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Introduction

1. It has long been recognized by UNSCEAR that
radiation-induced malignant diseases are the most
important late somatic effect in human populations
exposed at high doses for which direct observations
are available [U6, U7, U9-U12, U24]. For evaluation
of radiological risk or detriment [12] this importance
derives from the fact that these diseases are often
lethal and they are the only statistically verifiable
cause of radiation-induced life shortening at inter-
mediate and low doses [B17, B18, J1, K39, K40, U24].
Radiation-induced cancer belongs to those radiobio-
logical effects whose frequency of occurrence (but not
severity) is believed—as a rule—to correlate with
dose.? The postulated probabilistic nature of the
relationship between dose and frequency of malignancy?
has led to the acceptance of the term ‘“‘stochastic™ for
effects of such type.

2. Assessment of risk, from environmental and
occupational radiation sources in the dose region from
fractions of mGy 10 a few tens of mGy, would be
greatly facilitated by knowledge of the shapes of the
dose-response relationships for radiation-induced
cancers in humans. This knowledge is not available at
present and is not likely to be obtained by direct
observation. Two features of the dose-response rela-
tions are most important for evaluation of the risk at
low doses: the possible presence of a threshold dose
below which the effects would not occur, and the
shape of the dose-response curve,

3. Lack of threshold for a given effect is usually
assumed if the response for this effect, plotted against
the independent variable (causal factor, or, specifically,
dose). permits extrapolation by eye to the origin of
the coordinate system, or when the calculated regres-

2For brevity, the term *“dose” is used here instead of the more
correct “‘absorbed dose™.

bin this annex, the term “carcinogenesis” is used to include
carcinoma, leukaemia or any other form of malignancy (sarcoma,
lymphoma, etc.). The word *malignancy™ is used when the
reference is 1o all such malignant conditions, while *“cancer” or
*“‘malignant tumour™ refer only to solid or focal malignancies. The
term “tumour” is used without qualification when it is either clear
from the context, or unimportant, whether a malignant or a benign
tumour is intended.
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sion line intercepts the abscissa at values that are
not significantly different from zero. Conversely, a
threshold is usually assumed when the fitted regression
function crosses the abscissa at a value significantly
greater than zero. However, proving or disproving a
threshold below the levels of direct observation may
be impossible, due to statistical fluctuations of the
spontaneous level and of the presumably induced
response. Therefore, assumptions regarding a threshold
are based essentially on theoretical considerations
of the mechanisms of radiation interaction with the
biological targets for initiation of neoplasia, supple-
mented by empirical observations to support the
hypothesis. Although absence of the threshold is often
assumed, this has not been proved for any form
of radiation-induced malignancy [U6] and must be
regarded as a working hypothesis.

4. In annex 1 of the 1977 UNSCEAR report [U6],
the available data concerning experimental radiation
carcinogenesis in numerous animal species were re-
viewed. The large variation of susceptibility to cancer
induction in different tissues was emphasized. Physical
and biological factors modifying the frequency of
induction were discussed in great detail and inter-
actions of other agents (e.g., viruses) with radiation
were also reviewed. The extreme complication and
unsatisfactory understanding of the pathogenesis of all
forms of cancer, including those induced by radiation,
were particularly stressed.

5. Various physical factors, such as dose, dose rate,
and quality of radiation, were also considered, and
general patterns could be recognized in cases where
such factors were systematically studied in a given
strain of animals, and for specific tumour types.
Among the patterns identified, were a sparing effect of
dose fractionation and protraction of low-LET radia-
tion (x or gamma rays) upon the frequency of induced
cancer and the absence, or even reversal, of such
an effect for high-LET radiation (neutrons, alpha
particles).

6. Current theories of cancer induction by radiation
and some other agents (viruses, chemicals) were also
briefly reviewed in the 1977 UNSCEAR report [US6].
None of these was able to accommodate all the known
facts and to allow development of a theory or of



comprehensive models of cancer induction by ionizing
radiation. It was recognized, however, that known
carcinogens have a common target within the sus-
ceptible cells, which is most likely the nuclear DNA or
genome.

7. Since the 1977 report [U6], new information has
been published on experimental induction of cancer
by radiation. Some of it refers to observations at
intermediate and low doses. Of particular importance
is the information dealing with high-LET particles
(mostly neutrons). This is reviewed here when it appears
relevant to models of radiation-induced malignancies.

8. 1In annex I of the 1977 report [U6], the response
relationships as a function of single acute doses for
various forms of experimental radiation-induced
cancer—both after whole-body and localized irradia-
tion—were reviewed thoroughly. Tumours could be
broadly subdivided into three categories:

(a) Those showing an increasing incidence with
increasing dose up to a maximum, with a decline
following that maximum (most forms);

(b) Those displaying a negative corielation between
incidence and dose, as observed in tumours with
an unusually high spontaneous frequency:

(c) Those showing no clear rise with increasing dose
up to several Gy.

For occupational and environmental exposure of man,
type (a) is the most relevant. Schematic examples of
dose-response curves are shown in Figure 1.

9. UNSCEAR [U6] also identified a large variability
of the net incidence of various tumour types at
intermediate to high doses between different species
and, within species, between inbred strains. It was also
found that in many cases a particular tumour could be
induced by radiation in only one or two strains of a
given species, an observation that must raise questions
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as to whether such tumours may represent adequate
models of corresponding human diseases. Similar
doubts would also apply to some observed forms of
dose-response relationships. In some cases, dose-
response relationships differ from species to species,
although in many cases consistent patterns have been
found. For these reasons, the increased incidence per
unit dose of a given form of cancer cannot—as a
rule—be extrapolated between species.

10. For dose-response relationships of category (a)
some regularities were pointed out that appeared to
conform to other radiobiological phenomena occurring
in single cells (e.g., cell killing, induction of mutations
and chromosome aberrations). These common features
were as follows:

() The RBE values for densely-ionizing radiation
relative to x and gamma rays are higher than 1
and decrease as doses increase:

(b) With acute doses of high-LET radiation the
dose-response relationship is closer to linearity
than for sparsely-ionizing radiation, for which
upward concave curvilinearity is usually observed:

(c) The tumour yield often shows little dependence
on dose protraction and fractionation for high-
LET radiation, while for x and gamma rays the
yield usually declines.

11.  Since publication of the 1977 report [U6], addi-
tional information has appeared on tumour induction
and life shortening in the low and intermediate dose
region. It shows that after acute (high dose rate) high-
LET exposure, in some cases at intermediate and in
most cases at high doses. the incidence of tumours per
unit dose decreases with increasing dose. For low-LET
acute exposures, such a decline is usually observed
only at high doses (above several Gy). These and
other observations, together with some notable excep-
tions, will be discussed in detail in chapter IV,
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Typical dose-response curves for radiation-Induced tumours. Curve 1: Downwards
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spontaneous tumour rate declining with dose. The shaded area represents the spontaneous
(control) incldence,
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12. In annex G of the 1977 report [U6]. UNSCEAR
presented a comprehensive review of epidemiological
data on radiation-induced cancer in man. Absolute
risk estimates of mortality per unit dose were examined
in detail for malignant diseases of various organs, and
confidence limits were attached to these estimates,
derived in most cases from irradiation with doses at or
above 1 Gy. Also, an approximate life-time risk of
mortality from cancer at all sites per unit dose was
estimated from the ratio of incidence of all non-
leukaemic malignancies to the incidence of leukaemias
in several groups (atomic bomb survivors. American
radiologists, and patients treated for ankylosing
spondylitis and metropathia haemorrhagica). However.
the previously available dosimetry at Hiroshima and
Nagasaki has been questioned, and the new dosimetric
system (DS86) is expected to yield improved risk
coefficients for atomic bomb survivors. who are one
of the most important sources of information.

13, The merit of such risk estimates lies in the fact
that they are derived directly from human data and
thus avoid interspecies extrapolations of doubtful
validity. The precision of the 1977 risk estimates was
the best possible under the conditions of exposure and
follow-up then available, but many limitations of the
estimates were discussed extensively.

14.  Uncertainties regarding the shape of the dose-
response relationships for radiation-induced malig-
nancies, and the related risk estimates in man, derive
mostly from the following conditions:

(a) The short duration of follow-up of irradiated
populations compared to the length of latent
period of most tumours. Whereas 20 to 30 years
may be sufficient for manifestation of leukaemias
and bone sarcomas after short-term irradiation,
it is not so for other cancers. At present, the time
distribution of their latent periods is not known
in detail, and for some cancers it depends upon
dose (or dose rate for chronic exposure), and also
on age at irradiation. In addition, several, if not
all, radiation-induced tumours tend to have an
age distribution similar to that of their spon-
taneous counterparts. This means that greater
absolute incidence per unit dose will be observed
in cohorts of older than of younger ages. On the
other hand, the expression of induced cancers
will be truncated in cohorts irradiated at older
ages, owing to their limited survival. Thus, the
shape of the dose-response curve may depend
upon the length of follow-up and on the age
structure of the irradiated population. In most
studies, the mean follow-up period is substantially
shorter than the time needed for full tumour
expression. In addition, a negative correlation
between dose and latent period could, if present.
affect the shape of the dose-response relation-
ship, because it could not permit comparable
tumour expression after high and low dose;

(b) The sex and age composition of the population
under study. Since for certain tumours the age at
irradiation and sex have a pronounced effect
upon the risk of later development of the
malignancy, a given dose-response relationship
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may not be representative of populations of
different composition;

(¢) There is a pronounced geographical, socio-
economic and ethnic variation of the spontan-
eous incidence of cancers in most organs. (For a
review of this point see [D17, W9].) This suggests
that epidemiological observations on radiation-
induced cancer cannot be applied indiscriminately
to populations of different ethnic, socio-economic
or geographic characteristics. On the other hand,
such differences are not necessarily reflected in
the value of the absolute risk or the shape of the
dose-response relationship. For instance, in spite
of large differences in the age-specific incidence.
the age-corrected excess risk of breast cancer and
dose-response curves in Japanese atomic bomb
survivors are very similar to those in women
irradiated in the United Siates for medical
reasons;

(d) Deficiencies of tumour ascertainment in retro-
spective studies from available records of in-
cidence or specific mortality:

(e) Difficulties in the selection of suitable comparison
groups for the calculation of the expected (control)
incidence or mortality due to a given tumour;

(f) Presence of confounding variables and modifying
factors (promoters. inhibitors) that, if correlated
with dose, or per se, could modify the shape of
the dose-response relation:

(g) Questionable accuracy of dosimetric estimates,
particularly when these involve retrospective
reconstructions of complex situations, Numerous
examples of such uncertainties are given in
chapter V. In this category belongs also the very
narrow range of doses to which a population
may have been exposed, as well as the non-
uniformity of dose distribution in the target
organs. The latter condition may distort the
relationship when the mean organ dose is used as
the independent variable and induction is not a
first-order process;

(h) Statistical uncertainties in the estimates of inci-
dence or mortality at given dose levels.

15, Because of such limitations, in view of the
presence of numerous and often unknown biological
variables affecting cancer incidence, and of the lack
of understanding of the pathogenesis of cancer,
UNSCEAR cautioned against the indiscriminate use
of risk estimates under conditions other than those for
which they had been derived. For example, direct
application of the risk coefficients to doses in the
range from 1 mGy to 0.1 Gy involves a procedure of
linear extrapolation, i.e., an assumption that the
incidence per unit dose does not vary with dose. Such
a procedure could, however, lead to over- or under-
estimates of risk, depending on the actual shape of the
dose-response curve. It was generally concluded, in
the 1977 report, that the real risk per unit dose of low-
LET radiation at low doses and/or dose rates would
be unlikely to be higher, but could be substantially
lower, than the values derived for the range of a few
tens of mGy. The derivation was based essentially on



observations made above | Gy, but some reduction of
the effect at low doses was already assumed (e.g., for
leukaemia by a factor of about 2).

16. The wide confidence limits on the data from man
allow various mathematical functions to be fitted to
the same epidemiological series [B17, B20, B24, C29,
M31, R21, S50]. Consequently, the probability of
being able to discriminate between the statistical
goodness of fit of various aliernatives, or to reject
some of them, is too low. In addition, the extra-
polation of a relationship beyond the region of direct
observation is always questionable when the under-
lying mechanism is not well understood.

17. In view of all these difficulties UNSCEAR has
followed another approach in preparing the present
annex. It has reviewed evidence at the subcellular and
cellular level. from which inferences could be made as
to the possible nature of the dose-response for cancer
initiation by radiation. It has also examined how
initiation of cancerous clones. and their progression to
clinical tumours, may affect the shape of the dose-
response relationship. Finally, it has reviewed published
models of cancer induction and tested them for
compatibility with epidemiological and experimental
findings. It is hoped that this complex exercise may
help to establish, with some confidence, the shape of
dose-response relationships, and thereby limit the
uncertainty in the extrapolation of the risk to low
doses.

18. Thus, the objectives of this annex may be
summarized as follows:

(a) To review the critical assumptions involved in
the formulation of models linking radiation-
induced cancer to dose;

(b) To review and discuss dose-response relationships
for effects at the cellular level that could con-
ceptually be linked with malignant transformation:

(¢) To discuss models of cancer induction by radia-
tion from the standpoint of resulting dose-
response relationships for tumours of some
organs and tissues;

(d) To review the effects of the mode of dose
delivery (dose rate, fractionation) and quality of
radiation upon the dose-response relationships;

(e) To identify possible general trends, and inter-
species similarities, brought about by changes in
the above variables upon the dose-response
relationships for various types of cancer.

UNSCEAR wishes to stress that in pursuing this
exercise it does not intend to give more weight or
credit 1o one or another model of tumour induction,
nor to depart from previously established policies in
risk estimation adopted within the Committee. This
review is meant to be a purely scientific analysis of
data aiming at an assessment of systematic errors in
the risk estimates derived from existing epidemiologi-
cal evidence when one or another model is assumed in
interpreting such evidence.

I. DOSE-RESPONSE RELATIONSHIPS
FOR RADIATION-INDUCED CANCER

19. Radiation-induced cancer, as a stochastic phe-
nomenon. can be analysed in terms of probabilistic
concepts such as the distribution function of the time
from irradiation to the occurrence of cancer. Depend-
ing on the data, the event may be assumed to occur at
the time of diagnosis for readily apparent tumours, or
at the time of death for rapidly lethal ones. The
definitions and procedures of estimation are similar,
but the two cases should not be confused because this
could lead to serious errors, particularly with cancers
for which effective therapy is available.

20. In experimental work. the populations under
study consist generally of inbred animals standardized
for species, strain, sex and age. They are irradiated
under controlied conditions and followed for a specified
time or up to death. Appropriately matched control
groups are followed concurrently under similar condi-
tions. The time of death and, at least in some
experiments, the cause of death, can be ascertained for
each animal. Such data may undergo sophisticated
statistical treatments,

21. Easily diagnosed or rapidly lethal tumours are
readily discovered. For such “manifest” neoplasms,
established mathematical procedures can be applied to
correct for competing risks, e.g., intercurrent mortality
not related to the tumour incidence. Under these
conditions, the time to the expression of the tumour is
known only for some of the individuals in the
collective, while others die or disappear from obser-
vation due to unrelated causes before a tumour is
observed. For these latter individuals one knows only
that the hypothetical time to the tumour would have
been longer than the observation time, i.e., it would lie
to the right on the time scale. Hence one speaks of
“right censored™ data.

22. If tumours are “‘occult”, in the sense that they
are discovered only incidentally in animals killed or
dying for other reasons, one speaks of ‘“‘double
censored” data, In this case, one knows cither that the
time to the expression of the tumour is shorter than
the observed time of death or that the hvpothetical
time would be longer than the time of death,
according to whether the dead animals carry a
tumour, or not. Under these conditions the expression
**double censored data” is used (meaning that the data
are both “left and right censored™) and the methods
for a competing-risk-corrected analysis are more
complex (see paragraph 31). There are special diffi-
culties for partly lethal tumours. but a four-point
grading of the tumours is usuvally practicable and
sufficient for the analysis: it ranges from “definitively
incidental” 1o “definitively manifest (e.g., lethal)”
(P18, P19].

23. In epidemiological work on human populations,
the situation is quite different. The series are, in most
cases, retrospective; the final data on morbidity and
mortality are frequently incomplete; and the compo-
sition of the group is often heterogeneous with respect
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to sex, age. socio-economic status, health conditions
and exposure to carcinogenic or promoting agents
other than radiation. Also. the control population is
seldom fully adequate; follow-up to extinction is
rarely achieved owing to the long life span of man;
and dosimetry is frequently uncertain. The statistical
treatment of such data must obviously follow methods
different from those applying to prospective experi-
ments,

A. THE INDEPENDENT VARIABLE

24, Dose-response curves are functional relationships
between an independent variable, the radiation dose in
a given organ or tissue, and a dependent variable
represented by a suitable measure of the response. The
specific energy, z, absorbed in a cell or in its critical
structures, is a random variable. The mean value of z,
i.e., the absorbed dose, D, is commonly used as the
quantity of reference, but at equal values of absorbed
dose the distribution of the values of specific energy
can vary greatly, depending on the tissue volume for
which the specific energy is determined and the value
of the absorbed dose. as well as the radiation quality
(see II1.B.2). Furthermore. the same dose may be
delivered at different dose rates. In the present
context, the following terminology will be adopted for
sparsely-ionizing radiation: low doses, < 0.2 Gy: inter-
mediate doses, 0.2-2.0 Gy; and high doses, > 2.0 Gy.
For densely-ionizing radiation (e.g., fast neutrons)
doses < 0.05 and > 0.5 Gy will be referred to as low
or high. respectively, with intermediate doses falling
between the figures quoted. Low dose rates for all
radiations are < 0.05 mGy min~!: high dose rates are
> 0.05 Gy min~!; and intermediate dose rates fall
between these limits. Other quantities will at times be
used as the independent variable, such as the injected
activity of a specified radionuclide, or the time-
integrated concentration of alpha-energy of short-
lived radon daughters ultimately to be released in air.
With some oscillations, such quantities are propor-
tional to dose.

B. THE DEPENDENT VARIABLES IN
EXPERIMENTAL WORK

25. Inexperimental work on radiation carcinogenesis,
various expressions of the response may be adopted
(see annex I in [U6]). The simplest, and most
commonly used, is the fraction of animals incurring
a tumour after irradiation with a given dose (crude
incidence). It has been stressed repeatedly [Fl,
G17-G19, HI15, M32, R9, S37, U2-US5, U20-U22) that
such way of expressing the response leads to erroneous
results. The reason is the interference of competing
risks and of the different duration of life between
animals receiving different doses. Actually, animals
receiving the highest doses tend 1o die earlier and thus
have less chance of expressing the tumours that may
be induced.

26. Corrections for differences in the distribution of
survival times between control and irradiated animals
may be made by approximate methods, as, for
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example, in studies by Ulirich and Storer [U2-US,
U20, U21, U23-U26]. In this approach, the data are
truncated at the time when the group is extinguished
through natural death and the observed incidence in the
treated group is corrected by a factor equal to the ratio
of the mean lifetime for the control and the irradiated
groups. This approach can provide approximate age
corrections, but it may be misleading when the
frequency of tumour appearance varies considerably
with time after exposure.

27. Rigorous corrections for age and intercurrent
mortality may be made by following the response of
irradiated and control individuals throughout their life
after irradiation or during a pre-selected post-irradia-
tion period, with appropriate methods of investigation,
including careful post-mortem pathology. The relevant
parameter is then the age- or time-dependent rate of
tmour appearance [C18, C19. HIS, K8, S37]) or a
related cumulative quantity that can be more readily
determined in the experiment. The basic quantities in
this approach and their competing-risk-corrected esti-
mates for manifest tumours are:

(a) The tumour rate, r(t), as a function of age or
time (t) after irradiation. It is the probability at
time t per individual to develop a tumour per
unit time, This quantity. r(1). is to be interpreted
as a mean value for the population under study.
Since, for tumours diagnosed during the lifetime.
the actual time of origin of the tumour is
unknown, the time of its first observation is
generally used: the time of death is used for
rapidly developing, lethal tumours. In experi-
mental work one derives r(t) as an average value
in a group of animals at time t. If N animals are
observed (i.e.. are at risk) over the interval
t—4t/2 to t+ 4t/2, and n tumours appear
within the interval, the estimate of the tumour
rate is f(t) = 4n/Ndt, For incidentally observed
tumours a direct estimate of the tumour rate is
impossible: the tumour prevalence can, however,
be estimated (see paragraph 31)

(b) The cumulative tumour rate, R(t). Estimates of
this quantity are less affected by statistical fluc-
tuations and are therefore more readily derived.
The quantity is defined as the integral of the
tumour rate from the time of exposure (t = 0) up

to time t:
1

R(t) =J(;r(t) dt (1.1)

R(t) is the number of tumours per animal up to
time t under the hypothetical condition that one
could keep the number of animals at risk
consiant in spite of intercurrent mortality and
the occurrence of tumours. R(t) exceeds, there-
fore, not only the crude incidence, but also the
incidence (1), corrected for competing risks (see
paragraphs 29 and 30). A competing-risk-correc-
ted estimate of the integral tumour rate is [Al,
N3, S37]:

R = T (yNd) dt=ZnyN;  (1.2)

for all i with idt < t. where n; is the number
of tumours appearing within the time interval
(i— )4t 1o idt, and Nj is the actual number of



individuals still at risk at this time, i.e., individuals
still without a tumour. The standard error for
equation (1.2) can be obtained by the relation-
ship [S37]

ore = V(Z ni/N) (1.3)

28. If multiple non-lethal tumours occur. estimates of
the tumourrate or the integral tumour rate can be based
also on all observed tumours [S37]. In this case all
animals still at risk are included in N; (equation 1.2),
regardless of whether these animals had developed a
tumour or not. With this modification, similar estimates
are obtained. provided that the animals without
previous tumour had experienced the same tumour
rate as the animals that had already incurred a
tumour. This is so because both the numerator and
the denominator in equation (1.2) are increased. If, on
the other hand, there are inherent variations of the
tumour rate within a population, or if the occurrence
of a tumour increases the probability of subsequent
tumours, the tumour rate estimated from all tumours
will be larger than the rate estimated from first
tumours only. It is mandatory, therefore, to specify
whether the estimates of the integral tumour rate are
based on the first or on all observed tumours. For
partly lethal or rapidly developing lethal tumours the
estimate can be based only on first tumours.

29. A frequently used quantity, related to the cumu-
lative tumour rate, is the actuarial incidence. or
incidence corrected for competing risks, I(t). It is the
probability of an animal at risk up to time t to have
incurred a tumour. In the absence of competing risks,
the actuarial incidence equals the crude incidence (see
paragraph 25). In the presence of competing risks. and
for manifest tumours. a quantity can be obtained in
terms of the product limit estimate [K1]:

=1 — O —0/N] u=t (1.4)

where the product extends over a number of time
intervals (i) up to time t: n; is the number of animals
with tumours appearing within the time interval
tiz1— t; and N; is the number of animals without
tumours still at risk at time t;. The standard error of
the product limit estimate is expressed by the so-called
Greenwood formula:

Gy =[1— 1) VEn/NT 4= (1.5)

When N is very small the log-rank test is preferable
(see paragraph 33).

30. If few individuals incur the tumour. the actuarial
incidence and the integral tumour rate, based on first
tumours only. are nearly equal. At high frequencies,
the actuarial incidence can approach 1, and the
integral tumour rate may exceed 1. The sum limit
estimate (equation [.2) is largely equivalent to the
product limit estimate (equation 1.4), i.e., the integral
tumour rate can also be obtained from the product
limit estimate by the relationship:

R(®)=—In[1 — I(1)] (1.6)

Similarly, the actuarial incidence can be obtained
from the sum limit estimate by the relationship:

I(t) = 1 — exp [—R(t)] (1.7)

31. For occult tumours (see paragraph 22). which
frequently occur in short-lived animals. the actuarial
incidence (which is then usually called prevalence) or
the integral tumour rate are more difficult to estimate.
Theoretical analyses have shown that a combination
of serial killing and survival data is required for such
estimates in the case of tumours with unknown degree
of lethality or life shortening [C36, M22, N4, R8]. If
occult tumours are definitely non-lethal, estimates can
be obtained by serial sacrifices at specified times after
irradiation. However. this approach requires large
numbers of animals. As Hoel and Walburg have
pointed out [H29], the method of isotonic regression
(see also [B84, K38]) may be used to estimate the
competing-risk-corrected incidence from survival
experiments. This provides a maximum likelihood
solution with the constraint of monotonicity of the
incidence. The algorithm for isotonic regression is
straightforward and has been utilized for the analysis
of radiation carcinogenesis [C36]. At present, however,
there are no methods to derive standard errors.

32. In most experimental studies in which tumours
are seen in various organs of the same animals, it is
usually assumed that such tumours occur indepen-
dently of each other. However, Storer has shown [S53]
that this is not necessarily so. In irradiated female
BALB/c mice. 21 out of the 66 pairs of tumours tested
showed significant positive or negative correlations.
Some of the negative associations were due to rapid
lethality caused by one of the tumours, and this could
be corrected for by appropriate methods allowing for
intercurrent mortality. Of the remaining 13 significant
correlations. 6 involved tumours known to be endo-
crine-related. and 7 applied to tumours of other
organs. Alterations in host factors were believed to
be responsible for the observed associations. These
possible complications should be borne in mind in the
analysis of dose-Tesponse relationships on the assump-
tion of random, i.e.. independent. tumour occurrence.

33. The logrank test, the Breslow test, or the wider
class of non-parametric generalized rank-sum tests are
suitable for the comparison of tumour rates in two or
more groups in the case of manifest tumours [K37].
Analogous tests do not exist for double censored data
from survival experiments, i.e.. for tumours found
incidentally. With such data. one must use tests based
on the assumption of the equality of competing risks
in the two groups under comparison, or one requires
knowledge of the degree of difference of competing
risks. For experiments with serial killing, suitable
standard tests exist.

34, The quantities discussed in paragraphs 28-29 are
not based on specific models. In experiments where
various groups, exposed to different doses. are com-
pared. estimates may be used that are also non-
parametric but are based on models. Most frequently.
the proportional hazards model is used. This model is
based on the assumption that the tumour rate or the
integral tumour rate in non-irradiated animals is
increased by a dose-dependent factor:

(t.D)=A(D)ry(t) or R(t.D)= A(D) Ry(t)
(1.8)
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where r{t) and Ry(t) are the tumour rates and integral
tumour rates for the non-irradiated animals, and
r(t,D) and R(t,D) are the tumour rates for the
individuals exposed to dose D. By equations (1.1) and
(1.6) one could express this model in terms of the
actuarial incidence, I(1). However, such expression
would be more complicated. The reason is that
tumour rates and cumulative tumour rates from
independent causes are additive. while the incidence is
additive only when its value is small. For manifest
tumours, there is a relatively straightforward algorithm
for calculation of the proportional hazard coefficients,
A(D), employing the method of partial likelihood
{K37]. For incidentally observed tumours, one must
make use of more complex methods. requiring com-
puter algorithms for non-linear optimization, with the
constraint of monotonicity [C36, K38)]. The analysis
can also be based on the model of accelerated failure
times by use of the non-linear optimization methods.
This model assumes that the competing-risk-corrected
incidence. I(t.D), rises earlier in a way that can be
described by a dose-dependent acceleration of the
incidence Iy(t) for the control groups:

I(t,D)=Ig[a(D)] and R(t.D)= Ryla(D)t]
(1.9)

A similar model is that of time shift [C36], which
assumes that the tumour rates, the integral tumour
rates, or the incidence may attain the same values at
earlier times, in a manner that can be described by a
forward shift in time:

Kt.D)=I,[t+s(D)] and R(t.d) = Ryt +s(D)]

(1.10)

With both the accelerated time or the time shift
models, algorithms for non-linear optimization are
required for either manifest or incidentally found
tumours.

35. As a further step towards the derivation of
coherent time and dose dependencies, parametric
models have been used. Particularly important among
these is the so-called Weibull model [K37], which
postulates tumour rates, and integral tumour rates,
increasing as a power of time:

r)=ct® and R@)=ctP*Y(p+1) (LI1)

The coefficient ¢ is assumed to depend on dose, while
the exponent p may or may not be treated as a
parameter that varies with dose. The Weibull model is
a special case both of the proportional hazards model
and of the accelerated time model. Another frequently
used model envisages a log-normal distribution of the
times to the tumour, i.e., of a competing-risk-corrected
incidence that depends on time as a log-normal sum
distribution. Various other models, for example the
logistic model, have also been utilized.

36. The preceding paragraphs refer only to acute
irradiation. In case of continuous or fractionated
long-term exposure, additional complexities are intro-
duced. Under such conditions. the dose increases with
time and it may be difficult to identify the relevant
value of the accumulated dose. The process of cancer
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induction is followed by a period of growth until the
tumour becomes observable, The dose absorbed during
this period is not relevant to the appearance of the
tumour. Corrections may therefore be applied by
subtracting from the total dose the portion received
after the presumed onset of neoplastic growth.

C. THE DEPENDENT VARIABLES
IN EPIDEMIOLOGICAL STUDIES

37. Whereas experimental studies use inbred animals
that are uniform as regards sex. age at exposure and
other conditions. no comparable uniformity is ever
encountered in epidemiological human studies. More-
over, various human populations are often subject to
a spectrum of influences, of which only some are
known or accounted for. In an ideal case, a multi-
variate analysis should be used to assess the relative
importance of factors other than radiation. As this is
seldom possible. less rigorous analyses must frequently
be accepted which, in addition to the basic quantities
previously discussed, use other, somewhat cruder
ones. In epidemiological investigations, the follow-up
may start shortly after irradiation (prospective studies)
or at later times when some or all of the expected
tumours may have occurred (retrospective studies).
Reliable data collection is more easily achieved in the
first case, but the majority of epidemiological studies
are based on retrospective analyses.

38. It is not the objective of this annex to deal in
detail with all factors and variables affecting the
accuracy of risk assessment of radiogenic cancers.
However, for the understanding of the following text
it is necessary to discuss briefly the expression of the
response in absolute and relative terms. The question
of risk projection beyond the period of direct obser-
vation is intimately linked to the use of so-called
absolute and relative risk projection models. These
will not be discussed in detail in this annex.

39. As mentioned above, the occurrence of radiation-
induced neoplasms may depend on time after irradiation
and on the absorbed dose in a variety of ways. In
epidemiological investigations it is possible, ideally. to
envisage two different situations frequently referred to
as the absolute or the relative risk model.

(a) The radiation-induced excess tumour rate—or
the incidence rate, as more frequently determined
in epidemiological studies—after a latent period
increases independently of the spontaneous in-
cidence but as a function of absorbed dose, i.e..
the spontaneous and induced rates are additive.
Panel (a) of Figure II illustrates this case
schematically;

(b) The excess tumour rate, or the net incidence rate,
is proportional to the spontaneous age-specific
incidence rate, i.e., the dose results in a multi-
plicative effect of the spontaneous tumour rate
over the life span, This relative risk model.
corresponding to the proportional hazards model
described in paragraph 34. is shown in panel (b)
of Figure II [C29].
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40. For most human twmours, the spontaneous
tumour rate is a steep function of age. but quantita-
tively this dependence varies. For radiation-induced
tumours with relatively short latent periods and full
expression within a short interval (leukaemia and
bone sarcoma) one may distinguish between absolute
or relative risk models. A simple absolute model will
apply when irradiation at any age is followed by a
temporary increase of the tumour rate that does not
depend on the magnitude of the spontaneous age-
specific rate. A relative model will be preferable when
the temporary increase of the tumour rate becomes
larger with increasing age at exposure. The latter case
is illustrated in panels (c) and (d) of Figure II.

41. The relative risk projection model implies that
the absolute (attributable) risk increases with age; on
the other hand, the absolute risk model implies that
the excess risk when related to the spontaneous
incidence rate, decreases with age. Actually, epidem-
iological data often show an intermediate pattern.
and a decision as to which. model is most appropriate
for risk estimation is not always possible [C29, T12].
However, recent evaluations of cancer incidences in
atomic bomb survivors lend rather strong support to

the relative model. This is so because. for the same age
cohort, excess deaths from cancer other than leukaemia
increase with age at death in proportion to the age-
specific death rate from these cancers in the population
of Japan [K39, S59]. A similar conclusion was reached
when the time pattern of appearance of second
cancers, presumably radiation-induced, was studied in
women treated by radiation for carcinoma of the
cervix [B93]. Constancy of the relative risk of lung
cancer with time after irradiation was also noted in
Swedish iron-ore miners [R41] and in United States of
America and Czechoslovak uranium miners [I5]. The
two projection models have been used for prediction
of the numbers of various tumour types in a popula-
tion having an age distribution similar to the one in
the United States, assuming a series of dose-response
relationships and applying the appropriate corrections
for intercurrent mortality by the life-table technique
[C29]. When considering the risk of radiation-induced
cancer, whatever the model applied. it is being
currently assumed that the distribution of the sensi-
tivity in human population is unimodal, although the
character of the distribution is virtually unknown. The
question of the possible exceptionally elevated sus-
ceptibility of some individuals is discussed in para-
graphs 93-97.
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1. The risk expressed in absolute terms

42. The tumour response of an irradiated population
may be characierized by the time average net incidence
rate, I14, which is defined as the number of additional
tumours diagnosed per person-year (PY) at risk. This
quantity should reflect a net increase above the
spontaneous incidence rate in suitably matched con-
trols. It is calculated from the formula

Ita=X/P—1/Q (1.12)
where X is the number of persons with a diagnosed
tumour in the exposed group: P is the number of
person-years in this same group, obtained by summing
the number of years at risk for all individuals: J is
the number of persons with the same type of tumour
in a control group that is matched or corrected for
sex, age and calendar years; and Q is the number of
person-years in the control group.

43. The period at risk for an irradiated subject is the
time, usually in years, from irradiation to cancer
diagnosis, or death. or to loss from observation, or
termination of the survey. For cancers other than
leukaemia and bone sarcoma, an assumed minimum
latency is usually subtracted from the time at risk. The
value of I, is given as “‘cancer cases/person-year at
risk™, or more generally as the annual probability of
occurrence of a specified cancer in a given population.
The dose, D, will commonly be an average of the
different doses that the members of the population
have received.

44, If a suitable control group is not available, age-
and sex-specific incidence rates of tumours in the
general population may be used. Under these condi-
tions, however, tumour ascertainment in the groups
may no! be fully comparable, and possible selection
by conditions that prompted irradiation, or by other
co-variates, may result in gross errors.

45. In order to obtain the time average net incidence,
Ita. the value obtained from equation (1.12) is
multiplied by the average time at risk, i.e., by the
average period of observation or, for predictions
beyond foliow-up, by an assumed time for full
expression of the malignancy. For leukaemia and
bone sarcoma, this time is known not to exceed
significantly 30 years (see chapter V). For other
radiation-induced tumours, the period of expression is
unknown. In order to derive meaningful projections, a
correction for intercurrent mortality becomes necessary,
l.e., average life expectancies have to be used. When
the distribution of the population by age and sex is
known. life tables can be used to this purpose. as in
[C29]). As the quantities {15 and I, can be affected
by significant errors, due to several circumstances,
they must be used with caution. First, as the latent
period is not known precisely, the correction for it can
only be, at best, an approximation. Secondly (and
apart from the above correction) it is unrealistic 1o
assume constancy of the incidence rate over time; if
the observation periods for two collectives exposed to
different doses do not coincide, then the observations
cannot be strictly comparable.
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46. Annual risk coefficients for radiation-induced
cancer can be expressed in terms of the time average
net incidence rate per unit dose, I, that is, the
probability per unit time per unit dose per person that
a tumour can be seen in the observation period. This
risk may depend on sex, age at irradiation, genetic
disposition, the organ exposed, and a variety of other
factors. The quantity is obtained by dividing I, by
the mean absorbed dose received in the exposed
group. Numerical values are commonly given in
“cases 1076 a~! Gy™I",

47. In order to obtain the life-time risk coefficient
(net incidence per unit dose), Fpp, the quantity Fry is
multiplied by the time at risk, i.e., by an assumed
average time of full expression of the malignancy. The
considerations in paragraph 45 that refer to the
quantity It apply also to Fra.

48. When the risk coefficients Fy, and Fp, are
calculated for groups exposed to different average
doses, changes of these quantities with increasing dose
may provide approximate information about the shape
of the dose-response curve. Thus, constancy of the
coefficient indicates proportionality between response
and dose within the range of doses studied; a rise ora
decrease with increasing dose may result from an
upward or downward concavity of the dose-response
curve. However, if the radiation dose is correlated
with a variable that affects the response (e.g., age)
spurious effects may be seen and normalization
procedures are called for. Furthermore, if the dose-
incidence relationship is not linear, expressing the
observations in terms of a probability per unit dose
distorts the data and introduces additional inaccuracies
if individual doses within the exposed population
deviate substantially from the average dose to the
population. For instance, if the dose relationship
contains a dose-squared component, the contribution
to the response by individuals with high doses is
greater than if linearity applies.

2. The risk expressed in relative terms

49. When the risk is expressed in relative terms, the
response is related to the risk of spontaneous cancers
(incidence or mortality) in an unirradiated control
population. The response variables used are the
standardized mortality ratio (SMR), defined as the
ratio of mortalities in the exposed group to the
mortality in a control group multiplied by 100; and/or
the relative risk (RR). which is the ratio of risks
observed over expected (each expressed, for instance,
per 107¢ person and over a given follow-up time).
The latter quantity may be applied both to the
incidence and mortality indices. The proportional
hazard model specifies that if Z; is the incidence rate of
a disease, or the mortality rate for a specific cause of
death among subjects in dose group i, it can be
expressed as 4; = 4; (RR;), where ;5 is the background
or spontaneous rate of mortality or incidence (i.e., the
rate experienced by subjects in the absence of exposure
to radiation) while RR; is the relative risk asso-
ciated with dose group i. The starting point for investi-
gation of a radiation dose-response is the function



RR; =1+ yD;. where y represents the excess relative
risk coefficient ((RR —1) per unit dose). Variation of
y with dose provides information as to the form of the
RR-dose relationship.

50. Various statistical methods. including multiple
regression analysis. have been used to obtain dose-
response relationships, and are presented and dis-
cussed in detail in numerous publications, e.g.. [G36,
J8, K42, S60. W17]. Careful corrections for sex, age at
irradiation. attained age at observation and other
confounding variables (e.g., ethnicity, exposure to
other carcinogens and promoters) are necessary when
the shape of the dose-response curve is the object of
the study.

D. TEMPORAL RELATIONSHIPS

51. As pointed out in preceding paragraphs, the
tumour rate, the cumulative tumour rate and the
actuarial incidence depend on time after irradiation
and on other factors, such as age at exposure or
absorbed dose. It has already been mentioned that the
absorbed dose may change the time dependence in a
variety of ways. It is necessary, therefore, to consider
temporal relations in somewhat more detail.

1. Latent period

52. The latent period is the time between irradiation
(e.g.. single acute exposure) and manifestation of a

tumour. It may be divided conceptually into true
latency (the time required from initiation to the
beginning of unrestrained growth) and tumour growth
(time until the neoplasm can be diagnosed). Reported
data are usually latent periods, i.e., the sum of the
above times. The length of true latency may be
obtained by subtracting an estimated time of tumour
growth from the observed latent periods. There are
considerable differences between the latent periods of
various tumours. Two malignancies in man. leukaemia
and bone sarcoma, appear to have relatively short
latencies and show an upper limit of the latent
periods, so that their full distribution in a population
having a normal age structure can be observed. For
other tumours the distribution of the latent periods is
unknown, because it extends to very long times; the
distributions are then usually truncated by the length
of the observation period. Median times recorded so
far are of the order of 20 to 30 years, but they should-
increase with extension of the follow-up of the
respective groups.

53. If the follow-up is shorter than the minimum
latent period. radiation-induced tumours cannot be
expected. For more extended studies an inferred
minimum latent period is frequently subtracted from
the total time at risk. as mentioned before. The
minimum latent period is often identified with the
time after irradiation at which the incidence rate
becomes statistically significant at a given level of
confidence above the control values. Figure III shows.
however, that, for statistical reasons. the minimum
latent period so estimated must vary with dose even
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under the assumption of the proportional hazard
model, i.e.. when the tumour rate is increased by a
constant factor without change of the underlying
temporal dependence. Similarly, shorter minimum
latent periods are estimated if the number of indi-
viduals in the observed population is larger, because
predetermined levels of statistical significance are
reached carlier in a larger sample. Other statistical
procedures have been developed to analyse the depen-
dence of the latent period on dose [L32].

54. For some cancers, the minimum observable
latend periods may change with age at irradiation, as
suggested, for example, by studies of human breast
carcinoma [B26, M17, S16, T12, T23] and lung cancer
incidence in Japanese atomic bomb survivors [K39].
These radiation-induced tumours appear with high
frequency at ages when the spontaneous incidence is
also relatively high. It follows, therefore, that latency
is longer for cohorts irradiated in childhood and
adolescence than for individuals exposed in their
twenties or thirties. If so. the follow-up to include a
complete (i.e., life-time) expression of the effect must
vary with age at exposure for different cohorts. It is
not known whether this observation can be applied in
a general sense to all forms of radiation-induced
tumours with long latent periods.

55. In cohorts of advanced age, the life expectancy
may be shorter than the average latent periods, and
only a fraction of induced neoplasms will be seen. The
younger the age at irradiation, the fuller the expres-
sion of induced tumours. In the common case of
ncoplasms with a distribution of latent periods extend-
ing significantly beyond the follow-up. the dose-
response relationship cannot be based on complete
data. The estimate of Iy, will then change with the
duration of the observation period; however, for those
cancers for which the relative risk model appears
adequate, the relative risk should be a less susceptible
quantity in this respect. Analogous changes of the
dose-response relationships have been shown in experi-
mental work [S37]. Whenever the distribution of latent
periods varies with the absorbed dose. the form of the
derived dose-response relationships will depend criti-
cally on the length of the observation period. At low
doses, the minimum latent periods may exceed the
average life span of the individuals and it has been
postulated that so-called practical thresholds may
result [E3, M8, M10, R28]. This inverse relationship
between latency and dose is most common in studies
of continuous long-term irradiation. It was first
described for bone sarcoma induced by long-lived
isotopes [B48. E3. E4, F8, M4, R18-R20]. The present
evidence does not substantiate the existence of such
relations for other tumours commonly induced by
radiation in man, for which sufficiently detailed data
are available, namely cancer of the breast [K39, L22],
of the thyroid [S38], and of the lung and stomach
[K39, L32]; an inverse relationship between absorbed
dose and latent period may exist for leukaemia [L24],
but has not been definitely proved.

56. All the above factors must be borne in mind in
any discussion of the accuracy and reproducibility of
dose-response relationships. Except for tumours with
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short latencies, such as leukaemia and osteosarcoma.
there is generally a lack of data extending to follow-up
periods long enough for the dose-response relation-
ship to be assessed with reasonable completeness.

2. Relationships between dose and tumour-free lifetime
lost as a result of induced cancers

57.  As mentioned above, various malignancies may
be characterized by different latent periods. For some
malignancies and modes of irradiation the latent
periods (mean, median) may vary with dose, the mean
values normally increasing with decreasing dose. A
quantity that may provide a first approximation to a
common denominator for assessment of the harm per
induced neoplasm is the tumour-free lifetime lost [16].
The relationship between this quantity and dose is
therefore of interest. Very few papers provide infor-
mation on the subject, but this will be reviewed. when
it is available, in relation to different types of tumour.

E. SUMMARY AND CONCLUSIONS

58. Cancer, as a stochastic radiation effect, can be
studied for its dependence on dose and time after
irradiation. Different degrees of precision are attain-
able in experimental and epidemiological studies of
radiation-induced tumours. The methods for the
estimation of dose-response relationships reflect these
differences,

59. The absorbed dose in the relevant tissue is the
independent variable for dose-response studies. The
magnitude of the dose and its temporal pattern of
delivery (dose rate. fractionation) may vary greatly. In
the present context, low doses are taken to be those up
to 0.2 Gy of low-LET radiation, while those in the
interval 2.0-3.5 Gy are regarded as high doses. with
the intermediate doses lying between these ranges.
Low and high dose rates are taken to be below
0.05mGy min~!and above 0.05 Gy min~!. respectively.
Intermediate rates are those in between these values.
For high-LET radiation low and high doses are
assumed to range up to 0.05 Gy and down to 0.5 Gy,
respectively. Dose rates may be classified in the same
way as for low-LET radiation. In certain studies, more
readily measurable quantities that are proportional to
absorbed dose—at least over some range—may be
used as the independent variable.

60. In experiments on radiation carcinogenesis,
various measures of the response may be used. The
crude incidence, uncorrected for mortality. is not
infrequently applied, but it is unsatisfactory because it
neglects differences in life span after different ex-
posures; accordingly, it may be strongly affected by
intercurrent mortality due to causes other than cancer.
Competing risk corrected quantities such as the
tumour rate, r(t), the cumulative tumour rate, R(t), or
the actuarial incidence or prevalence, I(t,D). can be
used for more meaningful expression of the response.
These quantities are always dependent on the post-
irradiation time, and must be reported accordingly.
They are obtained from the observed time sequence of



tumour appearance and from the variable number of
individuals at risk during the observation period. They
may be calculated by appropriate algorithms that are
different for manifest tumours, i.e., rapidly lethal
or readily discovered tumours, and for incidentally
observed tumours, i.e., tumours that do not contribute
to lethality and that are found only at necropsy. Only
a few experiments have so far been analysed according
to the requirements of the competing risk theory. and
this circumszance has often reduced the potentially
useful information from numerous studies.

61. In epidemiological surveys, the response is, in
most cases, assessed retrospectively, but less accuracy
can be achieved than in well-designed controlled
experiments. The genetic composition, the distributions
of ages and sex. the forces of selection, and the follow-
up periods are often different in irradiated and control
groups and require appropriate adjustments. Further-
more, the doses to individual members of a cohort are
usually subject to substantial variation, making it
necessary to group exposed individuals over broad
dose intervals. Also, the less rigorous quantities used
in epidemiological studies, I7,, Fra, and their rates,
are complex functions of time post-irradiation. The
scoring of radiation-induced tumours depends there-
fore, in a complex way, on the age at irradiation,
duration and completeness of follow-up, latent period,
and life expectancy of the population. The duration of
follow-up may especially influence the magnitude of
the response and the shape of the derived dose-
response relationship in terms of the absolute (attribut-
able) risk. If the tumours of interest show an
increment of the relative risk per unit dose that is not
strongly dependent on age at irradiation, the shape of
the observed dose-response relationship is less sus-
ceptible to duration of the follow-up. provided the
minimum latent period has been exceeded, the number
of tumours is sufficient for verification of the postulated
models. and other relevant co-variables have been
corrected for,

62. Human tumours with relatively short latent
periods. e.g., leukaemia and bone sarcoma, are not
expected to appear after about 30 years. For these
tumours, the dose-response relationships in young
cohorts can be based on complete manifestation of the
effect. For other tumours. of longer and unknown
latency, dose-response relationships must be based on
the incomplete information resulting from truncation
of the response by the short follow-up. A possible
dependence of latent periods on dose is of critical
importance in determining the shape of the dose-
response curve. When mean latent periods decrease
with increasing dose, the shape of the relation depends
on the observation time and, in some cases, practical
thresholds may apply. However. except for 22Ra-
induced bone sarcoma. little information of this
nature is available from data on man.

63. Projection of tumour incidence or incidence rate
beyond the period of follow-up for tumours with long
latent periods may be achieved by two alternative
models: the absolute and the relative risk projection
model. In its simple version, the first is based on the
assumption that the rates of spontaneous and of

radiation-induced tumours are independent, so that the
rate of radiation-induced tumours does not increase
proportionally to the age-dependent rate of spon-
taneous incidence. The second model in its simplest
form assumes that irradiation has a multiplicative
effect on the spontaneous tumour rate and that the
rate of induced tumours is a dose-related multiple
of the spontaneous rate. Recent data from several
epidemiological studies have shown that, in many
cases. the relative risk projection model provides a
better fit to the data than the simple absolute risk
model. For numerous tumours, however, no firm
conclusions can be drawn as yet.

II. ASSUMPTIONS AND LIMITATIONS
OF EXISTING MODELS

A. BASIC PHENOMENA AND INFLUENCE OF
MODIFYING FACTORS

64. Common features of malignant cells are the
unrestrained growth, the ability to infiltrate neighbour-
ing tissues, and often the capacity to give rise to
metastases. In a general sense, cancerous cells transmit
their malignant characteristics from one generation of
cells to another, and therefore somatic mutation could
be one of the mechanisms involved as an underlying
factor [B71, C32, F14, K20, K29, M50, R31, S43]. On
the other hand. epigenetic factors such as dis-differen-
tiation, expression of previously suppressed genes,
activation of oncogenes (see annex A to this report) or
others [B71, K26, S43, R31, S55] may be envisaged,
alternatively or in parallel. Continuous growth through
cellular divisions might result either from inactivation
of operating or regulatory genes, or from the inability
of malignant cells to receive or recognize division-
restraining signals, whatever their nature might be.

65. Owing to poor understanding of the origin of
cancer, quantitative predictions regarding the effects
of ionizing radiation (dependence on dose. dose rate,
quality of radiation) cannot be developed from basic
principles. Formulation of simplified hypotheses under
the form of models is at present a practical step
towards understanding basic issues. To this end,
detailed knowledge of mechanisms of cancer initiation
and promotion would be valuable, but even this
cannot be secured at present in a comprehensive form.
Quantitative models of cancer induction have been
reviewed recently by Whittemore [W8] and Parfenov
[P2].

66. Before reviewing selected models, it is necessary
to discuss the concept of multi-stage development of
cancer. Since the classical studies of Berenblum et al.
on chemically induced skin cancer in mice (discussed
recently with regard to in vitro oncogenic transforma-
tion by Borek [B76]) this concept has gained wide
acceptance. The subject has been repeatedly reviewed
[B71, C32, D18, F13, F16, F20, M50, R31, R42, S43].
It is commonly assumed that cancer induction is
started by a phenomenon of initiation, occurring most
likely in one cell, although participation or modifying
influences from neighbouring cells cannot be excluded.
Further development into a cancerous clone probably
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requires several stages. covered under the concepts of
promotion and progression. which result eventually in
an overt malignancy. These concepts have been
reviewed by the Committee in annex I of the 1977
report [U6].

67. Cellular phenomena that take place during devel-
opment of a cancerous clone are not well understood.
Direct involvement of DNA in oncogenic cell trans-
formation has been demonstrated [B14, L33, L34].
Lesions affecting its structure and function must
therefore be relevant. Somatic mutation(s)—such as
changes of the DNA base sequence: transposition,
deletion, translocation and transfection (from one cell
to another) of genetic material; enhanced instability of
DNA, leading to facilitation of non-repairable DNA
damage; induction of recombination between nuclear
and mitocondrial DNA; disturbances of DNA meth-
ylation; activation of oncogenes—may be involved. But
some of these mechanisms are largely hypothetical
[B71, B83. F21. G33, R31, S43, S45, S55. V2, V3]
Initiation is followed by a long latent period, during
which secondary influences (systemic. exogenous) may
influence the final outcome of the process. During this
period, the action of secondary factors may accelerate
and stimulate (promote) or inhibit. or even reverse the
process (anti-promoters, suppressors of malignant
transformation). Arguments have recently been pre-
sented which show rather convincingly that not all
initiated cells, or their clones. will eventually give rise
to diagnosable tumours [F22).

68. Whatever the nature of initiation, be it radiation-
induced somatic mutation in the classic sense (induc-
tion coefficient of 1073 to 107% Gy~ of low-LET
radiation per locus at risk), or any other phenomenon
similar to in vitro cell transformation (induction
coefficient of 107210 10~¢ Gy™!), the yield of recovered
malignant tumours per irradiated cell in vivo is lower
by many orders of magnitude. The possibility of a
symmetrical “‘tumour-specific’ chromosomal trans-
location was advocated [F21] as a very rare event that
would remove part of this difficulty. However, recent
studies in vitro and in vivo (chapter 1V) suggest that
initiation may not be a rare event when expressed per
cell at risk. Therefore. if it is assumed that these
processes operate in vivo with comparable efficiency,
even for a small fraction of the susceptible cells (1074
to 107%), a significant number of cells would be
transformed every day because of background irra-
diation alone [M31].

69. The theory of sequential development of cancer
may help to explain the discrepancy between data in
vitro and in vivo, and the rarity of radiation-induced
cancer. If a series of consecutive rare events is
required for the initiated cell to become malignant. the
final probability of emergence of the malignant clone
will be the product of the probabilities of each event.
Assuming that only the first event (initiation) is
radiation-induced, and that the subsequent ones are
rare phenomena, perhaps independent of irradiation.
clinical cancer could be many orders of magnitude less
likely than initiation itself, Yet, clinical cancer could
show a relationship with dose similar to that of
initiation, even though (owing to the multi-stage
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nature of the process and possible systemic inter-
ferences) less regularity would be expected than that
observed for stochastic radiation-induced phenomena
in single cells under controlled conditions. That this
may actually be the case is suggested by the repro-
ducibility of dose-response relationships for some
cancers in animals of selected strains. Also, supporting
this contention is the fact that the absolute risk
coefficient for cancer of the same organs derived from
epidemiological observations of different populations
(see chapter V) are often similar. although there are
exceptions to this rule (see, for example, Figure
XXVIII). This may imply that the modifying influence
of secondary factors may not greatly change the final
probability of induction and the reproducibility of the
dose-response relationships. It has been postulated
that for some forms of malignancy, such as leukaemias,
radiation may be the causal factor. not for the first,
but for the last event in a series of rare phenomena
[L24, K39]. In any case, initiation is a necessary step,
although only a small fraction of initiated cells may
develop into a viable clone and into a clinical tumour.

70. The principal aim of a model is to predict the
shape of the incidence curves as a function of dose,
dose rate, quality of radiation and possibly other
factors. ldeally, a model for radiation-induced cancer
could provide some basis for the evaluation of risk at
low doses [D9, F12, T15] if it could characterize the
following processes:

(a) Probability of malignant iransformation of a
defined target cell, This will most likely vary with
the organ, dose, quality of radiation. and tem-
poral pattern of dose distribution. In this respect,
the model should include theoretical concepts
concerning the nature of the initiating event(s)
and not be purely empirical. Mathematical for-
mulations should be compatible with general
knowledge of radiation and cancer biology:

(b) Probability of interaction at the systemic level
between transformed cells or between developing
clones:

(c) Probability of cell killing with dose, as non-
viable cells cannot give rise to cancerous clones.
This factor, as discussed in chapter III, depends
certainly upon the tissues concerned. some of
which are particularly susceptible, and upon
dose, dose rate and quality of radiation and on
other irradiation conditions (in vitro, in situ)
[D7, G14, G16, H8, H10, M31. M52, R2, S26,
S27, U6, U7, U17];

(d) Effect of numerous host factors, discussed in
annex 1 of the 1977 UNSCEAR report [U6].
Among promoting factors, cell division is perhaps
a good example [B36, B85, M6, N6, P22].
Enhanced proliferation can be induced by various
mechanisms, including radiation-induced cell
death, a phenomenon which is likely to produce
a threshold-type dose response. Other factors
could be the differentiation of initiated cells,
immunological surveillance that suppresses devel-
opment of malignant clones with antigenic
characteristics foreign to the host-system, and
hormonal influences:



(e) Effect of exogenous promoting agents leading to
more rapid appearance of tumours, to an increase
in tumour yield, and perhaps also to changes in
the shape of dose-response curves, as shown by
several experiments [F21, L26] including those
on in vitro oncogenic transformation [H22, L26].

71. Immunological surveillance may be impaired by
numerous factors. including ionizing radiation. The
degree of impairment would certainly depend on dose,
on whether the whole body or only part of it is
irradiated, and then on what part and what propor-
tion. It may be postulated that a reduction of
immunological capacity of the organism follows a
threshold-type response to irradiation. The importance
of the immunological suppression in the low and
intermediate dose range remains to be established
although recent evidence points to a limited role of the
immune system. Studies of Mole et al. [M52] on
induction of acute myelogenous leukaemia in CBA/H
mice, suggest that, at least in this tumour-host system,
impairment of immunological surveillance is not very
important. Similar conclusions were also reached by
Nolibé et al. in respect to lung cancers induced by
B9Py0, in rats [N9].

72. Hormonal dependence is well known for some
cancers [U6]. By partly or totally inactivating endocrine
organs and creating a hormonal imbalance. radiation
may accelerate or impair malignant growth in other
organs (e.g.. breast, thyroid, ovary). Again, it is likely
that this type of response would show pronounced
dose thresholds. Hormonal influences could also be
responsible for the association of various tumours, as
observed in experimental animals [S53].

73. In summary. the action of modifying factors
might change the resulting dose-response relation-
ships. It is a basic weakness of the models discussed in
chapter III that mathematical functions relating cancer
incidence to dose reflect only initiation and sterilization
of the initiated cells. This is because the precise effect
of other modifying factors on tumour induction—as a
function of dose—cannot yet be described with
reasonable credibility, even if some attempts have
been made [M4, P22]. Models, therefore, provide
greatly simplified concepts. based on plausible assump-
tions and hypotheses, which may help in understand-
ing the role of dose, dose rate and radiation quality.
The relative importance of the parameters reflecting
these quantities in a model can be deduced by
comparing data with predictions. However, some of
the parameters are the compounded expression of
several elementary phenomena that cannot be resolved
at present.

74. Fromavailable models, risk coefficients for manin
the rangefromabout 1 mGyvuptoabout 0.1 Gy can only
be obtained by extrapolation from the recorded values
(in most cases above 1 Gy) to zero dose. Effects of the
host factors discussed above (cell renewal, immuno-
logical surveillance, hormonal balance) and exogenous
modifying factors upon dose-response relationships
are uncertain, and only approximate evaluations may
be given. For the purposes of the present annex, the

levels of acute doses of low-LET radiation can be
broadly separated as follows:

(a) < 0.2 Gy. At this level, data for most tissues are
not directly available, but the damage to tissue
functions is considered negligible. Therefore,
dose-response relationships could be very close
to those postulated by models that disregard host
factors;

(b) 0.2-2.0 Gy. Damage to tissues, cell proliferation
and influence of other host factors would not be
expected to play a dominant role. Distortions in
the dose-response relations should be relatively
minor. and would not grossly bias the extra-
polations:

(c) 2.0-10 Gy. Damage to tissues. to immunological
functions (for irradiation of the whole or most of
the body) and to hormonal feed-back systems
may play a significant role. Extrapolations to low
doses must therefore become more complex,
particularly from the upper end of this range.
Great caution is needed to avoid extrapolaung
from data that are already strongly affected by
killing of initiated cells, as this might result in a
substantial under-estimate of the risk at low
doses;

(d) > 10 Gy. Severe damage to tissues and organs
will dominate the response. Data in this dose
region are most difficult to evaluate and so
complex that extrapolation to low doses could be
meaningless. Induced cell repopulation may also
become a complicating factor for irradiation
times longer than a few days.

