of a year.
The following recommendations follow from this review:
(a)

Considerable caution to make sure that health detriments are not over-estimated is
required in application of the linear non-threshold hypothesis to those types of cancer
which are relatively rare in humans and where the radiation dose is accumulated over a
large portion of the human life span. There appears to be a practical threshold in these
cases, for example, in induction of bone cancer by long-lived radium-226 (but not by
short-lived radium-224) and of liver cancer by insoluble forms of thorium-232
(thorotrast).

(b)

The linear non-threshold hypothesis has been very useful in regulating exposures to
ionizing radiation and there does not seem to be good reason to abandon its use,
particularly since those tissues where a true threshold or practical threshold seems likely
(e.g. bone surfaces, with long-lived radionuclides) do not contribute greatly to the total
health detriment of radiation exposure as calculated by the ICRP. The assumption of
linearity may be quite appropriate for practical purposes in radiological protection even
though it may not always be the best model for the relationship between dose and any
particular effect.
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(c)

However, because of the possibility that low doses of radiation accumulated at low dose
rate over a large portion of the human life span may not induce any excess cancers at all,
it is recommended that health detriments should not normally be considered below the
de minimis dose rate of 10 microsievert per year to individuals that was recommended
by the AECB Advisory Committees in 1990.

(d)

Since there is no direct proof that exposure of adults to 10-20 mSv per year for a few
years causes any harmful effects on health, it is strongly recommended that any
detrimental health effects calculated using the linear non-threshold hypothesis for
radiation exposures of adults in this region or lower should be referred to as hypothetical
health effects only.

(e)

If the linear non-threshold hypothesis is adopted for calculation of collective dose for
humans, it is recommended that these calculations should be categorized into three levels
of concern: (i) above 200 mSv in a short period of time where measurable biological
effects are probable, (ii) between 200 mSv in a short time and 10 microsievert per year
where potential biological effects can be predicted but not measured, and (iii) below 10
microsievert per year where the hypothetical individual risks are considered to be
negligible even if the linear non-threshold hypothesis is assumed to be correct. It is
further recommended that the calculated collective doses in each of these three different
categories should not be added to obtain a total collective dose, because of the very
different societal implications of the three categories.

(f)

Recommendations for future research
Human epidemiology cannot demonstrate whether the risk of cancer at low or very low
doses is nil or not because, at these levels, the confidence interval for risk estimates
always include the possibility that the risk is nil. Useful information on the effects of
low doses can come only from two types of experimental work, radiobiology and animal
experiments. Studying the effects of radiation, at cellular and DNA levels, will continue
to bring information on how radiation modifies the fate of the cell and how repair
mechanisms modify the outcome of initial radiation injury. Animal experiments, like
human epidemiology, cannot confirm or disprove the existence of thresholds, but they
can bring crucial information when the influence of a single parameter like dose rate is
varied, and when such experiments are conducted at the lowest possible dose and dose
rate levels at which statistically significant results are still obtained, and from which a
trend toward the effects of low doses can be derived.
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BIOLOGICAL EFFECTS OF LOW DOSES OF RADIATION AT LOW DOSE RATE

1.

INTRODUCTION

For purposes of radiation protection, it is generally assumed that the probability of inducing
excess genetic changes or excess cancers by exposure of human populations to ionizing radiation
is directly proportional to the total radiation dose received, even at low doses and low dose
rates, and that there is no "safe" or threshold dose of radiation below which these biological
effects will not be produced. The excess genetic disorders or excess cancers induced by
radiation are termed stochastic effects [1].
The assumption of a linear non-threshold relationship between accumulated radiation dose and
the probability of induced stochastic effects has been regarded as a prudent and reasonable
hypothesis for purposes of radiation protection [2]. This hypothesis is, however, unproven and
unprovable in human populations at low radiation doses and the ACRP has recommended that
it would be prudent to speak of potential health detriments of exposure to low levels of radiation
[3]. The hypothesis is unprovable in human populations at low radiation doses due to
confounding by natural incidence which is both variable and relatively large.
More recently, the linear non-threshold hypothesis has been challenged in a number of scientific
publications [cf. 4-17]. The assumption that deleterious health effects of radiation will increase
in direct proportion to accumulated radiation dose underlies the theoretical calculation of
potential health risks and is thus crucial to the regulation of exposures to low doses of radiation
at low dose rate. The ACRP felt that it would therefore be useful to explore the scientific basis
of this hypothesis in more detail. For this purpose, the ACRP working group has relied upon
reports of international and national scientific committees appointed to review the biological
hazards of exposure to radiation [1,18-25] as well as on review of other recent scientific
publications relevant to this hypothesis.
The terms of reference for this ACRP working group were:
*

To examine available scientific data relevant to the hypothesis that induction of genetic
changes and cancers by low doses of radiation at low dose rates is a stochastic process
with no threshold or apparent threshold.

*

To examine models and biological theories relevant to this hypothesis.

*

To prepare a report on this topic for consideration by the ACRP.

Alternatives to the estimation of stochastic health risks of radiation exposure using the linear
non-threshold hypothesis include the possibilities that the linear non-threshold hypothesis may
either underestimate or overestimate the health risks at low doses of radiation at low dose rate,
or even that there might be a threshold dose of radiation below which no biological effects are
produced.
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2.

BIOLOGICAL BACKGROUND AND THEORY

(a)

Normal incidence of cancers and genetic diseases

In order to assess the literature on detrimental health effects of low doses of radiation on human
populations, it is essential to have an appreciation for the normal Incidence of cancers and
genetic diseases in the population. In Canada, about 28% of all deaths in 1991 and 1992 were
due to cancer [25,26]. Radiation exposures from natural sources are about 2 mSv per year in
Canada, with about 1 mSv effective dose per year from inhalation of radon progeny and about
1 mSv per year from other natural sources (cosmic rays, gamma rays from the earth and natural
radioactive materials in the human body).* (A recent publication by Lowe and Chambers [27]
suggests that the annual effective dose from indoor radon might be dose to 0.3 to 0.6 mSv,
significantly lower than conventionally assumed; for the time being, the committee has chosen
to use the conventional estimates which are based on data given in the UNSCEAR reports of
1988 and 1993 together with the dose conversion convention given in ICRP-65 [28]). Assuming
an average life expectancy of 70 years and a theoretical probability of 5 x 10'5 fatal cancers per
mSv [1], then the theoretical probability that radiation from all natural sources would induce a
fatal cancer at some point during the average lifetime would be about 0.7%. This represents
about 2.5% of the normal probability of death from cancer in Canada. Roughly half of this
presumed theoretical effect of radiation could be attributed to potential lung cancers from
inhalation of radon progeny and the other half to induction of other types of fatal cancer. The
theoretical percentages in other countries with different patterns of cancer incidence would be
related but not identical to those in Canada.
The normal incidence of genetic disorders in human populations is taken by scientific committees
to range from 60 to 120 per 100 persons [1,20,21]. Of this total, only about one-third are
considered to result in serious genetic diseases [1], resulting thus in an incidence of roughly 25
serious genetic disorders per 100 persons in the normal population. Assuming about 1 mSv per
year to the gonads from natural sources, an average life span of 70 years, and a probability of
1 x 10'5 per mSv of severe genetic disorders summed over all subsequent generations [1], then
the theoretical probability that continued exposure to radiation from natural sources would induce
serious genetic disorders in the normal population would be about 0.07%. This in tum
represents about 0.3% of the normal expectation of roughly 25 persons per 100 suffering from
a serious genetic disorder in the normal population. This percentage is ten times lower than the
percentage of fatal cancers which could in theory be ascribed to radiation from natural sources,
which would thus render the task of detection of potential radiation-induced genetic disorders
even more difficult than that of detecting potential radiation-induced cancers in the normal
population.
(b)

Distinction between high and low LET radiations

Ionizing radiations are normally divided into those of high and low linear energy transfer
(LET), otherwise designated as densely and sparsely ionizing radiations, respectively. High

An additional 1.3 mSv per year from medical x-rays, nuclear medicine, chiropractic
procedures and dental x-rays [55] is not included in these calculations.

-3LET radiations generally include alpha particles, neutrons, and other heavy subatomic particles,
while low LET radiations include X and gamma rays (photons) and high energy electrons (beta
rays) [1]. The ICRP has assigned radiation weighting factors of one to most low LET radiations
and of up to twenty for high LET radiations [1].
The differences in these radiation weighting factors depend upon observed differences in relative
biological effectiveness per unit of absorbed dose [1,2,20]. In general, most of the initial
damage produced in the genetic material of living cells by low doses of low LET radiation is
rapidly and correctly repaired by specific biological systems which form an integral part of the
living organism. The probability that initial measurable damage to this hereditary material
(DNA) by low doses of low LET radiation will result in any measurable biological effect in
human cells or organisms has been calculated to be somewhere in the region of 10"5 [29, cf. 23],
for those endpoints (e.g. translocations, dicentric chromosomes) which do not require damage
to a given gene to produce this endpoint. This probability would be increased to something
approaching 10'3 if only the double strand breaks induced in DNA by radiation were considered
and other types of measurable damage (e.g. single strand breaks, base damage) were ignored.
Most of the initial radiation damage from low LET radiation to the DNA appears thus to be
correctly repaired by known, active processes in living organisms and has no permanent
biological effect. Residual permanent changes in the structure of DNA may lead both to genetic
disorders and to induction of cancer [1,20,23].
High LET radiation can result in many sites of closely adjacent damage in this hereditary
material per unit absorbed dose and thus result in an increased probability of incorrect repair of
the initial damage. Moreover, the types of damage produced in the DNA by high LET radiation
may be qualitatively different, and less easily repaired. The probability of observable biological
effects per unit absorbed dose is thus greater for high LET than for low LET radiation,
particularly at the low doses and low dose rates for which the radiation weighting factors apply.
These radiation weighting factors, which are derived from studies on lower organisms, are used
to convert absorbed doses (in units of gray) to equivalent doses (in units of sievert or mSv)*,
which are the dose units used in the remainder of this manuscript.
(c)

pefinition of low doses and low dose rates

The exact definition of low doses and low dose rates of radiation can vary appreciably depending
upon the endpoints being considered. The original studies by Russell and co-workers at the Oak
Ridge laboratories showed a decrease in mutation frequency in mouse spermatogonia as the dose
rate of low LET radiation was lowered from 900 mSv/min through 90 mSv/min to 8 mSv/min
but no further reduction in mutation frequency with further reduction in dose rate down to 0.006
mSv/min [18, pi07]. In this particular case, therefore, up to 8 mSv per minute of low LET

*

The unit sievert was developed by the international commissions for the human body and
is not therefore strictly applicable to other animals. In cases where only whole body
radiation is involved and individual tissue weighting factors are therefore not involved,
this technical difficulty has been ignored in the present report.
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radiation could be considered as low dose rate. Similar mutagenic effects are observed [p 696,
23] for high doses of gamma radiation (6 Sv) delivered chronically over 60 days at low dose rate
or split into 60 daily fractions at high dose rate (170 mSv/ min). As might be expected [30],
fractionated doses of X-rays were about twice as effective as fractionated doses of gamma rays
[23].
After consideration of linear-quadratic models for dose response relationships, the 1986 and 1988
UNSCEAR reports [21,22] adopted the convention that the term low doses could be considered
as less than 200 mSv regardless of dose rate, and that low dose rates for all radiations could be
considered as less than 0.05 mSv per minute regardless of total dose. The 1993 UNSCEAR
report [23] considered this topic in more detail and concluded that for assessing the risks of
cancer induction in humans, low doses could be considered to be less than 200 mSv, whatever
the dose rate, and low dose rates could be considered to be below 0.1 mSv per minute (when
averaged over about an hour) whatever the total dose. At low doses or at low dose rates, no
correction in observed or calculated stochastic risks in humans is required, in contrast to the
results observed at high doses at high dose rates. ICRP Publication 60 [1] used similar
definitions. It should, however, be noted that continuation of a low dose rate of 0.1 mSv per
minute for much more than one day would bring the accumulated total dose into a region in
which non-stochastic or determinate effects would occur [1]. For comparison with other
experimental data cited in this review, it should also be noted that 0.1 mSv per minute equals
144 mSv per day.
Another definition of low dose is the region in which there are so few radiation tracks that a
single cell nucleus is very unlikely to be traversed by more than one track, and therefore no
interaction of separate tracks is expected (Figure 1). The region of definite single track action
is reported to be less than 0.2 mSv of gamma rays, corresponding to a mean of 0.2 tracks per
cell [23, p 696], or about 400 mSv of 1 MeV neutrons. Feinendegen [31] used a similar
definition, which according to their calculations would correspond to 0.5 mSv of gamma rays
or 33 mGy (660 mSv) of 1 MeV neutrons. Assuming a mean repair time of 90 minutes for
DNA damage, low dose rates as defined on this microdosimetric basis would be equivalent to
0.003 mSv per minute (4 mSv per day) for gamma rays and 3 mSv per minute for 1 MeV
neutrons [31]. This microdosimetric definition is of considerable interest but its practical
significance is uncertain due, among other things, to uncertainties in rates of repair for different
types of DNA damage.
Low dose rates could also be defined in terms of the unavoidable radiation exposures from
natural sources to which all humans are exposed. As noted in the UNSCEAR 1993 report [23]
in Table 28 on page 74, the average annual exposures to the whole body are roughly 1 mSv per
year in areas of normal background but this is increased to over 4 mSv per year in areas of high
exposures due to high concentrations of primordial radionuclides in the soil. Similarly the
average annual effective dose to the lung due to inhalation of radon and its short-lived progeny
from natural sources might be taken to be about 1 mSv per year, but this can be increased to
10 mSv per year (or even more; see for example graph on p 169 of the 1982 UNSCEAR report)
in some areas including Canada. On this basis, one might define low dose rates as anything up
to say 10 mSv per year or 0.03 mSv per day.

-5Other possible definitions have compared the rate of induction of measurable DNA damage by
exposure to radiation with those which occur spontaneously [29,32]. Some of these spontaneous
events may be due to natural physical processes and others may be due to the chemical effects
of highly reactive forms of oxygen such as singlet oxygen or superoxide anion, which are
produced both by radiation and by normal cell metabolism [33]. Single strand breaks in the DNA
are also produced by normal metabolic processes required for the replication and utilization of
the information coded in this hereditary material. Billen [32] has calculated that the rate of
spontaneous DNA damage per year is roughly a million times that produced by exposure to 1
mSv of low LET radiation per year; similar numbers were derived by Myers [29]. Billen [32]
suggested that 12 mSv per year could therefore be considered as a "negligible" dose. However,
a large proportion of this spontaneous DNA damage is due to single strand breaks in the DNA,
which are readily repaired by the cell, and no information is available on spontaneous rates of
production of double strand breaks or other rare events, which are less readily repaired and are
believed to have more serious consequences for the living cell.
The various definitions of low dose rates can be summarized as follows:
Genetic changes in mouse spermatogonia [18]
1993 UNSCEAR report [23]
Microdosimetry [31]
Variations in natural background [23]
Spontaneous DNA damage [32]

< 8 mSv/min
<0.1 mSv/min
< 0.003 mSv/min
0.00002 mSv/min
0.00002 mSv/min

For the purposes of this report, the committee has chosen to accept the international definition
of low dose rate as being less than 0.1 mSv per minute or 144 mSv per day, at least in the case
of low LET radiations. Low doses are defined as less than 200 mSv regardless of dose rate.
To extrapolate from observed excess of cancers after exposure at high doses at high dose rate
(for example, as in the Japanese bomb survivors) to those expected at low doses and low dose
rate, ICRP-60 [1] has recommended a dose and dose rate effectiveness factor of two [3].
(d)

Cellular microdosimetry

Over the past two decades, considerable attention has been paid by various investigators in
different laboratories to the amount of energy deposited by different types of radiation in small
volumes equivalent in size to the size of a cell nucleus or to small fractions of that size. The
average spherical volume of a mammalian cell nucleus is taken to be about 8 micrometre in
diameter [34]. The amount of radiation energy deposited in small volumes can be measured
with proportional counters down to about 1 micrometre in diameter and has been calculated for
spherical volumes down to less than 10 nanometres in diameter [35]. This energy deposition
is a stochastic process. As the radiation dose is decreased to very low levels, the average
amount of energy deposited by cobalt-60 gamma rays in spherical volumes of 8 micrometre
diameter reaches a constant minimum value below about 5 mSv (Figure 1) and only the
proportion of the volumes affected in a tissue continues to decrease. Above about 30 mSv of
gamma rays, both the proportion of affected cell nuclei and the average amount of energy
deposited in the cell nucleus increase in direct proportion to dose [31,36].

-6These microdosimetric measurements have proven to be most valuable in elucidating our
understanding of the different relative biological effectiveness (RBE) values -or radiation
weighting factors for different types of radiation [18,23,30,31,37]- In this respect, it might be
noted that at low radiation doses, where overlapping or multi-track events should not occur in
a mammalian cell nucleus, the mean dose of radiation deposited in affected cell nuclei of 8
micrometre diameter is roughly in the ratio of 1 to 3 to 1000 for cobalt-60 gamma rays, 250
kVp X-rays and 1 MeV neutrons, respectively [31]. Some difference in RBE of these radiations
is therefore predictable, although the exact ratio of these doses does vary appreciably with the
diameter of the spherical volume under consideration [35].
One of the authors involved in this type of calculation has drawn other conclusions from the fact
that D, the imparted energy per unit mass, is the energy concentration (and not the actual
amount of imparted energy) in the equations used to calculate their microdosi metric "hit size
effectiveness function". He has therefore concluded that the linear, non-threshold dose response
model should be abandoned, and that neither D nor person-Gy is additive [5,38,39]. Further
light on these conclusions can be found in a previous publication involving the same author [36].
Here it was calculated that the probability of inducing a mutation even in the very sensitive
Tradescantia system (see Appendix A) was only about 1 in every 5000 hits on the cell nucleus
for 250 kVp X rays. Instead of attributing this low probability to the effects of DNA repair
systems and the possibility that the site and/or nature of the initial DNA damage produced by
these hits was not always appropriate to produce the biological mutation in question, the authors
derived another conclusion. Namely, "it is apparent that only the repeated occurrence of small
events in sufficiently rapid succession within the same target volume can account for most of the
effectiveness of photon irradiation" [36]. Again in the case of X-rays, "most hits do nothing
unless delivered multiply and rapidly enough for their energy deposits to combine together and
produce a response in that way" [36]. A similar statement was included in Sondhaus [40].
This conclusion is not supported by available experimental data. The mutation frequency in
Tradescantia appears to follow closely a linear, non-threshold dose response relationship from
about 80 mSv down to 2.5 mSv of X-rays and is not affected by dose rate in this region (see
Appendix A). The particular strain of Tradescantia used for this study was selected for its
radiation sensitivity and may therefore be deficient in some of its DNA repair functions.
However, consideration of the large numbers of genes in the DNA of Tradescantia suggests the
possibility that every radiation hit upon the relevant portion of its DNA might in fact produce
a mutation of the type that was being measured. Similarly, the mutation frequency in mouse
spermatogonia does not appear to be altered by a decrease in dose rate of gamma rays from 8
mSv per minute down to 0.008 mSv per minute (see first paragraph of section c). There are
other problems with Bond's interpretation of his calculations and other scientists find it difficult
to understand his reasoning. Moreover, Bond has agreed that none of his mathematical or other
concepts preclude one fatal cancer developing after exposure of 100 million persons each to 0.25
microSv of low LET radiation (V.P. Bond, personal communication dated 6 November 1995),
as would be predicted by the linear non-threshold hypothesis using ICRP risk estimates [1]. The
sigmoid curves developed by Bond and co-workers to describe the radiation "hit size
effectiveness function" would appear to be similar to the well-known sigmoid association curves
commonly used in chemistry and biology, which follow a linear non-threshold model at low
concentrations of one of the associating components. The committee has therefore chosen to
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disregard Bond's interpretation of microdosimetric calculations of "hit size effectiveness
function" as meaning that the linear non-threshold dose response model is intrinsically incorrect.
This particular rejection should not be taken to imply that the extensive calculations by Bond and
co-workers are not invaluable for other purposes.
(e)

Induction of genetic changes

Permanent genetic changes in the hereditary material include deletions of part of the DNA,
translocations of part of this material from one chromosome to another or to another part of the
same chromosome, and inversions of portions of the hereditary code; point mutations in the form
of DNA base changes can also occur but are relatively less common after exposure to ionizing
radiation than in the case of radiomimetic chemicals [23]. Deletions, translocations and
inversions all result from incorrect repair of initial DNA damage.
It is generally believed that the induction of genetic disorders is a one step process. That is to
say, any permanent genetic change in the hereditary material of the germ cell (sperm or ovum)
which does not lead to death of the developing embryo is sufficient to produce an inherited
disorder in the live-born offspring.
The available evidence on induction of genetic changes in lower organisms suggests a linear,
non-threshold dose-response relationship for exposure to ionizing radiation. There is no
substantive evidence to suggest that DNA repair processes result in a threshold for induction of
genetic changes at low radiation doses (see Appendix A).
(f)