A corresponding approximate classification of fast
neutron doses would include the ranges: (a) < 0.05 Gy;
(b) 0.05-0.2 Gy; (c) 0.2-2.0 Gy: and (d) > 2.0 Gy. It
should be noted that the relation between these ranges
of low- and high-LET radiation may not be inter-
preted in terms of RBE.

B. THE THRESHOLD DOSE FOR CANCER
INDUCTION

75. It has already been mentioned that for many
types of cancer the epidemiological and experimental
information available does not suggest the presence of
a threshold dose. If initiation is at least partly
autonomous, i.e., if it affects a single or very few cells,
present understanding of the mechanisms involved
suggests that:

(a) The nature of radiation interaction with the
cellular target for cancer initiation is stochastic,
in the sense that each increment of dose carries a
given probability of effective interaction;

(b) The error-free repair of the DNA, which is the
most likely target involved, leaves some fraction
of the damage unrepaired and the error-prone
repair may produce misrepaired sequences in the
DNA structure.

As the product of two probabilities greater than zero
cannot equal zero, the presence of a threshold cannot
be assumed.
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76. A different situation obtains when the lifetime
lost per cancer case (instead of the incidence) is related
to dose or dose rate. Few malignancies show a definite
inverse relationship between dose rate and latent
period (see I11.B.2), particularly at chronic exposure.
In such cases (e.g., bone sarcomas induced by ®Sr or
long-lived radium isotopes) practical thresholds may
exist below which no life shortening occurs and a very
low probability of tumour appearance applies.

C. UNICELLULAR VERSUS MULTICELLULAR
ORIGIN OF NEOPLASTIC GROWTH

77. Under the simplifying assumption that dose-
response relationships for radiation-induced cancer
reflect mainly the kinetics of initiation, they should
include both the dose-dependence of the relevant intra-
cellular phenomena and the interactions of individual
(contiguous) cells. if indeed the latter play any role in
the process [G30]. Therefore. the question whether a
malignant clone arises from transformation of a single
cell or of several contiguous cells is of critical
importance for the formulation of models. Because
understanding of the biological process of carcino-
genesis is limited, this question cannot be resolved
unequivocally at present. However, most experimental
and human observations tend to support—even if
indirectly—the monocellular origin of neoplasms.
Furthermore, the alternative multicellular hypothesis
allows the development of models resulting in such a
variety of dose-response relationships as to render the
exercise of model-fitting totally meaningless.

78. All these problems were reviewed in depth by
Fialkow [F3, F4, F6]. Nowell [N5] and others [B60.
F13, Fl4]). It appears from their work that the
monocellular alternative is gaining increasing accept-
ance, except for some rare hereditary tumours in
subjects with inborn predispositions (e.g.. multiple
neuro-fibromatosis [F5]) and other rare tumours. such
as condylomata acuminata [F10]. Three main lines of
evidence support the unicellular hypothesis [F3. F6,
NS5]:

(a) The isoenzyme pattern of glucose-6-phosphate
dehydrogenase in cancerous cells derived from
tumours of heterozygous women, in accordance
with the hypothesis that the same X-chromosome
of the homologous pair is functioning in all cells
of a given neoplasm. A similar pattern was
observed recently in 3-methylcholantrene-induced
fibrosarcomas in Pgk-12/Pgk-1® mice carrying
X-chromosome inactivation mosaicism for the
phosphoglycerate kinase (PGK-1) gene [T17]:

(b) The homogeneity of immunoglobulins produced
by almost every case of myeloma;

(c) The common cytogenetic markers frequently
detected in the cells of a single tumour,

This evidence is limited, indirect and compatible with
the alternative hypothesis that selection of one clone
from among several initially transformed cells might
lead to an apparently monoclonal composition of the
tumour. So far, however, this possibility has not been
widely supported.
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D. AUTONOMY OF TARGET CELLS
FOR TUMOUR INDUCTION

79. Conceptually, even if initiation is taking place in
one cell, the multi-stage nature of cancer development
and possible influences of tissue and systemic origin
could introduce random fluctuations into the expres-
sion of cancers in vivo. For radiation-induced cancer.
therefore, such regularity and reproducibility of dose-
response relationships as that seen for stochastic
radiobiological phenomena in cultured cells would not
be expected. Much of the information from animal
experiments shows nevertheless that dose-response
relationships are reasonably reproducible. Proportion-
ality between initiation frequency and expression may
therefore be assumed as a plausible hypothesis.

80. On the basis of microdosimetric considerations
Rossi and Kellerer [R17], Rossi [R15, R16] and Rossi
and Hall [R43] have pointed out that the observed
curvilinear dose-response relationships for neutron-
induced mammary tumours in rats and other tumours
in mice are inconsistent with autonomous response
because at low and intermediate doses there should be
a direct proportionality (linearity) between dose and
tumour incidence. Therefore, if the dose response is in
fact non-linear, this must mean that either initiation
or expression are modified by dose-dependent factors,
implying a lack of ‘cell autonomy”. If such a
conclusion should generally apply, theories concerned
with the response of single cells may not be relevant to
dose-response relationships for cancer induction.

8Ll. In the original experimental data of Shellabarger
on Sprague-Dawley rats [S15). 14 months after an
acute x-ray exposure, the incidence of all mammary
tumours (adenomas plus carcinomas) per rat showed
an approximately linear relationship with dose, up to
0.84 Gy, whereas (.43 MeV neutron irradiation, with
doses from 0.001 to 0.064 Gy, resulted in a tumour
incidence roughly proportional to the square root of
the dose [S15]. Rossi and Kellerer argued [R17] that,
since cell killing would be negligible at such low
neutron doses, the form of the observed relationship
required the interplay of radiation effects in several
cells. For mammary fibroadenomas, such an inter-
action leads, apparently, to a reduction of the tumour
rate per unit dose even at neutron doses of a few tens
of mGy.

82. Earlier data by Shellabarger et al. [S15] were
later extended, with follow-up of the animals to about
1000 days [S37]. Tumours scored included fibro-
adenomas and adenocarcinomas, the latter malignant
forms being 9-16% of the total. The data expressed as
crude incidence or mortality-corrected indices, r(t,D),
R(t.D), at various post-irradiation times, essentially
confirmed the previous findings. A very high RBE was
seen at low neutron doses for both tumour types
(about 100 at 0.1 mGy) and the dose-response for the
combined tumours was concave downwards for neu-
trons and approximately linear for x rays. There was
also a significant shift of the age-specific r(t) curve in
the irradiated animals (acceleration).



83. When the net R(t) values at 800 days (the latest
follow-up time for ail but one dose groups) were
considered separately for fibroadenomas and adeno-
carcinomas, the following conclusions could be drawn:

(a) For all tumours combined the downward con-
cavity of the curve after irradiation with neutrons
results essentially from a low point for the
fibroadenomas at 0.064 Gy. Such an effect is not
seen for the adenocarcinomas, where the relation
is approximately linear, although the experi-
mental scatter precludes accurate assessments in
this case:

(b) At 800 days, the departure from linearity of R(t)
for the fibroadenomas is much less pronounced
than at 400 days [SI5] or than that for the
incidence of adenocarcinoma [S37]:

(c) No account was taken of cell killing in these
experiments, although this may have not been
negligible already at 0.064 Gy.

84. In view of their high spontaneous incidence (80%
throughout the lifetime in females), the mammary
tumours in Sprague-Dawley rats must be regarded as
an unusual model. This view is confirmed by the facts
that only a minor part of these tumours is histologically
malignant [S12, S13, S14, S15, Ul17, V4, V5] and that
the very high sensitivity of the Sprague-Dawley rat to
the induction of mammary tumours is not seen in
other rat strains [B43, B92, C15, §7, S11, V10].

85. In summary, the shape of the dose-response
relationship reported for neutron- and x-ray-induced
fibroadenomas at low doses in the mammary gland of
Sprague-Dawley rats in one study is rather exceptional
among all data on radiation-induced tumours. The
low yield of adenomas per unit dose at 0.064 Gy,
which has been interpreted to show an inhibitory
influence by the neighbouring cells, may also be
explained in terms of cell killing. Therefore, the
observations discussed do not necessarily imply that
malignant tumours arise from more than one initially
transformed cell, or from interaction of several cells.

86. Other data on benign lung adenomas in RFM
mice [U21, U22] may be discussed in this context.
Pathogen-free animals were irradiated locally over the
thorax with graded doses of fission neutrons (0.05 to
1.5 Gy) and the number of tumours in dissected lungs
was counted 9 months after exposure. The effect was
fully manifest at 6 months after 0.5 Gy, and inter-
current mortality was negligible. A peaked response,
with 2 maximum around 0.25 Gy, was seen following
single neutron doses. Splitting of the dose into two
equal fractions, given at 24-hour or 30-day intervals,
resulted in no sparing effect of fractionation. Plotting
the mean number of adenomas per animal at 9 months
against dose gives a slightly upward concave curve in
the range of 0 to 0.25 Gy. A quadratic model fits the
data very well (P > 0.99) but non-threshold linearity is
not excluded (P > 0.8); also, a threshold of 0.05 Gy
cannot be rejected, particularly since the gamma-ray
curve suggests such a possibility. It is also possible
that increasing doses of neutrons up to 0.25 Gy may
have an enhancing effect, interpreted either as accele-

ration or promotion. Such an effect, however, is the
opposite of that seen for mammary fibroadenomas in
Sprague-Dawley rats. Results of other experiments
with neutron induction of various tumours in BALB/¢c
mice [U23] were also advocated as evidence that
induction cannot be treated as a phenomenon related
to autonomous cells. However, a correction for steri-
lization of initiated cells could result in approximately
linear dose-response curves up to 0.2 Gy.

87. There is yet another explanation for the above
data, i.e., that single-cell initiation is modified by
enhancing or inhibiting dose-related effects. The nature
of these effects (direct or abscopal, cellular or humoral)
cannot be specified at present. Tumours requiring
hormonal stimulation for their development (as in the
case of the ovary) often have threshold dose-responses.
In essence, therefore, none of the data discussed are
incompatible with the hypothesis that tumour initiation
by radiation may take place in a single cell. which
from this stand-point must be considered relatively
autonomous.

88. It has been pointed out [G15] that the simul-
taneous initiation of cancerous growth in several
interacting cells would be equivalent to a muiti-target
event. If so, the sigmoid shape of the curve should
become more pronounced with an increasing number
of participating cells. There is, however, little data to
support such a possibility and no known experimental
system to test such hypotheses.

89. It may be concluded that if the curve is not
obviously sigmoid or threshold-like upon visual inspec-
tion, the idea of a monocellular origin of the tumour
may be accepted. The argument of a mono- versus a
pluri-cellular theory, as well as the question of the
degree of cellular autonomy in the origin of cancer,
will not be finally resolved as long as the under-
standing of tumour pathogenesis remains unsatis-
factory. As a rule, however. there appears to be no
solid biological evidence against the monocellular
origin of neoplasms. The assumptions that malignancy
is initiated in a single cell, and that there is a
reasonable proportionality between tumour induction
and expression, have been incorporated—explicitly or
implicitly—into most models of cancer induction by
radiation. This view is explicitly accepted here as a
working hypothesis, even though it is recognized that
different opinions have been expressed [B83, M52,
R43].

E. NUMBER OF CELLS AT RISK

90. The number of cells at risk of cancer induction in
any organ is not known. When discussing this subject.
most authors argue that the number of cells in which
initiation takes place must be proportional to the
number of cells at risk in a given tissue. and that the
latter is proportional to the fraction of tissue irradiated.
Most models or theories of cancer induction by
radiation have accepted this assumption. It does not
follow from it that tumour incidence, spontaneous or
radiation-induced, is proportional to the total number
of cells in any organ, or in the body of various animal
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species [B49, M9], because there is no obvious
correlation between body size in various species and
incidence of tumours.

91. Epidemiological data on leukaemia in man, after
irradiation of various fractions of the total active bone
marrow, are broadly consistent with the notion that
the probability of induction is proportional to the
number of irradiated cells at risk, on the assumption
that these are uniformly distributed throughout the
marrow. Absolute annual risk coefficients derived
from various studies fall within a range which is
narrower than the variation of the fraction of the
irradiated tissue (annex G in the 1977 UNSCEAR
report [U6]). The same conclusion may be derived
from experiments on cancer induction by total and
partial irradiation of the mammary tissue in rats [B28.
S10, S12] and by various areas of skin in mice [H11.
H12, H13].

92. An important and related question is the effect
on tumour incidence of a non-uniform tissue dose
distribution. The extreme case is that of the so-called
hot particles, i.e., particles with very high concen-
trations of radionuclides that are deposited in an
organ such as the respiratory tract or the liver. Under
such circumstances, the dose averaged over the entire
organ would be much lower than that in the immediate
vicinity of any such particle. Several authors addressed
this question by studying carcinogenesis in the lung
[I3. L35, S54]. In all cases, as expected from theoretical
predictions [M9. M10], hot particles were found to be
less effective than similar doses of the same radiation
quality distributed in a more uniform manner.

F. POPULATION HETEROGENEITY
AND SUSCEPTIBILITY TO CANCER INDUCTION

93. Baum [B16] raised the question of whether linear
extrapolation of the risk from the high dose and dose-
rate region of low-LET radiation to the low-dose
domain is always conservative, in view of a possible
difference in susceptibility to cancer induction between
groups in the general population. To exemplify the
situation, Baum [B16] constructed a model in which
three population sub-groups, represented to 1, 10 and
89%, varied in susceptibility (expressed as Dy values)
in the ratio of 100 : 1 : 0, respectively. For each of the
sub-groups he postulated a dose-response relationship
of the form

I{Dg) = 1 — ¢~(D/Dy) 2.0
94. For the most sensitive sub-group (1%) he assumed
that cancer induction might be a single-target effect
(n=1) with Dy of 0.0l Gy; 10% would exhibit a
lower sensitivity (Dg =1 Gy); and for the rest of the
population Dy = o2, According to Baum, the composite
response of the total population is dominated in the
low-dose region by the highest sensitivity of the 1%
sub-group. In the range from about 0.01 Gy to a few
Gy, the relationship would be a curve, concave
downwards, with response roughly proportional to
D93, The risk per unit dose above 1 Gy would be less
than below 0.01 Gy.
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95. It is not easy to envisage why susceptibility
between groups should be reflected only by Dy, and, if
so, why by a factor as large as 100. Moreover, the
assumption that the bulk of the population should be
totally non-susceptible to induction of malignant
disease(s) lacks justification in Baum’s paper [B16].
No epidemiological evidence supports this contention,
even though it is known that incidence of radiation-
induced cancer in man is generally low. Examples of
dose-response relationships advocated by Baum to
support his argument do not stand up in the face
of criticism. The author presented data for acute
leukaemia at Nagasaki, and for all cancers. all
leukaemias, stomach, lung, and breast cancer at
Hiroshima, where incidences rise with a power of dose
between 0.1 and 0.8. At present. dosimetric uncertain-
ties preclude a more detailed discussion of atomic
bomb survivor data. but preliminary evaluations
[K39, S46] of the dose-response relationships for
leukaemia, breast cancer and total malignancies for
the period up to 1978, using new dose estimates [L27],
do not support the above conclusions (this informa-
tion is still tentative). Therefore, Baum's hypothesis is
neither satisfactory on theoretical grounds nor sup-
ported by epidemiological observations. The subject
itself, however, is obviously important and warrants
some exploration.

96. Progress in cancer genetics has shed some light
on possible mechanisms of differential susceptibility
to cancer development in individuals with various
inherited traits [G12, M35). The relevance of these
phenomena to radiation-induced cancer requires atten-
tion. The relationship between genetic heterogeneity
and incidence of spontaneous cancer, and cancer
induced by radiation or other carcinogens, was dis-
cussed.in detail in annex I of the 1982 UNSCEAR
report [U24). It is again reviewed in annex A to this
report. The homozygotes for some genes (ataxia
telangiectasia, Fanconi's anaemia and several others)
have a significantly increased natural incidence of
some forms of cancer and an enhanced sensitivity to
other cellular and subcellular radiation effects. Various
forms of impaired DNA repair are seen in most of
these conditions. In view of their rarity. the affected
subjects do not pose a public health problem, but the
heterozygous carriers of these genes could also have
an increased risk of developing spontaneous cancer.
Calculations have shown [V6] that a few percent of
individuals in the general population should carry
such genes in a heterozygous state. If their capability
for DNA repair should be reduced, this might result
in an increased proneness to cancer development.
Although it is not known at present whether these
heterozygous subjects may also be more prone to
radiation-induced cancer, this possibility should not
be overlooked.

97. If risk coefficients at low doses were higher than
those reported in most studies at about 1 Gy, then
perhaps such evidence could be interpreted to suggest
the presence of population groups particularly sus-
ceptible to cancer development. A higher effectiveness
of low doses was claimed by Mancuso et al. [M3. K17.
K32], who studied the mortality of workers employed
in the Hanford works, Richland, United States, dying



with cancer from 1944, for whom death certificates
and data on personal radiation dosimetry were avail-
able. This information was reviewed by several authors
[A7. D14, G5. G25, H20. M30, R3. S2] who pointed
to the low statistical power of the original data and to
numerous other difficulties in their interpretation.
From careful examination of all the evidence, it
appears that these data are at present inadequate to
prove or disprove that the risk of radiation-induced
cancer at low doses is higher than estimated by
UNSCEAR in its 1977 report [U6). This matter will,
however, be kept under review.

G. SUMMARY AND CONCLUSIONS

98. The pathogenesis of tumours, both spontaneous
and radiation-induced, is at present poorly under-
stood. The probability of cancer induction cannot
therefore be derived from general principles. The data
available indicate that carcinogenesis is likely to be a
complex, multi-stage process. Initiation at the cellular
level is followed by a long period of latency, during
which numerous changes take place until the tumour
becomes clinically manifest. The probability of some
of these changes is very low, and during the inter-
mediate stages numerous exogenous factors could
accelerate or inhibit the development of potentially
cancerous cell clones,

99. There is considerable variation between organs
and tissues in the process of cancer development,
presumably related to numerous endogenous factors.
Among these. the hormonal and the immunological
factors are known to be of importance, at least for
some forms of cancer. Significant cell killing in tissues
may stimulate compensatory cell proliferation and
therefore increase the probability of cancer devel-
opment. The ways in which, and degrees to which,
radiation could modify such mechanisms, particularly
in relation to dose, are not well understood. It appears
likely, however, that dose thresholds such as those
operating for non-stochastic effects might apply. This
would imply that low or intermediate doses (below
approximately 2.0 Gy of gamma rays and 0.3-0.5 Gy
of neutrons) delivered acutely might have little or no
modifying effect.

100. Under the circumstances described, for predic-
tive purposes the use of simplified models of tumour
induction becomes one of the possible choices, even
though the degree of simplification is usually such as
to exclude consideration of the above modifying
factors. This important limitation of the models
should be kept in mind.

101. In view of the multi-stage nature of the pheno-
mena described, and of the small probability of
occurrence of each step, the proportion of initially
transformed cells giving rise to an overt tumour must
be extremely small. It may be postulated that at low
doses and dose rates, where the host factors mentioned
above are not expected to modify primary events
appreciably, there is a broad similarity of relationships
between dose and tumour incidence, on the one hand,
and between dose and probability of cell initiation and

survival, on the other. Exogenous modifying factors
(e.g., promoters and inhibitors) could alter the slope,
and perhaps the shape, of the dose-response curve in
some instances; in man very little is known in this
respect, apart from the effects of tobacco smoke on
lung cancer induction.

102. Monocellular and monoclonal hypotheses are
usually assumed in models of radiation carcinogenesis.
Most biological data support the notion that cancer,
as a rule, starts from a single cell, but unequivocal,
direct evidence to support this point is lacking. and
alternative interpretations are possible. The mono-
cellular hypothesis is critical in extrapolating the risk
from high to low doses. The alternative hypothesis.
that concomitant initiation or interaction of several
cells is required, lacks sufficient experimental support
and makes extrapolation from intermediate to low
doses difficult or impossible at present. The postulate
of monocellular origin of cancer must be treated. for
the time being. as a working hypothesis.

103. The number of cells at risk of radiation-induced
malignant transformation is usually assumed to be
proportional to the fraction of an organ or tissue
irradiated. The experimental evidence in favour of
such an assumption is very strong, but, again, it must
be regarded simply as a plausible working hypothesis.
Gross non-uniformities of the tissue doses. such as
those resulting from deposition of the so-called hot
particles, normally result in a lower tumour incidence
than for comparable doses distributed uniformly.

104. It has been proposed that sensitive sub-groups
in the general population might invalidate any linear
extrapolation of cancer risk to low doses of radiation,
a procedure hitherto believed to provide upper values
of the risk. It is known that the very rare homozygous
carriers of particular genes (e.g.. ataxia telangiectasia.
Fanconi’s anaemia) are more prone to cancer and that
their cells are particularly sensitive to other effects of
radiation, such as cell killing. It is also true that the
healthy carriers of these same genes in the hetero-
zygous form (a few percent of the general population)
are at greater risk of developing spontaneous tumours
and also have a slightly enhanced sensitivity to other
radiobiological effects. Whether these same individuals
may also be at a higher risk of radiation-induced cancer
cannot be proved at present and this question requires
further study. The epidemiological evidence infavour of
the notion that higher risk coefficients per unit dose of
low-LET radiation may apply at low, rather than at
high, doses appears at present unconvincing.

III. DOSE-RESPONSE MODELS
OF RADIATION-INDUCED CANCER

105. Although in principle a large variety of mathe-
matical expressions and models could be fitted to
experimental and epidemiological data on radiation-
induced tumours. for the purpose of this annex the
Committee decided to limit the analysis only to those
models that appear to be supported by general
knowledge of cellular and subcellular radiobiology.
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A. INTRODUCTION

106. When either the crude or the actuanal incidence
of various radiation-induced experimental tumours is
plotted against a wide range of doses, then, forlow-LET
radiation, a peak incidence is normally seen at
intermediate doses, followed by a decline at high doses.
For high-LET particles, the essentially linear initial
slope gradually decrcases with dose. In some cases, it
even becomes negative. The bulk of data is consistent
with this generalization [U6]. Evidence in man is much
less certain because only a few series cover a sufficiently
wide range of doses. Nevertheless, the incidence per unit
dose of bone sarcoma [M29, R18], lung carcinoma [K22.
S3]and cancer of the breast [S16] decreases at very high
doses. Thus, a model of radiation-induced cancer
should allow for two opposing trends: a rise of
probability of induction with dose and then a decline.
resulting presumably either from killing of irradiated
potentially malignant cells [G16, M52, R2]. or, in some
cases. from increased mortality rate at high doses [15.
J7]. Mathematically, this trend may be simulated by
multiplying the induction dose-response function by a
term describing the probability of cell (or organism)
survival as a function of dose.

107. Conceptually, there are two possible approaches
to the formulation of models. The first is based on
radiobiological considerations, relating. by analogy. the
radiation-induced cancer incidence and the influence of
various parameters (dose, dose rate, fractionation) to
other effects in single cells. Broad similarities have been
observed in numerous cases. The alternative approach is
an empirical one, aimed at approximating the data
(incidence versus dose) by simple mathematical func-
tions. In practice, the two approaches are often applied
in combination.

108. There is no reason why any model might be valid
for all radiation- induced malignancies: actually. a more
reasonable approach would be to determine separately
which model is applicable to which type of cancer, a
conclusion supported by the bulk of experimental data.
There are examples of radiation-induced cancer with
pronounced thresholds (e.g., the thymic lymphoma of
the C57BL mouse, ovarian tumours in many mouse
strains). Indirect mechanisms (destruction of an over-
whelming part of target cells in the thymus: killing of a
large fraction of hormonally-active cells in the ovary)
may explain such sigmoid relationships. Similar data
are exceptional in man (see chapter V). Thus, even
if threshold-type relationships cannot absolutely be
excluded, the most easily induced human tumours, such
as those of breast, thyroid and lung (undifferentiated
small cell type), as well as leukaemia, do not indicate the
existence of a threshold. Therefore, models used for
these malignancies do not postulate a threshold. In
principle, the models discussed below have been
formulated in terms of the absolute risk, but they seem
equally applicable to a relative risk increment.

B. DERIVATION AND CHARACTERISTICS OF
DOSE-RESPONSE MODELS

1. The linear model

109. The simplest and oldest linear model was
developed for x-ray-induced point mutations in Dro-
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sophila [G24, M46). It was based on the postulate that
each energy deposition in a cellular target carries a
probability of changes in the genome (mutations) and
that these may be either irreparable or the result of
misrepair. Since radiation energy is transferred in
discrete events, all effects should ultimately be linear
with dose at low doses when only few cells absorb some
energy and their number is directly proportional to
dose. The probabilities of an effect assumed to be an
all-or-none phenomenon in relation to each dose
increment should be additive, and dose rate or
fractionation would not be expected to alter the
magnitude of the final effect.

110. In the course of time it became obvious that the
linear model must be limited to effects showing single-
hit kinetics after low- or high-LET irradiation. How-
ever, the postulated additivity of effects and the dose-
rate independence does not always apply to single-hit
effects [E10, H35], showing that in such cases repair
processes must also operate to make an otherwise linear
relationship dose-rate sensitive. It appears that when a
track passing through the sensitive volume is not 100%
effective, then its effects may be subject to repair. In
other words, the presence of dose-protraction or dose-
fractionation effects may not be incompatible with
single-hit kinetics.

111. For high-LET radiation, the linearity of the
initial slope, modified by phenomena of saturation or
cell inactivation (killing), has been widely accepted
[B20. 11, M66, U6, U7, U9, U10]. The dose response is
described by the following equation:

I(D) = a,D ¢~AD (3.1)

If cells are sensitive to inactivation, the relationship
will depart from linearity, even at low or intermediate
doses, owing to cell killing. The lower the mean lethal
dose (1/f3)), the more downwards concave the relation-
ship will be. Recent experiments on neutron-induced
tumours in animals (see chapter V) suggest that this
phenomenon—or others [S37. U23. U25, U26]—does
in fact operate, causing departure from linearity. even
at a few tens of milligray or a few tenths of a gray.
This is explained by the fact that cell killing by high-
LET particles is very effective with exponential non-
threshold survival curves.

112. If equation (3.1) reflects the kinetics of tumour
incidence as a function of the high-LET dose, extra-
polation to low doses would tend to under-estimate
the risk by a factor of e™#:P, Examples and limitations
of this postulate will be discussed in chapter 1V, in the
light of available experimental data.

113, Alternatively, the data can normally be fitted
over some range of doses by an equation of the type:

(D)= a})/D (3.2)

Such a purely descriptive model implies no linear
slope at low doses, even for very radioresistant cells.
This seems unlikely, however, on radiobiological
grounds. In this latter model, as in any other model
involving a downward concavity of the dose-response
curve, dose fractionation would produce an increased



incidence of tumours if the intervals between fractions
were sufficiently long for the effects of each fraction
to be considered independent [R37]). By a similar
mechanism. the effects at low dose rate could also be
enhanced, in comparison with the high dose rate.

114. An interesting variant of the linear model is
that developed by Mayneord and Clarke [M9]. They
discussed dose-response curves and their relationship
with time. in regard to both dose rate and latency in
the appearance of tumours. This is of importance
because irradiation time and latency may be compar-
able with the life span of an exposed individual and
could, therefore, affect the manifestation of the
response. Their point of departure is that irradiation
confers a probability of cancer appearance in the
future [B48]. following a stochastic process. This
probability may be estimated by integrating the
response of single cells as a function of dose over the
number of cells at risk. A linear relationship between
the probability of malignant cell transformation and
dose was assumed at low doses where cell killing is
irrelevant. Because much experimental evidence from
chemically- and radiation-induced tumours [B48, E3,
E4, F2)] pointed to an increase in latency with
decreasing dose rate, this particular feature was also
incorporated into the model [M9, M10].

115. The result of the analysis was that in all cases,
assuming a linear relationship between each increment
of dose and risk (the latter distributed in time). non-
linear (concave upwards) dose-response relationships
were obtained, often with an apparent threshold. This
is due to the inverse relation assumed between time of
tumour appearance and the dose. According to this
model, therefore, in most situations a linear extra-
polation of the risk from high to low doses and dose
rates is likely to yield a conservative risk estimate. The
dose-response relationships should tend to linearity
for: (a) long observation times, compared with the
median latent period; (b) very heterogeneous popula-
tions, i.e., populations with a wide distribution of the
latent period after single irradiation; (¢) little variation
of the median tumour appearance time with the dose. In
general. however, the theoretical analysis of Mayneord
and Clarke [M10] does not support an overall linear
relationship between dose and cumulative tumour rate
over finite time intervals in populations having a
standard age distribution.

116. Inverse relationships between the mean latent
period (from the start of exposure to tumour diagnosis)
and dose (or dose rate) are seen mostly for irradiations
of long duration, for instance in dogs and mice
injected with 22Ra and %Sr [M33, R28, R32]: in
Chinese hamsters. in which the latent period of liver
tumours decreases with increasing activity of injected
29%Pu [B87); in rats injected with thorotrast, which
produces tumours of liver and spleen [W15]; or rats
exposed over periods of weeks or months to various
concentrations of radon resulting in lung carcinomas
[C34]. Finally, a negative correlation of latency versus
mean dose rate was seen in human dial painters with
226Ra and 2¥Ra body burdens [E3, E4, M14, Pll,
R18]. It is interesting to note that the inverse dose-
latency relationship was much less pronounced for

induction of bone sarcomas after single injections of
short-lived 2Ra in rats [M67). For brief exposures
such as for atomic bomb survivors. there is, at least in
the younger cohorts, a suggestion that the mean
induction period for leukaemia is negatively correlated
with dose [L32], although the reference in question
seems to compare mostly radiogenic cases with mostly
naturally occurring ones. Such a relationship was not
detected for breast, stomach and lung cancer in
atomic bomb survivors [B17, L32, M17, K39. T12]
and for breast and thyroid cancers resulting from
medical irradiation [B26, S16, S38]. Moreover, of all
cases showing an inverse relation of the latent period
against dose, an unequivocal departure from linearity
was found only for %%Sr-induced bone sarcomas. The
situation for human osteosarcomas induced by 22Ra
and 22Ra is not totally clear, and the dose-response
relation for leukaemia in atomic bomb survivors is
still not available. In conclusion. the inverse relation-
ship between latency and dose does not apply to many
tumours. Thus, an upward concavity of the dose-
response relationship as a result of this factor alone
cannot be viewed as a general phenomenon.

2. The linear-quadratic model

117. For the bulk of experiments on single-cell
systems, and for many end-points. the prevailing form
of the dose-response curve .after acute low-LET
irradiation is concave upward. the response rising with
a power of dose of between | and 2. Broadly similar
shapes were also observed for tumours induced by the
same radiation. This form of the response is thought
to imply that for the occurrence of the final effect the
interaction of two elementary effects, usually referred
to as sublesions [K4], is required. Repair phenomena
and dose-rate effects are usually accounted for by the
interaction of these sublesions in time and space [L4,
$39. $40], but other interpretations were also proposed
[G29. G32]. For effects showing curvilinear responses
to low-LET irradiation, linear dose-responses are
frequently observed with densely-ionizing particles.

(a) The microdosimetric approach

118. Microdosimetric considerations are important
because the distribution of absorbed energy divided by
the mass in the volumes believed to be the primary
targets of radiation action (i.e., cells or cell nuclei) is
very inhomogeneous at low and intermediate doses
[F7]). Thus the distribution of specific energy, z
(energy absorbed divided by the mass of these
volumes), may be more relevant for the analysis of the
effects than the organ or tissue mean dose, D.

119. Many experiments indicate that for a number of
effects the probability of occurrence. E, after low-LET
radiation, rises with a power of dose close to 2. This
may be accounted for by the theory of dual radiation
action which assumes that the induction of two non-
specified sublesions is necessary for the production of
the effect (lesion). In the approximation that was first
developed in detail [K4], it was assumed that the
probability of sublesion interaction does not depend
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on their distance within a certain volume (the site).
Consequently, the probability of effect should rise in
proportion to the mean of the square of the specific
energy, i.e., z2, in the site. It was shown also that z2 is
a function of the absorbed dose, D:

22={(D+D? (3.3)

where the { is a weighted average of the specific
energy deposited by single events (energy depositions
in the critical structures by individual charged par-
ticles). Thus, the probability of a radiobiological
effect, E, should be

E=K({(D + D? (3.4)

The quantity ¢ has the dimension of dose and its value
denotes the dose at which the contribution of the
linear equals that of the quadratic term. For x and
gamma rays, and for sites of | um diameter, the value
for ¢ falls within the range of 0.3-0.8 Gy: for medium-
energy neutrons, it is as large as 16 Gy. For smaller
sites. the values of { are considerably larger. but the
ratio of the values for neutrons and for sparsely
ionizing radiation is less dependent on site size.

120. Consideration of the values of { for radiations
with different values of LET and their comparison with
biological data, indicates that intracellular distances at
which sublesions can interact must be of the order of
0.1 to 1 um [K4]. High values of { for neutrons and
alpha particles (relative to x and gamma rays) account
for a bulk of radiobiological observations. They show
that the RBE of high-LET radiations varies as an
inverse function of the square root of their dose and
this can be understood on the basis of microdosimetric
concepts. This type of dependence can hold down to
doses where the response to both radiations becomes
linear and the RBE reaches a plateau.

121. Suitable time functions can be inserted into the
basic equation (3.4) to describe the interaction prob-
ability during the time interval between the forma-
tion of two sublesions [R12]. One of the conclusions is
that the linear term for single events in equation (3.4)
should be independent of dose rate. Therefore, any
effect of time distribution may only result in a
modification of the quadratic term. This relationship
between irradiation time, T, and mean time between
induction of a sublesion and its repair. z, is reflected
by a reduction factor, G, that affects the quadratic
term:

G = 2(z/T)? (T/r— 1+ e" /) 3.5
In the presence of recovery, the curves of RBE versus
absorbed dose do not change in shape, but are shifted
towards higher doses by a factor depending on the
dose distribution in time and the recovery time, 7. For
a constant dose rate, if the exposure time is much
longer than the recovery time, the yield of elementary
lesions becomes simply proportional (linear) to dose.

122.  The theory of dual radiation action has been
applied by several authors to the interpretation of
biological results, for example to cell inactivation by
ionizing radiation [B62, F7)]. In this model, the slope
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of the survival curve depends explicitly on radiation
quality through the quantity { [K4]. The theory has
also been used as a theoretical basis for the linear-
quadratic model for many effects, including mutations,
chromosome aberrations and initiation of oncogenic
transformation. However, experiments with ultrasoft x
rays [C23, G9, G10. G11] and with spatially correlated
ions [B88, G31, G32, K41, R38] indicate a strong
dependence of the interaction probability of the
sublesions on distance, with a dominance of short-
range interactions (much less than 0.1 #m) for densely-
ionizing radiation. The applicable version of the
theory [K5] is a model of higher complexity that is less
easily tested experimentally.

123.  Alternative explanations were considered for
the commonly observed RBE-dose and dose-response
relationships for low- and high-LET radiation. In
agreement with earlier ideas of Haynes [H27]. Good-
head et al. [G29, G32] put forward the notion that a
number of cellular and subcellular radiation effects
depend both on the production of the primary lesions
and on a dose-dependent inactivation of repair mecha-
nisms. Whereas the probability of the primary lesions is
taken to increase linearly with dose, impairment of the
repair system would depend on absorbed dose and
specific energy. It has been postulated that the degree
of impairment of repair should display a pronounced
dependence upon dose and/or dose rate of low-LET
radiation, For high-LET particles there would normally
be no error-free repair, independently of dose. There-
fore, basically linear dose-responses would be expected
for induction at the cellular level of each of the
various effects separately.

124. The above concepts have not been widely
tested. A variety of factors have been reported that
may influence the expression of potential damage, and
thus change linear dose-effect relationships to curvi-
linear ones, and vice versa [F18, H22, L26).

(b) Characteristics of the linear-quadraiic model

125. Upward concave dose-response curves that fit
well the cumulative cancer incidence as a function of
acute doses of low-LET radiation are in themselves no
proof that cancer is actually initiated in accordance
with a linear-quadratic relationship. Curvilinearity
could well result from an inverse relationship between
dose and latent period [M10]. However. when follow-
up data show a constant latent period with dose, it
may be assumed, as a working hypothesis, that the
upward concavity reflects a linear-quadratic kinetics
of initiation.

126. A generalized linear-quadratic dose-response
relationship for radiation-induced cancer would be as
follows:

(D) = (ag + a;D + a,D?) S(D) (3.6)

where (D) is the incidence (in an ideal case corrected
for intercurrent mortality); D is the dose; ag is the
spontaneous incidence: a; and a, are coefficients for
the linear and dose-squared terms of cancer initiation;



and S(D) is the probability of survival of transformed
cells and may be written as

S(D) = e~ D+ 4D) 3.7)
In the equation (3.6), initiation may also be treated as
a simplification of a more general expression, which

includes some repair at low and intermediate doses
and dose rates [B95].

127.  To test compatibility of the model with experi-
mental and epidemiological data, the parameters in
equation (3.6) must be assigned some value. This can
only be done by: (a) reasonable analogy with cellular
radiobiological effects; or (b) deduction of the values
from empirical studies. As to the parameters for cell
survival, these are known for many cell lines (e.g.,
Barendsen [BS, B6, B9-B12, B45]; Goodhead et al.
[C23. G9. G10]: Elkind [E2]: and others [Al7. BIS.
B27, Cl1, C37, D3, D8, F2, F19, H2, H6, J6, K2, K24,
L6, M16, M60, R39, 833, T18, T19, W6, W7]), but are
not necessarily applicable to specific tumours.

128. The number of unknown coefficients in equa-
tions (3.6) and (3.7) is too large to permit their
calculation without some constraints. One of these is
that all parameters should be positive or equal to zero
[C29]. However, this is often insufficient for reasonably
stable estimates of f#; and f,, particularly when a; and
a, are estimated at the same time. Attempts were
made, therefore [B7, B47], to derive independently the
quotient a,/a,, which facilitates calculations by lower-
ing the degrees of freedom.

129. Assuming that the theory of dual radiation
action [K4] applies to the initiation of cancer. there
must be a subcellular structure in which the sublesions
appear and an interaction distance below about 1 um
where the final lesion leading to malignant trans-
formation is produced. Kellerer and Rossi [K4-K7.
R12] did not specify the relevant structure for cell
transformation. but the most likely target of radiation
action appears to be the genome. In the light of this
assumption, and of available evidence, it is not
unexpected that models postulating a linear-quadratic
relationship presuppose a direct action of radiation on
DNA or make reference to phenomena involving
DNA (chromosome aberrations, mutations) for deri-
vation of the relevant parameters.

130. Barendsen [B7] selected the values for a, and a-
on the basis of dose-response relationships for chro-
mosomal aberrations in lymphocytes and the rounded
values of a;/a, for x and gamma rays were set at
0.5 and 1.0 Gy, respectively. On a similar principle,
Abrahamson [A3] and Brown [B47] assumed that, if
human radiation-induced cancers are due to mutations
or chromosome aberrations in single cells, then
information on the quotient a,/a, could be derived
from extensive data available in the literature. How-
ever, the large variability of the quotient precluded the
use of numbers at their face value (e.g., mean or
median). Brown showed also an inverse relationship
between the DNA content per haploid genome in cells
of various species and the a,/a, quotient, the values
extending over ranges of 103 and 10¢, respectively.

131.  For mammalian cells, a;/a, values for mutations
and chromosome aberrations, as reviewed by Brown
[B47]. clustered around I Gy (geometric mean, 1.27 Gy).
The values of the 8,/ ratio for cell sterilization were
generally much higher, with a geometric mean of
7.76 Gy. The difference is due mainly to higher values
of the linear parameter for cell killing, in accordance
with conclusions [B9, BI11] that at low doses there
must be a substantial component in cell killing that
cannot be identified with the induction of chromosomal
aberrations. Brown concluded that if the initial
radiation lesion triggering a human cancer is of
mutational or cytogenetic nature, then risk estimates
derived at 1-2 Gy of low-LET high-dose-rate exposure
would, as a maximum, over-estimate the cancer risk at
low doses and dose rates by factors of about 2 and
about 4, respectively,

132, Concerning cell survival. it has been pointed
out repeatedly [B7. E2, F2, K2, M21, S17] that the
low-LET survival curves can be described by various
models and, among others, by functions of the
“single-target™ plus ““multi-target-single-hit™ type

S(D) = e~ (®/iDg [1 —(1 —e~D/:Do)n) (3.8)
where S(D) = Sp/S,, Dy and Dy are mean inactiva-
tion doses for single and multiple targets. respectively,
and n is the target multiplicity. Alternatively, the
linear-quadratic form may be applied, as in equation
(3.6).

133.  Whether for each cell type there is an initial
slope [£ in equation (3.7) and (e7P/1Po) ip equation
(3.8)] is still- a matter of debate. but this question is
rather immaterial in the present context as both
functions describe satisfactorily the experimental data
for surviving fractions between 1.0 and 0.1 [B9, BI1,
F2, M21]. Equation (3.6) has been most commonly
used in relation to the linear-quadratic model of
cancer induction (see [U6, annex G] and [B7. C29,
M31]). For high-LET radiation the contribution of the
quadratic term is negligible.

134. As a first approximation, for low and inter-
mediate doses, particularly of low-LET radiation,
the killing term S(D) may be neglected. This could
be justified under the assumption that repopulation
of the target cells after irradiation has a promoting
effect on the development of radiation-induced cancer
roughly proportional to the degree of cell Kkilling
[P22]. If. in addition, some of the terms in equation
(3.6) and (3.7) are omitted, a transition is possible
from the linear-quadratic model to the pure linear or
pure quadratic ones (Figure TV). As can be seen from
equation (3.6), the model does not assume the
presence of a threshold.

135. There are many methodological and biological
factors [B10, C1, D8, H6, K24, L6], which make it
difficult to select appropriate survival parameters. In
particular, cells irradiated in situ might exhibit higher
survival capacity than when irradiated in culture or in
suspension [G14, H8, H10, M60] (however, for a
contrary view, see [A17]). By using a range of survival
parameters suitable to describe the most and least
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Figure IV. Various types of dose-response curves.
[C29]

sensitive cell lines, one may examine the degree to
which cell killing may affect the shape of the tumour
incidence data and. hence, the reliability of extra-
polation from the intermediate to the low doses. This
should provide some indication of the degree of over-
or under-estimation of the risk, within the range of
values selected for the parameters in question.

136. In an independent analysis, UNSCEAR selected
wwo values of the a;/a, quotient applying to x and
gamma rays: (.5 and 2.0 Gy. For survival, the bone
marrow stem cell was selected as the most sensitive. Its
survival curve is described by f;,=4 107! Gy™! and
B+=8 1072 Gy 2 [B6]. For the least sensitive cell, a
hypothetical line was assumed with survival para-
meters §,= 107! Gy~ ! and 8,=8 1072 Gy~ ? [B6]. In
addition, other survival parameters for radiation-
induced human leukaemia cells (Table 1 from
[U17]) were used. as follows: #,=3 107! Gy™', and
B2=10"! Gy~ To normalize the calculated data, it
was further assumed that the lifetime cumulative
incidence at 3.0 Gy may be 15,000 cases per 10¢ (5000
1076 Gy™1). The results in terms of the yield of cases
from 1073 10 3 Gy for all combinations are plotted in
Figure V.

137. From such an analysis, the following tentative
conclusions may be drawn. First, the sensitivity to cell
killing has a more pronounced effect on the shape of
the dose-response relationships than the a,/a, quotient.
(Similar conclusions were reached by Mole [M31].)
Secondly, for the cells most sensitive to killing, the
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relationship is concave downward, with maxima at
2-2.5 Gy. Since such curves are not observed for
human cancers after low-LET irradiation, it is possible
that the assumed sensitivity is too high for in vivo
irradiation. This would be in accordance with the
lower sensitivity of single cells irradiated in situ, which
is due mostly to a wider shoulder of the survival curve
[D7. G14, H8, H10. M60. S26. S27]. Thirdly. for the
cells least susceptible to killing (the carcinomatous
cells according to Barendsen [B6, B7]), the over-
estimate of the tumour yield per unit dose from
1-2 Gy to 1-10 mGy (relative to linear extrapolation)
ranges from 4.0-2.6 at a,/a,= 0.5 Gy, to 1.6-1.3 at
a,/a, = 2 Gy, respectively. The maximum over-estima-
tion of the risk will result from totally neglecting the
cell-killing effect. In such a case, extrapolation from
2 and | Gy down to about 10 mGy would involve the
following over-estimate:

a,/a, Over-estimave by a factor of:
(Gy) Sfrom 2 Gy Jfrom 1 Gy
0.50 4 3

2.00 2 1.5

The above differences for a,/a; of 0.5-2 Gy could not
be easily—if at all—detected between estimates derived
from 1 or 2 Gy and the exceptional estimates available
for doses of a few tens of mGy per single dose. The
lack of statistically significant difference is therefore
compatible with both the linear or the linear-quadratic
model.

138. Inspection of equations (3.6) and (3.7) indicates
that cell killing may alter significantly the incidence of
a given cancer through interaction with the spontaneous
incidence, a;. At very high levels of the latter and
with high sensitivity of the cells 1o sterilization, a
dose-related decrease of the incidence would be
expected. This in fact was seen in experiments with
animals, showing a negative slope of the dose-
response relationships for the so-called reticulum cell
sarcoma [M19].

139. The slope of the dose-response curve in the
complete linear-quadratic model will be described by a
differential:

d/dD (D) = [(a; + 2a-D) — (B, + 2B-D) (ag+ a,D +
+ a;D?)] e~ BD + D (3.9)

As D approaches zero this equation simplifies to:

d/dD (D) = a; + 2a;D — 109 — D(Ba, + 282a9)
(3.10)

To examine the interaction with dose of ay, a; and f,
and its influence on the curve at low dose, two human
cancers were selected: breast carcinoma, with a high
spontaneous incidence and moderate sensitivity 1o cell
killing of initiated cells; and leukaemia, with rather
low values of ay and high sensitivity to sterilization.
The notional parameters selected were:

Breast cancer:
ag=810"%a"!

a,=3210"%a"1 Gy!
a;=3710"%a"! Gy?

ﬂl =210 Gy"l
ﬁ2= 81072 Gy'2

Leukaemia:
ag=510"%a"! fi1=4107' Gy!
a;=110"%a"! Gy™! f-=810"2Gy™?
a;=110"%a"! Gy?

When the values of d/dD (D) were calculated at 1. 10
and 100 mGy, their ratios to the respective values of
a, were:

Dose (Gy)
0.00! 0.0/ 0.1
Leukaemia: 0.80 0.82 0.94
Breast cancer: 0.50 0.52 0.64

Thus, at very low doses interaction of cell killing.
predominantly with the spontaneous incidence, would
introduce some degree of over-estimation of the risk,
if this interaction should be neglected in the extrapola-
tion procedure. It appears unlikely, however, that this
over-estimation might exceed another factor of 2, over
that estimated in paragraph 137.

140. When extrapolation is made from intermediate or
high doses of low-LET radiation. delivered at low dose
rates or in small fractions (of size much below a,/a;).
then, due to repair processes, the quadratic terms
of equation (3.6) should be reduced. Under these
circumstances, dose-response relationships approach-
ing linearity would be expected in which the risk
coefficient per unit dose is the same over the range of
low and intermediate doses. For high-LET radiation,
the contribution of the dose-squared component for
most effects in single cells is negligible up to a few tens
of Gy. Therefore, the model may be treated as linear,
although for some effects the slope of the line may not
be dose-rate independent (see III.B.1). Such observa-
tions cannot be explained solely on biophysical con-
siderations.

141. It has been pointed out [U17] that the linear-
quadratic model of cancer initiation is a simplistic
concept and not a pathogenetic theory. The great
complexity and the interaction of various phenomena
at the cellular level preclude its acceptance as a
generalized theory of cancer initiation in all tissues
and under all circumstances. The dose dependence of
the many modifying mechanisms operating at the
tissue and systemic level is still too obscure to allow
quantitative predictions over the entire range of doses.
However. as discussed in chapter II, it may be
postulated that the influence of modifying factors
might not be very important in the range of doses up
to 1-2 Gy of low-LET radiation (or their high-LET
equivalent). Under these circumstances, appropriate
extrapolation may be acceptable down from the dose
region of 1-2 Gy of x or gamma radiation (or an
equivalent dose of neutrons) to obtain risk estimates
for the low-dose domain.

142, With all these reservations in mind, the linear-
quadratic model has been applied to the results of
selected animal tumour experiments where dose, dose
rate, dose fractionation, dose protraction and LET
were systematically investigated (see chapter 1V). In
several cases [B7, P22, U2, U3, U2S, Y!] the results
were in basic agreement with the model’s expectations.

189



3. The quadratic model

143. This model is based on the assumption that for
the induction of a given effect two consecutive events
are necessary. or (wo concurrent events separated in
space in such a way that their production by a single
ionization track is extremely unlikely. Except for
irradiation of flattened bone lining cells (see V.E.2.),
this assumption is difficult to justify on microdosi-
metric grounds for low-LET irradiation of normal
cells in situ. In tumour radiobiology, this concept may
be traced back to the theory of bone sarcoma
induction by f emitters [M26. M45, M47]. Propor-
tionality to the square of the dose has been noted for
various cancers [H12, H13, M26, M52, R18]: this does
not exclude the presence of a linear component, but
simply assumes that it may neither be demonstrated
nor ruled out on statistical grounds. Therefore, if
present, such a component must be relatively small.

144. Recently, Mole et al. [M52] have shown that
dose-response relationships for radiation-induced acute
leukaemia in CBA/H mice may be characterized by
an approximately pure quadratic or linear initiation
term for x rays or neutrons, respectively (see IV.B.1).
On the basis of microdosimetric considerations the
apparent absence of a linear term in the dose-response
equation for x rays is difficult to explain when the
diameter of a nucleus is of the order of few uym. The
proposed hypothesis [M52] was that the interaction of
two neighbouring cells is necessary for the initiation of
this cancer. Initiation by neutrons is in direct propor-
tion to dose and this was explained by the fact that a
single recoil track could cross the nuclei of two
neighbouring cells. However, for neutrons of maximum
effectiveness (400 keV) the range of the secondary
protons is less than most nuclear diameters.

145. The experimental basis of these hypotheses is
still debatable, and needs further experimental testing.
Moreover. the postulates are difficult to reconcile with
the resuits of transformation experiments of cells in
vitro, irradiated at low density (see chapter IV) where
it is unlikely that two neighbouring cells may be
crossed by a single recoil track or may interact during
oncogenic transformation by x rays. Explanations
other than the microdosimetric ones must be found to
accommodate all these facts.

146. When fitted to the experimental data obtained
at intermediate or high doses, the quadratic model will
predict effects at low doses to be much less than
implied by the linear or the linear-quadratic models
within the usual range of @; and a; values. The
influence of the time pattern of dose administration
cannot be specified a priori for the quadratic model: if
repair is fast and dose-rate-dependent. dose protrac-
tion or fractionation could lead to a considerable
reduction of the effect, and zero effect could not be
excluded.

147. The quadratic model has been used by the
Committee on the Biological Effects of Ionizing
Radiation (BEIR Committee) [C29] to obtain the
lower boundary of likely linear-square dose responses
at low doses. Three special models have recently been

190

proposed which assume, or derive from experiments,
the basic postulate of the dose-squared concept. They
refer to leukaemia in CBA mice [M52], skin cancer in
rats [V1] and bone sarcoma in man [M4]. They are
reviewed in chapters IV and V. respectively.

C. SUMMARY AND CONCLUSIONS

148. Quantitative models of radiation-induced cancer
must allow for two facts: first, that tumour incidence
rises with dose at low doses: and, second. that at high
doses the effect usually declines (either in absolute
terms or per unit dose). This shape of the curve may
be modelled by the product of two terms: an initiation
term increasing as a function of dose, and a cell-
survival term declining with it. The latter term can be
neglected at low doses, but this simplification may
lead to misinterpretations as the dose increases. There
is no reason why any one model should be universally
applicable to all radiation-induced types of cancer.
Models should be tested in each instance by statistical
criteria. In each given tumour system. they should
allow for the effect of the main radiobiological
variables, such as dose, dose rate. dose fractionation,
radiation quality.

149. The linear model implies direct proportionality
between dose and the probability of tumour induction.
Absence of dose-rate and fractionation effects was
thought 1o be an inherent feature of the linear model,
because the biological lesion is assumed to result from
a single-track effect. However, examples are known
where this is not true, and linear dose-response
relationships show shallower slopes with decreasing
dose rate. There are few examples of cellular or
carcinogenic effects following linear kinetics after low-
LET irradiation, while the effects produced by high-
LET particles often conform to these characteristics.
However. there are examples where dose-rate effects
for neutrons are found, in an opposite direction
(enhancement) from those normally seen for low-LET
exposure. The linear model may be regarded as an
upper boundary for the more general linear-quadratic
model when the doses at which the linear equals the
dose-squared components are high or very high.

150. The model of Mayneord and Clarke assumes
linearity between dose and cancer initiation at the
cellular level. It also assumes a log-normal distribu-
tion of the latent periods for overt tumours and an
inverse relationship of latency to dose. Solution of this
model for observation times comparable to human
life expectancy results in dose-response relationships
which are upward concave, sometimes with apparent
thresholds. The critical assumption leading to such
results is the shortening of the mean latent period with
dose. If this were a general rule. then extrapolation
of risk from high to low doses would always lead to
over-estimates. However, for some radiation-induced
tumours in man (thyroid, stomach, breast, lung), the
latent period is not obviously dose-dependent; also,
curvilinearity is not seen in several cases where there is
an inverse relation of the latent period with dose,
Thus, it is impossible to generalize the notion that just
for this reason curvilinear responses would normally
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151.  When corrected for cell killing, numerous bio-
logical end-points induced by low-LET radiation in
single cells show an exponential dependence on dose
with exponents of between 1 and 2. On the contrary,
the same end-points for high-LET radiation show
essentially linear dose-responses. Consequently, the
RBE is an inverse funciion of dose. Low-LET
radiation shows pronounced influences of dose rate
and fractionation, in contrast with high-LET, for
which such phenomena are seldom observed or are
observed 1o a lesser extent. Most of these facts may be
accounted for by microdosimetric considerations. They
predict that, as a rule, linear-quadratic dose-responses
should be expected. where the relative contribution of
the two terms is comparable (for low-LET). This
prediction is in accordance with numerous experi-
mental data on single cells, and so are the effects of
dose rate and dose fractionation that may be deduced
from the kinetics of repair of the sublesions postulated
in the linear-quadratic model.

152. Recent data on ultra-soft x rays, however, do
not conform to the predictions of the theory of dual
radiation action in its early approximate formulation.
The disagreement could be reconciled in the generalized
version of the theory [B98], assuming that some
parameters of the biological effect previously taken to
be invariable are actually subject to some variability:
or that. in case of low-LET radiation, the rate of
repair depends on dose and on dose rate. Which of
these two alternatives is likely to apply remains to be
answered.

153. Thelinear-quadratic model may be characterized
by the quotient of the induction constants (a,/a,),
which varies with the radiation quality and the specific
biological effect. For high-LET particles, this quotient
is so high that the contribution of the dose-squared
term may normally be neglected. The model then
becomes linear. For low-LET radiation (considering
chromosomal exchanges, mutations and induction of
some malignancies) the a,/a; quotient is between
0.5 and 1.5 Gy. The over-estimation of the probability
of effects at about 10 mGy from single-dose data at
1-2 Gy (acutely delivered) by linear (as opposed to
linear-quadratic) extrapolation would vary from 1.5 to
3.0 for an assumed reasonable set of parameters.

154. Similar over-estimations would apply to the
effects of low-LET radiation delivered at low dose
rates, irrespective of the total doses below the level
when cell killing becomes important. This would
result from the disappearance of the quadratic com-
ponent of the dose-response curves owing to repair of
sublesions.

155. Introducing a cell-killing term into a linear-
quadratic model leads, in general. to a lesser degree of
risk over-estimation at low doses. The effect of such a
term may be analysed by applying a range of
experimental cell-survival parameters. Since the killing
effect of a given dose might be less in vivo than in
vitro, the over-estimation involved in the extrapolation
to low doses and dose rates would probably fall
between that obtained from typical cell survival
parameters in vitro and that obtained by neglecting
cell killing entirely.

156. For fission neutrons and alpha particles, the
ay/a, quoticnt is of the order of several tens of Gy and
the microdosimetric linear-quadratic model predicts a
linear curve, relatively independent of dose rate. At
doses where departure from linearity becomes sub-
stantial, a significant under-estimation of the risk
must result from linear extrapolation to zero doses.
Fractionation or protraction of dose may result in
enhancement of the effect even at low and intermediate
doses, contrary to whatis seen at intermediate doses for
sparsely-ionizing radiation, where the effect decreases
upon fractionation and protraction. These obser-
vations, related to high-LET particles, cannot be
explained on biophysical grounds.

157. Dose-response curves after low-LET irradiation
have been reported for some tumours that suggest
cither the absence of. or a very small, linear term. In
such cases, the curve approaches the purely quadratic,
indicating perhaps a very low probability of inter-
action of lesion in two targets crossed by a single
ionizing track. or the presence of highly efficient dose-
dependent repair processes. Quadratic models have
been proposed for leukaemia in CBA mice and cancer
of the skin and bone. They predict a very pronounced
reduction of the effect by lowering the dose rate or by
dose fractionation. Substantial over-estimation of the
risk would derive in these cases from linear extra-
polation to low doses and dose rates from high or
intermediate single doses.

1IV. DOSE-RESPONSE RELATIONSHIPS
IN EXPERIMENTAL SYSTEMS

A. PHENOMENA OBSERVED AT THE
CELLULAR AND SUBCELLULAR LEVEL

158. In recent years. there has been good progress in
understanding the role of oncogenes, and of related
phenomena at the macromolecular level, in the causa-
tion and development of cancer. The newest data are
reviewed in annex A to the present report. This
progress, however, has left a considerable gap in the
understanding of how these phenomena may be linked
to mechanisms of radiation carcinogenesis. and what
are the relevant molecular targets [G34]. From quali-
tative analysis of the available information it appears
that a rather wide spectrum of radiation interaction
with genetic material should be considered.

159. The present section, therefore, discusses dose-
response relationships for radiobiological effects, at
the subcellular and cellular level, that might be
relevant to the induction of malignancy. Some effects,
such as in vitro cell transformation, are probably
closely related to in vivo carcinogenesis; the relevance
of others is not yet well established, but is not
implausible. Among the latter effects are mutations,
because there is strong evidence of involvement of the
genome in both the process of malignant transforma-
tion and of cancerous growth (see I1.A). Mutational
events that could be linked with carcinogenesis may
include point mutations, chromosomal deletions and
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translocations, as well as transposition of the genelic
material [B71. B72, C32, Fl4, S43, S56, Y3]. It has
been postulated {F21] that “tumour specific sym-
metrical chromosomal translocations may be par-
ticularly relevant for two reasons: first, there are
cancers whose cells consistently show aberrations of this
type (e.g., chronic myelogenous leukaemia, Burkitt's
Iymphoma); second, this chromosomal aberration is
compatible with the cell’s continuous ability to divide,
a pre-condition for a transformed cell to develop into
a cancerous clone.

1. DMlutations in germ cells

160. The frequency of point mutations as related to
dose in germ cells of male and female mice. and of
other species, was reviewed in depth in annex H of the
1977 UNSCEAR report [U6] and in annex 1 of the
1982 UNSCEAR report [U24]. The most recent
findings are dealt with in annex A to this report. In
summary. there is an unquestionable effect of dose
rate and fractionation upon specific locus mutations
induced in germ cells of male and female mice by low-
LET radiation. Interpretations of these findings differ
considerably. Abrahamson and Wolff [A2, A3] postu-
lated that mutational lesions are both one- and two-
track events, and tried to fit linear-quadratic equations
to the data. The atlempt was criticized by Russell
[R24, R25. R26] who has long been advocating an
alternative hypothesis, namely, that mutations them-
selves are single-track phenomena, and the apparent
multiple-track events reflect damage and saturation of
the repair processes at higher doses and dose rates.
UNSCEAR reviewed both hypotheses in detail and, in
the light of present evidence, accepted that of Russell
as a more likely explanation.

2. Mutations in somatic cells
(a) The Tradescaniia system

161. The data obtained on plant cells of the species
Tradescantia are very valuable because: (a) mutations
can be scored down to 3mGy of x rays (and
correspondingly lower doses of neutrons); (b) the
amount of data on the effects of dose, dose rate and
radiation quality is far better than for any other
cellular system: (c) the effect is evidently a somatic
mutation (although its molecular mechanism is not
clear) and the underlying lesion is most likely chromo-
somal; and (d) the form of the dose-response curve is
similar to that for dicentrics and deletions in mam-
malian T lymphocytes.

162. Dose-response relationships for somatic muta-
tions in Tradescantia, induced by acute 250-k Vp x rays.
are plotted on a log-log scale in Figure VI [N2, 520,
U19]. Below 0.1 Gy. the curve is linear, but then
its slope increases up to 1 Gy, where a dose-squared
component sets in, leading to an upward concavity of
the curve. Above 1-2 Gy, the curve bends and
declines, reflecting. perhaps, preferential killing of the
mutated cells (the effect is scored in terms of
frequency per surviving cell). The data points below
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Figure VI. Dose-response curve for induced pink mutations in
Tradescantia.
[B99]

1 Gy are well fitted by a non-threshold regression
equation of the type | = a;D + a,D?, where a; and a,
are constants, presumably for single- and two-track
events. Mean values of a; and a; deduced from three
studies [S20, N2, U19] amounted to 5.1 (range 4.6-6.4)
1072 Gy~ ! and 6.5 (5.5-17.3) 1072 Gy~2, respectively
[N1]. In terms of the lincar-quadratic model, the a;/a,
quotient for x rays varied from 0.33 to 0.83 Gy. For
gamma rays. «, and . are 2.1 107°Gy~! and
5.2 1072 Gy~ respectively [N1]. Studies with mono-
energetic neutrons (0.065-13.4 MeV) produced a linear
dose-response up to 0.05-0.1 Gy [S19, Ul13] of the
form 1 =a,D. At high and intermediate doses. the
RBE of neutrons versus x rays was inverselv propor-
tional 1o the square root of the neutron dose.

163. Reduction of the neutron dose rate had almost
no effect upon the yield of mutations [N2, Ul3].
When the x-ray dose rate was reduced from about
1 Gy min™! to 5-0.5 mGy min~!, the frequency of
mutations was an increasingly linear function of the
dosce, approaching a linear response of the form
I=a,D. When the dose rate of x or gamma rays was
progressively lowered [M18], and a constant dose of
0.8 Gy delivered over increasing time intervals. lower
mutation frequencies were observed approaching
asymptotically the limiting value of the respective a¢,D
for pamma rays. Fractionation of an x-ray dose of
0.6 Gy into two acute fractions of 0.3 Gy each [M 8]
produced no reduction of the mutation yield up to a
15-minute fractionation interval, but the yield declined
with further spacing of the fractions up to 24 hours.
Splitting an x-ray dose of 0.05 Gy into two 0.025 Gy
fractions given at 5 hours from each other did not
reduce the response any further [U27].

164. The influence of fractionation of two x-ray
doses (0.7 and 4 Gy) was studied upon induction and
repair of two types of somatic mutations (pink and
colourless) in this system [W16]. The intervals between



the two fractions varied from 0.5 to 12 hours.
Recovery for the two types of mutations differed. in
that pink mutations showed recovery at both doses,
whereas colourless events showed some recovery at
lower doses. but an increased effect at higher doses.
Thus, two types of mutations induced by x rays in the
same system may have different dose and time
kinetics.

165, In summary. the effects of dose, dose rate,
fractionation and quality of radiation upon Trades-
cantia mutations provide, in general, a good example
of the linear-quadratic model of radiation action.

(b) Mammalian somatiic cells

166. In recent years, significant progress has been
made in the methodology of studies of point mutations
in somatic cells in culture. Enzyme deficiencies are
induced by mutagenic agents, and mutant cells are
screened for resistance of developing clones to
substances that are toxic to normal cells, e.g.. to
8-azagunanine, 6-mercaptopurine or 6-thioguanine
in  hypoxanthine-guanine-phosphoribosyltransferase
(HG-PRT) deficient mutants. Biochemical mechanisms
and methods of investigation were reviewed in detail
in annex H of the 1977 UNSCEAR report [U6] and in
annex | of the 1982 UNSCEAR report (U24] and are
discussed again in annex A to the present report.

167. In summary, both linear and curvilinear (con-
cave upwards) relationships have been observed for
induction of HG-PRT deficiency in various cell lines
by sparsely-ionizing x or gamma rays, and the
character of the dose-response curve is evidently
related to the genome of the cell studied and not only
to the quality of radiation applied [Al3. Al4, B42,
Cl10. C23. C24, E8, K16]. In cases of curvilinear
dose-response relationships, after acute x or gamma
irradiation there was also a pronounced reduction of
the yield of mutations by dose fractionation. For
densely-ionizing radiation (alpha particles, helium,
boron and nitrogen ions). the dose-response relation-
ship for induction of HG-RPT deficiency, both in
human and hamster cells, was essentially linear [C20,
TI18). Induction of forward mutations in Chinese
hamster cells by x rays resulted in curvilinear dose-
response relationships (concave upwards): moreover
pronounced dose-rate effects were observed [S25].

168. Experiments on radiation-induced mutations
resulting in HG-PRT deficiency show some correla-
tion between the shape of the survival curve for low-
LET radiation and the kinetics of induction of
somatic mutations in the same cell lines. This obser-
vation has been generalized by Thacker et al. [T10.
T9, T8], Munson and Goodhead [M36). Leenhouts
and Chadwick [L3, C2] and Goodhead et al. [G29] on
different radiations and cells in various stages of the
cell cycle, in the sense that there is a relationship of
the type InS=—K.M where S is the cell survival
(Sp/Sy), and M the frequency of induced mutations.
This correlation is corroborated by other studies (e.g.,
[R5]). Thacker [T8] has shown that it applies to
exponentially growing cells of several species (man,

hamster and mouse) with the same proportionality
constant K. However. the mutation frequency per
lethal lesion seems higher for high-LET radiation and
lower for ultrasoft x rays {G34).

169. When Thacker et al. studied the same relation-
ship [T19], by irradiating V-79-4 hamster cells grown
to plateau phase without re-feeding (most cells in the
G, phase), they found a similar association of
frequency of induced mutations with (log) survival.
This was true both after high (1.7 Gy min~!) and low
dose rate (down to 3.4 mGy min~!) gamma irradiation.
There was considerable repair of sub-lethal and sub-
mutational damage with decreasing dose rate. How-
ever, when the cells were held for 5 hours after
irradiation, before trypsinization and seeding. the
potentially lethal damage was effectively repaired,
whereas that leading to mutation (HGPRT locus)
remained unaffected. Goodhead et al. [G29] inter-
preted all this to show that the average number of
mutagenic lesions in a cell is proportional to the
average number of lethal lesions induced by a given
radiation. However, results on repair of the potentially
lethal damage show that phenomena involved in cell
killing and mutation induction can be separated.

170.  This conclusion remains to be confirmed. How-
ever, if the correlation were generally valid, a linear
relationship between frequency of induced mutations
and dose of low-LET radiation would be exceptional,
because exponential cell-survival curves for x and
gamma rays are also exceptional [Al17, B63, C9,
C21-C23, F2, K21, N8. P7,P15.S33. W6, W7]. sigmoid
cell survival generally being the rule [B5. B9-B12, B19.
B27, B45, Cl1, C37, D3, D8, E2, F1, F2, F19, H2. Hé,
K2, K24, L6, M16, M60, S33, T18, W6, W7]. In most
cases studied after neutron and alpha-particle irradia-
tion, the survival of diploid mammalian cells is. with few
exceptions [HI, C20]. a simple exponential function of
dose [B5, B9-B12. B29. B45, J6, K2. K3, R39, T18].

3. Chromosome aberrations
(a) Translocations in germinal cells

171, As discussed in annex H of the 1977 UNSCEAR
report [U6]. the frequency of chromosomal transloca-
tions induced by x and gamma rays in spermatogonia,
spermatids and oocytes shows a pronounced dose-rate
and dose-fractionation effect, and data can be fitted to
a linear-quadratic equation. On the other hand,
neutrons produce essentially linear dose-reponse rela-
tionships without any significant protraction or frac-
tionation effect. These conclusions have been confirmed
by more recent data reviewed in annex I of the 1982
UNSCEAR report [U24] and in annex A to the
present report.

(b) Somatic cells

172.  Studies of chromosomal aberrations in human
lymphocytes have been reviewed in the past by
UNSCEAR (1969 report, annex C, [U9]). and by
others [B15, L13, L12, D4]. In most cases, the yield of
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easily identifiable dicentric chromosomes and acentric
fragments. induced in Gy cells, was studied against the
dose of various radiations. The asymmetric exchanges
are not compatible with cell survival over many
generations: however, the yield and kinetics of induc-
tion are accepted as representative of symmetrical
chromosomal exchanges. The latter may be relevant to
present considerations. The subject of dose-response
relationships for induction of dicentrics has been
thoroughly reviewed by Lloyd and Edwards [L36].
The review included re-calculation of the dose-response
functions from original data (62 experiments) using a
standardized maximum likelihood method for fitting a
linear-quadratic equation. The main conclusions are:

(a) For gamma rays and high-energy electrons. the
value of a,, in the region of 2-2.5 1077 dicentric
per cell and gray, appears to be consistent with
most observations;

(b) For x rays (180-250 kVp), a representative value
of a; of about 5 1072 dicentric per cell and gray
seems to apply;

(c¢) The a; coefficients for gamma rays. x rays and
electrons show less variation than the individual
reported values of a,, and they cluster within the
range of 4-8 1072 dicentric per cell and gray
square:

(d) For fission neutrons, no significant a, term was
observed. Typical a, values would be 40-90 dicen-
tric per cell and gray. The coefficient tends 1o
increase with lowering of the particle energy, to a
peak at about 350 keV (about 160 dicentric per
cell and gray);

(e) In several studies [K36, V11, Z1], the yield of
chromosome aberrations in human lymphocytes
was studied after doses well below 0.5 Gy of
x rays. When the data on dicentrics from these
studies were pooled [Z1], they fitted a linear
function of dose passing through the origin, as
would be expected from the values given above.
The response for acentric fragments was similar.
even though less regular:

(f) At neutron energies above 15 MeV, a significant
value of a, appears:

(g) For protons with energies > 7.4 MeV, the a,
coefficients are very similar to those for x rays.
The a; values are rather lower than for typical
low-LET radiation:

(h) For alpha particles, all dose-response relation-
ships (excluding one study with possible methodo-
logical complications) are linear, but a; values
scatter widely, owing probably to systematic
dosimetric inaccuracies;

(i) When the value of a; is correlated with LET,
the coefficient increases with the latter above
SkeV/um to a maximum at about 70 keV/um,
and then falls off sharply at still higher values of
the LET. The a, value is roughly constant for
low-LET radiation, but virtually absent for high-
LET particles.

173. The effects of dose rate and fractionation upon
dicentric yield in lymphocytes may be summarized as
follows:
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(a) For low-LET radiation. the yield decreases with
decreasing dose rate (or the extension of irradia-
tion time) and with increasing fractionation
intervals, This effect is attributed to the repair of
interacting lesions, whose mean life appears to be
about 2 hours, although some of the lesions may
have a much longer life. Available experimental
data and their theoretical interpretation suggest
that, for very long irradiation times, the a,
coefficient would be zero and the a; would
remain unaffected (linear relationship);

(b) For neutrons, no effects of dose protraction or
fractionation were seen.

174. The RBE of neutrons versus x or gamma rays is
inversely proportional to the square root of the
neutron dose. The limiting value at low dose rates
may be obtained from the ratios of the relevant g
coefficients.

175. This was also noted when whole blood was
irradiated by adding tritiated water prior to initiation
of blastic transformation. Doses between 0.2 and 4 Gy
f radiation were delivered over 30 minutes or
24 hours. Whereas the dose-response curve for
30-minutes exposures was practically the same as that
after acute x rays, the response was close to linearity
after longer exposures (the linear component remained
unchanged while the quadratic one decreased by a
factor of about 3 [P20]).

176. Similar relationships were obtained for dicen-
trics in the lymphocytes of all mammalian species
studied so far (marmoset [B41]. Chinese hamster
[B41], rabbit [Bl, B2, S5]. pottoroo [S5]. swine [B1,
B4l, L7], sheep [L7]. goat [L7], mouse [B23, B4l1],
rhesus monkey [B61], and other primates [H9, M37]).
With protraction or fractionation of x- or gamma-ray
doses, the linear term prevails [S4. L9]. With irradia-
tion times exceeding 24 hours the relationships for
dicentrics after exposure to gamma rays tend to
approach linearity.

177. For acentric fragments. a linear-quadratic
relationship is usually observed. but the results are less
reproducible [B2, L13]. As these aberrations include
both interstitial and terminal deletions, classified
together, the relationship does not contradict linearity
for single-break aberrations.

178. In conclusion. induction of chromosomal aber-
rations of the one- and two-break type. in somatic
cells in Gy or Gy, is in broad agreement with the
linear-quadratic model for low-LET and with the
linear models for high-LET particles. This agreement
refers to dose and to the effects of dose rate and
fractionation. For single-break aberrations, a linear
model should fit the data. but methodological prob-
lems make the demonstration difficult.

4. Oncogenic transformation of cells in vitro

(a) General

179. Studies of transformation from the normal to
the oncogenic state, on cells in vitro, are very relevant



to the purposes of the present annex. They allow
investigation of the mechanisms of cancer initiation
without interference of other factors at the tissue and
systemic levels. In addition. killing and transformation
may be measured in the same target cells. allowing the
relative importance of the two effects to be studied at
the same time. Morover, in vitro experiments are less
expensive and time-consuming than studies on irradia-
ted animals and are easier to analyse, owing to the
lack of competing risks and the higher precision of
measurements. On the other hand, lack of close
intercellular contact and systemic regulation during
culture growth is an artifact compared with the
situation in situ. and could change—at least quanti-
tatively—the reactions of cells studied. Details of cell
handling, such as whether trypsinization has been
applied to the cultures, or not, in the course of the
experiments, may also substantially modify the results.
So far, observations on cell transformation have been
limited almost exclusively to fibroblasts, whereas
tumours of epithelial origin prevail among radiation-
induced cancers in man.

(b) Dose-response relationships

180. Transformed cells are assessed by scoring charac-
teristic colonies recovered in a culture. This directly
measures the transformation frequency per surviving
cell. Most experiments are reported in this way, but.
with some additional effort, information can be
obtained on cell survival as a function of dose, and on
the plating efficiency. The transformation yield per
initial cell at risk may be calculated by correcting the
transformation frequencies per surviving cell for the
respective survival values and plating efficiency. This
latter measure of transformation can seldom be
computed from the frequencies per survivors reported
in the papers, which often makes it difficult to give a
precise description of the dose-response relationships.
Many features of the dose-response relationships
depend strongly upon the time interval between the
establishment of a culture (seeding of cells) and
irradiation: new and established cultures should there-
fore be dealt with separately.

(i) Irradiation of freshly established cultures

181. Borek and Hall [B33] x-irradiated early-passage
golden hamster embryo cells in vitro, 24 hours after
trypsinization and seeding. with doses from 0.01 to
6.0 Gy (a point at 0.003 Gy x rays was added later
[B76]). A dose-tesponse relationship per surviving cell
is presented in Figure VII, showing a rise with dose up
to | Gy. a plateau between 1.5 and 3.0 Gy, and a
decline thereafter. The dose-response relationship from
the same and subsequent experiments was also expressed
per initial cell at risk [B29]. It is impossible to say
whether a linear or an upwards concave line would be
a better fit of the experimental points along the
ascending portion of the curve. A linear fit was
assumed by the authors themselves but a linear-
quadratic fit was also attempted by Chadwick and
Leenhouts [L3]. In a linear plot the line tends to pass
through the origin, suggesting no threshold. Below
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Figure VIl. Dose-response curves for transformation of hamster
embryo cells by neutrons and x rays. The curves were obtained
by non-parametric least-squares fitting.

[B79]

0.5 Gy of x rays and down to 0.01 Gy the yield of
transformants appears to rise with a power of dose
< 1. The transformation frequency per Gy of x rays
below 1 Gy is of the order of 1072 per cell. which is
several orders of magnitude greater than for any
somatic mutation [U6] but almost an order of
magnitude lower than the total yield of chromosomal
aberrations induced by comparable doses of x rays in
mammalian lymphocytes [D4]. In a comparison of
300-kVp x and %Co gamma rays [B76] the RBE of the
latter varied from 0.85 at about I Gy to 0.5 at a few
tens of mGy.

182. Borek, Hall and Rossi [B29] and Borek and
Hall [B79] irradiated hamster embryo cells with
monoenergetic neutrons (0.43 MeV) and compared the
dose-response relationship with that for x rays. The
curves representing the relationships, both per surviv-
ing cell or per initial cell at risk, were peaked in shape
and roughly parallel, A fit to the neutron data similar
to that for x rays. but shifted toward lower doses, was
obtained (Figure VII) with no suggestion of a threshold.
Below 0.1 Gy, the transformation frequency could
also be interpreted as rising with a power of dose
lower than unity. The RBE of neutrons. at transfor-
mation frequencies of 1073 and 5 1073, was about 12
and about 6, respectively. Measurable transformation
was induced even by 1 mGy of neutrons. Accelerated
argon ions (429 MeV per atomic mass unit) were
roughly as effective as neutrons [B29].

183. Data were also obtained for cell survival [B29].
For x rays a sigmoid survival curve (Dg= 1.47 Gy;
n = 6). and for 430-keV neutrons a purely exponential
curve (Dg=0.5Gy), were reported. The RBE of
neutrons varied approximately with the inverse square

195



root of the neutron dose, with values from about 30 at
doses below 0.1 Gy to about 5 at 1.5 Gy. At doses
above 2-3 Gy of x rays, cell killing was appreciable.
but the decline of transformation yield per unit dose
above | Gy of x rays and 0.25 Gy of neutrons was
explained by assuming that transformed cells were
preferentially killed by radiation. An alternative ex-
planation of this phenomenon was also proposed [C7,
L3].

184. The dose-response relationship for x-ray-induced
transformation of C3H10T1/2 cells irradiated 24 hours
after sceding was also studied [T7] and expressed per
surviving cell (at cell densities below 3.8 cell ecm™%
100-kV x rays, 0 to 15 Gy). The transformation
frequency rose rapidly with dose, up to 4 Gy, and
reached a plateau at about 15 Gy. At about 1 Gy. the
transformation frequency was about 0.5 1074, roughly
2 orders of magnitude lower than for hamster embryo
cells [B33]. The doses required to double the trans-
formation yield along the ascending branch of the
curves for these two types of cells were 1.0 and 0.1 Gy,
respectively. The dose-response curve for C3H10T1/2
cells showed no apparent threshold and was concave
upwards, the effect rising with a power of dose > 1
and close to 2.

185. In a later study. Miller et al. [M23, M4l]
examined, under a similar experimental protocol in
the same C3HI0TI1/2 cells, the effect of single and
split doses of 300-kVp x rays. The single-dose response
curve had a complex, curvilinear shape. The trans-
formation frequency was less than proportional to
dose between 0.1 and 0.3 Gy, almost flat between 0.3
and about ] Gy, and then rising with the square. or
higher. power of dose. A plot of the data at 0.1-10 Gy
on a log-log scale, per surviving cell, is given in
Figure VIII. Interpretation of the shape of this dose-
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Figure VIll. Dose-response relatlonships for the number of

transformants per surviving C3H10T1/2 cells, following single
or split doses of 300-kVp x rays. in the case of split doses, the
radiation was delivered In two equal exposures, separated by
5 hours.
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response relationship is very difficult, particularly in
the dose range below 1 Gy.

186. Yang, also, studied the transformation of
C3HI0T1/2 cells by x rays and energetic silicon ions
(initial energy 320 MeV per atomic mass unit. residual
range in water 4.5 cm, dose average LET = 88 keV/um)
[YS5]). This radiation was more effective than 225 kVp
x rays (RBE not given). Cells kept in a highly
confluent state for some time after irradiation were
able to repair part of the transformation damage
induced by x rays, but not that induced by accelerated
silicon ions.

187. When C3H10T!/2 cells were irradiated with
neutrons (35-MeV d* — Be). the results were as in
Figure IX [B79]. The dose-response curve is shifted
towards lower doses with a similar dose-independent
plateau as for x rays. The RBE increased with
decreasing dose and was similar for both transforma-
tion and cell killing.

188. Lloyd et al. [L15] studied transformation in
C3HI10T1/2 cells by irradiation with 5.6-MeV alpha
particles, showing a higher effectiveness as compared
with x rays (the relationship of irradiation- and
seeding-time is not available). For alpha particles, the
dose-response relationship is of a grossly curvilinear
(concave upward) character, the effect rising with
approximately the cube of the dose. When expressed
per surviving cell, the maximum transformation rate
was seen at about 2 Gy.

189. C3HI0T1/2 cells were transformed by 100-kVp
x rays. fast fission neutrons (mean energy 0.5 MeV.
8-20% gamma contribution) and cyclotron neutrons
(mean energy 38 MeV, 8% gamma contribution). The
dose ranges were: 1.5-11 Gy, 0.5-5 Gy, and 1.5-6 Gy,
respectively [B89]. The cells were irradiated 36 hours
after seeding. For fission neutrons, the response per
survivor was most effective and the initial portion of
the curve was only slightly concave upwards. X rays
were least effective and 38-MeV neutrons produced
curves very similar to those of x rays. For both
radiations, the dose-response curves were grossly
concave upwards at their ascending portions. A
plateau of effect at high doses was reached for all
radiations tested. It is worth mentioning that for each
radiation the survival curves had pronounced shoul-
ders. which were roughly proportional to the degree of
curvilinearity of the dose-transformation curves, The
RBE relative to x rays at the transformation frequency
of 5107 was 1.2 and 3.8 for 38-MeV and 0.5-MeV
neutrons, respectively.

190. Transformation of BALB/3T3 cells by *%Pu
alpha particles and x rays was studied by exposure of
freshly seeded single cells or confluent cell monolayers
[R39]. The dose ranges were 0.5-2.5 Gy and 0.5-5 Gy
for alpha particles and x rays, respectively. When
calculated per surviving cell the rise of transformation
frequency with dose was exponential (steeper than
proportional). However. when the results were ex-
pressed as transformants per exposed cell, for alpha
particles the highest yield was induced already by a
dose of 0.5 Gy, with a slight decline thereafter. This
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may be attributed to highly efficient cell sterilization
by alpha rays. A high effectiveness of the alpha
particles, relative to x rays, was noted. but the precise
shapes of the curves at the lower end of the dose scale
cannot be established. Little studied the transforma-
tion by x rays of freshly seeded cells (20 hours prior to
exposure) of BALB/3T3 mouse [L10]. Although there
was some indication of an upward concave curve, the
statistical uncertainty of the data does not allow
precise conclusions.

191. Golden Syrian hamster embryo fibroblasts,
seeded about 12 hours before, were exposed for 17 hours
to varying concentrations of methyl *H-thymidine
[L33]. The number of transformants per surviving cell
(and mutants at HGPRI locus) showed a proportion-
ality to the concentration of the substance, Tritiated
uridine, which is not incorporated into DNA, was
ineffective in inducing both oncogenic transformation
and mutations.

192. BALB/3T3 embryo fibroblasts, synchronized in
the S-phase, were incubated for 16 hours with the
DNA precursors 3H-thymidine and !®’I-iododeoxy-
uridine (1’I-dUrd) [L34]. The incorporation of the
radionuclides into cellular DNA was proportional to
concentration in the culture medium. The transforma-
tion frequency per survivor. versus concentration of
activity per cell, was linear in both cases—without
suggestion of a threshold—up to a frequency of about
51074 The ratio of the initial slopes of '?’I-dUrd
versus 3H-thymidine dose-response curve was about
25. In the same experimental series, the transformation
by x rays was somewhat irregular, with an approxi-
mately exponential increase of the transformation
frequency with dose over the whole range of doses
(0.5-6 Gy). The high effectiveness of !25-dUrd was
explained by the release of a cluster of low energy

Auger electrons (about 25 per decay). leading 10 a
very high energy deposition in the vicinity of the DNA
double strand.

(ii) Late irradiation of cultures

193.  Dose-response relationships for in vitro trans-
formation of cell line C3H10T1/2 by acutely delivered
x rays (50-kVp, 0.18 mm Al filtration) and neutrons
(fission, mecan energy 0.85 MeV) were reported by
Han and Elkind {H1]. In contrast with the experiments
reviewed above, cells were irradiated 48 hours after
seeding. When the transformation rate was expressed
per initial cell at risk, the decline of the yield beyond
the maximum had the same slope (or Dg) as for the
killing of non-transformed cells. suggesting that steri-
lization by high doses of normal or transformed. cells
was similar. On linear co-ordinates (Figure X). the
ascending portions of the dose-response curves (per
initial cell at risk) for x rays was concave upwards (at
least above 1.5-2 Gy) but details cannot be established
from the graphs. For neutrons, the ascending portion
of the curve appears 10 be close to linearity. The RBE
of neutrons increased with declining doses, and the
maximum attainable transformation frequency by
neutrons was higher by about 50% than that for
gamma rays (per initial cell at risk). In contrast with
the data of Miller et al. [M23] (Figure VIII) there was
a significant flattening of the yield above 4 Gy of
% rays. when the data were expressed per surviving cell
[H14] (see Figure XI).

194. Watanabe et al. [W18] irradiated golden hamster
embryo cells 72 hours after establishing the culture.
The exposures varied from 50 to 600 R at exposure
rates of 5, 75 and 600 R/min. Additional exposures
(1-50 R) were applied at the dose rate of 5 R/min. The
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logarithm of transformation frequency per survivor
was approximately linear up to 100 R, and had a very
shallow increase from 200 R onwards (semi-plateau).
From the graphical presentation of data, it appears that
up to 75 R, at 5 R/min. the dose-response relationship
is linear, with no suggestion of a threshold.
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195. Terasima et al. [T24] studied C3H10T1/2 cells,
x-irradiated (0.23 to 9.3 Gy) in the plateau phase of
growth (contact inhibited). The dose response (per
surviving cell} was very similar to that found by others
for the same cell line. After a steep exponential
increase, up to about 1.8 Gy, there was a gradually
stower increase of the transformation frequency with a
plateau above 6-8 Gy. Recent data on in vitro
transformation of C3H10T1/2 cells by 31-MeV protons
were published by Bettega et al. [B3], showing that the
transformation frequency per surviving cell had a
marked change in slope at abourt 2 Gy.

(¢c) Effecis of dose fracrionation and protraction;
repair of sub-transformation and potential
transformation damage

(i) Irradiation of freshly established cultures

196. Ilrradiation of cultures seeded 24 hours before
exposure with two doses of 4.5+ 4.5 Gy of x rays at
various intervals (zero to five hours) showed that
survival of C3HI10T1/2 fibroblasts nearly doubled
when the interval exceeded 2 hours, with no further
increase for longer intervals [T4]. For doses of 1.5, 3.0
and 8.0 Gy in two equal fractions at five-hour
intervals. the transformation frequency per surviving
cell remained unaltered at the lowest dose, but
declined significantly (p = 0.005) at the two higher
doses.

197.  Hamster embryo cells in culture (seeded 24 hours
earlier) showed a doubling of the effect after split, as
opposed to single, doses of 0.5 or 0.75 Gy [B90]. At
the same time, the survival of irradiated cells increased
only marginally. When the experiment was extended
[B64] by studying the effect on the transformation
frequencies of splitting 1.5, 3 and 6 Gy of x rays,
no enhancing effect of 2 X 0.75 Gy. as opposed to
1 X 1.5 Gy, was noted. Fractionation of 3 and 6 Gy
led to a reduction of the total effect.

198. Miller and Hall [M23] studied dose fractionation
on C3HI10T1/2 fibroblasts. plated 24 hours before
x-ray treatments (0.3 to 8.0 Gy). Their results con-
firmed the sparing effects of splitting the dose above
1.5 Gy (with a possibly incidental deviation of the
points at 4 Gy) and an enhancement of transformation
below that dose. The experiment was repeated [M41],
and the dose range expanded to include 0.1 and
10 Gy. The results are presented in Figure VIIL. In
addition. a dose of 1 Gy was split into 2. 3 or 4 equal
fractions [H21]. An almost proportional (2-, 3- and
4-fold) enhancement of transformation was observed.
Also, when a dose of 1 Gy of ®Co gamma rays was
delivered at a low dose rate (over 6 hours) the effect
was significantly enhanced, by a factor of about 3, by
comparison with acute exposure (over 10 min) [H21].
In conclusion, using this experimental protocol. in the
range 0.3-1 Gy there is an enhancement of the effect
by splitting the dose into two equal fractions within
5 hours or by protracting the dose over a similar
interval. At 2 Gy, there is no effect. There is a decline
of the yield after fractionation at higher doses.
Approximately the same trend is seen when the data
are expressed per initial cell at risk.




199. Little [L10] reported dose-fractionation experi-
ments on BALB/3T3 cells seeded 24 hours before the
first exposure with essentially identical results. The
fractionated doses ranged from 0.1 to 3.5 Gy, and
similar observations were also made in still another
study by Suzuki et al. [S44]. It may be concluded,
therefore. that enhanced transformation (per survivor)
below 1.5 Gy of x rays after fractionation within
5 hours is a phenomenon observable in all cell lines
studied so far, irradiated in freshly established cultures,
Such an effect might be deduced from the curves in
Figure VIII [M23]. In fact, if an independent action of
the two dose fractions is assumed, the decrease above
2 Gy. where the response rises with D2 or with a
higher exponent, is easily understood. Similarly, below
1 Gy. over the plateau, where the effect is roughly
independent of dose, fractionation should increase the
yield, as observed.

200. Figures VIII and IX show clearty that a linear
extrapolation down from intermediate (1 Gy) and
high (2-3 Gy) doses of x rays would lead to an under-
estimate of the real transformation frequency, parti-
cularly with respect to the effect of split doses in the
low-dose region, The greatest under-estimate, by a
factor of 4-6. would be encountered when the effect of
single doses in the range 1-3 Gy is linearly extrapolated
to predict effects of split total doses of 0.1-0.3 Gy. The
relevance of this finding to tumour induction in vivo
has been commented upon by several authors [B76,
H21, M41).

(i1) Late irradiation of cultures

201. Data on fractionation were reported by Han
and Elkind [HI1] for x rays (0.75 Gy) and fission
neutrons (3.8 Gy)on C3H10T1/2cells exposed 48 hours
after seeding. The transformation rate after doses of
this magnitude was on the declining part of the curve
when expressed per initial cell at risk. Fractionation of
the neutron dose within 0 to 16 hours had little. if any.
effect on single-dose survival and caused a slight
reduction of the transformation yield. perhaps within
the limits of experimental error. With x-ray fractiona-
tion times up to 5 and 10 hours, the frequency
increased and then declined to the level of the non-
fractionated exposure at about 16 hours. The increase
was within a factor of 2 and its statistical significance
uncertain. When expressed per survivor, the transfor-
mation frequency after x irradiation declined steadily
to a plateau at 12-16 hours fractionation interval,
reflecting essentially an expected and considerable
effect upon survival of the non-transformed cells. This
observation. therefore. confirmed other findings [M23.
M41] that fractionation of high x-ray doses in this cell
line reduces the transformation frequency when ex-
pressed per surviving cell.

202. Han and Elkind also irradiated C3HI0T1/2
cells, 48 hours after plating. with ®Co gamma rays at
high (1.0 Gy min™!) and low (0.05 Gy min™!) dose
rate [H14]. The range of doses varied between 0.2 and
13 Gy. The transformation frequency per survivor
(Figure XI) was consistently reduced at the lower dose
rate, as was cell sterilization. The reduction in

transformation vield was by a factor of about 5 above
6 Gy and by a factor of about 3 at 2 Gy, and was still
present at doses of 0.5 and 0.2 Gy [E9. H26].

203. Hill et al. [H30] studied the effects of gamma-
ray fractionation in the same system. Throughout the
dose range tested (0.25-3 Gy). fractionation of the
dose into 5 daily fractions resulted in a significant
reduction of transformation frequency. Up to 1.5 Gy
delivered unfractionated. and up to 3 Gy fractionated
regimes. the dose response could be fitted by a straight
line passing though the origin (Figure XII). The yield
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Figure XIl. Transformation frequency of C3H10T1/2 cells per
surviving cell against dose of gamma rays. Open circles: acute
exposure at 1 Gy min~* Dashed line: continuous exposure at
1 mGy min~% Closed circles: five fractions at 0.5 Gy min~",
given at 24-hour intervals,
[H30]

of transformants per unit dose was 3 times lower after
fractionated than after single doses. and very similar
to the dose-response curve for the lower dose-rate
exposure referred to above [E9. H26]. Increasing the
fractionation intervals beyond 24 hours, and reducing
the dose per fraction, led to a further slight reduction
of the effect. This suggested that there may be a limit
beyond which further dose protraction cannot reduce
the transformation frequency. Trypsinization per se,
or delivery of the dose within 7 days of growth in
culture, did not affect the yield of transformants per
unit dose, provided they took place at least 40 hours
after seeding. Confluence of the cells was excluded as
a possible reason for the observed fractionation effect.
These results of dose fractionation and protraction
below 1.5 Gy are in striking contrast with those
observed when the cells were irradiated 24 hours after
seeding [H21, M23]. The differcnce was attributed to
atypical conditions of cellular growth early after
plating and to the action of radiation on para-
synchronous cells [H30].

204. Watanabe et al. [W18] irradiated golden hamster
embryo cells, sub-cultured 72 hours earlier, with x rays
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at various exposure rates: 5, 75 and 600 R/min.
Throughout the whole range of exposures tested
(50-600 R), the lower dose rates produced a reduced
yield of transformed cells, even within the 50-100 R
range where the dose-response relationship was prac-
tically linear. At equal survival levels (which were
inversely related to dose rate). the transformation
frequency was higher in cells irradiated at higher than
at lower dose rates. Terasima et al. [T24] studied the
effect of fractionating x-ray doses (0.93, 1.86 and
3.72 Gy) in C3HTI101/2 cells irradiated in the plateau
phase. Equal fractions were spaced at intervals of 3,
10 and 15 hours. There was significant reduction of
the yield at all doses tested, as compared with single
doses, the maximum reduction being achieved already
at the 3-hour interval.

205. Hill et al. [H26, H34] worked with fission-
spectrum neutrons (mean energy 0.85 MeV) at various
dose rates in C3HI0T1/2 cells irradiated 48 hours
after seeding. There was no discernible effect upon
cell survival of neutrons delivered at a low rate
(0.43-0.86 mGy min~') versus a high rate (0.103-0.38 Gy
min~!). At the same time, the low-rate neutron
irradiation enhanced significantly the transformation
frequency at doses below | Gy (by a factor of about
9 a1 0.025-0.1 Gy) (Figure XIII), an effect that cannot
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Figure Xll. Oncogenic transformation of C3H10T1/2 cells
exposed to fisslon-spectrum neutrons at high and low dose
rate. Dashed lines Iindicate the linear regressions fitted to the
initial portions of the curves.
[H34]

be explained on biophysical grounds. Above doses of
1.5-2.0 Gy. the effect of the dose rate disappeared and
dose-response relationships converged to a plateau of
5 1073 transformants per surviving cell.

206. The influence of dose fractionation (5 fractions
over 4 days) of fission-spectrum neutrons. delivered at
a rate of 0. Gy min~!, was studied by the same
authors. Over the whole range from 0.103 to 1.12 Gy,
an enhancement of effects by fractionation was
observed. The ratio of linear slopes of the dose-
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response curves at low doses was about 8. The
increased effectiveness of the low dose rate and of the
fractionated neutron irradiation was explained either
by the induction of more efficient error-prone repair
or by facilitation of the expression of “‘sub-effective
transformation damage”, whatever this means [H37].
A recent study on transformed mammary epithelial
cells transplanted in vivo to virgin female BALB/c
mice suggests that the effect of fractionated neutron
exposures may be analogous to chemical promotion
and is due to an enhanced expression of the trans-
formation damage [U28]. The effects of fractionation
schemes applied to the cells in an asynchronous
growth indicate that x and gamma irradiation—by
analogy with sublethal damage—result in error-free,
reparable, sub-transformation damage. The transfor-
mation damage induced by neutrons either does not
undergo repair, or is subject 1o error-prone repair
[E10, H37]; however, why the latter should be more
effective at protracted or fractionated low doses is not
clear.

207. Terzaghi and Little [T5] found that irradiating
C3HI0T1/2 cells with x rays in a density-inhibited
state, and delaying plating up to 48 hours substantially
increased survival rates. Delay for 2 to 4 hours caused
marked increase of the transformation rate. Further
delay of plating reduced the yield of transformants to
very low levels after 48 hours. Terasima et al. [T24].
however, did not observe any initial increase of the
transformation frequency, as the potential transforma-
tion damage fell over the first 3 hours of delayed
plating. The rate of potential transformation repair in
C3HI10T1/2 cells depended strongly on a particular
batch of fetal calf serum used in the cell culture
medium, both before and after release from confluence
[T11]. Lack of serum was accompanied by a high
degree of repair (80% over 6 hours) after keeping the
irradiated cells (x rays, 3.7 Gy) in the non-proliferating
state. Some batches of serum totally prevented the
occurrence of repair. No repair of potential trans-
formation could be found after irradiation with alpha
particles [R39] and accelerated heavy ions [Y5].

208. When potentially lethal damage was studied by
holding these cells in confluence after irradiation for
varying lengths of time, a pronounced repair was
observed for x rays and none for alpha particles [R39].
Equally. no repair of potential transformation damage
was seen for up to 220 hours after alpha particle
exposure, whereas the x-ray-induced potential damage
was efficiently repaired.

209. The results of other experiments [L23] suggest
that two separate processes may be involved in the
recovery of damage: first, DNA repair leading to
enhanced survival: and, second, a slower error-prone
repair process responsible for changes in DNA and
leading to mutation and transformation. It should be
stressed that the frequencies of transformation reported
for most in vitro experiments apply to actively
proliferating cell populations and may not be repre-
sentative of situations where the overwhelming majority
of cells is in the resting state, as in most organs in
vivo.



(d) Other factors affecting oncogenic
transformation in vitro

210. Numerous factors affect the yield of in vitro
oncogenic transformation. Among these, a basic role
is played by both the time and the density at which
cells are seeded.

211. Studies on three cell lines (hamster embryo,
C3HI10T1/2 mouse embryo and mouse BALB/3T3
cells), have shown [B34, Ki2, L10, Té6] that several
post-irradiation cell divisions—4 to 6, depending on
the cell line studied—are necessary for expression or
fixation of the transformed state. Of these, at least one
must take place in the first 24 hours post-irradiation.

212. Terzaghi and Liule [T7] investigated the in-
fluence of cell density on the transformation frequency
per surviving cell. Above 400 viable cells per dish
(about 5 cell cm™2). there was a steep decline from
plateau values of transformation observed at lower
cell densities. The authors suggested that this effect
could be the result of an incomplete expression of
transformation due to early confluence, which lowers
the number of cell divisions during exponential
growth below that necessary for full expression of
transformation [B71. B72, L26). Han and Elkind
observed, in the same cell line, a similar relationship
between the density of seeded cells and the transfor-
mation rate after x-ray and neutron irradiation [H1].
Direct cellular contact cannot operate at such cell
distances, but a diffusible mediator substance might
prevent occurrence or growth of the transformed
clones [L15].

213. Lloyd et al. [L16) experimented on co-cuitiva-
tion of transformed C3HI0T1/2 cells with non-
transformed ones. When transformed cells were seeded
at low densities, together with normal cells, at some
ratios of the two cell types (1:50 to 1:500. respectively),
expression of the malignant state could be completely
prevented. Adding non-transformed cells in greater
numbers again elicited this response. The experiment
points clearly to a very complex nature of the
interaction between transformed and non-transformed
cells, even in vitro.

214. The data by Kennedy et al. [K26] are of
importance because they throw some light on the
complexity of the phenomena leading to oncogenic
cell transformation in vitro and could modify sub-
stantially the current interpretation of this radiation
effect. These authors studied the influence of re-
suspending C3H10T1/2 cells after irradiation, once
confluence was reached. When dilutions at the time
of re-seeding were progressively increased, the number
of originally irradiated and inoculated cells per plate
decreased to very low values. In spite of that, after a
constant dose of 4 Gy of x rays, the number of
transformed foci per plate remained practically con-
stant. This indicates that the number of transformed
foci per plate is apparently independent of the number
of cells initially irradiated. It is interesting to note that
similar results were obtained when the effect of
inoculum size was studied on the appearance of
tumours, after in vitro irradiation of monodispersed

thyroid or mammary cells injected into the fat pads of
rats [G30]. These observations are in direct conflict
with the expectation that—if initiation of a cell is a
rare phenomenon—the probability of observing a
tumour should rise in proportion to the size of the
inoculum.

215. It has been suggested [K26, G30] that exposure
to radiation results in some change of the cellular state
in many or, after high doses, in all cells. Gould
postulates that initiation is not an all-or-none pheno-
menon, but that its intensity rises with dose up to a
saturation level, which is reached in C3H10T1/2 cells
at 5-6 Gy after 9Co gamma irradiation or 3 Gy of
neutrons. The change is probably transmitied to the
whole progeny of surviving cells. The nature of
initiation—genetic or epigenetic—is unknown, but the
latter would presumably be suggested by these obser-
vations. This interpretation is not easily reconciled
with the demonstrated direct involvement of DNA in
the carcinogenic process [B14, L33]. Only a second
rare phenomenon (perhaps mutation), would lead to a
phenotypically recognizable transformation at con-
fluence of C3H10T1/2 cells. The probability of this
second phenomenon should be in some proportion
with the degree of initiation.

216. A report by Hall et al. [H28] challenged the
hypothesis that commitment of irradiated cells to
the transformed state takes place at confluence. By
re-plating cultures at different times after irradiation
and testing for distribution of transformed foci
among the plates, the authors could show that
commitment takes place within | week of exposure. This
observation is in agreement with a study [B91] on in
vitro oncogenic transformation of C3H10T1/2 cells
by 78,8a-dihydroxy.9a,10a-¢poxy,7.8,9.10-tetrahydro-
benzo(a)-pyrene. The results of this study showed that
acquisition of the ability to form transformed foci
occurred within 2 days of exposure to a carcinogen.
Hall's experiments [H28] also showed that increasing
the density of cells in culture probably suppressed
expression of the transformed state. These results do
not contradict the fact that at 4 Gy of x rays the
probability of initiation per cell is close to 1. but they,
have been interpreted to challenge the postulated non-
stochastic nature of initiation [K26].

217. The presence of thyroxin in the culture medium
at a physiological concentration was shown to be
a prerequisite for transformation to occur in Syrian
hamster embrvo and C3HI10T1/2 cells [B73, G26.
G27). Thyroxin is required for protein synthesis only
within a few hours of irradiation and its action can be
reversed by an agent blocking protein synthesis, e.g..
cycloheximide.

218. Other factors were shown to enhance trans-
formation in culture during or after irradiation.
Extensive investigations were made on a well-known
promoter of in vivo carcinogenesis, the active ingre-
dient of croton oil, 12-O-tetradecanoyl-phorbol-13
acetate (TPA). By adding TPA to the cultures within
96 hours of irradiation, Kennedy et al. [K10] showed
enhancement of the x-ray transformation frequency
(or its expression) in C3H10T1/2 mouse embryo cells.

201



The effect was particularly marked after doses of
0.5-1.0 Gy. These data indicate that promoting agents
can increase the levels of x-ray-induced transforma-
tion in vitro, just as they enhance carcinogenesis in
vivo. It was also shown [K27] that the most effective
period of exposure to TPA is that of exponential
growth. However. a delay of TPA application, e.g..
addition to cultures re-seeded after confluence, did
still lead to a significant enhancement of oncogenic
transformation.

219. When TPA was added for six to seven weeks (at
0.1 ug/ml of medium) to cultures of C3H10T1/2 cells
irradiated with graded doses of x rays (0.25-4.0 Gy).
there was not only an absolute increase of transforma-
tion frequency, but also a change in the shape of the
dose-response relationship, from curvilinear (upward
concave) after x rays alone to linear (Figure XIV). The
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Figure XIV. Influence of post-irradiation incubation with the
tumour promoter TPA on x-ray transformation of mouse
C3H10T1/2 cells. O x-irradiation only; A TPA (0.1 ug/ml) added
for the entire period of expression.
[L26]

action of TPA was especially pronounced at doses in
the low and intermediate range [L26]. A very similar
effect of TPA on the shape of the dose-response
curves for x-ray-induced and neutron-induced trans-
formation of C3HI10TI1/2 cells was also seen in
another study [H22].

220. Numerous mechanisms of action for TPA have
been advocated, including inhibition of the cell-to-cell
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communication [H22, T15]: enhancement of chromo-
somal rearrangements [K28]; production of short-
lived radicals [B76); and action via mechanism of
cellular differentiation [B74, S43). Increase of cellular
proliferation is a phenomenon that often accompanies
promotion [F14], but it is doubtful whether it is at all
necessary, or sufficient [D13, K27]. The TPA promot-
ing effect is apparently not relaied to any of the
known DNA repair processes [K27].

221. Enhanced transformation of various cell lines
was also noted after addition to the medium of the
epidermal growth factor, a natural hormone-like
polypeptide [F15); bromodeoxyuridine [R30]}; high
concentrations of insulin [U29]; cortisone [K30]: and
interferone [B46). The particular batch of fetal calf
serum used may also have a profound influence on the
transformation frequency eventually observed [T11]. A
new promoter, dihydroteleocidin B, an antibiotic
derivative recently discovered, has a promoting capacity
per unit mass about 100 times higher than that of TPA
[H31]. A synergism between x rays and a food pyroly-
sate product 3-amino-1-methyl-5H-pyrido-(4-3b)indol
(Trp-P-2), itself a mutagen and carcinogen isolated
from boiled meat and fish, has also been shown
[B76] in Syrian hamster embryo cells. Hyperthermia
(43°C for 60 minutes or 45°C for 15 minutes before
irradiation) caused some increase of the x-ray-induced
transformation frequency in C3HI10T1/2 cells [C33].
The nature of most enhancing agents mentioned
above suggests that the mechanisms of action are
epigenetic rather than likely to cause structural changes
in the genome itself,

222. There are also suppressing (inhibiting) factors.
Kennedy and Little [K35] and Little [L26] described
suppression by the protease inhibitors antipain and
leupeptin. In other studies [B65, G28] it was shown
that antipain added to cultures before irradiation
enhanced the yield of transformants. while addition
shortly after exposure reduced the transformation
frequency, and addition 1 or 2 days later was
ineffective. Inhibition of radiation-induced oncogenic
transformation was also observed when inhibitors
of poly(ADP-ribose) synthesis (benzamide. 3-amino-
benzamide) were added to cultures of C3H10T1/2 and
golden hamster embryo cells [B96].

223.  An inhibition (by a factor of 3) of transforma-
tion in C3HI0T1/2 cells was observed by adding.
24 hours before exposure. a non-toxic derivative of
vitamin A, trimethyl-methoxy-phenyl, analogue of N-
ethyl retinamide (Ro-H-1430) and other retinoids
(B73]. The retinoids irreversibly suppressed oncogenic
transformation when present in culture for only a few
days after irradiation. Later addition of TPA to the
culture remained ineffective. The retinoids may act by
suppressing the carcinogen-induced progression of the
neoplastic process [B76].

224. Selenium compounds [B73], actinomycin D
[K31] and lymphotoxin [D19, E6, R44] also inhibit
radiation-induced transformation. When superoxide
dismutase was added to irradiated C3H10T1/2 cul-
tures from irradiation to expression of transformation,
the frequency of radiation-induced transformants was



greatly reduced, whether or not the drug was present
during x-ray exposure [M49]. Quantitatively, the
effects of oxygen and misonidazol upon oncogenic
transformation and cell killing of C3H10T1/2 cells are
very similar [B97].

(e) Conclusions

225. The oncogenic transformation in vitro of hamster
embryo cells and several established mouse fibroblast
lines by ionizing radiation shows numerous similarities
in respect of dose-response relationships, effects of
dose fractionation, and influence of cell density upon
transformation frequency.

226. The mechanisms of transformation are still
imperfectly understood and several methodological
questions are not yet fully resolved. The subject has
been thoroughly reviewed [B71, B76, G34, L26, Y3].
Transformation is probably a complex multi-stage
phenomenon that includes initiation, progression and
final expression of malignant foci. A number of
promoting and suppressing factors may affect the
frequency of transformation and therefore the shape
of the dose-response relationships.

227. For these reasons, analysis of dose-response
relationships for low- and high-LET radiation must,
for the time being, remain descriptive. After single
doses of x rays or neutrons, the dose-response curves
have some features in common with those seen in vivo
for many experimental tumours. For example, when
expressed per initial cell at risk, transformation shows
an initial rise of the frequency with dose, then the
curve reaches a peak and the yield declines at still
higher doses. The lower efficiency of gamma rays at
the low, as opposed to high, dose rates in cultures
established at least 40 hours before irradiation is also
in accordance with most observations in vivo. The
same applies to the RBE values of neutrons and alpha
particles, which are definitely higher than unity and
tend to decline with increasing dose. in agreement
with the general understanding of cellular radio-
biology [B11, K7]. Neutron dose fractionation upon
oncogenic transformation in vitro produces effects
that are similar to those seen recently in some—but
not all—experiments in vivo. There are, however,
differences, particularly when comparisons are made
with cells plated shortly before irradiation. The most
important is the rise of the transformation frequency
with a power of dose less than ] at intermediate doses
(< 1.5'Gy). This shape of the curve may be linked
with the enhancing effect of fractionation of x ray
doses in the same region, a phenomenon observed in
all cell lines tested so far.

228. If enhancement of transformation by fractiona-
tion applied in vivo, the complex nature of the low-LET
dose-response relationship for single doses might imply
an under-estimation of cancer induction when risk
coefficients for man are extrapolated from the inter-
mediate down to the lowest doses. Similarly, in the case
of fractionated exposure, there might be an even greater
under-estimation, owing to the enhancement produced
by dose fractionation and protraction in some trans-

formation experiments with low-LET radiation.
However. in the light of present knowledge—which is
still insufficient—such conclusions are premature, for
the following reasons:

(a) No dose-response relationship has been observed
for tumours in animals with a plateau below
1 Gy after single acute doses of x or gamma rays.
It is also quite clear that no enhancement of
tumour induction by fractionation or protraction
of external low-LET irradiation has ever been
noted at doses below ! Gy (with one possible
exception. see IV.B);

(b) The dependence of the dose-response relation-
ships on the length of the culture period before
irradiation shows that the irregular shape of the
dose-response curves and the enhancement of
fractionation in freshly plated cultures result
from irradiation of para-synchronous cells and
may therefore be considered an artifact [H37]:

(¢) The effects of low-LET dose fractionation and
protraction on established cell cultures are in
general agreement with observations related to
other effects at the cellular level (induction of
mutations, chromosome aberrations, cell sterili-
zation),

B. TUMOURS IN EXPERIMENTAL ANIMALS

229. In its 1977 report [U6]. UNSCEAR reviewed
experimental data on radiation-induced tumours, in-
cluding an examination of the dose-response relation-
ships then available. The essential conclusions were
that the peculiarities of each tumour model were such
as to prevent large generalizations. There were diffi-
culties in interpreting tumour induction curves on the
basis of simple mechanisms of action, in view of the
complex interplay of primary and secondary con-
tributing factors. With few exceptions, the data came
from observations at doses above 0.5 Gy. Data were
insufficient to define, unambiguously, dose-cffect rela-
tionships in the low and sometimes also in the
intermediate dose region.

230. With the exception of the mammary tumour of
the Sprague-Dawley rat. dose-incidence curves obtained
at high dose rates with low-LET radiation showed a
slope that increased with increasing dose, not incom-
patible with a linear-quadratic trend. With high-LET
radiation, on the other hand, dose-effect relationships
tended to be more linear and their initial slopes
showed relatively little change with dose rate and
fractionation. However, with low-LET radiation. a
decrease in dose rate led mostly to a decrease of the
oncogenic effect, following some inverse function of
the exposure time. It appeared difficult to quantify
this decrease because the shape of the dose-induction
relationships was often altered by the change in dose
rate. It was clear, however, that the sparing effect of
low dose rate or fractionation was higher for low-
than for high-LET radiation. Occasional departures
from this general scheme were attributed to the
peculiarity of the model systems tested, rather than
to real exceptions of established radiobiological
mechanisms.
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231. The National Council on Radiation Protection
and Measurements [N1] evaluated the influence of
dose and its distribution in time on the induction
curves for tumours, with different radiations and a
wide range of dose rates. The ratio of the linear non-
threshold curves fitted to the high- or to the low-dose-
rate experimental points was taken to be a measure of
the “dose-rate effectiveness factor’”” (DREF). DREF
values referring to 10 different experimental tumour
systems varied from 1.1 to 6.7, the majority of the
values clustering between 3 and 5. This analysis led to
the conclusion that in most cases the risk of low-LET
radiation would be significantly overestimated if non-
threshold linear extrapolation of the data for high-
dose-rate were applied to low-dose-rate irradiation.
Moskalev et al. [M6]1, M68] came to the same
conclusion when ‘reviewing the available scientific
literature. New data that have become available since
1977 are reviewed below.

1. Mpyeloid leukaemia

232. Robinson and Upton [R7] re-analysed part of
the _original data on radiation effects in RF mice
[U14-U16), correcting for competing risks. About
2000 male mice, irradiated with 250-kV x rays at doses
between zero and 4.5 Gy, were selected. Early causes
of death (myeloid leukaemia, M, and thymiclymphoma,
T) or late causes (reticulum cell sarcoma, L, or others,
R) were analysed separately by a non-parametric
Kaplan-Meier survival function and its logarithmic
transform (the cumulative force of mortality, cum.
F.M.). Models were set up for treatment of these two
categories, on the assumption of independence between
the various causes of death. For causes M and T, there
was a significant decrease of the latent period with
dose up to 3 Gy. When the effect of dose on the
integral tumour rate of M (which corresponds to the
cum. F.M.) was studied. the form of the relationship
for this cause of death peaked, with a maximum
between 2 and 3 Gy and a further decline up to
4.5 Gy, depending on the age at irradiation of the
animals (which was 5-6 weeks for group A and
9-10 weeks for group B) (Figure XV). The model for
fitting the experimental data was such that the
estimate of the ultimate value of the cum. F.M.
corresponded to the number of leukaemogenic cells
per animal. These were assumed to have a linear-
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quadratic dose dependence for induction, and linear-
quadratic kinetics for killing. Following Barendsen
[B7]. the authors took an a,/a; quotient of 0.5 Gy and
a f},/f> quotient of 3 Gy. The fit of the data actually
produced a f,/f}5 quotient of 2.4, which is in
reasonable agreement, considering the assumptions
involved. Tt was concluded that the data were consis-
tent with the postulated linear-quadratic dose-response
model.

233. Petoyan and Filyuskin [P22] tested another
model on x-ray- and neutron-induced (high dose rate)
leukaeniia in RF mice [U16]. The basic assumptions
of the model were;

(a) [Initiation in the bone marrow stem cells is a
two-track phenomenon. perhaps a symmetrical
chromosomal translocation;

(b) The sensitivity of initiated and non-initiated stem
cells to killing by radiation is the same:

(c) Most of mitotic cell death is due to asymmetric
chromosomal exchanges, which have a functional
dose dependence basically similar to that of the
symmetrical translocations. Therefore, the shape
and parameters of the dose-response functions
for induction of symmetrical exchanges and cell
death should be similar for a given cell line;

(d) The promoting influence of radiation is brought
about through an enhancement of mitotic activity
and, therefore, the degree of promotion should be
inversely proportional to the post-irradiation
survival of stem cells;

(e) The probability of scoring an overt malignancy
during the remaining life span is a complex
function of the “spontaneous™ incidence of a
given malignancy.

234. The parameters of the model were defined by
selecting from independent sources the survival func-
tions of bone marrow stem cells irradiated with x rays
and neutrons. The model was fitted to experimental
data on the incidence of leukaemia in the RF mouse
[U16] by the maximum likelihood method, using a
single set of two adjustable parameters; the same set
was applied to x rays and neutrons. A good fit was
obtained, by visual inspection, and the dose-response
curve showed a slight upward concave curvilinearity
and linearity of the initial ascending part of the curve
for x rays and neutrons, respectively. Linear extra-
polation from 1.5 Gy to the low-dose region would
lead to a small over-estimate of the risk for x rays. but
would be adequate for neutrons. The assumption that
the dose-response functions for the initiation and cell
killing are similar could be criticized on the basis of
available information [B9, B11]. but the postulate may
be accepted as a first approximation to reality.

235. Mole et al. [M2, M52, M64-M66] studied the
induction of acute myeloid leukaemia by x rays,
gamma rays and fission neutrons in male CBA/H
mice that have almost a zero incidence of this disease.
With little intercurrent mortality from competing
causes of death, this tumour model is also less
sensitive to systematic bias from such causes than that
on RF mice [R7].