Induction of cancer

The induction of cancer is much more complex than the induction of hereditary changes in germ
cells, although both are believed to involve induction of permanent changes in the structure of
the hereditary material in a living cell. Cancer development is believed to involve several
different steps, of which initiation of the kind of change in the genetic material (e.g. activation
of a growth-promoting gene or oncogene, inactivation of a growth repressing gene or
anti-oncogene in a living cell) that could lead to cancer development is only one step [20,23].
The most recent views of the ICRP on radiation-induced cancer as a stochastic event are
summarized in section 3.4.2 and sections B.2 and B.4 of ICRP Publication 60 [1]. These views
are in general consistent with more recent detailed scientific reviews in UNSCEAR reports
[23,24], although their application in practice appears to be somewhat less cautious than that
suggested in the UNSCEAR reports. The concept that initiation of an oncogenic transformation
in a single cell, presumably a stochastic event, is likely to result in increased cancer incidence
within the lifespan of the human or other animal appears to have been raised to the level of an
ICRP dogma [10]. A single hit which initiates a carcinogenic change in a cell is not sufficient
to produce a cancer; a number of other steps, probably with cell division between, are required
before a cancer will appear.
The assumption of a single cell origin of cancer is crucial to the theory of a linear non-threshold
dose response relationship. If a cancer only arose when two or more adjacent cells were altered
by radiation, this could easily lead to the existence of a real threshold dose, at least in the case
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precancerous clone in animals have the same biological and biochemical characteristics, which
may in turn differ from those of another precancerous clone in the same tissue. Precancerous
transformation of single cells can also be observed in tissue culture. It has therefore been
concluded that many or possibly all cancers result from changes in a single cell [20,21,23].
Cancer risks from ionizing radiation are typically assessed assuming linearity between dose and
effect. While this may be a prudent approach for radiation protection purposes, various authors
have questioned the appropriateness of this assumption for risk assessment. In a recent editorial
in Science [4], Abelson comments "The use of linear extrapolation from huge doses to zero
implies that one molecule can cause cancer. That assertion disregards the fact of natural largescale repair of damaged DNA." and goes on to suggest "The current mode of extrapolating
high-dose effects is erroneous for both chemicals and radiation. Safe levels of exposure exist.
The public has been needlessly frightened and deceived, and hundreds of billions of dollars
wasted. A hard-headed, rapid examination of phenomena occurring at low exposures should
have a high priority." Abelsons' comment is supported by a recent review of selected
epidemiological data by Muckerheide [12]. Some of these data are reviewed elsewhere in this
report. There is no doubt that investigators tend to assume a linear non-threshold relationship
for effects of radiation exposures, even when the data do not warrant this assumption. However,
it is difficult to disprove this hypothesis.
In as far as the possibility of a threshold in the dose-response relationship for radiation-induced
cancer is concerned, some paragraphs from ICRP Publication 60 [1] might be cited. Paragraph
68 indicates: "If, as seems likely, some types of cancer can result from the damage originating
in a single cell, there can be a real threshold in the dose-response relationship for those types
of cancer only if the defence mechanisms are totally successfiil at small doses. The balance of
damage and repair in the cell and the existence of subsequent defence mechanisms can influence
the shape of the relationship, but they cannot be expected to result in a real threshold.
Paragraph 73 indicates: "In short, for low LET radiations, the most characteristic form of the
relationship between the equivalent dose in an organ and the probability of a resultant cancer
is that of an initial proportional response at low values of equivalent dose, followed by a steeper
rate of increase (slope) that can be represented by a quadratic term, followed finally by a
decreasing slope due to cell killing. There are no adequate grounds for assuming a real
threshold in the relationship. This form of response, while typical, is not necessarily the
definitive form for all human cancers. Taken together with the linear approximation for
increments over the dose due to natural background, it provides a suitable basis for the
Commission's use of a simple proportional relationship at all levels of equivalent dose and
effective dose below the dose limits recommended in this report." The doses in question would,
of course, be anything between zero and an average effective dose of 20 mSv per year or an
effective dose of 50 mSv in any given year.
Paragraph B61 in ICRP Publication 60 [1] might also be noted: "Theoretical considerations and
most of the available experimental and epidemiological data do not support the idea of a
threshold for the carcinogenic response to low LET radiation. Nevertheless, on statistical
grounds a threshold for individual tumour types cannot be ruled out with certainty in either
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about 0.2 Gy for most human cancers and perhaps much less. "
The possibility of a threshold in the dose-response relationship for radiation-induced cancer is
thus not entirely excluded by the ICRP but, more simply, is considered to be highly unlikely.
The ICRP hypothesis is related to but more definite than the conclusion in the 1986 UNSCEAR
report [21, p 242]: "However, in spite of these exceptions, absence of a threshold dose for the
development of cancer is assumed by UNSCEAR as a working hypothesis for the time being."
NCRP Report 64 [41] is similarly cautious about regarding the linear dose-response model for
radiation-induced cancer as a scientific fact rather than as a useful working hypothesis.
There are two related considerations in reports of other scientific committees which were not
discussed in detail in ICRP Publication 60 [1]. The first is the possibility that the induction of
certain types of cancer may require two successive radiation-induced events affecting the same
cell. This theory was developed by Marshall and Groer [21] to explain the poor fit of the linear
dose-response model to human epidemiological data on incidence of bone cancer following
ingestion of radium-226. With any two hit model of this kind, the second hit required to initiate
cancer development may not occur early enough to produce a cancer within the normal life-span
of the human being when the average accumulated doses are very low. There is no proof that
this theoretical model is correct, but a similar two-step model has been developed to explain
experimental data on induction of lung cancer by inhaled radon progeny in rats [42]. Models
with two radiation-affected stages have also been fitted to the solid cancer data for the Japanese
bomb survivors [43], but the significance of this fit is uncertain. Two hit models are likely to
be more useful in those cases (e.g. bone cancer) where the natural incidence is very low, than
in those instances (e.g. breast cancer in women, lung cancer in cigarette smokers) where the
natural incidence is relatively high in North America and where some tissue cells are already
successfully negotiating all of the complex steps in the carcinogenic process without any
additional radiation exposures. In the latter instance, any single radiation-induced step could
well be sufficient to increase the natural incidence of that type of cancer.
A related consideration of the two step model by Chadwick [44] led to the following theoretical
predictions: "- when the spontaneous incidence of a malignancy is zero or negligibly small, the
radiation induced incidence will be proportional to the square of the exposure....-when the
spontaneous incidence is significant, one of the mutational steps will be induced spontaneously
and the other by radiation, and the radiation induced incidence will be proportional to
exposure." Although the theory appears logical, the applicability of this particular two step
model to induction of cancer generally is highly uncertain. The average number of steps
involved in the induction of many types of cancer may be closer to seven than to two [45].
Annex E of the 1993 UNSCEAR report [23] notes that cancer development is a multi-step
process involving the accumulation of a series of genetic and epigenetic changes and that
different steps characterize different cancers.
The second consideration also depends on the influence of normal life expectancy but is based
on the pragmatic observation that the latent period to appearance of bone cancer in dogs, mice
and humans increases as the dose rate of radiation from radium-226 decreases (Figure 2). A
similar dependence of latent period on dose was observed for induction of lung cancer by
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in hamsters, of liver and spleen tumors by thorotrast in rats, of lung tumors by radon in rats,
and of myeloid leukemia and thymic lymphoma by X-rays in mice [21]. The same effect,
observed in humans who had ingested radium-226, led to introduction of the term "practical
threshold" by Evans [46-48]. The practical threshold would be the accumulated lifetime dose
at which the time to appearance of any radiation-induced cancer exceeds the normal human life
span [19]. Below this dose level, the chance of developing a radiation-induced cancer would be
very small, or zero as the word threshold implies. The BEIR-IV report [19] preferred to include
the possibility that there could by chance be a small probability of a radiation-induced cancer
even below this practical threshold, so that one should speak more properly of a quasi-threshold.
The data on radium-226 and bone cancer in humans were interpreted by the BEIR-IV committee
to indicate that "the time to tumor appearance apparently increases with decreasing dose and
dose rate. Below an average skeletal dose of about 0.8 Gy [16 Sv], the chance of developing
bone cancer from 226Ra and 228Ra during a normal lifetime is extremely small - possibly zero."
It is of interest to note that the average latent period to appearance of bone cancer in dogs also
increases with decreasing doses of strontium-90, but the increase is appreciably smaller with the
low LET radiation from strontium-90 than it is with the high LET radiation from radium-226
(Figure 2).
The theoretical implications of this observation were explored in more detail by Mayneord and
Clarke [49,50]. Their model assumed a strictly stochastic or linear non-threshold dose response
relationship for the probability of malignant cell transformation after exposure to ionizing
radiation. However, because much experimental evidence from both chemically and radiation
induced tumors in experimental animals pointed to an increase in latent period with decreasing
dose rate, this particular feature was also incorporated into Mayneord's model. In general, "the
theoretical analysis by Mayneord and Clarke (1975) does not support an overall linear
[non-threshold] relationship between dose and cumulative tumor rate over finite time intervals
in populations having a standard age distribution' [21].
The concept of a practical threshold or quasi-threshold for induction of cancer by exposure to
radiation at low dose rates over a major portion of the normal life span is not discussed in ICRP
Publication 60 [1], even in the case of radium-226. Another recent review of the linear nonthreshold hypothesis for radiation-induced cancer by Cox [51] also failed to consider the
radium-226 data or the concept of a practical threshold.
In consideration of models for the dose-response relationship for radiation-induced cancer in
humans, it was considered useful to include a summary of the lowest doses at which a
statistically-significant increase in cancers in various epidemiological studies could be observed:
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Childhood leukemia and other cancers
after X-irradiation of the fetus

10-20 mSv

Thyroid cancers after X-irradiation
of the thyroid gland in children

60 mSv

Leukemia and other cancers after
irradiation of the whole population
of the Japanese bomb survivors
Bone cancer in adults after ingestion
of radium-226

(g)

200 mSv
16,000 mSv (0.8 Gy) to
200,000 mSv (10 Gy)

Stimulation of repair processes by radiation

Laboratory studies have demonstrated that low doses of radiation can stimulate the activity of
DNA repair systems and thus reduce the damaging effects of a subsequent second dose of
radiation on the hereditary material in living cells [16,24]. The influence of this phenomenon
on assessment of the stochastic effects of radiation remains to be evaluated. Paragraph 46 of
ICRP Publication 60 [1] has commented on these effects: 'In particular, radiation may be able
to stimulate the repair of prior radiation damage, thus decreasing its consequences, or may be
able to improve immunological surveillance, thus strengthening the body's natural defence
mechanisms. Most of the experimental data on such effects, currently termed "hormesis" have
been inconclusive, mainly because of statistical difficulties at low doses. Furthermore, many
relate to biological endpoints other than cancer or hereditary effects. The available data on
hormesis are not sufficient to take them into account in radiological protection."
Data on effects of radiation on trout sperm (Figure 3) might be cited to provide one illustration
of the ICRP view. Doses of 0.25 and 0.5 Gy at high dose rate to the sperm increased the
proportion of fertilized fish eggs that develop and survive, but the same doses also increased the
probability of developmental abnormalities caused by permanent alterations in the genetic
material (Figure 3). The data on developmental abnormalities were consistent with a linear,
non-threshold dose-response curve for stochastic effects of radiation, even though the lower
doses of radiation had apparently beneficial effects on other biological endpoints.
Other laboratory studies have indicated that low doses of sparsely ionizing (low LET) radiation
may initiate a variety of other cellular responses. These involve changes of intracellular signal
pathways that result in temporary alteration of enzyme catalyzed reactions, stimulation of radical
detoxification, and initiation of programmed cell death (apoptosis) or cell proliferation [9,16,24].
The influence of these phenomena on assessment of the stochastic effects in irradiated tissues
also remains to be evaluated. The question of adaptive responses to radiation is reviewed in
Appendix H.
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Microdosimetric definition of low dose, using cobalt-60 gamma rays (bottom two
dashed lines) and 9 MeV neutrons (top two solid lines) as examples [31]. Plots
represent dose mean specific energy (indicated by 1) and frequency mean specific
energy (indicated by 2) deposited in a cell nucleus of 8 micrometres diameter
(GSV) as a function of average absorbed dose in a tissue containing vast numbers
of cell nuclei. The vertical lines indicate the upper border of the low dose
region, below which the chance that any one of the affected cell nuclei will be
intersected by more than one track of ionizing radiation is very low.
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Comparison of the dose response relationships for radium-226 and strontium-90
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the median time, tL, of spontaneous deaths among unexposed control animals.
Note dose rate in rad/day equals dose rate in mGy/0.1 day or in mSv/7 minutes
for radium-226.
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Dose response relationships for primary bone cancer deaths after exposure to
radium-226 in female CF mice, beagle dogs and humans (dial painters) [52].
The horizontal lines show median times, tL, of deaths among unexposed
individuals. Note dose rate in rad/day equals dose rate in mGy/0.1 day or in
mSv/7 minutes.
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Frequencies of different end points following irradiation of trout sperm [53]. The
dashed line for induction of malformations in developing embryos is that
predicted for a linear, non-threshold dose response relationship. The other lines
are drawn from one experimental point to the next, since they obviously do not
follow a simple linear model.
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DISCUSSION OF APPENDICES

A basic purpose of the present report was to examine scientific evidence relevant to the linear
non-threshold dose response hypothesis for induction of cancers and genetic changes by low
doses of ionizing radiation at low dose rate. The evidence examined is summarized, together
with relevant references, in the attached appendices.
The best evidence to support the linear non-threshold hypothesis stems from studies on
radiation-induced genetic changes in lower organisms such as bacteria, yeast and spiderwort
plants. At low dose rate, the yield of genetic mutations is strictly proportional to dose down to
very low doses in the region of a few mSv of low LET radiation in these organisms. Studies
on specific locus mutations in the offspring of irradiated male mice represent a less sensitive
endpoint but the results are compatible with the linear non-threshold hypothesis and demonstrate
that the effects of radiation delivered either at low dose rate or in fractionated doses are additive
(Appendix A).
The data on radiation induced cancer are less clear. This may in part be due to the fact that the
development of cancer, in contrast to genetic changes, involves several different steps, as noted
above. It may therefore be unwise to extrapolate directly from the data on radiation-induced
genetic changes to radiation-induced cancers in all cases.
The data on excess cancers other than leukemia induced in the Japanese bomb survivors at
Hiroshima and Nagasaki are clearly compatible with the linear non-threshold hypothesis for
exposures to relatively high doses of radiation at high dose rate. The data on excess leukemias
in the same bomb survivors are more ambiguous and are possibly compatible with a threshold
in the region of 200 mSv even for brief radiation exposures at high dose rate. A number of
epidemiological studies on groups of persons exposed to low radiation doses at low dose rate
were reviewed. In general, these studies have not proved to be very useful. Even when
negative results were observed, the statistical confidence limits on the results were so wide that
they neither prove nor disprove the linear non-threshold hypothesis for radiation-induced cancers.
The excess relative risk coefficients for excess cancers in various tissues are frequently, but not
always, lower for studies on patients exposed to high doses of medical X-rays than they are for
the Japanese bomb survivors. An apparent threshold for induction of excess lung cancer in
Massachusetts and Canadian tuberculosis patients exposed to medical X-rays was noted; this
result appears to conflict with the data on excess lung cancers in the Japanese bomb survivors.
The reason for this discrepancy is not known. However, it is clear that some, but certainly not
all, of the data on excess cancers after exposure to medical X-rays are compatible with a
threshold type of dose response relationship (Appendix B).
Epidemiological studies have been carried out on early uranium miners and other miners (for
example, fluorspar miners in Canada, iron miners in Sweden, tin miners in China) exposed to
high concentrations of radon in mine air at a time when the biological hazards of this exposure
were not appreciated. All of these studies have consistently demonstrated an excess of lung
cancers at a later date in these miners. When all of the data for smoking (about 70-80% of the
total) and non-smoking (about 20-30% of the total) miners are combined, the data on excess lung
cancers are compatible with the linear non-threshold hypothesis but does not exclude other dose
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induction of excess lung cancers by high concentrations of radon in non-smokirig miners, as
opposed to smokers (Appendix C).
Extensive international studies have been carried out on the incidence of lung cancer in persons
exposed to low concentrations of radon in homes. No definitive conclusions can be drawn from
these studies. The statistical confidence limits on the results are again so wide that they neither
prove nor disprove the linear non-threshold hypothesis for radiation-induced cancers (Appendix
D).
Extensive studies have also been carried out on groups of persons exposed to radium-226 and
228, radium-224 and thorotrast (an insoluble form of thorium-232). Radium-226 and
radium-224 both produce excess bone cancers. The dose-response relationship for radium-226
and 228 shows a threshold in the region of 0.8 Gy (16 Sv) to 10 Gy (200 Sv) while that for
radium-224 is compatible with the linear non-threshold hypothesis. This difference has been
attributed to the relatively short half-life of radium-224 (3.7 days), which means that most of
the dose from alpha particles to the bone has been delivered within a week or so, while the dose
from long-lived radium-226 is protracted over the entire lifetime of the persons concerned.
Thorotrast is similarly retained in the liver over extended periods of time. The cumulative
incidence of liver tumors among Danish and Portuguese patients exposed to thorotrast shows a
threshold at a cumulative absorbed dose of 1-2 Gy (20-40 Sv) (Appendix E). The above
conversions from Gy to Sv used the standard radiation weighting factor of 20 recommended by
the ICRP [1] for alpha particles from radium-226 and thorium-232.
Animal studies on induction of bone cancer and lung cancer by internally deposited alpha and
beta emitters have been reviewed. In general, the data on bone cancer demonstrate a threshold
dose both for alpha and for beta emitters. This is usually interpreted, as in the case of the
human data for radium-226, as a practical threshold, that is to say, a dose below which no
excess cancers will appear within the normal life span of the animal (even if cancers might be
produced below this dose if the animals were to live for unrealistically long times). Similar,
though less extensive, data are available for lung tumors in dogs after inhalation of plutonium
and other radionuclides. A recent study on rats also demonstrates an apparent threshold for
induction of lung tumors by radon and its short-lived progeny when the rate of exposure was
reduced to a point where a substantial portion of the animal's normal life span was required to
complete the exposure. It should however be noted that bone cancer and lung cancer are
relatively rare causes of death in experimental animals; the same conclusion probably does not
apply to humans who smoke cigarettes and demonstrate a high incidence of fatal lung cancer in
the absence of excess radon (Appendix F).
The dose response relationships for induction of different types of tumors in experimental
animals by external sources of low LET radiations are complex and depend upon the sex as well
as the strain of experimental animal used. In general, there is roughly an equal chance of
observing non-linear and linear dose response relationships for induction of different types of
tumors. For example, induction of ovarian cancer exhibits a threshold which is attributed to the
requirement for substantial cell killing before excess cancers develop. However, life shortening
due to induction of all types of tumors in two strains of mice followed accurately a linear non-
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3 up to 200 mSv per day. There is some evidence that, if the dose rate is sufficiently
protracted, tumors initiated by low LET radiation are unlikely to be fatal within the normal life
span of the animal. There is also some evidence that high fractionated doses of low LET
radiation may actually increase the life span of animals, especially in the presence of other
environmental stresses such as unusual ambient temperatures. It is highly probable that any
potential increases in life span are associated with other physiological factors necessary for the
maintenance of a healthy state in animals, not with a decrease in tumor incidence (Appendix G).
Evidence is accumulating that radiation damage to cells, at doses as low as 5 mSv, can result
in the activation of several classes of genes including those coding for the synthesis of enzymes
involved in the control of cell cycling, proliferation and repair. Similar responses may be
induced by other toxic agents including heat. This type of adaptive response to radiation can
also be observed in the intact animal. It is currently not known whether low radiation doses
would have any significant adaptive effect on tissue response if received at a uniform rate over
a year of 50 mSv per year. However, it is unlikely that adaptive responses would have any
effect on the shape of the dose-response relationship for the radiation-induced genetic changes
that become evident in the offspring of irradiated animals. The genetic risk estimates for
humans are derived from mouse studies carried out under conditions which should include any
effects of adaptive responses (Appendix H).
4.

CONCLUSIONS AND RECOMMENDATIONS

It is clear that we do not know if low doses of radiation at low dose rate have any harmful
effects on the health of humans. However, we do know that, if there are any harmful effects
at low doses and low dose rates, they must be very infrequent. The fact that no harmful effects
can be demonstrated, while reassuring, does not prove anything one way or the other except that
the probability of any potential effects must be very small in magnitude.
For radiation-induced cancer, there seems to be at least as much evidence against the linear nonthreshold hypothesis as there is in favour of it. The best evidence in favour of this hypothesis
is probably the data on excess cancers other than leukemia for the Japanese bomb survivors who
were exposed to various doses of radiation at high dose rate (Appendix B) and the data on life
shortening due to induction of all types of tumors in mice for lifetime gamma-ray exposures at
dose rates from about 3 up to 200 mSv per day (Appendix G). The best evidence against the
linear non-threshold hypothesis stems from studies on both humans and animals who were
exposed to radiation from internally deposited alpha and beta emitters over most of their life.
Examples include bone cancers due to radium-226 and 228, liver cancers due to thorotrast, and
lung cancers due to plutonium. In general, the data clearly demonstrate a practical threshold
(frequently in the region of 20 Sv), that is to say, a dose below which no excess cancers will
appear within the normal life span of the animal. An apparent threshold for lung cancers
induced by radon and its short-lived progeny also became evident when the rate of exposure in
(non-smoking) rats was reduced to a point where an appreciable portion of the animals' normal
life span was required to complete the exposure (Appendix E and Appendix F).
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for exposure to low doses of other sources of radiation at low dose rate over much or all of the
human life span. It seems probable that this could be true for those types of cancer which are
relatively rare in humans (e.g. bone cancer) but is less likely to be true for those types of cancer
which are more common (e.g. breast cancer in women, lung cancer in cigarette smokers) and
where some cells in the tissue are already proceeding through all of the several steps required
to convert a normal cell to an overt cancer in the absence of any appreciable radiation exposure.
The linear non-threshold hypothesis is based primarily on data on genetic changes induced in
lower organisms by low doses of radiation at different dose rates. It appears unwise to
extrapolate directly from these data to the more complex phenomenon of radiation-induced
cancer in humans and other animals; the available data on radiation-induced cancers do not fit
this hypothesis in all cases.
The following recommendations follow from this review:
(a)

Considerable caution to make sure that health detriments are not overestimated is
required in application of the linear non-threshold hypothesis to those types of cancer
which are relatively rare in humans and where the radiation dose is accumulated over a
large portion of the human life span. There appears to be a practical threshold in these
cases, for example, in induction of bone cancer by long-lived radium-226 but not for
short-lived radium-224, and of liver cancer by insoluble forms of thorium-232
(thorotrast).

(b)

The linear non-threshold hypothesis has been very useful in regulating exposures to
ionizing radiation and there does not seem to be good reason to abandon its use,
particularly since those tissues where a true threshold or practical threshold seems likely
(e.g. bone surfaces, with long-lived radionuclides) do not contribute greatly to the total
health detriment of radiation exposure as calculated by the ICRP. The assumption of
linearity may be quite appropriate for practical purposes in radiation protection even
though it may not always be the best model for the relationship between dose and any
particular effect.

(c)

However, because of the possibility that low doses of radiation accumulated at low dose
rate over a large portion of the human life span may not induce any excess cancers at all,
it is strongly recommended that health detriments should not be considered below the de
minirnis dose rate of 10 microsievert per year to individuals that was recommended by
the AECB Advisory Committees in 1990 [54].

(d)

Since there is no direct proof that exposure of adults to 10-20 mSv per year for a few
years causes any harmful effects on health, it is strongly recommended that any
detrimental health effects calculated using the linear non-threshold hypothesis for
radiation exposures of adults in this region or lower should be referred to as hypothetical
health effects only.
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(e)

If the linear non-threshold hypothesis is adopted for calculation of collective dose to
humans, it is recommended that these calculations should be categorized into three levels
of concern: (i) above 200 mSv in a short period of time where measurable biological
effects are probable, (ii) between 200 mSv in a short time and 10 microsievert per year
where potential biological effects can be predicted but not measured, and (iii) below 10
microsievert per year where the hypothetical individual risks are considered to be
negligible even if the linear non-threshold hypothesis is assumed to be correct. It is
further recommended that the calculated collective doses in each of these three different
categories should not be added to obtain a total collective dose, because of the very
different societal implications of the three categories.

(f)

Recommendations for future research
Human epidemiology cannot demonstrate whether the risk of cancer at low or very low
doses is nil or not because, at these levels, the confidence interval for risk estimates
always includes the possibility that the risk is nil. Useful information on the effects of
low doses can come only from two types of experimental work, radiobiology and animal
experiments. Studying the effects of radiation, at cellular and DNA levels, will continue
to bring information on how radiation modifies the fate of the cell and how repair
mechanisms modify the outcome of initial radiation injury. Animal experiments, like
human epidemiology, cannot confirm or disprove the existence of thresholds, but they
can bring crucial information when the influence of a single parameter like dose rate is
varied, and when such experiments are conducted at the lowest possible dose and dose
rate levels at which statistically significant results are still obtained, and from which a
trend toward the effects of low doses can be derived.
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Many other letters on this topic have appeared in recent months in the Health Physics Society
Newsletter. When reading these letters, it is useful to keep in mind the severe limitations on
estimating radiation risks from epidemiological studies on human populations exposed to low
doses of radiation at low dose rate. These limitations are discussed in Appendix B of the present
report and in the publication by Cox et al (reference 51 above).

- A-l APPENDIX A
GENETIC EFFECTS OF RADIATION
(D.K. Myers)

1.