236. Mice were exposed to one of ten doses of x rays
(from 0.25 to 6 Gy, delivered at the rate of 0.5 Gy
min~') and then followed until they died [M52, M64].
Median survival in all groups was very similar. There
was essentially no association between latency and
dose. The results were fitted to a four-term polynomial
of the generalform I = (¢, D+ a;DY) exp— (5D + 5,D?)
as well as 1o four simplifications with three or two
parameters only. All fits were acceptable in a statistical
sense (P for goodness of fit = 0.34-0.44), but only two
equations had all parameters positive and significantly
larger than zero (p < 0.05). These were: [ = a;D e~#:D*
and 1= @,D? e"#1D, The former was rejected on the
ground that cell survival depending solely on the
square of dose is normally not found. The observed
incidence could best be fitted by the latter relation-
ship, as shown in Figure XVI. In another recent study
of the induction of myeloid leukaemia in CBA male
mice by whole-body x irradiation (250 kVp, HVL
1.5 mm Cu) [D3], the age-corrected incidence after
doses of 1, 3, 5 and 7 Gy was essentially super-
imposable on the data by Mole [M52] (see Figure
XVI). A purely exponential survival for haemopoetic
cells is probably a simplification of reality, but
survival curves for bone marrow stem cells usually
show only a small shoulder at low doses. For in vivo
irradiated bone marrow stem cells McCulloch and Till
[M16] found Dy = 0.95 Gy and n = 1.5. Mean values
for 17 measurements of Dy for spleen-colony-forming
units in different mouse strains irradiated in vivo with
x rays were in the range 0.95-1.61 Gy [H32]. The value
of f; (0.7-0.11 Gy™!) found by Mole [M52] is com-
patible with this range.

237. A contribution of a dose-linear term (a;D) to
the dose-response relationship in Figure XVI cannot
be excluded on purely statistical grounds. The a,/a,
quotient estimated for the complete four parameter
model was negative, but the upper 95% confidence
limit was 1.29 Gy: and therefore, values of 0.3-0.5 Gy
cannot be excluded as very unlikely. Moreover, when
the data were tested on three models with a number of
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adjustable parameters greater than two. one or two of
the parameters were always insignificant. From the
simplified two-parameter models. one had to be
chosen on the basis of additional information, and
this implies a constraint a posteriori even if none had
been chosen a priori. In summary, it appears that
complete parameters for cell initiation and survival
cannot be estimated, independently and simultaneously,
solely from the data. However, when a likely shape of
the survival function is assumed, the kinetics of
initiation for low-LET radiation appears. in this case
[M2. MS2, M64], to be concave upwards with a
pronounced D? component.

238. Induction of myeloid leukaemia in CBA/H
mice was also studied after brief (0.25 Gy min~}) and
protracted exposure to %Co gamma rays (1.5, 3.0 and
4.5 Gy) [M65]. Protracted exposures were delivered
either as daily fractions (0.25 Gy min~!, 5 days per week
for 4 weeks) or at a constant rate of 0.004-0.11 mGy
min~!. The latter two modes of exposure did not differin
their effectiveness and gave a rather constant response
at 5-6% incidence for doses above zero. The shape of
the dose-response curve is very similar to that observed
for leukaemias induced by fractionated x-ray treat-
ment for ankylosing spondylitis [S49]. The response
after acute irradiation was higher by a factor of 2.2,
2.8 and 5 for the three doses. respectively. The most
effective gamma-ray dose for leukaemia induction was
higher than that of x rays.

239. Irradiation of CBA/H male mice with fission
neutrons was performed at high rate (exposure times,
2-20 minutes) with 7 air-midline kerma values in the
range from 0.02 through 2 Gy [M66]. The observed
incidence of acute myeloid leukaemia was fitted by the
equation [(D)=(4.5+1.25) 107!D e~(101=028D
(P=10.25). Neither a purely linear model without
correction for cell killing, nor the dose-squared model
that fitted the x-ray data, could be satisfactorily
interpolated to the neutron data (P for goodness of fit
in either case < 10™9),
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Figure XVI. Dose-response relationship for Incidence of myeloid leukaemia after brief exposures
of male CBA mice to 250-kVp x rays. Closed circies, data from Mole [M52]; Open circles, data
from D! Majo et al. [D3].



240. In experiments by Ulirich and Storer [U20],
specific-pathogen-free (SPF) RFM/Un mice of both
sexes were irradiated at 10 weeks of age with 137Cs
gamma rays at 0.45 Gy min~!, with doses ranging
from 0.1 to 3 Gy. Myeloid leukaemia was less frequent
in the females, in which the age-corrected incidence
reached significance over the control level at 1.5 Gy.
Although both a linear and a linear-quadratic model
provided a satisfactory fit to the data (P> 0.5
and > 0.8, respectively), the dose-squared component
was not significant and linearity predominated between
zero and 3 Gy.

241. In male mice, the incidence was significantly
higher than control, even at 0.5 Gy, and the form of
the relationship was similar to that in females: it could
be described cither by a linear (P> 0.5) or a linear-
quadratic model (P> 0.35), with a very small and
non-significant dose-squared term. The ratio of the
linear slopes for the two sexes indicated that males
were more susceptible by a factor of about 5. Low-
dose-rate (0.083 Gy per day) gamma exposure [U3]
was very much less effective in inducing myeloid
leukaemia in the female mice; no significant increase
above controls could be reached even at 2.0 Gy. After
acute and chronic neutron irradiation, the incidence of
the disease was very low and did not permit any
detailed study of dose-response relationships. In either
case, the peak incidence was observed at 0.47 Gy, but
the results wgre not significantly different from con-
trols (p > 0.05).

2. Thymic lymphoma

242. Ullrich and Storer [U2, U3, U5, U20] studied
the dose-response relationship and dose-rate effects
for 137Cs gamma rays and neutrons in SPF 10-week-
old RFM/Un mice. The response was assessed as age-
corrected incidence, standardized to the distribution
of the age at death of control animals. In females,
thymic lvmphoma was efficiently induced by gamma
rays at 0.45 Gy min~!; the incidence was significantly
higher than in controls in all groups receiving 0.25 Gy
or more. No simple model could describe the response
over the entire dose range (0.1-3 Gy). There was a
steep rise in the region below 0.5 Gy, followed by
a shallow rise at higher doses. Over the range of
0-0.25 Gy (three points). a dose-squared model pro-
vided an adequate fit and linearity could be rejected
(P < 0.06). From 0.5 to 3 Gy the increase in incidence
with dose was compatible with linearity.

243. In males, the significance of the difference
above controls was reached only at 1 Gy. A linear
model provided a satisfactory fit over the entire range
of gamma-ray doses (0.1-3 Gy; P> 0.4). Over 0-1.5 Gy,
both a linear and linear-quadratic equation (with D?
coefficient not significant) provided a very good fit to
the data (P > 0.95 and > 0.80, respectively). Thus, in
males the dose-response relationship for acute gamma
rays was predominantly linear over the entire dose
range.

244, Lowering the dose rate to 0.083 Gy per day
considerably decreased the incidence of thymic
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lymphoma in the females and changed the form of the
curve from quadratic followed by linear to linear-
quadratic with a negative linear component. Simple
linearity could be rejected (P < 0.001). It is quite clear
that in the RFM mouse, after low-LET exposure,
there is no suggestion of the threshold-type response
found by Kaplan and Brown [K33] in C57Bl mice. In
these older data there was a statistically verified
threshold in the dose-response relationship. As may be
seen in Figure XVII (kindly provided by G. Walinder),
fractionation of the dose into 1, 2, 4 or 8 fractions
with one-day spacing, is without effect upon the
incidence of the lymphoma. When plotted against
exposure (cither simple or fractionated) the incidence
may be fitted by a linear function of the form
I=aD—b wherea=0.112, and b=—21.6 (significantly
different from zero); the coefficient of correlation is
very high (0.903).

245. In experiments by Maisin et al. [M62]. 12-week-
old male BALB/c mice were exposed to single or to
fractionated doses of '¥’Cs gamma rays (10 equal doses
separated by | day)in the dose range from 0.25t0 6 Gy.
The dose-response curve for thymic lymphoma was of a
threshold type, the actuarial incidence rising above
control only at 4 and 6 Gy. Single doses were more
effective at 4 than at 6 Gy.

246. Other data on thymic Iymphoma induction by
xrays in neonatal (C57B1/6 JNrs X WHT/HC) F; mice
were reported [S48]. Even though the incidence in
females and males at three exposure points (200. 400 and
600 R) could be fitted to a linear-quadratic equation
with a negative linear term (P> 0.80), the data
adequately fit a threshold-type response such as that
presented in Figure XVII for the C57BI mice.

247. Fast neutrons (acutely delivered doses at 0.05
and 0.25 Gy min~! and chronic doses at 0.01 Gy per
day, with total doses between 0.1 and 3 Gy) induced
thymic lymphoma in female RFM mice [US]. In the
range 0.25-0.5 Gy, the RBE with respect to high-dose-
rate '37Cs gamma rays was between 3 and 4. For acute
neutron exposures, the dose-response curve was concave
downward. In the range 0-0.94 Gy, linearity could be
rejected (P > 0.001) and a good fit was obtained with
the square root of the dose (P > 0.8). Up 10 0.47 Gy, a
linear fit was satisfactory (P>>0.75). For chronic
neutron exposure, a linear fit adequately described the
curve over the 0-0.94 Gy range (P > 0.8); and the loss
of effectiveness over the acute exposures amounted to
about 30%. However, there was a decrease of sus-
ceptibility to thymic lymphoma upon acute exposure
with increasing age, so that the lower efficiency of the
low-dose-rate exposure may in part be due to this
latter factor alone. The RBE of acute neutron exposure
relative to gamma rays varied proportionally to the
inverse square root of neutron dose.

248. Induction of thymic lymphoma was also studied
in male BALB/c mice irradiated at the age of 12 weeks
with d(50)Be neutrons (modal energy about 23 MeV)
[M63] at doses from 0.02 to 3 Gy. The actuarial
incidence of thymic lymphoma fitted the same sigmoidal
threshold-type curve found for 37Cs gamma rays [M62].
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Figure XVII.

Crude incidence of thymic lymphoma in C57BI mice given single and fractionated

x-ray doses at 1 day interval [K33). Rhombard symbols represent the crude incidence of thymic
lymphoma in neo-natal (C57B1/6 JNrs x WHT/Ht) F, mice {548].

3. Other reticular tumours

249. The so-called mouse reticulum cell sarcoma is a
group of neoplasms showing a decline of the incidence
with dose after whole-body x irradiation [C19, K25,
U3, US, U20]. Ullrich and Storer [U3, US, U20]
studied the age-corrected incidence of reticulum cell
sarcoma among SPF RFM/Un male and female mice
irradiated with gamma rays (0.45 Gy min~' or 0.083 Gy
per day) and in RFM/Un female and BALB/c mice
irradiated with fast neutrons (0.05, 0.25 Gy min~! and
0.01 Gy per day). All treatments produced a decrease
of reticulum cell sarcoma with dose, neutrons being
more effective than gamma rays, and chronic exposures
less effective than acute ones. The difference between
acutely and chronically delivered gamma rays was more
pronounced than that for neutrons. There was a clear,
inverse relationship between the increase of thymic
lymphoma and the decrease of reticulum cell sarcoma.
suggesting some link between various radiation-induced
reticular neoplasms which could greatly affect the
observed dose-response curves.

250. Male mice (C57BL/Cne X C3H/Cne)F, hybrids
received lethal whole-body irradiation (9 Gy) and
were rescued from early death due to haematological
failure by a homologous bone-marrow graft {C18]. In
these mice, the spontaneous incidence of reticulum cell
sarcoma of about 50% is reduced in irradiated
survivors to a few per cent. Shielding of a part of the
marrow during exposure affords a similar protection
against early post-irradiation death and effectively

depresses the incidence of the tumour. It was suggested
that whole-body irradiation sterilizes cells from which
these neoplasms originate [C18, C19] and that the Dy
for these cells is similar to that for the bone-marrow
stem cells [M20].

251. Further studies {M20] showed that in vivo
irradiation of the bone-marrow graft with doses of
2 and 4 Gy of x rays before transplantation into hosts
given whole-body irradiation (9 Gy) provides the same
protection against early death, but leads to a signi-
ficantly elevated incidence of reticulum cell sarcoma
in animals given irradiated marrow. The incidence
expressed per number of injected marrow cells rises
with dose, amounting to 1.65 107%, 1.90 1078 and 2.38
10~8 tumours per cell irradiated with 0, 2 and 4 Gy.
When related to the number of injected surviving stem
cells, the incidence rose steeply from 4.3 1073 through
9.7107%and 6.4 1072 at 0, 2 and 4 Gy. respectively. It
is an unproved assumption that the tumours originated
from these cells. If this hypothesis could be accepted,
the dose-response would display a pronounced cur-
vilinearity (concave upwards), the effect rising with a
power of dose appreciably greater than 1. and even
the presence of a threshold dose could not be rejected.

252. In the same animal model, studies [M19] were
made on whole-body irradiated mice with shielding of
one or two hind legs, from which shielding was
removed for a variable fraction of irradiation time.
thus exposing some of the protected marrow in situ to
graded doses of x rays up to 8 Gy. The observed
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incidence of reticulum cell sarcomas increased in these
mice to a maximum at about 5 Gy and then declined
with further increase of the dose. The final incidence
of these neoplasms in all experiments with exogenous
and endogenous bone-marrow protection is plotted in
Figure XVIII, showing in all instances a curvilinear
(upward concave) rise with x-ray dose. The form of
these relationships is similar to that observed for
many other radiation-induced tumours in animals
irradiated in vivo.
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Figure XVill. Final Incidence of reticulum cell sarcoma as a

tunction of dose under three different experimental conditions:

(a)} whole-body irradiation (wb); (b) shielding of one {1sh) or two

(2sh) hind legs; (c) syngenic bone marrow transplantation (exo).
[M19]

4. Tumours of the thyroid

253.  An extensive study of thyroid tumour induction
by 250-kVp x rays and 3!l in about 3000 6-week-old
female Long-Evans rats was reported by Lee et al.
{L29]. The study aimed at comparing the effectiveness
of the two radiations delivered at different dose rates
(2.8 Gy min™! for x rays; the maximum dose rates for
1311 in individual groups were estimated at 0.17, 0.69
and 1.6 mGy min™!). Local doses of x rays to the
thyroid were 0.94, 4.1 and 10.6 Gy. Total doses
delivered by 31 were estimated at 0.8. 3.3 and 8.5 Gy.
The role of pituitary irradiation in the induction of
thyroid cancer was also explored by delivering doses
of 4.1 Gy of x rays to the pituitary alone. or to the
thyroid and the pituitary together: findings were
negative in this respect.

254, Tumours included were those that appeared
lIater than 6 months in rats dying before the age of
26 months and in animals sacrificed at 24 months. The
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results were given as incidence corrected for the
slightly cnhanced mortality of irradiated versus control
rats. Data on tumour multiplicity and on tumours per
animal were not presented.

255. A least square fit yielded the following func-
tions describing the dose-response relationships
(Figure XIX):

(D)= 7.47 1079 (D + 10)%6338 for x rays
(D)= 1.78 1073 (D + |0)0.5348 for 131

where D is the dose given in rad (0.01 Gy). The expo-
nents were significantly lower than unity (p < 0.001).
indicating that the incidence of thyroid carcinomas in
these rats rose with approximately the square root of
the low-LET dose. Thus, there was no difference in
the effectiveness of the two radiations over the
observed range of doses, but a lower effectiveness of
B3I per unit dose (up to a factor = 3) could not be
excluded on statistical grounds [N10].
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Figure XIX, Incidence of thyrold carcinoma as a functlon of

mean thyroid dose from injected iodine-131 and localized
x Irradiation, Error bars are estimates of the 95% confidence
limits,
[L23])

256. For adenomas, the two dose-response relation-
ships were slightly different (p < 0.01) and when fitted
by exponential equations they assumed the following
forms:

I(D) 0.0245 exp (0.00207 D) for x rays
I(D) 0.0240 exp (0.00123 D) for 1311,

where D is the dose in rad (0.0! Gy). At no dose point
was there a significant difference between the effect of
the two radiations. However, dueto the large variability
of the observations. some difference in the effectiveness
could not be excluded. Control incidence of medullary
tumours was not affected by either radiation.

I

il

257. The downward concavity of the dose-incidence
curve for carcinomas was attributed to killing of
initiated cells. If an in vivo survival curve of thyroid



follicular cells with Dq=4.9 Gy and Da=4.5Gy is
assumed [D15. M51], then the dose-response curve for
initiation of carcinomas or adenomas in this experi-
ment may be expected to rise with a power of dose
either close to or greater than unity. The slope of the
initial portion of the dose-incidence curve for car-
cinomas was estimated at 1.9 1072 Gy™!, which is
close to the estimate for humans [S60].

258. The presence of a strong linear component in
the relationships is suggested by the absence of a clear
dose-rate effect, at least in young animals. This
observation contradicts previous findings (reviewed in
[D16. W12]) that, per unit dose, x rays are more
efficient for thyroid tumour induction than '3'I. The
study reviewed here [L29] differs from the older ones
in two important aspects: first, the range of doses is
below 10 Gy. and thus cell killing and other non-
stochastic effects would not be expected to prevail:
second, the number of animals used is large and gives
the study good statistical credibility. Nevertheless. the
findings refer only to one sex of one particular strain
of rats. These experiments do not support the sugges-
tion {R29] that irradiation of the pitwitary gland may
give rise 1o increased incidence of thyroid cancers in
children irradiated for treatment of tinea capitis.

5. Mammary tumours

259. The age-corrected incidence of mammary ade-
nocarcinomas was studied in SPF female BALB/¢c
mice after high- and low-dose-rate exposure to gamma
rays [U3. U25] as well as to high-dose-rate. low-dose-
rate and fractionated exposures to fission neutrons
[U4. U25, U26]. After acute gamma-ray exposure
(doses 0.1-2 Gy) the incidence increased rapidly over
the range 0-0.25 Gy, with a rather irregular plateau
appearing at higher doses. The irregular response was
consistent with the models (D) = 7.7 + 35 D + 150 D?
(P>0.4) for the high dose rate and with
(D)= 7.7+ 35 D (P> 0.4) for the low dose rate, in
accordance with the linear-quadratic model. Ramzaev
et al. [R1] described a *‘supra-linear’ response for
induction of mammary adenocarcinoma in mice irra-
diated over ten generations through constant feeding
of 137Cs and Sr.

260. Acute irradiation of BALB/c mice with fission
neutrons (0.05-0.25 Gy min~!) [U25] yielded a dose-
response that was downward concave over the range
0-0.5 Gy (the lowest dose being 0.025 Gy) and would
be poorly described by a linear model. A good fit was
obtained by a model I(D)= 7.9 +27 /D (P> 0.85).
In the range 0-0.1 Gy. the response could be well
fitted by a linear model [(D)=7.9 + 114 D.

261. When fission neutron exposures were split into
two equal fractions delivered 24 hours and 30 days
apart [U26], there was no difference with respect to
the single dose-response for the 24-hour interval, but
for the 30-day interval there was an increase of about
30-40% only for the highest dose tested (0.5 Gy). In
the latter case. the curve was still bending over in the
range 0-0.2 Gy. Protracted irradiation (0.01-0.1 Gy
per day) led to a significant enhancement of the effect

relative to the acute exposure, and over the whole
range of doses. This was interpreted either as a
promoting effect or as stimulation of progression of
the growth of malignant clones. The maximum RBE
of neutrons was 33; this was calculated as a ratio of
the linear slope for the gamma and neutron curves
(for single irradiation at low dose rates).

262. Two-month-old female, Sprague-Dawley rats
were followed by Shellabarger et al. [S37] for their
entire life span after single exposures to 250-kVp
x.rays (0.28, 0.56 and 0.85 Gy) and 430-keV neutrons
(0.001, 0.004, 0.016 and 0.064 Gy). The animals were
observed for appearance of adenocarcinomas and
fibroadenomas. In all irradiated groups the tumour
rate increased steeply with age and the effect of
irradiation could be described as a forward shift in
time of the spontaneous age-specific tumour rate.

263. The response was expressed separately for
carcinomas and adenomas as mortality-corrected prev-
alence and cumulative tumour rate [R(1.D)]. The
fibroadenoma and total mammary tumour responses
were approximately proportional to x-ray dose over
all times, while neutrons produced a downward
concave relationship. rising with a power of neutron
dose less than unity. The increase in R(1,D) was
significant even at | mGy of neutrons and the forward
shift of the prevalence. corrected for age-specific
mortality, caused by this dose was equivalent to
35 days. The R(t.D) for fibroadenomas at 800 days
was less curvilinear than at | year after exposure. The
distribution of tumours was non-random among the
animals (over-dispersion was noted relative to Poisson
distribution). The response for adenocarcinomas was
statistically uncertain, owing to the small number of
tumours involved, but linearity is the best approxima-
tion to the dose-response relationship.

264. In this study [S37]. the RBE varied roughly
with the inverse square root of the neutron dose. At
the highest doses studied it exceeded 10: at the lower
end of the dose scale, it approached a value of 100.
The implications of these observations were already
discussed in chapter II.

265. In other experiments [V9]. female Sprague-
Dawley rats were acutely exposed whole-body to
fission neutrons. or to protracted doses of 0.02. 0.06
and 0.5 Gy (over 242 hours in one month). The
prevalence of mammary tumours at 10 months after
exposure increased, relative to single irradiation. at all
doses tested. Protraction of gamma-ray exposures
(150, 300, 450 R) in a similar pattern reduced
significantly the prevalence seen after corresponding
single exposures. The RBE values for neutrons,
measured at 20% prevalence, were 16 and 68 for acute
and chronic irradiation, respectively.

266. Breast tumours (histology not specified) in
young female Sprague-Dawley rats were studied [G35]
after acute (over one hour) and chronic (over 10 days)
x irradiation, as well as after internal irradiation by
tritium, administered as tritiated water (75 and 90% of
total dose delivered over 10 and 20 days, respectively).
The doses of 200-kVp x rays varied from 0.29 to 2 Gy,
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and those of tritium from 0.5 to 4 Gy. The competitive-
risk-corrected tumour rate was calculated up to 450 days
after the start of exposure and the integral values were
linearly related to dose for all three irradiation modes.
The effectiveness of tritium per unit dose did not
differ from that for the chronic x-ray exposure. The
latter produced effects similar to those of acute
exposure at 0.6 Gy, but was 25-30% less effective at
about 1.8 Gy.

267. X-ray-induced and neutron-induced (0.43 MeV)
mammary tumours were studied in weanling, virgin
female ACI rats [S52], irradiated at 88-89 days. The
doses for x rays ranged from 0.17 to 3 Gy and for
neutrons from 0.01 to 0.36 Gy. The animals were
irradiated either 2 days after implantation of a pellet
containing 5 mg of diethylstilbestrol (DES) or without
prior hormonal treatment. Fibroadenomas and adeno-
carcinomas were diagnosed histologically and recorded
separately. DES greatly increased the incidence of
spontaneous and radiation-induced adenocarcinomas
in this strain, which has a low spontaneous incidence
of mammary neoplasms. Significant excess prevalence
was detected in DES-treated rats even at the lowest
neutron dose; for x rays. the significance occurred at
0.17 Gy. The RBE varied inversely with the square
root of the dose and approached a value of 100 at the
lowest end of the range.

268. Appearance of tumours in rats not treated with
DES was followed, on the average, to about 750 days
after irradiation. For x rays, the cumulative tumour
rate at 600 days (for the sum or for each type of
tumour separately) rose almost linearly with the dose.
The same applied to adenocarcinomas after neutron
irradiation, but for fibroadenomas a downward con-
cave relationship could not be excluded. The RBE of
neutrons for the sum of tumours tended to decrease
with dose over the range of doses tested, but did not
vary much from an average value of 10. The length of
tumour-free life lost due to the sum of benign and
malignant tumours was a linear function of dose, for
both x rays and neutrons, and for the whole range of
doses tested.

269. When non-inbred female rats were irradiated
externally, with single, increasing doses of ff rays from
a 9Sr + %Y source, the rise of the crude incidence of
mammary carcinoma was linear with dose. up to 4 Gy
[M68, M71]. These animals were also irradiated,
starting at the age of 8 weeks. singly, with doses
of 16 Gy (from the published text it appears likely that
the doses refer to the surface of the body): daily
(5 days a week) at 0.8 Gy per day for 4 weeks; or once
every two weeks with 0.8 Gy over a period of
39 weeks. The observed life shortening differed signi-
ficantly from the control value. but not between
groups with various irradiation schemes. There was an
obvious acceleration of the appearance of mammary
tumours after irradiation, and the fractionated schemes
were slightly less effective, although this difference
could be accounted for by the fact that, on average,
the fractionated exposures were delivered somewhat
later in life. The crude incidence over lifetime was
elevated in all irradiated groups to 100% from 40% in
controls. This experiment [M71] supports the notion
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that fractionation of low-LET radiation has little
effect upon the incidence of mammary tumours in
rats.

270. Other authors reported that mammary tumours
were also induced in female Sprague-Dawley and in
WAG/R]j rats by x rays, and by monoenergetic 0.5-
MeV and 15-MeV neutrons [B86, B92]). There was no
evidence that a virus played any role in mammary
carcinogenesis in these animals. The rats were 8 weeks
old when irradiation was started with fractionated
doses or given as single doses (absorbed doses in the
glands). They were kept untl their death. and the
frequency of fibroadenomas and carcinomas was
based on histological examination,

271. The probability of animals surviving without
evidence of a tumour was calculated according to the
Kaplan and Meier life-table analysis. Weibull func-
tions were fitted to these data and showed that
irradiation caused an acceleration in the appearance
of fibroadenomas and carcinomas in both strains of
rats. X-ray fractionation (10 X 0.2 Gy at one-month
intervals) in WAG/Rij rats was marginally less effec-
tive, in respect of the appearance time of mammary
carcinomas. than a single dose of 2 Gy. Fractionation
of 0.25 Gy of neutron into 10 equal fractions at one-
month intervals was also without a significant effect
relative to 1 X 0.25 Gy,

272. When dose-response relationships were calcu-
lated from actuarial incidence data at 95 weeks of age,
the results for carcinomas in WAG/Rij rats for x rays
and 0.5 MeV neutrons showed such a wide scatter as
to preclude unequivocal inferences about the character
of dose-response relationship. For fibroadenomas
(Figure XX) the response for x rays (0.25-4 Gy) was
proportional to dose. The response for 0.5 and
15 MeV neutrons (0.025-0.8 or 1.6 Gy. respectively)
showed a saturation effect. In Sprague Dawley rats,
the actuarial incidence of fibroadenomas showed
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saturation effects at high doses of all radiations. The
RBE of neutrons was much lower than that observed
in other studies on the same strain [S37, S$52].
Carcinomas were so rare that no dose-response
relationship could be established.

273.  When the prevalence of mammary adenocarci-
nomas was studied at 10 months after x-ray exposure
(200 R) in female Sprague-Dawley rats irradiated as.
young virgins or as pregnant, lactating or post-
lactating animals [H23], no effect of the physiological
state upon the incidence could be found. This result is
at variance with the age-effect seen in women (see
chapter V),

274. Numerous studies show that several factors may
influence the development of radiation-induced
mammary tumours in various strains of rats. Some of
these studies were considered in annex L of the 1982
UNSCEAR report [U24]. A strong influence of
genetic factors on neutron-induced mammary carcino-
genesis was reported by Vogel et al. [VI0]. After a
single dose of 0.5 Gy from fission neutrons. the
highest (56%) prevalence at 1 year after exposure was
seen in Sprague-Dawley and Long-Evans females; the
lowest (5%) was observed in Wistar, and an inter-
mediate one (25-29%) in Buffalo and Fischer-344 rats.
Wide variation in susceptibility to mammary tumour
induction was also found by Broerse et al. [B86, B92]
for Sprague-Dawley. WAG/Rij and BN/BiRjj rats.

6. Lung cancer

275. Lungadenocarcinomas were inducedin BALB/c
female mice by gamma irradiation at 0.45 Gy min™!
and at 0.083 Gy per day in the dose range 0.1-Z Gy
[U2, U3, U25]. After acute exposure, the age-corrected
incidence could be related to dose by a linear
[[((D)=10.9+ 11 D: (P> 0.7)] or a linear-quadratic
model [I(D)=11.9+4.1 D+4.3 D2 (P>0.7)]. At
low dose rate, the dose-response relationship was
linear with the same slope [I(D)=125+43 D
(P > 8)] as at high dose rate in the linear-quadratic
model. This model, therefore, seems to describe
adequately the response in question.

276. After single acute exposure to fission neutrons
(doses 0.025-2 Gy; 0.05-0.25 Gy min™!), the relation-
ship was downward concave with a maximum at
0.5 Gy [U25]. Over the range 0-0.5 Gy the data were
consistent with a square-root model [(D) = 13.6 + 29
VD (P> 0.7)]. A linear model could not be rejected
but was obviously unlikely. In the ranges 0-0.2 Gy, the
data were fitted by a linear model [I(D) = 14.7+ 76 D
(P> 0.7)]. When the doses were split into two equal
fractions. no difference was seen for 24-hour frac-
tionation [U26}. A slight increase of the incidences
was noted for 30-day fractionation, but only at the
highest dose of 0.5 Gy. For this irradiation mode the
dose-response became practically linear up to 0.5 Gy.

277. Protracted neutron irradiation (8.3 1073 Gy per
day and 8.3 1076 Gy per day) was more effective than
the high-dose-rate exposure and, as in the case of
30-day fractionation more nearly linear over the

entire dose range [U26]. Higher effectiveness for
0.5 Gy at chronic and at 30-day fractionated exposure
is unlikely to result from repair of sub-transformation
damage, as no repair was seen for fractionation over
24 hours. The effect was attributed to repopulation of
alveolar target cells. The maximum RBE of neutrons
from the ratio of the linear slopes at low doses was
18.5. When derived from the square root of the dose
model, it equalled 70.7/) D,.

278. Chmelevsky et al. [C34] analysed the induction
of lung carcinoma in male Sprague-Dawley rats which
were 90-days old at the start of an exposure to radon
in equilibrium with its short-lived daughter products.
The radon concentrations and the duration of daily or
weekly exposure were varied. The total duration of the
inhalation period was kept within one to six months.
The dose was defined as a product of potential alpha
energy concentration and exposure time, and expressed
in working level months (WLM?¢): the range of dose
covered zero to 14,000 WLM delivered at various
rates.

279.  Animals were studied at death for the presence
and histology of lung neoplasms. In this species, lung
cancer is almost never a cause of death: therefore
independence between disease and death could be
assumed and the data could be treated as fully
censored. The prevalence of neoplasms as a function
of time was estimated for each exposure group by
non-parametric methods in the form of a monotonically
increasing function (by a most-likelihood fit). Three
models were selected for fitting prevalence 1o dose: a
time shift, an acceleration, and a proportional hazard
model. The fit of the data to all three models was
equally good: none could be discarded on statistical
grounds.

280. The crude and mortality-corrected incidence of
lung carcinomas was calculated from the prevalence
function up to 900 days. The results of the actuarial
incidence are shown in Figure XXI. The initial slope
(beiow 1000 WLM) is practically linear in both cases.
When the incidence was fitted to a function of cumu-
lative exposure E of the type I(t;E) = K EP, the para-
meters obtained at t = 850 days were: K = (3.4 1.4)
107% and p = 0.92 + 0.07. When linearity was assumed
to apply over this range of exposures, the proportion-
ality coefficient was (2 + 0.5) 107* per WLM. Perhaps
by accident, these values are very similar to those found
for man (chapter V). At doses above 3 103 WLM, the
response flattens off. At doses above 4 103> WLM, the
exposures at high dose rate > 1600 WLM per month)
are less effective in inducing tumours than those
delivered at lower rates. The data do not suggest a
threshold, which. if present, would have to be much
lower than 65 WLM. The character of the dose-
response relationship is basically similar to that seen

€The concentration of potential alpha encrgy of short-lived
radon-222 daughters is sometimes expressed in units of Working
Level (WL). This level corresponds to any mixture of these
daughters which, upon complete decay, will emit alpha particles
with total energy of 1.3 105 MeV per litre of air (2.08 1073 J m™3).
The Working Level Month (WLM) corresponds 1o exposure to a
mean concentration of 1| WL for the reference period of 170 hours.
1 WLM =170 WL hours = 2.2 104 MeVhm~3=3.510"3J h m~3,
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[C34]

in uranium miners (chapter V), The loss of tumour-
free life (the so-called “‘effect period™ [U6]) was also
studied in these rats as a function of cumulative
exposure, Agreement between the models is less close
than for the mortality-corrected incidence; however,
linearity seems to prevail up to 1-2 103 WLM.

281. The actuarial incidence of lung carcinomas was
studied [C38} in Sprague-Dawley rats, after whole-
body irradiation with fission neutrons. and evaluated
by methods of analysis similar 10 those described for
radon-induced cancers [C34]. The neutron doses
ranged from 0.012 to 8 Gy. The doses up to 2.3 Gy
were delivered within 1 day and the higher doses were
protracted over periods from 14 to 42 days to secure
early survival of the animals. The time-related prev-
alence of pulmonary cancers was fitted to shifted-
time and accelerated-time models and an actuarial
incidence was calculated which did not depend upon
the model chosen (Figure XXII). The dose-response
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Figure XXIl. AdjustedIncidence of lung carcinomas in neutron-
irradiated male Sprague-Dawley rats.
[C38]
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relationship could be linear up to about 0.5 Gy. At
higher doses, the curve does flatten, but does not
decrease (actually, the absence of a decrease is due to
correction for life shortening). In the low-dose range,
the efficiency of neutrons versus radon in inducing
pulmonary carcinomas exceeded 3 WLM/mGy. At
higher doses, it was lower. Recalculation of this ratio
in terms of lung doses, rather than exposures, indicates
that the efficiency of neutrons, relative to alpha
particles, is about 14 when expressed in terms of the
bronchial dose and about 2 in terms of dose to the
pulmonary parenchima [T3].

282.  An exhaustive review of lung cancer induction
by inhalation of various radionuclides in different
animal species was compiled by an ICRP Task Group
and published as ICRP Publication 31 {13]. When the
data from various experimental series were combined
for an analysis of dose-response relationships a very
wide scalter was apparent. Whereas for various alpha-
emitting transuranic nuclides a linear fit to the data
did not appear unreasonable, a linear dose-response
rclationship did not adequately describe the experi-
mental points obtained for beta and gamma emitters.
For these an upward concave dose-response relation-
ship was typical.

7. Lung adenomas

283. Induction of benign lung adenomas in RF mice
was studied [Y1] by locally-delivered, acute doses of
x rays of between 2.5 and 15 Gy. The dose-response
curve for tumours recorded 12 months thereafter,
when plotted on a log-log scale. had a slope of 1
below 7.5 Gy and a steeper increase of the tumour
yield at higher doses. In terms of a linear-quadratic
model, this would imply induction of tumours by
single-track kinetics in the lower portion of the curve



and two-track kinetics in the sieceper region of the
relationship. A split-dose experiment with fractiona-
tion intervals of 24 hours confirmed that the number
of adenomas per animal was lowcred by fractionation,
but only above 7.5 Gy, where repair of interacting
lesions would. theoretically, be expected.

284, Induction of lung adenomas by localized irradia-
tion of the thorax with 300-kVp x rays and fast
neutrons was also studied in 10-12-week-old female
SPF RFM/Un mice [U21]. After 0.5 Gy of neutrons,
the number of tumours per mouse at 6 months did not
increase further and it was assumed that by 9 months
it should have been complete. The doses of x rays
ranged from | to 9 Gy and of neutrons from 0.05 to
1.5 Gy. The level of mortality did not influence the
results substantially. For acute x irradiation, linearity
could be excluded and the dose-response curve could
be described by: (a) a linear-quadratic model with an
initial negative linear slope (P>>0.90); and (b) a
threshold model of the form P(t:D) = ¢ + a (D — D*)?
(P > 0.99). where D* is the threshold dose. estimated
to be 2.47 Gy. For neutrons, the average number of
adenomas per mouse rose about linearly to 0.25 Gy.
peaked at 1 Gy, and then declined by a factor of
about 2 toward 1.5 Gy. Over the range 0-0.25 Gy, the
rise was approximately linear (P> 0.50). A propor-
tionality to /D could be rejected over this range
{P<0.05). Also a linear threshold model with threshold
dose at about 0.07 Gy described the response within
the range 0-0.25 Gy very well (P> 0.99). For the
linear model, the RBE of neutrons increased from a
value of 25 at 0.15 Qv neutrons 1o one of 40 at
0.01 Gy.

285. Splitting of the dose of either radiation into two
equal fractions separated by 24 hours or 30 days was
also tested [U22]. Under these conditions, there was a
reduction in tumour yield for x-ray doses above
4,0 Gy, and the response tended to become more
nearly linear. There was no difference between responses
with doses split by 24 hours or 30 days. Recovery was
complete by 24 hours, and amounted to 50% of the
initial effect, After split neutron irradiation. no recovery
could be seen. Linearity for all data combined over
the range 0-0.25 Gy could not be rejected (P> 0.8),
but better fits were obtained with a dose-squared
mode! (P> 0.99) or with a model using a threshold
dose at about 0.054 Gy. If it is accepted that decline of
the tumour yield at high doses reflects killing of
potentially transformed cells. then linearity over the
range 0-0.25 Gy becomes rather improbable, as already
discussed in chapter 1l. However. an alternative
explanation of the slight upwards concave curvilinearity
in the 0-0.25 Gy range could be a possible inverse
relationship between latency and dose.

8. Ovarian tumours

286. Induction of ovarian tumours by x rays and
neutrons was studied by Ullrich et al. [U2] using SPF
RFM mice. An acute gamma-ray exposure (0.4 Gy
min~") induced various types of ovarian tumours, and
their age-corrected incidence increased rapidly over
the dose range 0-0.5 Gy. At higher doses, there was a
plateau of the response with a marginal rise of tumour

incidence with increasing doses. Over the range 0-0.5 Gy
linear and dose-squared non-threshold models could
be rejected (P < 0.01) while a linear-quadratic model
with a negative linear component adequately described
the relationship (P> 0.25). Since. according to the
authors, no biological meaning could be attributed to
such a model, threshold models were tested and a
linear one was again rejected (P < 0.01). However, a
threshold dose-squared model! (threshold estimated 1o
be 0.12 Gy) provided a satisfactory {it (P > 0.75) over
the dose range up to 0.5 Gy. At 0.08 Gy per day, a
significant incidence was seen at 1 Gy. where it
corresponded to that seen after 0.25 Gy acute exposure.
Again, non-ihreshold linear and dose-squared models
could be rejected (P << 0.01) as well as the threshold
dose-squared one. An adequate fit was obtained for a
threshold linear model with a threshold dose of 0.7 Gy
and a linear-quadratic model with an initial negative
linear slope (significantly negative at the 5% level).

287. Afier neutron irradiation [U5]. the owvarian
tumour incidence in RFM mice was lower at 0.01 Gy
per day than at 0.05 and 0.25 Gy min™! for all dose
levels. The decline was atuributed partly to the
reduction of the dose rate and parily to an age-related
decrease of susceptibility. This suggests that a true
dose-rate effect was perhaps observed in this tumour
system after high-LET irradiation.

288.  Ullrich [U23, U25, U26) studied the age-cor-
rected incidence of all ovarian tumours {granulosa cell
tumours, luteomas, tubular adenomas) in BALB/c
female mice, induced by gamma radiation and fission
neutrons. High-dose-rate gamma irradiation (in the
range 0.1-2 Gy) increased the incidence steeply from
control levels {about 2.5%) at 0.1 Gy to 77% at
0.5 Gy. with a plateau at higher doses. As previously
observed for RFM mice, the dose-response relation-
ship was consistent with a threshold model, and the
linear, dose-squared and linear-quadratic models could
be rejected (P <C 0.01). Irradiation of BALB/c mice
with fission neutrons (0.025-2 Gy) led to a steep
increase in the incidence of ovarian tumours from
control level at 0.025 up to 76% at 0.5 Gy. with a
slight decline towards 2 Gy, Over the dose range
0-0.5 Gy, a variety of dose-response models could
describe the data, including the non-threshold models
(linear-quadratic, dose-squared) and a threshold-type
model. The linear non-threshold model could. how-
ever, be rejected (P < 0.01). A threshold model would
be consistent with both the postulated role of non-
stochastic mechanisms involved and the data for
gamma radiation. Because of the apparent threshold.
at low doses any estimate of RBE is meaningless.
From 0.2 Gy upwards the RBE is close to unity [U25].
Splitting the neutron dose at 24-hour and 30-day
intervals was ineffective. the data being practically
indistinguishable from the single-dose series. At pro-
tracted exposures, the neutrons were less effective than
when delivered acutely bui, for instance, 0.4 Gy
vielded the same result whether delivered over 4 or
40 days. This indicates that the difference with regard
to acute exposure is a true dose-rate effect and not a
change of susceptibility to tumour induction with age.
The observation is similar tc that for the RFM mouse,
but no explanation is available.

213



289. In other experiments [Y2], mice received a series
of x-ray doses over a variable time T and the animals
were followed for incidence of ovarian tumours. The
results were later re-analysed [K8) on the assumption
that the cumulative net incidence (prevalence) is
described by the equation

F(t) = f[a,D + q(T)D?] 4.1)

where the form of the function is left undecided and
q(T) is a reduction factor for recovery of the damage
with protraction of irradiation. The optimal fit to the
data was obtained for an assumed exponential decay
of the sublesions T = 15 h. The optimum value for a,
for the linear term was zero, and a;/a, quotients
greater than 0.04 Gy in terms of the linear-quadratic
model could be excluded when data were corrected for
time-dependent repair using non-linear optimization.
In essence, no linear component could be found, and
incidence was proportional to the square of the dose
over a wide dose range.

9. Pituitary gland tumours

290. In female RFM mice, pituitary tumours in-
creased irregularly with gamma-ray dose over the
range 0.05 to 3 Gy (0.45 Gy min~!) and the age-
corrected incidence was not significantly different
from control. A linear-quadratic response adequately
described the data (P> 0.6), but a linear response
could not be excluded (P > 0.2) [U2]. In male mice.
the effect was so slight that the dose-response could
not be investigated. Lowering the dose rate (0.083 Gy
per day) caused a less efficient induction of pituitary
tumours in the same mice [U3]. If a linear-quadratic
response was assumed at high dose rate, the linear
component was very similar under both conditions
and the lower dose rate eliminated the contribution of
the dose-squared component. Neutrons induced a
large number of pituitary tumours with an RBE
greater than 5. A dose rate of 0.01 Gy per day
appeared as effective as 0.05 and 0.25 Gy min™! up to
0.2 Gy, but rather less effective at 0.47 and 2 Gy.

10. Harderian gland tumours

291. These tumours were induced by gamma rays in
both male and female RFM mice, and the response in
the two sexes was very similar. The data on age-
adjusted incidence appeared to fit best a linear-
quadratic model (P > 0.25 and > 0.99 for females and
males, respectively), but linearity could be excluded
only for females (P > 0.05). The low-dose-rate gamma
irradiation substantially reduced the incidence of
tumours, and a good fit (P> 0.90) to the equation
was obtained with the same linear coefficient as for
high dose rate but without a dose-squared term [U2,
U3]. The same tumours showed a marked sensitivity
to induction by neutrons, with an approximately
linear increase in age-adjusted incidence as a function
of dose up to about 0.5 Gy, with a plateau at 1 Gy
and a decline at 2 Gy. No significant effect of the dose
rate was observed [U5]. When the age-adjusted
incidence of harderian gland tumours was studied in
whole-body x-irradiated CBA mice [D3] it was found
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that the dose-response curve rose as a function of dose
up to 3 Gy (there were, however. only 3 points) and
then became flat. Correction of these data for cell
killing (a survival curve was determined independently)
resulted in a dose-response curve per surviving cell
which rose with the square of the dose between I and
7 Gy.

11. Skin tumours

292, Skin cancer can be induced in experimental
animals, mostly CBA mice and CD rats, by both
densely- and sparsely-ionizing radiation, and relevant
experiments were reviewed in the 1972 and 1977
UNSCEAR reports [U6, U7]. For both species. highly
curvilinear dose-response relationships were reported
for f particles and high-energy electrons [B59, H12,
H13] as well as for accelerated (40 MeV) helium
nuclei, which also produced a curvilinear response in
CD rats [BS59]. From detailed considerations of depth-
dose distribution versus efficiency of cancer induction.
and from the association of the latter with damage to
the hair follicles, it was concluded that radiation-
induced skin cancer in this latter strain is likely to
originate from cells located in the follicles.

293. The induction of epidermal and dermal skin
tumours was again studied in 3-month-old female
CBA/CaH mice (3125 exposed. 612 controls), irradiated
locally over one-third of their skin surface (mid-torso)
by f particles emitted from a 2%Tl source [H33]. The
radiation neither penetrated the abdominal wall nor
reached the bone marrow. Tumorigenic doses were
taken to be 75% of the nominal dose at the body
surface for epidermal tumours, and 65% for dermal
ones. The nominal doses ranged from 5.4 to 260 Gy,
and the dose rate varied from 2 to 0.017 Gy min~!.
Most tumours arose well within the irradiated area
and only a few at the edge. Over 70% of all tumours
were dermal (fibromas and fibrosarcomas). and about
60% of the dermal and epidermal ones were malignant.
It was confirmed histologically that fibromas could
become malignant, and multiple tumours were noted
in 12-15% of tumour-bearing mice irradiated at the
highest rates, The incidence of tumours was expressed
per unit area of skin. Reduction of dose rate from 1-2
to 0.11-0.22 Gy min™! did not alter the incidence
appreciably; at 0.05-0.08 Gy min~!, the incidence of
epidermal tumours was reduced at all except the
highest doses (120 Gy).

294. The incidence of dermal tumours began to
increase significantly with doses 10 the dermis of
about 16 Gy and rose steeply into a plateau above
60 Gy. The incidence of epidermal tumours increased
significantly and then rose steeply when the dose in
the epidermis exceeded 21 Gy. The peak incidence was
reached at 60 or 100-120 Gy and fell at still higher
doses. At exposure rates of 0.017-0.024 Gy min~!, no
epidermal tumours occurred and the incidence of
dermal tumours was very much reduced. At lower
rates, therefore. a range of high doses was ineffective
in producing skin tumours. The dose-response curve
resembled those typical of non-stochastic effects, with
an apparent threshold at about 10 Gy.



295. The series irradiated at the highest dose rate
(1.1-2.2 Gy min™!) had sufficient statistical power to
distinguish between various dose-response models.
The observed incidence was fitted to a series of models
incorporating both initiation and cell-killing terms at
various powers of dose, as well as threshold doses
[P21]). From a rather elaborate analysis it was con-
cluded that only one non-threshold model could not
be discarded, and this was for induction of epidermal
tumours with a very high exponent of dose (about 4)
in the induction term. The incidence above apparent
thresholds usually rose very steeply with dose. The
authors suggested that the apparent thresholds may be
due to some relatively radioresistant factor in the skin
that restrains potential tumour cells, and that this
factor can be overcome by very high doses, and also
perhaps by aging.

296. In CD rats, the incidence of tumours over the
ascending part of the curve rose roughly with the
fourth power of the electron dose [B59, H12, H13]
and with the square of the dose of alpha particles
[B59). However, these conclusions are only approxi-
mate, because the data were insufficient for more
detailed analysis. The value of the RBE of alpha
particles at about 1 tumour per animal, relative to
high energy electrons, was roughly 3. The peak
incidence of skin tumours always occurred at several
tens of Gy of sparsely-ionizing radiation.

297. Fractionation of the electron dose [B57, B58]
showed that suboncogenic damage was repaired with
a half-time of about 4 hours. This observation
suggested that the repair process was operating at the
cellular level, as for sublethal damage. Experiments on
the influence of dose fractionation were also made
with 10-MeV protons [B56): when fractions were
separated by 24 hours, a reduction of the effect was
interpreted as showing complete repair of recoverable
damage. It was concluded, therefore, that for skin
tumour in CD rats 10-MeV protons have the usual
characteristics of both high- and low-LET radiation:
an RBE of about 3. typical for the former, but
recovery at fractionation and yield of the effect
proportional to a power of dose greater than one,
typical for sparsely-ionizing radiation.

298. It is difficult to say to what extent skin cancer
induction in rats is an adequate model—qualitatively
or quantitatively—for man. A relatively low sensitivity
of human skin to cancer induction by radiation was
noted in annex G of the 1977 UNSCEAR report [U6]
and in the BEIR [II Report [C29]. On the other hand,
histogenesis of most skin cancers in rodents is
different from those of the human skin [L8]. Albert.
Burns and Shore [Ad4] suggested that radiation-
induced cancers in CD rats, and in children irradiated
for tinea capitis, show similarities in the distribution
of the latent periods when time is normalized for both
species to their mean life spans. However, the fractions
of total skin surface irradiated were different in
animals and in children, so that any similarity could
be fortuitous.

299. On the basis of data in CD rats, Vanderlaan et
al. [V1] proposed a mathematical model of skin

cancer induction by ionizing radiation. The model is
based on the hypothesis that radiation can initiate a
cancer by converting normal cells (S;) to potentially
malignant cells by one of two routes: a reversible route
involving two steps (S, — S;— S3, the reversible stage
being S;) and an irreversible single-step process
(S; — Sy). It was assumed that the initiation process
takes place in single cells but its nature was not
specified. Cells in the intermediate stage S, can revert
to the normal state S, at a rate 4 assumed to be
constant and independent of dose. The probability of
developing carcinoma of the skin was assumed to be
proportional 1o the number of irreversibly trans-
formed cells S;. Expression of the latter as a function
of time after irradiation was obtained from solution of
a pair of differential equations. The solution showed
that the relationship of cumulative incidence versus
dose was dominated by the dose-squared component.
In this model, the relative values of the linear and
squared components are not predicted by LET or any
other microdosimetric consideration. From experi-
mental observations, Vanderlaan et al. [V1] concluded
that, after a dose-independent tumour-free interval,
throughout the remaining life span the tumours
appear at an approximately constant rate. directly
proportional to the dose. However. the experimental
data show a considerable scatter for all radiations
used.

300. From fractionation experiments, a decrease of
unrepaired damage with time was deduced, with a
half-life of about 4 hours. For estimation of the dose-
rate effect on the yield of tumours. a dose-rate factor
DRF (the ratio of acute to protracted dose for the
same yield of S; cells) was calculated, and it was
predicted that the reduction of the carcinogenic
response at low dose rate would be very pronounced.
This was confirmed in fractionation experiments with
0.8-MeV electrons [A 18], showing that weekly exposure
to fractions of 2 Gy per week (130 Gy in 65 weeks)
yielded the same incidence as a single exposure to
15 Gy.

301. In conclusion, all the data discussed above
suggest that linear extrapolation of skin cancer risk
from the rates observed at high acute doses to the low-
dose range would greatly over-estimate the risk. To
what extent these conclusions might apply to man is
still, however, an open gquestion.

12. Bone tumours (internal irradiation)

302. Although the data discussed in the following
paragraphs are often referred to in terms of the
average skeletal dose, it should be borne in mind that
the relevant dose for the effects in question is that
delivered to the bone-lining cells. The crude incidence
of bone sarcoma induced by 23%Pu, 2°Cf, »2Cf. 2'Am,
and Ra was compared in C57Bl/Do mice and
albino mice [T22}; the data seemed compatible with
linearity of the dose-response relationships for all
radionuclides. However, the scarcity of data points for
each series makes this conclusion at best tentative. It
will be recalled that linearity of the dose-response was
also seen earlier for bone sarcoma induction by ??Ra
in CF1 mice [M69].
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303. The question of a practical threshold in bone
sarcoma induction following internal irradiation by
bone-seeking radionuclides was raised originally by
Evans [E4]. This issue was addressed again by a study
of Raabe et al. [R32, R40] who tested the hypothesis
on the basis of results on beagle dogs. Two groups of
animals were given: (a) 22Ra in 8 fortnightly injections
of graded activities, the median age during the
injection period being about 14.5 months, to simulate
the human experience with radium: and (b) %Sr by
continuous feeding at various levels of %Sr/Ca ratio
from mid-gestation through 540 days of extra-uterine
life, to simulate the human contamination from the
environment.

304. On inspection, the mortality data showed that
at higher dose levels survival declined as the dose rate
to the skeleton increased. The mean latent period of
osteosarcomas varied inversely with the time-averaged
dose rate calculated for individual animals from
periodic measurements of whole-body activity (Figure
XXIIT). When the survival period t was plotted
against the mean dose rate to the skeleton, the data
could be fitted to the relationship t = K D3, where K
and S were parameters determined by a least-squares
procedure. When a log-normal distribution of times to
death from osteosarcoma for a given dose rate was
assumed (on the basis of empirically tested distri-
butions), K and its geometric deviation (* o,) for
radium and strontium-90 were 2500 (+ 1.24) and 8400
(£ 1.72), respectively. The corresponding values for
S+ S.E. were 0.29 = 0.01 and 0.77 £ 0.05. For 116 and
27 dogs dying with malignant bone tumours in groups
given radium-226 and strontium-90, respectively, the fit
to the function was good, with correlation coefficients
of 0.92 and 0.95.

305. From inspection of the regression lines. it
appeared that, if the relationship held down io the
lowest dose rates, there must be latent periods in the
low-dose range exceeding the normal life span. A

practical threshold was therefore defined as the dose
rate corresponding to the intersection of the regression
line log(t) versus log(D) (Figure XXIII) minus three
geometric standard deviations of the mean survival
time 1 for control dogs. For dogs injected with ?*¢Ra,
the threshold dose rate so defined was 0.11 mGy per
day, corresponding to a lifetime dose of 0.5 Gy and a
probability of about 0.7% of incurring a sarcoma
towards the end of life. Corresponding values were
not given for %Sr-contaminated animals but they
would be expected to exceed the values for radium by
one or two orders of magnitude.

306. The S values derived from dogs injected with
radium were used to fit the data on latency and
skeletal dose rate in women dial painters and in RFM
mice. There was a high degree of correlation between
the species’ average life span L (years) and K values
calculated for each species according to the relation-
ship

Ky =1[655+57(S.E)]+[119+1(S.E.)]JL (4.2)

It could be concluded that a practical threshold for
226Ra in man is 0.039 mGy per day and a total dose of
0.8 Gy. The relative effectiveness of *Sr and radium,
in terms of doses inducing equal effects in dogs, was
also estimated: it varied in some proportion to the
average dose from Sr to the skeleton. If this relation
holds down to the lowest doses. a practical threshold
of dose rate and cumulative dose for %Sr would be at
least one or two orders of magnitude greater than
those for %6Ra,

307. The same methodology was applied [R40] to a
study of relative effectiveness for the induction of
bone sarcoma in young beagles injected with nine a-
emitting bone-seeking nuclides. All nine studies showed,
with relatively good precision, a three-dimensional,
log-normal, response relationship represented in two
dimensions by the equation t = KD75. S was found to
be, on average, 0.29 (£ 0.01 S.E.) for all radionuclides.
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Figure XXIll. Comparison of the dose-response relationships for radium-226 and strontium-90 in

beagle dogs that died of primary bone cancer. The data show the median time, tL, of spontaneous

deaths among unexposed controls and the
[R32]
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A practical threshold dose or dose rate, below which
bone sarcoma deaths are very unlikely. is suggested at
low dose rates for all these radionuclides, just as it was
reported for >*Ra [R32). Mean skeletal doses at which
the defined practical threshold was reached were lower
than for 226Ra (0.5 Gy) by the following factors: 22*Ra,
3.0; #'Am, 6.4; M9Cf. 252Cf, 253Es, 6.6; 29Pu. 9.0;
2%Th. 10.7; Py, 15.5. If these factors were expressed
in terms of the doses to the bone-lining cells, their
spread would be considerably reduced.

308. The reasoning of Raabe et al. [R32] is based on
an empirical linear regression of survival times versus
mean skeletal dose rate in animals dying with, or due
to, malignant bone tumour. However. in the low-dose-
rate groups and among the controls a majority of
animals were still alive at the time when the experi-
ments were evaluated. There is some uncertainty in
the data as to the mean survival values and their
distribution among control animals. The data could
also change somewhat as a result of further follow-up.
The derived practical thresholds must therefore be
treated as tentative at best and any final assessment
must be deferred. Moreover, any hypothesis regarding
species-related interpolation of the risk neglects dif-
ferences in susceptibility to the induction of bone
sarcoma among various strains of mice and breeds of
dogs. Alternative interpretations of the data were
presented by Mavs [M69]. However. the concept of a
practical threshold for bone sarcoma is important for
risk assessment. because, if extrapolation of the basic
relationships is correct, there must be values of the
dose and activity at which no radiation-induced life
shortening occurs, and therefore the somatic compo-
nent of the index of harm [16] can be taken to be zero.

309. Osteosarcoma induced by 2Pu in 294 beagle
dogs of both sexes was studied following single
injections at ages between 400 and 800 days [W14].
The activity injected ranged up to about 0.11 MBq/kg
body weight. in 7 groups of animals {[M11]. Times at
death due to osteosarcomas were fitted to the Weibull
distribution function and described in terms of cumu-
lative hazard or hazard rate, in both cases as a
function of time after injection. The power functions
of time for cumulative hazard or hazard rate cor-
responding to R(t,D) and r(1.D) for tumours detected
at death in individual injection groups were fitted to
the data by a most likelihood method. The plots on a
log-log scale were virtually parallel for all groups, and
therefore the proportionality constants of the lines
could be analysed as a function of the injected activity
of 2*°Pu. Below 37 kBg/kg. there was a strong inverse
relationship between the injected activity of plutonium
and the time at which a given value of R(1.D) was
reached. At the highest injection level the hazard was
lower than in the preceding group, probably due to
cell killing or some other non-stochastic effect. When
the highest activity level (0.095 MBq/kg) was dis-
carded. the data for R(t.D) (below 37 kBq/kg) gave an
acceptable fit to a pure quadratic model (P =0.19)
and linearity could be rejected (P < 0.001). A model
containing both a linear and a quadratic component
did not fit the data better than the quadratic one,
where R(t,D) depended also on time after injection to
the power of 5.9.

310. The same data were studied in parallel [W14]
by the generalized Marshall-Groer model for bone
sarcoma induction [M4] (see V.E.2 for details). The
solution of the model showed lack of a linear
component in the relationship between effect and
cumulative dose. The best fit was obtained for a
quadratic relationship between dose and R(t,D) for
osteosarcoma. Since many animals injected with the
lower activities are still alive. a linear contribution to
the dose-incidence relationship might still appear after
further follow-up. When the same data [P17] were
treated in terms of a non-parametric proportional
hazard relative risk model., both a linear and a
quadratic function could be fitted to the data and
neither could be excluded. However, if—as was
legitimately done by Whittemore [W14]—the data for
the highest injection level are omitted. the results
again support a roughly quadratic rise of the relative
risk with injection level.