INTRODUCTION

Ionizing radiation, like many other radiomimetic chemicals, is known to produce permanent
changes in the structure of the genetic material (DNA), which remain even after the normal
DNA repair systems have eliminated most of the initial damage to this genetic material and
which are, in many cases, the direct result of infrequent but incorrect repair of initial damage
by these repair systems. That is to say, there is a low but measurable probability that the DNA
repair systems will produce permanent and heritable genetic changes in DNA after exposure to
radiation. In the absence of these repair systems, the DNA damage caused by radiation would
frequently lead to death of the living cells.
In humans, the diseases which may result from genetic changes in a single gene include
albinism, cystic fibrosis, haemophilia, Huntington disease, neurofibromatosis, myotonic
dystrophy and polycystic kidney disease [1,2]. However, single gene disorders account for only
about 1 % of all diseases which are believed to have a genetic or partially-genetic origin [2,3].
Virtually all humans are different from one another and thus may suffer from some genetic
"abnormality". Of this total of genetic abnormalities, roughly one-third are serious enough to
require appreciable medical care at some time in their lives [4], The partially-genetic or
"multifactorial" diseases, including a variety of congenital abnormalities and adult diseases, are
believed to have an incidence of about 66 [3] or 120 (including persons with more than one
genetic abnormality) [2] per 100 persons. The characterization as partially-genetic or multifactorial indicates that evidence from both human populations and animal studies suggests a
strong genetic component (i.e. an inherited predisposition) to the disease but also that other
environmental factors are necessary in order to induce appearance of the overt disease in any
given human. Typical examples of this category include cleft lip, pyloric stenosis, congenital
dislocation of the hip, diabetes mellitus, affective psychoses, allergic rhinitis, asthma and peptic
ulcer [2,3]. In at least three of the diseases listed, the genetic predisposition may have been
advantageous to survival under more primitive conditions. Pyloric stenosis is usually associated
with highly developed musculature and athletic ability, while the predisposition to diabetes may
be useful to survival on a restricted, semi-starvation diet. Similarly the gene for sickle cell
anaemia appears to be associated with resistance to malaria and is commonly found in malarial
areas of Africa.
The difference between the UNSCEAR 1988 [3] and BEIR 1990 [2] estimates of incidence of
partially-genetic diseases is largely due to inclusion of cancer in the BEIR 1990 [2] estimates
only. This particular question is still unresolved, although scientific discoveries of particular
genes associated with a small fraction of the normal incidence of one particular type of cancer
are currently reported at frequent intervals. A major impetus to the association of cancer and
genetics resulted from earlier studies of three particular genetic diseases:
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Xeroderma pigmentosum, an inherited disease which is caused by deficiencies of certain
DNA repair systems, leads to an increased cytotoxicity of ultraviolet light to cultured
cells derived from these patients, and to a major increase in incidence of skin cancers in
ultraviolet-exposed portions of the skin of humans.

(b)

Ataxia telangiectasia, an inherited disease which appears to be associated with
deficiencies in certain other DNA repair systems, leads to an increase in the toxicity of
ionizing radiation to cultured cells derived from these patients, and to an increased
incidence of fatal cancer as well as other organic disturbances in young persons suffering
from this disease.

(c)

Inherited or familial retinoblastoma, a genetic disease in which one of the two normal
copies of a gene controlling cell growth is absent, leads to a marked increase in the
normal incidence of eye cancer and to an increased incidence of other types of cancer in
tissues surrounding the eye following local radiotherapy. Scientific studies on these and
other genetic defects which may lead to cancer are progressing at a remarkable rate, as
noted above, but it may be too early to derive conclusions on the exact proportion of all
cancers in humans that could be attributed to a genetic predisposition.

In considering the genetic effects of radiation, it is important to distinguish clearly these
inherited effects from the congenital abnormalities which may be produced by a wide variety of
factors including the direct effects of high radiation doses at high dose rate on the development
of the child in the womb. In some cases, the induced congenital abnormalities may appear to
be very similar, but there are two important differences. First, the congenital abnormalities
caused by direct irradiation of the developing child are not heritable; secondly, these particular
effects of radiation on the developing child in the womb are NOT produced by low doses of
radiation at low dose rate [4], whereas the heritable effects of irradiation of the sperm and egg
cells of the parents may well increase in direct proportion to the accumulated radiation dose even
at low doses and low dose rates.
Another item might be noted in view of recent interest in the incidence of Down syndrome in
children in the Pickering area in Ontario [5]. Down syndrome is usually due to a change in the
number of chromosomes in the developing embryo, i.e. to the presence of three copies of
chromosome 21 rather than the normal two copies. The scientific committees who have
reviewed the relevant data have concluded that low levels of radiation are unlikely to induce this
type of change in number of chromosomes per cell [2,3], as distinct from changes in the detailed
structure of DNA within each chromosome.
2.

LINEARITY

The best evidence for a linear, non-threshold dose response relationship comes from studies of
genetic changes in lower organisms. The first studies of genetic changes in fruit-flies
(Drosophila) by Muller [6] suggested a linear, non-threshold dose-response relationship, at least
down to about 50 mSv of X-rays [7], the lowest dose at which a significant increase in the
normal incidence of genetic changes could be measured. Confirmation of these data by other
scientists in subsequent years led to intensive discussion of their relevance to humans and was
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War II [8].
A 1956 French study showed that the frequency of a genetic change in bacteria, involving the
liberation of a bacterial virus previously incorporated into the genetic material, followed a linear,
non-threshold relationship down to 3 mSv [9], A subsequent Chalk River study indicated that
the frequency of genetic changes in yeast followed a linear, non-threshold relationship over a
very wide range of doses from several tens of sieverts down to 10 mSv, below which dose the
radiation-induced increases were too small to be measurable [10]. The genetic changes
investigated in this particular study are known to be the direct result of recombinational DNA
repair processes and, as noted, show no evidence for a threshold dose (Figure A-l). A U.S.
study of genetic changes in the stamen hairs of spiderwort (Tradescantia) showed a linear,
non-threshold relationship down to 2.5 mGy for X and gamma-rays at low dose rate and down
to 0.1 mGy for neutrons [11-14]. This was a large experiment with a particularly radiosensitive
system and involved scoring of about 950,000 individual stamen hairs in both the control group
and the group exposed to 2.5 mGy of X-rays [11]. For X and gamma- rays at high dose rate,
the dose response relationship for Tradescantia stamen hairs was predominated by a quadratic
(dose-squared) component at doses above 100 mSv. This quadratic component disappears at low
dose rate, while the linear portion did not appear to be affected by dose rate. Reduction of the
neutron dose rate had no effect upon the yield of mutations. All of the dose response
relationships show a downward inflection at high doses due to cell killing. This particular
system provided a clear cut illustration of the basic types of dose response relationship that can
be observed with low LET and high LET radiations at high dose rate and at low dose rate
(Figure A-2).
Studies on radiation-induced genetic changes in a variety of other living organisms including
insects, fish and rodents have generally demonstrated linear, non-threshold dose response
relationships at low dose rate, although these other experimental systems were usually much less
sensitive to radiation-induced increases than are the three systems described in the previous
paragraph. For assessment of genetic changes in humans, extensive studies on genetic changes
in mice are usually considered most important. Although it is difficult to observe significant
increases with cumulative X- or gamma ray doses below 1 Sv, the data are consistent with the
linear, non-threshold dose response model. High radiation doses accumulated at low dose rate
or as a series of multiple daily low doses both yielded fewer genetic changes than did the same
high dose delivered in a short period of time at high dose rate. These studies have been
reviewed in various UNSCEAR and BEIR reports from 1972 to the present.
There is no evidence of any significant increase in genetic or partially genetic defects in the
children of the atomic bomb survivors, or of any other group of irradiated humans that has been
studied [2,15,16]. The relatively small size of the groups involved and their genetic
heterogeneity limits the power of human studies to detect radiation-induced changes, and the
human data are therefore not necessarily incompatible with the data derived from experimental
animals [2,16]. Moreover, there is no biological reason to expect that radiation will not produce
genetic changes in humans, just as it does in all other living organisms that have been studied
under carefully controlled laboratory conditions. Current estimates of human genetic risk
indicate that an accumulated dose of 1000 mSv (1 Sv) to the reproductive organs of parents prior
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chance of serious genetic effects in any of their progeny summed over all generations [4].

3.

SUMMATION OVER GENERATIONS

The summation over all subsequent generations is possible because of the well-established
principle that genetic disorders do not reproduce as well as the normal variants in populations.
Thus the normal equilibrium level of genetic disorders in any population of living organisms
under natural conditions depends upon a balance between their rate of production by natural
processes and their rate of elimination due to their reproductive disadvantage. This is illustrated
by a study on recessive lethal mutations in fruit-flies [17]. In this particular experiment (Figure
A-3), a stock strain of fruit-flies was first freed of recessive lethal mutations on chromosome 2
by selective breeding procedures in the laboratory. This inbred stock was divided into three
separate groups of 10,000 individuals each. In the control population, spontaneous mutations
increased the level of recessive lethals from the initial artificial value of 0% to an equilibrium
level of about 25 % by generation 60 to 80 (Figure A-3). The group of fruit-flies exposed to
chronic gamma-rays at a dose rate of 1.2 Sv (1,200 mSv) per day or about 20 Sv per generation
reached an equilibrium level of about 80% recessive lethals after 60 to 80 generations and
remained at this equilibrium level for the next 60 generations. Cessation of radiation exposure
resulted, as might be expected, in a gradual decrease in the level of recessive lethals towards that
found in the control population [17]. It is noteworthy that the fruit-fly population continued to
reproduce and survived well even at a dose rate of 1.2 Sv per day, which would of course not
be true for humans and other mammals, although the radiation dose required to double the
natural mutation rates is not dissimilar for fruit-flies and for mammals.
There are some exceptions to the general rule that the incidence of induced genetic disorders
should be highest in the first generation of offspring after exposure of parents. "Although the
frequency of harmful effects from induced mutations (from the exposure of a single generation)
would be expected to decrease beyond the first generation [of offspring], owing to negative
selection, it should be kept in mind that some of the genetic effects of radiation, e.g. aneuploid
segregants from certain translocations, or mutations leading to abnormal imprinting in gametes
of first generation offspring, might not manifest until the second or subsequent generations" [18,
p 776]. These exceptions are of considerable interest but do not appear to be numerous enough
to negate the principle of summation over all subsequent generations.
In this connection, it might be noted that the sum of the increase in genetic disorders over all
subsequent generations following radiation exposure of one single generation is mathematically
identical to the increase in equilibrium level of genetic disorders in each generation of a
population following the exposure of many generations to the same dose of radiation in each
generation.
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SUMMARY

In conclusion, the basic mechanisms of radiation-induced genetic changes may not be completely
understood but are better understood than the mechanisms that lead to radiation-induced cancers.
Even though no significant increases in genetic disorders have been observed in human
populations exposed to radiation, there is good evidence from a variety of living organisms that
the dose-response curve for radiation-induced genetic changes follows a linear, non-threshold
model at low dose rates. The evidence available from laboratory studies under carefully
controlled conditions has made it possible to derive genetic risk estimates for humans not only
for the children of irradiated parents but also for the summed effects over all subsequent
generations. It might be added that there is still a great deal to be learned in the rapidly
expanding field of molecular genetics, notably the structure, function and control of each of the
100,000 or so genes in mammals which could be affected by radiation.
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Figure A-1.

Dose response relationship for induction of a particular type of genetic change in
yeast, caused by a recombinational DNA repair system [10]. A log-log plot is
used to show detail in the low dose range. Gamma-ray doses are given in Gy,
which should be equivalent in this case to Sv. The 3 different symbols used
represent different dose rates at 0°C. The horizontal dotted line represents the
natural, spontaneous rate of genetic change in these experiments. The radiation
dose required to double the spontaneous rate happens to be about 1 Sv, the same
value that is used for the calculation of genetic risks of radiation to humans
[1,15]. The slope of the line shown is one, indicating a linear non-threshold dose
response relationship.
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Figure A-2.

Neutron and X-ray dose response relationships for induction of pink mutant
events per hair (minus control values of about 6 x IQf4) in Tradescantia stamen
hairs [12]. The points represent average values obtained by dividing the total
number of mutant events by the total number of stamen hairs scored from day 11
to day 15 after irradiation. Note: 1 rad equals 10 milligray. The X-ray dose
required to double the spontaneous rate happens to be about 2 rads or 0.02 Gy
or 0.02 Sv. The open symbols are saturation points and were not used in
computing slopes. The slope of the lines for 0.43 MeV neutrons and for X-rays
up to about 10 rads (0.1 Gy) is one, indicating a linear, non-threshold dose
response relationship up to about 0.1 Gy.
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Effect of chronic gamma-radiation on the accumulation of recessive lethal
mutations in fruit flies (Drosophila) over a period of 120 generations [17]. In this
particular experiment, a stock strain of fruit flies was first freed of recessive
lethal mutations on chromosome 2 by selective breeding procedures in the
laboratory. This inbred stock was then divided into three separate groups of
10,000 individuals each. The increase in percent mutants in the control
population from the initial artificial value of zero is due to spontaneous mutations.
The radiation dose required to double the spontaneous mutation rate in fruit flies
was 0.7 - 3 Gy in other studies.
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INDUCTION OF CANCER BY LOW LET RADIATION IN HUMANS
(A.M. Marko with additional notes by D.K. Myers and D.B. Chambers)

1.

EXTERNAL RADIATION EXPOSURES

A.

Introduction

Unlike the evidence from studies of genetic effects in lower organisms^ the evidence for a linear
non-threshold dose response relationship for the induction of cancer by radiation in animals and
humans is not clear-cut. In fact, bodies such as the International Commission on Radiological
Protection (ICRP) state that the possibility of a threshold in the dose-response relationship for
radiation-induced cancer is not entirely excluded but is considered to be highly unlikely.
Although the initial stage in cancer induction by radiation involves a permanent change in the
DNA of the somatic cells which is similar to the permanent change in the hereditary material
of the germ cell caused by radiation, the subsequent changes leading to the production of cancer
are more complex than the subsequent production of genetic changes, and are believed to involve
several different steps ultimately leading to a cancer (see section 2, pages 7-10 in main text).
Epidemiological studies of persons occupationally exposed to radiation, of populations exposed
to varying levels of terrestrial gamma radiation, and of persons exposed to environmental
releases of radioactivity, generally have not shown excess cancers in these populations compared
to selected control groups. For this reason estimates of the numbers of radiation-induced cancers
that might be expected to occur have been based on risk coefficients derived from studies of
populations (notably the Japanese bomb survivors) irradiated at high dose rates. Dose and dose
rate reduction factors have been used to adjust for the differences in high and low doses and
dose rate [1].
At high dose rates, epidemiological studies on the Japanese bomb survivors have provided no
substantial evidence for a threshold dose level for radiation-induced cancers other than leukemia;
the data on leukemia induction in the Japanese bomb survivors are ambiguous and might be
compatible with the threshold concept (see Figure XXI on page 257 of reference [2]) (Figure
B-l). In general, low dose rate studies have been less useful for risk estimates than high dose
rate studies. The most consistent problems in low dose studies is lack of statistical power arising
from the number of people studied, the length of follow-up, and the doses to which persons were
exposed being collectively too small to have a chance of detecting a radiation effect. Other
severe limitations include inadequate dosimetry, narrow dose ranges, and inadequate controls.
In order to have reasonable power to detect any radiation effects, such studies must be very
large. Only in these instances could one hope to derive crude risk estimates, albeit with wide
confidence limits, which are unlikely to prove or disprove the risk estimates derived from higher
dose studies.
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Occupational Studies

To obtain quantitative risk estimates, occupational studies offer the most promise of being able
to provide significant results [2]. Radiation workers in the nuclear industry have received
cumulative occupational doses of 1 mSv to over 1 Sv in the course of many years of
employment, and observations of well over 100,000 workers have been published in numerous
articles in the United Kingdom, the United States, Canada, India, and the former Soviet Union.
In most cases total mortality in these groups was generally less than that in the general
population for all men in the same ages and the same period in the country in which they
worked. This observation is often referred to as the "healthy worker effect" but also indicates
that the radiation workers had not suffered the serious health effects that had been observed in
coal miners and asbestos workers.
In the Hanford study, analyses of data from 33,000 monitored workers employed for six months
or longer with an average cumulative dose of 26 mSv have been carried out. The most recent
publication by Gilbert et al includes mortality during the period 1945-1986. Only cancer of the
pancreas and Hodgkin's disease showed significant positive correlations with radiation exposure.
Other authors who have analyzed the Hanford study have reached different conclusions, mainly,
no radiation effects except for multiple myeloma as a result of occupational exposure [2].
A study of the Rocky Flats plant included 5,000 white males who had been employed for at least
two years and were then followed for an average of 14 years. They had an average recorded
dose of 40 mSv. No overall dose-response relationships were found for external radiation [2].
Studies at Oak Ridge National Laboratories involved 8,000 white male workers with an average
cumulative dose of 17 mSv. An initial report found no relationship between mortality and dose.
In a later report, a significant association was found between mortality from all cancers
combined when doses were lagged by 10 and 20 years. However, further analyses showed that
the significant associations were largely due to smoking-related cancers [2].
The study of workers at the Sellafield plant included 10,000 workers with an average cumulative
dose of 124 mSv and an average follow-up of 23 years. When doses were lagged by 15 years
there was significant association with cancer of the bladder, multiple myeloma and all lymphatic
and hematopoetic cancers [2].
The study of workers at the United Kingdom Atomic Energy Authority plants included 22,000
workers with an average cumulative dose of 40 mSv and an average follow up of 23 years.
When the doses were lagged by 10 years there was a significant association between dose and
cancer of the uterus and prostate [2]. An obvious problem with this and other individual studies
of workers is that the results observed for individual types of cancer are not consistent from one
study to another and are frequently incompatible with the data on the Japanese bomb survivors
as reported by Thompson [3].
A study of 9,000 workers with an average cumulative dose of 8 mSv at the United Kingdom
Ministry of Defence included a follow-up of 18.3 years. When the doses were lagged by 10
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neoplasms but the strongest association was found for cancers of the lung and prostate [2].
A study in Canada involved 8,977 employees of Atomic Energy of Canada Limited, who
received an average cumulative dose of 52 mSv. There were no significant increases in
standardized mortality ratios for any cancers. The same was true for a smaller group of 412
workers who received an average cumulative dose of 430 mSv or about 20 mSv per year for 21
years [4],
Two studies in India, one at Bombay and the other at Tarapur, involved rather small numbers
and the follow-up periods were short. Results to date provide no evidence for radiation effects
[2].
To strengthen the observations found in the follow-up studies in Canada, the United States and
in the United Kingdom, the individual studies have been combined in several ways.
Also, under the auspices of the International Agency for Research on Cancer, collaborating
scientists from different countries have undertaken analyses of data of nuclear workers from
different countries, the United States, the United Kingdom and Canada. The initial results of
this analysis (Table B-1) suggest a small decrease in mortality due to all solid cancers together
with a possible increase in leukemia mortality. It might be noted that the IARC report [5] did
not use the conventional 95% confidence limits in their calculations (Table B-1); the apparent
increase in leukemia mortality would not be statistically significant with 95% confidence limits.
However, the statistical confidence limits on these results are so wide that they overlap the
predictions made by the linear non-threshold hypothesis on the basis of the epidemiological
follow-up of the Japanese bomb survivors, particularly when the ICRP dose and dose rate
effectiveness factor of two is applied (Table B-1).
Table B-1
Excess relative risk estimates per Sv (and 90% confidence intervals)
for fatal cancers in nuclear workers and in males age 20-60
from atomic bomb survivors [5]
All cancers
excluding leukemia

Leukemia

Nuclear workers

-0.07 (-0.39 to 0.30)

2.18(0.1 to 5.7)

Adult male bomb survivors

0.18(0.05 to 0.34)

3.67 (2.0 to 6.5)

Adult male bomb survivors
with ICRP DDREF* of 2

0.09

Study population

1.84

* DDREF = Dose and dose rate effectiveness factor as defined in
ICRP Publication 60 (1991)
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doses and mortality of workers at the reactor and at the reprocessing plants at the
Chelyabinsk-65 nuclear weapons facility. From 1949-1968, the proportion of workers with a
dose greater than 0.25 Sv per year was 50-80% at the reactor site and 35-90% at the
reprocessing plant. After 1968, radiation doses did not exceed 0.05 Sv per year on average [2].
The health of 80% of the workers who had worked under these unfavourable conditions has been
followed for 40 years. An ill-defined clinical picture called by the Soviets "chronic radiation
sickness" consists of radiation sickness associated with chronic fatigue and an altered blood
picture. This sickness was rarely observed if the dose rate remained below 0.25 Sv per year or
if the total dose remained below 1 Sv. Recovery from this sickness also occurred if the dose
rate allowed was dropped to 0.05 Sv per year. In both plants, the reactor and the reprocessing
plant, workers whose total dose exceeded 1 Sv or those who received more than 0.25 Sv in any
one year had substantially higher cancer mortality than other workers. The cancer mortality of
the other workers was similar to that of the Soviet population as a whole [2]. These studies
from the former Soviet Union have yet to be confirmed.
The National Dose Registry mortality study undertaken by Health Canada [6] involved a cohort
of 206,000 workers who were monitored for occupational radiation exposure in Canada between
1951 and 1983. The study was funded by Health Canada, the Atomic Energy Control Board,
and Statistics Canada. Record linkage with the Canadian Mortality Data Base located 5,426
deaths in the cohort. The standard mortality ratio for all causes was 0.59 indicating a strong
"Healthy Worker Effect", with no individual ratios statistically greater than 1.0. Trend tests and
excess relative risks (ERR's) for mortality from leukemia, multiple myeloma, and prostate were
not significant. In males, both the trend test and ERR's for all cancers showed increasing
mortality with cumulative radiation exposure. However, with the exclusion of lung cancer
deaths, both the trend test and the ERR for the remaining cancers were not significant at the
95% level, suggesting confounding from smoking.
C.

Exposure to Natural Background Radiation

Because of the availability of large populations for study, epidemiological studies of cancer
mortality and exposure to terrestrial and cosmic radiation are undertaken enthusiastically but
involve many serious difficulties. There are uncertainties in the dose received by persons in the
study due to geographic variability in the accuracy of diagnosis, and other numerous
confounding environmental factors which might have a great influence on the cancer incidence.
Using risk estimates derived from high dose Japanese Life Span Studies it can be estimated that
11 % of deaths from leukemia and 4% or less from other cancers might be attributed to natural
background radiation, excluding radon. However, epidemiological studies in the United States,
Japan, France, Sweden and China found no significant association between leukemia and
background radiation [2]. Leukemia was chosen for this comparison because of its higher yield
from radiation compared to other cancers. In China, annual radiation doses to the bone marrow
were estimated to be 1.96 mSv in high background radiation areas compared to 0.72 mSv in the
control areas, but this study provides no evidence for radiation effects following low dose
protracted exposures throughout life since leukemia rates were lower in the population with
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results are again so wide that they overlap the predictions made by the linear non-threshold
hypothesis on the basis of extrapolation from the epidemiological follow-up of the Japanese
bomb survivors (Table B-2).
The study of thyroid nodularity in women in areas of high background radiation in China
provides some evidence that a protracted dose of the order of 0.1 Gy in adult life does not
appreciably increase the risk of nodular thyroid disease.
Table B-2
Excessive relative risk estimates (and 90% confidence intervals) for
fatal cancers in populations in high background radiation area in China
which received 60 mSv excess dose to bone marrow over a lifetime and for
the whole population of atomic bomb survivors projected to a total dose
of 60 mSv (data derived from pages 103 and 243 in Reference 2).
All cancers
excluding leukemia

Leukemia

High background area
in China

-0.06 (-0.16 to 0.05)

-0.08 (-0.40 to 0.39)

Bomb survivors

0.027 (0.018 to 0.036)

0.26 (0.14 to 0.33)

Bomb survivors with
ICRP DDREF* of 2

0.014

0.13

Study population

*

DDREF = Dose and dose rate effectiveness factor as defined in
ICRP Publication 60 [1].

Tests of the linear hypothesis at low doses of the order of natural background levels are difficult,
if not impossible on simply statistical grounds. Consider for example, the work of Frigerio [7]
who classified the U.S. population according to natural background radiation exposures and
correlated these exposure rates with general mortality rates and cancer-specific mortality rates
for various locations. Frigerio noted that 'observation of the actual population at risk shows not
only no increment, but an actual decrement.,.".
In discussing this type of study, it should be acknowledged that in ecological (correlational)
studies of the type performed by Frigerio [7] that a correlation of rates does not ensure that the
exposed people were actually those who developed the disease. In the Frigerio example, the
correlation of rates may not actually apply to long term residents of a given area. The mortality
and morbidity experience that was recorded might actually reflect the health experience of recent
residents. These people may have spent most of their life-time elsewhere and received very
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since the unit of measurement is the group as a whole, it is possible that exposure to other toxic
substances that cause cancer may differentially affect individual members of the study
population, thus confounding the risk assessment.
Further insight on the difficulties of low dose studies is provided by considering studies of risk
to populations exposed to high natural background radiation such as those described in BEIR V
[8, pp 383-385] and UNSCEAR [2, Annex A, pp 57-58].
Consider for example the Chinese study of two neighbouring regions having different levels of
background radiation such that the bone marrow dose for an external gamma radiation by 50
years of age would be about 2.7 times greater for a person in the high background area than in
the low background area. According to UNSCEAR [2, Annex A, para. 242] doses of this
magnitude would result in a relative risk for leukemia of about 1.2. UNSCEAR writes that
"Relative risks of this magnitude are very difficult to detect epidemiologically, so even if
observation is extended over a lifetime, it will be difficult to obtain a definitive result. Similar
considerations apply to many of the smaller occupational studies, although some of these
low-dose studies can be expected to provide an upper limit to the risk and therefore make a
useful contribution to radiation-induced cancer risk evaluation."
The concept of statistical power, namely the chance that an effect will be observed if there is
one, is widely used in assessing the feasibility of epidemiological studies. Following the
procedure of Beaumont and Breslow [9] statistical power increases with increasing relative risk
and with the size of the population under study.
According to UNSCEAR [2, Annex A, para. 240] the Chinese populations are relatively stable
with little in and out migration, have a high quality ascertainment of cause of death and reliable
dose estimates. When the data on leukemia mortality are plotted on a power function curve
using the Beaumont [9] method, it becomes evident that there is a large discrepancy between the
theoretical ability to detect an effect based on standard risks coefficients and what was actually
observed. All other factors being equal (which of course may not be the actual situation in this
study), the use of life span risk estimates appears to result in an overestimate of the actual risk
and consequently of the chance of finding an effect. There appears to be little or no risk at
exposures of the order of those from natural background radiation.
D.

Environmental Releases

Several geographical studies have reported an association between amounts of fallout in
Southwestern Utah from nuclear tests in the period 1952-1958 and subsequent leukemia rates.
For several reasons outlined below, the studies are faulty. External doses of low LET radiation
in the range of 6-30 mGy delivered at low dose rates appeared to have the ability to cause
leukemia in those exposed in childhood. An association with dose was also seen for chronic
lymphocytic leukemia (which is known to be non-induced by radiation). There was no
significant association between leukemias and groups exposed in utero during fallout. These
observations and the great uncertainty of estimating exposures 30 years later renders conclusions
from these studies somewhat doubtful [2].
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cancer rates in the populations living in the three most heavily contaminated districts of the
former Soviet Union that were not evacuated. It is hoped that studies of the clean-up workers
"the liquidators" will yield valuable information on risk estimates because the numbers involved
were large (over one hundred thousand) and the doses were appreciable (0.1 to 0.4 Gy or more).
Populations exposed to radiation as a consequence of releases into the Techa River and the
Khyshtym accident have been studied for risk estimates. Currently available results indicate an
increasing risk of leukemia, especially in high dose groups, and total cancer mortality with
increasing dose. Interpretation of risk estimates in this case is complicated by the presence of
both internal and external exposure as well as possible exposure to other carcinogenic substances
[2].
E.

Exposure to Medical X-ravs

Risk estimates derived from epidemiological follow-up of groups of patients exposed to medical
X-rays formed an important component of the cancer risk estimates derived in the 1977
UNSCEAR report but were largely ignored in more recent assessments [1,8,10]. The latter
assessments are based almost entirely on epidemiological follow-up data for the Japanese bomb
survivors. The latter data were described in a previous report [10] and will not be repeated
here.
Annex A of the 1994 UNSCEAR [2] report contains a series of graphs comparing the relative
risk coefficients for excess cancers in various tissues as derived from the life span study of
Japanese bomb survivors and as derived from various studies on patients exposed to medical
X-rays for different reasons. The graphs on excess lung cancers, liver cancers, breast cancer
and leukemia are reproduced in Figure B-2; the original publication should be consulted for
further details. As indicated in these graphs, the excess relative risk coefficients are frequently,
but not always (see for example data on breast cancer incidence in Figure B-2), lower for the
studies on medical X-rays than for the Japanese life span study.
It is also of interest to note that excess breast cancers were observed in both the Canadian and
Massachusetts fluoroscopy studies, but no increase in lung cancer mortality was observed in the
Massachusetts fluoroscopy study (Figure B-2). The Massachusetts data on lung cancer were
substantiated by a study on lung cancer in Canadian fluoroscopy patients [12,13]. There was
no increase in lung cancer mortality in this latter group of patients even with X-ray doses in the
region of 1.6 Gy [12]. This apparent threshold in the dose response relationship for lung cancer
mortality in the fluoroscopy studies appears to conflict with the data from the Japanese life span
study, where a small increase in lung cancer mortality was noted even with doses below 0.5 Gy
(Figure B-l) [2,10]. The reason for this discrepancy is unknown.
However, some but not all of the data on excess cancers (note also for example the data on liver
cancers in Figure B-2) after exposure to medical X-rays are clearly more compatible with a
threshold type of dose-response relationship than with the linear non-threshold hypothesis. One
interpretation [14] of the data on breast cancer in the Canadian fluoroscopy study also suggests
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assumed a linear non-threshold relationship at low radiation doses.
2.

INTERNAL RADIATION EXPOSURES TO LOW LET RADIATION

There is a substantial amount of information about the effects of 1-131 on the risk of thyroid
cancer for a wide variety of doses, ranging from very high doses delivered in the treatment of
hyperthyroidism to low doses received by patients exposed to diagnostic procedures or exposed
to radiation from fallout. The information mainly relates to individuals exposed in adult life.
It provides little evidence that exposure to 1-131 is associated with an increased risk of thyroid
cancer [2].
An increase of thyroid cancer in children living in areas contaminated by the Chernobyl
accident, namely Belarus and Ukraine, has been reported, but the data are difficult to interpret
for a number of reasons. However, a recent draft report by the Group of Medical Advisers to
the Atomic Energy Control Board has concluded that the increase in thyroid cancer in children
is associated with radiation, that is, 1-131 intake from the Chernobyl accident fallout [15],
probably in association with other confounding factors.
There have been few studies of the effects of internal exposures to low LET radiation from other
radionuclides. Administration of high doses of P-32 to patients with polycythemia rubra vera
resulted in an excess of leukemia in these patients 15 years later with an average skeletal dose
of 3 Gy. This result is questioned because patients with this underlying disease may be
unusually sensitive to radiation-induced leukemia [2].
Treatment of chondrosarcoma and chordoma with S-35 resulted in severe bone marrow damage
in the patients and may have caused leukemia in these cases.
An excess of leukemia in a cohort of 28,000 persons exposed to Sr-90 in the Techa River
showed an excess risk of leukemia.
Global fallout of Sr-90 and Cs-137 even during the sharp peak in about 1964 did not appear to
cause radiation effects in populations studied in northwestern Europe, Britain and Nordic
countries [2].
3.

CONCLUSIONS

Risk coefficients for induction of cancer by low LET radiation depend primarily upon the
epidemiological follow-up of groups of persons who were in the past exposed to high doses of
radiation at high dose rates, notably the Japanese bomb survivors from Hiroshima and Nagasaki.
In general, studies of populations exposed to lower doses at low dose rate have been less useful
due to lack of statistical significance. Studies of workers exposed to low LET radiation within
the recommended dose limits, of whole populations exposed to unusually high levels of
background radiation from natural sources, and of populations exposed to radiation from
environmental releases of radionuclides have often failed to demonstrate any increase in cancer
mortality; however, the statistical confidence limits on these results are so wide that they neither

-B-9disprove or prove the linear non-threshold dose response hypothesis. The excess risk
coefficients for excess cancers in various tissues are frequently, but not always, lower for studies
on patients exposed to medical X-rays than they are for the studies on Japanese bomb survivors.
Some, but not all, of the data on excess cancers after exposure to medical X-rays are clearly
more compatible with a threshold-type dose response relationship than with a linear nonthreshold dose response relationship.
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-C-l APPENDIX C
INDUCTION OF CANCER IN HUMANS BY RADON IN MINES
(D.B. Chambers)
Mining of radioactive ores, including pitchblende containing lead, iron, silver and other metals,
began in Central Europe as early as the 15th century. By 1556, Agricola had described an
unusual fatal chest disease had occurred in miners of the region. However, it was not until the
1930s that radioactivity in mines was suggested as the likely causative agent for the increased
lung-cancer risk.
During the 1930s and 1940s, radioactive ores were mined in several countries as a source of
radium for medical purposes and for painting luminescent watch dials. Various other radioactive
ores were mined for sources of non-radioactive materials such as vanadium. From the 1950s
onwards, uranium mining was carried out on a large scale in various countries, including
Canada, the United States, and Czechoslovakia. Several groups of non-uranium miners were
exposed to elevated levels of radon progeny, most notably Newfoundland fluorspar and Swedish
iron miners.
Numerous studies of the risk of lung cancer in underground miners have been reported in the
literature. Over the years, several summaries of published results from these studies have
appeared in the literature [1-8].
Although current Rn progeny levels in mines are generally much lower than in the past, the
health consequences for current miners, exposed to Rn and its progeny for long periods of time
at relatively low levels, and for retired miners, previously exposed at high levels, have not been
completely described.
The effects of exposure to Rn and its progeny in women miners are unknown. Few females
worked as underground miners and numbers are generally insufficient to analyze; to date there
have been no analyses of women miners.
In attempts to increase statistical reliability, several groups have performed meta-analyses either
of published results [4,9,10] or joint analyses of original data [3,8]. The findings of BEIR-IV
[3], Lubin et al [8] and Chambers et al [10] can be summarized as follows:
1.

BEIR-IV Analysis

The BEIR-IV Report [3] provided a comprehensive assessment of risk from underground
exposure to Rn progeny, based on a pooled analysis of data from four cohort studies of
underground miners. The studies included the Colorado Plateau uranium miners, Ontario and
Beaverlodge uranium miners, and the Swedish iron ore miners. The pooled analysis included
360 lung cancer deaths and 426,000 person-years of follow-up. The BEIR-IV report [3]
indicated that excess risk was not adequately described by either constant excess relative risk
(ERR) model or a constant attributable risk model. Rather, the BEIR-IV analysis suggested that

-C-2lung cancer risk increased linearly with cumulative Rn progeny exposure, but that the exposureresponse trend declined with attained age and with time after the exposure occurred. (Note:
BEIR-IV (page 91) developed the time-since-exposure approach after a presentation by J. Muller
of the Ontario Ministry of Labour, who suggested that the time since exposure factor was
important in the analysis of Ontario miners [11]). The BEIR-IV report suggested that other
temporal factors may be important, such as age at first exposure and exposure duration, but risk
patterns across the four studies were inconsistent. Although the constant ERR model was not
compatible with the data, the ERR/WLM was estimated to be 1.34% per WLM (or a doubling
of risk at 75 WLM).
Various criticisms have been directed to the BEIR-IV analysis, including lack of critical review
of WLM dosimetry. The same comment applies to the recent assessment of Lubin et al [8].
Analyses of the combined effects of Rn exposure and smoking in the Colorado Plateau uranium
miners cohort study and in a case-control study of New Mexico uranium miners were also
presented in the BEIR-IV report [3]. Results indicated that a multiplicative risk relationship
between the two factors could not be excluded; an intermediate relationship between additive and
multiplicative was most consistent with the data. No attempt to characterize the intermediate
relationship was presented.
2.

U.S. National Cancer Institute Analysis

Lubin et al [8] conducted the most extensive pooled analysis to date, using data from 11
underground mining cohorts having estimates of cumulative WLM exposure for individual
miners. The approach used in the analysis, Poisson regression of person-year multi-way tables,
was similar to the BEIR-IV report, but included 2,701 lung cancer deaths and almost 1.2 million
person-years of observation.
The excess relative risk dose-response estimates ranged from 0.2% to 5.1% per WLM (see
Figure C.I). These values are overall estimates and were not adjusted for cohort differences
in attained age, exposure rate and other factors known to modify the ERR/WLM. Most of the
estimates were about 1 % or less. The rate of lung cancer was approximately linearly related
to cumulative WLM exposure. Overall, ERR/WLM was estimated to be 0.5%, lower than the
1.34% estimated in the BEIR-IV Report. The ERR/WLM reported by Lubin et al [8] decreased
with attained age, time since exposure, and exposure rate, making it inappropriate to compare
the overall ERR/WLM with other summary analyses, since the cohorts differed on these factors.
The decline in the ERR/WLM with time since exposure continued beyond 25 years after
exposure. However, it was unclear whether the absolute excess lung cancer risk declined. The
ERR/WLM did not vary by age at first exposure; thus, age at first exposure was not an
important modifier of risk.
The pooled analysis of Lubin et al [8] found a consistent "inverse dose-rate effect". That is,
over a broad range of total cumulative exposures, a higher relative risk of lung cancer was
associated with underground exposures received at low rates for the same cumulative WLM,
suggesting that either low exposure rates, long durations of exposure, or both may be relatively
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increased risk for lower exposure rates (conditional on a fixed cumulative exposure) tended to
balance the decrease risk associated with longer "times since exposure".
Data on exposure to arsenic, a known lung carcinogen, was available in two cohorts, the
Chinese tin miners [12] and the Ontario gold miners [13]. Exposure to arsenic increased risk
of lung cancer, while adjustment of the Rn progeny effects for arsenic exposure significantly
reduced the estimated ERR/WLM. According to Lubin et al [8], this pattern suggested that the
presence of other carcinogenic exposures in the mine may influence the estimates of radon
progeny risk.
Most of the analyses conducted by Lubin et al [8] were based on variants of the linear ERR
model. Results indicated that models which included temporal variables significantly improved
the fits compared to the constant ERR model. This implied that the excess lung cancer rate was
not proportional to the background rate as a simple function of cumulative exposure. They also
fitted various absolute (excess) risk models, although in general the ERR models provided better
fits. The estimated excess cases of lung cancer ranged about 20-fold, from 0.15 x 10"5/WLM-y
to almost 2.9 x 10'5/WLM-y. The combined (weighted) estimate for all the cohorts was 0.61
x 105/WLM-y with 95% Cl (0.3 x 10 5 , 1.3 x 10 5 ).
3.

Chambers Analysis

While Lubin et al [8] presents a qualitative discussion of the effects of errors in variables,
Chambers et al [10] attempted a preliminary quantitative analysis of seven studies which
explicitly accounted for uncertainty in dose (WLM). This is an important consideration as all
of the miner studies are subject to uncertainty in dose estimates. As with the more recent
analysis of Lubin et al, the analyses of Chambers et al found that the assumption of a linear
dose-response relation could not be rejected for either relative risk or absolute risk projection
models.
This importance of reliable dose estimation has been emphasized by the recent re-evaluation of
the Beaverlodge cohort [14]. Preliminary analysis of lung cancer risk using the revised
dosimetry show similar modifying effects of risk by time since exposure and age at risk as other
studies of underground miners but provides no evidence of an inverse dose rate effect in contrast
to previous analyses of the same cohort [15].
4.

Discussion and Conclusions

Studies of underground miners provide the most important basis for assessing the risk of
exposure to radon daughters. The relationship between occupational exposure to radon progeny
and lung cancer incidence has been studied extensively by Lubin et al [8] in eight cohorts of
underground uranium miners, one of iron miners, one of tin miners, and one of fluorspar
miners. In every cohort, there were specific weaknesses or difficulties (e.g. small number of
individuals in a cohort, small number of lung cancer cases, large number of survivors,
uncertainties in exposures that could not be evaluated, exposures to co-carcinogens) that
introduce uncertainty into the study of the health effects of inhaled radon progeny.
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The relationship between radon progeny exposure and lung cancer has also been studied in
several instances for indoor exposure of the general population (see Appendix D). These
studies, in which exposures were low at natural background levels, produced somewhat
contradictory results, some showing a positive association between exposures and cancer
incidence (for example, [16]), whereas others did not (for example, [17]). These considerations
are noted here to indicate the difficulty of extracting reliable information on the relationship
between exposure to radon progeny and lung cancer incidence from epidemiology exposure.
The difficulty of epidemiology studies at low-exposure is illustrated by the observations of
Saccomannono [18] on Colorado Plateau uranium miners which indicate that the lowest exposure
(to-date) received by non-smoking miners with lung cancer in this cohort is estimated at about
450 WLM.
Duport has commented, in the context of this report, that it may be worth noting that two of the
cohorts of miners studied by Lubin et al [8], display a relationship between exposure and lung
cancer incidence that may be more compatible with a threshold dose-response model than with
the linear, no-threshold hypothesis. Duport comments that the Chinese tin miners, the cohort
with the largest number (981) of lung cancer cases, after correction for the effect of exposure
to arsenic, exhibit a relative risk of lung cancer that remains constant and equal to about one up
to a total exposure of 400 WLM [12]. Duport also comments that for French uranium miners
where dosimetry is based upon 1.2 million measurements, a sampling frequency per worker
about 20 times that in any of the other ten cohorts studied by Lubin et al [8], that the relative
risk of lung cancer remains also constant, but larger than one, up to a total exposure of about
200 WLM. However, the data from the other nine studies in the review by Lubin [8] did not
show any obvious evidence for a threshold dose-response model.
A recent study by Howe and Armstrong [19] investigated the effect of measurement error in
exposure estimates (WLM) for various miner groups using computer simulations of both casecontrol and cohort study groups. The analysis found that uncertainty in WLM introduced bias
(downward) on the coefficient for the main effect and
"...provided some indication of the likelihood that some or all of the apparent
time related dependency of risk (i.e. inverse dose rate effect) in the RDP/lung
cancer model is produced by measurement error" (ibid at 138).
In view of this finding and the recent observation that the inverse-dose rate effect is no longer
evident in the Beaverlodge miners (using revised dosimetry), we suggest that, notwithstanding
the cautions noted by Lubin et al [8], there is no substantial evidence of an inverse dose-rate
effect at low dose rates typical of conditions in modem underground mines. We also suggest
that there is no basis for assuming an inverse-dose rate effect at WLM exposures found in
homes. This observation is consistent with that of Brenner [20].
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Figure C-1:

Estimates of excess relative risk of lung cancer per WLM (ERR/WLM) and 95 %
confidence limits. From top to bottom, the studies are of miners from China
(YTC), Czechoslovakia (CZ), Colorado (CO), Ontario (ONT), Newfoundland
(NF), Sweden (SW), New Mexico (NM), Beaverlodge (EL), Port Radium (PR),
Radium Hill (RH) and France (FR). Data from Figure 8 of reference 8.
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-D-l APPENDIX D
INDUCTION OF CANCER IN HUMANS BY RADON IN HOMES
(R.G. McGregor)