311. An experiment has been completed [W19] on
160 young beagle dogs. injected at the age of
17 £ 2 months with saline (controls. 44 dogs) or with
increasing amounts of 2?Ra (8 levels from about 260
Bq to 370 kBq/kg). The average a-particle dose to the
skeleton varied from 0.35 to 190 Gy. Most of the
primary bone tumours were osteosarcomas. Bone
sarcoma incidence was a monotonically increasing
function of the dose up to 70 Gy. The dose-response
fits well a linear non-threshold model over the six
lowest dose ranges with a slope of 3.3% per Gy. No
tumours were found in the controls or in the 0.35 Gy
group, but 1 tumour over 25 dogs was found in the
next group with a mean skeletal dose of 0.85 Gy. No
significant change in bone tumour incidence was seen
among the three highest dose levels at which the
incidence exceeded 90%. and the life span was
considerably shortened. There was very little. if any,
life shortening at the five lowest levels up to 9.5 Gy.

13. Liver

312. Liver tumours were induced in Chinese hamsters
by 2¥Pu citrate injection. and the crude incidence for
the few dose points available suggested an initial
approximately linear rise up to 2.7 Gy at the time
of 50% survival. At the highest dose of 14 Gy. the
effectiveness per unit dose was much lower [B87].

313. The dose-response relationship of injected
thorotrast was studied in female Wistar rats for the
sum of liver and spleen tumours [W15]. In some of the
experimental groups. the preparation was enriched
with 2°Th in order to study the influence of the mass
of injected colloidal thorium dioxide. For a constant
dose rate (activity), an increase in mass by a factor of
10 proved more effective in respect of life shortening.
When the crude percent incidence (1) of all benign and
malignant liver tumours was plotted against the
relative dose rate (D), a linear dose-response relation-
ship was observed: (D)= 3.3+ 0.79 D with a corre-
lation coefficient of 0.97. The I value at D = 0 does
not differ essentially from the observed control in-
cidence of 2.7%.
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14. Combined tumour data and indirect inferences

314. Life shortening by radiation was reviewed in
depth in the 1982 UNSCEAR report [U24]. It was
concluded that, in the intermediate- and low-dose
region, life shortening is due essentially to a higher
tumour mortality. This does not mean, of course, that
dose-response relationships for both endpoints are
directly comparable, because, even for the same
radiation, the mean latent period of some tumours
varies with dose, dose rate, age at exposure, elc.
However, if life shortening is the major consideration,
then comparison of results from various dosage
schedules for the same radiation and in the same
strain of animals could provide some indication as to
what the comparative incidences and/or latent periods
might be. This seems particularly interesting for
neutrons. for which no human data are available.

315. Lifeshortening and incidence of various diseases,
including leukaemias and malignant tumours, were
studied in male BALB/c mice [M62] after single and
fractionated doses of gamma rays split into 10 equal
fractions delivered at intervals of 1 day. The doses
ranged from 0.25 to 6 Gy. The causes of death were
ascertained by autopsy and histological examination,
and actuarial incidences were calculated, with correc-
tion for competing risks, In general, single exposures
were more effective than fractionated ones with regard
1o life shortening. Over the whole range of doses, the
incidence of all leukaemias and cancers combined
appeared significantly higher after fractionation. How-
ever, the dose-responses were very flat and inciuded
more than 70% of spontaneous cancers. For all
carcinomas and sarcomas, except lung carcinomas (for
which the spontaneous incidence in BALB/c males is
very high), a higher effectiveness of fractionated doses
was seen only after doses above | Gy.

316. These observations must be taken with some
caution, due to the very high spontaneous tumour
incidence; to the lack of statistically significant differ-
ences between incidences of individual tumours after
two modes of irradiation; to the generally flat dose-
response relationships; and to the fact that, as shown
by Storer [S$53], this strain has a number of significant
associations between various tumours. Finally. the
effect of single and fractionated gamma-ray doses
upon life span was opposite to that seen for combined
cancer incidence, showing. perhaps. that in this case a
specific combination of induction and acceleration of
some tumours could have played a significant role.

317. Whereas incidence of all carcinomas and sar-
comas combined (except lung carcinomas) showed a
negative trend after single doses of gamma rays on the
same strain [M63]. an almost linear increase was seen
after single doses of d(50)-Be neutrons in the range
from 0.02 through 3 Gy.

318. Life shortening of B6CF1 mice was studied by
single, fractionated (short- and long-term), and life-
long exposures to gamma rays and fission (0.85 MeV)
neutrons {T20, T2l, T25]. When survival data were
compared for doses given in 24 weekly fractions or as
single exposures, the effectiveness of gamma radiation
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was consistently decreased by fractionation. However,
for neutrons the same fractionation scheme increased
the effect throughout the whole range of doses. down
1o 0.05 Gy. It was argued, therefore. that neutron
fractionation in the intermediate- and high-dose range
led to an increased incidence of tumours, or their
carlier appearance, or both.

319. Thompson et al. [T26] recently published new
additional data on life shortening induced by single
exposures of B6CF 1 female mice to fission neutrons in
doses down to 0.01 Gy. They concluded that the
assumption of a response proportional to D% grossly
overestimated the life shortening induced by 0.01-
0.03 Gy of neutrons and that the data up to 0.1 Gy of
neutrons were best fitted by a linear dose-response
relationship. The limiting value for the RBE fission
neutrons compared with gamma rays was in the
region of 12 to 16, depending upon the method used
to analyse the data. 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.

320. In another experiment [S$57], life shortening was
studied in female BALB/c mice exposed to single
doses of fission neutrons (mean energy 1.3 MeV) or
given into two equal fractions at either 1- or 30-day
intervals (whole-body doses from 0.02 to 2 Gy).
Protracted exposures from a 32Cf source were also
used at rates from | 1o 100 mGy per day (total 0.025
to 0.4 Gy). Life span was considerably shortened
between zero and 0.5 Gy for both single and frac-
tionated exposures, and then a plateau ensued. The
data were fitted by a linear and a square-root model.
Both models adequately described the results below
0.4-0.5 Gy for single, fractionated and protracted
exposures, with the exception of a 30-day protraction
scheme where the square-root model could be rejected
and the linear one still provided a good fit. In contrast
with the observations in B6CF,; mice, no increase in
effectiveness on life shortening was observed for
fractionation and protracted exposures to neutrons
below 0.5 Gy. Only at 0.5 and 2.0 Gy was a significantly
increased effect of fractionated doses observed.

321. Storer and Mitchell [S62] analysed published
data from the Oak Ridge and Argonne laboratories on
the shape of the dose-response curves for life shorten-
ing induced by single exposures to fission neutrons at
doses from 0.025 to 0.2 Gy and by fractionated
cxposures resulting in total doses up to 0.8 Gy. The
response was found to be proportional to D% to D19,
and not to the function D% which does provide a
reasonable description of the dose-response curve at
higher neutron doses. The limiting RBE of fission
neutrons compared to gamma rays was found to be
18-29 if the response were proportional to D39 and to
be 13-22 in the equally likely event that the response
were proportional to D)0, The range of RBE in both
cases was determined by the strain and sex of the
mice. Thus, the most recent publications [S62, T26]
suggest that a linear dose-response model rather than
a square-root model is appropriate at low neutron
doses.



C. SUMMARY AND CONCLUSIONS

322. On the assumption that cancer is initiated by
lesions in the genome of a single and relatively
autonomous cell, the kinetics of induction of point
mutations and chromosomal aberrations. mostly sym-
metrical translocations, could perhaps throw some
light on the form of the dose-response relationship for
cancer initiation. Studies of cell transformation in
vitro could also provide some information in this
respect. These end-points cannot, however, provide
insight into other factors affecting tumour devel-
opment at the tissue and systemic level: thus, the
relevant conclusions must be regarded as over-simpli-
fications of the real situation.

323. The dose-response relationship for point muta-
tions induced by tow-LET radiation in mouse male
and female mouse germ cells appears to be curvilinear
(upward concave). It also appears to be greatly
dependent on dose fractionation and protraction as a
result, at least in part. of repair of primary damage at
the cellular level. At very low dose rates, linearity and
independence of dose rate have been observed. For
high-LET radiation the usual form of the curve is
linear for all dose rates; fractionation and protraction
effects are marginal or absent. Under these conditions,
linear extrapolation from high and intermediate doses
delivered at high dose rates. down to low doses and
dose rates, would over-estimate the mutation rate by
sparsely-ionizing radiation. For high-LET radiation, a
linear extrapolation provides an adequate estimate of
the risk.

324. The induction of somatic mutations in the
stamen hair of the plant Tradescantia was studied
over a wide range of doses, dose rates and radiation
qualities. This svstem provides direct and extensive
information at very low doses of x and gamma rays
and of neutrons. The relevant dose-response relation-
ships fit very well a linear-quadratic model for low-
LET radiation and a linear model for neutrons.

325. Data on various other types of somatic muta-
tions are also available in several established and
early-passage mammalian cell lines. For x- or gamma-
ray doses delivered acutely, the observed dose-response
relationships are mostly curvilinear. with pronounced
fractionation effects in the few instances tested.
Exceptions showing linear responses (e.g.. human
fibroblasts) are also found, showing that the shape of
the curves depends on the biological characteristics of
the cells. High-LET particles induce mutations in a
linear proportion to dose. Sub-mutational damage is
readily reparable after low-LET radiation but not
after high-LET particles. Studies in several cell lines
show a simple inverse relationship between the induc-
tion of somatic mutations by low-LET radiation and
the logarithm of cell survival. This must imply that
linearity of the observed response is accompanied by
simple exponential cell survival. Since for low-LET
radiation this is an exceptional finding in mammalian
cells, the inverse relationship between survival and
mutation must, as a rule, imply an upward concave
dose-response for induction of somatic mutations,
similar to that described for Tradescantia.

326. For low-LET radiation. data on chromosomal
exchanges in germinal and somatic cells are, almost
without exception, in agreement with a linear-quadratic
model, both in respect of dose and of time-dose
relationships. For terminal deletions, linearity would,
in theory, be expected for all types and dose rates of
radiation, but curvilinearity is often seen in some cells
(e.g., lymphocytes). This is attributed to the difficulty
in distinguishing between terminal and interstitial
deletions that have linear and quadratic relationships,
respectively, with resulting curvilinearity of the response
for both types combined. For high-LET radiation the
response is linear and practically unaffected by dose
protraction or fractionation.

327. Much work has been done over the last few
years on radiation-induced oncogenic transformation
in vitro of several established and some early-passage
mammalian cells, Numerous factors affect the observed
transformation frequency. These include: cell density
at irradiation and post-irradiation: cell-cycle stage;
time between seeding and exposure: phase of growth
at exposure; mitotic delay; and promoting and inhibit-
ing agents. The experimental model appears to be
much more complex than originally envisaged for cells
in culture, and cell-to-cell influences are found to be
present.

328. Cells irradiated with a wide range of doses and
types of radiation show dose-response curves that
have some features in common with those reported for
tumour induction in animals. These are: an initial rise
of the transformation frequency with dose up to a
maximum and an ensuing decline or plateau; a higher
transformation efficiency by high-LET radiation: and
a decline of the transformation yield by low, as
opposed to high, dose rate of gamma rays in cells
irradiated in culture 40 hours or later after seeding.
An enhancement of the oncogenic transformation in
vitro by a reduction of dose rate of fission neutrons at
low and intermediate doses is similar to that which
has been described in some, but not all, experiments
on tumour induction (or life shortening) in animals.

329. However, several features of the single—cell
studies are at variance with animal studies. These are
mostly for cells irradiated shordy afier seeding: a
shallow rise of the transformation rate over the range
of intermediate doses. with a power of dose less than
unity; an enhancing effect of low dose rate and dose
fractionation for low-LET radiation for a fractiona-
tion interval of about 5 hours at doses below 1.5 to
2.0 Gy. with reduced transformation at higher total
doses. These results most probably indicate a non-
homogeneous sensitivity to transformation of the
irradiated cells, due to the non-random distribution of
cell-cycle stages in freshly seeded cells. If so. they
would not be representative of most situations in vivo.

330. The above results were sometimes interpreted to
imply that linear extrapolation to zero dose from the
transformation frequency at high doses could lead to
an under-estimation of the effect at doses below
0.5 Gy, particularly for fractionated and protracted
exposures. For the time being, however, while taking
note of the complexities referred to above and of the
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enhancing effect of fractionation, UNSCEAR does not
encourage a direct projection of the in vitro data to
the situation in vivo. particularly when irradiation is
performed early after seeding. Further analysis of
various culture conditions, and a better understanding
of the mechanisms of initiation, oncogenic transfor-
mation and progression in vitro, is required for
meaningful extrapolations to tumour induction in
vivo. It appears likely that results obtained from
asynchronous cell cultures (i.e., those irradiated later
than about 40 hours after seeding) and those irradiated
in density-inhibited state may more adequately repre-
sent the situation in vivo.

331. New dose-response relationships for a variety of
tumours generally support the conclusions reached in
the 1977 UNSCEAR report, the most important being
the specificity of the response for each tumour-host
system. The new experiments enlarge the data base,
particularly at the lower end of the dose scale, down
to 150 mGy of gamma rays and to a few tens of mGy
for neutrons. They justify more specific statements
than hitherto possible about the form of some dose-
induction relationships.

332. For sparsely-ionizing radiation, most curves are
upward concave and may be fitted by linear-quadratic
or quadratic (leukaemia in CBA/H mice) models, but
in some cases approximate linearity may apply. This is
so with mammary fibroadenoma and carcinoma in
Sprague-Dawley, adenomas in WAG/RIj and carci-
nomas in AC rats, thymic lymphoma in RFM mice,
and lung adenocarcinoma in BALB/c mice. Thymic
lymphomas in most mouse strains and tumours with
a pronounced hormonal dependence (e.g., ovarian
tumours), show curves with pronounced thresholds.
They may reflect the role of non-stochastic mechanisms
in the development of these tumours, such as the need
to inactivate a large proportion of hormonally-active
cells in the ovary. or to kill a large proportion of cells
in the thymus.

333. The incidence of the so-called reticulum cell
sarcoma after whole-body irradiation usually declines
with increasing dose in several mouse strains. Animals
protected from early radiation death. by either bone-
marrow transplantation or partial marrow shielding,
show a very low incidence of this neoplasia. It has
been suggested that by relating the number of induced
tumours in these animals to the number of irradiated
marrow stem cells at risk (assumed to be the targets
for tumour induction) it may be possible to estimate in
vivo the incidence of tumours per cell at risk. The x-ray
dose-response curves obtained under these assumptions
are curvilinear (upward concave).

334. Induction of skin cancer in rats and mice by
local low-LET irradiation requires high doses. The
dose-response relationships are therefore grossly
curvilinear (upwards concave) and apparent or real
thresholds cannot be excluded. Fractionation and
protraction of doses greatly reduces the carcinogenic
action of radiation in the skin of rodents.

335. Dose-rate studies with sparsely-ionizing radia-
tion almost invariably show a decreased incidence
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with decreasing dose rate. In some instances (lung
adenoma in RFM and BALB/c mice and harderian or
pituitary tumours in RFM female mice), lowering the
dose rale results in a more nearly linear dose-response
relationship in which the dose-squared component is
substantially reduced or abolished.

336. For neutrons, the ascending slopes of the dose-
response curves are closer to linearity than for gamma
rays. However, in some cases (lung adenoma in RFM
mice). curvilinearity is suggested at low doses, even
though linearity cannot be excluded. Factors such as a
dose-related latency may perhaps contribute to this
curvilinearity. In other cases, neutron-induced tumours
rising with a power of dose less than unity have been
confirmed at low doses. The downward concave shape
may be accounted for by killing of potentially neoplastic
cells.

337. For most tumours, either no effect, or an
enhancement of the tumour yield by a lower neutron
dose-rate or fractionation, has been documented. At
low and intermediate neutron doses, such effects are
less pronounced than for x rays. At high doses, an
enhancement of tumour incidence by fractionation or
protraction is often observed. but the overall picture is
not as simple as cellular data might imply. Factors
operating at the tissue level, or perhaps systemic
influences, could modify the final tumour appearance
to some extent.

338. Pulmonary carcinomas induced by low doses of
inhaled radon and of neutron irradiation show an
essentially lincar non-threshold relationship with
cumulative exposure or dose. respectively. High
exposure rates of radon daughters at high total
exposures are, however, less efficient than low rates.
For neutrons also, the effectiveness per unit dose
decreases at high doses. These observations are in line
with results of epidemiological studies in miners
exposed 10 radon daughter products.

339.  Analyses of the latent period of bone sarcoma
after incorporation of *2Ra and %Sr in dogs and mice
show an inverse relationship between mean latent
period and mean dose rate to the skeleton. According
to these observations, there may be a practical
threshold for these tumours. Under these circumstances
a linear extrapolation of the incidence rate and of the
length of life lost per induced bone sarcoma down to
zero, from values recorded at high doses, would surely
overestimate the risk at low doses. This also applies to
tumours induced by f-emitting bone seekers.

340. Studies of bone sarcoma induced by alpha-
emitting bone-secking radionuclides, particularly >*Ra,
support a linear activity-response relationship for
crude incidence. However. for 23°Pu, more refined
statistical analyses of data from dogs injected with this
nuclide, and observed for longer times, have shown
that a purely linear dose-response relationship between
integral tumour rate (cumulative hazard) and admin-
istered activity is highly unlikely. The same seems to
apply to the relationship between dose rate to cells at
risk and tumour rate (hazard rate). The appearance of
a linear component in the curves cannot be excluded



in the follow-up of animals that are still alive but at
present the dose-squared component is dominating.

341. The most recent data on radiation-induced life
shortening in mice suggest that a linear dose-response
model applies at low neutron doses, while at inter-
mediate and high doses the response follows a square-
root function of the dose. Fractionation and protrac-
tion of the neutron dose increases the effect of life
shortening in some experiments. but not in others:
fractionation of low-LET radiation reduces the effect.
To the extent that life span shortening in irradiated
mice can be auributed to the induction of new
tumours, these conclusions may also be applicable to
radiation carcinogenesis.

V. DOSE-RESPONSE RELATIONSHIPS
FOR TUMOURS IN MAN

342. Data on the incidence of radiation-induced
human cancer, at different levels of dose, may be tested
for consistency with various models in two ways:
directly or indirectly,

343. Indirect inferences may be drawn from limited
comparisons in the few instances where risk coefficents
(Fra or Fra) are available at two ends of the scale:
high and low doses (total or per fraction). Risk
coefficient which are not substantiallv different under
such circumstances will be taken 10 be consistent with
a linear-quadratic or a linear model, because in most
cases the variability of data precludes a clear distinc-
tion between the two models. Theoretically, for a
dose-squared model, an appreciable difference would
be expected between Fp, or Fry at low and inter-
mediate doses, but examples of this kind have not
been found for the types of cancers reviewed.

344. In direct studies, attempts may be made to fit
various models to the epidemiological data over a
wide range of doses. There are often shortcomings to
these data (dosimetric uncertainties, a narrow range of
doses, pre-selection of groups. ill-defined controls,
possible influence of confounding variables. errors of
sampling) and consistency with a model rarely, if ever,
excludes a fit to alternative models. Thus. consistency
of a set of data with a given model should not be
taken as evidence that only that model provides an
adequate description.

345. Much information on dose-response relation-
ships for radiation-induced malignancies (e.g., leu-
kaemia, cancer of the breast) has been derived in the
past from the follow-up of atomic bomb survivors at
Hiroshima and Nagasaki. These cohorts represent the
statistically most powerful set of data available for
dose-response studies, because of the great number of
person-years at risk, the wide range of doses, and the
relative lack of selection of the samples.

346. The dose-response data in these groups were
based on the so-called T65 dosimetry. Since 1980 this
dosimetry has been under revision [K34, L27, L30,

R4, R6] and a new dosimetry system (DS86) is being
installed at the Radiation Effects Research Foundation
in Hiroshima as of March 1986. Preliminary estimates
based on somewhat more detailed analyses and the
current state of knowledge (for a preliminary review
see [B77]) differ substantially from those of T65
dosimetry. It appears now that the gamma-ray com-
ponent had been under-estimated in Hiroshima by a
factor of 1.5 to more than 2. and the neutron
component had been over-estimated by a factor of
about 10 in Hiroshima and of about 2.5 in Nagasaki.
As a result, much of the information based on T65
dosimetry will have to be re-assessed upon completion
of the ongoing dosimetric revision and will be
reviewed by UNSCEAR in the future. However. there
is no question as to the qualitative validity of the
previously accumulated information about the effects
of age and sex upon the incidence of various neo-
plasms in atomic bomb survivors. The same applies to
the clinical and pathological forms of diseases and to
the distribution of their latent periods, which are
discussed here,

A. LEUKAEMIA
1. Direct studies
(a) Leukaemia in atomic bomb survivors

347. From the information collected in the Life Span
Study Sample it appears that the age ar time of
irradiation had a pronounced effect on the magnitude
of the risk when expressed in absolute and relative
terms. The effects of sex differences were also dis-
cussed in the 1977 UNSCEAR report [U6). The age-
adjusted leukaemia mortality rates reveal that the
risk of leukaemia (all types) in males is significantly
higher than in females. For both cities combined, the
male : female ratio is 1.36, 2.86 and 1.56 for the TD65
kerma categories of 0-0.09. 0.1-0.99 and > 1 Gy,
respectively. The distribution of cases in time varied
with the type of leukaemia and with age. as shown
schematically in Figure XXIV [O1]}.

(b} Leukaemia in x-ray treated spondyiitics

348. Smith and Doll [S49] studied mortality through
1970 in 14,111 ankylosing spondilitis patients given
a single course of irradiation during the period
1935-1954. Of these patients. 98.5% were traced to
their death, to the date of emigration from the United
Kingdom. to the closing date of follow-up (1 January
1970) or to the end of a year after a second treatment.
whichever was the earliest. The average period of
follow-up of those with one course of treatment was
16.2 years. Causes of death were obtained from death
certificates.

349. The number of expected deaths in the cohorts
were calculated from age- and sex-specific mortality
rates for England and Wales in the respective calendar
five-year intervals. An analysis of mortality revealed
that the number of deaths was 66% more than
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expected in the patients (1759 versus 1062 expected).
The total excess of leukaemia, as well as that for
neoplasms. was highly significant (p < 0.001), and did
not differ among males and females (the latter made
up only one-sixth of the population).

350. The only malignancies for which the dose-
response relationship has been studied were leukaemias.
The excess death rate was high, the overall observed/
expected (O/E) ratio being 4.79 (3.06 and 5.10 in
women and men, respectively). The time trends were
characteristic. with the death rate rising even at
2 years after the first irradiation, peaking at 3 to
5 years, and declining to the control level more than
20 years after treatment. Chronic lymphatic leukaemia
was apparently not increased by the treatment. The
relative risk of leukaemia (O/E ratios) was equally
increased in all age groups (age at first treatment). The
excess risk coefficient per 103 person-years rose from
251, in those younger than 25 years, to 1366 in
patients treated at more than 55 years of age. In this
instance the radiation-induced leukaemia incidence
increased temporarily in proportion to the age-specific
spontaneous incidence (at age of exposure), as repre-
sented schematically in Figure II, ¢ and d.
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351. As the distribution of local absorbed and mean
doses to the bone marrow among all patients is
unknown, it had to be reconstructed through an
extensive phantom study in all patients who died with
leukaemia and in a sample of all followed-up patients.
The doses ranged from 0.5 to 7 Gy, with a rather
uniform distribution of frequency. involving 90% of
cases below 5Gy. The proportion of cases above
6.5 Gy did not exceed 2%. The mean marrow dose
was 2.49 Gy.

352. The excess leukaemia mortality rate, plotted
versus the mean dose to the marrow is very erratic,
and a zero response (independence of mortality rate
on dose) may not be excluded on purely statistical
grounds. However, due to the time characteristics of
the mortality, and to the fact that no increase of
leukaemia mortality was seen in non-irradiated spondy-
litics [R33], the non-zero effect at zero dose was
discarded as very unlikely. Three models, a linear, a
linear with cell killing, and a quadratic with cell killing
were fitted to the data by the method of maximum
likelihood. Such a method is not formally correct for
the last model because simple averaging of organ
doses when a large fraction of marrow was unexposed,



must lead to erroneous results when a dose-squared
dependence of initiation of the cells is assumed. The
first model could be discarded (P < 0.03). and the fit
obtained for the second was satisfactory (P = 0.28).

353. The coefficient of the linear slope in the second
model gave a risk coefficient in accordance with most
other estimates of leukaemia risk. However, owing to
the erratic character of the dose-response, this value
must be taken with caution. The cell-killing term
cannot be taken in its usual meaning of mean lethal
dose. because absorbed doses to the irradiated fraction
of the marrow were 2.5 times higher than the mean.
Moreover, the fractionated treatment allowed sub-
lethal repair and cellular repopulation to occur.

2. Indirect evidence

354. The risk of leukaemia was studied in radio-
logists exposed to x and gamma rays either at low
dose rates or at higher rates. but in small fractions,
accumulated over decades [M7, S8). The risk was
significantly elevated. The records of mortality of the
1920-1927 cohort followed for 50 years showed
excesses of 390 and 170 deaths per 108 person-years at
risk due to leukaemia and to aplastic anaemia,
respectively. Calculation of risk per unit dose to the
marrow is affected by great uncertainty about the
doses accumulated. The diagnoses are also very
uncertain. The BEIR Committee [B20] estimated the
likely average value to be about 6 Gy, with a resulting
annual risk coefficient of 70 leukaemia deaths per
106 Gy~! a~!. This value is not significantly different
from estimates for low dose and dose rate derived by
UNSCEAR in annex G of its 1977 report [U6] from
studies on other acutely-irradiated groups (spondy-
litics, females irradiated for induction of menopause,
or other benign conditions) given doses and/or
fractions above 1 Gy. If the above estimates of dose
were in error in either direction by a factor of 2-3, the
derived risk would still appear similar to that deduced
from studies on acute irradiation, and therefore
consistent with the linear or linear-quadratic model of
induction of leukaemia.

355. 1n conclusion. therefore, it may be assumed, on
the basis of the present fragmentary information, that
the dose-response relationship for leukaemia after
acute low-LET irradiation is likely to follow a linear-
quadratic model.

B. CANCER OF THE BREAST

356. The female breast is one of the most sensitive
organs for cancer induction by ionizing radiation
[B20, 11, M28, U6]. The data reviewed in annex G of
the 1977 UNSCEAR report [U6] have been given either
in terms of mortality or morbidity, but the latter
category will preferentially be discussed here. Epidem-
iological data relate to three categories of exposure:
atomic bomb explosions, therapeutic irradiation for
benign conditions (e.g., mastitis). and tuberculosis
patients undergoing multiple fluoroscopies for pneumo-
thorax or pneumoperitoneum. Since the 1977

UNSCEAR report [U6] new information has become
available [T12, T23] and several attempts have been
made to fit cancer induction models to the relevant
epidemiological observations [B24, B25, L1, L22].

357. Dosimetric estimates were retrospective in all
studies. The uncertainties were particularly great in
the Nova Scotia Fluoroscopy Study [M39. M40],
where subjective judgement made assessment of the
likely confidence limits unfeasible [B20, B25]. This
study, therefore, should not be used for discussion of
consistency with dose-response models. The Swedish
radiotherapy study [B4] is also limited by the absence
of an appropriate control group and by a possible
association between fibroadenomatosis or chronic
mastitis and increased cancer risk. The following
discussion, therefore, is based principally on studies of
three series: atomic bomb survivors (tentative). the
Massachusetts fluoroscopy study, and the Rochester
mastitis patients.

358. Several factors could affect the results of such
studies. if not appropriately accounted for. These
would mostly be age at irradiation, age at manifesta-
tion of the effect, length of the latent period, duration
of the period at risk, and relationship between latency
and dose.

359. Age at exposure is a major determinant of the
breast cancer risk. The three studies cited provide
strong evidence of cancer induction in females exposed
below age 30, with girls of 10-19 years having the
greatest absolute risk. The coefficient of the relative
risk increment was already highest in the lowest age
bracket (0-9 years) at the time of the bombing, but the
absolute attributable risk coefficient for this age was
lower by a factor of 2 when compared with that for
the next age bracket. i.e., 10-19 years. The absolute
and relative risk coefficients for ages 20-39 years
remain approximately constant [T23). The fluoroscopy
data are scarce for ages 40-49 vears. and absent for
older ages at irradiation. The atomic bomb survivors
showed no significantly elevated cancer incidence
when exposed at ages higher than 40. On the other
hand, the Swedish radiotherapy data [B4] imply a
radiation risk at all age groups. including 40-49 and
greater than 50 years, but statistically the estimates at
older ages are uncertain. The possibility that conco-
mitant ovary irradiation in atomic bomb survivors at,
or close to, menopause might have been responsible
for this protective effect (due to sterilization) was
suggested by Boice et al. [B25] and Kato and Schull
[K39], but this explanation must remain hypothetical.
It has more recently been suggested [T23] that
differences in the distribution of the risk at ages above
40 parallel the age-specific incidence of mammary
cancer in the various countries (Japan, United States
of America, Sweden). Taken together, the data show
that the risk is highest when the hormonal action
affecting the gland is most intense [T23]. It should be
mentioned, however. that the follow-up of the younger
age cohorts is still incomplete.

360. The increased incidence becornes manifest in all
groups at ages above 30 and particularly at the ages qf
highest natural incidence rate of the disease. This
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observation calls for the use of age-corrected incidences
in the exposed and control groups. The so-called
minimum latent period can be estimated approximately
from all observations [B25], but pitfalls of such
estimates have been discussed in chapter I. In the
Massachusetts, Nova Scotia and Canadian fluoroscopy
series, no excess of breast cancer could be seen for the
first 10 years after exposure. In atomic bomb sur-
vivors, and in the Swedish radiotherapy patients, the
increased risk—particularly in those irradiated at ages
above 30 years—could be seen even at 5-9 years after
irradiation. Thus, it appears that in younger women
(under 30 years) the minimum latent period is perhaps
close to 10-15 years, and still longer in irradiated
children, whereas in the older women it may be
shorter (about 5 years). This observation is important
for the selection of a period at risk in calculations of
the excess incidence. All studies [B26, S16, T12, T23]
show a continuing excess cancer incidence up 10
follow-up times of 30-45 years in women older than
30 years at exposure. There is, as yet. no indication of
a decreasing risk even at the longest follow-up of
45 years. There also appears to be no relationship of
latency 1o dose [L32].

1. Radiotherapy for mastitis

361. The Rochester study on women treated for
mastitis [S16] was reviewed in detail in annex G of the
1977 UNSCEAR report [U6]. Only those aspects
dealing with the shape of the dose-response relation-
ship are discussed here. By dividing the irradiated
group into five dose sub-groups, a dose-response
relationship was obtained which was controlled for
age and for interval since entry into the study, by
means of the Mantel combination y? technique, and
by test of linear and quadratic trend. The interval at
risk for the irradiated group was from 10 to 34 years
after exposure. In a first analysis, the average dose to
both breasts was used as the independent variable: the
data are presented in Figure XXV, The difference
between controls and irradiated women was significant
(p =0.01) and the linear trend y* test for association
with dose was highly significant (P = 0.0006). The
incidence increased linearly up to about 4 Gy, and
then dropped at higher doses. No significant quadratic
trend with a coefficient greater than zero occurred.
The second analysis was based on doses to single
breasts. The relative risk for the period 10-34 years
after irradiation was highly significant (P < 0.0001),
and amounted to 3.3 when controlled for age and
interval since entry into the study. The results in terms
of relative risk are presented in Table 1, together with
results of the first analysis. Significance was obtained
for the linear gradient (P<0.0001) and for a qua-
dratic effect with a negative coefficient (P = 0.0003).
The latter reflects a decreased carcinogenic effect
above 4 Gy. owing perhaps to cell killing or other
influences.

362. The possible effects of fractionating the dose
were analysed within a range of total doses below
3.5 Gy. The analysis compared breasts receiving one
or two treatments (mean dose = 1.9 Gy) with three or
more treatments (mostly 3-4, mean dose = 2.86 Gy).
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Figure XXV. Breast cancer incidence rate as a function of the
average dose to both breasts in mastitis patients for the interval
10-34 years afterirradiation. Error bars represent 80% confidence
intervals, Numbers in parentheses are breast cancer cases in
each dose group.
[S16]

Single, non-irradiated breasts served as controls. For a
risk interval of 10-34 years posi-irradiation, the
adjusted coefficient of the absolute (attributable) risk
of breast cancer was 910 107¢ Gy~! a™! per breast in
the 1-2 fraction group, as compared with 1120
1076 Gy~! a~! per breast in the 3-4 fraction group.
Thus, fractionation did not appear to reduce the
carcinogenic effect, although the validity of the
comparison is limited by the difference between mean
doses in the two subgroups.

363. The annual absolute risk coefficient during the
period, using the average dose to both breasts, and
age- and interval-adjusted incidence rates (irradiated
adjusted to controls), was calculated as 830 1076 Gy™!
a~!. For irradiation of a single breast, the age- and
interval-adjusted estimate of the coefficient amounted
to 496 1076 Gy~! a~ . If this figure is doubled for the
two breasts. it is consistent with the average for two
breasts given above.

2. Pneumotherapy patients

364. The Nova Scotia series on breast cancer induc-
tion by repeated fluoroscopies [M1, M39. M40]
showed that repeated low doses of diagnostic x rays.
when delivered to the gland in sufficient amounts, led
to an increased risk of tumours. The doses were



estimated retrospectively, but the margin of uncertainty
was so large [B20. B25] that detailed discussion of the
likely shape of the dose-response relationship is
difficult, However, the fact that the risk estimate was
similar to that derived from other studies suggests
additivity of the effect and thus approximate linearity
of the dose-response relationships.

365. A follow-up study of Boice and Manson [B26]
on female tuberculosis patients has been discussed
already in annex G of the 1977 UNSCEAR report
[U6). The methodology of estimating the radiation
dose to the breasts was described in detail in a
separate report [B24] and warrants some discussion
because it is critical for the assessment of the dose-
response relationship. The data on the number of
fluoroscopies were abstracted from the medical records
and checked by interview, It was estimated that 63%
of the patients faced the physician during the fluoro-
scopic examination, 16% faced the x-ray tube, 21%
had wvariable positions. and 12% reported being
rotated during examination.

366. Out of the 15 former tuberculosis physicians
interviewed. 29% reported that they examined their
patients with breasts directed to the x ray tube. Sixty-
nine per cent conducted the fluoroscopy with the
beam-shutters wide open and 81% always scanned the
opposite lung. The average time of examination was
given as 15s (3 to 60); 70-80 kVp and 5 mA were the
usual parameters of x-ray machines employed: and
1 mm Al filtration was added in 1948.

367. Exposure measurements were made on three
representative types of fluoroscopy units. and exposure
rates were determined at the fluoroscope panel. Half-
value layers for a range of tube voltages and added
filtrations were also checked. The exposure measure-
ments were translated into average conditions before
and after 1948. Based on these data, estimates were
made of absorbed dose in the breast, by means of a
Monte Carlo radiation transport method in relation to
an anthropomorphic phantom. The shape of the breast
was geometrically simulated, separately for an adult and
for an adolescent breast. A typical elementary composi-
tion of the gland was assumed. The absorbed dose in
the breast per 1R skin exposure (free in air) was
calculated for selected exposure conditions: 2 beam
qualities, 2 patient orientations. 2 breast sizes and
4 field sizes. These calculations were approximately in
agreement with TL dosimetry in a phantom.

368. Cumulative breast doses of all fluoroscoped
patients were calculated from all the above infor-
mation (medical records, physician interviews, patient
contacts, exposure measurements and absorbed dose
calculations). Females under 17 years of age were
assigned doses for the adolescent breasts and the older
ones doses for adult breasts. Individual orientations
could not be determined and it was assumed that 25%
of all examinations were performed in the antero-
posterior position, and both breasts were assumed to
be in the unshuttered beam 81% of the time while
fluoroscoping a unilateral lung collapse, and 19% of
exposure time was assigned to the ipsi-lateral breast.
Average doses were computed by adding the dose

received by the directly exposed breast and the scatter
dose received by the opposite breast, and dividing
by 2. In a few cases of bilateral lung collapse, both
breasts were assumed to be in the beam for 100% of
the time.

369. Uncertainties affecting dose estimates based on
so many variables, sometimes estimated from memory
of 20 to 45 years previously, must be affected by
considerable errors and should therefore be taken with
great caution. It is very difficult to say whether
average breast doses calculated by Boice et al. [B24,
B26] are representative of the the real situation and
what might be the systematic errors involved. How-
ever, the shape of the dose-response relationship
should perhaps not be affected by a systematic over-
or under-estimate of the real dose.

370. For the exposed women, the onset of the period
of risk for breast cancer development was assumed to
be the date of the first fluoroscopic examination, and,
for the non-irradiated controls. the date of admission
to the sanatorium. Expected breast cancer cases were
determined with the use of the age- and calendar-
specific incidence rate for the neighbouring state of
Connecticut, where a cancer registry has been in
existence since 1935. The number of expected breast
cancers in the exposed group was calculated by
multiplying the age- and calendar-specific women
years (WY) at risk by the corresponding incidence
rates in Connecticut. Standard morbidity ratios and
absolute risk coefficients were calculated. The end of
the period at risk was regarded as: the date of cancer
diagnosis: or the date of death from another cause: or
1 July 1975 for those found alive; or the last date at
which the woman was known to be alive, for those
lost from the follow-up.

371. The number of breast cancers found among the
irradiated women was 41, as against 23.3 expected
(excess significant: p = 0.0006). Among the controls.
15 cancers were found, against 14.1 expected. The
observed/expected ratios were, correspondingly, 1.76
and 1.06. The absolute excess risk increased with
increasing numbers of fluoroscopies up to 100-149:
a decrease after a greater number was suggested.
Nevertheless, a linear increase could not be excluded
[x? (trend) = 4.1. P = 0.04; z? (departure from linear-
ity)= 6.9. P=0.14].

372. When the incidence rate was calculated as a
function of the average dose to the breast, the results
were as shown in Figure XXVI. The average dose to
the breast per examination was estimated to be
0.015 Gy, and the mean cumulative dose to the breast
amounted to 1.5 Gy [B24]). No decrease in the excess
incidence per unit dose was apparent at doses above
4 Gy (the highest average was 5.74 Gy) and the dose-
response was consistent with linearity down to the
lowest dose group (0.32 Gy average) [2 (trend) = 9.4,
P = 0.220: 42 (departure from linearity) = 1.6, P = 0.8].
Some differences between the relationships for dose
and for number of fluoroscopies resulted from fluoro-
scopic examinations in different positions of the
patients, in different periods, at various ages and for
different sizes of the breast.
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Figure XXVI. Standardized incidence rate of breast cancer in
fluoroscoped pneumothorax patients per 100,000 women-years
(WY) at risk, as a function of estimated cumulative breast
doses, Error bars represent 80% confidence limits.
[B24]

373. The breast cancer risk appeared after 15 years,
and the excess risk was present for at least 40 years
after initial exposure. The average age at cancer
diagnosis was 48.4 years (the greatest risk appeared
among women aged 40-49 years at diagnosis) and the
mean latent period from cxposure to diagnosis was
24.4 years. The radiation risk coefficient derived from
subjects of this study living 10 or more years after the
first exposure was 620 excess cases per 10® women-
vear and Gy (280-1070 are the 90% Poisson confidence
limits).

374. 1n 1980 Land et al. [L22] reported a comparative
study fitting the same set of models to mammary
cancer incidence data from 3 main studies: atomic
bomb survivors, Rochester mastitis and Massachusetts
fluoroscopy series. They assumed that the level of
breast cancer response to irradiation may depend on
age at exposure. To avoid confounding of dose and
age. the dose-specific data were age-standardized
using the overall age distribution of each series as an
internal standard. It was assumed that the shape of
the dose-response curve was not dependent on age.
Linear, linear-quadratic and quadratic models, with or
without a cell-killing term. were fitted to the data. The
linear component was omitted from the killing term as
it did not improve the statistical fit, but increased the
statistical uncertainty in other parameters. This pro-
cedure is, however, biologically implausible. Another
constraint was that no parameters should be negative.

375. The model assumed that the control incidence
rate, ag, was equally affected by presumptive cell
sterilization, implying that all transformed or poten-
tially transformed cells from which cancers would
later develop were already present at the time of
exposure. This unproved assumption requires that
latent periods for spontaneous and radiation-induced
breast cancers should be the same, or longer for the
former. and is in fact supported by the apparent lack
of dependence of the latent period on dose, as shown
by Land et al. [L32].

226

376. The results of the above fits are presented in
Tables 2 and 3, according to the notation in equations
(3.6) and (3.7). For the Massachusetts series, para-
metric constraints reduced the linear + killing model
10 linear, and the linear-quadratic + killing model to
linear-quadratic. For the Rochester series, the linear-
quadratic model was reduced to linear. For the mastitis
series, accounting for cell killing improved the fit
significantly (Table 3). Better results were obtained in
this respect when single-breast data were used from the
mastitis series, where the linear + killing model gave a
substantially improved fit (P = 0.27) over the linear
model (P=0.012). This suggests that cell killing
at 4-14 Gy may be a real effect in unfractionated or
relatively unfractionated exposures. The quadratic
and quadratic + killing models did not fit the age-
standardized data as well as did the models with the
linear term a,D. The results show that low-dose risk
estimates for breast cancer induction should be based
on models with a pronounced linear term. The values
for the a, term are very close in the series, particularly
when differences in age distribution are considered.

377. When age-standardized percentage incidences
were plotted in exposed and unexposed women of the
three cohorts against time after irradiation, in no
group was there evidence of an acceleration of breast
cancer expression with dose. This result emphasizes
two points: that expression of radiation-induced breast
cancer may be influenced by the same physiological
factors that affect the normal age-specific incidence
rate of this tumour; and that an inverse relationship
between dose and latency is highly unlikely for this
neoplasm (see also [K39 and L32]).

C. TUMOURS OF THE THYROID
1. Direct studies

378. In their most recent published report, Shore et
al. [S60] updated the follow-up to 1977 and reinvesti-
gated several aspects of thyroid cancer induction by
x rays in a series of subjects irradiated in childhood
for alleged thymus enlargement [H18. H19, S38]. The
subjects studied included 2856 irradiated and 5053
controls; 2652 and 4823, respectively, were followed
for five or more years after the treatment (on the
average. for 30 years).

379. Irradiation was performed with x-ray machines
operating at various parameters of voltage and filtra-
tions that were probably not very critical for assess-
ment of the dose 1o the thyroid (in all cases, the skin
dose was very close to the absorbed dose in the gland).
The important factor was whether the gland was
inside or outside the primary beam. Individual dose
estimates were made on this basis, with other correc-
tions. For 241 subjects, such estimate proved impossible,
and they were excluded from studies involving analyses
with dose.

380. Siblings of the irradiated subjects were the
primary control, but comparisons were made also
with cancer rates in upstate New York. The subjects
were located by various means, and a questionnaire



was used to identify health problems, including
tumours. Responses were obtained from 88% of the
subjects. Only medically verified neoplasms were used
in further considerations, and pathology reports were
obtained for all cancers and about three-fourths of the
nodules (which were benign). From the total person-
years, five years were subtracted in each subject as the
likely shortest latent period.

381. There were only small differences in some
parameters characterizing the two groups. A large
excess of thyroid cancer (P < 0.0001) was diagnosed in
the irradiated groups (30 cases of various histological
forms), and only 1 case in the controls (1.43 expected).
The relative risk for the carcinomas, adjusted for sex,
ethnicity and post-irradiation interval, was 49.1 (90%
confidence limits 10.7-225) (p < 0.0001) when related
to controls, or 44.6 (32.1-60.6) when related to the rate
in the general population. There was also an excess of
adenomas: 59 among irradiated against 8 among the
controls (adjusted RR =15 (90% confidence limits
8.1-27.7) (p < 0.0001). A separate comparison of cases
with matched controls yielded similar odd ratios and p
values for cancer as given above, but a somewhat
lower estimate of relative risk for adenomas.

382. Doses in the thyroid ranged from 0.05 10 11 Gy.
with a weighted average of 1.38 Gy and 62% of
individual doses below 0.5 Gy. An absolute risk
analysis of the dose-response relation (Figure XXVII)
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Figure XXVIl. Thyroid cancer incidence per person year (PY)
as a function of the radlation dose in the thyrold. Rates
adjusted for sex, ethnicity and interval after irradiation. Error
bars represent 90% confidence limits.
[S60]

was undertaken with 6 and 12 dose categories,
controlling for sex, ethnicity, and interval since
irradiation. A linear regression (Mantel regression
coefficient) yielded a coefficient of 3.46 (+ 0.82 S.E.)
1074 Gy~ a™! (P < 0.0001) (5.25 and 2.05 for females
and males. separately). Fitting the data to a linear-
quadratic model, by iteratively weighted least square
regression analysis, resulted in a highly significant
linear term (P < 0.0001) and a non-significant dose-
squared term (P> 0.4). When the so-called ridge
regression analysis was applied, the linear term retained
its predictive power, but the quadratic term was
even farther removed from significance. The Cox
regression analysis used for calculation of RR-model
coefficients yielded for cancer a strong linear com-
ponent (P < 0.00001) and an insignificant quadratic
one (P = 0.08). The value of the relative increment
coefficient was 0.0058% of the control frequency
per Gy.

383. For adenomas. the risk expressed in absolute
terms yielded a linear dose-response with a coefficient
of 5.7 (* 1.2 S.E.) 10~* Gy~! a~! (7.7 for males and
3.6 for females) significant at P < 0.00001. In a linear-
quadratic fit, the linear coefficient was 3.8 (+ 1.4)
107 Gy~! a~!; that for the quadratic term was
negative, —0.04 (% 0.004) 107¢*Gy~2 a~!. and the
relationship was downward concave. A strong linear
component (P < 0.0000]) and a significant quadratic
component (P < 0.01) with a negative coefficient. were
obtained for the risk expressed in relative terms. A
simple linear regression vielded a relative increment
coefficient of 0.0044% of the control frequency per Gy.

384. Of 2358 subjects with doses below 6 Gy. 51%
were irradiated once, 39% twice and in 10% of cases
the dose was split into 3 to 11 fractions. No influence
of the dose per fraction, number of fractions and
interval between fractions was found for carcinomas
or adenomas., Tumour appearance as a function of
time seemed to decrease slightly beyond 25 years post-
irradiation, but still after 40 years there were excess
tumours. The data were not a good fit to the relative
risk projection model, but an adequate fit was
obtained to the absolute risk model. The latent
periods of thyroid carcinomas and adenomas did not
show any relationship with the dose.

385. In conclusion, these data, derived from a cohort
irradiated in infancy, show a dose-response relation-
ship with a strong contribution of the linear terms,
lack of demonstrable dose-squared terms. and lack of
dose-fractionation effects. A paradox was also noted.
in that irradiation seemed to multiply the sex-specific
“spontaneous™ risk, while, at the same time, the
results fitted an absolute, but not a relative, risk
projection model,

2. Indirect evidence

386. Among the studies on thyroid cancer reviewed
in annex G of the 1977 UNSCEAR report [U6] none
seems to qualify for the derivation of the dose-
response relationship or for testing of various models.
However, when the risk coefficients for irradiated
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children are considered (see Table 10 in annex G of
the same report) they seem to fall within a rather close
range, although the average estimates of dose for each
group vary from 0.065 to about 10 Gy. This would
suggest a dose-response relationship close to linearity,
a suggestion that must be taken with caution owing to
the great uncertainties in retrospective dose estimates
in all studies, and to the genetic, demographic and
geographic differences between the series.

387. Modan [M25), and later Ron and Modan [R29,
R45], followed up children irradiated for tinea capitis
in their childhood. The last paper in the series [R45]
summarizes the results for the follow-up period
1950-1978. All individuals were irradiated between 1948
and 1960 at an average age of 7. The majority (96%)
were treated between | and 15 years, and over 50%
between 3 and 8 years. Only 6% were irradiated more
than once.

388. The final cohort study included 10,842 irradiated
persons (IS) and 10.842 non-irradiated tinea-free
subjects matched for age, sex, country of origin and
vear of immigration to Israel (PC). A second control
group was composed of 5400 siblings (SC), non-
irradiated and tinea-free. All groups were equally
divided by sex. By the end of 1978. the three
groups had accumulated 244909, 245435 and
121,854 person-years at risk, respectively. The average
follow-up interval was 22.8 years. The dose to the
thyroid was estimated 1o range from 0.043 to 0.16 Gy,
with a mean of 0.096 Gy.

389. The following numbers of cancers were found
in the three groups: IS, 29: PC, 6; SC. 2. They were
ascertained from the Israel Cancer Registry with an
efficiency of recovery of about 80%. The relative risk
of thyroid cancer, estimated by using the Mantel-
Haenszel method for cumulative data. amounted for
the whole group to 5.4 (95% confidence interval 2.7-
10.8). The absolute risk may be estimated betweeen 12
and 14 107 Gy~! a~!, depending upon the efficiency
of detection assumed (100 or 80%. respectively). There
was a clear influence of sex upon the incidence, the
relative risk and absolute risk ratios females:males
being 1.2 and 3.8, respectively. Subjects in the age
bracket 0-5 years were twice as sensitive as those in
the 9-15 years group. A significant ethnic difference
was also seen because the children of Moroccan and
Tunisian origin (contributing about one-half of the
total) had an absolute risk twice as high, and a relative
risk 6-9 times higher than the rest of the cohort.

390. The Fr, from this study is about 3-4 times
higher than that derived by Shore et al. [S60] for a
cohort with an average dose of 1.38 Gy. This however,
does not indicate that the risk is truly higher at the
lower dose of about 0.1 Gy, because the tinea capitis
sample is composed entirely of people of Jewish
origin. From the results of Shore et al. [S38]. it
follows that this factor alone could account for a two-
fold difference. and the contribution of individuals of
Moroccan and Tunisian origin may have added
another factor of 2. Any systematic bias in dose
estimates due to inadvertent movements of children
during irradiation would have resulted in higher, and
not lower, doses to the thyroid.
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391. In summary, therefore, a similar vaiue of Fra
for thyroid cancers in a cohort of children who
received a thyroid dose of about 0.1 Gy, and in
another cohort with doses ranging from 0.17 to
7.5 Gy. strongly supports the conclusion that the
dose-response relationship for thyroid cancer may be
essentially linear. Concurrent irradiation of the hypo-
physis with higher doses (of the order of 0.5 Gy) has
been suggested as a possible explanation for this
unique observation. However, only an increased secre-
tion of thyroid stimulating hormone (TSH) would be
expected to enhance the risk of thyroid carcinoma,
while irradiation of the hypophysis would be expected
to result in a decreased secretion. Data from an
experiment aiming at answering this question are also
in conflict with the explanation referred to above
[L29]. A smaller group of 2213 children [S36] irradiated
to induce epilation did not produce an excess of
thyroid cancer. However, because of the low statistical
power of the study, this result is consistent with
reported values of Fy,.

392. Holm [HI17] published a retrospective study on
patients given '3!] for diagnosis of thyroid diseases in
the Stockholm area in 1952-1965. The population
consisted of 10.133 persons, of average age 44 years,
followed for an average period of 18 years after
administration of the nuclide. Of these, 95% received
37 when 20 vears or older (2086 males and 8047
females). The diagnostic tests were administered for
suspected thyroid tumour (32%); hyperthyroidism
(44%); hypothyroidism (16%); or other reasons (8%).
Thus. from the viewpoint of thyroid physiology
and/or pathology. the population studied was a
selected one. Persons with cancers diagnosed within 5
years of administration of ¥'] were excluded from the
study as were those given any therapeutic irradiation of
the thorax, head and neck.

393. The mean activity administered was 2.2 MBq,
and doses to the thyroid were calculated on the basis of a
measured retention of about 40% at 24 hours after
administration., The assumed mean effective half-life
of 13'1 was 7 days and the mass of the thyroid was
estimated in a representative sample (about 10%) of
the population under study from scintigraphic measure-
ments and palpation. In persons above 20 years, the
mean weight of the thyroid was 50 + 33 (S.D.) g, and
in those below 20, 10 + 5 g. The resulting mean doses
were 0.58 and 1.59 Gy. The population average
(adjusted for age) was 0.62 Gy.

394. The expected number of thyroid carcinomas
was computed from country-average age. sex and
calendar-year specific rates derived from the Swedish
Cancer Registry statistics. The assumed period at risk
was the period of follow-up since administration of
BI1 minus 5 or minus 10 years. In the first case, the
number of expected cancers was 8.3, in the second 5.9.
The Swedish Cancer Registry was searched for names
and identity code numbers of all the patients enrolled
in the study. Nine cancer diagnoses among them were
identified and 8 confirmed, Thus, there was no excess
canl;::ar among the subjects given diagnostic amounts
of 1L,



395. Holm et al. [H17] compared the number of
cancers diagnosed with estimated numbers calculated
from UNSCEAR risk coefficients of 5000-15,000 cases
107 Gy~! [U6] (derived predominantly from surveys
on children) or from Hiroshima and Nagasaki surveys
[U6] of 1400 1076 Gy~!. In the first case, the number
of expected cancers would be 47-124. which is
obviously very different from the observed 9 cases.
For the second alternative, the authors quote a figure
of 19 cases, which they claim to be not significantly
different from the 9 cancers diagnosed.

396. However, when the lack of the excess incidence
in that study was compared [N10] with the expecta-
tion in adults, taking the risk for adults to be one-half
that in children [S60]. to account for the age-related
lower sensitivity. the difference appeared statistically
significant on two tests applied. This would suggest
that the effectiveness of '3!] for induction of thyroid
carcinomas is lower, at least by a factor of 2. The
question whether this is a true dose-rate effect, and to
what extent other factors play a role, cannot be
answered at present,

397. Several factors, separately or in combination,
could be responsible for the difference between the
predicted and the observed numbers of cancers. First,
the linearity of the dose-response relationship in
Figure XXVII may be more apparent than real,
because the positive dose-squared term for initiation
and the negative term for cell killing may compensate
each other. Secondly, the subjects are a selected
unhealthy population, with a high percentage of
thyroid involvement, to whom specific rates of thyroid
cancer induction, valid in the general population, may
not apply. Thirdly, the treatment given after the
diagnosis (surgery. thyroid hormones) could have
suppressed the risk. This appears rather unlikely, as
more than half the patients were not given any
treatment and the nine with diagnosed cancers were
treated with hormones (2 cases) and surgery (4 cases),
which did not prevent the manifestation of tumours.
Fourthly. a non-uniformity of dose distribution from
1311 in pathologically enlarged glands could be another
confounding factor. Fifth. it cannot be excluded that
risk coefficients are being compared for populations
which may differ in their average iodine uptake and
hence in activity of the thyroid and hypophysis (TSH
stimulation). Finally. other dietary or environment-
related factors could further confound the comparison.

398. In summary, two studies on humans [R45, S60]
argue persuasively that the contribution of the linear
term is very strong in the dose-response relationship
for induction of carcinomas of the thyroid. This is
also the conclusion to be drawn from the experiments
on rats by Lee et al. [L29] discussed in chapter [V. If
this conclusion were true, a dose-rate effect, should
not be expected. However, the results of Holm's study
[H17] are not consistent with this picture. Further
investigations in this field are certainly called for.

D. CANCER OF THE RESPIRATORY TRACT

399. Induction of lung cancer has been discussed
repeatedly in many UNSCEAR reports [U6, U7,

U9-U12, U24] and risk estimates were given based on
various groups’ findings ([U6]. annex G). Most of the
data on lung cancer induced by external irradiation
appeared unsuitable for analysis of the dose-response
relation. The most numerous group, the atomic bomb
survivors, is still affected by uncertainties in organ
dosimetry. As a result, there are large statistical
uncertainties in excess rates in various exposure
categories ([U6}], annex G).

400. The most interesting case for a discussion of the
shape of dose-response relationships is the prolonged
exposure of miners to radon and its daughter pro-
ducts. The difficulties in this case are:

(a) The long period of exposure, often at a variable
rate. Exposures toward the end of the follow-up
period are increasingly less effective, in view of
the long latent period of these tumours:

(b) Possible changes in susceptibility with age, which
is itself a variable correlated with the length of
the exposure:

(c) Possible interaction of radon and its daughters
with other factors, particularly smoking habits of
miners [A8, Al16, W17];

(d) The dosimetry. which is based either on measured
concentration of potential alpha-energy in the air
(WL)4 or on estimates of radon concentrations,
on the assumption of some degree of radon-
daughter product equilibrium. Translation of
these quantities into an absorbed dose in the cells
at risk (basal lavers of bronchial epithelium) is
uncertain, but a recent ICRP review [14] gives,
for mining conditions, a range of about 3 to
8 mGy per WLM. The use of cumulative WLM
as an indirect measure proportional to dose is
probably adequate for discussions of the derived
dose-response relationships.

1. The risk expressed in absolute terms

401. In Newfoundland, a group of 2120 fluorspar
miners were exposed to an accumulated mean exposure
to radon of about 550 WLM. They were followed for
about 25 years and those who accumulated more than
1 WLM had a relative risk of cancer of the respiratory
tract of 5.58 (95% C.L. 4.54-6.72). The absolute
annual excess risk coefficient amounted to 6 (4.6-7.5)
cases per 10 PY per WLM. The excess lung cancer
incidence rose roughly in proportion to the exposure
[M5].

402. Several studies were published on the epide-
miology of cancer of the respiratory tract among
uranium miners in the United States. The 1977
UNSCEAR report [U6] reviewed those by Archer et
al. [A8] and by Lundin [L18]. To sum up the
situation, the study by Archer [A8] referred to 3366
white and 780 non-white miners who had worked one
or more months in underground uranium mining
before 1| January 1964. Mortality analysis was ter-
minated on 30 September 1968, and only 1% of people

dSee footnote c.
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enrolled were lost from the survey. The death certificates
of thosc deceased beforc the closing date were
obtained. There was a substantial excess of deaths
(437 observed versus 276.6 expected) among which
there were 70 cancers of the respiratory system against
11.7 expected (p<0.01). The diagnoses were ascertained
using all sources of evidence (clinical findings, x rays.
autopsy. histology. biopsy, cytology, sputum analysis).
Numerous cancers occurred after 1968, or were
evaluated as probable ones. These were not used in
the assessment of risk or for characterization of the
dose-response relationship [B20].

403. The exposure was assessed by radon daughter
measurements (nearly 43.000 from 1951 through 1968
in approximately 2500 mines). Measurements taken in
a mine over vearly periods were averaged, but, in
many instances, exposure over a number of years
could only be estimated approximately. particularly in
the early years of highest exposure. In addition. a
fraction of miners had a history of hard-rock mining,
before the work in uranium mines, which also
required approximate assessment. Cumulative radon
daughter exposure values were calculated with the
above approximations for each miner and for each
month of his employment.