The radionuclide radon-222 is an inert gas formed in the decay series of uranium-238 and its
parent radium-226. Uranium and radium occur naturally in all soil, rocks, and ground water
providing a continual source of radon gas through radioactive decay. Because radon is a gas,
it can escape freely from the site of production and move into soil gas, ground water and hence
escape from the ground. Outdoors, measurable concentrations are found everywhere and
average 10 Bq/m3 [1] with higher and lower concentrations depending upon geology,
atmospheric inversions, etc.
Indoors, radon concentrations are generally an order of magnitude greater than outdoors and are
difficult to predict without long-term measurements. Indoor radon concentrations over the longterm depend upon the source strength (radium content of the soil beneath the dwelling), soil
permeability, and the natural ventilation rate of the house envelope. On a short-term basis,
significant changes in indoor radon can occur due to wind speed and direction, changes in
barometric pressure and indoor/outdoor temperature. Because of variation of indoor radon
concentration with time, it is important to measure for a period of six months to a year to
identify the true annual concentration in order to estimate occupants exposure.
Radon gas has a half-life of 3.8 days, and decays into short-lived chemically reactive decay
products including the isotopes of polonium, bismuth and lead. Its carcinogenic potential derives
principally from the alpha particles emitted from the decay products polonium-218 and
polonium-214. Epidemiologic studies of underground miners [2,3] and experimental animal
studies [4] have clearly established that exposure to radon decay products are carcinogenic
leading to an increased risk of lung cancer.
The U.S. National Cancer Institute performed a joint analysis by pooling data from 11
underground miner studies [3], A clear increase in the relative risk of lung cancer is seen with
increasing exposure to radon decay products with an excess relative risk (ERR) of 0.5 % per
WLM. This is lower than the ERR per WLM estimate of 1.34% provided by the BEIR IV
report.
Although the results from mines establishes radon as a cause of lung cancer among underground
miners, the lung cancer risk to the general population from domestic exposure to radon is so far
not definitive. The radiation dose to the lung for a given level of exposure in dwellings may
differ from that associated with exposure in mines. There are several uncertainties associated
with the estimation of risks on the basis of studies of miners including aerosol size distribution,
unattached fraction, and breathing rate and route, age and sex. The National Research Council
study compared the relationships in the home and the mining environment between exposure to
radon decay products and the alpha radiation dose to secretory and basal cell targets in the lung
[6]. The report concludes that the dose per unit exposure in homes is 30% lower than in mines
for adults and 20% or less lower for children and infants. In absolute terms, the exposure-dose
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mining) to 5.6 mGy/WLM for an adult male sleeping in a normal bedroom. The report also
concluded that it is reasonable to assume that risk is proportional to total exposure and that there
is no dose rate effect. In contrast the International Commission on Radiological Protection
(ICRP) concludes that there is insufficient justification for adopting a risk coefficient for
members of the public that is different from workers [7]. They also conclude that the exposuredose conversion for 1 WLM is 5.06 mSv for workers and 3.88 mSv for members of the public.
A number of epidemiologic studies have been completed with contradictory results. Ecologic
studies where the association of the data on lung cancer occurrence in groups with the group
radon exposures are relatively simple to perform but can be subject to major limitations. Stidley
and Samet conducted a review of 15 ecologic studies of lung cancer and exposure to indoor
radon [8]. Seven of the studies found increasing lung cancer risk with increasing indoor radon
levels, six studies found no relation, and two studies found negative associations between indoor
radon and lung cancer. Methodological limitations included measurement errors, model
misspecification and lack of statistical power. All 15 studies were subject to error in their
estimates of radon exposure from a group measure rather than measures for each individual and
nine of the studies used surrogate indicators of radon exposure. Only eight of the studies
addressed mobility of the population. Stidley and Samet conclude that the ecologic studies do
not contribute to a better understanding of the quantitative risks of indoor radon.
A similar review was carried out in the 1994 UNSCEAR report [9]. Of the 19 ecological
studies listed in Table 58 on p 142 of the 1994 UNSCEAR report, seven found an increase in
lung cancer risk associated with increased or presumably increased radon levels in homes, seven
yielded no association or equivocal results, and five found an inverse correlation, i.e. a decrease
in lung cancer risk associated with an increase in radon levels. After review of these and other
studies, the 1994 UNSCEAR report concluded that there is little direct evidence as yet on the
risks of lung cancer resulting from residential exposure to radon; for the time being, risk
estimates should continue to be based on the studies of occupational exposure with some
adjustments for differences in circumstances of exposure.
A recent descriptive study investigated lung cancer mortality among residents of a high-radon
area in Austria (Umhausen, Tyrol). Radon concentrations in dwellings was not distributed
evenly but show a clustering of very high concentrations with a median annual mean
concentration of 1868 Bq/m3 [10]. The high lifetime exposure in the high-radon area (242
WLM) coincides with a clustering of observed lung cancer deaths. The ratio of the observed
to expected lung cancer deaths (6.17) is very similar to that of uranium miners in West Bohemia
(6.23) in the comparable radon exposure category of 210-239 WLM [11]. The authors conclude
that the cancer risks per unit dose do not differ considerably between the population of
Umhausen and the uranium miners of West Bohemia. This does not imply that the same
relationship would be found between mines and at lower levels normally experienced in homes
or that the dose response is linear.
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are selected along with a number of matched control subjects selected from the same region.
Home levels of radon for both groups are measured over a period up to one year* to estimate
exposure.
Seven major case-control studies have been reviewed by Lubin along with a pooled analysis of
three of these studies [12]. Results of these studies have been inconsistent with some of the
studies showing a weak increase in relative risk while others have failed to show any association
between lung cancer and exposure to radon.
Three of the studies, Shenyang, China [13], Winnipeg, Manitoba [14], and the Missouri study
[15] showed no association of lung cancer with exposure to radon. The Winnipeg study
involved 738 cases and 738 controls matched on age and sex. Average radon levels were 120
Bq/m3 and 200 Bq/m3 in the bedroom and basement areas respectively. The study was designed
to have an 80% chance of detecting a 50% increase in the lung cancer risk. In the Missouri
study non-smoking women were selected because they offer the best opportunity to detect radonrelated risk while minimizing the potentially confounding influences of cigarette smoking. A
total of 538 cases and 1183 controls were enlisted in the study with an average radon
concentration of 67 Bq/m3 with only 6.7% of subjects experiencing radon levels greater than 150
Bq/m3. Several sub-group analyses suggested a positive dose-response trend but at a nonsignificant level. The Shenyang study (women only, 308 cases; 362 controls) restricted
measurements to the last home occupied by subject for a period ^ 5 years (the median
occupancy was 24 years) and was conducted in an area of high air pollution.
The New Jersey study (433 cases; 402 controls) exhibited a significant increasing trend in lung
cancer risk with increasing exposure to radon [16]. Radon levels in homes were low with only
1 % of homes with radon levels greater than 150 Bq/m3 and the study included few non-smokers.
An increased risk of lung cancer was also observed in the Stockholm study with a relative risk
of 1.7 (95% CI 1.0-2.9) for women and radon levels greater than 150 Bq/m3 [17]. The National
Swedish study (1360 cases; 2847 controls) also observed an increased risk of lung cancer in
relation to radon levels [18]. A relative risk of 1.3 (95% CI 1.1-1.6) was observed for time
weighted average radon concentration of 140 to 400 Bq/m3 and 1.8 (95% CI 1.1-2.9) for radon
levels above 400 Bq/m3 as compared to those exposed to 50 Bq/m3. This estimate of risk is in
the same range as those reported for uranium miners. The study had a long delay between the
occurrences of lung cancer (1980-1984) and the placement of radon detectors. Radon levels
were only measured for the heating season and extrapolated to yield an estimate of annual
average concentration.
All of the studies suffer from the imprecision of radon measurements due to the contemporary
time of the measurement; the missing dwellings (non-existence of home or inability to gain
access); exposure to radon outside of the home and the effects of home modifications in recent
years (renovations, air conditioning etc.). Additional errors result from the mobility of the
population introducing reduced variability and hence requiring increased sample size. The
relative risks of the seven studies and the predicted relative risks for constant residential
exposure between the ages of 35 and 65 years of age, based on the BEIR IV model [5] are
shown in Figure 1 [12].
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from the miner studies is unequivocal. The application of the estimation of the excess risk per
unit exposure derived from the miner-based models to the levels of residential exposure bears
substantial uncertainty. The epidemiology studies to date lack the statistical power due to the
low number of subjects in the individual studies to clearly define the presence or absence of
excess relative risk. A large pooling of the data from several studies recently completed or near
completion may facilitate further assessment of the exposure-response relationship.
Several factors have been identified which could account for observed differences in excess
relative risk. These factors include age at time of exposure, time since last exposure, exposure
rate and cigarette smoking [19-21]. Only the China study of miners had cases of first exposed
under the age of 15 years. Analysis revealed no consistent modification of the relative risk per
WLM by age at first exposure. Thus Lubin concludes "that any enhancement of lung cancer
risk from exposure at young ages would likely be slight and lifetime risks would be balanced
by the declining effect of time since exposure" [22]. An inverse dose-rate effect has been
observed in several miner studies [20]. However, this inverse relationship may diminish at low
total exposure as low doses may cause only a few cellular changes for carcinogenesis which
results in a sub-linear exposure-response relationship [23]. There is also the opportunity for
cellular repair mechanisms to reduce cellular damage. The extrapolation of the effects of
exposure rates to the levels of domestic radon exposure contains substantial uncertainty. The
combined effect of smoking and radon exposure on lung cancer has been the subject of several
studies with the result of a submultiplicative to multiplicative interaction [53]. This uncertainty
adds to the uncertainty of the estimates of excess relative risk at domestic radon exposure levels.
In summary, the lung cancer risk due to exposure to domestic levels of radon is difficult to
determine with any precision. The best estimate of lung cancer risk from exposure to radon
progeny is the National Cancer Institute [3] joint analyses where the relative risk for smokers
is l+0.0034xWLM and for non-smokers is l+0.0103xWLM. The results of the reported
epidemiology studies are not inconsistent with the extrapolation of risk from the miner studies.
The lowest level of exposure to miners begins at the range of the highest level of exposure in
homes. Many of the case-control epidemiology studies were limited by the relatively small
number of subjects to define the risk clearly with precision. Future pooling of similar studies
may clarify the potential risk of lung cancer associated with domestic radon exposure.

Table 1
Summary of Case-Control Studies on Radon and Lung Cancer

Location

Study*
Period

New Jersey,
U.S.A.

Reference

Sample Size

Radon Prevalence

Monitoring

Significant
Association

Other
comments

19821984

Schoenberg, 1990

433 cases
402 controls
women only

1.4% cases
0.5% controls

1 year alpha-track in
one residence lived in
for at least 10 years

Trend in OR with
increasing radon
levels

ORC = 4.2 in top
dose category,
only 6 cases

Shenyang,
China

19851987

Blot, 1990 [13]

308 cases
356 controls
women only

20.1%

1 year alpha-track
in one residence lived
in for at least 5 years

None

there is one of the
world highest lung
cancer prevalence

Sweden

19801984

Pershagen, 1994
[18]

1360 cases
(586 women &
774 men)
2847 controls
(1380 women &
1467 men)

25% measurements
above 116.5 Bq/m3

3 months during heating
season, alpha track, in
all residences lived for
at least for 2 years

Significant trend.

Trends similar by
histological type

738 cases
738 controls

24.3%

Winnipeg,
Canada

19831990

U6]

Letourneau, 1994
[14]

when the cases were recruited
percentage of homes with radon levels above 150 Bq/m3'
OR - odds ratio

1 year
alpha track
in all previous
residences in Winnipeg
area

RR = 1.8 for
highest quintile
(95% CI = 1.1-2.9)

None

No results by
gender.

No trend for
any histology.
No trend after
adjustment for
smoking

Table 1 (continued)
Summary of Case-Control Studies on Radon and Lung Cancer

Location
Stockholm

Study*
Period

Reference

Sample Size

Radon Prevalence

Monitoring

19831985

Pershagen, 1992
[17]

210 cases
400 controls
(191 hospital, 209
population based)

29% cases
25 % controls

1 year alpha-track
in all residences
of 2 years or more

women only

Significant
Association
Time weighted
mean radon
exposure:
Trend for all lung
cancers (p = .05) &
small cells (p=.05)

Other
comments
Strongest trend in
non-smokers
No trend in
ex-smokers

Cumulative
exposure:
Trend for all ages
and for <, 54 yr
Olds
For Radon 2150
Bqm-y 1 All Ages
RR = 2.3(1.1-4.5)
£ 54 y.o.
RR = 5.2(1.2-21.8)

8

Missouri

19861991

Alavanja, 1994
[15]

538 Cases
1183 Controls
(Age Matched)

Above 91 Bq/m3:
Cases- 23%
Controls - 18%

1 year
alpha-track
in each residence
occupied at least
one year

None

Positive trend in ORs
for adeno carcinoma
with increasing Radon
levels when adjusted
for age and saturated
fat intake (p=.01)

Finland

19841988

Ruosteenoja, 1991
[24]

238 Cases - males
434 Controls

40% above 175 Bq/m3

2 month
alpha track

None

Trend strongest for
large cell carcinoma

when the cases were recruited
percentage of homes with radon levels above 150 Bq/m
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Figure D-l.

Relative risks (RR) for lung cancer by picocuries per litre (pCi/L) for the seven
case-control studies of residential radon exposure listed in Table D-l. Also
shown are a plot of predicted relative risk for residential exposure from the age
of 35-65 years using the model of the Committee on Biological Effects of Ionizing
Radiations (BEIR-IV) adjusted to 1 pCi/litre (37 Bq/m3) as the referent exposure
and a plot of a relative risk of 1.0 [12].
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-E-l APPENDIX E
INDUCTION OF CANCER IN HUMANS
BY OTHER SOURCES OF HIGH LET RADIATION
(J.R. Johnson with additional notes by D.K. Myers)

1.

INTRODUCTION

This appendix examines the relevant and available scientific data on the induction of cancer by
high LET radiation, with emphasis on human experience with alpha emitting radioisotopes of
thorium, radium, and other alpha emitting radionuclides. Reference to other data is included,
particularly other isotopes, when appropriate. A series of seven international conferences (Utah
1974 [1], Neuherberg 1976, Lisbon 1979, Lake Geneva 1981 [2], Neuherberg 1984 [3],
Bethesda 1988 [4]) on the effects of internally deposited radium and thorium have been held
since 1974, the latest one in Heidelberg in April, 1994 [5]. This appendix draws heavily on the
publications from those meetings.
The definition of low dose and low dose rate for high LET internal radiation is difficult because
at the cellular level these terms are somewhat meaningless. If a single alpha particle transverses
a cell nucleus the dose and dose rate to that 'target' will be high and independent of the
macroscopic dose and dose rate. Appendix I 'Dosimetry of Alpha Particles' in BEIR IV [6] can
be consulted for a detailed discussion of this difficulty.
2.

THORIUM

Thorium occurs widely in nature [7], and has been used in medicine, industry, and advanced
nuclear fuel cycles. It also was widely used in incandescent mantles for gas lighting, and is used
as thoriated tungsten for filaments and welding rods, as Th-Mg alloys for aircraft engines and
frames, as highly refractive optical glass [8], and in thoria refractories [7].
The 1993 UNSCEAR report [9] gives an average concentration of 232Th in coal as 20 Bq kg"1
and that the production of one GW of electricity would result in 6 x 1010 Bq in ash. It also
gives an estimate that the concentration in fly ash is 70 Bq k g .
The most abundant thorium-bearing mineral is monazite, which can have a thorium content as
high as 8% [9], A major source of monazite is mineral sands [9], and recovery of monazite
results in occupational doses that can exceed ICRP limits [10].
Table E-l (adapted from reference 11) lists thorium isotopes with half-lives longer than one day.
Of the seven isotopes listed, only 229Th does not occur naturally. A difficulty that occurs with
232
Th is that the ratio of 228Th to 232Th activity is often not known, as it depends on the time
since separation of the 232Th from its progeny. At separation, the ratio is one. It decreases to
about 0.6 after five years due to the decay of 228Th and subsequently returns to equilibrium due
to the ingrowth from 228Ra (Figure E-l). The dose values given in Table E-l for 232Th are
calculated with the assumption that this ratio is one. The return to equilibrium requires that the
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Ra is not being removed by environmental or metabolic processes as it grows in. This
requirement is likely to be valid for Ra produced in insoluble particles in the lung and in mineral
bone, but will not be valid for 228Ra produced from free 232Th in soft tissue.
The isotopes 23I Th and 227Th represents the other extreme. Because of their short half-lives, and
the long half-life of the 231Pa daughter of ^'Th, it is unlikely that an exposure would occur with
the two isotopes at equilibrium, and it has been assumed that ^ ' T h is freshly separated for the
results presented in Table E-l.
The radiological hazards associated with natural thorium (232Th and its progeny) has not always
been appreciated. One of the best known past uses was as a contrast agent (Thorotrast) for
medical imaging [12].
2.1

Thorotrast

Thorotrast is a radioactive radiographic contrast agent that was used for angiography and other
purposes [4]. It is primarily 232Th by mass, but 232Th is the parent of a radioactive decay chain.
Its decay chain contains 7 alpha emitters and 4 beta emitters, as well as a variable amount of
230
Th contaminant depending on the ore that the thorium was extracted from.
It has been estimated that about 2.2 million persons, worldwide, received injection of Thorotrast
between 1930 and 1950, when its use was stopped in most countries. Overall, and given an
adequate follow-up time, studies of Thorotrast patients show elevated risks of cancer for many
sites, but especially for the liver. Five national epidemiological studies (Denmark, Germany,
Japan, Portugal, United States) have been carried out. Table E-2 summarizes these studies.
2.1.1 Measurements
Bone marrow distribution of thorium in thorotrast patients is usually measured using the gamma
emissions of 228Ra (one of the progeny), which has a 5.7 year half-life. Ideally, the distribution
of alpha tracks from the decay of all the progeny with respect to the cells at risk is required, but
this is not possible. As a consequence, the dose to the cells is uncertain.
In addition, the ratio of
in the decay chain, as te
E-l).

228

Th to 232Th varies with time after hemical separation from others
228
Th will decay away and be replaced as the 228Ra decays (see Figure

2.2.1 Biological effects
A summary of the results from the five national epidemiological studies is given below.
2.2.1 (a) Danish Study
The study of Danish patients reported in 1992 [13] was updated with respect to leukemia at the
Heidelberg Symposium [5]. This study began in 1949 and was stopped in 1982. It was reestablished in 1991, and has a cohort of 1003 patients. The highest increased incidence was seen
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injection, and cumulative dose. Average tissue doses of radiation received by patients who were
injected with Thorotrast have been well documented. The liver was the organ most likely to be
affected by cancer following Thorotrast injections. The study of Danish patients [13] shows that
no excess of liver cancer was observed until the dose to that organ reaches about 2 Gy (Figure
E-2).
2.2.2 (b) German Study
The study of German patients reported in 1989 was updated at the Heidelberg Symposium [5].
This study began in 1969 and has a cohort of 2326 patients, with 1890 controls. At the end of
1993, 85 members of the cohort and 315 controls were still living. The excess liver cancer was
again the most dominant, with the excess leukemia being second (Table E-2).
2.2.2 (c) Japanese Study
The Japanese study differs from the others because the age distribution at injection is younger.
It also was updated at the Heidelberg Symposium [14]. This study consists of two series.
Series 1 was started in 1963 and has a cohort size of 258 (34 still living) with 1630 controls.
The treatment was associated with trauma. Series 2 was started in 1979 and has a cohort size
of 244. The cohort was identified from an x-ray survey of ex-servicemen who could have been
treated with Thorotrast [5]. The excess of liver cancer is the dominant effect (Table E-2).
2.2.2 (d) Portuguese Study
The study of Portuguese patients started in 1961 and was stopped in 1977. The presentation by
dos Santos Silva at the Heidelberg Symposium [15] gave an update of the results to 1977 and
current plans to continue the follow-up of the cohort. It has a cohort of 2436 with a nonThorotrast treated control population of 2086. As in the Danish study (Figure E-2), no liver
cancers were induced at doses below about 2 Gy [15].
2.2.2 (e) U.S. Study
The report by Janower et al [16] is the latest epidemiological information on the US study
thorotrast cohort. The cohort size is 724 with 315 controls. Little biological effect was
observed (Table E-2), possibly due to the relatively short follow-up period.
2.3

Summary of the carcinogenicity of thorotrast

The follow-up of thorotrast-exposed patients has demonstrated an increased risk of leukemia and
liver cancer. The lifetime risk of liver cancer is about 300 per 104 per person Gy [6]. This
estimate ignores the fact that could be a practical threshold of about 2 Gy for the induction of
liver cancer [13,15].
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RADIUM

A summary of the epidemiological studies for radium exposures is given in Table E-3.
3.1

M6

Ra and

228

Ra

These two radium radionuclides are combined because most exposures to one also involves
exposure to the other, and exposures are usually to a mixture of the two. For example, Keane
and coworkers [17] have estimated that the 228Ra/226Ra activity ratio ranged from less than 0.2
to 10 at the time it was used by the US dial painters. The ratio of the activities depending on
the ore that the radium was obtained from. Both radionuclides head decay chains and are
ubiquitous in the environment. Detail describing these chains are given in references 9 and 18.
3.1.1 Exposures
Radium was used to produce luminous dial for clocks, meters, etc. The method of painting
these dials was by hand (primarily by young females). There have been major epidemiologic
study of these cohorts [19,20], who are called "dial painters". Exposures to radium in the
environment have not yielded any conclusive epidemiologic results [6,21].
3.1.2 Radium Dial Painters
Rowland et al [22,23] studied the relationship between dose and bone sarcoma and head
carcinoma in 1978 women employed in the US radium dial painting industry before 1930.
Radiation induced cancer incidence in that population was further updated by Thomas [20].
They reported that no skeletal tumors were observed in those 1391 workers with average skeletal
doses below 10 Gy. Of the 154 subjects with doses greater than 10 Gy, 62 had skeletal tumors.
It has been proposed that, for 226>228Ra in bone, a practical threshold exists at a skeletal dose of
about 10 Gy [20] (Figure E-4).
It seems that the skeletal doses received by those workers who developed bone or head cancer
after having been employed as radium dial painters are relatively well known. Keane and
coworkers [17] estimate that the dates that individuals worked is a larger contributor to the
uncertainty in dose than the 228Ra/226Ra activity ratio. The study of the US radium painters
conducted by Rowland et al [22,23] and updated by Thomas [20] seems to indicate that among
those workers who were diagnosed with bone or head cancer, none had received a radiation dose
from radium smaller than about 10 Gy. Rowland [23] found that the best fit to the dose-effect
curve was obtained with a linear-quadratic-exponential function (LQE) of the form
I = (C + aD + flD2)^™
but for which the a coefficient had to be negative, that is, the effect is inversely proportional
to the dose for the linear component of the dose-effect relationship. In a re-analysis of the same
population, Thomas [20] proposes that a dose between 3.9 and 6.2 Gy be considered a threshold
for the type of exposures received by the US radium dial painters (Figure E-3). A threshold of
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doses lower than 10 Gy.
3.1.3 Environmental radium
Radium is ubiquitous in the environment, and exposures occur mainly by ingestion. Table 13
of Appendix A in the 1993 UNSCEAR report [9] gives the average age-weighted effective dose
from radium as 7.7 /*Sv with inhalation contributing less than one percent to the total.
3.2

"4Ra

3.2.1 Exposures
This radionuclide occurs in the decay chain of both 232Th and 228Ra (Figure E-l). The
distribution of dose to the bone from 224Ra is significantly different from the dose resulting from
228
Ra and 226Ra [24] because of its short half-life (3.64 days, as compared to 5.7 and 1602
years, respectively). The comparison of this cohort with the dial painters is useful in elucidating
the effect of bone remodelling and dose rate.
3.2.2

Measurements

The measurement of the location of 224Ra with respect to the cells at risk, and hence estimating
the dose, is not as difficult as for 226>228Ra because its progeny have shorter half-lives.
However, the gas 220Rn will result in the movement of the progeny relative to the location of
224
Ra, and this will contribute to the uncertainty in the dose to cells.
3.2.3 Summary of

224

Ra data

The epidemiological data for patients who were administered 224Ra for medical purposes
demonstrate an excess of bone cancer and possibly leukemia (Table E-3). In contrast to the
results observed for 228Ra/226Ra where bone sarcomas and head carcinomas continued to appear
for up to 70 years after first exposure [25], bone sarcomas appeared relatively promptly after
exposure to the short-lived 224Ra and approach zero 26 years after first exposure (Figure E-4).
Head carcinomas attributed to the accumulation of 222Rn in the nasal sinuses after ingestion of
226
Ra were not observed after intake of 224Ra. Moreover, the incidence of induced bone
sarcomas could be fitted to a linear non-threshold dose-response relationship in the case of 224Ra
(Figure E-5) and did not exhibit the pronounced threshold characteristic of the prolonged
exposure to 226Ra (Figure E-3). There is thus a marked discrepancy in the dose-response curves
for the short-lived 224Ra and the long-lived 226Ra.
4.

INTERNAL EXPOSURE TO OTHER ALPHA EMITTING RADIONUCLIDES

The radionuclides considered in this section and some of their properties are given in reference
18.

-E-64.1

Uranium and Thorium ores

The mining and milling of uranium and thorium bearing ores, as well as their subsequent use,
will result in worker exposure to the long-lived radionuclides of these elements and their
radioactive progeny. Thorium has been reviewed in section 2. Uranium has eight isotopes with
half-lives longer than one day that decay by alpha emission.
There have been no useful epidemiological studies of workers exposed to thorium ores.
Epidemiological studies of uranium workers have been reported for U.S. uranium millers and
for nuclear industry workers, and are summarized below.
4.1.1 United States Uranium Millers
Mortality among workers exposed to uranium dust in milling operations in the Colorado plateau
area had been studied by Wagoner et al (1964) and Archer et al (1973). In a follow-up study,
Waxweiler et al [26] evaluated mortality among an expanded cohort of Colorado plateau millers.
The study population was identified from employers' records of 2,002 males who were employed
at any of seven uranium mills after 1939, worked for a minimum of one year up to 1971 or
1972, and who had no history of employment in a uranium mine. Age, sex, race and
calendar-year specific mortality rates for the United States population were used as the standard
in this study. The principal endpoints of interest were mortality due to lung cancer, malignancies
of lymphatic and hematopoietic tissue, and chronic renal disease. Statistically significant deficits
of mortality due to all causes (533 deaths observed; observed/expected or standard mortality
ratio or SMR=0.88) and all cancers combined (82 deaths observed; SMR=0.75) were observed.
Of the three endpoints of interest, only mortality due to chronic renal disease was appreciably
increased among the uranium mill cohort (6 deaths observed versus 3.6 expected) but this
increase was not statistically significant. However, the small number of deaths, the absence of
personal dosimetry, and the short duration of follow-up contribute to the uncertainties of the
results.
4.1.2 Nuclear Industry Workers
Workers engaged in the processing, fabrication, or enrichment of uranium in the production of
nuclear materials and fuels for weapons and nuclear power reactors may be exposed to uranium
dusts or aerosols. The results have been reported of initial mortality analyses among several of
such populations; these include workers at the Oak Ridge Y-12 plant, the former Manhattan
Engineer District site at Linde Corporation, a commercial nuclear fuels fabrication plant, and
the Portsmouth (Ohio) Gaseous Diffusion Plant. Two of these populations had approximately
35 years of follow-up. Mortality also has been evaluated among workers at the United Kingdom
Atomic Weapons Establishment, some of whom were monitored for uranium.
Larger cohorts of contractor employees at the Oak Ridge Y-12 plant exposed to uranium dust
and compounds of varying degrees of solubility and enrichment from 1943 have been studied
by Polednak and Frome (1981), Checkoway et al [27] and others. In general, there was no
major increase in lung cancer mortality that could be attributed to radiation exposure of the lungs
except for workers who were over 45 years of age at the time of hire. This finding was
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the plant as the control population. Estimated alpha radiation doses to lung were based on time
spent working in uranium processing areas of the plant. This study [28], which included
smoking data that were available in plant medical records for approximately 50% of the workers,
found only workers over 45 years of age at hire and who also had estimated doses of alpha
radiation to the lung of more than 200 mGy (4,000 mSv) were at increased risk of lung cancer.
A case-control study of primary brain and central nervous system cancers (89 cases) at the Oak
Ridge National Laboratory and Y-12 plant found no evidence of an association between the
occurrence of these cancers and exposures from external and internal radiation sources; exposure
to 26 chemicals or chemical groups present at the work sites were also considered in this study
[29-31].
A smaller cohort of 995 white males employed between 1943 and 1949 at a uranium processing
facility at Tonawanda, New York, has been studied by Dupree et al [32, 33]. The uranium at
this facility was mainly in insoluble forms. The number of deaths due to all malignancies
combined (83 cases total) and site specific cancers were usually within the expected range.
Evaluation of mortality increases with respect to external and internal radiation exposure showed
a dose-response relationship for all digestive system cancers combined, that was statistically
significant in the highest lung dose category.
Mortality and cancer incidence among a cohort of 4,106 employees of a commercial uranium
processing installation were evaluated by Hadjimichael et al [34], Workers were exposed to
enriched uranium in the form of dust and compounds present in metal working and fabrication
processes. Using the United States population as a standard, mortality among males due to all
causes (SMR=0.82) and all malignancies (SMR=0.83) was similar to or lower than expected.
Significant increases in mortality due to non-malignant diseases of the nervous system (6 deaths
versus 1.7 expected) and to brain cancer (4 deaths versus 1.7 expected) were not associated with
employment in any particular job category, nor was any significant effect associated with
occupational exposure to radiation or toxic chemicals, separately or in combination.
Mortality has also been evaluated among a cohort of 5,773 workers at one of the U.S.
Department of Energy's gaseous diffusion plants [35]. At this plant, uranium in the form of
highly soluble uranium hexafluoride was enriched up to 98% uranium-235. There were thus
both potential radiation and chemical hazards in this facility. A strong healthy worker effect was
observed in this cohort with respect to deaths due to all causes and all malignant diseases
combined.
Among workers employed at the United Kingdom Atomic Energy Authority between 1951 and
1982, 3,044 were monitored for uranium alone or together with tritium, polonium, plutonium
and actinium [36]. Mortality due to selected causes among this cohort was generally
unremarkable except for a significant increase in deaths due to prostate cancer (6 deaths
observed; SMR=2.81).
A recent study by Dupree et al [33] examined the relation between uranium dust exposure and
lung cancer mortality among workers employed in four uranium processing or fabrication
operations located in Missouri, Ohio and Tennessee. Among workers who had at least 30 years
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control who had worked for more than 6 months at the same facility was matched to each case.
With a 10 year lag to allow for the latent period for cancer development, cumulative lung doses
from insoluble uranium compounds ranged from 0 to 1,370 mGy (27,400 mSv) for cases and
0 to 800 mGy (16,000 mSv) for controls. Smoking information was collected from occupational
medical records. Odds ratios for lung cancer mortality for seven cumulative internal dose
groups did not demonstrate increasing risk with increasing dose. There was a suggestion of
excess lung cancers in workers hired at age 45 or older, but again the odds ratio did not show
increasing risk with increasing dose.
4.1.3 Morbidity Studies
Morbidity studies among uranium processing workers provides useful information about the risk
of uranium-induced kidney damage under contemporary occupational protection standards. A
study of 39 workers from the Colorado plateau with a history of exposure to yellowcake between
1975 and 1981 did provide some evidence of uranium-induced proximal tubule damage in the
kidney (Thun et al, 1985). However, glomerular function was better among the mill workers
than among a comparison group of 38 workers in a local cement plant; this was attributed to
differences in physical activity.
A study of 78 male workers exposed to highly enriched uranium in the production of nuclear
fuels of naval reactors found no significant differences in renal function nor in the incidence of
kidney stones and urinary tract infections, when compared to a group of 50 local area dairy
workers of similar age [37].
A study of 208 active workers who had been employed for a median of 32 years at a federal
feed materials production facility evaluated renal and pulmonary function with respect to
uranium exposure [38,39]. Some quantitative and some self-reported indicators of uranium
exposure were associated with pulmonary disease. However, no correlation was found between
cumulative uranium exposures, based on previous uranium urinalyses, and renal disfunction or
disease.
Two individuals who had inhaled large quantities of soluble uranium hexafluoride, released in
an explosion in 1944, were followed up through 1982 by Kathren and Moore (1986) and Moore
and Kathren (1987). There was no evidence of physiological or physical changes attributable
to this exposure.
4.1.4 Tissue Studies
Blinded reviews were conducted by two pathologists experienced in renal pathology of slides of
autopsy renal tissue from seven individuals with 17- to 29-year histories of occupational
exposure to either less than maximum permissible or greater than permissible levels of uranium,
and a comparable group of six non-occupationally exposed area residents. The renal tissues of
the two groups were found to be histologically similar. There was no evidence of any difference
in disease patterns between the uranium workers and the non-exposed comparison subjects. This
study was limited by the small size of the study group.
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A review of epidemiological studies reported since 1975 among populations exposed to uranium
compounds of varying degrees of solubility and levels of specific activity reveals that
epidemiologic studies of these populations continued to be limited by the size of the populations
and by dosimetric uncertainties related in part to the reliability of current models, and
confounded by other risk factors, and limited by length of follow-up. Despite these limitations,
an overall assessment of the results of the studies reviewed failed to identify any unequivocal
evidence of an association between exposure to uranium above current occupational protection
standards and an increased risk of untoward chronic health effects, including cancer, specifically
of the kidney or respiratory system.
4.2 Americium and Plutonium
Alpha emitting isotopes of plutonium and americium are produced by neutron capture in uranium
and thorium fuels. Their extraction from the fuel and their subsequent use will result in worker
exposure to the long-lived radionuclides of these elements and their radioactive progeny. The
most important isotopes are given in reference 18.
Since 241Am is the progeny of 241Pu which is always produced in reactors, an exposure to
'reactor grade' plutonium will include exposure to varying amounts of 241Am. The chemical
forms of the americium and plutonium compounds to which humans are normally exposed are
oxides and nitrates, which are retained in the lungs if inhaled. As a consequence, animal studies
are primarily inhalation studies [40].
There have been no studies reported from which the risks from exposure to americium and
plutonium can be reliably estimated. The usefulness of these data in addressing the low
dose/low dose rate problem is that they can be used to compliment data obtained from other
studies provided the dosimetry is well enough known.
5.

SUMMARY AND CONCLUSIONS

The epidemiologic follow-up of patients injected with thorotrast, a radioactive radiographic
contrast agent that was widely used for medical purposes between 1930 and 1950, has
demonstrated an increased risk of liver cancer in particular and also of leukaemia. There
appears to be a practical threshold of about 2 Gy to liver tissue for induction of liver cancer by
the long-lived thorium in thorotrast. Data on the incidence of bone or head cancer among U.S.
dial painters who ingested appreciable amounts of long-lived radium-226/radium-228 during the
course of their work also demonstrate a practical threshold of several Gy for radium induced
bone cancer.
In contrast to these results, the data on bone cancers induced by injection of the short-lived
isotope radium-224 (half-life 3.6 days) for medical purposes can be fitted to a linear nonthreshold dose-response relationship. This difference in the shape of the dose-response
relationships has been attributed to the fact that most of the radiation dose from radium-224 is
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Numerous studies on workers exposed to relatively high levels of uranium compounds of varying
degrees of solubility and specific activity have failed to identify any unequivocal evidence of an
association between exposure to uranium above current occupational standards and an increased
risk of untoward health effects, including cancer.

Table E-l:

Thorium radioisotopes, with selected properties. Committed effective doses
[E(50)] are calculated assuming Type S absorption, and that 227.228-22*Th are in
equilibrium with their progeny at the time of exposure. The others are assumed
to be freshly separated at exposure, except for 232 Th, which is assumed to be in
equilibrium with 228Th. For comparison, values of the committed effective dose
equivalents (H50) from ICRP Publication 30 are also given. Values of E(50) were
calculated using a new method to simplify the calculations [41].

Isotope

Half-life

Source

227Th(a)

18.2 d

235

U Chain

1.2

X

io- 5

4.2 x 103

5 x 10 6

228 T h

1.91 y

232

U Chain

3.3

X

io- 5
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8x io- 5
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7240 y
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X

io- 5
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6 x io- 4
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U Chain

7.1

X

10'6
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231 T h

25.2 h

235
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3.7

X
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1.4 x 108
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1.4E10y

5.1

X

io- 5

9.8 x 102

5 x io- 4

234 T h

24.1 d

7.1

X

lO 6

7.0 x 103

8x io- 5

Th
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Th

227

Natural
238

U Chain

E(50 Sv/Bq

ALI, Bq

H

50> Sv/Bq
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Th is also produced by the fl decay of 227Ra following its production by the
Ra(n,7) reaction.
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Table E-2: Summary of Thorotrast Study reports
(Adopted from Hunacek and Kathren [42])

Country

Cohort

Controls

Dosage
(mL)

Cancers Deaths
Cohort/Controls
Liver

Bone

Leukemia

87/1

7

7

Reference

Portugal

1244

924

Germany

2326

1890

25

440/2

4/1

Japan

255

1630

17

56/11

1/0

6/3

Mori et al [44]

Denmark

999

Pop

1 ->29

79/0.6

1/0.2

23/2.3

Anderson et al [13]

United
States

724

315

24

1/1

-

3/0

Janower et al [16]

Santos Silva et al [15]
van Kaick et al [5]

Table E-3: Summary of Radium Dial Painter and 22'Ra Study reports
Country

Radium
Isotope

Cohort

Liver
United
States

226/228

1530
1456

Germany

224

900

a:

Includes bone sarcomas and head carcinomas

Reference

Cancers Deaths
Cohort/Controls

Controls

Bonea

Leukemia
Stehney [25,5]
Thomas [20]

65
65/0.7

7

55

6

Spiess [24,5]
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Summary of the lifetime cancer risks from BEIR IV [6]. Units are cancer risk
per 104 person-Gy. A ? means that excess cancers occurred but a risk factor was
not given.
Cancer site

Isotope

Lung

Liver

Skeleton

Bladder

Kidney

Leukemia

Thorotrast

7

260-300

55-120

?

?

50-60

Ra^.Ra 2 2 8

7

?

7

7

Ra224

7

?

100-2001

7

?
?

?

1 From Figure 4-7 in reference 6.

Figure E-l:

Change in the ratio of 228Th/232Th and
separation of radium from thorium.

228

Ra/232Th with time after the
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15
Tune since seperation(years)

20
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Dose response relationships for cumulative incidence of primary liver tumors
among Danish patients exposed to thorotrast [21]
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- E-14 Figure E-3:

Incidence of bone sarcomas and head carcinomas (combined) in female radium
dial painters in the USA [20]
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- E-15 Figure E-4:

Bone sarcoma incidence in 224Ra. patients and leukemia in atomic bomb survivors
[44]
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Bone sarcoma incidence versus skeletal dose from 224Ra [45]
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-F-l APPENDIX F
HEALTH EFFECTS OF LOW DOSES AND DOSE RATES OF
INTERNALLY DEPOSITED ALPHA AND BETA EMITTERS IN ANIMALS
(P.J. Duport)

INTRODUCTION
The literature has been reviewed to identify and collect papers on animals studies from which
it was possible to obtain quantitative information on the relationship between cancer incidence
and absorbed dose in organs, from internally deposited alpha and beta emitters. The data
retained for the final review were those concerning low absorbed doses (typically below 2 or 3
Gy for alpha emitters and below a few tens of Gy for beta emitters) delivered at low dose rates,
that is, over a large fraction of the exposed subjects' lifespan. In this review, it was observed
that there seems to exist threshold-like doses below which internally deposited radionuclides had
no effect. A small increase in cancer incidence was observed in only two of the thirteen groups
of animals that met the low dose and low dose rate criteria. In the eleven other groups, the
cancer incidence was either nil or the same as in controls, for organ doses ranging from 0.02
to about 7.5 Gy for alpha emitters, and from 1.7 to 29 Gy for beta emitters. In two groups of
humans who received radiation doses from internally deposited alpha emitters, threshold-like
doses were also observed.
In this section, the incidence of radiogenic cancers will be compared to absorbed dose only.
Therefore, the term "dose" will mean "absorbed dose" throughout this section in order to avoid
repetitions.
1.

REVIEW OF ANIMAL STUDIES

A large number of papers have been published on the effects of low doses from internally
deposited radionuclides, though many of them resulted from studies on the same group of
animals, subjected to the same conditions in the same laboratory (for example, beagle dogs
injected with various radionuclides at the University of Utah in the years 1960s and 1970s). The
number of experiments from which information can be found regarding cancer induction by
internal sources of radiation, at low doses and low dose rates, is small. This is because: a) such
studies require large numbers of animals in order to provide statistically meaningful information;
and b) they last as long as, or longer than, the lifespan of the animals being studied. In the case
of dogs, for example, this period may be up to sixteen or eighteen years. From these papers,
only those studies which met certain criteria were selected for the review:
the number of animals and cancer cases in each exposure group and in each control
group were known;
in the exposed animals, there were groups of animals that received doses to the organs
of interest lower than 1 or 2 Gy from alpha emitters or lower than 50 Gy from beta
emitters;
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dose rates).
Studies that met the criteria set out above were:
the study on the effects of inhaled PuO2 in rats [1,2];
the study on the effects, in beagle dogs, of injected 226Ra [3];
the study on the effects, in beagle dogs, of injected 226Ra [4];
the study on the effects of inhaled 222Rn progeny [5];
the study of the relative biological effectiveness of 226Ra, ^ P u , M1 Am, 249Cf, and 252Cf
injected to C57BL/Do mice [6];
the study of the effects of injected ^Sr in mice [7];
the study on the effects of inhaled ^Sr in beagle dogs [8];
the study on the effects of injected ^Sr in beagle dogs [8];
the study on the effects of ingested ^Sr in beagle dogs [3];
the study on the effects of inhaled 144CeO2 in various animal species [9].
These studies are reviewed below. For each study, the highest dose that does not induce excess
cancers in the exposed animals (incidence nil or at most equal to that in controls), is indicated.
In the interpretation of animal experiments, it is important to remember that they present the
following major strengths:
(a)

the animals are exposed to known quantities of radionuclides, whose chemical and
physical forms are well characterized;

(b)

the dose received by the organs of interest can be established accurately, generally by
direct measurements of the amount of radionuclide deposited in the organs;

(c)

the animals are not exposed to other potential carcinogens (the observed effects are not
polluted by confounders);

(d)

the cancers induced by radiation in experimental animals occur very rarely in nonexposed animals (for example, bone cancer in beagle dogs, lung cancer in SpragueDawley rats).

It was consistently observed, in all these experiments, that the groups of animals which received
the lowest doses displayed either an absence of cancer or a cancer incidence close to that
observed in the controls. Since the present document is concerned with the effects of low doses,
the summary of the results of these experiments (Table F-la and F-lb) include only the effects
observed in the lowest dose groups. It must be noted, however, that the term "low dose", in
the context of this chapter, refers to doses which produced no effect. From a radiological
protection view point, these doses are large indeed.
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DISCUSSION

From the data in Tables F-la and F-lb, it appears that the organ doses for which no excess
cancer was observed range from 0.02 to about 7.5 Gy for internally deposited alpha emitters,
and from 1.7 to 29 Gy for beta emitters. No clear pattern emerges from this summary of data,
except that injected or inhaled B 9 Pu is more radiotoxic than other radionuclides. It is also
apparent that the type of radionuclide, the animal species and the sex of the animal within a
given strain have a stronger influence on the outcome of an exposure than the dose itself.
2.1

Health effects of internally deposited alpha emitters

(a)

Lung cancer incidence in rats exposed to radon progeny

At present, only one experiment has been conducted to study the induction of lung cancer from
inhaled radon progeny at exposures and exposure rates close to those found under present mining
conditions [5,10]. When a total exposure of 25 Working Level Monthly (WLM) was delivered
to male Sprague-Dawley rats at the rate of 2 Working Levels (WL), it did not produce an excess
of lung cancers, but the same exposure, 25 WLM, delivered at the much higher rate of 100 WL,
induced almost four times the incidence of lung cancer observed in non-exposed rats. The total
number of exposed and control animals (500 rats in each exposure group and 1290 controls)
were such that the results were statistically significant.
In Table F-2-a, it can be seen that the risk of lung cancer in rats which received an exposure of
25 WLM, delivered at a concentration of 2 WL, is lower than in the controls (Relative Risk =
0.645, C.I. = 0.18 - 2.27). This result is not statistically significant (2-sided P = 0.77), that
is, exposure to radon progeny under the above conditions does not increase the risk of lung
cancer in exposed animals. Conversely (Table F-2-b), the same total exposure, 25 WLM,
delivered at the concentration of 150 WL, increases the risk of lung cancer in that strain of rat
(Relative Risk = 2.58, C.I. = 1.17 - 5.8), and this increase is statistically significant (2-sided
P = 0.02). From these observations, it can be concluded that, for radon progeny and at low
exposure (a) exposure rate alone is a major factor in the induction of radiogenic cancers and (b)
these might be combinations of exposures and exposure rates below which there is no induction
of radiogenic cancers, that is, there might exist practical thresholds.
(b)

Cancer induction by radionuclides other than radon progeny

Regarding internally deposited alpha emitters (Table F-la), it seems that in a particular animal,
the C57BL/DO black female mice, 239Pu injections induce an excess of bone cancer even at the
lowest experimental dose. However, this seems to be an exception. For all the radionuclides
studied, in all the experimental animals reviewed here except C57BL/Do black female mice,
there are organ doses below which no excess of cancer has been observed. Such doses might
not be considered true thresholds because the absence of an effect in a small exposed group is
not a statistically strong proof that there is no effect. This reasoning is valid in the case of the
dogs studies where 10 to 20 animals were used in each dose group, and where the natural
incidence of the endpoint of interest was about 3 or 4%. The statistical strength of the absence
of effect is much greater in the case of Wistar rats which inhaled 239Pu oxide [2]. With 2 cases
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Gy, there is no association between exposure and effect, according to the exact Fisher test
(2-sided P-value of 0.78). In 500 Sprague-Dawley rats exposed to radon progeny (25 WLM at
an exposure rate of 2 WL) [5], 3 cases of lung cancer were observed, compared to 12 cases in
1290 controls. In this case, there is no association between exposure and effect, with a 2-sided
P-value of 1. In these two experiments, it can be said with a high degree of confidence that a
practical threshold exists for the induction of lung cancer by inhaled radon progeny and ^ ' P u
oxide, at the doses or exposures that prevailed in these experiments. The statistics are less
robust in the other animal experiments because less animals are involved, both in exposed and
in control groups.
(c)

Influence of dose rate in lung cancer induction

The results of the experiment conducted by Morlier et al [5] illustrate the role of dose rate in
the induction of lung cancer following exposure to airborne radon progeny. In this experiment,
for the same total exposure (that is, the same total dose to lung tissues), an excess of lung cancer
was observed in exposed animals when the concentration of radon progeny in air (exposure rate)
was 150 WL, whereas no excess was observed when the concentration was 2 WL. The exact
Fisher test indicates that there is no difference in cancer rate between rats exposed to a
concentration of 2 WL and the controls. The 2-sided P-value of 1 means that, if the null
hypothesis were true (i.e. there is no difference in the means of the control and exposed
populations), then there would be a zero probability that two randomly selected samples would
have means as far apart as observed.
This statistical digression is here only to make it clear that the difference in exposure rates alone
is responsible for the increased lung cancer rate in the animals exposed to a higher concentration
of radon progeny (higher dose rate, but same total dose).
It is important to note that it is possible to study, separately, the effects of dose and dose rate
only with radon progeny, for which the dose rate is governed by the concentration of radon
progeny in air, and the dose by the combination of concentration and duration of exposures. For
all other radionuclides, which have a much longer half life and reside much longer in the
organism, dose and dose rate are more closely related.
(d)

Validity of the animal model for radon-induced lung cancer

The question has often been raised as to whether the information obtained from animal
experiments was transposable to man (validity of animal models). The huge efforts put into the
epidemiological study of lung cancer is miner populations exposed to radon progeny, and in the
induction of lung cancer in animals also exposed to radon progeny have generated large amounts
of data on the relationship between exposure and lung cancer incidence. The date available up
to 1983 were analyzed in reference NCRP (1984), and updated in reference Cogema [10] (Figure
F-l). The risk coefficient per unit exposure is plotted for animal studies conducted at Cogema,
at Battelle Pacific Northwest Laboratories (BPNL), and at the University of Rochester. Also
indicated are the risk coefficients for several human epidemiological studies. There is a
relatively good agreement between animal and human data over a large range of exposures.
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histological types of animal and human cancers (with the exception of small cell anaplastic
carcinoma, which was never observed in rats), were quite comparable in man and rat [10].
These observations tend to indicate that, at least for radon-progeny induced lung cancers,
animals experiments provide a good model of the cancer induction process in man in the range
of medium to high exposures and exposure rates.
In Figure F-1, the difference of three orders of magnitude (or more) between the risk coefficient
for the low exposure of 25 WLM at the exposure rates of 100 WL and 2 WL also illustrates the
importance of the exposure rate, in the induction of radiogenic cancers.
(e)

Comparison of cancer rates in exposed and non-exposed animals

To overcome the relative statistical weakness of the observed lack of effect in small dose groups,
it is attempted to evaluate the likelihood that threshold-like doses also exist in the other animal
experiments reviewed here. To this end, all the groups of exposed animals for which either the
incidence of the endpoint of interest was zero, or was no greater than in the control group, and
the corresponding control groups, are considered simultaneously. Pooling the data this way
(Table F-3a), one obtains 10 cases of cancers in 2657 exposed animals, to be compared with 23
in 2945 controls. With such numbers, it appears that there is a weak probability that exposed
animals are at lesser risk than the controls to develop cancer. The relative risk is 0.48
(confidence interval = 0.23 - 1.0, with a 2-sided P-value = 0.07).
2.2

Health effects of internally deposited beta emitters

Only four experiments were found from which it was possible to determine below what doses
there was either no radiation-induced cancers or a cancer incidence at most equal to that in
control groups. In two of these experiments, beagle dogs were injected with ^Sr and the
endpoint of interest was bone sarcoma [8]. In a third experiment, lung cancer incidence was
studied in C57BL/6J mice, Syrian hamsters, and Sprague-Dawley rats which inhaled an aerosol
of !44 Ce [9]. Beagle dogs were fed with ^Sr in the fourth experiment to study the induction of
bone sarcoma [11]. From these experiments, it appears that ingestion of ^Sr was more
effective, by a factor of about 4, at inducing bone sarcoma than injection: bone sarcomas
appeared in injected dogs at skeletal doses of about 29 Gy, while they appeared at doses of less
than 7 Gy in dogs that had ingested the same radionuclide. In animals that had inhaled M4 Ce,
Syrian hamsters were more radioresistant than mice or rats by a factor of about six. From these
experiments, it seems, again, that there are organ doses below which radiation doses do not
induce cancers. These threshold-like doses are different for different radionuclides, different
ways of administration, and different species. When the data on cancer induction from internally
deposited beta emitters are pooled in the same manner as for alpha emitters (Table F-3b), one
observes 7 cases of cancer in 1008 exposed animals, against 8 cases in 1129 controls. There
is no difference in cancer incidence between exposed and control animals (2-sided P-value =
0.97).
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Detailed statistical analysis of cancer incidence in exposed and
unexposed animals

A commercially available computer program for biostatistics (see reference "Instat", [42]) was
used to analyze the data presented in this Appendix F. The relative risks, odds ratios, and
differences between cancer incidence rates were calculated from two-by-two contingency tables
for the pooled data of cancer incidence and number of animals, separately for alpha and beta
emitters. In contingency tables, the data are arranged as follows:
Cancers

No Cancers

Total

Exposed

A

B

A+B

Non-exposed

C

D

C+D

A+C

B+D

Total

The Odds Ratio (OR), which best expresses the risk in retrospective studies is given by

OR

A/B
C/D

The difference A in incidence rates, between exposed and non-exposed animals, is given by

A+B
The Relative Risk (RR), which best expresses the risk in prospective studies is given by

RR

A/fA+B)
C/(C+D)

Animal experiments are prospective studies.
The Instat® software package [12] calculates confidence intervals for OR and A. It also
calculates the P-value for the difference in cancer incidence rates in exposed and non-exposed
populations. The P-value is a measure of the likeliness that chance alone caused the difference
observed between incidence rates. A P-value is a probability, and thus ranges between 0.0 and
1.0. The lower the P-value, the less likely it is that chance alone caused an observed difference.
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radiation (Table F-3b) and beta radiation (Table F-3b) shows that there is no difference in cancer
incidence, and in cancer incidence rates between exposed and non-exposed animals.
3.