404. Person-months of risk of dying by single calen-
dar vear, for S-year age groups, and for each time
interval after the start of underground uranium
mining, were calculated by a modified life table
technique. These values were related to cumulative
radon daughter exposure in WLM. Individuals who
were lost to follow-up were considered to be alive
throughout these analyses. A miner often contributed
person-months to more than one exposure category if
during the course of employment he passed from one
category to the next. The expected number of deaths
was calculated by applying the specific rates for age,
race, calendar year and cause of death for white
United States males to the appropriate number of
person-years at risk.

405. The number of expected and observed cancers
of the respiratory tract as a function of cumulative
exposure in WLM during the whole period of obser-
vation was converted to incidence rate by BEIR [B20],
weighing the incidence in each group of white miners
by its inverse variance. The fit was as shown in Figure
XXVIIL. Consistency with linearity is evident and the
slope is about 3 107¢ person-year WLM™! for the
whole range of exposure.

406. There were confounding variables, like cigarette
smoking, metropolitan versus non-metropolitan resi-
dence, possible mis-classification of miners into ex-
posure categories, and dependence of WLM calcula-
tions on quality of the work histories, which could
have distorted the data to some extent. It is difficult to
see what their combined effect could have been.
However, the authors suggest that the influence of
these variables should not basically alter the trend of
the dose-response relationship. Also, the excess of
cancer cases even in the 120-359 WLM category is
beyond doubt.
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Figure XXVIIl. Dose-response relationships for lung cancer in

uranium miners in the United States. Error bars include 90%
range based on Poisson statistics.
Modified from [B20].

407. The morality study of the uranium miners
from the United States was extended to September
1974 [A16] with essentially the same methodology as
in a previous study [A8). Lung cancer rates were
calculated for eight exposure categories and for the
time after starting uranium mining, The total number
of person-years at risk was 62.556: the average period
of work in uranium mines was 9 years: the mean
accumulated exposure was 820 WLM; and the average
follow-up period was 19 years. The incidence rate
increased approximately linearly up to 480 WLM,
then the slope of the response decreased to give a
lower risk per WLM, a feature possibly related to cell
killing, which was also seen in the series from
Czechoslovakia [S3]. Miners exposed to higher rates
were usually followed for longer times, and most
miners were middle-aged when they entered the
occupation. Cigarette smoking. and constitutional
factors such as stature and eye pigmentation were
found to be correlated with the effect. Stature was
thought to be correlated to lung volume in the sense
that, for the same work at comparable oxygen
consumption, a smaller lung volume means enhanced
ventilation rate and higher lung doses. More recently,
uranium miners from the United States have been
followed through 1977 [{WI3], but the data, as
reported, do not provide new information, as all
uranium miners examined by the United States Public
Health Service medical survey team were already
considered in the study by Archer et al. [A16].



408. The data from the United States miners were
tested by Myers and Stewart [M43] for their fit to
various dose-response functions. The fit was made to
an equation of the form I7o(WLM)=a + bE} where
I74 is the annual net incidence rate (1076 a~!) and E
the cumulative exposure in WLM. The j exponent was
fixed at 1.0, 0.5 and 0.25, and maximum likelihood
estimates were obtained in each case for a and b.
Allowing all parameters to produce a maximum
likelihood estimate led to a preferred value of j not
significantly different from unity and to a positive
value of a, indicating that an excess cancer of the lung
may obtain even in the absence of radon exposure. A
linear fit to the data was found to be the best. with
b=3.5100WLM a1

409. The latent period from the start of the exposure
to diagnosis was examined as a function of the age at
the start [A16]. It declined from about 45 years to
about 10 years in those who started mining at 20 or
60 years, respectively. Smokers usually had a shorter
induction time (see annex L of the 1982 UNSCEAR
report [U24] for a discussion of the influence of
tobacco smoke). There was also a shorter latent
period associated with higher exposure rates, which
appeared to contribute to shortening more than
cumulative exposure.

410. Sevc, Kunz and Placek [S3] reported on
lung cancer incidence among uranium miners in
Czechoslovakia. The number of miners was not
specified, but the group was similar in the number of
people to that studied by Lundin et al. [L18, L19] in
the United States. which consisted of 3366 workers.
According to [I5], the study was based on about
60.000 person-years at risk, and a follow-up in the
range of 21-26 years, 10 years of average working
period in the mines and a mean cumulated exposure
of 310 WLM. Fifty-six per cent of these miners started
uranium mining between 1948 and 1952 inclusive
(group A), the rest between 1953 and 1957 inclusive
(group B). Miners were also subdivided into 3 age
groups at the start of exposure: < 29 years (45%),
30-39 years (28%), and > 40 years (27%). The age
structure in groups A and B was very similar. Each
age group was subdivided into eight exposure sub-
groups, the exposures being expressed as WLM. The
numbers in each sub-group were approximately equal.
Exposure estimates were based on about 120,000
radon concentration measurements made since 1948,
Estimates of potential alpha energy concentration
were made from radon measurements by choosing
average values of equilibrium between radon and its
decay products, typical for given ventilation conditions
and practices (which were available from records) and
radon daughter measurements which were introduced in
1960. Attempts were made to estimate the variability
of dose measurements, The rates of exposure accumu-
lation in the three age groups were comparable.

411. In each sub-group of miners (belonging to each
exposure category and age group), the expected rate of
lung cancer was calculated by year from the beginning
of exposure up to 31 December 1973, on the basis of
age- and calendar-specific lung cancer mortality rates
for Czechoslovakia. A statistically significant excess

(at 5% level) started 1o appear in the 100-149 WLM
category.® The presumption of linearity for the dose-
response relationship in group A (start of the exposure
1948-1952. follow-up 21-26 years) could not be rejected
at the 5% level of significance.

412. The same data [S3] were fitted by Myers and
Stewart [M43] to quasi-threshold functions of probit
and logistic response on the logarithm of cumulative
WLM. When results were tested by means of x?
distribution for significance of deviations from these
assumed functions, the z? values were tenable at
P =0.98-0.99. However, the quasi-threshold was less
than 3 WLM. Thus, the mathematical analysis, using
maximum likelihood as the criterion, does not provide
any reason to reject linearity, for which the »2 test
gives a P value of 0.82.

413. Cumulative exposure E (WLM) and lung cancer
incidence (I1,) in group A were also fitted by Jacobi
[J4] to a function of the form Iy, = a E e™*E. A better
fit was obtained than that resulting from assumption
of linearity throughout the whole range of exposures.
The most likely estimates of a and k were 320 excess
cases 1076 WLM~! and 6 107* WLM™!, respectively.
414. The excess cumulative cancer incidence in the
various age groups shows that for the older age group
the incidence was significantly elevated (5% level) at
100 WLM or more. For the two younger groups, this
significance was reached at exposures above 150 WLM.
The risk per unit exposure (WLM) increased with age,
with some irregularity of response in miners who were
older than 40 at the beginning of the exposure. In the
younger age groups, linearity, with different slopes,
could not be rejected at the 5% level of significance.
The differences in incidence between the groups
disappeared above 300 WLM.

415. Cigarette smoking did not appear to be a
confounding variable because it was not dependent on
exposure categories, although it was correlated with
age. From random sampling, the frequency of smoking
was similar to that in the country for which specific
mortality rates were used for computation of the
expected numbers of cancers. Also, hard-rock mining
was not a complicating factor in assessment of the
exposure.

416. In another paper, Kunz et al. [K22] studied
the excess lung cancer incidence in miners in
Czechoslovakia over the period 1948-1975 and related
their findings to different time distributions of exposure.
The previously mentioned group A composed of
miners who started work between 1948 and 1952 was
followed for 26 years on average. The cohort was
divided into five exposure categories and also, accord-
ing to duration of exposure, as short (4.0-7.9: mean
5.6 years), intermediate (8.0-11.9; mean 9.5) and long
(> 12: mean 14). The same group was also divided
alternatively, according to exposure rate. into group II
with nearly constant accumulation rate; group I for
which the earlier rates of exposure were higher than

‘More recently, it has been reported [S51] that the excess is
already significant at an average exposure of 72+ 2 WLM.
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later ones; and group 111 where the rate of accumu-
lation increased with time and reached highest values
in recent years.

417. The additional lung cancer incidence for the
group as a whole, when related to duration of
exposure and its cumulated values, is shown in Figure
XXI1X. For the group as a whole, a linear exposure-
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Figure XXIX. Relationship between addltional lung cancer
frequency and cumulated exposure in all uranium miners from
Czechoslovakia. Error bars represent 95% confidence limits.
[K22]

response relationship cannot be rejected, but there is
some suggestion of saturation at the highest values of
WLM. When divided into three groups in relation to
the duration of exposure, the two groups with shorter
exposure showed saturation very clearly. The early
exposure rates in both groups with shorter duration of
exposure at which a significant deviation from linearity
occurs corresponds to about 50 WLM a~!. The lower
incidence resulted from a diminished excess of small-
cell undifferentiated cancer. The groups with uniform
and decreasing rate of accumulation showed linearity
of the response, whereas that with the increasing rate
showed a breakdown of the response in the highest
exposure category (> 400 WLM). This decrease of the
incidence was also due to diminished occurrence of
small-cell undifferentiated cancer. A similar influence
of exposure rate to radon daughters upon lung cancer
incidence was observed in experiments on rats by
Chmelevsky et al. [C34] (already discussed in chapter I'V).

418. Sinceall Czechoslovak miners started exposure in
1948-1952. those accumulating their exposure over a
shorter period did not have a shorter follow-up, and
therefore the lower incidence in the two groups of 9.5
and 5.6 years of mean exposure duration cannot result
from the shorter time available for manifestation of the
effect (truncation due to long latency and short follow-
up). A more likely explanation would be a killing effect
on the transformed cells, which becomes manifest at an
exposure rate of about 50 WLM per year. However, a
shorter survival of miners at high exposures was also
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suggested [J7). Thus, lung cancer induction by alpha-
particles of radon daughter products can be described
by equation (3.1), with the proviso that the propor-
tionality constant of the cell-killing term is dose-rate
dependent. The slopes of the exposure-response relation-
ships for different times of accumulation in the low-dose
region were very similar. The effect of exposure rate
cannot be easily separated from the effects of time
course in groups that differ in respect of the rate of
accumulation of WLM. Both the exposure rate and
latency effects may play a role in the decreased
incidence for the 400 WLM category of group III.

419, Horacek and Sevc [H25] studied the relationships
between incidence (per 103, I1,) of various histological
forms of respiratory cancer in uranium miners from
Czechoslovakia and the exposure (E, in WLM). For all
miners, a function of the type It =0.16 E gave a
good fit to the data, and absence of a threshold could
not be excluded. For epidermoid-type lung cancer, the
relationship was different, and a regression line of the
form Iy, = aE + ¢ =0.15 E—11.2 could be fitted up to
700 WLM (c was significantly different from zero).
Thus, the analysis suggests the presence of a threshold
of about 75 WLM. There was also a small excess—un-
related to exposure—of other histological types of
lung cancer the statistical significance of which cannot
be assessed from the report [H25].

420. It is interesting to note that basically the same
picture was obtained for the miners whose exposure
began at ages less than 40 years. For those above
40 years. the relationship for epidermoid-type lung cancer
was again linear with threshold (I, = 0.13 E —21.7),
suggesting a threshold of a similar magnitude. but a
steeper linear rise of incidence with exposure up to
700 WLM. For small undifferentiated cancer. the
excess at about 60 WLM was already close to 60 1073
cases and rose much less steeply to 80 1073 cases at
about 300 WLM, with a decline to about 40 107? cases
at about 500 WLM. Other histological types also
showed an increased incidence to about 40 1073 cases
at 300 WLM, with a decline 10 very low levels at
500 WLM: however. the form of the ascending branch
of the curve cannot be derived from the report.

421. The relationships of these findings to smoking
could not be studied, due to lack of relevant informa-
tion. The reasons why the two main histological types
of pulmonary cancer should have different forms of
the dose-response relationship (presence or lack of
threshold) and different age dependence, are un-
known. However, there is a causal link between
development of epidermoid lung cancer and meta-
plastic changes in the bronchial epithelium [S58, S61].
The intensity with which noxious factors (e.g., tobacco
smoke, radon exposure) act upon exposed individuals
is probably related to the speed with which metaplasia
develops. Therefore, at lower exposure rates, devel-
opment of metaplasia and epidermoid cancer may
simply be delayed. The percentage of the small un-
differentiated and epidermoid cancers varied strongly
with numerous factors, such as calendar time, age at
diagnosis, and length of exposure. The epidermoid
cancers usually appeared later, and at higher exposures,
than the oat-cell undifferentiated carcinomas. All



these circumstances call for great caution in accepting
a threshold-type relation for epidermoid lung cancer
in uranium miners, particularly because the analysis of
a similar type of cancers induced in rats exposed to
radon decay products [C34] (see IV.B.6) did not
suggest any threshold above a few WLM. A detailed
study of the latent periods for the two types of cancer
could give some insight into the problem.

422, By far the largest study on the mortality of
miners, including that from lung cancer, was recently
reported by Miiller et al. [M70] from Ontario,
Canada. Out of several groups of miners engaged in
mining various minerals. excess of lung cancer mortality
was found in three: uranium miners, gold miners, and
those mining a mixed assortment of minerals. The
dose-response study described below refers only to
uranium miners, for whom radon daughters in the air
could be envisaged as the sole causative factor. The
group included all full- and part-time underground
uranium miners with mining experience of one month
or more. They were followed from | January 1955
through 31 December 1981. The cohort numbered
15,984 men, with an average follow-up of 15 vears,
average duration of exposure of 2 years. mean
accumulated exposure of 60 WLM. and a total of
241.942 person-years at risk. The exposures to 222Rn
daughters were calculated in WLM from area moni-
toring and occupancy data from 1955 through 1967
and, starting in 1968, from personal exposure records.
For each miner. upper and lower best estimates were
derived. called *special” and ‘“‘standard WLM",
respectively. It was postulated that the most likely true
exposure would fall within these boundaries.

423. Deathsamongcohort members due to respiratory
cancers were identified via the Canadian Mortality
Data Base, utilizing death certificates. The expected
number of deaths was calculated using age and
calendar mortality rates for the male population of
Ontario. Smoking habits were not taken into account,
but. according to the authors, there were good reasons
to suppose that the miners did not differ in this
respect from the reference population. Among the
uranium miners there was a highly significant excess
of cancers of the respiratory tract (121 observed
against 70.5 expected; P < 1079).

424. When the absolute attributable risk was cal-
culated in 6 exposure groups according to a linear
model, the intercept did not differ significantly from
zero, irrespective of whether a zero. 5- or 10-year
lag in exposure against effect was assumed. The
slopes of I, as a functuion of WLM varied between
2.0-2.8 1078 WLM™! for “special” WLMs and 4.8-7.2
1076 WLM™! for the ‘‘standard” WLMs (at 3 different
lag intervals). The slopes were significant at P < 0.001.
An example of a dose-response relationship is pre-
sented in Figure XXX. In terms of the absolute
attributable risk, the slope was significantly greater,
by a factor of about 6. for those who lived to age 55
or more than for those who died at younger ages.
Thus. all dose-response relationships were well de-
scribed by a non-threshold linear function. A single
relative risk model described the relationship for all
attained ages (see paragraph 428).
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Figure XXX. Dose-exposure relationships for lung cancer
incidence in uranium miners from Ontario, Canada, who had
no prior exposure in gold mines. Exposure is expressed in
WLM “standard” units.
[M70)]

425. Preliminary data were reported from Sweden on
lung cancer induction in iron-ore miners exposed to
relatively low levels of radon daughters. A typical rate
of exposure is 2 to 6 WLM per year of underground
work, presumably rather constant over the last 60 vears
[R35, R36]. The group consists of 1435 miners born
between 1880 and 1919, known to be alive on
1 January 1920. The mortality analysis dealt with the
cohort alive on | January 1951 (1294 men) and covered
the period through 31 December 1976.

426. The analysis [R36] is almost a life-long follow-
up. Details and accuracy of exposure evaluation are
not known. The estimates of exposure ranged from
2 to 300 WLM, the average being about 90 WLM.
Detailed histories of smoking were available for each
miner. and the expected numbers of lung cancers were
calculated from the calendar- and age-specific cancer
rales for smokers and non-smokers in Sweden. The
interesting feature of this study is the very long latent
period, with a minimum of 20-29 years after the start
of mining and a mean of about 40 years.

427. From this series. only limited data have been
published [R41] concerning the dose-response relation-
ship. The earlier report [R36] states that “...the
preliminary data show a reasonable dose-response
relationship over the range of cumulative exposure
from 2 to 300 Working Level Months (WLM). The
significant point is that in the lowest dose range we do
get a significant excess of lung cancer at about
25 WLM. So we have some indication that at these
low doses and dose rates there is a significant lung
cancer risk as the linear dose-response would have
predicted.”

2. The risk expressed in relative terms
428. The lung cancer risk of Canadian uranium
miners was also expressed in terms of a relative

increment versus exposure. The intercept of the
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function was not significantly different from zero for
all assumed exposure-risk intervals (0.5 and 10 vears).
The slopes for relative risk versus exposure varied
from 0.51 to 0.54. and the coefficient for increment of
spontaneous risk per WLM assumed a single value of
1.3%. The slope was significant at P < 0.001. Thus, a
non-threshold linear model, with a constant slope for
all attained ages, was adequately described in the data.

429. Lung cancer mortality of the uranium miners in
the United States was re-appraised [W17] using Cox’s
proportional hazard model for mortality rates. The
analysis was based on 194 lung cancer deaths recorded
through 31 December 1977 in the cohort of 3362 white
and 780 non-white miners in the Colorado piateau,
who worked at least 2 months underground. The data
on exposure were the same as used by Waxweiler
[W13]. Smoking histories were used to estimate the
total number of cigarettes smoked until the exposure
cut-off (1968).

430. When considered in terms of the relative risk
(RR), various specific models were tested which
treated the exposure to 22’Rn decay product and
smoking as additive or synergistic factors. The best fit
to the data by the maximum likelihood method was
obtained by a synergistic mode! of the form:

RR = (1 +a WLM) (1 + b packs) .1

where WLM and packs are accumulated exposure
to 22Rn daughters and estimated total number of
cigarette packages smoked up to 10 years before the
miners’ current age, respectively. The fit yielded
a=0.31 1072 WLM™! and b=0.51 103 pack™! and
was significantly improved over that obtained when
exposure to 22?Rn decay products was taken alone.
Several additive models could be rejected. For exposure
to 222Rn decay products alone the dose-response
model is a non-threshold linear one.

431. An ICRP Task Group [I5] re-calculated the
lung cancer risk among United States, Czechoslovak
and Canadian miners in terms of the relative risk. The
ratios of the coefficient for the linear slope of the
exposure-response relationships. i.e.. the relative incre-
ment of spontaneous lung cancer risk per unit of
exposure are as follows: United States. 0.5-1.0;
Czechoslovakia, 1.0-2.0 and Canada 0.5-1.3 per cent
per WLM. These values are much closer to each other
than the respective values of the coefficient Fr, (in
terms of the absolute attributable risk) of 3-8, 10-25
and 4-10 107® WLM per year. The relative risk per
WLM also becomes slightly less at high accumulated
exposures.

432. Dazra on induction of lung cancer are practically
limited to prolonged exposure to alpha particles
emitted by short-lived radionuclides attached to dust
particles or as free ions in air passage ways (trachea.
bronchi). Moreover, the available data refer to miners
among whom a majority are tobacco smokers. The
latter factor may act synergistically with radiation in
inducing bronchial neoplasms ([U24]. annex L). There
were also other factors in the working environment of
miners whose co-carcinogenic or promoting effects
upon lung cancer induction could not be completely
discarded. Attempts at dissociating these from radon
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decay products and tobacco effects have been so far
unsuccessful. Whatever the limitations of the five
studies discussed, they imply basic agreement with
expectations of the linear non-threshold model. irrespec-
tive of whether the risk is expressed in absolute or
relative terms.

E. BONE SARCOMA

433. The available information on induction of bone
sarcoma by bone-seeking radionuclides has already
been reviewed by UNSCEAR ([U6], annex G). which
also discussed many experiments performed on animals
{[U6], annex I). Relevant new information on animals
is discussed in chapter IV of the present annex.

1. Direct studies

434, A group of dial painters who acquired various
amounts of 2Ra and 22)Ra has now been followed for
more than five decades [E3, E4, R18-R20. R34] and
has provided knowledge of average doses to bone and
to endosteal tissue, in which the cells at risk are
thought to be located. Average doses from radium
isotopes in man can be calculated with reasonable
accuracy for groups of subjects who acquired their
body burdens 50 or 60 years ago [R18-R20]; however,
the precision of individual estimates is difficult to
appraise.

435. The 226Ra and 2*Ra body burdens were measured
in most of the individuals (in some of them on
numerous occasions) and the initial skeletal uptake
was estimated using Norris’ [N7] empirical retention
function for radium in man. The average skeletal
doses of alpha radiation from both isotopes of radium
and their daughter products were computed by inte-
grating the retention function from the mid-point of
exposure to the end of follow-up. and dividing the
released energy by the average skeletal mass.

436. A large group of these subjects (dial painters)
has been followed for more than 45 years and the
estimated cumulative incidence should be very close to
the complete life-long effect of the radionuclides. It is
still uncertain whether the group might be selected for
dose, i.e., whether or not the subjects with symptoms
are grouped preferentially in higher dose categories
where skeletal effects (including bone-sarcoma) occur
more frequently [M29].

437. Rowland et al. [R34, R46] analysed the dose-
response relationships for bone sarcoma in this
population. Female dial painters were selected from
the total group and were followed until 31 December
1979. Among 1468 individuals with a measured body
content of radium, 42 bone sarcomas were found.
whereas 0.4 were expected on age- and time-specific
rates for white females in the United States. However,
among all recognized sarcoma cases, the body burdens
were not measured in about one-third of cases [R46].
Excess of sinus and mastoid carcinomas was also
reported and they were thought to arise from irradia-
tion of the lining epithelium by 22Rn and decay
products accumulating in the cavities. Their number



was too small and dosimetry too uncertain for any
reasonable discussion of dose-response relationships.

438. The numbers of cases per person-year at risk
were calculated as a function of the systemic intake of
radium (activity of 226Ra + 2.5 activity of 228Ra; it had
been shown [R18] that for induction of osteosarcomas
in man 228Ra is 2.5 times more effective per unit
activity than 226Ra). All cases with systemic intakes
greater than about 10 kBq were used for the fit. The
breakdown of cases into 14 intake groups was made in
such a way that 3 strata covered each order of
magnitude (Figure XXXI) from about 10 kBq up to
about 1 GBq. Mean intakes were calculated either as
simple weighted means or as roots of mean weighted
squares. The former was used when linear. and the
latter when quadratic, functions were fitted to the
independent variable. Values of 0.7 10~% and 1.75 1073
were taken as expected (control) incidence rates for
the two modes of treatment mentioned above.

439. Various forms of general inital acuvity (A)-
incidence-rate expression Ity = (ag + @A + a,A%)e~HA
were fitted to the data and tested by y? statistics for
goodness of fit. Fitting of 13 data points was carried
out by a general weighted least-squares procedure. A
quadratic initiation + killing expression gives the best
fit (P = 0.73). Arbitrary selection of a positive a, still
gave an acceptable fit (P = 0.05) of @, = 1.3 1075, The
parameters of the equation [, = (ag+ a,A?) e #A are;
a,=(7.0+0.6) 10"%and ;= (1.1 £ 0.1) 1073, where A
is the initial systemic intake of activity.
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440. The pure quadratic and linear-quadratic func-
tions give a similar response at higher intakes, but
differ markedly in the region of about 4 MBq intake.
To change the response from quadratic to linear while
retaining a good fit, three additional sarcomas would
have to appear in the years to come in the low-dose
region where no sarcoma has yet been seen. This, the
authors judge as quite improbable (although the
activity distribution among unmeasured sarcoma cases
is not known). Arbitrary changes of intake ranges did
not alter the fact that dose-squared plus killing
functions always gave the best fit to the data; only in
isolated categorizations of the intake could a linear fit
not be discarded.

441. When the dependence between radium intake
and time of sarcoma appearance was examined, an
inverse relationship was found between intake and
maximum or mean (but not minimum) induction
period. The numbers of observed and predicted bone
sarcomas as a function of time after intake were in
good agreement, suggesting that the risk is rather
constant over 65 years after intake. No bone sarcoma
has been observed among the 1680 measured cases (all
categories) with intakes of less than about 2 MBq. The
conclusion is, therefore, that the life-span probability
of bone sarcoma induction below this level of intake
must be very small. The authors calculated that after
an intake of about 40 kBq 22Ra over one year, the
corresponding lifetime risk of bone sarcoma was
5 107% and 1.3 1075 per year, for the quadratic and
linear-quadratic dose-response functions, respectively.

104

INITIAL SYSTEMIC ACTIVITY (uCi %26Ra + 2.5 pci %28Ra)

Figure XXXI. A seml-logarithmic plot of bone sarcoma incidence rate as a function of systemic
intake for female dial painters employed before 1850, showing a dose-squared exponential fit. The
shaded band indicates the range covered by the fitted function when the coetficlents are allowed
to vary by = 1 S.D. Error bars represent the binomial standard errors of the observed incidences.

[R34]
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442, Schlenker [S50], assumed a binomial distribution
to calculate the probability of observing a number of
bone sarcomas greater than predicted by the relation-
ship Iy = (ap + a;A2) —exp ;A in the zero range, i.e.,
for the activity A below about 4 MBq where no
tumours were actually seen. For the dose-response
curve itself, the probability was 50%. For pairs of
curves delineating the 68% and 95% confidence limits
(Figure XXXII) there is a corresponding chance that
the true number of tumours lies between the two
predictions. The curves enveloping the 95% confidence
interval span a factor of 90 and their widest distance
gives a feeling for the uncertainty in the estimated
dose-response relationship at low activities of radium
systemic uptake.

443. Because of the inverse relationship between
activity and latent period, it might be expected that
the upward concavity of the dose-response curve
would result from the choice of the variable (rate per
year) and would vanish when expressed as cumulative
incidence. In annex H of the 1972 UNSCEAR report
([U7]. Figure 1X), the results of the follow-up through
1969, expressed in this way, showed a downwards
concave dose-response relationship. In 1972, Mays
and Lloyd [MI11] investigated the dose-response rela-
tionship for all United States subjects containing
radium in their bodies, thus continuing the combined
MIT and the Argonne series updated to May 1971. In
all, 762 individuals below 200 Gy average skeletal
dose were included, 48 of whom developed bone
sarcomas. The dose-incidence relationship had a linear
trend with a slope of 0.46% per Gy. However, the
probability of seeing the deficit of cases below 10 Gy
as observed, on the basis of the regression analysis,

was less than 0.1. Mole [M29] plotted, as a function of
dose, the cumulative incidence of bone sarcoma per
10% individuals for the group of dial painters who
started work before 1930 [M27] and who were
followed through 1972 [A10]. He assumed equal
effectiveness of doses from both radium isotopes. as
quoted in [A10]. Functions of incidence Iy, against
dose (D) in Gy. of the form Iy, =a;D% #P and
Ita = aDe /D gave fits of comparable goodness
(P =0.26 and 0.43, respectively). The fit to a linear
equation is

Ita(D) = (111 £ 22)107¢ D e~ @5 2210730 (5 2)

characteristic of the linear model for high-LET radi-
ation, which could be used for interpretation of the
data on incidence. The slope gives the risk of bone
sarcoma from the absorbed dose from radium alpha-
radiation. Very low values of f}; cannot be interpreted
in terms of a very high lethal dose to the transformed
cells for a variety of reasons. including the long
duration of exposure with possible repopulation of the
irradiated cell pool.

444, Schlenker [S50] approached the same problem
theoretically by calculating the life-time probability
Iyp of bone sarcoma, corrected for the presence of
competing risks. expressed as a function of time-
average tumour rate from 22%Ra + 22’Ra derived from
Rowland’s equation referred to above [R18]. Thus,
lw . 2 .
ITA=.£da1TAe-{(hw+-sgda (5.3)
where A is the age at exposure: a is the age in years;
Ita is the time average tumour rate, equal to zero
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until a five-year latent period has passed and constant
thereafter; and S, is the death rate from all other
causes as a function of age.

445. For single 22Ra intakes at ages 20, 45 and
70 years, the results are presented in Figure XXXIII,

10%4
10714
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- 0
(9]
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) AGE
2 1073
20
a5 ~
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10744 70 70 years old
-5
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10! 102 103
INITIAL SYSTEMIC ACTIVITY (uCi 22%Ra + 2.5 uCi 228Ra)

Figure XXXIll. Predicted life-time incidence of bone sarcoma
in the presence ot competing risks, as a function of a single
intake of 226.228Rg,

[S50]

together with 68% confidence limit envelopes for a
70-year-old. For other ages. the envelopes are very
similar. It is quite obvious that an approximately
linear dose-response for cumulative incidence Iy,
against intake of activity into the blood might be the
prevailing trend over the range from about 200 kBq to
about 8 MBq. This conclusion. of course, excludes
neither the possibility of a “practical threshold™ nor
the absence of a life-shortening effect such as that
referred to above. nor that a dose-squared relationship
may be fitted into the envelopes.

446. The linear trend of bone sarcoma incidence
(I+4) against alpha-ray dose in the human skeleton is
in accordance with the bulk of the evidence from
animal experiments. as reviewed in chapter 1V. How-
ever, more refined analyses of bone sarcoma integral
tumour rates, induced in beagles by 3%Pu injections,
support a dose-squared dependence of the rate [P17,
W14]. For radionuclides emitting low-LET particles
like %0Sr. an upwards concave dose-response relation-
ship was invariably observed [M12-M14].

447. Several thousand patients in the Federal Repub-
lic of Germany were given repeated intravenous
injections of 22*Ra in the course of therapy for
tuberculosis and ankylosing spondylitis. In contrast
with 22%Ra. 2*Ra, with its short half-life of 3.64 days,
decays on the surface of bone where it becomes
deposited early after injection due to rapid ionic
exchange. The fraction of the mean dose to the
skeleton delivered by 22*Ra to the target cells is much

higher than that for 2Ra. The effectiveness of the
mean skeletal dose is therefore about 7 times higher
for **Ra. The patients were of both sexes and
included adults as well as juveniles. The most recent
report on these patients through 1980 [M57] includes
218 juveniles and 680 adults. Bone sarcomas had
appeared in 35 patients injected as juveniles and in
18 adults. The follow-up times ranged from 0 to
36 vears; deaths accounted for most of the short
follow-up times, whereas 582 patients were followed
for more than 19 years and 78% were still alive in
1980. The mean skeletal doses from a-particles were
estimated to be 10.98 and 2.05 Gy in juvenile and
adult, respectively: the corresponding injection spans
averaged 11 and 6 months. Virtually all bone sarcomas
are ascribed to radiation, as only 0.2 cases would be
expected, based on general population rates.

448. The shortest appearance times were 3.3 and
5 years in juvenile and adult patients, respectively; the
corresponding average values were 10.4 £ 5.1 and
11.6 £ 5.2 years, and were not significantly different.
The time distribution was similar to that for leukaemias
in atomic bomb survivors, as described for those
exposed within 1500 m of ground zero by Bizzozero et
al. [B82] for which the average appearance time was
9 vears. The peak of bone sarcoma appearance was
6-8 vears. No additional cases were discovered since
the previous report in 1974 [S21]. 1t may be concluded,
therefore, that by 25-30 years after injection the vast
majority of bone sarcomas have already become
manifest.

449. There was some tendency towards a lower risk
of bone sarcoma per unit dose with advancing age at
injection, but this could be an artifact due 1o
uncertainties in dosimetric assumptions, a possibly
non-linear response, or a more pronounced fraction-
ation of injected activity in juveniles. Fractionated
administration appeared more effective: a protracted
weekly administration over a few years carries a
S-times greater risk per unit dose than single injection
(S18]. This observation is in agreement with studies on
mice injected with **Ra in various fractionation
schemes [L20, M67). Original data from reference
[SI8] were examined [P8] for partial correlations
between the increment of incidence per unit dose.
average injection span and the average skeletal dose.
Significant positive correlations were found between
the span and dose, and also between the incidence
increment and the span. The correlation between the
increment of incidence and the fractionation span
itself was non-significant (in fact it was negative) when
the above partial correlations were accounted for.
Thus, the suggestion of an increased effectiveness of
fractionated versus single administration of 2*Ra,
based upon human experience, appears unfounded.
The dose-response relationship for bone sarcoma
incidence in the treated patients was compatible with
linearity. The slopes for juveniles and adulis differ by
a factor not greater than 2 (Figure XXXIV, [S21]).
However. a dose-squared trend of the effect could not
be rejected on statistical grounds. No carcinomas of
the head sinuses were observed in patients injected
with 22Ra due to lack of sufficiently long-lived radon
nuclides in the thorium decay series.
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4530. Schienker [S50] calculated the dose-response
relationship for ?**Ra-induced osteosarcoma cases.
For incidence I, (uncorrected for competing risks) in
subjects older than 16 years at injection, the function
had the form I;,=1— e #010°A Ar the widest
separation, the 95% confidence limits span a range of
750, reflecting much less information at low doses for
224Ra than for 226 226Ra_ This can be explained by the
smaller number of cases and shorter follow-up times.

2. The model of Marshall and Groer

451. Theories of bone sarcoma induction were devel-
oped in the past [B21, M26] but the most comprehen-
sive one based on human epidemiological data has
been presented by Marshall and Groer [M4]. They
based their model on several observations. The first is
that a linear dose-response relationship gave a poor fit
to the incidence rate of bone sarcoma versus dose
(bone averaged) from 2Ra and 2*¥Ra. as discussed in
detail by Rowland [R18-R20]. There were no cases of
osteosarcoma below 9 Gy, and pure linearity of
incidence rate versus dose was therefore highly unlikely
on statistical grounds. They postulated, therefore, that
two events produced by alpha radiation in a cell at
risk are necessary to initiate the malignant trans-
formation.
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452, Marshall and Groer assumed that there are
about 10" cells at risk in the endostcum of a
“reference man', These cells are subject to sarcoma
initiation in two steps, but also to cell killing, the
killing being by a factor of 10° more probable than
initiation (D, for the cells must be of the order of
I Gy). Thus, doses which produce bone sarcoma (at
a rate of a few tens of mGy per day) should also
completely sterilize the population of cells at risk
before any transformation could have occurred. To
climinate this difficulty, the authors assumed that cells
within a 0-10 um distance from the bone surface, if
killed by alpha particles, can be replaced at a rate
of 0.1 per day from a stem-cell compartment which
iself is beyond the range of 5.7 MeV alpha par-
ticles. A conceptual outline of the model is shown in
Figure XXXV. At all stages of malignant development,

=== INITIATIONE= INITIAT IONE'PROMOTION
Endostead| =——0——————————0steosarcoma

cell = cell

e

’

BONE

Figure XXXV. Schematic representation of the Marshall and
Groer [M4] model of bone sarcoma induction by alpha
particles, An original endosteal cell is initiated twice and
promoted to become an osteosarcoma cell; cells killed at any
stage before promotion are replaced by stem cells. The rate of
killing, Fy, is 10% times larger than the rate of initiation Fo
(F = endosteal dose rate), The rates of repiacement p and of
promotion 2 are independent of radiation dose.

the cells are at risk of killing, which is proportional to
their numbers (Mg, M, M;) and to the dose rate F.
The dose rate in turn is proportional to the content of
radium per unit mass of the diffuse radium component
in bone. The fully transformed cells (M3) promoted to
cellular division are not assumed to be at significant
risk for cell killing due to a rapid multiplication of the
clone and escape of the tumorous cells from the
volume irradiated by alpha particles.

453. To summarize. the model incorporates the
following parameters:

(a) initiation probability per cell per unit dose (a):
(b) killing probability per unit dose (k):

(c) number of cells a1 risk (s):

(d) promotion probability per unit time (4);

(e) replacement probability of killed cells (p);

f) growth time of a tumour to become recognizable

(8):

—_



(g) dose rate (F) proportional to activity per body
weight (c).

These parameters were incorporated in a set of
differential equations to give a probability of appear-
ance, P(1), of an osteosarcoma per unit time per
individual and unit activity of radium reaching the
blood stream. The values of p, ¢ and s were held fixed,
and initiation probability, promotion rate, tumour
growth time and dose rate were adjusted through a
solution of the model by best fit of the data obtained
from observation of individuals with radium body
burdens followed through December 1973 at the
Argonne National Laboratory [A10].

454. From the solution of the model for man, it
follows that the time of sarcoma appearance after
radium uptake should increase with decreasing values
of the intake q reaching a constant plateau at about
30-35 years at the level of 40 kBq per kg body weight.
The theory predicts [G23, M4] an enhanced effect on
bone sarcoma induction by fractionated administration
of a short-lived bone-seeking alpha emitter. The
existence of such a phenomenon was, in fact, suggested
when bone sarcoma incidence was studied after
injections of **Ra. When the isotope was administered
over one month, the incidence was lower than that
seen after prolonged (average 2 years) administration
of the nuclide (P = 0.16) [S18]. The lower sarcoma
incidence in this case should result, according to
Marshall and Groer [G23, M4], from suppression of
the population of viable endosteal cells My by very
high dose rates delivered over short intervals (the
empirical basis to support this contention is open to
critique, see paragraph 449).

455. The theory fits satisfactorily the preliminary
data on the induction of bone sarcoma by 2*Ra in
Utah beagles. in which the cumulative incidence
reaches a plateau of about 92%, a factor of 3-4.5
higher than in man. The parameters of the theory,
which give a good fit to the experimental situation.
were rather similar to those for man., with the
exception of higher promotion and initiation rates
(both roughly by a factor of 10). Reasons for this
interspecies difference in initiation probability are not
clear.

456. Marshall and Groer [M4] correctly stated that
fit of the model to the measured data does not prove
correctness of the postulates. Some results of the
theory were not envisaged a priori. e.g., the plateau of
incidence rate at high doses (Figure XXXVI). This
point of agreement enhances the credibility of the
theory. However, in the light of the evidence that the
cumulative incidence of 226Ra-induced bone sarcoma,
both in man and in beagles, can be reasonably
approximated by a linear model, the basic assumption
of two-hit initiation is open to question. A model
similar to that of Marshall and Groer. but postulating
a one-hit initiation has been proposed [P23]. The
model explains the non-linear part of the activity-
incidence rate curve by the promoting action of alpha
radiation exerted via repopulation of the target cell
pool (osteogenic cells).
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Flgure XXXVI. The cumulative incidence of osteosarcomas in

man versus the total intake (uCi per kg body weight) of radium-

226 plus radium-228. Up to about 1uCl per kilogram body

welght systemic intake the slope of the line, according to the
model of Marshall and Groer [M4}, is close to 1.

F. INTERSPECIES COMPARISONS

457. In numerous instances in the course of the
review of experimental (chapter IV) and human data
(chapter V), qualitative similarities have been pointed
out between animal and human data that may usefully
be summarized here. From such comparisons, the
pattern seems to emerge that the shape of dose-
response relationships may be basically similar in
various species.

458. Thus, the linear non-threshold type of dose-
response relationship for female mammary carcinoma
induced by x rays finds its counterpart in the results of
studies on at least four strains of rats: (a) the Sprague-
Dawley females irradiated externally by x rays and/or
gamma rays, and internally by f paricles from
tritium: the linearity applies to adenomas but the
results for adenocarcinomas are also consistent with
the notion: (b) females of the WAG/Rij rat strain and
the AC strain irradiated externally with x ravs
showing linearity for adenomas and carcinomas,
respectively: and (c) non-inbred female rats irradiated
from a f-particle source also showing a linear rise of
incidence of mammary carcinomas. The dose-response
curve for mammary carcinomas induced in BALB/C
mice by gamma rays shows irregularities that defy any
possible comparison.

459. A strong linear component is manifest in the
non-threshold dose-response relationship for x-ray
induced thyroid carcinoma in man; effects of dose-
fractionation are virtually absent. Data on Long-
Evans rats. even if the number of animals is limited
and the observations were terminated 2 years after
irradiation, are compatible with linearity. They also
show a lack of a pronounced dose-rate effect, as
shown by the comparison of x-ray and '3'I dose-
response curves. The absence of an excess of thyroid
cancers in humans exposed to diagnostic quantities of
131 is not consistent with the above observation, but
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the relevant sample is highly selected and the obser-
vations made on this cohort do not necessarily
invalidate the basic similarities between the dosc-
response relationships from the human species and the
rat.

460. Cancer of the respiratory tract induced in
several groups of miners, exposed to daughter pro-
ducts of 2¥°Rn, consistently yields a non-threshold
linear dose-response relationship up to a cumulative
exposure of about 300 WLM, with some decline of the
risk coefficient (Fq,) at higher exposures or exposure
rates > 50 WLM per year. A very similar relationship
is observed in male Sprague-Dawley rats made to
inhale 222Rn decay products or exposed to fission
neutrons. The analogy holds when the data from the
two species are analysed in terms of both the absolute
and the relative risk model.

461. Dose-response relationships for bone sarcoma
induced by long-lived isotopes of radium in man,
beagles and mice are compatible with linearity between
dose and cumulative incidence over the initial part of
the curve. In all three species a decline of the tumour
vield is seen at high and very high doses in the
skeleton. In the three species there is also a pro-
nounced inverse relationship between dose (or initial
activity in the body) and the latent period.

462. In summary, it appears that the shape of the
dose-response relationship for radiation-induced cancer
of some organs in man generally follows the pattern
seen in a number of experimental animal species. This
qualitative finding will have to be verified in the light
of future data. The similarity may not be surprising
for those types of human malignancies that have a
reasonable counterpart in other mammalian species.
in view of the basic similarity of patho-physiological
phenomena on which rests the rationale of using
experimental animals to predict the response of man.
However, the regularities pointed out do not imply
that data from experimental animals may be used to
derive risk coefficient applicable to man, because, so
far, such similarities may not be shown to apply to the
quantitative expression of the carcinogenic effect in
various species.

G. SUMMARY AND CONCLUSIONS

463. Epidemiological data useful for an analysis of
the shape of the dose-response relationships for
radiation-induced cancer are limited. This applies to
external and internal, to instantaneous and prolonged
exposures. Caution should therefore be exercised in
formulating broad generalizations. Several factors are
known to affect the magnitude of the neoplastic
response. Among those identified. age at irradiation,
sex and genetic or ethnic characteristics are of
importance. but the extent to which these factors may
affect the form of the dose-response curves is almost
totally unknown. For some tumours, e.g., cancer of
the lung, the characteristics of the environment and
the living habits may consistently affect the expression
of malignancies.
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464. With the Hiroshima and Nagasaki atomic
bomb dosimetry still uncertain, the epidemiological
information on leukaemia incidence in the survivors
cannot yet be fully utilized. Information on induction
of leukaemia derived from the follow-up of spondylitis
patients is insufficient to allow firm conclusions as
to the most likely form of the dose relationship,
particularly because leukaemia incidence in this group
may have been influenced to an unknown extent by
dose-fractionation effects, Therefore, further discus-
sion of dose-response relationships must be postponed
until new information on the atomic bomb survivors
becomes available,

465. Regarding breast cancer, there is no suggestion
of a threshold for low-LET radiation; either a pure
linear relationship with dose or one with a small dose-
squared term might apply. This concluston is supported
by the small or absent effect of dose fractionation and
by the lack of a detectable relationship of latency to
dose. For this tumour, there is, however, a pronounced
variation of the risk with the age at exposure. as
women in the age range of 0-30 years are at the
highest risk.

466. Dose-response relationships for carcinoma of
the thyroid have a strong linear component and the
data do not suggest a threshold. There appears to be
no inversc relationship between latency and dose and
this is consistent with the observed linearity. Infants
and children are more susceptible to cancer of the
thyroid than grown-up persons. Dose-rate effects
cannot be excluded. and data on patients given ' for
diagnostic purposes might be interpreted in this way:
however, other interpretations are also possible, par-
ticularly since dose-rate effects have not been seen in
recent animal experiments. The induction of benign
thyroid adenomas is linearly related with x-ray doses
at low doses, but with a decrease of the slope at doses
above | Gy.

467. The available data on lung cancer induced by
exposure to radon and its decay products in mines
show, without exception, linear exposure-response
relationships, with a decreasing slope at the highest
exposure rates (above 50 WLM per year): there is no
indication of a threshold. This type of relationship has
also been consistently observed for airborne short-
lived a-emitting radionuclides in animal experiments.
For low-LET radiation the form of the dose-response
curve is essentially unknown.

468. Alpha-emitting bone-seeking radionuclides. such
as “%Ra and 2%®Ra. may induce bone sarcoma in man
with a significantly elevated frequency at mean skeletal
doses above 10 Gy. Plotting the incidence or incidence
rate against cumulative dose results in relationships
that may be interpreted as either linear or quadratic.
In the latter case, below about 10 Gy there is a
significant deficit of tumours when a linear inter-
polation to zero dose is attempted and I, fits very
well a dose-squared model with a cell-killing term. In
this case, linearity may be rejected. It appears im-
possible at present to decide whether linear or
quadratic models, or a combination of both. provide
better fits to incidence (I14) versus dose from radium



isotopes over the initial portion of the curve. Animal
experiments suggest linearity. Bone sarcomas induced
in man and animals by a-emitting bone seekers show a
pronounced inverse relationship of latency to dose.
The deficit of tumours in man, at the lowest end of the
scale mentioned above, could therefore reflect an
apparent’ “practical” threshold, and a decreasing
tumour-related life shortening with lowering of the
dose.

469. A dose-response relationship for bone sarcoma
induced in man by short-lived a-emitters (***Ra) is
compatible with linearity, even though alternative
models may not be excluded. The latent period for
bone sarcoma appears to be rather short; the age at
the beginning of exposure has no strong influence.
There are no human studies of bone sarcoma caused
by low-LET irradiation. However, irradiation of
experimental animals by f-emitting bone seekers (*>Ca,
9%Sr, #Sr) invariably resulted in upwards concave
relationships and a pronounced inverse relationship
between dose and latent period. It would be expected
that the same kind of relationship might also apply to
man.

470. In summary, the model applying to the dose-
response relationship for lenkaemia is unknown and
must remain so until new dose-incidence data for
atomic bomb survivors become available. The reviewed
evidence suggests that incidence of lung, mammary
and thyroid cancers is probably related with dose by a
generalized linear or linear-quadratic relationship.
However, dose-incidence information is not available
for lung cancers after low-LET and for breast and
thyroid after high-LET irradiation.

471. In a comparison of data from experimental
animals. reviewed in chapter [V, and from human epi-
demiological studies in the present chapter, UNSCEAR
has identified a number of tumours for which the
dose-response relationships appear to follow the same
basic pattern in various species. Such a comparison
will have to be verified as more data are accumulated.
In any case. the qualitative similarity of the induction
kinetics does not justify any simple quantitative
extrapolation of incidence data from animals to man.

VI. SUMMARY

472, In order to estimate the absolute risk of
radiation-induced cancer (number of induced tumours
per million people exposed per unit dose, i.e.. cases
1076 Gy™!), or the relative increase of tumour frequency
per unit dose over the “natural” incidence at low
doses and dose rates, two types of information are
required: first, empirical data on the incidence of
various forms of malignancy at relatively high doses
where observations have actually been made; second,
knowledge of the mathematical form of the relation-
ships linking the incidence of cancers with the dose of
radiation. Such data would allow predictions to be
made of the cancer incidence at doses (and perhaps
also at dose rates) very much lower than those at
which direct observations in man have been gathered.

473. When the incidence of a given tumour in
exposed animal or human populations is followed as a
function of increasing dose, several observations may
usually be made. At relatively low doses (at about
0.1 Gy of sparsely-ionizing radiation), only seldom
(and then mostly in controlled animal experiments)
can a statistically significant increase of cancer or
leukaemia be shown. At higher doses (up to a few Gy,
but with considerable differences between different
tumours), the incidence of such malignancies may be
shown statistically to exceed the level observed in non-
exposed control populations, following some increasing
function of the dose. At still higher doses (many Gy),
the incidence gradually starts to fall off because of cell
killing. Dose-response relationships of this type, going
through a maximum at some intermediate dose, are
often found in experimental animals. They are termed
“*biphasic™.

474. A common interpretation attached to such a
shape advocates the concurrent presence of two
different phenomena: (a) a dose-related increase of the
proportion of normal cells that are transformed into
malignant ones; and (b) a dose-related decrease of the
probability that such cells may survive the radiation
treatment. Both these phenomena are normally
operating in the region of doses where data are
available, but to a different degree for various doses
and different types of cancer. What may happen ar the
low doses, where direct information is lacking, may
only be inferred from a combination of empirical data
and theoretical assumptions, linked together into
some models of radiation action.

475. The models referred 1o are simplified semi-
quantitative representations of complex biological
phenomena. Present knowledge of the mechanisms of
carcinogenesis, including radiation carcinogenesis, is
inadequate 1o design comprehensive models account-
ing for all physical and biological factors known to
influence the induction of cancer. To avoid some of
the complications involved, UNSCEAR suggests that
the range of doses over which extrapolations may
meaningfully be performed should be limited to low
and intermediate doses. Under these conditions, it
seems likely that no serious distortions would result
from other radiation effects, called non-stochastic,
that are observed when doses exceed fairly high
thresholds, typical for each tissue and each effect.

476. The formulation and analysis of models of
radiation carcinogenesis must rely on a few basic
assumptions, as follows:

(@) The observed dose-response relationships for
clinically visible tumours in vivo approximately
reflect the relationships between dose and fre-
quency of the initial triggering events in the cells
where cancer will eventually arise, despite host
reactions and the effect of latency. which may
modify such relationships to some degree. This
assumption is based on the overall similarity of
the dose-response curves for cancer. induction
with those of various other cellular effects of
radiation. UNSCEAR postulates this concept
simply as a working hypothesis:
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(b) Cancer initiation is basically a unicellular process
occurring at random in single cells. This is also a
working hypothesis that has not yet definitely
been proved. However, evidence to the contrary,
i.e., that cancer initiation takes place in several
cells, is not entirely convincing. The uni-cellular
theory of cancer induction is compatible with the
notion that some, still ill-defined, influences
resulting from irradiation of other neighbouring
cells or other organs may modify the probability
of an initiated cell to develop into an overt
malignancy. Firm biological evidence in favour
of this latter notion is very fragmentary:

(¢) Absence of a dose threshold is characteristic of
many, if not all, tumours. For some animal
tumours (e.g.. tumours of the ovary or thymic
lymphoma of the mouse) threshold-type dose-
response relationships are observed. In other
cases (e.g., tumours of the skin) cancer is only
induced with great difficulty, i.e., after high doses
of radiation. In still others (i.e., epidermoid lung
cancer in man) the data are unclear, owing
perhaps to a short follow-up of the patients.
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;

(d) Susceptibility of an irradiated animal or human
population to tumour induction is assumed to
follow a unimodal distribution. Although genetic
predispositions to the development of some
forms of malignancy are well documented (see
annex A), efforts to show that such phenomena
apply also to radiation-induced human cancer
have not been successful so far. Therefore,
pending further studies, the same unimodal
distribution of susceptibilities to the induction of
cancer in irradiated and non-irradiated popula-
tions is also provisionally accepted as a working
proposition.

477. On the above assumptions, it is possible 10 infer
likely shapes for the dose-response relationships of
radiation-induced cancer. Such inferences rely on the
analysis of various other radiation effects observed at
the cellular level. These effects involve the cells’
genetic material, which is also thought to be the
primary target for cancer initiation. The production of
mutations and chromosomal aberrations in somatic
and germinal cells, and the oncogenic transformation
in vitro of mammalian cell lines, are examples of such
effects. If cancer induction in vivo involves mechanisms
similar to, or related with. those underlying the effects
listed above, one would expect all these phenomena to
respond similarly in respect of changes in dose, dose
rate and fractionation. As such similarities have
actually been observed, it may be possible 10 extra-
polate the shape of dose-response relationships between
such effects and the phenomenon of cancer induction.

478. Three basic non-threshold models of radiation
action as a function of dose have been discussed with
respect to such cellular effects and to cancer induction:
the linear, the linear-quadratic and the pure quadratic.
Notwithstanding some exceptions, these may provide
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a general envelope for a variety of radiation-induced
end-points at the cellular level, as well as for tumour
induction in experimental animals and human popu-
lations.

479. The vast majority of dose-response curves
for induction of point mutations and chromosomal
aberrations by sparsely-ionizing x and gamma rays
may be described by a linear-quadratic model. For the
same end-points, when cell killing is corrected for, a
linear model usually applies to densely-ionizing neu-
trons or alpha particles. As a rule. for a number of
chromosomal structural abnormalities. curvilinearity
(upward concavity) is observed for low-LET radiation,
while, for the same effects and a wide range of doses,
linearity prevails for high-LET particles. Linearity of
the dose-response for somatic mutations and terminal
chromosomal deletions has been found in some cell
lines, even for low-LET radiation, but these findings
are relatively infrequent.

480. Approximate estimates of proportionality con-
stants linking the chromosomal effects with the dose
or its square may be obtained experimentally. They
allow the frequency of such effects to be predicted at
low doses and dose rates from observations at higher
doses. For cancer induction, however, only frag-
mentary information supports the notion that similar
quantitative relationships with the dose might apply.
UNSCEAR has estimated that if the risk of tumour
induction at | or 2 Gy of sparsely-ionizing radiation
(at high dose rate) were extrapolated linearly down to
zero dose, this procedure would over-estimate the risk
by a factor of perhaps up to 5 in typical situations.

481. Over the last few years much information on
radiation-induced oncogenic transformation of mam-
malian cells has become available. The cancerous
nature of the transformed cells is shown by the fact
that after transformation in vitro they are able to form
malignant tumours upon transplantation into an
animal of the same species. Transformation in vitro is
therefore regarded as a model. albeit a simplified one,
of radiation carcinogenesis at the cellular level. Cells
exposed in vitro to sparsely-ionizing radiation 24
hours after seeding are transformed according to
complex kinetics that cannot be fitted to models used
for other cellular effects. Moreover, fractionation of
the dose (below 1.5 Gy total) enhances transformation,
which effect is contrary 10 what would be predicted by
a linear-quadratic model. If similar phenomena would
apply to the induction of cancer in vivo. extrapolation
to low doses and dose rates might result in a
significant under-estimate of the risk. Further research
is needed to elucidate these phenomena, but several
experiments indicate that the observations on in vitro
systems referred to above may result from non-typical
conditions of cellular growth during the early periods
after establishment of the culture. Actually, irradiation
of non-dividing cells or cells under exponential con-
ditions of growth (which are thought 10 be more
representative of an asynchronously dividing cell
population) produces results that are compatible with
those obtained for other cellular effects; thus. for
example. high-dose-rate gamma irradiation results in a
greater frequency of transformation than low-dose-
rate exposure,



482. There are indications that when cells are irra-
diated with neutrons, low-dose-rate or dose fraction-
ation may increase the rate of transformation, even
at low doses: however, whereas some observations on
tumour induction in experimental animals clearly
support these findings, others do not. In other
experiments, enhanced transformation by neutron
fractionation or protraction were seen only at inter-
mediate and high doses. In view of the scarcity of such
data, and of the uncertainties regarding the mecha-
nisms involved, further research is needed before
enhancement of cancer induction by neutron fraction-
ation and protraction (relative to single or high-dose-
rate exposure) may be accepted for the purpose of risk
assessment. Such a possibility should. however, be
kept in mind even though the theoretical basis to
explain such phenomena is uncertain at present.

483. Recent experimental findings on radiation-
induced tumours in experimental animals have not
substantially changed the main conclusions reached in
annex [ of the 1977 UNSCEAR report. Most data
support the notion that dose-response relationships
for x and gamma rays tend to be curvilinear and
concave upward at low doses. Under these conditions,
tumour induction is dose-rate dependent, in that a
reduction of the dose rate, or fractionation, reduces
the tumour vield. A linear extrapolation of the risk
from doses delivered at high rates to zero dose would
thus, as a rule, over-estimate the real risk at low doses
and dose rates. However, in one experimental mammary
tumour systemn (matched by epidemiological data on
human breast cancer) x and gamma radiation produced
alinear dose-response with little fractionation and dose-
rate dependence. This was recognized as an exception in
the 1977 UNSCEAR report. It appears likely that a
similar dose-response relationship could also apply to
the induction of thyroid cancers, but the data are too
limited to permit any definite conclusion to be drawn in
this respect.

484. Fordensely-ionizing neutron irradiation, tumour
induction in animals follows, in general. a very nearly
linear curve at the lower end of the dose scale and shows
little dependence on dose rate. In some cases, however,
enhancement upon fractionation (and possibly protrac-
tion) has been noted. Above about 0.1 Gy or so, the
curve tends to become concave downward, markedly in
some cases. Under these conditions, a linear extra-
polation of the risk down to zero dose from intermediate
or high doses and dose rates would involve a variable
degree of under-estimation,

485. Having reviewed existing data on dose-response
relationships for radiation-induced tumours in man,
UNSCEAR considers that this whole matter must be
treated with caution because at the present time
observations are fragmentary. Those for neutrons are
totally absent, and definitive data for atomic bomb
survivors at Hiroshima and Nagasaki are still not
available. For example, dose-response information for
sparsely-ionizing radiation have not been reported for
lung and bone tumours. and data for densely-ionizing
radiation have not been reported for thyroid and
mammary cancer. For sparsely-ionizing radiation, in
some cases (lung, thyroid, breast), the data available are

consistent with linear or linear-quadratic models. For
breast cancer, however, predominant linearity may
apply. as the incidence is little affected by dose
fractionation. Linearity of the response for lung cancer
after irradiation by alpha particles from radon decay
products does not contradict the above statement,
because with alpha particles the dose-squared com-
ponent is practically absent. Some doubts still remain,
however, as 10 osteosarcoma induced by bone-seeking
alpha- or beta-emitting radionuclides. However. in spite
of the fragmentary character of the human data, a
general picture may be emerging from which several
tentative conclusions can be derived.

486. For sparsely-ionizing radiation, linear extra-
polation from about 2 Gy down would not over-
estimate the risk of breast and possibly thyroid cancer. It
would slightly over-estimate the risk of leukaemia. and
it would definitely over-estimate the risk of bone -
sarcoma. For lung cancer, lack of direct evidence does
not permit any assessment to be made of the magnitude
of the over-estimate.

487. For densely-ionizing radiation, the risk of lung
cancer from accumulated exposures to radon decay
products at low dose rates from 300 WLM down
(roughly corresponding to 20 to 50 Sv) would not be
over- or under-estimated by linear extrapolation.
However, extrapolation from observations made at
higher cumulative exposures might result in a signi-
ficant under-estimation due to observed flattening
(saturation) of the dose-response curve in this region.
It should be stressed that absolute risk coefficients
derived for male miners, of whom a high proportion
are smokers, should not be applied to the general
public without due corrections for various factors
(intensity of smoking. lung ventilation rate. presence
of other contaminating pollutants, etc.) that are
thought to increase the risk in the miners.

488. The incidence of bone sarcoma after internal
irradiation by alpha particles from long-lived bone-
seeking radionuclides is distorted by the existence of a
pronounced inverse relationship between accumulated
dose and latent period. This results in an apparent
threshold at low doses, and in a reduced loss of life
span per induced tumour, as a function of decreasing
dose, down to zero loss at low doses. If this is a
correct explanation for the upward concavity of the
dose-response relationship, a linear extrapolation from
a few tens of gray mean skeletal dose down to the gray
or milligray region would grossly over-estimate the
risk.

489. No human data for induction of breast cancer
and leukaemia by densely-ionizing radiations are
available at present and, therefore, no direct inferences
can be made about risk extrapolation to the low-dose
domain. On the basis of general knowledge. if the risk
at intermediate doses could be derived from data on
sparsely-ionizing radiation (suitably corrected for the
higher effectiveness of the densely-ionizing particles),
a linear extrapolation down to low doses might either
under-estimate or correctly estimate the real risk in
these cases,
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490. For radiation-induced cancers of other organs,
only experimental data are available. For sparsely-
jonizing radiations upward concave curvilinear dose-
response relationships with pronounced dose-rate and
fractionation effects are usually found. If similar
curves should apply to cancers in man, a linear
extrapolation of risk coefficients (obtained at the
intermediate dose region after acute irradiation) to the
low dose and low dose rates. would very likely over-
estimate the real risk, possibly by a factor of up to 5.
For densely-ionizing radiation, should relevant values
become available, a linear extrapolation would prob-
ably under-estimate the risk.

491. Upon close inspection, some regularities seem
to emerge that may indirectly help in assessing the
character of dose-response relationships in man. A
similarity of the shape of the relationships was noted
between man and experimental animals for tumours
of several organs for which reasonably good informa-
tion exists. These are: mammary and thyroid cancers
(low-LET radiations), and lung and bone cancers
(high-LET radiations). Should this pattern be con-
firmed, knowledge of epidemiogical studies in man at
intermediate or high doses, and of the shape of the
dose-response relationships from several animal species,
might make it possible to assess the bias introduced by
linear extrapolation of the risk coefficients to low
doses.

VIl. RESEARCH NEEDS

492, At the conclusion of this analysis, it appears
quite obvious that there exists a wide intellectual gap
between the abstract and general nature of the models
discussed and the very complex biological reality,
particularly in respect of the molecular mechanisms of
tumour induction that are gradually being uncovered.
Assigning a biological meaning to the numerical
constants of the models. searching for the compatibility
between the mechanisms identified and the models’
predictions, and formulating new models based on
hard data rather than on a priori generalizations, are
the formidable tasks facing this type of research today.
Any advancement in the field of radiation carcino-
genesis will presumably come in parallel with progress
in tumour biology, of which the former is only a
special aspect. Within these very general guidelines,
specialized studies in the following subjects could be
valuable and UNSCEAR would like to recommend
them to the attention of the interested research
worker:

(a) Studies on the nature of the cellular and sub-
cellular changes involved in the transformation
of normal into cancerous cells. These should aim
at establishing and possibly identifying the stages
in the induction process that have been postulated.
Within these studies, the mechanisms of oncogenic
transformation on a wide range of cell types in
vitro, and the influence of the main radiobio-
logical variables on the form of the relevant
dose-effect relationship, should have a special
place, because the biological end-point in question
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(b)

(c)

is probably very relevant to the initiation of
cancer. Studies on the relationship between
transformation of cells to a potentially malignant
state in vitro, and the production of malignancies
in vivo, should be particularly pursued. Mecha-
nisms by which sub-transformation and potential
transformation damage is repaired in cells after
exposure to low- and high-LET radiation should
also be explored.

In experimental animals, a better understanding
of the pathogenesis of radiation-induced tumours
should allow the formulation of quantitative
models more firmly founded than those available
so far, More attention than in the past should be
paid to the end-points tested and to the experi-
mental design which will allow a correct statistical
analysis of the experimental data. In particular,
studies should aim at elucidating the mechanisms
by which radiation interacts with oncogenes and
the genetic material. Recommendations in respect
of experimental work on animals were formulated
in annex | of the 1977 UNSCEAR report and, in
view of the rather slow rate of accumulation of
the data for such long-term effects, many of these
recommendations are still valid at present. Parti-
cular attention should be devoted to studies in
the range of low doses. Comparative studies
would be useful of dose-response relationships
for those tumours that presumably represent
adequate models for human malignancies. and
especially those for which quantitative informa-
tion on dose-response relationships is likely to
become available in man in the not too distant
future. Studies could usefully be devoted to the
RBE of different types of low- and high-LET
radiation. particularly in those instances where
reliable epidemiological information does not
exist, as is now the case for fast neutrons. A
subject which remains to be explored in greater
depth is that of effects of exogenous and endo-
genous factors on the shape of dose-response
relationships for radiation-induced cancer, parti-
cularly the influence of the immunological state
and the effects of promoting and inhibitory
factors. Another important subject concerns the
mechanisms by which downward-concave dose-
response curves and enhanced fractionation (or
protraction) effecis are seen after various doses
of neutrons.

In human populations, the follow-up of groups
already under study should be continued as a
matter of high priority. New studies on groups
that might potentially yield further information
should also be considered and, if warranted,
carefully undertaken. The topics on which further
information would be required are, in general,
the following:

(i) The shape of the dose-response relation-
ships for a wide spectrum of tumours and
an extended range of doses, with special
attention to the correct assessment of doses,
as well as its distribution in space and time;

(ii) The time distribution of the latent periods
for tumours with long latencies;



(iii)

@iv)

The existence and the possible form of a
relationship between the length of the latent
period and the magnitude of dose:

The influence of age, sex, genetic factors
and some habits (e.g., smoking) on the
quantitative characteristics of dose-response

)

relationships and the resulting variability in
risk estimates;

The adequacy with which relative and ab-
solute risk models for different cancers
permit projection of the risk for long
periods after irradiation.

Observed (0) and expected (E) breast cancers with relative risk estimates

Table 1

as a function of radiation dose for the interval 10-34 years

after radiation treatment for mastitis
[Si6]

A. Analysis of persons with average dose to both breasts

Breast cancer

Dose range Mean dose
(Gy) (Gy) PY 0 £ RR
a/ b/ c/ d/
4.50-12.00 5.84 974 4 1.79 2.24
3.50-4.49 3.92 693 4 1.217 3.14
2.50-3.49 2.94 1084 9 3.09 2.9
1.50-2.49 1.93 2971 12 5.22 2.30
0.40-1.49 1.12 2620 7 4.78 1.47
Control 15767 28 28.0 1.0
B. Analysis of single breasts with total dose per breast
Breast cancer
Dose range Mean dose
(Gy) (Gy) PY 0 £ RR
al b/ c/ d/
6.00-14.00 8.00 1328 2 1.12 1.78
4.00-5.99 4.67 3183 1 2.58 2.N
3.00-3.99 3.49 2430 1 1.96 5.60
2.00-2.99 2.49 azn 1 2.73 4.03
0.60-1.99 1.50 1843 2 1.47 1.36
Control 37857 e/ N 31.0 1.0

a/ For benign tumours no latent period was assumed, so the
person-years at risk include the full interval 1-34 years
after irradiation for the single breast analyses.

/ Observed cancers.

¢/ Expected values were calculated by the combination x2
method, with adjustment for age at irradiation and yearly
intervals since irradiation, and were standardized so that

0/E = RR = 1 in the control group.
d/ Relative risk.
e/ Observed cancers and person-years at risk for control group

in this analysis include 392 non-irradiated breasts (with
three cancers) of women with unilateral irradiation.
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Table 2

Curve-fitting analyses of breast cancer data

from Massachusetts fluoroscopy series
[L22]

(A1 parameters are scaled by a factor of 106)

Massachusetts fluoroscopy series

Model Parameter Goodness of fit
Estimate
a/ + S5.D.
x?2 df P
Linear ay 560+£120 1.6 4 0.81
Linear-quadratic aj 450£300
a 29+ 76 1.5 3 0.68
Linear + killing ay 4501230
B2 0 b/ 1.6 3 0.66
Linear-quadratic a) 4501860
+ k11ling a? 29+570
B2 0 b/ 1.5 2 0.47
Quadratic ar 130+ 40 3.0 4 0.56
Quadratic + killing ar 2204140
B2 (1.622.2)104 2.5 3

0.48

3/ The dimensions of the parameters are as follows:
ay: 10-6 a-1 gy-1
ap: 10-6 a-1 gy-2
By: 10-2 Gy-2.
b/ The best-fitting parameter would be negative; the value of zero
results from the prior constraint that the parameter be non-negative.
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Table

3

Curve-fitting analyses of breast cancer data from Rochester mastitis series

[L22]

(A11 parameters are scaled by a factor of 105)

Mean doses bo both breasts

Curves for dose to single breast

Model Parameter Goodness of fit Goodness of fit
Estimate Estimate
a/ + S.D. + S.0.
x2 df ] x2 df P

Linear aQ 5601150 2.0 4 0.74 3904180 12.8 4  0.012
Linear-quadratic aj 5604430 3901540

az 0 b/ 2.0 3 0.57 0 b/ 12.8 3 0.005
Linear + killing aj 8601290 980£370

B, (1.8¢1.4)104 1.2 3 0.75 (3.41£1.6)104 3.9 3 0.27
Linear-quadratic a) 3201140 780+1480

+ kA111ng ap 3704690 1001660

B> (4.824.0)10% 1.1 2 0.58 (4.2:4.9)104 3.9 2 0.14
Quadratic ap 110£600 5.5 4 0.29 553 49 27.0 4 0.00002
Quadratic + killing ap 5502170 470210

8> (5.621.5)10% 1.2 3 0.75 (6.6:2.4)10* 4.1 3 0.25

a/ See footnote a/ in Table 2.
b/ The best-fitting parameter would be negative; the value of zero results from the prior constraint
that the parameter be non-negative.

247



Al

A2

A3

Ad

A7

A8

Al0

Al3

Ald

Al6

Al7

Al

Bl

B2

B3

B4

BS

248

REFERENCES

Aalen, O. Nonparametric inference in connection with
multiple decrement models. Scand. J. Stat. 3: 15-27
(1976).

Abrahamson, S. and S. Wolff. The analysis of
radiation-induced specific locus mutations in the
mouse. Nature 264: 715-719 (1976).

Abrahamson, S. Mutation process at low or high
radiation doses. p. 1-8 in: Biological and Environ-
mental Effects of Low-Level Radiation, Vol. 1. IAEA,
Vienna, 1976.

Albert, R.E., F. Burns and R. Shore. Comparison of
the incidence and time patterns of radiation-induced
skin cancers in humans and rats. p. 499-506 in: Late
Biological Effects of lonizing Radiation. Vol. IL
1AEA, Vienna, 1978.

Anderson, T.W. Radiation exposures of Hanford
workers: a critique of the Mancuso, Stewart and
Kneale report. Health Phys. 35: 743-750 (1978).

Archer, V.E., J.K. Wagoner and F.E. Lundin. Lung
cancer among uranium miners in the United States.
Health Phys. 25: 351-371 (1973).

Argonne National Laboratory. Exposure data for
radium patients, Appendix A (p. 177-229), ANL-75-3,
part IT (1975).

Arlett, C.F. and J. Potter. Mutation to 8-azaguanine
resistance induced by gamma-radiation in a Chinese
hamster cell line. Mut. Res, 13: 59-65 (1971).

Asquith., J.C. The effect of dose-fractionation on
gamma-radiation induced mutations in mammalian
cells. Mut. Res. 43: 91-100 (1977).

Archer, V., E.P. Radford and O. Axelson. Factors in
exposure-response relationships of radon daughter
injury. Conference/Workshop on Lung Cancer Epi-
demiology and Industrial Applications of Sputum
Cytology, November 1978. Colorado School of Mines
Press, Golden, Colorado 1979.

Adams, L.M. and R.L. Ulirich. Survival of mammary
epithelial cells from virgin female BALB/c mice
following in vivo gamma irradiation. Radial. Res. 91:
409 only (1982).

Albert, R.E., F.J. Burns and E.V. Sargent. Skin
tumorigenesis by multiple doses of electron radiation
in the rat. (Abstract) Radiat. Res. 87: 453 only (1981).

Bajerska. A. and J. Liniecki. A variability of prolifera-
tion Kinetics of rabbit lymphocytes in vitro. Mutat.
Res. 60: 225-229 (1979).

Bajerska, A. and J. Liniecki. The yield of chromosomal
aberrations in rabbit lymphocytes after irradiation in
vitro and in vivo. Mutat. Res, 27: 271-284 (1975).

Bettega. D.. P. Calzolari, P. Pollara et al. In vitro cell
transformation induced by 31 MeV protons. Radiat.
Res. 104: 178-181 (1985).

Baral, E., L.E. Larsson and B. Mattsson. Breast
cancer following irradiation of the breast. Cancer 40:
2905-2910 (1977).

Barendsen, G.W. Mechanism of action of different
ionizing radiations on the proliferative capacity of

B6

B7

B9

B10

BIl

B12

Bl4

B16

B17

B18

BI9

B20

mammalian cells. p. 167 in: Advances in Theoretical
and Experimental Biophysics, Vol. I. (A. Cole, ed.).
M. Dekker, New York, 1967.

Barendsen, G.W. Radiosensitivity of tumours and
related cells in culture. Biomedicine 26: 259-260 (1977).

Barendsen, G.W. Fundamental aspects of cancer
induction in relation to the effectiveness of small doses
of radiation. p. 263-276 in: Late Biological Effects of
Ionizing Radiation. Vol. 11. IAEA, Vienna, 1978.

Barendsen, G.W. RBE-LET relations for induction
and reproductive death and chromosome aberrations
in mammalian cells. p. 55-68 in: Proceedings of the
Sixth Symposium on Microdosimetry, Brussels, May
1978 (J. Booz and H.G. Ebert, eds.). Harwood
Academic Publ., London, 1978.

Barendsen, G. W, Characteristics of cell survival curves
for different radiations in relation 10 iso-effect curves
for fractionated treatments of a rat rhabdomvosarcoma.
p. 270-279 in: Cell Survival after Low Doses of
Radiation: Theoretical and Clinical Implications. The
Institute of Physics and John Wiley and Sons,
London, 1975.

Barendsen, G.W. Influence of radiation quality on the
effectiveness of small doses for induction of reproduc-
tive death and chromosome aberrations in mammalian
cells. Int. J. Radiat. Biol. 36: 49-64 (1979).

Barendsen, G.W. Quantitative biophysical aspects of
response of tumours and normal tissues to ionizing
radiations. Curr. Top. Radiat. Res. Quart. 9: 101-108
(1973).

Barrett, J.C., T. Tsutsui and P.O.P. Ts’o. Neoplastic
transformation induced by a direct perturbation of
DNA. Nature 274: 229-232 (1978).

Bauchinger, M. Strahleninduzierte Chromosomen-
Aberrationen. p. 127-180 im: Handbuch der Medizini-
schen Radiologie (D. Olsson et al., eds.), Band 4/3.
Springer Verlag, Berlin, 1972.

Baum, J.W. Population heterogeneity hypothesis on
radiation-induced cancer. Health Phys. 25: 97-104
(1973).

Beebe, G.W.. H. Kato and C.E. Land. Studies of the
mortality of A-bomb survivors. 6. Mortality and
radiation dose, 1950-1974. Radiat. Res. 75: 138-201
(1978).

Beebe, G.W., C.E. Land and H. Kato. The hypothesis
of radiation-accelerated aging and the morality of
Japanese A-bomb victims. p. 3-28 in: Late Biological
Effects of Tonizing Radiation. Vol. I. IAEA, Vienna,
1978.

Bedford, J.S. and H.G. Griggs. The estimation of
survival at low doses and the limits of resolution of the
single-cell-plating technique. p. 34-39 in: Cell Survival
after Low Doses of Radiation: Theoretical and Clinical
Implications. The Institute of Physics and John Wiley
and Sons, London, 1975.

BEIR Report. The Effects on Population of Exposure
to Low-Level of Ionizing Radiation. Report of the
Advisory Committee on the Biological Effects of



B24

B25

B26

B27

B28

B29

B33

B36

B4l

B43

B45

B46

B47

lonizing Radiation. National Academy of Sciences,
National Research Council, Washington, D.C., 1972,

Burch, P.R.J. Radiation carcinogenesis: a new hypo-
thesis. Nature 185: 135-142 (1960).

Boer, P. de, P.P. van Buul et al. Chromosomal
radiosensitivity and karyotype in mice using cultured
peripheral blood lymphocytes and comparison with
this system in man. Mutat. Res. 42: 379-394 (1977).

Boice, J.D., M. Rosenstein and E.D. Trout. Esti-
mation of breast doses and breast cancer risk associated
with repeated fluoroscopic chest examinations of
women with tuberculosis. Radiat. Res. 73: 373-390
(1978).

Boice, J.D. jr., C.E. Land, R.E. Shore et al. Risk of
breast cancer following low-dose radiation exposure.
Radiology 131: 589-597 (1979).

Boice. J.O. and R.R. Monson. Breast cancer in women
after repeated fluoroscopic examinations of the chest.
J. Natl. Cancer Inst. 59: 823-832 (1977).

Boag, J.W. The statistical treatment of cell survival
data. p. 40-53 in: Cell Survival after Low Doses of
Radiation: Theoretical and Clinical Implications. The
Institute of Physics and John Wiley and Sons,
London, 1975.

Bond, V.P., C.J. Shellabarger, E.P. Cronkite et al.
Studies on radiation-induced mammary gland neo-
plasia in the rat. V. Induction by localized radiation.
Radiat. Res. 13: 318-328 (1960).

Borek, C., E.J. Hall and H.H. Rossi. Malignant
transformation in cultured hamster embryo cells pro-
duced by x-rays, 430 keV mono-energetic neutrons and
heavy ions. Cancer Res. 38: 2997-3005 (1978).

Borek, C. and E. Hall. Transformation of mammalian
cells in vitro by low doses of x rays. Nature 243:
450-453 (1973).

Borek, C. In vitro cell transformation by low doses of
x-irradiation and neutrons. p. 309-326 in: Biology of
Radiation Carcinogenesis (J.M. Yuhas et al., eds.).
Raven Press, New York, 1976.

Boutwell, R.K. The function and mechanisms of
promotion of carcinogenesis. Crit. Rev. Toxicol. 4:
419-443 (1974).

Brewen, J.G., R.J. Preston, K.P. Jones et al. Genetic
hazards of ionizing radiations: cytogenetic extrapola-
tions from mouse to man. Mutat. Res. 17: 243-254
(1973).

Bridges, B.A. and J. Huckle. Mutagenesis of cultured
mammalian cells by x-irradiation and ultraviolet light.
Mutat. Res, 10: 141-151 (1970).

Broerse, J.J., S. Knaan, D.W. van Bekkum et al.
Mammary carcinogenesis in rats after x- and neutron-
irradiation and hormone administration. p. 13-28 in:
Late Biological Effects of lonizing Radiation, Vol. II.
IAEA, Vienna, 1978.

Broerse, J.J. and G.W. Barendsen. Relative biological
effectiveness of fast neutrons for effects on normal
tissues. Curr. Top. Radiat. Res. Quart. 8: 305-350
(1973).

Brouty-Boye, D. and J.B. Little. Enhancement of x-
ray-induced transformation in C3H-T10-1/2 cells by
interferon. Cancer Res, 37: 2714-2716 (1977).

Brown, J.M. The shape of the dose-response curve for
radiation carcinogenesis. Extrapolation to low doses.
Radiat. Res. 71: 34-50 (1977).

B48

B49

B56

B57

B58

BS59

B60

Bé6!

B62

B63

B64

B65

B71

B73

B74

B76

B77

Brues, A.H. Biological hazards and toxicity of radio-
active isotopes. J. Clin. Invest. 28: 1286-1296 (1949).

Brues, A.H. Critique of the linear theory of carcino-
genesis. Science 128: 693-699 (1958).

Burns, F.J., P. Sirickland, M. Vanderlaan et al. Rat
skin tumour incidence following single and fractionated
exposures to proton radiation. Radiat. Res. 74: 152-
158 (1978).

Burns. F.J. and M. Vanderlaan. Split-dose recovery
for radiation-induced tumours in rat skin. Int. J,
Radiat. Biol. 32; 135-144 (1977).

Burns, F.J., R.E. Albert, I.P. Sinclair et al. The effect
of a 24 hour fractionation interval on the induction of

rat skin tumours by electron radiation. Radiat. Res. 62:
478-487 (1975).

Burns, F.J., R.E. Albert and R.D. Heimbach. RBE for
skin tumours and hair follicle damage in the rat
following irradiation with alpha particles and electrons.
Radiat. Res. 36: 225-241 (1968).

Busch, H. (ed.) The Molecular Biology of Cancer.
Academic Press, New York, 1974.

Buul, P.P. van. A comparative study of the frequency
of radiation-induced chromosome aberrations in soma-
tic and germ cells of the rhesus monkey (maccaca
mulatta). Mutat. Res. 36: 223-236 (1976).

Bragin, Yu. N. and 1.V. Filyushkin. The basis of the
theory of dual action of radiation (in Russian). Third
All-Union Conference on Microdosimetry, June 1979,
Abstracts, Moscow, 1979.

Borek, C. X-ray induced in vitro neoplastic trans-
formation of human diploid cells. Nature 283: 726-778
(1980).

Borek, C. Neoplastic transformation following split
doses of x rays, Br. J. Radiol. 50: 845-846 (1979).

Borek, C., R. Miller, C. Pain et al. Conditions for
inhibiting and enhancing effects of the protease
inhibitor antipain on x-ray induced neoplastic trans-
formation in hamster and mouse cells. Proc. Nail.
Acad. Sci. U.S.A, 76: 1800-1803 (1979).

Barrett, J.C., B.D. Crawford and P.O. Ts’o. The role
of somatic mutation in a multistage model of carcino-
genesis. in: Mammalian Cell Transformation by
Chemical *Carcinogens™. (N. Mishra et al., eds.).
Senate Press, New Jersey, 1980.

Barrett, J.C. Cell transformation, mutation and cancer.
in: The Use of Mammalian Cells for Detection of
Environmental Carcinogens, Mechanisms and Appli-
cation. Gann. Monograph on Cancer Res. (C. Heidel-
beyer et al., eds.). (in press).

Borek, C. Hormone and nutritional factors as regulators
of X ray-induced transformation. (Meeting abstract.)
Long Term Normal Tissue Effects of Cancer Treat-
ment, Bethesda, 1981.

Borek, C.. R.C. Muller, C. Geard ¢t al. In vitro
modulation of oncogenesis and differentiation by
retinoids and tumor promoter. (Meecting abstract).
p. 13 in: Cocarcinogenesis and Biological Effects of
Tumor Promoters. German Cancer Research Center,
Heidelberg, 1980.

Borek, C. Radiation oncogenesis in cell culture.
p. 159-232 in: Advances in Cancer Research. (G. Klein
and S. Weinhouse, eds.), Vol. 37, Academic Press,
New York, 1982,

Bartlett, D.T. A review of Japanese bomb dosimetry.
Radiat. Prot. Dosim. 2: 127-139 (1982).

249



B79

B83

B84

B86

B87

B88

B89

B90

Bot

B92

B93

B9S

B%6

B97

250

Borek, C. and E.J. Hall. Induction and modulation
of radiogenic transformation in mammalian cells.
p. 291-302 in: Radiation Carcinogenesis: Epi-
demiology and Biological Significance. (J.D. Boice and
J.F. Fraumeni, eds.). Raven Press, New York, 1984.

Bizzozero, 0.1., K.G. Johnson and A. Ciocco. Radia-
tion related leukemia in Hiroshima and Nagasaki
1946-1964. New Engl. J. Med. 274: 1095-1101 (1966).

van Bekkum, D.W. and P. Benovelzen. The concept of
gene transfer misrepair mechanism of radiation carcino-
genesis may challenge the linear extrapolation model of
risk estimation for low radiation doses. Health Phys.
43: 231-237 (1982).

Barlow, R.E., D.J. Bartholomew, J.M. Bremner et al.
Statistical inference under order restrictions; the theory
and application of isotonic regression. John Wiley and
Sons, New York, 1972.

Brooks, A.L., S.A. Benjamin, R.K. Jones et al
Interaction of !*Ce and partial hepatectomy in the
production of liver neoplasms in the Chinese Hamster.
Radiat. Res. 91: 573-588 (1982).

Broerse, J.J., L.A. Hennen, M.J. van Zwieten et al.
Mammary carcinogenesis in different rat strains after
single and fractionated irradiations. p. 155-168 in:
Neutron Carcinogenesis (J.J. Broerse and G.B. Gerber,
eds.) EUR-8084 (1982).

Brooks, A.L., S.A. Benjamin, F.F. Hahn et al. The
induction of liver tumours by *¥PuOs particles in the
Chinese hamsters. Radiat. Res. 96: 133-161 (1983).

Bird, R.P. Biophysical studies with spatially correlated
ions. 3. Cell survival studies using diatomic deuterium.
Radiat. Res. 78: 210-223 (1979).

Balcer-Kubiczek, E.K. and G.H. Harrison. Oncogenic
transformation of C3H/10T1/2 cells by x rays, fast-
fission neutrons and cyclotron-produced neutrons. Int.
J. Radiat. Biol. 44: 327-386 (1983).

Borek, C. and E.J. Hall. Effect of split doses of X rays
on neoplastic transformation of single cells. Nature
252: 499-501 (1974).

Backer, J.M., M. Boerzig and 1.B. Weinstein. When
do carcinogen-treated 10T 1/2 cells acquire the commit-
ment to form transformed foci? Nature 299: 458-460
(1982).

Broerse, J.J., L.A. Hennen, M.J. van Zwieten et al.
Dose-effect relations for mammary carcinogenesis in
different rat strains after irradiation with X rays and
mono-energetic neutrons. p. 507-520 in: Proceedings of
an IAEA/WHO Symposium on the Biological Effects
of Low-Level Radiaiion with Special Regard to
Stochastic and Non-Stochastic Effects. IAEA, Vienna,
1983.

Boice, J.D., N.E. Day, D. Andersen et al. Cancer risk
following radiotherapy of cervical cancer: a preliminary
report. p. 161-179 in: Radiation Carcinogenesis: Epi-
demiology and Biological Significance (J.D. Boice and
J.F. Fraumeni, eds.). Raven Press, New York, 1984.

Burc‘h, P.R.J. Problems with the linear-quadratic dose-
response relationship. Health Phys. 44: 411-413 (1983).

Borek, C., W.F. Morgan, A. Ong et al. Inhibition of
malignant transformation in vitro by inhibitors of
poly(ADP-ribose) synthesis. Proc. Nati. Acad. Sci.
U.S.A. 81: 243-247 (1984).

Borsa, J., M.D. Sargent, M. Einspenner et al. Effects
of oxygen and misonidazde on cell transformation and
cell killing in C3HI0T1/2 cell by x rays in vitro.
Radiat. Res. 100: 96-103 (1984).

B98

B99

Cl1

C2

C7

C9

Cl10

Cts

Cl6

C18

C19

C20

C21

C22

C23

Brenner D.J. and M. Zaider. Modification of the
theory of dual radiation action for attenuated fields.
tl. Application to the analysis of soft x-ray results.
Radiat. Res. 99: 492-501 (1984).

Bond, V.P. The conceptual basis for evaluating risk
from low-level radiation exposure. p. 25-62 in: Critical
Issues in Setting Radiation Dose Limits. NCRP
Proceedings No. 3 (1982).

Chadwick, K.H. and H.P. Leenhouts. The effect of an
asynchronous population of cells on the initial slope of
dose-effect curves. p. 57-63 in: Cell Survival after Low
Doses of Radiation: Theoretical and Clinical Implica-
tions. The Institute of Physics and John Wiley and
Sons, London, 1975.

Chadwick, K.H. and H.P. Leenhouts. A molecular
theory of cell survival. Phys. Med. Biol. 18: 78-87
(1973).

Chadwick, K.H. and H.P. Leenhouts. Dose-effect
relationship for malignancy in cells with different
genetic characteristics. p. 327-340 in: Late Biological
Effecis of Tonizing Radiation. Vienna, 1AEA, 1978.

Chen, P.C., M.F. Lavin, C. Kidson et al. Identification
of ataxiateleangiectasia heterozygotes, a cancer prone
population. Nature 274: 484-486 (1978).

Chu, E.W.Y. Mammalian cell genetics. II. Charac-
terization of x-ray-induced forward mutations in
Chinese hamster cell cultures. Mutat. Res. 11: 23-24
(1971),

Clifton, K.H. and J.J. Crowley. Effects of radiation
type and dose and the role of glucocorticorids gona-
dectomy and thyroidectomy in mammary tumour
induction in mammotropin-secreting pituitary tumour-
grafted rats. Cancer Res. 38: 1507-1513 (1978).

Coggle, J.E. and D.M. Peel. The relative effects of
uniform and non-uniform external radiation on the
induction of lung tumours in mice. p. 83-94 in: Late
Biological Effecis of Ionizing Radiation. TAEA, Vienna,
1978.

Covelli, V., P. Metalli and B. Bassani. Decreased
incidence of reticulum cell carcoma in whole body
irradiated and bone marrow shielded mice. Br. J.
Cancer 31: 369-371 (1975).

Covelli, V., P. Metalli, G. Briganti et al. Late somatic
effects in syngeneic radiation chimaeras: 1I.. Mortality
and rate of specific diseases. Int. J. Radiat. Biol. 26:
1-15 (1974).

Cox, R., J. Thacker, D.T. Goodhead et al. Muiation
and inactivation of mammalian cells by various
ionising radiation. Nature 267: 425-427 (1977).

Cox. R. and W.K. Masson. Changes in radiosensitivity
during the in vitro growth of diploid human fibro-
blasts. Int. J. Radiat. Biol. 26: 193-196 (1976).

Cox, R. and W.K. Masson. X-ray survival curves of
cultured human diploid fibroblasts. p. 217-222 in: Cell
Survival after Low Doses of Radiation: Theoretical
and Clinical Implications. The Institute of Physics and
John Wiley and Sons, London, 1975.

Cox, R., J. Thacker and D.T. Goodhead. Inactivarion
and mutation of cultured mammalian cells by alu-
minium characteristic ultrasoft x rays. 11. Dose response
of Chinese hamster and human diploid cells 1o
aluminium x rays and radiations of different LET. Int.
J. Radiat. Biol. 31: 561-576 (1977).

Cox, R, and W.K. Masson. Do radiation-induced
thioguanine-resistant mutants of cultured mammalian
cells arise by HGPRT gene mutations or X-chromo-
some rearrangement? Nature 276: 629-630 (1978).




C34

C37

C38

D3

D4

D7

D8

D9

D13

Dl4

D1s

Di6

D17

Commitiee on the Biological Effects of lonizing
Radiation. The Effects on Populations of Exposure to
Low Levels of lonizing Radiation. National Academy
of Sciences. Washington, D.C. 1980.

Cairns, J. The origin of human cancers. Nature 289:
353-357 (1981).

Clark, E.P., G.M. Hahn and J.B. Little. Hyperthermic
modulation of X-ray-induced oncogenic transforma-
tion in C3HIOTI1/2 cells. Radiat. Res. 88: 619-622
(1981).

Chmelevsky, D., A.M. Kellerer. J. Lafuma et al.
Pulmonary neoplasms in the Sprague-Dawley rat after
radon inhalation—a maximum likelihood analysis.
Radiat. Res. 91: 589-614 (1982).

Chmelevsky, D., A.M. Kellerer, J. Lafuma et al.
Maximum likelihood estimation of the prevalence
of nonlethal neoplasms. An application to radon
daughter inhalation studies. Radiat. Res. 91: 589-614
(1982).

Cathers, L.E. and M.N. Gould. Human mammary cell
survival following ionizing radiation. Int. J. Radiat.
Biol. 44: 1-16 (1983).

Chmelevsky, D., A.M. Kelierer, J. Lafuma et al
Comparison of the induction of pulmonary neoplasms
in Sprague-Dawley rats by fission neutron and radon
daughters. Radiat. Res. 98; 519-535 (1984).

Di Majo, V., M. Coppola, S. Rebessi et al. Dose-
response relationship of radiation-induced Harderian
gland tumours and myeloid leukaemia of the CBA/
Cne mouse. J. Natl. Cancer Inst. 76: 955-963 (1986).

Dolphin, G.W. A review of in vitro dose-effect
relationships. p. 1-8 in: Mutagen-Induced Chromo-
some Damage in Man (H.J. Evans and D.C. Lloyd,
eds.). Edinburgh University Press, Edinburgh, 1978.

Durand, R.E. and R.M. Sutherland. Effects of inter-
cellular contact on repair of radiation damage. Exp.
Cell. Res. 71: 74-80 (1972).

Durand, R.E. and R.M. Sutherland. Intercellular
contact: its influence on the Dg of mammalian
survival curves. p. 237-247 in: Cell Survival after Low
Doses of Radiation: Theoretical and Clinical Implica-
tions. The Institute of Physics and John Wiley and
Sons, London, 1975,

Dilman, V.M. A mutation-metabolic model of cancer
development and of the progression of the malignant
process (in Russian). p. 3-16 in: Voprosy Onkologii,
Vol. 22, No. 8.

Di Paolo, J.A., A.J. De Marinis, C.H. Evans et al.
Expression of initiated and promoted stages of irra-
diated carcinogenesis in vitro. Cancer Lett. 14: 243-249
(1981).

Darby, S.C. and J.A. Reissland. Low levels of ionizing
radiation and cancer—are we underestimating the
risk? J.R. Statist. Soc. A: Part 3, 144: 298-331 (1981).

DeMott, R.K., R. T, Mulcahy and K.H. Clifton. The
survival of thyroid cells following irradiation: a
directly generated single-dose survival curve. Radiat.
Res. 77: 395-403 (1979).

Doniach, 1. Effects including carcinogenesis of 311
and x-rays on the thyroid of experimental animals: a
review. Health Phys. 9: 1357-1362 (1963).

Doll, R. and R. Peto. Epidemiology of cancer.
p. 4.51-479 in: Oxford Textbook of Medicine
(D.J. Wheatherall et al., eds.). Oxford University
Press, Oxford, 1984.

D18

D19

E3

E4

E6

E8

ES

E10

Fl

F3

F4

F5

Fo6

F7

F8

Fl10

Day, N.E. Radiation and multistage carcinogenesis.
p- 437-443 in: Radiation Carcinogenesis: Epidemiology
and Biological Significance. (}.D. Boice and
J.F. Fraumeni, eds.). Raven Press, New York, 1984,

Di Paolo, J.A., C.H. Evans, A.J. De Marinis et al.
Inhibition of radiation-initiated and -promoted trans-
formation of Syrian hamster embryo cells by lympho-
toxin. Cancer Res. 44: 1465-1471 (1984).

Elkind, M.M. The initial part of the survival curve.
Implications for low dose, low dose-rate radiation
responses, Radiat. Res. 71: 9-23 (1977).

Evans, R.D. The effects of skeletally deposited a-ray
emitters in man. Br. J. Radiol. 39: 881-895 (1966).

Evans, R.D., A.T. Keane and M.M. Shanahan. Radio-
genic effects in man of long term skeletal a-irradiation.
p. 431-486 in: Radiobiology of Plutonium (B.J. Stover
and W.S.G. Jee, eds.). J.W. Press, Salt Lake City,
1972.

Evans, C.H. Lymphotoxin, an immunological hormone
with anticarcinogenic and anti-tumor activity. Cancer
Immunol. Immunother. 12: 181-190 (1982).

Evans, J.H. and Vijayalaxmi. Induction of 8-azaguanine
resistance and sister chromatid exchange in human
lymphocytes exposed to mitomycin C and X rays in
vitro. Nature 292: 601-605 (1981).

Elkind, M.M., A. Han and C.K. Hill. Error-free and
error-prone repair in radiation-induced neoplastic cell
transformation. p. 303-318 in: Radiation Carcino-
genesis: Epidemiology and Biological Significance
(J.D. Boice and J.F. Fraumeni, eds.). Raven Press,
New York, 1984,

Elkind, M.M. Repair processes in radiation biology.
Radiat. Res. 100: 425-449 (1984).

Faber, M. Radiation carcinogenests and the significance
of some physical factors. p. 149-159 in: Radiation-
Induced Cancer. 1AEA, Vienna, 1969.

Fertil, B., P. Deschavanne, B. Lachet et al. Survival
curves of neoplastic and non-transformed human
cell lines: statistical analysis using different models.
p. 145-156 in: Proceedings of the Sixth Symposium on
Microdosimetry, Brussels, May 1978 (J. Booz and
H.G. Ebert, eds.). Harwood Academic Publishers,
London, 1978.

Fialkow, P.J. Clonal origin of human tumours. Cancer
Reviews 458: 283-321 (1976).

Fialkow, P.J. Clonal origin and stem cell evolution of
human tumours. p. 439-453 in: Genetics of Human
Cancer (J.J. Mulvihill et al., eds.). Raven Press, New
York, 1977.

Fialkow, P.J., R.W. Sagebiel, S.M. Gastler et al.
Multiple cell origin of heriditary neurofibromas.
N. Engl. J. Med. 284: 298-300 (1971).

Fialkow, P.J. The origin and development of human
tumours studied with cell markers. N. Engl. J. Med.
291: 26-35 (1974).

Filyushkin, J.V. Microdosimetric determination of
radiation quality factors. Sov. At. Energy 40: 227-233
(1976).

Finkel, M.P., B.O. Biskis and P.B. Jinkins. Toxicity of
radium-226 in mice. p. 369-391 in: Radiation-Induced
Cancer. IAEA, Vienna, 1969.

Friedman, J.M. and P.J. Fialkow. Viral tumourgenesis
in man: cell markers in condylomata acuminata. Int.
J. Cancer 17: 57-61 (1976).

251



FI2

Fi3

Fi4

FI5

Fl6

FI8§

Fi9

G5

G9

G10

Gl1

GI2

Gi4

Gl1s

252

Filyushkin, 1.V., .M. Petoyvan. Mathematical model of
carcinogenic action of radiation. Radiobiologiva 24:
481-488 (1984). (in Russian).

Farber, E. and R. Cameron. The sequential analysis of
cancer development. Adv. Cancer Res. 31: 125-226
(1980).

Farber, E. Chemical carcinogenesis. New Eng. J. Med.
305: 1379-1389 (1981).

Fisher, P.B., R.A. Mufson, [.LB. Weinstein et al
Epidermal growth factor, like tumor promoters,
enhances viral and radiation-induced cell transforma-
tion. Carcinogenesis 2: 183-187 (1981).

Fry, R.J.M., R.D. Ley, D. Grube et al. Studies on the
multistage nature of radiation carcinogenesis. p. 155-165
in: Carcinogenesis, Vol. 7 (Hecker et al., eds.). Raven
Press, New York, 1982.

Frankenberg-Schwager M., D. Frankenberg, D. Blocher
et al. The linear relationship between DNA double-
strand breaks and radiation dose (30 MeV electrons) is
converted into a quadratic function by cellular repair.
Int. J. Radiat. Biol. 37: 207-212 (1980).

Freeman, M.L.. E. Sierra and E.J. Hall. The repair of
sublethal damage in diploid human fibroblasis: a
comparison between human and rodent cell lines.
Radiat. Res. 95: 382-39] (1983).

Farber, E. The multistep nature of cancer devel-
opment. Cancer Res. 44; 4217-4223 (1984).

Filyushkin L.V, and .M. Petovan. An assessment of
carcinogenic action of radiation at the cellular level.
Radiobiologiya 22: 781-786 (1982). (in Russian).

Fry. R.J.M. Relevance of animal studies to the human
experience. p. 337-396 in: Radiation Carcinogenesis:
Epidemiology and Biological Significance. (J.D. Boice
and J.F. Fraumeni, eds.). Raven Press, New York,
1984.

Gilbert, E.S. and S. Marks. An analysis of the
mortality of workers in a nuclear facility. Rad. Res.
79: 122-148 (1979).

Goodhead, D.T. Inactivation and mutation of cultured
mammalian cells by aluminium characteristic ultrasoft
x rays. I1L. Implications for theory of dual radiation
action. Int. J. Radiat. Biol. 32: 43-70 (1977).

Goodhead, D.T. and J. Thacker. lnactivation and
mutation of cultured mammalian cells by aluminium
characteristic ultrasoft x rays. |. Properties of alu-
minium x rays and preliminary experiments with
Chinese hamster cells. Int. J. Radiat. Biol. 31: 541-559
(1977).

Goodhead, D.T., J. Thacker and R. Cox. The conflict
between the biological effects of ultrasoft x rays
and microdosimetric measurements and application.
p. 829-843 in: Proceedings of the Sixth Symposium on
Microdosimetry, Brussels, May 1978 (J. Booz and
H.G. Ebert, eds.). Harwood Academic Publishers,
London, 1978.

Gorlin, R.J. Monogenic disorders associated with
neoplasia. p. 169-178 in: Genetics of Human Cancer
(J.J. Mulvihill et al., eds.). Raven Press, New York,
1977.

Gould, M.N. and K.H. Clifion. Evidence for a unique
in situ component of the repair of radiation damage.
Rad. Res. 77: 149-155 (1979).

Gould, M.N., R. Jirtle, J. Crowley et al. Reevaluation
of the number of cells involved in the neutron
induction of mammary neoplasms. Cancer Res. 38:
189-192 (1978).

Glo

G17

G138

GI9

G24

G25

G27

G30

Gray, L.H. Cellular radiation biology. p. 725 im:
Proceedings of the 18th Annual Symposium on Funda-
mental Cancer Research. University of Texas and
M.D. Anderson Hospital. Williams and Williams,
Baltimore, 1965.

Groer, P.G. Dose-response curves from incomplete
data. p. 351-358 in: Late Biological Effects of lonizing
Radiation, Vol. I1. IAEA, Vienna, 1978.

Groer, P.G. Dose-response curves and compeling
risks. Proc. Natl. Acad. Sci. US.A. 75: 4087-4091
(1978).

Groer, P.G. Correction to dose-response curves and
competing risks. Proc. Natl. Acad. Sci. U.S.A. 76:
1524 (1979),

Groer, P.G. and J.H. Marshall. A model for the
induction of bone cancer by radium-224. p. 201-209 in:
Biological Effects of radium-224 (W.A. Muller and
H.G. Ebert, eds.). Martinus Nijhoff Medical Division,
The Hague/Boston, 1978.

Glass, H.B. and R.K. Ritterluff. Mutagenic effect of a
5-r dose of x rays in Drosphila melanogaster. Science
133: 1366 (1961).

Gofman, J.W. The question of radiation causation of
cancer in Hanford workers. Health Phys. 32: 612-639
(1979).

Guernsey, D.L., C. Borek and 1.S. Edelman. Crucial
role to thyroid hormone in X-ray-induced neoplastic
transformation in cell culture. Proc. Natl. Acad. Sci.
U.S.A, 78: 5708-5711 (1981).

Guernsey, D.L., A. Ong and C. Borek. Thyroid
hormone modulation of X-ray-induced in vitro neo-
plastic transformation. Nature 288: 591-592 (1980).

Geard, C.R., M. Rutledge-Freeman. R.C. Miller et al.
Antipain and radiation effects on oncogenic transfor-
mation and sister chromatic exchanges in Syrian
hamster embryo and mouse C3H10T1/2 cells. Carcino-
genesis 2: 1229-1233 (1981).

Goodhead, D.T., R.J. Munson, J. Thacker et al.
Mutation and inactivation of cultured mammalian
cells exposed 10 beams of accelerated heavy ions. IV.
Biophysical interpretation. Int. J. Radiat. Biol. 37:
135-167 (1980).

Gould, M.N. Radiation initiation of carcinogenesis in
vivo: a rare or common cellular event. p. 347-358
in: Radiation Carcinogenesis Epidemiology and Bio-
logical Implications. Proceedings of a Symposium.
(J.D. Boice and J.F. Fraumeni. eds.). Raven Press,
New York, 1984,

Geard, C.R., R.D. Colvett and N. Rohrig. On the
mechanics of chromosome aberrations: a study with
single and multiple spatially associated protons. Muiat.
Res. 91: 81-89 (1980),

Goodhead, D.T. An assessment of the role of micro-
dosimetry in radiobiology. Radiat. Res. 91: 45-76
(1982).

Guerrero, 1., A. Villasante, V. Corces et al. Activation
of a c-K-ras oncogene by somatic mutation in mouse
lymphomas induced by gamma radiation. Science 225:
1159-1162 (1984).

Goodhead, D.T. Deduction from cellular studies
of inactivation, mutagenesis and transformation.
p. 369-386 in: Radiation Carcinogenesis: Epidemio-
logy and Biological Significance. (J.D. Boice and
J.F. Fraumeni, eds.). Raven Press, New York, 1984.



G35

G36

H1

H2

H6

HR

H9

HI10

HI1l

HI12

HI13

H1i4

HI1S

H17

H18

HI19

H21

Gragtmans, N.J., D.K. Myers, J.R. Johnson, et al.
Occurrence of mammary tumours in rats after exposure
to tritium ff rays and 200 kVp x rays. Radiat. Res.
99: 636-650 (1984).

Gart, J.J. Statistical analyses of the relative risk.
Environ. Health Perspect. 32: 157-167 (1979).

Han, A. and M.M. Elkind. Transformation of mouse
C3HI0T1/2 cells by single and fractionated doses of
x-rays and fission-spectrum neutrons. Cancer Res. 39:
123-130(1979).

Hall, E.J. Biological problems in the measurement of
survival at low doses. p. 13-24 in: Cell Survival after
Low Doses of Radiation: Theoretical and Clinical
Implications. The Institute of Physics and John Wiley
and Sons, London, 1975.

Haynes, R.H. The influence of repair processes on
radiobiological survival curves. p. 197-208 in: Cell
Survival after Low Doses of Radiation: Theoretical
and Clinical Implications. The Institute of Physics and
John Wiley and Sons, London, 19735.

Hill, R.P., B.F. Warren and R.S. Bush. The effect of
intercellular contact on the radiation sensitivity of
KHT sarcoma cells. Radiat. Res. 77: 182-192 (1972).

Hirai, M. and S. Nakai. Dicentric yields induced by
x-radiation and chromosome arm number in primates.
Mutat. Res. 43: 147-158 (1977).

Hornsey, S. The radiation response of human malignant
melanoma cells in vitro and in vivo. Cancer Res. 32:
650-651 (1972).

Hulse, E.V., R.H. Mole and D.G. Papworth. Radio-
sensitivity of cells from which radiation-induced skin
tumours are derived. Int. J. Radiat. Biol. 14: 437-444
(1968).

Hulse, E.V. and R.H. Mole. Skin tumour incidence in
CBA mice given fractionated exposure to low-energy
f3 particles. Br. J. Cancer 23: 452-463 (1969),

Hulse, E.V. Incidence and pathogenesis of skin tumours
in mice irradiated with single external doses of low
energy f particles, Br. J. Cancer 21: 531-547 (1967).

Han, A. and M.M. Elkind. The effect of radiation
quality and repair processes on the incidence of
neoplastic transformation in vitro. p. 621-626 in:
Radiation Research (S. Okada et al., eds.). JAAR.,
Tokyo, 1979.

Hoel, D.G. and H.E. Walburg. Statistical analysis of
survival experiments. J. Natl. Cancer Inst. 49: 361-372
(1972).

Holm, L.E. Incidence of malignant thyroid tumors in
man after diagnostic and therapeutic doses of iodine-131.
Epidemiologic and Histopatiologic study. Radium-
hemmet, Karolinska Hospital, Stockholm 1980.

Hempelmann, L.H., J. Pifer, G. Burke et al. Neo-
plasms in persons treated with x rays in infancy for
thymic enlargement. A report of the third followup
survey. J. Natl. Cancer Inst. 38: 317-341 (1967).

Hempelmann, L.H., W. Hall, M. Phillips et al
Neoplasms in persons treated with x rays in infancy:
fourth survey in 20 years. J. Natl. Cancer Inst. 55: 519-
530 (1975).

Hutchinson, G.B., B. MacMahon, S. Jablon et al.
Review of report by Mancuso, Stewart and Kneale of
radiation exposure of Hanford workers. Health Phys.
37: 207-220 (1979).

Hall, E.J. and R.C. Miller. The how and why of in
vitro oncogenic transformation. Radiat. Res. 87: 208-
223 (1981).

H30

H33

H34

H35

H36

H37

Han, A. and M.M. Elkind. Enhanced transformation
of mouse C3HI0T1/2 cells by 12-O-Tetradecanoyi-
phorbol-13-acetate following exposure to x-rays or to

fission-spectrum neutrons. Cancer Res. 42: 477-483
(1982).

Holizman, S., J.P. Stone and C.J. Shellabarger.
Radiation-induced mammary carcinogenesis in virgin,
pregnant, lactating and postlactating rats. Cancer Res.
42: 50-53 (1982).

Horacek, J. and J. Sevc. Histological types of pul-
monary carcinoma after long-term exposure to radia-
tion. Studia Pneumol. Phtiseol. Cechoslov. 40: 324-328
(1980).

Hili, C.K., F.M. Buonaguro, C.P. Myers et al. Fission-
spectrum neutrons at reduced dose-rates enhance
neoplastic transformation. Nature 298: 67-69 (1982).

Haynes, R.H. The interpretation of microbial inacti-
vation and recovery phenomena. Radiat. Res. Supp. 6:
1-29 (1966).

Hall, E.J., H.H. Rossi, M. Zaider et al. The role of
neutrons in cell transformation research. I1. Experi-
mental. p. 381-395in: Neutron Carcinogenesis. Proceed-
ings of a Symposium. (J.J. Broerse and G.B. Gerber,
eds.). EUR-8084 (1982).

Hoel, D.G. and H.E. Walburg, Jr. Statistical analysis
of survival experimems. J. Natl. Cancer Inst. 49:
361-372 (1972).

Hill, C.K., A. Han, F. Buonaguro et al. Multifractio-
nation of cobalt-60 gamma rays reduces neoplastic
transformation in vitro. Carcinogenesis 5: 193-197
(1984).

Hirakawa, T., T. Kakunaga, H. Fujiki et al. A new
tumor-promoting agent, dihydroteleocidin-B, markedly
enhances chemically-induced malignant cell transfor-
mation. Science 216: 527-529 (1982).

Hendry, J.H. and B.1. Lord. The analysis of the early
and late response 1o cytotoxic insults in the haemo-
poietic cell hierarchy. in: Cytotoxic Insult to Tissue
(Plotten and Hendry, eds.). Churchill and Livingstone,
Edinburgh, 1983.

Hulse, E.V., S.Y. Lewkowicz, A.L. Batchelor et al.
Incidence of radiation induced skin tumours in mice
and variations with dose rate. Int. J. Radiat. Biol. 44:
197-206 (1983).

Hill, C.K., A. Han and M.M. Elkind. Protracted
exposures to fission-spectrum neutrons increase
neoplastic transformation. in: Proceedings of the
Seventh International Congress of Radiation Research.
(J.J. Broerse, G.W. Barendsen et al., eds.) Martinus
Nijhoff Publishers, Amsterdam, 1983. Also: Int. J.
Rad. Biol. 46: 11-15 (1984).

Hall, T.D. The interpretation of exponential dose-
effect curves. Bull. Math. Biophys. 15: 43-47 (1953).

Hill, C.K., B.A. Carnes, A. Han et al. Neoplastic
transformation is enhanced by multiple low doses of
fission-spectrum neutrons. Radiat. Res. 102: 404-410
(1985).

Han, A,, C.K. Hill and M.M. Elkind. Repair processes
and radiation quality in neoplastic transformation of
mammalian cells. Radiat. Res. 99: 249-261 (1984).

International Commission on Radiological Protection.
Recommendations of the International Commission
on Radiological Protection. ICRP Publication 9. Per-
gamon Press, Oxford, 1966.

International Commission on Radiological Protection.
Recommendations of the International Commission

253



B3

14

Is

16

J1

J4

J6

J7

J8

Kl

K3

K4

K5

K6

K7

K8

254

on Radiological Protection. ICRP Publication 26.
Pergamon Press, Oxford, 1977.

International Commission on Radiological Protection.
Biological effects of inhaled radionuclides. ICRP
Publication 31. Annalis of the ICRP. Pergamon Press,
Oxford, 1980.

International Commission on Radiological Protection.
Limits for Inhalation of Radon Daughters by Workers.
ICRP Publication 32. Pergamon Press, Oxford, 1981.

International Commission on Radiological Protection.
Exposure and lung cancer risk from indoor exposure
to radon daughters. A Task Group Report, 1o appear
in Annals of the ICRP, 1986.

International Commission on Radiological Protection.
Bases for developing a unified index of harm. ICRP
Publication 45. Annals of the ICRP, 1985.

Jablon, S. and H. Kato. Studies of the mortality of
A-bomb survivors. 5. Mortality and radiation dose,
1950-1970. Radiat. Res. 50: 649-698 (1972).

Jacobi, W. Carcinogenic effects of radiation on the
human respiratory tract. In: Radiation Carcinogenesis.
(A.C. Upton, ed.). Elsevier North-Holland, New York,
1983,

Jirtle, R.L., P.M. Deluca and M.N. Gould. The
survival of parenchymal hepatocytes exposedto 14 MeV
neutrons. Radiat. Res. 91: 409-410 (1982).

Jacobi, W. Expected lung cancer risk from radon
daughter exposure in dwellings. p. 31-42 in: Proc. Int
Conf. on Indoor Air Quality. Stockholm. August
1984. Swedish Council for Building Research. Stock-
holm, 1984.

Jacobi, W., H.G. Paretzke and F. Schindel. Lung
cancer risk assessment of radon-exposed miners on the
basis of a proportional hazard model. p. 17-22 in:
Occupational Radiation Safety in Mining. Proceedings
of the International Conference. Vol. 1. (H. Stocker,
ed.). Canadian Nuclear Association, Toronto, 1985.

Kaplan, E.L. and P. Meier. Non-parametric estimation
from incomplete observations. J. Am. Stat. Assoc. 53:
457-481 (1938).

Kellerer, A.M. Statistical and biophysical aspects of
the gamma-ray survival curve. in: Cell Survival after
Low Doses of Radiation: Theoretical and Clinical
Implications (J. Alper, ed.). The Institute of Physics
and John Wiley and Sons, London, 1975.

Kellerer, A.M., E.J. Hall, H.H. Rossi et al. RBE as a
function of neutron energy. Il. Statistical analysis.
Radiat. Res. 65: 172-186 (1976).

Kellerer, A.M. and H.H. Rossi. The theory of dual
radiation action. Curr. Top. Radiat. Res. Quart. 8
85-158 (1972).

Kellerer, A.M. and H.H. Rossi. A generalized for-
mulation of dual radiation action. Radiat. Res. 75:
471-488 (1978).

Kellerer, A.M. and H.H. Rossi. Biological implications
of microdosimetry 1I: spatial aspects. p. 331-351 in:
Proceedings of the Fourth Symposium on Microdosi-
metry, Verbania-Pallanza, September 1973. EUR-5122
(1974).

Kellerer, A.M. and H.H. Rossi. RBE and the primary
mechanism of radiation action. Radiat. Res. 47: 15-34
(1971).

Kellerer, A.M. Radiation carcinogenesis at low doses.
p. 405-422 in: Proceedings of the Sixth Symposium on
Microdosimetry, Vol. I, Brussels, May 1978 (J. Booz

K10

K12

K16

K17

K20

K21

K22

K24

K25

K26

K28

K29

K30

K31

K32

and H.G. Ebert, eds.). Harwood Academic Publishers
Lid., London, 1978.

Kennedy, A.R., S. Modal, C. Heidelberger e1 al.
Enhancement of x-ray transformation by 12-O-tetra-
decanoylphorbol-13-acetate in a cloned line of C3H
mouse embryo cells. Cancer Res. 38: 439-443 (1978).

Klein, J.C. The use of in vitro methods for the study
of x-ray-induced transformation. p. 301-308 in: Bio-
logy of Radiation Carcinogenesis (M.J. Yuhas et al.,
cds.). Raven Press, New York, 1976.

Knaap, A.G.A. and J.W.I. Simons. A mutational
assay system for L5178 Y mouse lymphoma cells using
hypoxanthineguanine phosphoribosul transferase (HG-
PRT) deficiency as marker. The occurrence of a long
expression time for mutations induced by x rays and
EMS. Mutat. Res. 30: 97-109 (1975).

Kneale, G.W., A.M. Stewart and T.F. Mancuso.
Reanalysis of data relating to the Hanford study of the
cancer risks of radiation workers. p. 387-412 in: Late
Biological Effects of lonizing Radiation, Vol IL
IAEA, Vienna, 1978,

Knudson, A.G., Jr. Germinal and somatic mutations
in cancer, p. 367-371 in: Human Genetics (S. Amendares
and R. Lisker, eds.). Excerpta Medica, Amsterdam,
1977.

Korner, [., M. Walicka, W. Malz et al. DNA repair in
two L5178 Y cell lines with different x-ray sensitivities.
Stud. Biophys. (GDR) 61: 141-149 (1977).

Kunz, E., J. Seve, V. Placek et al. Lung cancer in man
in relation 1o different time distribution of radiation
exposure, Health Phys. 36: 699-706 (1979).

Kal, H.B. Effects of protracted gamma irradiation on
cells from a rat rhabdomyosarcoma treated in vitro
and in vivo. p. 259-269 in: Cell Survival after Low
Doses of Radiation: Theoretical and Clinical 1mpli-
cations, The Institute of Physics and John Wiley and
Sons, London, 1975.

Kasuga, T., T. Sado, Y. Noda et al. Radiation-induced
tumours in C57BL{/6JNrs [SPF] and C3Hf/HeMsNrs
[SPF] strain male mice. p. 29-41 in: Late Biological
Effects of lonizing Radiation, Vol. II. IAEA, Vienna,
1978.

Kennedy, A.R., M. Fox, G. Murphy et al. Relation-
ship between x-ray exposure and malignant transfor-
mation in C3HI10TI1/2 cells. Proc. Natl. Acad. Sci.
U.S.A. 77: 7262-7266 (1980).

Kennedy, A.R., G. Murphy and J.B. Liule. Effect of
time and duration of exposure to 12-O-Tetradecanoyl-
phorbol-13-acetate on X ray transformation of
C3HI10T1/2 cells. Cancer Res. 40: 1915-1920 (1980).

Kinsella, A.R. Do chromosomal rearrangements repre-
sent a rate-limiting step in carcinogenesis? (Meeting
abstract). J. Supramol. Struct. Suppl. 15: 214 (1981).

Kinsclla, A.R. and M. Radman. Tumor promoter
induces sister chromatid exchanges: Relevance 1o
mechanisms of carcinogenesis. Proc. Natl. Acad. Sci.
U.S.A. 75: 6149-6153 (1978).