M O D E L S FOR DOSE-EFFECT RELATIONSHIPS W I T H T H R E S H O L D

3.1

Fitted and predictive models for Dose-Effect Relationships with Thresholds

O. Raabe [13,14] proposes three-dimensional models that describe well the induction of
radiogenic cancers by internally deposited alpha and beta emitters. These models are adequate
for the prediction of risks associated with protracted exposures to ionizing radiation. They show
that the convolution of radiation-induced cancer and radiation-induced non-neoplastic injury risks
from chronic exposure and human natural life span leads to steep, non-linear occurrence
functions of radiation-induced cancer and tissue injury risks. Further, these models describe,
and therefore predict, quite accurately threshold doses observed in virtually all animal
experiments with internally deposited alpha and beta emitters in all animal experiments. There
are lifetime effective threshold doses, specific for each radionuclide, so that low dose rates and
low lifetime absorbed doses are effectively non-carcinogenic, while somewhat higher doses may
be potently carcinogenic.
These models suggest that, as the lifetime dose decreases, the time necessary for a cancer to
develop increases enough to exceed the life span of the exposed organism. As an example, for
the induction of bone cancer in beagle dogs, the model is of the form t m =K m d' 1 (Figures F-2
and F-3),
where
tm
Km
d
s
s

is the time necessary for a cancer to express
is a coefficient specific for each radionuclide
is the average dose rate, in Gy.d"1
= 1 / 3 for alpha emitters, and
= 2/3 beta emitters

Figure F-3 summarizes the analysis of experimental data obtained from animal (beagle dogs)
experiments following the intake of ^ S r , 144 Ce, 9 1 Y, 226 Ra, 239 PuO 2 , 228 Ra, 2 4 1 Am, 23 «- 239 Pu.
Because the negative slopes of these distributions are less than 1.0, the cumulative absorbed dose
required to yield a specified level of cancer risk is less at lower dose rates than of higher dose
rates, but the time required for tumors to manifest is much larger at lower dose rates and can
exceed the natural lifespan, which amount to an effective threshold for fatal cancer induction.
For young adult beagles, this threshold occurs at about 0.08 Gy for ^ ' P u and ^ ' P u in bone, 0.2
Gy for 241 Am in bone, 0.5 Gy for 228 Ra in bone, 0.9 Gy for ^ ' P u in lung, 1.4 Gy for ^ R a in
bone, 28 Gy for ^ S r in bone, 70 Gy for 91 Y in lung, 110 Gy for 144 Ce in lung, and 130 Gy for
^ in lung [3].
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Two-stage carcinogenesis model

A recently developed two-stage model of carcinogenesis [15], has been combined [16] with the
molecular model of radiation biology to describe radiation induced carcinogenesis in animals and
humans. In this combined model, it is assumed that DNA double strand breaks are the primary
radiation events and the mean number N of DNA double strand breaks per cell after a dose D
is proportional to the dose.
It is further assumed that there is a constant probability that a DNA double strand break leads
to a lethal event (probability p) or to a mutation (probability q). The cell survival S is given by
S=exp (-pN) = exp [-(paD+p/2D2)]

and the frequency of mutations per irradiated cell is given by
M = {1 - exp [- (qaD+q0D 2 )]} exp [- (p+S)(aD+0D 2 )]
where S is the probability per double strand break that the expression of the mutation is
suppressed in a surviving cell.
This model can be used to predict the radiation effect after prolonged exposure over extended
periods of lifetime. It has been applied to the incidence of bone sarcomas in radium dial
painters, assuming that the intake of 226Ra took place at the age of 20, and that all tumors up
to a follow-up time of 50 years were detected. Figures F-4 and F-5 show the good agreement
between cancer data values calculated by the model and observed in the population of radium
painters.
4.

FURTHER WORK AND CONCLUSION

A brief review has been conducted of those animal studies on internally deposited alpha and beta
emitters most likely to produce statistically strong information about the relationship between
dose (or exposure) and cancer induction at doses lower than a few Gy of alpha radiation, or a
few tens of Gy of beta radiation. It seems that there are few exceptions to the observation that
there are doses (generally not trivial) below which no excess of cancer has been observed. It
has also been apparent for a long time that the animal species, the sex of the exposed animals,
and the way of administration have, generally, a greater influence on the biological effectiveness
of a given radionuclide than the absorbed dose itself.
It is important to note that the existence of practical thresholds is also observed in human
populations exposed to well determined exposures of internally deposited alpha emitters (Danish
and Portugese thorotrast patients, radium dial painters) (see Appendix E). It can be concluded
that practical thresholds are observed in populations for which exposures are known with the
least uncertainties, whereas linear, no-threshold dose-effects are observed in studies for which
the confidence intervals, in the low dose region, are quite large.

-F-9The present work was confined to the study of induction of cancer by internally deposited alpha
and beta emitters. In order to have a more global perception of the effects of radiation at low
doses and low dose rates, it would be necessary to continue this work in two directions:
a)

to conduct a thorough review of the strengths and weaknesses of those animal
experiments in which there are no apparent thresholds in cancer induction from internally
deposited alpha emitters, and

b)

to identify what parameters are likely to make the difference between an excess and no
excess of cancers. It is expected that the identification of the factors that influence most
the efficacy of radiation in inducing cancer will help explain the effects, or the absence
of effects in animal experiments and in exposed human populations.
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Table F-l-a: Highest doses from internally deposited alpha emitters which do not induce excess cancers in exposed animals
(incidence nil or at most equal to that in control groups).
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•
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Table F-l-b: Highest doses to internally deposited beta emitters which do not induce excess cancers in exposed animals
(incidence nil or at most equal to that in control groups)

Reference

Radionucbde

Admin

Species

Dose levels at which no excess
cancers are observed (Gy)

Number of exposed anhnab
(no. of cancer cases)

Number of controls
(no. of cancer cases)

Cancer

Mays |7)
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Sr
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CF 1 mice
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371 (4)
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Mewhinney [8]
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•
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22(0)

-
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cancer

Fisher 344 rats
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7.4 (repeated)

211 (3)

233 (2)
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cancer

i
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M
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Number of rats
with lung cancer

Number of rats
without lung cancer

Exposed

3

497

NOD exposed

12

1278

Table F-2a:

Relative Risk 0.645
95% C.I. = 0.18-2.27
2-sided P = 0.69

Relative risk of lung cancer in Sprague-Dawley rats following an exposure
of 25 working level months at a concentration of 2 working levels. The
apparent protection effect of radon progeny exposure RR = 0.645 is not
statistically significant (2-sided P = 0.69).

Number of rats with
lung cancer

Number of rats
without lung cancer

Exposed

12

488

Non exposed

12

1278

Relative Risk 2.58
95% C.I. = 1.17-5.7
2-sided P = 0.03

Table F-2b: Relative risk of lung cancer in Sprague-Dawley rats following an exposure
of 25 working level months at a concentration of 150 working levels. The
elevated risk of lung cancer (RR = 2.58) is statistically significant (2sided P = 0.03)
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Number of animals
with cancer

Number of animals
without cancer

Exposed

10

2647

Non exposed

23

2992

Table F-3a:

Relative Risk 0.48
95% C.I. = 0.23-1.01
2-sided P = 0.07

Relative risk for radiogenic cancer in the animals which received a low
dose of alpha radiation. The relative risk of 0.48 (apparent protective
effect) is not quite significant (2-sided P = 0.07).

Number of animals
with cancer

Number of animals
without cancer

Exposed

7

1001

Non exposed

8

1121

Relative Risk 0.98
95% C.I. = 0.36-2.69
2-sided P = 0.97

Table F-3b: Relative risk for radiogenic cancer in the animals which received a low
dose of beta radiation. There is no difference in cancer risk between the
exposed and control populations.
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calculated (norm.), (-*-) calc. corrected.

-G-l APPENDIX G
INDUCTION OF CANCER IN ANIMALS BY EXTERNAL SOURCES OFRADIATION
(D.K. Myers)

1.

SHAPES OF DOSE RESPONSE RELATIONSHIPS FOR INDIVIDUAL TYPES
OF CANCER

Four types of dose response relationships were identified in the 1986 UNSCEAR review [1] of
tumors in experimental animals after exposure to moderate doses (up to about 1 Gy) of low LET
radiation (X-rays, gamma-rays and in high energy electrons) from external sources. These dose
response relationships, illustrated schematically in Figure G-l, include: (a) a decrease in
incidence of mouse reticulum cell sarcoma (a disease which differs in many respects from
similar conditions seen in man) with increasing dose after whole body X-irradiation; (b) an
apparent threshold dose for induced incidence of thymic lymphomas, ovarian tumors, benign
lung adenomas and skin cancers in mice with X- or gamma-rays and for skin tumors in rats with
high energy electrons; (c) a dose-squared relationship for induction of myeloid leukemia in mice
by X-rays (N.B.: a linear non-threshold relationship at doses up to about 1 Gy could not be
excluded on statistical grounds but did not provide as good a fit to the experimental data on
myeloid leukemia as did the dose-squared relationship (Figure G-2)); and (d) a linear nonthreshold dose response relationship (with potential dose-squared components at doses above
about 1 Gy) for induction of thyroid tumors in rats by X-rays, of mammary tumors in female
rats and mice by X-rays and gamma-rays, of lung cancers (adenocarcinomas) in mice by
gamma-rays, of pituitary tumors in female mice by gamma-rays, and of Harderian gland tumors
in mice by gamma-rays. The sensitivity of experimental animals to induction of a particular type
of tumor by ionizing radiation (or, for that matter, by chemical carcinogenic agents) is highly
dependent on the sex, strain and species of animal used. It is of some interest that, after
reviewing the above animal data (which suggest an equal probability of non-linear and of linear
dose response relationships) as well as human data, the 1986 UNSCEAR report [1] concluded
that "in spite of these exceptions, absence of a threshold dose for the development of cancer is
assumed by UNSCEAR as a working hypothesis for the time being."
These analyses of animal tumors were updated to some extent in the 1993 UNSCEAR report [2],
although the relevant annex in this latter report was concerned primarily with derivation of dose
and dose-rate reduction factors (DDREF) rather than with statistical analysis of the shape of dose
response relationships at moderate doses of low LET radiation. The individual DDREF values
cited varied from infinity for induction of myeloid leukemia in female RFM/Un mice (not in
other mouse strains) to 1.1 for induction of lung cancer in mice by low doses of gamma-rays.
It was also noted that "a number of tumor types for which information is available are either not
found in man (Harderian gland) or appear to require substantial cell killing for their development
(ovarian tumor, thymic lymphoma)." As noted above, the last two types of tumor show a dose
threshold. One might wonder whether ICRP-60 [3] should then have included ovarian cancer
in humans in the category of stochastic effects of radiation, but this possible error would have
had little effect on ICRP-60 estimates of total radiation-induced cancers in humans. Moreover,
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the data on increases in ovarian cancer in the Japanese bomb survivors can be fitted to a linear
non-threshold dose-response relationship [4].
The 1993 UNSCEAR review [2] included a new report indicating that the dose response for liver
tumor induction in male mice by X-rays at high dose rate was best fitted by a pure quadratic
response. "Although the animals were not exposed at different dose rates, this pattern of dose
response would imply that tumor induction would be reduced at lower dose rates." In this
particular instance, as in many other cases reported in the UNSCEAR reviews, it might be noted
that the lowest dose point (about 0.5 Gy of X-rays to mice in this instance) did not show an
increase in incidence of liver tumors (Figure G-3), and the data are equally well fitted by a
linear function with a threshold. The dose response relationship for induction of liver tumors
in the same strain of mice by fission neutrons (high LET) appears on the other hand to be linear
and non-threshold (Figure G-3). The RBE would thus be very high at low doses of neutrons.
In general, the dose-response curves for cancer induction by neutrons are curvilinear with a
linear non-threshold component only at low doses or with highly fractionated exposures.
Another point of some interest is the possible dependence of time to appearance of cancers upon
the dose of low LET radiation. A significant decrease in latent period with increasing dose was
noted for myeloid leukemia and thymic lymphoma in RF mice exposed to X-rays, for breast
tumors in rats exposed to X-rays or beta-rays [1] and skin tumors in mice exposed to beta-rays
[2]. No negative results are mentioned, but it is unclear from these reviews whether the same
phenomenon was not observed or was simply not measured in other studies with low LET
radiation.
2.

LIFE SHORTENING AND COMBINED TUMOR DATA IN ANIMALS

Life shortening by radiation was reviewed in detail in the 1982 UNSCEAR report [5]. It was
concluded that, in the intermediate and low dose region, life shortening is due essentially to a
higher tumor mortality. Other scientific reviews have agreed with this conclusion [cf. 6,7]. A
number of studies on combined tumor data have also been reviewed in the 1986 and 1993
UNSCEAR reports [1,2].
Some of the earlier experiments with acute exposure to gamma-rays were complicated by the use
of a mouse strain with a high natural incidence of reticulum cell sarcoma, whose incidence was
decreased while that of certain other cancers (for example, leukemia) was increased by radiation
exposure. However, even in this case, a significant life shortening was observed when all causes
of death were taken together but not when only non-neoplastic deaths were considered. In
general, the dose response relationship for life shortening following acute exposure of mice to
X- or gamma-rays appeared to be linear up to a dose of a few Gy. Similar though less extensive
data were also available for rats, hamsters and dogs.
The most precise data were obtained in studies on mice exposed to chronic or highly fractionated
gamma-ray exposure. The life shortening in two strains of mice due to all causes except
reticulum cell sarcoma followed accurately a linear, non-threshold dose response relationship for
lifetime gamma-ray exposures at dose rates from 3 up to 200 mSv per day (Figure G-4); an
apparent dose-squared relationship became predominant at dose rates above 200 up to about 1200
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G-4). The RBE for fission neutrons in highly fractionated exposures appeared to be close to 10.
Up to a few tens of mSv of gamma-radiation per day, life shortening could be entirely accounted
for by an increased incidence or accelerated appearance of cancer deaths; above lifetime
exposure rates of 60 mSv per day, some excess mortality from other causes became apparent
[5]. The lowest dose rate of 3 mSv per day tested in mice is normally classified as low dose
rate although it is still several hundred times higher than the average dose rate from natural
sources to which all humans are exposed throughout life or than the average increment in dose
(about 1 mSv per year) to which radiation workers in Ontario Hydro nuclear generating stations
are exposed during their employment.
The 1986 UNSCEAR review [1] added little to the above data except to indicate that the limiting
RBE for fission neutrons at low doses compared to gamma-rays was now believed to be closer
to 16-18 than to 10. "No consideration was given in any of these publications to RBE values
at low doses for fast neutrons as compared with the standard reference radiation, i.e. x rays of
about 200 kVp" [1].
The 1993 UNSCEAR report [2] again reviewed this topic but added little to the original data.
However, it did conclude that "there is also some evidence that if the dose rate is sufficiently
protracted, initiated tumors are unlikely to be fatal in the life-span of the animal. These results
may be expected to apply to human tumors as well as to those in experimental animals" (see
paragraphs 219 and 221 in Annex F of reference 2). The above conclusion suggests that in
some cases at least, there may be a practical threshold for induction of cancer by low doses of
radiation at low dose rate.
There are also some data suggesting an increase rather than a decrease in normal life span of
experimental animals at low doses of low LET radiation. The earlier data which are
summarized in Figure III on page 668 of the 1982 UNSCEAR report [5] were not always
reproducible or statistically significant. However, there are some reliable data on an increase
in life span caused by radiation in the presence of other environmental stresses such as unusual
ambient temperatures [5]. For example, rats were exposed to about 3, 5, 22 and 35 mSv of low
LET radiation per day for 12 months (from age 4 to 16 months) and held at 28° C or 35° C.
The age at which 50% of the irradiated animals died increased with increasing dose at all dose
levels tested, with good statistical significance of most of the data (Table G-l) [5]. The reasons
for these unusual results are not known but suggest a complex interaction between longevity and
other environmental factors.
Data on life shortening were reviewed again in Annex B of the 1994 UNSCEAR report [8].
Table G-2 represents an abbreviated version of one of the tables from this report. Any small
increase in average life span at low dose rates was observed only in male mice and not in female
mice; this was substantiated by other studies cited.
There was no decrease in tumor incidence in the mice exposed at low dose rates. The mean
increase in life span reflected a decreased number of deaths from causes other than cancer in
younger irradiated animals. Why the response was confined to males is not apparent. On the
basis of other studies, the UNSCEAR report [8] noted "It is plausible to suggest that
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improvement in long-term survival could be a result of chronic minimal injury to the bone
marrow, causing a rebound in stem cell proliferation and protection against infections, but
occurring along with this effect is an increased risk of malignancy due to proliferation of
potentially malignant cells." It was also noted that the complexity of multi-cellular organisms,
including the crucial role of immunosurveillance and endocrine factors in maintaining the health
state, must be taken into account; the situation with respect to potential small increases in life
span of animals after exposure to radiation at low dose rate is definitely not directly comparable
with studies on induction of adaptive responses in single cells in a test tube (see Appendix H).
The possibility that low doses of radiation at low dose rate may in fact produce a very small
increase in cancer incidence, as postulated by the linear non-threshold dose response theory,
while at the same time increasing average life expectancy due to other causes, raises an
interesting question. Should radiation protection authorities be concerned only with the potential
increase in cancer incidence or should they also consider the potential increase in life expectancy
due to effects of low doses of radiation at low dose rate? It is theoretically possible to argue that
the beneficial effects on human health of low doses of radiation at low dose rate outweigh any
detrimental effects caused by the very small probability of cancer induction postulated by the
linear non-threshold dose response hypothesis [9].
3.

SUMMARY

The dose response relationships for induction of different types of tumors by external sources
of low LET radiation are complex and depend upon the sex as well as the strain of experimental
animal used. In general, there is roughly an equal chance of observing non-linear and linear
dose response relationships for induction of different types of tumors. However, life shortening
due to induction of cancers in two strains of mice followed accurately a linear, non-threshold
dose response relationship for lifetime gamma-ray exposures at dose rates from 3 up to 200 mSv
per day. Dose response relationships for induction of tumors by high energy neutrons frequently
show a linear non-threshold component at low doses or with highly fractionated exposures.
There is some evidence that if the dose rate is sufficiently protracted, initiated tumors are
unlikely to be fatal within the normal life-span of the animal. There is also some evidence that
highly fractionated doses of low LET radiation may actually increase the lifespan of animals,
especially in the presence of other environmental stresses such as unusual ambient temperatures.
However, it is highly probable that any potential increases in lifespan associated with radiation
at low dose rate does not reflect a decrease in normal tumor incidence and is more likely
associated with other factors which are necessary for the maintenance of a healthy state in
animals.
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Figure G-l

Schematic representation of different types of observed dose response
relationships for induction of individual types of cancer in experimental animals
by ionizing radiation, as derived from p 167 in the 1986 UNSCEAR report [1].
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Figure G-2

DiU from [M14I

Incidence of myeloid leukemia in male CBA}H mice following brief exposure to
X-rays [1,2]. The open and closed circles refer to publications from two different
laboratories. The solid line is the best-fitting curve in which incidence is
proportional to the square of the dose plus a term for cell killing proportional to
the exponential of the dose.
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Figure G-3

Incidence of liver tumors in male BC3F mice following brief exposure to X-rays
(upper plot) or fission neutrons Gower plot) [2]. The solid line is the best-fitting
curve in which incidence is proportional to the square of the dose of X-rays or
to the dose of neutrons.
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Figure G-4

A plot of life shortening against daily exposure to different doses of gamma rays
over the lifetime of two different strains of mice (indicated by open and closed
circles [5]). Life shortening is measured by age-specific mortality rates for all
causes of death (Gompertz slope) and decreases in life span are due exclusively
to neoplastic disease up to several R per day (note: 1 R equals 8.7 mGy or 8.7
mSv at the lower doses). The dashed line at the top corresponds to the effect of
single acute exposures.

- G-10 Table G-l
Time to death of 50% of Sprague-Dawley rats held at 28°C or at 35°C
and exposed from 4 months of age to 16 months of age to chronic
gamma-radiation from a cobalt-60 source [10]
Time in days to death of 50% of animals
Dose rate during 1 year
period of exposure (R/day)
0
0.28 - 0.29
0.60 - 0.64
2.50 - 2.57
3.96-4.18

26°C

28°C

35°C

493
510
650
590

310
490
540
510

445

[Note: lR/day equals 8.7 mGy or 8.7 mSv/day]

Table G-2
Life span and neoplasms in mice exposed to chronic gamma rays
(adapted from reference 11 and from Table 33 in
Annex B of the 1994 UNSCEAR report [8])
Mean
accumulated
dose
(Gy)

Average
dose rate
(mGy/day)

Number
of mice
exposed

Mean age at
death (days)

Incidence
of tumors
(%)

MALES
0
1.48
1.53
3.29
3.03

_
52
150
52
140

623
98
178
118
119

576
605
582
619
576

±
±
±
±
±

7
20
11
14
14

52
67
68
76
72

±
±
±
±
±

2
4
4
4
4

582
565
599
541
557

±
±
±
±
±

6
17
13
16
14

66
75
74
79
86

±2
± 4
± 4
± 4
± 3

FEMALES
0
1.04
1.01
3.13
3.10

52
145
51
148

554
99
119
125
110

-H-l APPENDIX H
ADAPTIVE RESPONSE TO RADIATION
(A.M. Marko and D.K. Myers)

An excellent and invaluable summary of the literature on adaptive responses to radiation in cells
and organisms is given in Annex B of the 1994 UNSCEAR Report [1].
1.