Kennedy, A.R. and R.R. Weichselbaum. Effects of
dexamethasone and cortisone with X-ray irradiation
on transformation of C3HI10T1/2 cells. Natwure 294:
97-98 (1981).

Kennedy, A.R. and J.B. Little, Actinomycin D sup-
presses radiation transformation in vitro. Int. J.
Radiat, Biol. 38: 465-468 (1980).

Kneale, G.W., T.F. Mancuso and A.M. Stewart.
Hanford radiation study III: a cohort study of the

VAP, gt - Sas = e 1 L 4



K33

K34

K35

K36

K37

K38

K40

K4}

L1

L3

14

L6

L7

L8

L9

cancer risks from radiation to workers at Hanford
(1944-77 deaths) by the method of regression models
in lifetables. Brit. J. Int. Med. 38: 156-166 (1981).

Kaplan, H.S. and M.B. Brown. A quantitative dose-
response study of lymphoid tumor development in
irradiated C57 Blade mice. J. Natl. Cancer Inst. 13:
185-208 (1952).

Kerr. G.D. Findings of a recent ORNL review of
dosimetry for the Japanese atomic-bomb survivors.
ORNL/TM-8078 (1982).

Kennedy, A.R. and J.B. Liule, Effects of protease
inhibitors on radiation transformation in vitro. Cancer
Res. 41: 2103-2108 (1981).

Kucerova, M., A.J.B. Anderson, K.E. Buckton et al.
X-ray-induced chromosome aberrations in human
peripheral blood leucocytes: the response to low levels
of exposure in vitro. Int. J. Radiat. Biol. 21: 389-396
(1972).

Kaibfleisch, J.D. and R.L. Prentice. The statistical
analysis of failure time data. John Wiley and Sons,
New York, 1980.

Kellerer, A.M. and D. Chmelevsky. Analysis of tumor
rates and incidences. A Survey of Concepts and
Methods. p. 209-231 in: Proceedings of the European
Seminar on Neutron Carcinogenesis. (J.J. Broerse and
G.B. Gerber, eds.) EUR-8084 (1982).

Kato, H. and W.J. Schull. Studies of the mortality of
A-bomb survivors. 7. Mortality, 1950-1978: Part 1.
Cancer Mortality. Radiat. Res. 90: 395-432 (1982).

Kato, H., C.C. Brown, D.G. Hoel et al. Studies of the
mortality of A-bomb survivors. 7. Mortality, 1950-1978:
Part II. Morality from causes other than cancer and
mortality in early entrants. Radiat. Res. 91: 243-264
(1982).

Kellerer, A.M., Y.M.P. Lam and H.H. Rossi. Bio-
physical studies with spatially correlated ions. 4.
Analysis of cell survival data for diatomic deuterium.
Radiat. Res. 83: 511-528 (1980).

Kato, H., K. Kopecky and D. Preston. Radiation
mortality among A-bomb survivors. 1950-1982. Tech-
nical Report. (Personal communication)

Land, C.E. and D.H. McGregor.- Breast cancer in-
cidence among atomic bomb survivors: implications
for radiobiologic risk at low doses. J. Natl. Cancer
Inst. 62: 17-21 (1979).

Leenhouts, H.P. and K.H. Chadwick. An analysis of
radiation-induced malignancy based on somatic muta-
tion. Int. J. Radiat. Biol. 33: 357-370 (1978).

Lea, D.E. Action of radiations on living cells. Uni-
versity Press, Cambridge, 1962.

Lehnert, S. Relation of intracellular cyclic AMP to the
shape of mammalian cell survival curves. p. 226-236
in: Cell Survival after Low Doses of Radiation:
Theoretical and Clinical Implications. The Institute of
Physics and John Wiley and Sons, London, 1975.

Leonard, H. and G.B. Gerber. The radiosensitivities
of lymphocytes from pigs, sheep, goat and cow. Mutat.
Res. 36: 319-332 (1976).

Lever, W.F. Histopathology of the skin. Pitman
Medical Publ. Co. London/A. Lippincott Co. Phila-
delphia, 1967.

Liniecki, J., A. Bajerska, K. Wyszynska et al. Gamma
radiation-induced chromosomal aberrations in human
lymphocytes; dose-rate effects in stimulated and non-
stimulated cells. Mutat. Res, 43: 291-304 (1977).

L10

L12

L13

L15

L16

L18

L19

L20

L322

L23

124

L26

L27

L29

L30

Liule, J.B. Quantitative studies on radiation trans-
formation with the A31-11 mouse BALB/3T3 cell line.
Cancer Res. 39: 1474-1480 (1979).

Lloyd, D.C., R.R. Purrott, G.W. Dolphin et al.
Chromosome aberrations induced in human lympho-
cytes by neutron irradiation. Int. J. Radiat. Biol. 29:
169-182 (1976).

Lioyd, D.C., R.J. Purrott, G.W. Dolphin et al. The
relationship between chromosome aberrations and
low-LET radiation dose to human lymphocytes. Int.
J. Radiat. Biol. 28: 75-90 (1975).

Lloyd, E.L., H.A. Gemmell, C.B. Henning et al.
Transformation of mammalian cells by alpha particles.
Int. J. Radiat. Biol. 36: 467-478 (1979).

Lloyd, E.L., H.A. Gemmell and C.B. Henning. Supres-
sion of transformed foci induced by alpha radiation of
C3HTI101/2 cells by untransformed cells. ANL-78-65,
Part I1 (1979).

Lundin. F.E., J.K. Wagoner and V.E. Archer. Radon
daughter exposure and respiratory cancer, quantitative
and temporal aspects. U.S. Department of Health,
Education and Welfare, Public Health Service, National
Institute of Occupational Safety and Health, National
Institute of Environmental Health Sciences joint mono-
graph no. 1. Springfield, 1971.

Lundin, F.E., V.E. Archer and J.K. Wagoner. An
exposure-time-response model for lung cancer mortality
in uranium miners: effects of radiation exposure, age
and cigarette smoking. p. 243-264 in: Proceedings of
the Conference on Energy and Health, Alta, Utah,
June 1978. (N.E. Breslow et al. eds.). SIAM Publishers,
Philadelphia, 1979.

Luz, A., W A, Miiller, W, Gossner et al, Estimation
of tumour risk at low dose from experimental results
after incorporation of short-lived bone-seeking alpha
emitters radium-224 and thorium-227 in mice.
p. 171-181 in: Biological and Environmental Effects of
Low-Level Radiation. IAEA, Vienna, 1976.

Land, C.E., J.D. Boice, R.E. Shore et al. Breast cancer
risk from low-dose exposures to ionizing radiation:
results of parallel analysis of three exposed popula-
tions of women. J. Natl. Cancer Inst. 65: 353-376
(1980).

Liule J.B., H. Nagasanra and A.R. Kennedy. DNA
repair and malignant transformation: effect of x-
irradiation, 12-O-tetradecanoylphorbol-13-acetate, and
protease inhibitors on transformation and sister-
chromatid exchanges in mouse 10T1/2 cells. Radiat.
Res. 79: 241-255 (1979).

Land, C.E. and J.E. Norman. Latent periods of
radiogenic cancers occurring among Japanese A-bomb
survivors. p. 2947 in: Late Biological Effects of
Ionizing Radiation, Vol. 11. IAEA, Vienna 1978.

Little, J.B. Influence of noncarcinogenic secondary
factors on radiation carcinogenesis. Radiat. Res. 87:
240-250 (1981).

Loewe. W.E. and E. Mendelsohn. Revised dose
estimates at Hiroshima and Nagasaki. Health Phys.
41: 663-666 (1981).

Lee, W.. R.P. Chiaccierini, B. Shleien et al. Thyroid
tumours following iodine-131 or localized x-irradiation
to the thyroid and the pituitary glands in rats. Radiat.
Res. 92: 307-319 (1982).

Loewe, W.E. A-bomb survivor dosimetry update.
Paper presented at the Third International Symposium
on Radiation Protection, Inverness, Scotland, 1982,

255



L36

M1

M3

M4

M5

M6

M7

M8

M9

M10

Mli

Mi2

Mi13

M14

256

Land, C.E. and M. Tokunaga. Induction period.
p. 421-436 in: Radiation Carcinogenesis: Epidemio-
logy and Biological Significance. (J.D. Boice and
J.F. Fraumeni, eds.) Raven Press. New York, 1984.

Lin, S.L., M. Takit and P.O.P. Ts’0. Somatic mutation
and neoplastic transformation induced by (methyl3H)
thymidine. Radiat. Res. 90: 142-154 (1982).

Lemortte, P.K., S.J. Adelstein and J.B. Liule.
Malignant transformation induced by incorporated
radionuclides in BALB/3T3 mouse embryo fibro-
blasts. Proc. Natl. Acad. Sci. U.S.A. 79: 7763-7767
(1982).

Liule, J.B., B.N. Grossman and W.F. O'Toole.

Induction of bronchial cancer in hamsters by
polonium-210 alpha radiation. Radiat. Res. 43:
261-262 (1970).

Lioyd, D.C. and A.A. Edwards. Chromosome

aberrations in human lymphocytes: effect of radiation
quality, dose and dose rate. p. 23-49 in: Radiation-
Induced Chromosome Damage in Man. Alan R. Liss
Inc., New York, 1983.

MacKenzie, I. Breast cancer following multiple fluoro-
scopies. Br. J. Cancer 19: 1-8 (1965).

Major, I.LR. and R.H. Mole. Myeloid leukaemia in
x-ray irradiated CBA mice. Nature 272: 455-436
(1978).

Mancuso, T.F., A. Stewart and G. Kneale. Radiation
exposures of Hanford workers dying from cancer and
other causes. Health Phys. 33: 369-385 (1977).

Marshall, J.M. and P.G. Groer. A theory of the
induction of bone cancer by alpha radiation. Radiat.
Res. 71: 149-192 (1977).

Morrison, H.l.. R.M. Semenciw, Y. Mao et al. Lung
cancer mortality and radiation exposure among the
Newfoundland fluorspar miners. p. 365-368 in: Inter-
national Conference on Occupational Radiation Safety
in Mining (H. Stocker, ed.). Canadian Nuclear Asso-
ciation, Toronto, 1985.

Marx, J.L. Tumour promotion: carcinogenesis gets
more complicated, Science 201: 515-518 (1978).

Matanoski, G.N., R. Seliser, P.E. Sartwell et al. The
current mortality rates of radiobiologists and other
physician specialists: specific causes of death. Am.
J. Epidemiol. 101: 199-210 (1975).

Mayneord, W.V. The time factor in carcinogenesis.
The 1977 Sievert Lecture. Health Phys. 34: 297-309
(1978).

Mayneord, W.V. and R.H. Clarke. Carcinogenesis and
radiation risk: a biomathematical reconnaissance. Br.
J. Radiol. Supplement 12: 11-12 (1975).

Mayneord, W.V. and R.H. Clarke. Time and dose in
carcinogenesis. RD/B/N-3940 (1978).

Mays, C.W., G.N. Taylor, W. Stevens et al. Bone
sarcomas at low doses of a-radiation in beagles. p. 9-14
in: COO-119-254 (1979).

Mays, W.C. and R.D. Lloyd. Predicted toxocity of
0Sr in humans. p. 181-205 in: Proceedings of the
Second International Conference on Strontium Meta-
bolism. CONF-720818 (1972).

Mays, C.W, and R.D. Lloyd. Bone sarcoma risk from
90Sr. p. 352-375 in: Biomedical Implications of Radio-
strontivm Exposure (M. Goldmann and L.K. Bustad,
eds.). Symposium Series 25, CONF-710201 (1972).

Mays, C.W, and R.D. Lloyd. Bone sarcoma incidence
versus alpha particle dose. p.409-430 in: Radiobiology

Ml6

M17

Mi8

MI19

M20

M2]

M25

M29

M30

M3l

M33

M35

M36

of Plutonium (B. Stover and W.S.S. Jee, eds.). J.W,
Press, Salt Lake City, 1972,

McCulloch, E.A. and J.E. Till. The sensitivity of cells
from normal mouse bone marrow 10 gamma-radiation
in vitro and in vivo. Radiat. Res. 16: 822-832 (1962).

McGregor, D.H., C.E. Land and K. Choi. Breast
cancer incidence among atomic bomb survivors.
Hiroshima and Nagasaki 1950-1969. J. Natl. Cancer
Inst. 59: 799-811 (1977).

McNulty, P.J., C.H. Nauman, A.H. Sparrow et al
Influence of x-ray dose fractionation on the frequency
of somatic mutations induced in Tradescantia stamen
hair. Mutat, Res, 44: 235-246 (1977).

Metalli, P., V. Covelli and G. Silini. Dose-incidence
relationships of reticulum cell sarcoma in mice. Obser-
vations and hypotheses at the cellular level. p. 341-349
in: Late Biological Effects of lonizing Radiation.
Vol. Il. IAEA, Vienna, 1978.

Metalli, P,, G. Silini, V. Covelli et al. Late somatic
effects in syngenecic radiation chimaeras: III. Observa-
tions on animals repopulated with irradiated marrow.
Int. J. Radiat. Biol. 29: 413-432 (1976).

Millar, B.C., E.M. Fielden and J.L. Miliar. Inter-
pretation of survival-curve data for chinese hamster
cells, line V-29, using the multitarget, multitarget with
initial slope and a, §# equations. Int. J. Radiat. Biol.
599-603 (1978).

Miller, D.R. A note on independence of multivariate
lifetimes in competing risks models. Am. Stat. 5: 576-
579 (1977).

Miller, R. and E.J. Hall. X-ray dose fractionation and
oncogenic transformations in cultured mouse embryo
cells. Nature 272; 58-60 (1978).

Modan, B., D, Baidatz, H. Mast et al. Radiation-
induced head and neck-tumours. Lancet 1; 277-279
(1974).

Mole, R.H. Bone tumour production in mice by
strontium-90: further experimental support for two-
event hypothesis. Br. J. Cancer 17: 524-531 (1963).

Mole, R.H. Personal communication,

Mole, R.H. The sensitivity of the human breast 1o
cancer induction by ionizing radiation. Br. J. Radiol.
51: 401-405 (1978).

Mole, R.H. Carcinogenesis by thorotrast and other
sources of irradiation, especially other a-emitters.
Environ. Res. 18: 192-215 (1979).

Mole, R.H. Letter to the editor. Lancet 1: 1155-1156
(1978).

Mole, R.H. lonizing radiation as a carcinogen: prac-
tical questions and academic pursuits. Br. J. Radiol.
48: 157-169 (1975).

Mole, R.H. Pathological findings in mice exposed to
fission neutrons in the reactor CLEEP. p. 117-128 in:
Biological Effects of Neutron and Proton Irradiations.
IAEA, Vienna, 1964.

Momeni, M.H. Competitive radiation-induced carcino-
genesis: an analysis of data from beagle dogs exposed o
radium-226 and strontium-90. Health Phys. 36: 295-310
(1979).

Mulvihill, J.J. Genetic repertory of human neoplasia.
p. 137-144 in: Genetics of Human Cancer (J.J. Mulvi-
hill, R.W. Miller and J.F. Fraumeni, eds.). Raven
Press, New York, 1977.

Munson, R.J. and D.T. Goodhead. The relation
between induced mutation frequency and an examina-



M37

M39

M40

M4l

M43

Ma45

M46

M47

M49

M50

M531

M352

M57

M58

M60

Mé1

M62

tion of experimental data for eukaryotes. Mutat. Res.
42: 145-160 (1977).

Muramatsu, S. and O. Matsuoka. Comparative studies
of radiation-induced chromosome aberrations in several
mammalian species. p. 229-236 in: Biological and
Environmental Effects of Low-Level Radiatien, Vol. I.
1AEA, Vienna, 1976.

Myrden, J.A. and J.E. Hiltz. Breast cancer following
multiple fluoroscopies during artificial pneumothorax
treatment for pulmonary tuberculosis. Can. Med.
Assoc. J. 100: 1032-1034 (1969).

Myrden, J.A. and J.J. Quinlan, Breast carcinoma
following multiple fluoroscopies with pneumothorax
treatment of pulmonary tuberculosis. Ann. Royal Coll.
Phys. Surg. Can. 7: 45 (1974).

Miller, R., E.J. Hall and H.H. Rossi. Oncogenic
transformation of mammalian cells in vitro with split
doses of x rays. Proc. Natl. Acad. Sci. U.S.A. 76:
5755-5758 (1979).

Myers, D.K. and C.G. Stewart. Some health aspects of
Canadian uranium mining. AECL-5970 (1979).

Mole, R.H. Bone tumour production in mice by
strontium-90: further experimental support for a two-
event hypothesis. Br. J. Cancer 17: 524-531 (1963).

Muller, H.J, Advances in radiation mutagenesis through
studies on Drosophila. p. 313-321 in: Proc. 2nd Int.
Conf. Peaceful Uses of Atomic Energy. Vol. 22,
Geneva 1958.

Mole, R.H. Carcinogenesis as a result of two indepen-
dent rare events. p. 161-165 in: Cellular Basis and
Actiology of Late Somatic Effects of Ionizing Radia-
tion (H.J. Harris ed.). Academic Press, London, 1963.

Muller, R.C., R. Osman, M. Zimmerman et al
Sensitizers, protectors and oncogenic transformation
in vitro. Int, J. Radiat. Oncol. Biol. Phys. 8: 771-775
(1982).

Moolgavkar, S.H. and A.G. Knudson. Mutation and
cancer: A model for human carcinogenesis. J. Natl.
Cancer Inst. 66: 1037-1052 (1981).

Mulcahy, R.T., M.N. Gould and K.H. Clifton. The
survival of thyroid cells: in vivo irradiation and in situ
repair. Radiat. Res, 84: 523-528 (1980).

Mole, R.H. Dose-response relationships. p. 403-420 in:
Radiation Carcinogenesis: Epidemiology and Bio-
logical Implications. (J.D. Boice and J.F. Fraumeni,
eds.), Raven Press, New York, 1984.

Mays, C.W. and H. Spiess. Bone sarcomas in “*Ra
patients. p. 241-252 in: Radiation Carcinogenesis:
Epidemiology and Biological Significance. (J.D. Boice
and J.F. Fraumeni, eds.), Raven Press, New York,
1984.

Mahler, P.A., M.N. Gould, P.M. De Luca et al. Rat
mammary cell survival following irradiation with
14.3 MeV neutrons. Radiat. Res. 91: 235-242 (1982).

Mahler, P.A., M.N. Gould and K.H. Clifton. Kinetics
of in situ repair in rat mammary gland cells. Radiat.
Res. 91: 409 only (1982).

Moskalev, Yu.i., L.A. Buldakov, V.N. Iljin et al. Study
of the dose-effect relationship from the standpoint of
radiation hygiene. Med. Radiologia 4: 74-82 (1982) (in
Russian).

Maisin, J.R., A. Wambersie, G.B. Gerber et al. The
effects of a fractionated gamma irradiation on life
shortening ‘and disease incidence in BALB/c mice.
Radiat. Res. 94: 359-373 (1983).

M63

M64

Mé65

M66

M67

M68

M69

M70

MT71

N1

N3

N4

N3

N6

N7

N8

N9

Maisin, J.R., A. Wambersie, G.B. Gerber et al. Life
shortening and disease incidence in BALB/c mice
following a single d(50)-Be neutron or gamma ex-
posure. Radiat. Res. 94: 374-389 (1983).

Mole, R.H., D.G. Papworth and M.J. Corp. The dose-
response for x-ray induction of myeloid leukaemia in
male CBA/H mice. Br. J. Cancer 47; 285-291 (1983).

Mole, R.H. and LR. Major. Myeloid leukaemia
frequency after protracted exposure to ionizing radia-
tion: experimental confirmation of the flat dose-
response found in ankylosing spondyvlitis after a single
treatment course with x rays. Leukaemia Res. 7:
295-300 (1983).

Mole, R.H. and J.A.G. Davids. Induction of mveloid
leukaemia and other tumoursin mice by irradiation with
fission neutrons. p. 31-42 in: Neutron carcinogenesis
(J.J. Broerse and G.B. Gerber, eds.). EUR-8084 (1982).

Miiller, W.A., A. Luz, E.H. Schiffer et al. The role of
time-factor and RBE for the induction of osteosarcomas
by incorporated short-lived bone-seckers. Health Phys.
44 Suppl. 1: 203-212 (1983).

Moskalev, Yu.I. and V.N. Strelcova. Radiation carcino-
genesis from the standpoint of radiological protection.
Energoizdat, Moscow, 1982 (in Russian).

Mays, C.W. Discussion of paper by O.G. Raabe [R40]
in: Health Phys. 44: Suppl. 1: 46-47 (1983).

Miiller, J., W.C. Wheeler, J.F. Gentleman et al. Study
of mortality of Ontario miners. p. 335-343 in: Proc.
Int. Conf. on Occupational Radiation Safety in Mining.
Vol. L. (H. Stocker, ed.). Canadian Nuclear Association,
Toronto, 1985.

Moskalev, Yu.l. and I.A. Milovidova. Induction of
mammary tumours in rats by single and fractionated
f irradiation from strontium-90 and viutrium-50.
Radiobiologija 23: 54-58 (1983).

National Council on Radiation Protection and Measure-
ments. Influence of dose and its distribution in time on
dose-effect relationships for low-LET radiations.
NCRP-R-64 (1980).

Nauman, C.H., A.G. Underbrink and A.H. Sparrow.
Influence of radiation dose rate on somatic mutation
induction in Tradescantia stamen hatrs. Radiat. Res.
62: 79-96 (1975).

Nelson, W. Theory and applications of hazard plotting
for censored failure data. Technometrics 14: 945-966
(1972).

Neyman, J. Public health hazards from electricity-
producing plants. Science 195: 754-758 (1977).

Nowell, P.C. The clonal evolution of tumour cell
populations. Science 194: 23-28 (1976).

Nowell, P.C. and L.J. Cole. Hepatomas in mice:
incidence increased after gamma irradiations at low
dose rates. Science 148: 96-97 (1965).

Norris, W.P.,, T.W. Speckman and P.F. Gustafson.
Studies on metabolism of radium in man. Am. J.
Roentgenol. Radium Ther. Nucl. Med. 73: 785-802
(1955).

Norris, G. and S.L. Hood. Some problems in the
culturing and radiation sensitivity of normal human
cells. Exp. Cell Res. 27: 48 (1962).

Nolibé, D., R. Masse and J. Lafuma. The effect of
neonatal thymectomy on lung cancers induced in rats
by Plutonium Dioxide. Radiat. Res. 87: 90-99 (1981).

257



N10 National Council on Radiation Protection and Measure-

Ol

P2

P7

P8
Pll

P15

P17

P18

P19

P21

P22

P23

R1

R2

R3

R4

258

ments. Induction of thyroid cancer by ionizing radiation.
NCRP Report No. 80 (1985).

Okada, S., H.B. Hamilton, N. Egami et al. A review of
thirty years study of Hiroshima and Nagasaki atomic
bomb survivors. J. Radiat. Res. (Tokyo): 16 (Suppl.):
1-164 (1975).

Parfenov Yu, D. Mathematical dose-effect models in
studies of cancerogenesis. Vopros, Onkol. 32(1): 9-22
(1986) (in Russian).

Paterson, M.C., A.K. Anderson, B.P. Smith et al.
Enhanced radiosensitivity of cultured fibroblasts from
ataxia teleangiectasia heterozygotes manifested by
defective colony forming ability and reduced DNA
repair replication after hypoxic gamma-irradiation.
Cancer Res. 39: 3725-3734 (1979).

Pochin, E.E. Personal communication (1986).

Polednak, A.P. Bone cancer among female radium dial
workers, Latency periods and incidence by time after
exposure: brief communication. J. Natl. Cancer Inst.
60: 77-82 (1978).

Puck, T.T., D. Morokovin, P. Marcus et al. Action of
x rays on mammalian cells. II. Survival curves of cells
from normal human tissues. J. Exp. Med. 106: 485-500
(1957).

Peterson, A.V., R.L. Prentice and P. Marek. Relation-
ship between dose of injected 2°Pu and bone sarcoma
mortality in young adult beagles. Radiat. Res. 90:
77-89 (1982).

Peto, R., M.C. Pike, N.E. Day et al. Guidelines for
simple, sensitive significance tests for carcinogenic
effects in long-term animal experiments. p. 311-423
Annex to IARC Monographs on the Evaluation of the
Carcinogenic Risk of Chemicals to Humans, Suppl. 2.
Long-term and short-term Screening Assays for Carcino-
gena: A Critical Appraisal. IARC. Lyon, 1980.

Peto, R. Guidelines on the analysis of tumour rates
and death rates in experimental animals. Br. J. Cancer
29: 101-105 (1974).

Prosser, J.S., D.C. Lloyd, A.A. Edwards et al. The
induction of chromosome aberrations in human lympho-
cytes by exposure to tritiated water in vitro. Rad. Prot.
Dosim. 4: 21-26 (1983).

Papworth, D.G.and E.V. Hulse. Dose-response models
for the radiation-induction of skin tumours in mice.
Int. J. Radiat. Biol. 44: 423-431 (1983).

Petovan, I.M. and L.V, Filyushkin. Theoretical model
of radiation-induced cancer. Radiobiologiya 24: 481-488
(1984) (in Russian).

Petoyan, I.LM. and L.V. Filyushkin. A mathematical
mode] of the carcinogenic effect of osteotropic alpha
emitters. Radiobiologiya 25: 356-361 (1985). (in Russian).

Ramzaev, P.V,, M.N. Troitzaia, A.P. Ermolaieva et al.
Supra-linear effects of small doses of ionizing radiation.
p. 140-144 in: Proc. 8th All-Union Conference on
Radiation Hygiene. Leningrad, 1978. (in Russian).

Reif, A.E. Radiation carcinogenesis at high dose-
response levels: a hypothesis. Nawure 190: 415-417
(1961).

Reissland, J.A. An assessment of the Mancuso study.
NRPB-R79 (1978).

Réassessment of Atomic Bomb Radiation Dosimetry in
Hiroshima and Nagasaki. Proceeding of a Workshop

held at Nagasaki on 16-17 February 1983. Radiation
Effects Research Foundation. Hiroshima, 1983.

RS

R6

R7

R8

R9

R15

R16

R17

RIS

R19

R20

R21

R25

R26

R28

R29

Richold, M. and P.D. Holt. The effect of differing
neutron energies on mutagenesis in cultured Chinese
hamster cells. p. 237-244 in: Biological Effects of
Neutron Irradiation. IAEA, Vienna, 1974.

Reassessment of Atomic Bomb Radiation Dosimetry in
Hiroshima and Nagasaki. Proceeding of a Workshop
held at Nagasaki on 8-9 November 1983. Radiation
Effects Research Foundation. Hiroshima, 1984.

Robinson, V.C. and A.C. Upton. Competing-risk
analysis of leukaemia and non-leukaemia moriality in
x-irradiated. male RF mice. J. Natl. Cancer Inst. 60:
995-1007 (1978).

Rose, D.M. An investigation of dependent competing
risks. Unpublished dissertation, University of
Washington, 1973.

Rosenblatt, L.S., N.H. Hetherington, M. Goldman et
al. Evaluation of tumour incidence following exposure
to internal emitters by application of the logistic dose-
response surface, Health Phys. 21: 869-875 (1975).

Rossi, H.H. and A.M. Kellerer. Biological implications
of microdosimetry. I: temporal aspects. p. 315-330 in:
Proceedings of the Fourth Symposium on Micro-
dosimetry, Verbania-Pallanza, September 1973. EUR-
5122 (1974).

Rossi, H.H. Biophysical implications of radiation
quality. p. 994-997 in: Radiation Research, Biomedical,
Chemical and Physical Perspective (O. Nyvgaard et al.,
¢ds.). Academic Press, New York, 1975.

Rossi, H.H. Interrelation between physical and bio-
logical effects of small radiation doses. p. 245-251 in:
Biological and Environmental Effects of Low-Level
Irradiation. IAEA, Vienna, 1976.

Rossi, H.H. and A.M. Kellerer. Radiation carcino-
genesis at low doses. Science 175: 200-204 (1972).

Rowland, R.E., A.F. Stehney and H.F. Lucas, Jr.
Dose-response relationships for female radium dial
workers. Radiat. Res, 76; 368-383 (1978).

Rowland, R.E,, P.M. Failla, A.T. Keane et al. Some
dose-response relationships for tumour incidence in
radium patients. p. 1-17 in: ANL-7760 (1970).

Rowland, R.E., P.M, Failla, A.T. Keane et al. Tumour
incidence in radium patients. p. 1-8 in: ANL-7860
(1971).

Rowland, R.E. The risk of malignancy from internally
deposited radioisotopes. p. 146-155 in: Radiation
Research, Biomedical, Chemical and Physical Perspec-
tives (O.F. Nygaard et al., eds.). Academic Press, New
York, 1975.

Russell. W.L. Mutation frequencies in female mice and
the estimation of genetic hazards of radiation in
women. Proc. Natl. Acad. Sci. U.S.A. 74: 3523-3527
(1977).

Russell, W.L. Discussion of the paper by S.. Abhaman-
son. p. 17 in: Biological and Environmental Effects of
Low-Level Radiation, Vol. I. IAEA, Vienna, 1976,

Russell, W.L. Criticism of a current model for
estimating genetic risks of radiation. p. 121-123 in:
Biology Division Annual Progress Report, 1 July 1974
to 30 June 1975. ORNL-5072 (1975).

Raabe, O.G., S.A. Book and N.J. Parks. Bone cancer
from radium: canine dose response explains data for
mice and humans. Science 208: 61-64 (1980).

Ron, E. and B. Modan. Benign and malignant thyroid
neoplasms after childhood irradiation for tinea capitis.
J. Natl, Cancer Inst. 65: 7-11 (1980).



R30

R31

R32

R33

R34

R35

R36

R37

R38

R39

R40

R41

R42

R43

R44

R46

S2

Raaphorst, G.P., E.L. Azzam and J. Borsa. Enhance-
ment by BUdR of x-ray-induced cell killing and
oncogenic transformation in cultured C3HIOT1/2
cells. {abstract) Radiat. Res. 87: 498 (1981).

Rubin, H. Is somatic mutation the major mechanism
of malignant transformation? J. Natl. Cancer Inst. 64:
995-1000 (1980).

Raabe, O.G., N.J. Parks and S.A. Book. Dose-
response relationships for bone tumors in beagles
exposed to *26Ra and %Sr. Health Phys. 40: 863-880
(1981).

Radford, E.P., R. Doll and P.G. Smith. Mortality
among patients with ankylosing spondylitis not given
X-ray therapy. New Engl. J. Med. 297: 572-576 (1977).

Rowland, R., A.F. Stehney and H.F. Lucas. Dose-
response relationships for radium-induced bone sarco-
mas. Health Phys, 44: 15-31 (1983).

Radford, E.P. Radon daughters in the induction of
lung cancer in underground miners. p. 151-163 in:
Banbury Report 9: Quantification of Occupational
Cancer. Cold Spring Harbor Laboratory, New York,
1981.

Radford, E.P. Radiogenic cancer in underground
miners. p. 225-230 in: Radiation Carcinogenesis: Epi-
demiology and Biological Significance. (J.D. Boice
and J.F. Fraumeni, eds.), Raven Press, New York,
1984,

Rossi, H.H. Consideration on the time factor in
radiobiology. Radiat. Environ. Biophys. 20: 1-9 (1981).

Rossi, H.H. Biophysical studies with spatially cor-
related ions. 1. Background and theoretical considera-
tions. Radiat. Res. 78: 185-191 (1979).

Roberison, J.B., A. Koehler, J. George et al. Oncogenic
transformation of mouse BALB/3T3 cells by pluto-
nium-238 alpha particles. Radiat. Res. 96: 261-274
(1983).

Raabe, O.G., S.A. Book and N.J. Parks. Lifetime
bone cancer dose-response relationships in beagles and
people from skeletal burdens of “*¢Ra and %¢Sr. Health
Phys. 44: Suppl. 1: 33-48 (1983).

Radford, E.P. and K.G. St.Clair Renard. Lung cancer
in Swedish iron miners exposed to low doses of radon
daughters. New Engl. J. Med. 310: 1485-1494 (1984).

Robertson, M. Oncogenes and multistep carcinogenesis.
Brit. Med. J. (Clin. Res.) 287: 1084-1086 (1983).

Rossi, H.H. and E.J. Hall. The multicellular nature of
radiation carcinogenesis. p. 359-368 in: Radiation
Carcinogenesis: Epidemiology and Biological Signi-
ficance. (J.D. Boice and J.F. Fraumeni, eds.). Raven
Press, New York, 1984,

Ransom, J.H., C.H. Evans, A.E. Jones et al. Control
of the carconogenic potential of **™Technetium by the
immunologic hormone lymphotoxin. Cancer Immunol.
Immunother. 15: 126-130 (1983).

Ron, E. and B. Modan. Thyroid and other neoplasms
following childhood scalp irradiation. p. 139-152 in:
Radiation Carcinogenesis: Epidemiology and Biological
Significance. (J.D. Boice and J.F. Fraumeni, eds.).
Raven Press, New York, 1984,

Rowland, R.E. and H.F. Lucas, Jr. Radium-dial
workers. p. 231-240 in: Radiation Carcinogenesis:
Epidemiology and Biological Significance. (J.D. Boice
and J.F. Fraumeni, eds.). Raven Press, New
York, 1984,

Sanders, B.S. Low-level radiation and cancer deaths.
Health Phys. 34: 521-538 (1978).

S3

S4

S5

S7

S8

S10

S11

S13

Si4

S15

Slé6

S17

SI8

S19

S20

Seve, J., E. Kunz and V. Placek. Lung cancer in
uranium miners and long-term exposure to radon
daughter products. Health Phys. 30: 433-437 (1976).

Scott, D., H. Sharpe, A.L. Batchelor et al. Radiation-
induced chromosome damage in human peripheral
blood lymphocytes in vitro. 1. RBE and dose rate
studies with fast neutrons. Mutat. Res. 17: 377-383
(1969).

Scott, D. and T.R.L. Bigger. The relative radiosensi-
tivities of human, rabbit and rat-Kangaroo chromo-
somes. Chromosoma 49: 185-203 (1974).

Segaloff, A. and H.M. Pettigrew. Effect of radiation
dosage on the synergism between radiation and
estrogen in the production of mammary cancer in the
rat. Cancer Res. 38: 3445-3452 (1978).

Seltser, R. and P.E. Sartwell. The influence of occupa-
tional exposure to radiation on the mortality of
American radiologists and other specialists. Am. J.
Epidemiol. 81: 2-22 (1965).

Shellabarger, C.J. and R.W. Schmidi. Mammary
neoplasia in the rat as related to dose of partial-body
irradiation. Radiat. Res. 30: 497-506 (1967).

Shellabarger, C.J., J.P. Stone and S. Holtzman. Rat
differences in mammary tumour induction with estrogen
and neutron irradiation. J. Natl. Cancer Inst. 61: 1505-
1508 (1978).

Shellabarger, C.J. Modifying factors in rat mammary
gland carcinogenesis. p. 31-44 in: Biology of Radiation
Carcinogenesis (J.M. Yuhas et al., eds.). Raven Press,
New York, 1976.

Shellabarger, C.J., V.P. Bond, E.P. Cronkite et al.
Relationship of dose of total body cobalt-60 radiation
to incidence of mammary neoplasia in female rats.
p. 161-172 in: Radiation-Induced Cancer. TAEA,
Vienna, 1969.

Sheilabarger, C.J., E.P. Cronkite, V.P. Bond et al. The
occurrence of mammary tumours in the rai after
sublethal whole-body irradiation. Radiat. Res. 6: 501-
512 (1957).

Shellabarger, C.J., R.D. Brown, A.R. Rao et al. Rat
mammary carcinogenesis following neutron- or x-
irradiation. p. 391-40! in: Biological Effects of Neutron
Irradiation. IAEA, Vienna, 1974.

Shore, R.E., L.H. Hempelmann, E. Kowaluk et al
Breast neoplasms in women treated with x rays for

acute post-partum mastitis. J. Natl. Cancer Inst. 59:
813-822 (1977).

Sinclair, W.K. The shape of radiation survival curves
of mammalian cells cultured in vitro. p. 21-43 in:
Biophysical Aspects of Radiation Quality. 1AEA,
Technical Report Series No. 58. Vienna, 1966.

Spiess, H. and C.W. Mays. Protraction effect on bone
sarcoma induction of radium-224 in children and
adults. p. 437-450 in: Radionuclide Carcinogenesis
(C.L. Sanders et al., eds.). US. Atomic Energy
Commission, 1973.

Sparrow, A.H., A.G. Underbrink and H.H. Rossi.
Mutations induced in tradescantia by small doses of
x-rays and neutrons analysis of dose-response curves.
Science 176: 916-918 (1972).

Sparrow, H.H., L.A. Schairer and R. Villalobos-
Pietrini. Comparison of somatic mutation rates induced
in tradescantia by chemical and physical mutagens.
Mutat. Res. 26: 265-276 (1974).

259



S25

S26

S33

$36

S37

S38

S3¢

S40

S43

S44

S45

$46

S48

S49

S50

S51

S52

S53

260

Spiess, H. and C.W. Mays. Bone cancers induced by
2*Ra (Th X) in children and adults. Health Phys. 19:
713-729 (1970).

Suzuki, F. H. Hoshi and M. Horikawa. Repair of
radiation-induced lethal and mutational damage in
Chinese hamster cells in vitro. Jap. J. Genetics 54:
109-119 (1979).

Sutherland. R.M. and R.E. Durand. Cell contact as a
possible contribution to radiation resistance of some
tumours. Br. J. Radiol. 45: 788-789 (1972).

Sutherland, R.M. and R.E. Durand. Radiation response
of multicell spheroids: an in vitro tumor model. Curr.
Top. Radiat. Res. Quart. 11: 87-139 (1976).

Szumiel, J. Requirements for potentiation of radiation
effect by a platinum complex. Int. J. Radiat. Biol. 33:
605-608 (1978).

Shore, R.E., R.E. Albert and B.S. Pasternack. Follow-
up study of patients treated by x-ray epilation for tinea
capitis. Arch. Environ. Health 31: 21-28 (1976).

Shellabarger, C.J., D. Chmelevsky and A.M. Kellerer.
Induction of mammary neoplasms in the Sprague-
Dawley rat by 430 keV neutrons and x rays. J. Nail,
Cancer Inst. 64: 821-833 (1980).

Shore, R.E., E.D. Woodard, B.S. Pasternack et al.
Radiation and host factors in human thyroid tumours
following thymus irradiation. Health Phys. 38: 451-465
(1980).

Sax, K. The time factor in x ray production of
chromosome aberrations. Proc. Natl. Acad. Sci. U.S.A.
25: 225-233 (1939).

Sax, K. An analysis of x-ray induced chromosomal
aberrations in Tradescantia. Genetics 25: 41-68 (1940).

Straus, D.S. Somatic mutation, cellular differentiation
and cancer causation. J. Natl, Cancer Inst. 67: 233-24]
(1981).

Suzuki, N., M. Watanabe and M. Horikowa. Studies
of radiation-induced carcinogenesis. p. 568 (Meeting
absiract). Proc. of the Jap. Cancer Assoc. Tokyo,
1980.

Siminovitch, L. On the nature of hereditable variation
in cultured somatic cells. Cell 7: 1-11 (1976).

Straume, T. and R.L. Dobson. Implications of new
Hiroshima and Nagasaki dose estimates: cancer risks
and neutron RBE. Health Phys. 41: 666-671 (1981).

Sasaki, S. and T. Kasuga, Life-shortening and carcino-
genesis in mice irradiated neonatally with x rays. Radiat.
Res. 88: 313-325 (1981).

Smith, P.G. and R. Doll. Mortality among patients
with ankylosing spondylitis after a single treatment
course with X rays. Brit. Med. J. 284: 449-460 (1982).

Schlenker, R.A. Risk estimates for bone. p. 153-163 in:
Critical Issues in Setting Radiation Dose Limits.
Proceedings of the Seventh Annual Meeting of the
NCRP. NCRP Proceedings 3 (1982).

Sevc, J., V. Placek and P. Vernerova. Malignant
wmour in lungs and inhalation radiation exposure.
Prac. Lek. 34: 266-269 (1982). (in Czech).

Shellabarger, C.J., D. Chmelevsky, A.M. Kellerer et
al. Induction of mammary neoplasms in the ACI rat
by 430-keV neutrons, X-rays and diethylstilbestiol.
J. Natl. Cancer Inst. 69: 1135-1146 (1982).

Storer, J.B. Associations between tumour types in
irradiated BALB/c female mice. Radiat. Res. 92: 396-
404 (1982).

S54

S55

S56

S57

S58

S59

S60

S61

S62

T3
T4

TS

T6

T7

T8

T9

TI0

Sanders, C.L., G.E. Dagle, W.C. Cannon et al.
Inhalation carcinogenesis of high-fired 2*PuQ1in rats.
Radiat. Res. 71: 528-546 (1977).

Scarpelli, D.G. Recent developments toward a uni-
fying concept of carcinogenesis. Ann. Clin. Lab. Sci.
13: 249-259 (1983).

Sandberg, A.A. A chromosomal hypothesis of onco-
genesis. Cancer Cylogenet. 8: 277-285 (1983).

Storer, J.B. .and R.L. Ullrich. Life shortening in
BALB/c mice following brief, protracted or fractio-
nated exposures to neutrons. Radiat. Res. 96: 335-347
(1983).

Saccomano, G., V.E. Archer, O. Auerbach et al.
Age factor in histological type of lung cancer among
uranium miners. A preliminary report. p. 675-679 in:
International Conference on Radiation Hazards in
Mining: Control, Measurements and Medical Aspects.
(M. Gomez, ed.). Soc. of Mining Engineers of American
Institute of Mining, Metallurgical and Petroleum
Engineers, New York, 1981.

Schull, W.J. Atomic bomb survivors: patterns of
cancer risk. p. 21-36 in: Radiation Carcinogenesis:
Epidemiology and Biological Significance. (J.D. Boice
and J.F. Fraumeni, eds.). Raven Press, New York,
1984.

Shore, R.E., E. Woodard, N. Hildreth et al. Thyroid
tumours following thymus irradiation. J. Natl. Cancer
Inst. 74: 1177-1184 (1985).

Saccomano, G. Cancer of the lung in uranium miners.
p. 203-204 in: International Conference on Radiation
Hazards in Mining (M. Gomez, ed.). Society of Mining
Engineers of American Institute of Mining, Metallur-
gical and Petroleum Engineers, New York, 1981.

Storer, J.B. and T.J. Mitchell. Limiting values for the
RBE of fission neutrons at low doses for life shorten-
ing in mice. Radiat. Res. 97: 396-406 (1984).

Thorn, M. Personal communication (1986).

Terzaghi, M. and J.B. Little. Oncogenic transforma-
tion in vitro after split-dose x-irradiation. Int. J.
Radiat. Biol, 29: 583-587 (1976).

Terzaghi, M. and J.B. Little. Repair of potentially
lethal radiation damage in mammalian cells is asso-
ciated with enhancement of malignant transformation.
Nature 253: 548-549 (1975).

Terzaghi, M. and J.B. Little. Oncogenic transforma-
tion in vitro by x rays: influence of repair processes.
p. 327-334 in: Biology of Radiation Carcinogenesis
(J.M. Yuhas et al., eds.). Raven Press, New York,
1976.

Terzaghi, M. and J.B. Little. X-irradiation-induced
transformation in a C3H mouse embryo-derived cell
line. Cancer Res, 36: 1367-1374 (1976).

Thacker, J. The involvement of repair processes in
radiation-induced mutation of cultured mammalian
cells. p. 612-620 in: Proceedings of the 6th Inter-
national Congress of Radiation Research, Tokyo, May
1979. (S. Okada et al., eds.). Jap. Assoc. for Radiation
Research, Tokyo, 1979.

Thacker, J.., A. Stretch and M.A, Stephens. The
induction of thoguanine resistant mutations of chinese
hamster cells by gamma rays. Mutat, Res. 42: 313-326
(1977).

Thacker, J. and R. Cox. Mutation induction and
inactivation in mammalian cells exposed to ionizing
radiation. Nature 258: 429-431 (1975).




TI1

Ti2

TIS

TI7

TI8

TI9

T20

T23

T24

T25

U2

U3

U4

Us

ué

Terasima, T., M. Yazukawa and M, Kimura. Radiation-
induced transformation of 10T1/2 mouse cells in the
plateau phase: post-irradiation changes and serum
dependence. Gann. 72: 762-768 (1981).

Tokunaga, M.. J.E. Norman, Jr., M. Asano et al.
Malignant breast tumours among atomic bomb sur-
vivors, Hiroshima and Nagasaki, 1950-1974. J. Natl.
Cancer Inst. 62: 1347-1359 (1979).

Trosko, J.E. and C.C. Chang. Environmental carcino-
genesis: an integrative model. Quart. Review of Biol.
53: 115-141 (1978).

Tanooka, H. and K. Tanaka. Evidence for single-cell
origin of 3-methyl-cholantrene-induced fibrosarcomas
in mice with cellular mosaicism. Cancer Res. 42:
1856-1858 (1982).

Thacker, J., A, Stretch and D.T. Goodhead. The muta-
genecity of a-particles from plutonium-238. Radiat. Res.
92: 343-352 (1982).

Thacker, J, and A. Stretch. Recovery from lethal and
mutagenic damage during post-irradiation holding and
low dose-rate irradiations of cultured hamster cells.
Radiat. Res. 96: 380-392 (1983).

Thomson, J.F., F.S. Williamson, D. Grahn et al. Life
shortening in mice exposed to fission neutrons and
gamma rays. I. Single and short-term fractionated
exposure. Radiat. Res. 86: 559-572 (1981).

Thomson, J.F., F.S. Williamson, D. Grahn et al. Life
shortening of mice exposed to fission neutrons and
gamma rays. 1. Duration-of-life and long-term frac-
tionated exposures. Radiat. Res. 86: 573-579 (1981).

Taylor, G.N., C.W, Mays, R.D. Lloyd et al. Compara-
tive toxicity of Ra-226, Pu-239, Am-241, Cf-249 and
Cf-252 in C57Bl/Do black and albino mice. Radiat.
Res. 95: 584-601 (1983).

Tokunaga, M., C.E. Land, T. Yamamoto et al. Breast
cancer among atomic bomb survivors. p. 45-56 in:
Radiation Carcinogenesis: Epidemiology and Bio-
logical Significance. (J.D. Boice and J.F. Fraumeni,
eds.). Raven Press, New York, 1984.

Terasima, T., M. Yasukawa and M. Kimura. Neoplastic
transformation of plateau-phase mouse 10T1/2 cells
following single and fractionated doses of x rays.
Radiat. Res. 102: 367-377 (1985).

Thomson, J.F., F.S. Williamson and D. Grahn. Life
shortening in mice exposed to fission neutrons and
gamma rays I11. Neutron exposures of 5 and 10 rads.
Radiat. Res. 93: 205-209 (1983).

Thomson, J.F., F.S. Williamson and D. Grahn. Life
shortening in mice exposed to fission neutrons and
y rays. V. Further studies with single low doses.
Radiat. Res, 104: 420-428 (1985).

Ullrich, R.L. and J.B. Storer. Influence of gamma-ray
irradiation on the development of neoplastic discase.
1. Solid tumours. Radiat. Res. 80: 317-324 (1979).

Ullrich, R.L. and J.B. Storer. Influence of gamma-ray
irradiation on the development of neoplastic disease.
I11. Dose rate effects. Radiat. Res. 80: 325-342 (1979).

Ulirich, R.L., M.C. Jemigan and J.B. Storer. Neutron
carcinogenesis. Dose and dose-rate effects in BALB/c
mice. Radiat. Res, 72: 487-498 (1977).

Ullrich, R.L., M.C. Jernigan, G.E. Cosgrove et al. The
influence of dose and dose-rate on the incidence of
neoplastic disease in RFM mice after neutron irradia-
tion. Radiat. Res. 68: 115-131 (1976).

United Nations. Sources and Effects of lonizing
Radiation. United Nations Scientific Committee on the

u7

us

ulo

Ull

ul13

Ul4

uls

ul6

uli7

Ul8

ul19

U20

U2i

Effects of Atomic Radiation 1977 report to the
General Assembly, with annexes. United Nations sales
publication No. E.77.1X.1. New York, 1977.

United Nations. Report of the United Nations Scientific
Commiutee on the Effects of Atomic Radiation to the
General Assembly, with annexes. Volume I: Levels,
Volume II: Effects. United Nations sales publication
No. E.72.1X.17 and 18. New York, 1972.

United Nations. Report of the United Nations Scientific
Commitiee on the Effects of Atomic Radiation.
Official Records of the General Assembly, Twenty-
fourth Session, Supplement No. 13 (A/7613). New
York, 1969.

United Nations. Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation. Official
Records of the General Assembly, Twenty-first Session.
Supplement No. 14 (A/6314). New York, 1966.

United Nations. Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation. Official
Records of the General Assembly, Nineteenth Session,
Supplement No. 14 (A/5814). New York, 1964.

United Nations. Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation. Official
Records of the General Assembly, Seventeenth Session,
Supplement No. 16 (A/5216). New York, 1962.

Underbrink, A.G. and A.H. Sparrow. The influence of
experimental endpoints, dose, dose rate, neutron
energy, nitrogen ions, hypoxia chromosome volume
and ploidy level on RBE. p. 185-214 in: Biological
Effects of Neutron Irradiation. IAEA, Vienna, 1974.

Upton, A.C., V.K. Jenkins, H.E. Walburg Jr. et al.
Observations on viral, chemical and radiation-induced
myeloid and lymphoid leukaemia in RF mice. Natl.
Cancer Inst. Monogr. 22: 329-347 (1966).

Upton, A.C., F.F. Wolff, ], Furth et al. A comparison
of the induction of myeloid leukaemias in x-irradiated
RF mice. Cancer Res. 18: 842-848 (1958).

Upton, A.C., M.L. Randolph and J.W. Conklin. Late
effects of fast neutrons and gamma rays in mice as
influenced by the dose rate of irradiation: induction of
neoplasia. Radiat. Res. 41: 467-491 (1970).

Upton, A.C. Radiobiological effects of low doses.
Implications for radiological protection. Radiar. Res.
71: 51-74 (1977).

Upton, A.C. The interplay of viruses and radiation in
carcinogenesis. p. 895-908 in: Radiation Research.
Biomedical, Chemical and Physical Perspectives
(O. Nygaard et al., eds.). Academic Press, New York,
1975.

Underbrink, A.G., A.M. Kellerer, R.E. Mills et al.
Comparison of x-ray and gamma-ray dose response
curves for pink somatic mutations in tradescantia
clone 02. Radiat. and Environ. Biophysics 13: 295 {f
(1976).

Ullrich, R.L. and J.B. Storer. Influence of gamma-
irradiation on the development of neoplastic disease in
mice. I. Reticular tissue tumors. Radiat. Res. 80:
303-316 (1979).

Ullrich, R.L., M.C. Jernigan and L.M. Adams. Induc-
tion of lung tumors in RFM mice after localized

exposures 1o x rays or neutrons. Radiat. Res. 80:
464-473 (1979).

Ullrich, R.L. Effects of split doses of x rays on
neutrons on lung tumor formation in RFM mice.
Radiat. Res. 83: 138-145 (1980).

261




U23 Ullrich, R.L. Tumor induction in BALB/c mice after w7
fractionated or protracied exposures to fission-spectrum
neutrons. Radiat. Res. 97: 587-597 (1984).

U24 United Nations. United Nations Scientific Committee
on the Effects of Atomic Radiation 1982 Report 1o the w8
General Assembly, with annexes. lonizing Radiation:
Sources and Biological Effects. United Nations sales

publication No. E.82.1X.8. New York, 1982. w9
U25 Ullrich, R.L. Tumour induction in BALB/c female W12
mice after fission neutron or gamma irradiation. !
Radiat. Res. 93: 506-515 (1983).
U26 Ullrich, R.L. Tumour induction in BALB/c mice after
fractionated or protracted exposures to fission-spectrum
neutrons. Radiat. Res. 97: 587-597 (1984). W13

U27 Underbrink, A.G., F.M. Edwards, W.R. Lower er1 al.
Absence of detectable fractionation effects in trades-
cantia somatic mutations for an x ray dose of 5 rad.
Radiat. Res. 101: 170-176 (1985).

U28 Ullrich, R.L. The rate of progression of radiation-
transformed mammary epithelial cells is enhanced
after low dose rate neutron irradiation. Radiat. Res. W14
105: 68-75 (1986).

U29 Umeda. M, K. Tanaka and T. Ono. Effect of insulin
on the transformation of BALB/3T3 cells by x- wWi5
irradiation. Gann 74: 864-869 (1983).

V| Vanderlaan, M., F.J. Burns and R.E. Albert. A model
describing the effects of dose and dose-rate on tumour
induction by radiation in rat skin. p. 253-263 in:
Biological and Environmental Effects of Low-Level W16
Radiation, Vol. 11, lAEA, Vienna, 1976.

V2  Vilenchik, M.M., T.M. Tretyak, V.M. Lobachev et al.
The similarity of circular dichorism spectrum of DNA
of aped animals or irradiated by ;' rays. Dokl w17
Akademii Natl. SSSR 259: 1488-1490 (1981). (in
Russian)

V3  Vilenchik, M.M. Spontancous instability and plasticity W18
of DNA in vivo: recombination between the nuclear
and mitochondrial DNA and its biological importance.
Usp. Sovr. Biologii 99(2): 194-211 (1985).

V4  Vogel, H.H. and R. Zaldivar. Neutron-induced mam- W19
mary neoplasms in the rat. Cancer Res. 32: 933-938
(1972).

V5 Vogel. H.H. Jr. High-LET irradiation of Sprague-
Dawley female rats and mammary neoplasm induction.
p. 147-162 in: Late Biological Effects of lonizing
Radiation, Vol. II. [AEA, Vienna, 1978.

V6 Vilenchik., M.M. Modification of carcinogenic and
antitumour radiation effects (biomedical aspects).
Medicina, Moscow, 1985. (in Russian)

V9 Vogel. H.H. Jr. and H.W. Dickson. Mammary neo- Y2
plasia following acute and protracted irradiation with
fission neutrons and ®Co gamma-rayvs. (Abstract).
Radiat. Res. 87: 453-454 (1981). V3

V10 Vogel, H.H. Jr. and J.E. Turner. Genetic component
in rat mammary carcinogenesis. Radiat. Res. 89:
264-273 (1982). Y5
VIl Vulpis, N., G. Panetta and L. Tognacci. Radiation-
induced chromosome aberrations in radiological pro-
tection. Dose-response curves at low dose-levels. Int.
J. Radiat. Biol. 29: 595-600 (1976). 71

W6 Weichselbaum, R.R., J. Epstein, J.B. Little et al. In
vitro cellular radiosensitivity of human malignant
tumours. Eur. J. Cancer 12: 47-51 (1976).

Yl

262
back

to
first page

Weichselbaum, R., J. Epstein and J.B. Little. In vitro
radiosensitivity of human diploid fibroblasis derived
from patients with unusual clinical responses to
radiation. Radiology 121: 479-482 (1976).

Whittemore, A.S. Quaniitative theories of oncogenesis,
Adv. Cancer Res. 17: 55-88 (1978).

World Health Organization. Cancer incidence in five
continents, IARC. Lyon, 1982.

Waulinder, G.. C.Y. Jonsson and A.M. Sjoden. Dose-
rate dependence of the goitrogen stimulated mouse
thyroid. A comparative investigation of the effects of
roentgen, 'Y and '*[ irradiation. Acta Radiol., Ther.
11: 24-36 (1972).

Waxweiler, R.J., R.). Roscoe, V.E. Archer et al
Morality follow-up through 1977 of the white under-
ground uranium miners cohort examined by the
United States Public Health Service. p. 823-830 in:
Proc. Int. Conf. on Radiation Hazards in Mining. (M.
Gomez, ed.), Society of Mining Engineers, New York,
1981.

Whittemore, A.S. and A. McMillan. Osteosarcomas
among beagles exposed to Pu-239. Radiat. Res. 90:
41-56 (1982).

Wesch, A., G. van Kaick, W. Riedel et al. Recent
results of the German Thorotrast Study—staristical
evaluation of animal experiments with regard to the
non-radiation effects in human thorotrastosis. Health
Phys. 44, Suppl. 1: 317-321 (1983).

Woch, B., A.G. Underbrink, J. Huczkowski et al.
Effects of dose fractionation in Tradescantia stamen
hairs after high and intermediate doses of x-irradiation.
Radial, Res. 90: 547-557 (1983).

Whittemore, A.S. and A. McMillan. Lung cancer
mortality among U.S. uranium miners: a reappraisal.
J. Natl. Cancer Inst. 71: 489-499 (1983).

Watanabe, M,, M. Horikawa and O. Nikaido. Induc-
tion of oncogenic transformation by low doses of
x rayvs and dose-rate effect. Radiat. Res. 98: 274-283
(1984).

Wrenn, M.E., G.N. Taylor, W. Stevens et al. Summary
of dosimetry, pathology and dose-response for bone
sarcomas in beagles injected with 3¢Ra. p. 43-45 in:
Research in Radiobiology. University of Utah, School
of Medicine, Radiobiology Division. Annual Report
C00-119-258. Salt Lake City, Utah, 1983.

Yuhas, J.M. Dose-response curves and their modifi-
cation by specific mechanisms. p. 51-65 in: Biology of
Radiation Carcinogenesis (J.M. Yuhas et al.. eds.),
Raven Press, New York, 1976.

Yuhas, J.M. Recovery from radiation—carcinogenic
injury to the mouse ovary, Radiat. Res. 60: 321-332
(1974).

Yang, T.C.H. and C.A. Tobias. Radiation and cell
transformation in vitro. p. 417-461 in: Advances in
Biological and Medical Physics, Vol. 17, 1980.

Yang, T.C., J. Howard, L. Craise et al. Effects of
encrgetic silicon ions, UV radiation and X rays on
neoplastic cell tranformation and mutation. Radiat.
Res. 91: 412-413 (1982),

Ziemba-Zoltowska, B., E. Bocian, O. Rosiek et al.
Chromosome aberrations induced by low doses of X-
rays in human lymphocytes in vitro, Imt, J. Radiat.
Biol. 37: 231-236 (1980).




	UNSCEAR 1986 Report - Annex B
	CONTENTS - Annex B
	INTRODUCTION
	I. DOSE-RESPONSE RELATIONSHIPS FOR RADIATION-INDUCED CANCER
	II. ASSUMPTIONS AND LIMITATIONS OF EXISTING MODELS
	III. DOSE-RESPONSE MODELS OF RADIATION-INDUCED CANCER
	IV. DOSE-RESPONSE RELATIONSHIPS IN EXPERIMENTAL SYSTEMS
	V. DOSE-RESPONSE RELATIONSHIPS FOR TUMOURS IN MAN
	VI. SUMMARY
	VII. RESEARCH NEEDS
	TABLES
	REFERENCES