DEFINITION, MECHANISMS AND GENERAL FEATURES OF THE
ADAPTIVE RESPONSE

The scientific community has been aware for some time that low doses of radiation may
condition cells and organisms to adapt and to alter the effects of subsequent higher doses of
radiation. The adaptive response is a collective term used to describe the above phenomenon.
An outstanding example which illustrates this response is obtained from studies on mammalian
cell systems. Mitogen-stimulated human blood lymphocytes exposed in vitro appeared to suffer
less damage than would have been expected following acute exposure to few grays of low-LET
radiation if they were first exposed to a dose of few tens of milligray. This response to low
dose exposure remains effective for several hours or more.
The most favoured mechanism to explain the adaptive response is that small doses of radiation
can condition cells to induce repair processes and/or to stimulate proliferation. The consequence
of the DNA repair is reduction of chromosome aberrations and mutations which could reduce
the incidence of cancer from subsequent exposures to radiation. Evidence is accumulating that
radiation-induced damage to cells results in the activation of several classes of genes including
those coding for the synthesis of enzymes involved in the control of cell cycling, proliferation
and repair. It is believed that radiation-induced enzymes, which have yet to be isolated and
characterized, are related to stress-response or genotoxic stress response proteins. There appears
to be some similarity in the type of response induced by radiation and other toxic agents. This
common response to a variety of physical and chemical agents is at times referred to as crossadaptation. Thus the adaptive response is a common feature of cellular response to damage.
Alternative mechanisms have been proposed to explain the adaptive response. These include
detoxification of reactive free radicals, thereby reducing the potential for damage; the activation
of membrane bound receptors stimulating cell proliferation; and change of intracellular signal
pathways [cf. 2].
It should be remembered that errors in repair occur in cells during metabolism and, therefore,
the effectiveness of DNA repair in irradiated mammalian cells is not absolute. Thus, the same
low conditioning doses that result in the adaptive response might also result in malignant cellular
transformation. The end-result in a cellular system will depend on a balance between fidelity
of repair, residual damage and malignant transformation and whether these effects interact with
each other.

-H-2Because the end-result of radiation exposure depends on so many factors it is advisable noj to
use the term "hormesis" which emphasizes only the beneficial aspects of radiation exposure.
It has been shown that the number of chromosome aberrations and mutations that occur in some
mammalian cellular systems after an exposure to a high challenging acute dose of low-LET
radiation in the range between 1-3 Gy can be reduced by exposing cells to a few milligray and
tens of milligray several hours before the high dose. This response is observed under clearly
defined conditions using mitogen-stimulated lymphocytes, proliferating bone marrow cells,
fibroblasts but not consistently in spermatocytes. The adaptive response observed in
lymphocytes irradiated in vitro requires a dose of x-ray of at least 0.005 Gy delivered at a rate
of more than 0.2 Gy per minute. There is a window of dose, 0.005 to 0.2 Gy below which and
above which the response was not observed. The induction of the repair mechanism takes place
between 4 and 6 hours after exposure to the conditioning dose.
According to the 1994 UNSCEAR report [1] the adaptive response has not been demonstrated
so far in other cell systems or convincingly in cells under chronic exposure (but see section 2
below). One problem in identifying common mechanisms is that there are differences between
the doses and dose rates used in cellular studies and those used in in vivo studies of laboratory
animals.
The low statistical power of most human epidemiological cancer surveys with exposures at low
doses makes it difficult to reach a decisive conclusion on the existence or absence of an adaptive
response in humans.
It is doubtful whether the immune system plays a significant role in any of the adaptive
processes at low doses. However, the improvements in the survival of rats and mice that have
been observed to result from chronic low-level whole body gamma-radiation in some studies
have generally been attributed to increased resistance to intercurrent infection, presumably
through enhancement of immunity. It is interesting to note that interphase lymphocyte cell death
caused by radiation may be considered similar, if not identical, to "apoptosis". Apoptosis is a
term used to describe cells that are lethally damaged, the nucleus becomes pyknotic and then
disintegrates. In apoptosis the cells appear to be programmed to die after radiation exposure.
The elimination of cells damaged by radiation ensures that clonal expansion of renegade cells
is prevented.
2.

SOME FURTHER RECENT WORK ON ADAPTIVE RESPONSES

The data reviewed by Wolff [3] indicate that this phenomenon was first observed with chemical
mutagenic agents in bacteria in 1977 and subsequently extended to cultured mammalian cells and
to chromosome aberrations induced in plants. The results from experiments with chemical
alkylating agents were attributed in 1979 to the induction of one specific DNA repair system that
could remove adducts produced in the DNA of the same cells by subsequent exposure to high
doses of the same or different alkylating agents.
In 1984, it was reported that low doses of ionizing radiation to human lymphocytes in vitro
reduced the number of chromatid breaks produced by a subsequent challenge with a high dose

-H-3(1.5 Gy) of x-rays [3,4]. The effect of these low doses (e.g. 10 mGy x-rays) of radiation was
not fully operative until some 4 to 6 hours after the initial exposure, was prevented by the
presence of inhibitors of protein synthesis, or by the addition of a compound known to inhibit
one particular enzyme involved in repair of DNA strand breaks [3]. This adaptive response does
not occur in "resting" lymphocytes but only in lymphocytes which are preparing for cell division
[5]. Moreover, it does not occur in cells from some humans. Similar adaptive responses can
be demonstrated in vivo in mice, but was only observed in 3 of the 4 mouse strains tested. It
appears likely that the adaptive response to radiation is dependent on the genetic constitution of
the particular humans or mice in question [5].
AH of this is consistent with the concept that the effect of the initial priming dose of radiation
is to stimulate the synthesis of DNA repair systems in the exposed lymphocytes. In fact, 10
mGy of x-rays to human lymphocytes does induce synthesis of a series of different proteins that
could possibly be involved in the adaptive process [3-5].
Reduction of chromatid aberrations is not the only manifestation of this adaptive response. Preexposure of human lymphocytes to tritiated thymidine or to 10 mGy of x-rays can reduce or
completely suppress induction of "hprt" mutations by a subsequent challenge with 3 Gy of x-rays
[3]. The "hprt" mutations that decrease are chromosomal in origin, being either chromosomal
deletions or rearrangements [4]. Point mutations, which are less common after radiation
exposure, are not decreased [6]. In a carcinoma cell line in tissue culture, the reduction of
"hprt" mutations by an adaptive dose of 10 mGy was found to reach a maximum at 18-24 hours
after exposure and to disappear after 48 hours [4]. The rate of repair of double strand breaks
in the DNA of these cells was increased by pre-exposure to the adaptive dose of radiation.
As noted in the reviews by Wolff [3-5], adaptive responses also occur in vivo. An initial dose
of 20 mGy x-rays to mice 2V2 to 3 hours before a challenge dose of 0.75 Gy reduced the
number of chromatid breaks in both bone marrow cells and spermatocytes. In studies with the
classical organism for genetic studies, the fruit fly Drosophila, pre-exposure to 200 mGy reduced
the number of dominant lethal mutations induced by a subsequent challenge with 4 Gy. Recent
reports by Cai also showed that pre-exposure of intact mice to chronic doses up to 200 mGy
resulted in a reduction in chromatid and isochromatid breaks in spermatocytes 4 hours after
exposure to a 1.5 Gy challenge dose and in reduction in reciprocal translocations 60 hours after
the challenge dose.
Russian workers exposed mice to continuous chronic gamma rays at a low dose rate of 0.02
mGy per minute (30.9 mGy per day) and tested them for adaptive responses after irradiation for
various times [7]. The number of micronuclei in bone marrow cells following a challenge with
1 Gy at high dose rate was reduced by prior exposure of mice to chronic gamma radiation for
either 10 or 32 days. The rate of repair of single strand breaks in the DNA was appreciably
increased in brain, lung and spleen (but not so in liver) by prior exposure of the mice to chronic
gamma radiation for 80 days. The activity of DNA beta-polymerase in cell nuclei was also
increased appreciably by exposure to chronic gamma radiation [7]. Further studies by
Melkanyan et al [8] showed that transcription of the gene for one of the stress proteins
(designated heat shock protein-70 or hsp 70) was appreciably increased in spleen and lung at a
chronic gamma dose rate of 30 mGy per day to mice for 30 and 17 days respectively. No

-H-4appreciable effects were observed in lung for a total dose of 500 mGy at dose rates of 12 and
120 mGy per day although both 30 and 60 mGy per day were effective. These effects were
tissue specific [8]. Related dose rate effects on the levels of hsp 70 and on the transcription of
the hsp 70 gene in mouse spleen were also observed in a U.S. laboratory [9], at an average dose
rate of 17 mGy per day, but not at an average dose rate of 43 mGy per day, for 4 weeks.
Other studies at the Chalk River Laboratories in Canada have been concerned with adaptive
responses to chronic irradiation at intermediate dose rates of 2.4-3 mGy per minute of gamma
rays (as compared to the UNSCEAR 1993 definition of low dose rate as less than 0.1 mGy per
minute). Under these conditions, the adaptive response in cultured human skin fibroblasts
continues to increase up to about 4000 mGy of chronic gamma rays [10]. The difference
between this dose-response relationship and those described earlier for human lymphocytes and
for intact mice suggests that the dose-response relationship for adaptive responses to radiation
is highly dependent upon the biological endpoint chosen for study and upon the type of cell
studied. The survival of these replicating or growing fibroblasts, and the average number of
cells per colony at 7 days after plating, following a subsequent challenge with 4 Gy of x-rays
at high dose rate, was increased by prior exposure to chronic gamma rays [10]. The decrease
in frequency of micronuclei increased with time up to several hours between the chronic adapting
dose and acute test dose, and was greater for a chronic than for an acute adapting dose [11].
Similar decreases in induction of micronuclei were observed in cultured mouse embryo 10T'/£
cells following adaptive exposure to chronic gamma rays, prior to exposure to a challenge of 4
Gy of x-rays at high dose rate. In addition, it was noted that the frequency of transformation
of these embryonic cells to neoplastic cells in tissue culture after exposure to a high x-ray dose
was decreased by prior exposure to chronic gamma rays; reductions were noted with chronic
gamma ray exposure as low as 100 mGy [12],
In yeast, adaptive responses to radiation can be stimulated by a variety of stresses including
radiation, heat and nutrient depletion; these responses appear to be part of the general cellular
stress response [11,13]. Recent studies at Chalk River have shown that a mild, non-lethal heat
stress decreases micronucleus formation in cultured human fibroblasts after challenge with a high
dose of x-rays in a manner similar to chronic gamma ray exposure. Both the mammalian and
yeast systems also show a reduced response to high LET as compared to low LET radiation (the
biophysical characteristics of high LET radiation could be compared to those of high doses of
low LET radiation at very high dose rate), an adaptive response which increases with dose up
to a point at which cell killing intervenes, and the ability to respond to other DNA damaging
agents. Mitchel [11] has concluded "that the mammalian adaptive response to radiation is part
of a general mammalian stress response and is an evolutionary conserved system".
The effects of this adaptive response are not always beneficial, as noted in section 1 above.
Chronic irradiation of the skin, either before or after initiation by a chemical carcinogen, can
act as a stage 1 promoter to stimulate the appearance of skin tumours in mice [11]. The
observable biological effects of the adaptive response obviously depend upon a variety of
complex factors.
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SIGNIFICANCE OF ADAPTIVE RESPONSES FOR THE HYPOTHESIS
OF LINEARITY

The assumption of strict linearity down to zero for radiation-induced mutations has generally
been accepted as a prudent way to estimate risk from doses of radiation that are so low that their
effects cannot be measured experimentally with any statistical reliability. This approach was
reached by scientific consensus based on a vast number of experiments carried out in
radiobiology over the past six decades (although its applicability to the more complex
phenomenon of cancer induction is still open to scientific discussion). In recent years,
reproducible experiments have shown that low doses of radiation (which do not usually produce
observable effects themselves) can induce DNA repair systems in cells that in turn decrease the
observable effects of subsequent exposure to high doses of radiation. The presence of this
adaptive response to low radiation doses has led Wolff [3] to conclude that "a simple straight
line extrapolation down to zero dose might not be warranted, and that estimates of risk based
on this procedure might be excessively high". This is a speculative hypothesis which is not
necessarily justified by experimental data.
It is not known (but currently appears improbable) whether a low radiation dose would have any
significant adaptive effect if received at a uniform rate of about 0.0001 mGy per minute (50
mGy per year) over an entire year. It currently seems improbable that the same adaptive
responses to radiation will occur in all individual humans or in all inbred strains of mice. It is
also not known whether the range of proteins that are synthesized in the cells as part of the
adaptive response are similar at high doses and at low doses and whether they are similar in all
types of cells. Many studies on adaptive responses are currently being carried out in many
countries (see, for example, [2,6,14-17]).
From a microdosimetric point of view, it seems unlikely that the adaptive response could induce
a true dose threshold. As pointed out on page 633 of the 1993 UNSCEAR report [18], "unless
such adaption is so fast that it can act with total efficiency on the very first [radiation] track
itself, it would not be able to introduce a true dose threshold, although it might complicate the
shape of the dose response at slightly higher doses and also its dose-rate dependence".
The linear, non-threshold hypothesis is based primarily upon studies of radiation-induced genetic
changes in experimental organisms (see Appendix A) and upon the assumption that radiationinduced cancer is due to a genetic change of the kind that will initiate a malignancy in a somatic
cell (see Annex E in 1993 UNSCEAR report; [18]). As noted earlier in this report, the
development of an overt cancer is a complex process involving a number of distinct steps in
addition to the first initiating event. The dose-response relationships for induction of cancer by
radiation in experimental animals are not always simple (see Appendix G) and further study is
required on the possible effect of adaptive responses on these dose-response relationships. There
is, however, no good evidence that adaptive responses will produce a threshold or will change
the shape of the dose-response relationships for radiation-induced genetic changes that become
evident in the offspring of irradiated humans and other animals (see Appendix A). Genetic risk
estimates in humans are largely dependent on studies of specific locus mutations in the offspring
of irradiated mice. These latter mutations appear to be due to deletions of chromosomal material
[19]. There is no significant change in the yield of specific locus mutations after exposure of
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similar yields are observed when a dose of 6 Gy of gamma rays was delivered chronically at a
dose rate of 0.08 mGy per minute, in 60 daily fractions of 0.1 Gy each, or in 12 weekly
functions of 0.5 Gy each [18]. In other words, any effects of adaptive responses in
spermatogonia should be included in these studies; thus the genetic risk estimates for humans
are derived from mouse studies carried out under conditions which should include any effects
of adaptive responses. The results of these mouse studies are compatible with a linear, nonthreshold dose-response relationship (see Table 16 and Figure XXVI in Annex F of 1993
UNSCEAR report [18]) and support the hypothesis that the genetic effects of low radiation doses
are strictly additive.
The significance of adaptive responses for risk of radiation-induced cancer, or for that matter
on other aspects of health which affect average life expectancy, is still uncertain. A relevant
study on induction of myeloid leukemia in mice is currently in progress at the Chalk River
Laboratories in Canada (Mitchel, personal communication).
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GLOSSARY
Adaptive response: A change in the ability of living organisms to cope with the effects of
exposure to ionizing radiation or related agents as a result of an initial exposure to the same
agents. This may involve synthesis of increased amounts of DNA repair systems in living cells
as a result of an initial exposure.
becquerel or Bq: A standard international unit of radioactivity, equal to one radioactive
disintegration per second. The obsolete unit curie or Ci, based upon the amount of radioactivity
in a gram of radium, equals 3.7 x 1010 Bq.
Cancer: An uncontrolled and invasive growth of cells derived originally from a normal tissue
in the body, which if untreated will lead to death of the person or other animal. At present,
about half of all diagnosed cancers can be treated successfully in developed countries. Most but
not all cancers appear fairly late in the average lifespan. Cancers are classified medically into
many different types depending upon the tissues and types of cell from which they originated.
The term tumor refers to any abnormal growth of tissue cells, including both cancers and other
localized growths which do not invade other tissues of the body.
Carcinogenic: Term used to describe those chemical, physical or biological agents which can
produce an increase in the normal incidence of cancer in humans or in experimental animals.
The biological agents include certain viruses while the physical agents include both ionizing
radiation and ultraviolet light. The list of chemical carcinogenic agents, both from natural and
manmade sources, is very long; most of these chemical agents are also known to produce
hereditary or genetic changes in bacteria.
Chromosome aberrations: The DNA in humans is normally organized in two pairs of 23
chromosomes (one of each pair from the father and one from the mother) located in the nucleus
of each of the trillions of living cells which make up the human body. Exposure to ionizing
radiation or related agents can result, among other things, in a variety of changes in the structure
of these chromosomes; these may become visible at the next cell division. The most easily
observable aberrations, e.g. dicentric chromosomes, ring chromosomes or the formation of
micronuclei, are usually lethal to the cells at a subsequent cell division. Other smaller
aberrations involving deletions, inversions or translocations of smaller amounts of chromosomal
material may be viable and result in heritable changes in the instructions carried by the DNA.
DNA or deoxyribonucleic acid: A long thread-like linear polymer of deoxyribonucleotides,
present in all living cells, whose linear sequence carries the inherited coded instructions or
blueprints for all life processes (see genes). The DNA in human cells is usually highly coiled
and organized into chromosomes contained in a cell nucleus of about 8 micrometres in diameter;
if uncoiled and placed end to end, the DNA molecules in each human cell would have a diameter
of about 2 nanometres and a length of about 2 metres.
DNA repair systems: DNA is an organic chemical and thus subject to structural modification
under normal conditions of existence. Its integrity is largely preserved by the existence of DNA
repair systems which are themselves coded for by the DNA in each living cell and which
attempt, usually successfully, to restore the original structure of the DNA molecule after damage

has been produced by normal chemical processes in the living cell or by exposure to ionizing
radiation and related physical, chemical, or biological agents.
Gene: A portion of the DNA carrying coded instructions for one particular life process, for
example, the synthesis of a given DNA repair protein. The DNA in human and other
mammalian cells is believed to contain roughly 100,000 genes. Infrequent heritable changes in
the instructions carried by any given gene, whether a result of natural processes in the living cell
or of exposure to external agents such as ionizing radiation, are called genetic mutations.
gray or Gy: Standard international unit for absorbed radiation dose, equal to the absorption of
one joule of radiation energy per kilogram of material. Absorbed doses are frequently expressed
in milligray (mGy), equal to one-thousandth of a gray.
In vivo: A biological term (derived from the Latin for "within the living organism") used to
describe events as they occur in the whole living animal. In vitro is the corresponding term
referring to events which can be observed in tissue extracts or in cells from tissue in the
laboratory test tube or other container.
LET or linear energy transfer: The amount of energy deposited per unit length in water or
tissue along the track of an ionizing radiation photon or particle, usually expressed as keV of
energy deposited per micrometre of track length. Ionizing radiations are usually divided into
low LET or sparsely ionizing radiations such as X-, gamma- and beta-rays, and high LET or
densely ionizing radiations such as high energy neutrons or high energy heavy particles such as
alpha-rays. The LET of sparsely ionizing radiations is usually in the region of 0.1 to 10 keV
per micrometre while that of densely ionizing radiations can be in the region of 100 or more keV
per micrometre. Each keV of energy deposited can result in the production of about 50 ions or
chemical free radicals in tissue. High LET radiations usually have more biological effect per
unit absorbed dose at low dose rates than do low LET radiations. Thus high LET radiations are
usually assigned a radiation weighting factor of about 20 as compared to a radiation weighting
factor of 1 for low LET radiations; further details on recommended weighting factors can be
found in ICRP Publication 60.
Low doses and low dose rates: These terms have been defined for selected purposes in the
1993 UNSCEAR report as less than 200 mSv of accumulated dose, regardless of dose rate, or
less than 0.1 mSv per minute, regardless of total dose. Other definitions also exist, as described
in the text.
rad: Obsolete term for the measurement of absorbed dose of ionizing radiation. This term has
now been replaced by gray (Gy), where 1 Gy = 100 rads.
Radon: A chemically inert but radioactive gas formed in the radioactive decay chains of
primordial radionuclides. Radon-222 with a half-life of 3.8 days is formed in the uranium-238
decay chain while radon-220 with a half-life of less than 1 minute is formed in the thorium-232
decay chain. Radon diffuses out of the soil everywhere and tends to accumulate in
poorly-ventilated enclosed spaces such as dwellings and underground mines. The main
biological hazard is the induction of lung cancer due to inhalation of the short-lived radioactive
progeny of radon-222.

roentgen or R: Obsolete term for measurement of exposure to radiation, sometimes still used
in a context such as roentgen per hour.
sievert or Sv: A unit for effective radiation dose, intended to express radiation doses in a
manner such that the long-term biological harm to humans will be approximately the same per
unit of effective dose, regardless of the LET of the type of radiation involved or of the parts of
the body exposed to radiation. To obtain effective dose in Sv, the absorbed radiation dose in
Gy is multiplied by the appropriate radiation weighting factor and, in the case of partial body
exposure, by the appropriate tissue weighting factors. Both of these factors are taken to be one
in the case of whole body exposure to gamma-rays. Further details can be found in ACRP-13
(1991) and in ICRP Publication 60 (1991). In theory, the unit Sv should only be applied at low
doses and low dose rates, but some committee reports have ignored this constraint as may also
be done in the present report on rare occasions. Effective doses are frequently expressed as
millisievert (mSv), equal to one-thousandth of a sievert, or as microsievert (/xSv), equal to onemillionth of a sievert.
Stochastic effects: Biological effects which are produced at random in the body by exposure
to ionizing radiation, and whose frequency is assumed to increase in direct proportion to
increases in the absorbed radiation dose. This type of effect can be contrasted with deterministic
effects, which are those biological effects for which a threshold dose of radiation is observed,
below which no deterministic biological effect of radiation is produced.
Threshold dose: A radiation dose below which no biological effect of radiation is produced.
Threshold doses are known to exist for deterministic effects such as the production of skin
burns, sterility and cataracts by radiation. The concept of a practical threshold refers to a dose
and dose rate that are low enough so that a given type of cancer is not produced within the limit
of the normal lifespan of a human being or other animal.
Weighting factors: See definition of sievert and ICRP Publication 60. The radiation weighting
factor is a factor used for radiation protection purposes that accounts for differences in biological
effectiveness between different types of radiation. The tissue weighting factor is a factor used
for radiation protection purposes that accounts for quantitative differences in number of
stochastic effects expected after exposure of different tissues of the body to the same dose of
radiation.
Working level or WL: The amount of potential alpha energy in a cubic meter of air that will
result in the emission of 2.08 x 10'3 joules of energy.
Working Level Month or WLM: A theoretically obsolete term dating from the 1950s which
is still frequently used to measure the cumulative exposure of uranium miners and other workers
to radon and short-lived radon progeny in air. One WLM is equivalent to exposure to one
working level (2.08 x 10'5J.m"3 of air) for one working month (170h) or to 3.5 x 10"3J.h.m°.
If the breathing rate of workers is taken to be 1.2L air per minute, then one WLM would be
roughly equal to inhalation of 0.043J of potential alpha energy from the short-lived radon
progeny in air. Based upon predicted stochastic effects of exposures to radiation, the ICRP has
recently established the convention that 1 WLM equals 5 mSv effective dose of radiation for
workers.
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